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Abstract: Hydrological processes regulate the ecological processes of a basin. Climate change and
anthropological activities lead to changes in the natural hydrological process of rivers, whereas
variations in hydrological processes can disrupt the stability of ecosystems, resulting in various
ecological challenges. Quantitative evaluation of ecological water demand and its key components can
play a key role in the sustainable development of ecosystems. The studies of ecohydrological variation
and multi-objective ecological water demand are of great significance for ecological protection and
remediation due to the unique characteristics of each river basin and diverse ecological protection
objectives. This study identified ecohydrological variation in ecosystems, focusing on the Irtysh
River Basin as a case study, and improved methods for ecological water demand of valley forests
and grasslands in terrestrial ecosystems and for the ecological water level of lake ecosystems. The
results demonstrated that: (1) a drastic decrease in the annual average river flow of the basin and
significant changes in ecohydrological characteristics can lead to reduced biomass; (2) the ecological
water demand of valley forests and grasslands during the critical ecological stage (April–September)
was 521 million m3, with 52.4% of total demand occurring in June and July. The minimum ecological
water levels of the Burultokay and Jili lakes were 478.66 m and 480.66 m, whereas the maximum levels
were 482.80 m and 483.20 m, respectively; (3) ecological regulation based on catchwork irrigation
technology can create hydrological processes that meet the water demands of valley forests and
grasslands and achieve remediation of the terrestrial ecosystem. The ecological water levels and the
ecosystem balance of the Burultokay and Jili lakes can be maintained by optimizing the replenishment
flow from the Irtysh River to the Burultokay Lake under different precipitation levels. This study can
act as a reference for the ecological protection and remediation of the Irtysh River Basin and similar
ecosystems globally.

Keywords: ecological water demand; ecohydrological variation; reference crop evapotranspiration;
ecological lake level

1. Introduction

The combined effects of climate change and anthropological activities have increased
the variation in hydrological processes of various basins [1–3], thereby disrupting the
ecosystem balance [4,5] and ecosystem communities, causing a decline in community struc-
ture and ecological functions and leading to increasingly serious challenges to ecological
water use in basins [6–8]. The study of hydrological variation and ecological water demand
is of great significance for maintaining ecosystems and can act as a key foundation for
ecological protection and remediation through water conservancy projects [9–12]. The
concept of ecological water demand was first proposed in the 1940s and can be defined as
the provision of the quality and quantity of water to the natural ecological environment
needed to minimize changes and protect species diversity and ecological integrity [12].
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It has gone through three stages of emergence, promotion and development, and ecohy-
drological research [13,14], and the introduction of concepts and theoretical approaches to
ecological water demand has contributed to the development of ecological water demand
research [15–17]. Overall, ecological water demand should meet the requirements for
gradual improvement in the ecological environment.

Ecological water demand comprises both in-stream and out-of-stream components,
and the quantitative evaluation of its key components can play a critical role in achieving
the sustainable development of ecosystems [18,19]. A unified research method for studying
ecological water demand has not yet been developed due to the variability in characteristics
between basins and the diversity of ecological protection objectives. In addition, adapting
a single calculation method to different research areas with highly varying characteristics
poses a challenge. Recent studies on ecological water demand have mainly focused on
meeting in-stream ecological water demand through water conservancy projects [20,21].
The results of these studies have gradually been applied to the remediation and protection
of river ecosystems. Baruah et al. [21] applied flow duration curve analysis (FDCA) and flow
duration curve (FDC) shift methods to monthly flow data to calculate in-stream ecological
flow and computed the flow depth and current speed corresponding to the ecological flow
rate using a coupled hydrological and hydrodynamic model. Jiang et al. [22] used three
improved dynamic methods to calculate seasonal ecological water demands on runoff.
Nikghalb [23] applied the Tennant and Q95 hydrological methods and the PHABSIM model
to calculate minimum environmental flow under scarce data. Liu et al. [17] proposed a
hydrological-hydrodynamic-habitat model for the classification of ecological water demand
of rivers in an arid zone and the study of its key components. Li et al. [24] calculated the
ecological water demand of streams related to reservoir regulation required to sustain
fish populations. Ma et al. [25] use the improved Tennant method to evaluate ecological
water demand and constructed a water quality and quantity coupling model to analyze the
effects of a plan to replenish ecological water. The key processes relevant to out-of-stream
ecological water demand include vegetation reproduction and growth, ecological lake
levels, and the ecological environment. Bo et al. [26] presented an agricultural irrigation
intelligent control strategy through introducing spatiotemporal features of ecological water
demand to an artificial neural network (ANN) and the radial basis function neural network
(RBFNN). Wan et al. [27] calculated the ecological water required to sustain the water quality
of Wuliangsu Lake. Ye et al. [28] determined the ecological water demands of Bosten Lake
wetlands based on the relationship between the variation in water level and changes in the
ecological environment. Wang et al. [29] calculated the ecological water demands for soil
and water conservation and for urban public green areas in the Fu River Basin using the
quota method. Wu et al. [30] calculated the spatial distribution of ecological water demand
in typical inter-peak low-lying areas based on the Penman–Monteith Equation using a
geographic information system (GIS) and remote-sensing (RS) technologies. Zhao [31]
constructed a model for predicting ecological environment water demand based on big
data analysis to reduce the prediction error.

The Irtysh River is a trans-boundary river that originates from the southern slope
of the Altai Mountains in northwest China. The Irtysh River joins the Ob River to the
northwest, following which it flows into the Arctic Ocean. The middle and lower reaches
of the Irtysh River flowing through China are characterized by wide river valleys, winding
streams, and annual floods under natural conditions. The unique geographic location,
topography, and climate of the basin contribute to diverse ecosystems, mainly including
valley forests and grasslands, and the Ulungur Lake ecosystem, which provide unique
ecological, economic, and genetic ecosystem services [32]. These ecosystems are relatively
independent and collectively act to maintain the balance and stability of the entire basin
ecosystem through the hydrological processes of the Irtysh River [33,34]. Groundwater
in the basin is recharged through lateral seepage and flood infiltration by the Irtysh River.
This process plays an important role in sustaining the reproduction and growth of the
valley forests and grasslands. The water level of Ulungur Lake is regulated through the
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implementation of the Yinejihai Engineering water diversion project, which was constructed
to meet the water needs of Ulungur Lake through transferring water from the Irtysh River
to the lake. The construction and operation of the upstream water conservancy projects
have changed the natural hydrological processes of the basin by reducing stream flow and
decreasing the frequency, extent, and duration of flooding. These changes to hydrological
processes have resulted in insufficient groundwater replenishment and have had serious
impacts on the balance of the valley ecosystem [32]. On the other hand, there remains a
lack of understanding of the ecological water level of Ulungur Lake, which contributes
to sub-optimal regulation of lake water levels. This sub-optimal lake management can
result in the destruction of fish spawning grounds and vegetation succession, leading to the
deterioration of the lake environment [35]. Therefore, conducting a systematic study on the
multi-objective ecological water demand of the Irtysh River Basin is of great significance
for ecological protection and remediation.

The aim of this study was to characterize the ecohydrological variation and ecological
water demand of the Irtysh River Basin, and had the following objectives: (1) analyze the
ecohydrological variation in the basin before and after the operation of water conservancy
projects and its influence on the ecosystem; (2) improve the method for ecological water
demands of valley forests and grasslands, and discuss effective measures for ecological
remediation; and (3) improve the concepts and methods for ecological lake levels and
replenishment flow of the Ulungur Lake under different rainfall conditions. The results of
this study can provide theoretical support for the ecological protection and remediation of
the Irtysh River Basin and similar ecosystems globally.

2. Study Area and Data Sources
2.1. Study Area

The Irtysh River is the sixth longest river globally (4248 km), with that part flowing
through China having a length of 633 km and draining an area of 52,500 km2. The Irtysh
River Basin (in China, the same below) has a well-developed river network, with many trib-
utaries joining the mainstem from the right bank. As shown in Figure 1, the main tributaries
of the Irtysh River include the Karaertis, Clain, Burqin, and Haba rivers. Two reservoirs,
named Kalasuk and 635, have been constructed along the mainstem of the Irtysh River to
satisfy water demands for socioeconomic development and the ecological environment.
The basin has low precipitation, with an annual average precipitation of ~300 mm, far
exceeded by annual average potential evaporation of over 1000 mm. The ecosystems found
in the basin include valley forests, grassland, and the aquatic ecosystem of Ulungur Lake.
The valley forests and grasslands contain non-zonal vegetation and are mainly distributed
in the flooded valley areas on both sides of the main and tributary streams. The total area
of forests in the study area is 235.3 km2, comprising 107.3 km2, 66.0 km2 and 62.0 km2 of
forestland, woodland, and spinney, respectively. The total area of grassland is 840.0 km2,
comprising 370.0 km2, 212.0 km2, 104.7 km2, and 153.3 km2 of meadow grassland, desert
grassland, sand grassland, and reed wetland, respectively. The buried depth of groundwa-
ter in the Irtysh River Basin is 1–4 m. Flooding of the floodplain during the annual flood
season promotes considerable surface water replenishment of groundwater. This flooding
process provides an excellent habitat for the growth and reproduction of valley forests and
grasslands, forming unique natural landscapes and rich biodiversity, and an associated
range of socioeconomic benefits. The Ulungur Lake is recharged from both the Irtysh and
Ulungur rivers and consists of two lakes: the low-salinity Burultokay Lake in the north
and the freshwater Jili Lake in the south. These two lakes are linked by the Kuyierga River.
The Ulungur Lake has clear water and rich fish spawning habitats and acts to stabilize the
regional ecological environment. The main spawning grounds of the lake include the Neck,
73, Mohetai, and Middle lakes, with the Middle Lake containing the most important fish
spawning ground.
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2.2. Data

Two hydrological stations have been constructed along the mainstem of the Irtysh
River, namely the Burqin and Nanwan hydrological stations. The Burqin hydrological
station is in the middle reaches of the Irtysh River and the flow data collected by this
station can reflect hydrological changes in the Irtysh River Basin. The influence of water
conservancy projects in the basin are mainly reflected in changes to river flow through
regulation by the 635 and Kalasuk reservoirs. Of the two reservoirs, the Kalasuk reservoir
was constructed earlier, with water released from the main gate for the first time and the
first hydropower generating unit put into operation in 2000. Therefore, this study used
flow data from the Burqin hydrological station from 1956 to 1990 to represent basin river
flow characteristics under natural conditions, whereas flow data from 2002 to 2015 were
used to represent the river flow characteristics under the influence of the water conservancy
project. These data were used to analyze the hydrological and ecohydrological changes
to the Irtysh River after the operation of the water conservancy project (data from 1991 to
2001 were missing). Due to the position of the meteorological station and available data,
this study used meteorological data from 2016 to 2017 and evaporation data from 2008 to
2018 at the Fuhai Station to calculate the ecological water demand of valley forests and
grasslands. This study calculated the ecological water level of Ulungur Lake based on
historical observation data of the lake collected by the Hydrological Bureau of Xinjiang
Uygur Autonomous Region and the Hydrological Bureau of Yellow River Conservancy
Commission in 2015, with these data including the water level-capacity-area curve, salinity,
and water volume measurements.

3. Methodology
3.1. Analysis of Ecohydrological Change

This study applied Indicators of Hydrologic Alteration (IHA) to characterize the
relationship between hydrological processes and the ecological environment using five
groups of indicators: (1) the monthly average flow in January–December; (2) the magnitude
and duration of annual extreme water conditions represented by the annual maximum and
minimum 1-, 3-, 7-, 30-, and 90-day flows and the base flow index; (3) the timing of the
annual maximum and minimum 1-day flows; (4) the days and average durations of high
and low flows; (5) the mean of all positive and negative differences between consecutive
daily values, and the number of hydrologic reversals. The alteration of each indicator was
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assessed by the Range of Variability Approach (RVA), and the hydrological alteration of
each indicator Di and the improvement in the overall hydrological alteration D0 [36,37]
were used to quantify the change in river hydrological processes due to anthropological
activities. The hydrological alteration of each indicator was calculated as:

Di =

∣∣∣∣Noi − Ne

Ne

∣∣∣∣ (1)

where Di is the hydrological alteration of the ith IHA, Noi is the number of years during
which the indicator falls within the RVA target range after manual intervention, and Ne is
the number of years during which the indicator is expected to fall within the RVA target
range after manual intervention.

When each IHA has a low alteration,

D0 =
1

32

32

∑
i=1

Di (2)

When at least one indicator has a middle alteration,

D0 = 33% +
1
32

Nm

∑
i=1

(Di − 33%) (3)

where Di is the alteration of IHA with a middle alteration and Nm is the number of
indicators with a middle alteration.

When at least one indicator has a high alteration,

D0 = 67% +
1
32

Nh

∑
i=1

(Di − 67%) (4)

where Di is the alteration of IHA with a high alteration, and Nh is the number of indicators
with a high alteration.

In this method, Di(D0) values of between 0–33%, 33–67%, and 67–100% are considered
no or low alteration, middle alteration, and high alteration, respectively [37].

3.2. Calculation of Ecological Water Demand

The ecological water demand of valley forests and grasslands can be calculated based
on the reference crop evapotranspiration, ecological water demand coefficient, and area of
valley forests and grasslands. In general, vegetation reference crop evapotranspiration can
be calculated according to the Penman–Monteith Equation [38] recommended by the Food
and Agriculture Organization of the United Nations (FAO). However, the requirement of
the Penman–Monteith Equation for a large quantity of meteorological data limits the use
of this method for calculating long-sequence reference crop evapotranspiration in many
regions with limited data, thereby adversely affecting the reliability of ecological water
demand studies [39]. The strong correlation between reference crop evapotranspiration
and water surface evaporation [40–42] facilitated the determination of a conversion coeffi-
cient between the two factors. Consequently, the current study introduced water surface
evaporation to compensate for the effects of insufficient data for calculating reference
crop evapotranspiration, following which long-sequence reference crop evapotranspiration
was calculated based on the observed evaporation data. The short-series meteorologi-
cal and evaporation data were used to determine the coefficient for converting between
reference crop evapotranspiration and water surface evaporation. Long-series reference
crop evapotranspiration was then calculated based on the long-series evaporation data.
This approach improved the reliability of calculated vegetation ecological water demand.
Figure 2 illustrates the sequence of the calculation process.
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Figure 2. Process used to calculate ecological water demand. ET0 is the reference crop evapo-
transpiration, λ represents the coefficient to convert water surface evaporation to reference crop
evapotranspiration, E601 is the water surface evaporation measured by an evaporating dish ϕ601,
ETi is the water requirement quota of different crops, Kt is the ecological water demand coefficient,
obtained from the Handbook of Irrigation Technology and related research results, Ai represents the area
of vegetation, Wi is the ecological water demand of different vegetation, and W is the total ecological
water demand.

3.3. Calculation of the Ecological Lake Level

Water-scarcity challenges have contributed to the focus of recent studies on the min-
imum ecological water levels of lakes [43–45]. However, the maximum ecological water
level is also important for sustaining the ecosystem of Ulungur Lake. This study used a
combination of different methods to calculate the ecological lake level, with this approach
offering the possibility of improving the calculation of the ecological water demand of
lakes [46,47]. A habitat control method, which combines the lake morphology analysis
method and the fish-salinity-water relationship method, along with the highest ecological
lake level calculation method, were proposed in the current study to calculate the ecological
water level of Ulungur Lake (see Figure 3).

The natural water level data and minimum space requirement methods are commonly
used to calculate the minimum ecological lake level. The natural water level data method
focuses on the adaptation of the lake ecosystem to the intra- and inter-annual variation in
lake level, whereas the natural water level data method adopts the minimum water level
over multiple years under natural conditions as the lowest ecological lake level. However,
since the natural water level data method requires a long historical data time series, the
challenge of insufficient data is often encountered. The minimum space requirement
method considers the one-to-one correspondence between the lake water level and the
habitat of lake organisms. This method considers the maximum water level required to
maintain the diversity of biological communities, while regarding the lowest ecological
lake level as the level required to prevent a serious decline in the ecosystem. However,
the high diversity of lake organisms poses a challenge to the selection of appropriate
indicator organisms within this method. Therefore, the current study proposes a habitat
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control method by combining the conceptual understanding of both methods. This study
determined the lowest ecological lake level to sustain the important spawning ground of
Ulungur Lake according to the historical minimum water level.
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The lake morphological analysis method [48] was proposed to determine the lowest
ecological lake level based on the relationship between hydrology and topography, as
well as the water level corresponding to the maximum rate of change in the lake area
near the lowest natural water level. Based on the concept behind this method, this study
proposed the use of the maximum rate of change in lake area near the highest natural water
level for determining the highest ecological lake level, thereby improving the conceptual
understanding behind the calculation of the ecological lake level.

The fish-salinity-water relationship method was based on the threshold of salinity,
limiting fish survival and reproduction, the lake salinity-water relationship, the capacity-
water level relationship based on the accumulation of lake water level and lake salinity, and
the lake aquatic ecosystem relationship [49]. The effect of salinization of the Burultokay
Lake on fish feeding, survival, and reproduction will be increased due to the historical
low-salinity status of the lake. A lake salinity threshold of 5 g/L separates the hypertonic
and hypotonic lake salinity statuses. Therefore, the current study used this threshold to set
as the upper limit of lake salinity. Since Jili Lake is a freshwater lake, and the upper limit of
freshwater lake salinity was set to 1 g/L [50].

The highest minimum ecological water level for Ulungur Lake obtained using the
different methods was adopted as the minimum ecological water level. However, the
hydraulic connection between the Burultokay and Jili lakes and their differences in salinity
will result in backflow of salty water from Burultokay Lake to Jili Lake if the water level
of the former exceeds that of the latter. Therefore, there is a need to ensure that the water
level of Jili Lake exceeds that of Burultokay Lake to prevent this outcome. The historical
water level data indicate that the water level of Jili Lake is at least 2 m higher than that
of Burultokay Lake [48]. The maximum ecological water levels of the Burultokay and Jili
lakes were determined using the lake morphology analysis method. Similarly, the water
level of Jili Lake should be at least 0.4 m higher than that of Burultokay Lake to prevent
the backflow of salty water from Burultokay Lake, according to the development plan for
ecological protection and sustainable use of resources of Ulungur Lake.

3.4. Calculation of the Ecological Water Demand of Ulungur Lake

The replenishment of the Irtysh River for sustaining the ecological water level of Ulun-
gur Lake was achieved by replenishing Burultokay Lake through the Yinejihai Engineering
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project and using the regulating gate on the Kuyierga River between Burultokay Lake and
Jili Lake to control water exchange between the two lakes. The water balance principle
dictates that the ecological replenishment of Ulungur Lake should take into consideration
lake water level, evaporation, lake rainfall, and inflow to Ulungur Lake. In addition, the
replenishment flow to the lake is regulated to be below the design flow of the Yinejihai
Engineering project of 120 m3/s. The equations are as follows:{

W = WB + WJ + E− P− R
Q ≤ Q′

(5)

where W, WB, and WJ are the water demands of Ulungur Lake, Burultokay Lake, and Jili
Lake, respectively, E and P are evaporation and rainfall of Ulungur Lake, R is the volume
of water from the Ulungur River, Q is the replenishment flow from Irtysh River, and Q’ is
the design flow of the Yinejihai Engineering project.

4. Results and Discussions
4.1. Variation in Runoff and Ecohydrological Processes
4.1.1. River Flow Variation

Figure 4 shows the variation in average annual river flow at the Burqin hydrological
station on the Irtysh River. The average multi-year flow before the operation of the water
conservancy project (1956–1990) was 92.3 m3/s, with an overall decreasing trend. The
average multi-year flow from 1956 to 1969 was 120 m3/s, while it was relatively low at
70.7 m3/s from 1970 to 1986, with a minimum of 22.9 m3/s in 1982. There was an increase
in river flow between 1987 and 1990, with an average multi-year flow of 87.9 m3/s. The
operation of the water conservancy project resulted in a significant decrease in river flow.
The results of a Mann–Kendall trend test [51,52] showed a significant decline in river flow
(confidence interval = 95%), with a Z = −4.4. The multi-year average flow from 2002 to
2015 was 44.1 m3/s, 26.6 m3/s (37.6%), lower than the historical low water level between
1970 and 1986. In addition, river flow between 2007 and 2009 was lower than the historical
minimum annual river flow.
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Figure 4. Change in average annual flow at the Burqin hydrological station.

For the intra-annual river flow, there was a clear uneven distribution in the basin.
Figure 5 shows the distribution at the Burqin hydrological station before and after the
operation of the water conservancy project. The operation of the water conservancy
project significantly reduced river flow in June and July, with the river flow decreasing
by 193 m3/s (50.5%) and 154 m3/s (79.8%), respectively. Although the water conservancy
project resulted in a significant decline the river flow during the flood season, there was
a slight increase during the dry season, indicating the flow regulatory role of the water
conservancy project.
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Figure 5. Average ten-day river flow at the Burqin hydrological station.

4.1.2. Ecohydrological Variation

Table 1 and Figure 6 show the hydrological alterations at the Burqin hydrological
station. The operation of the water conservancy project resulted in a significant change in
monthly average flow, particularly that in July and August, with a high alteration of 88.0%
and 76.0%, respectively. There was middle alteration to average flow in March to May
and October, with hydrological alterations of 64.0% in both May and October, close to the
threshold for high alteration. The water conservancy project resulted in middle–moderate
alteration to the frequency of low flows (52.6%), with the frequency increasing slightly
and duration decreasing significantly of low flows. The water conservancy had almost
no impact on the occurrences of high flows, with a hydrological alteration of only 2.9%,
whereas the duration of high flows decreased significantly. Overall, the high alteration in
the average flow in June and July indicated a significant change in the flow in the Irtysh
River Basin during the flood season. The overall hydrological alteration of 67.9%, which
was calculated based on Equation (4), was a high alteration. This result indicates that the
operation of the water conservancy project had a significant impact on the ecohydrological
characteristics of the river.

Table 1. Indicators of Hydrologic Alteration (IHA) of Burqin hydrological station.

Indications of
HydrologicAlterations

Range of RVA Targets Mean
D (%)Lower Upper Preconstruction Postconstruction

January 8.7 18.0 12.3 10.7 16.0
February 7.3 16.1 12.5 11.9 4.0

March 7.9 18.1 13.0 19.1 52.0
April 35.4 86.4 61.9 40.7 40.0
May 143.0 253.0 181.0 54.6 64.0
June 144.5 512.5 408.5 166.0 16.0
July 78.8 293.0 202.0 32.3 88.0

August 38.2 113.2 68.8 21.1 76.0
September 20.1 83.5 48.6 20.3 4.0

October 25.0 45.3 38.1 22.1 64.0
November 13.9 32.0 23.8 22.0 8.0
December 8.8 18.9 12.5 16.0 4.0

1-day minimum 4.9 11.2 7.5 6.7 23.8
3-day minimum 5.9 11.3 9.5 7.5 32.0
7-day minimum 6.0 11.6 9.8 7.7 20.0
30-day minimum 6.8 13.6 10.3 9.6 32.0
90-day minimum 7.7 18.3 15.2 14.4 8.0
1-day maximum 328.0 778.0 632.0 448.0 20.0
3-day maximum 315.3 758.3 620.3 427.3 20.0
7-day maximum 280.6 702.0 569.3 394.4 8.0
30-day maximum 199.5 539.1 477.5 245.3 16.0
90-day maximum 125.8 350.6 302.8 108.8 40.0
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Table 1. Cont.

Indications of
HydrologicAlterations

Range of RVA Targets Mean
D (%)Lower Upper Preconstruction Postconstruction

Base flow index 0.1 0.1 0.1 0.1 64.0
Date of minimum 51 348 51 117 5.3
Date of maximum 152 174 161 155 8.0
Low pulse count 1 3 2 5 52.6

Low pulse duration 7 59 16 5 30.8
High pulse count 1 4 3 1 2.9

High pulse duration 3 52 10 14 23.8
Rise rate 1.10 2.25 1.70 1.10 40.0
Fall rate −5.80 −1.10 −2.10 −1.35 20.0

Number of reversals 84 97 91 82 66.3
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Figure 6. Indicators of Hydrologic Alteration (IHA) of the Burqin hydrological station.

4.2. Ecological Water Demand of Forest and Grassland in River Valley
4.2.1. Ecological Water Demand

The water demand of plants is closely related to growth conditions, soil water supply
conditions, and other factors. The water demands of valley forests and grasslands drop to
zero during winter (November to March) due to weak atmospheric evaporation capacity
and snow-covered ground. Therefore, the water demand during the growth period (April
to September) was considered in this study.

Correlation analysis indicated an average conversion coefficient λ between the refer-
ence crop evapotranspiration and water surface evaporation at the Fuhai Station between
2016 and 2017 of 0.73. The evaporation data for April to September of 2008 and 2018
allowed the average reference crop evapotranspiration for different periods from 2008 to
2018 to be obtained (Table 2). The average multi-year reference crop evapotranspiration
in April and September was 756 mm. Peaks in vegetation evapotranspiration occurred in
June and July, with a reference crop evapotranspiration of 327 mm, accounting for 43.5%
of total evapotranspiration, and a maximum of 169 mm occurring in June. As shown in
Table 3, the ecological water demand during the critical ecological stage could be obtained
according to the types and areas of valley forests and grasslands. The total ecological water
demand of valley forests and grasslands in April and September was 521 million m3. The
water demand of grassland was 399 million m3, with the meadow grassland accounting
for the majority (227 million m3). The water demand of forest was 122 million m3, with
forestland accounting for the majority (66 million m3). The peak water demands of valley
forests and grasslands occurred in June and July at 273 million m3, accounting for 52.4% of
the total water demand. Although the maximum vegetation evapotranspiration occurred
in June, forests and grasslands were in the flowering and reproduction stage during this
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period and required less water. In contrast, forests and grasslands entered the peak growth
period in July, corresponding with their peak water demand stage at 144 million m3.

Table 2. Annual average reference crop evapotranspiration in the study area for different months
between 2008–2018.

Reference Crop Evapotranspiration (mm)
April May June July August September

The first ten-day period 16 37 56 57 44 36
The second ten-day period 28 49 56 52 41 31
The third ten-day period 33 53 57 49 40 21

Total 77 139 169 158 125 88

Table 3. Ecological water demand of valley forests and grasslands in the study area.

Month
Ecological Water Demand (million m3)

Forestland Woodland Spinney Meadow
Grassland

Desert
Grassland

Sand
Grassland

Reed
Wetland Total

April 4 2 2 14 6 2 1 30
May 10 5 4 36 18 4 4 82
June 16 8 6 56 29 6 8 129
July 19 9 6 64 30 7 10 144

August 11 5 4 37 21 5 6 88
September 6 3 2 20 11 3 3 48

Total 66 32 24 227 115 26 31 521

4.2.2. Influence of Ecohydrological Variation and Ecological Conservation

The balance and stability of the valley forests and grasslands ecosystems of the Irtysh
River are closely related to the hydrological processes of the river. The peak water demands
of valley forests and grasslands occur in May and June, coinciding with the flood season.
Floodplains not only facilitate the spread of seeds of valley forests, but also meet the
water demand of valley forest and grassland growth through groundwater replenishment.
The construction of reservoirs has changed the hydrological processes of the Irtysh River,
with a high alteration, especially in the flood season. The impoundment of reservoirs has
weakened the peak flood flow during the flood season, which has reduced the frequency,
intensity, and duration of flooding. Ecological regulation can compensate for or mitigate the
resulting ecological issues and is an important non-engineering measure to meet ecological
water demand [53–55]. The Irtysh River Construction Authority have conducted ecological
regulation from 2016 to 2019 based on catchwork irrigation technology. Artificial flood
peaks were implemented to facilitate the flooding of floodplains, thereby mitigating the
impact of the water conservancy projects on the ecosystem and meeting the water demands
for valley forests and grasslands during the growth period.

Vegetation coverage and grass yield are effective indicators of the health of the valley
forests and grasslands ecosystems and can guide the sustainable development of the
livestock industry [56]. Figure 7 shows the vegetation coverage of the study area between
2000 and 2019. Prior to the implementation of ecological regulation, change in hydrological
processes resulted in an overall decrease in vegetation coverage. There was relatively low
vegetation coverage in 2007 and 2015, with an average coverage of only 69.5%, a reduction
of 3.8% compared to that in 2000 and 2006. The lowest vegetation coverage occurred in
2009 at 63.4%. The implementation of ecological regulation resulted in the restoration of
vegetation coverage, with vegetation coverage increasing by 4.8% compared with that in
2007 and 2015 and exceeding that in 2000 and 2006, reaching 74.3%. Ecological regulation
contributed to the highest vegetation coverage in 2018 of 74.9%. Table 4 shows the growth
of pasture in 2013 and 2019. There was an increase in average pasture area, average height,
fresh weight, and dry weight compared with that in 2013 and 2015 of 1.5%, 1.5 cm, 6.8%,
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and 11.3%, respectively. Dry weight is a direct reflection of the ecological and economic
values of pasture. The best pasture rehabilitation effect was obtained in 2017, with a dry
matter weight of 334.5 thousand kg/km2, an increase of 45.0 thousand kg/km2 compared
with that in 2013 and 2015.
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Figure 7. Interannual variation in vegetation coverage and grass yield.

Table 4. Statistics of grass yield.

Year Coverage (%) Height (cm) Fresh Matter Weight
(thousand kg/km2)

Dry Matter Weight
(thousand kg/km2)

2013 90 52 90.9 313.5
2014 85 55 84.3 264.0
2015 92 49 82.4 291.0

Average in
2013–2015 89 52 85.9 289.5

2016 90 55 85.7 309.0
2017 91 54 94.7 334.5
2018 91 53 95.0 318.0
2019 90 52 91.4 327.0

Average in
2016–2019 91 53 91.7 322.1

These results showed that the implementation of ecological regulation was successful,
thereby providing a reliable means of meeting the water demands of valley forests and
grasslands and achieving ecosystem remediation. However, the above analyses did not
establish the relationship between ecological water demand and ecological regulation.
In addition, water demand was calculated based on E601 evaporating dish data due to
the limitations of the test site and data. The use of data collected by evaporation dishes
of different sizes can be helpful for improving this analysis [42]. Future research into
ecological regulation should also consider ecological water demand of vegetation in the
ecological regulation research.

4.3. Ecological Water Level and Demand of the Ulungur Lake
4.3.1. Ecological Water Level

As shown in Table 5, this study calculated the ecological water levels of Ulungur Lake
using multiple methods. Combined with the hydraulic connection between the Burultokay
and Jili lakes to prevent the backflow of salty water, the minimum ecological water levels
of the Burultokay and Jili lakes were 478.66 and 480.66 m, respectively, whereas the maxi-
mum ecological water levels were 482.80 and 483.20 m, respectively. These calculations
considered minimum ecological water levels for preventing backflow of salty water from
Burultokay Lake to Jili Lake. Figure 8 shows the remote sensing images of Ulungur Lake
at the lowest and highest ecological water levels. At the lowest water level, there was
hydrological separation of the Jili, Mohetai, and Burultokay lakes, whereas the Neck and
Burultokay lakes were connected by a narrow channel. During this period, the area of
Middle Lake was reduced to less than 33% of its original size, and the width of the channel
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connecting this lake with Burultokay Lake was reduced to a critical level. A continued drop
in water level would seriously affect the ecological function of Middle Lake. The highest
water level tended to result in the saturation of the floodplain on both sides of the Middle
and Jili lakes, and a further increase in water level led to the loss of the regulating area
between the two rivers.

Table 5. Ecological water levels of Ulungur Lake calculated by different methods.

The Lowest Ecological Lake Level (m) The Highest Ecological Lake
Level (m)

Method Lake morphological
analysis

Fish-salinity-water
relationship Habitat control Lake morphological analysis

Burultokay 469.20 475.39 478.66 483.10
Jili Lake 467.90 477.80 / 483.20

Note: The symbol of “/” indicates an inapplicable method.
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Figure 8. Remote sensing images of Ulungur Lake for two historical periods representing the lowest
and highest water levels.

4.3.2. Ecological Water Demand

The threshold of the ecological water level of Burultokay Lake is 478.66–482.80 m, and
the historical observation data indicate a minimum water level of 477.00 m. In addition,
the basin rarely experiences heavy rainfall since it is in the arid zone of Northwest China.
Therefore, this study calculated the ecological water demand and ecological flows of
Burultokay Lake at a water level of 477.00 m under three conditions: (1) no rain (daily
precipitation [0, 0.1)); (2) light rain (daily precipitation [0.1, 10)); and (3) moderate rain
(daily precipitation [10, 25)). The results are shown in Tables 6 and 7.

Table 6. Minimum replenishment ecological flows.

No Rain Light Rain Moderate Rain
Water Level

(m) Flow (m3/s)
Water Level

(m) Flow (m3/s)
Water Level

(m3/s) Flow (m3/s)

≤478.40 120 ≤478.00 120 ≤477.40 120
478.50 89.3 478.10 102 477.50 117
478.60 53.6 478.20 67.5 477.60 82.9
478.70 18.2 478.30 32.6 477.70 48.7
≥478.80 0 478.40 3.62 477.80 15.1

≥478.50 0 ≥477.90 0
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Table 7. Maximum replenishment ecological flows.

No Rain Light Rain Moderate Rain
Water Level

(m) Flow (m3/s)
Water Level

(m) Flow (m3/s)
Water Level

(m3/s) Flow (m3/s)

≤482.50 120 ≤482.10 120 ≤481.50 120
482.60 104 482.20 109 481.60 114
482.70 71.2 482.30 76.0 481.70 81.6
482.80 38.1 482.40 42.9 481.80 48.9
482.90 4.42 482.50 12.0 481.90 17.1
≥483.00 0 ≥482.60 0 ≥482.00 0

In the absence of rain, Burultokay Lake is replenished according to the maximum
design flow of the Yinejihai Engineering project of 120 m3/s when its water level drops
below 478.40 m. Replenishment is halted when the water level exceeds 483.00 m. Replen-
ishment can be conducted within the range of the minimum and maximum replenishment
ecological flows when the water level is between 478.40 m and 483.00 m, according to the
water condition of the Irtysh River. For example, replenishment flow is between 53.6 m3/s
and 120 m3/when the water level is 478.60 m, whereas it will be between 0 m3/s and
71.2 m3/s when the water level is 482.70 m. Similarly, under the light and moderate rain
condition, the lake shall be replenished (flow = 120 m3/s) when the water level of Burul-
tokay Lake drops below 478.00 m and 477.40 m, respectively. The replenishment is halted
when the water level exceeds 482.60 m and 482.00 m, respectively. The replenishment can
be conducted within the range of the minimum and maximum replenishment ecological
flows when the water level is between 478.00–482.60 m and 477.40–482.00 m, according to
the water condition of the Irtysh River.

4.3.3. Ecological Conservation

The water quality of lakes is closely related to water level. Maintaining lake water level
is beneficial to increasing groundwater outflow, thus avoiding lake salinization [35]. The
main challenge facing the ecological conservation of Ulungu Lake is the variation in water
quality resulting from the variation in lake water level [57]. Regulating the lake water level
to within the range of the ecological water level is important for the ecological protection
of lakes [28]. Liang et al. [49] calculated the ecological water deficiency of Ulungu Lake in
years of average precipitation frequency. This study calculated replenishment discharge
based on different water levels and rainfall conditions, which was more conducive to
real-time lake conservation. The Ulungu Lake is mainly replenished by the Ulungu River,
and the replenishment of the Irtysh River is regulated by the Yinejihai Engineering project.
This study was based on long-term average runoff due to a lack of relevant data and did
not consider exchange between lakes and groundwater and the source of fish food in the
habitat function. The hydrodynamic model and optical and altimetry data can provide
good support for studies on water quality and connectivity of lakes [44,58]. Therefore,
future studies can establish the relationship between lake water quality and quantity by
considering the response of lake water level to water condition and the food source and
water quality requirements of fish. These studies can contribute to the further improvement
of lake management.

5. Conclusions

This study analyzed the ecohydrological variation in the Irtysh River Basin under the
influence of water conservancy projects, following which the multi-objective ecological
water demand and hydrological processes required for protecting and remediating valley
forests and grasslands and lake ecosystem were identified. The conclusions are listed below:

(1) There was a significant decreasing trend in the average river flow of the Irtysh River
after the operation of water conservancy projects (confidence interval = 95%). Analysis
by the IHA/RVA method showed high alterations to the average flows in July and
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August, as well as significant changes to the basin eco-hydrological characteristics,
indicating a change to the balance of the ecosystem and a decrease in biomass.

(2) This study improved the Penman–Monteith Equation for ecological water demand
of valley forests and grasslands by considering water surface evaporation, and the
improved method was used to calculate the water demands of valley forests and grass-
lands during the critical ecological stage (April–September). The total ecological water
demand of valley forests and grasslands was 521 million m3, of which 273 million
m3 (52.4%) was required in June and July. Ecological regulation based on catchwork
irrigation technology is an effective means of mitigating the reduction in flood peaks
because of water conservancy projects; it can restore hydrological processes to meet
the water demand of valley forests and grasslands and is effective for remediating
valley forests and grasslands ecosystems.

(3) This study proposed a habitat control method to calculate the minimum ecological lake
level and the lake morphology analysis method to calculate the maximum ecological
lake level. These innovations can improve the concepts and methods of ecological lake
levels. The minimum ecological water levels for the Burultokay and Jili lakes were
478.66 m and 480.66 m, respectively, whereas the maximum ecological water levels
were 482.80 m and 483.20 m, respectively. The threshold of ecological replenishment
flows of the Irtysh River to Ulungur Lake under different precipitation conditions
were determined according to the water balance principle, and these results can be
applied to daily lake management.

The results of this study can act as a reference for ecological protection and remediation
of the Irtysh River Basin and similar ecosystems globally. Future studies on the relationship
between ecological water demand and ecological regulation, water level, and lake water
quality are of great significance for developing more detailed guiding strategies.
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