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Abstract: Recently, a wide range of quantitative research on the identification of
environmental flow requirements (EFRs) has been conducted. However, little focus is
given to EFRs to maintain multiple ecosystem services in oasis areas. The present study
quantifies the EFRs in oasis areas of Tarim Basin, Xinjiang, Northwest China on the basis
of three ecosystem services: (1) maintenance of riverine ecosystem health, (2) assurance of the
stability of oasis—desert ecotone and riparian (Tugai) forests, and (3) restoration of oasis—desert
ecotone groundwater. The identified consumptive and non-consumptive water
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requirements are used to quantify and determine the EFRs in Qira oasis by employing the
summation and compatibility rules (maximum principle). Results indicate that the annual
maximum, medium, and minimum EFRs are 0.752 x 10%, 0.619 x 103, and 0.516 x 10® m?,
respectively, which account for 58.75%, 48.36%, and 40.29% of the natural river runoff.
The months between April and October are identified as the most important periods to
maintain the EFRs. Moreover, the water requirement for groundwater restoration of the
oasis—desert ecotone accounts for a large proportion, representing 48.27%, 42.32%, and
37.03% of the total EFRs at maximum, medium, and minimum levels, respectively.
Therefore, to allocate the integrated EFRs, focus should be placed on the water demand of
the desert vegetation’s groundwater restoration, which is crucial for maintaining desert
vegetation to prevent sandstorms and soil erosion. This work provides a reference to
quantify the EFRs of oasis areas in arid regions.

Keywords: environmental flow requirements; ecosystem services; Qira oasis; arid areas;
Northwest China

1. Introduction

Water is an extremely crucial natural resource for the socioeconomic sustainable development of
arid and semiarid regions worldwide. Oases, being the center of human survival and biodiversity, are a
distinctive landscape in arid areas. The existence and stabilization of oases depend on water
availability. Recently, the oasis ecosystem has been considered highly vulnerable and is suffering from
severe threats because of the scarcity and excessive utilization of water resources [1-3]. In particular,
the stabilization of the natural oasis ecosystem is seriously threatened under the water-use competition
between artificial and natural oasis ecosystems [4]. Xinjiang, Northwest China, as one of the world’s
largest arid areas, is characterized by considerably fragile water resources and associated ecological
and environmental challenges [5]. Its landscape is a typical mountain-oasis-desert ecosystem, and its
oases are situated between the mountainous areas and among the desert plains; these oases are essential
for human settlement, preventing desertification, and supporting vegetable cultivation [6,7], hence
requiring a stable water supply. In recent years, however, the increase in water demand has been
attributed to anthropogenic activities such as agricultural irrigation of artificial oasis areas in the lower
reaches of the river basin, thereby increasing the competition for water resources between artificial and
natural oasis ecosystems. To resolve the conflict for water resources, the stability and health of natural
oasis ecosystems must receive the highest priority to maintain such arid regions [4].

Water demands associated with maintenance of the health of riverine ecosystems have been
quantified in previous research through environmental flow requirements (EFRs), which refer to the
amount of water needed to restore and maintain the stability and health of ecosystems [8].
Subsequently, several researchers indicated that the EFRs do not only include the water demand of the
riverine ecosystem but also that of the eco-environment ecosystem outside the river [9—12]. Over the
next few years, the environmental flows have been classified into consumptive and non-consumptive
water requirements, which have been developed to quantify the water demands of various ecosystem
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functions in wetlands, estuaries, and rivers ecosystem services [13—19]. In the literature, most studies
have estimated the EFRs of natural vegetation or riparian forests in arid areas [6,20]. These findings
indicated that water supply is crucial to ensuring ecosystem stabilization in arid areas.
However, quantification of the EFRs through the integration of multiple components is lacking in these
areas, particularly in the oases of arid areas under multiple ecosystem services. Moreover, few standard
methodologies are available for the identification of EFRs in the oases of arid areas because previous works
cannot be used in a straightforward manner. This mismatch is ascribed to the differences in ecosystem
services and data availability. Notably, the concentration on limited ecosystem functions of rivers,
wetlands, or estuaries in ecosystem services leads to oversimplification of EFRs’ identification [17,18].
To fill the gap in EFRs for the oasis in arid areas such as those of Tarim Basin, an appropriate
approach should be developed to determine these EFRs.

This paper, on the basis of the characteristics of the oasis ecosystem in Tarim Basin, identifies the
EFRs using three functions of the oasis ecosystem services: (1) keeping the riverine ecosystem health
to maintain freshwater habitat for biodiversity conservation, sediment transport for riverbed desalting,
and salinity balance for salt equilibrium; (2) guaranteeing the stability of the oasis-desert ecotone and
riparian forests for combatting desertification and soil erosion; and (3) restoring the groundwater of the
oasis-desert ecotone to ensure desert vegetation growth. Notably, water consumption associated with
irrigation for farmland ecosystems is not included in the oasis ecosystem services in terms of priority
maintenance in the arid region. The Qira oasis case study is conducted to quantify the applicability and
practicability of EFRs in the oasis areas of the Tarim Basin in accordance with the summation rule,
which is applied to identify consumptive water requirements, as well as the compatibility rule, which is
used to determine non-consumptive water requirements [17,18]. The present study first determined the
maximum, medium, and minimum levels of EFRs in the Qira oasis and subsequently identified the
most important periods for maintaining the EFRs. The proportions for allocation of EFRs in the oasis
areas of the Tarim Basin are also discussed. Finally, the allocations of environmental flows and water

demands of human activities are presented in this paper.
2. Materials and Methods
2.1. Study Area and Classification of Environmental Flow Requirements

The Tarim Basin, located in Xinjiang, Northwest China, is the world’s largest inland basin and
contains a large number of oases. Owing to the extremely arid climate, with an annual precipitation of
below 100 mm and annual potential evaporation of approximately 2000 mm, the water supply in the
oasis areas of the Tarim Basin depends only on river water [4,21]. Thus, river discharge is vital for
maintaining natural oasis ecosystems (e.g., riparian forests and desert vegetation), as well as artificial
oasis ecosystems (e.g., farmland and urban vegetation) in this region. However, with the significant
increase of artificial oasis extensions in recent years, several dams have been built in the upstream
and/or midstream so that river water can be extracted for anthropogenic activities (e.g., agricultural
irrigation). The increase in water demand in such arid areas with severe water deficits has resulted in
frequent drying up of the lower reaches of Tarim Basin’s inland rivers. Many serious problems have
been exposed, such as vanishing of the aquatic ecosystem, degradation of riparian forests, and decline
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of the groundwater table. Most importantly, the downstream of the natural oasis ecosystem, which acts
as a natural barrier to prevent desertification and sandstorms, has been severely weakened and even
nearly lost [4]. These cases are similar to the situations among oases in other arid regions, such as
those of Central Asia [22].

On the basis of the ecosystem structures in the oases of arid areas, Abd EI-Ghani [23] divided the
Qara oasis of Egypt into three functional belts: desert vegetation belt around the desert region, shelter
forest belt around the desert vegetation, and the crop belt at the center. The oasis structures in the Tarim
Basin exhibit comparable characteristics. According to the oasis characteristics and ecosystem
functions, the oasis space structures in the Tarim Basin are classified into three functional zones, namely,
desert, shelter forest, and farmland [24]. However, the riverine ecosystems in the oases of arid areas
receive little attention. River discharge serves not only as water supply for human and oasis ecosystem
demands but also contributes to the water left in or released into the river channel for aquatic biodiversity
and growth of riparian forests. Therefore, inland river ecosystems should also be included in the
ecosystem services of oases in arid areas. In the present study, we divide the Tarim Basin oasis’ structure
into three circular zones and a strip (Figure 1). From the center, the first circular zone represents the
farmland ecosystem, the second represents the shelter forest, and the third represents the desert

vegetation ecosystem; the strip represents the inland river ecosystem.

Inland river ecosystem

Figure 1. Schematic map of ecosystem functions in the oasis areas of Tarim Basin.

The water supply that is solely dependent on river water must meet multiple functions of ecosystem
services in the oasis areas of the Tarim Basin. From the aforementioned classification, the riverine
ecosystem and the natural oasis ecosystem are regarded as two ecosystem services in the region, whereas
the artificial oasis ecosystem controlled by human activities is not considered as one of the ecosystem
services among the maintenance priorities in such arid regions [25]. Therefore, given the different
ecosystem functions, EFRs in oasis areas of the Tarim Basin are classified into various components
(Table 1). Four types of components are identified, including water demands for river health, desert
vegetation growth, maintenance of riparian and shelter forests, and groundwater restoration. These water
requirements must ensure the integrity of ecosystem functions, including water quantity (e.g.,
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maintenance of riverine habitat and desert vegetation) and water quality (e.g., salinity balance and
nutrient transport).

Furthermore, on the basis of water consumption characteristics, the EFRs in the oasis areas of the
Tarim Basin are classified into non-consumptive and consumptive water demands. Water volumes for
ensuring the replacement of evapotranspiration by desert vegetation, riparian and shelter forests,
groundwater restoration, and water losses of river channel are identified as consumptive EFRs. By
contrast, water volumes for maintaining the riverine habitat and providing adequate transport of
sediments and nutrients are considered as non-consumptive EFRs. Non-consumptive water requirements
ensure the maintenance of river health and flow, as well as prevent drying up of the oasis areas in the
Tarim Basin.

Table 1. Classification of environmental flow requirements (EFRs) in the oasis areas of Tarim Basin.

Ecosystem Type Environmental Flow Requirements Ecosystem Functions

Maintenance of riverine habitat

Sediment transport

Riverine ecosystem EFRs for riverine ecosystem health .
Salinity balance
Nutrients transport
EFR for maintenance of desert vegetation Combating desertification
Nature oasis ecosystem  EFRs for maintenance of riparian and shelter forests Preventing sandstorm
EFR for groundwater restoration Ensuring desert vegetation growth

2.2. Quantification of Environmental Flow Requirements in Oasis Areas of Tarim Basin

According to the classification of oasis ecosystem services above, water demands for the riverine
ecosystem, desert vegetation ecosystem, and riparian and shelter forests ecosystem are considered prior
to agricultural water conversion. At higher elevations before the mountain pass, the river is recharged by
groundwater. In the downstream plain oasis of the Tarim Basin, little groundwater recharge or return
flow occurs because the riverbed is higher than the surrounding land [4]. Groundwater of the oasis areas
comes from overbank flow of river water. Therefore, the water supply in the oasis areas of Tarim Basin
solely depends on river discharge, which originates from the glacier or snow melt and precipitation of
Kunlun mountain ranges in the South, Tianshan mountain ranges in the North, and Pamir mountain
ranges in the West. The discharge then flows through the oasis areas and finally discharges into the
extremely arid desert. The water requirements of different components in the EFRs demonstrate spatial
difference. The health of riverine, riparian, and shelter forest ecosystems (mainly Populus euphratica) is
maintained by perennially uninterrupted discharge. The desert vegetation ecosystem (mainly shrub
vegetation) preventing desertification and soil erosion is fed by the seasonal flooding period (recruiting
more shrubs and grassland) and groundwater (ensuring that the shrubs do not wither). Notably, the EFRs
between desert vegetation and groundwater restoration do not overlap. The groundwater depth in the
oasis areas can only support deep-rooted desert vegetation that does not wither throughout the year from
surface water shortage. Desert vegetation (short-root plants and weeds) are fed by river discharge and
can also recruit new shrubs and plants in the seasonal flooding period. The water requirements of EFRs’
components exhibit spatial and temporal differences. However, in the present study, these water
requirements are simply quantified using an annual average scale based on the previous literature. The
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water requirements (e.g., desert vegetation) are basically synchronous with river runoff variation on
temporal scales [26]. Therefore, the temporal allocation for the EFRs is based on the proportion of natural
river runoff on different temporal scales. Consequently, the EFRs’ components are quantified in the oasis
areas of the Tarim Basin as follows.

2.2.1. Environmental Flow Requirement for Base Flows

The environmental flow requirement for base flows is minimum river discharge, which is used to
maintain the health of aquatic habitats, improve the self-purification ability and integrity of riverine
ecosystem, and ensure continuous flows. In the current study, EFRs for base flows are determined by
the annual average of minimum monthly river runoff during a period of little human disturbance [18]:

Wy = % Z‘,min(Q,-,) (1)

where W,,f is the EFR for river base flows (m?), Q; ; 1s the jth monthly river runoff at the ith year (m?),
and »n is the number of years. The runoff data (Q) resulted is obtained from the hydrological station,
which presents a long-term daily mean runoff time series during 1960-2010 for hydrological studies
upstream of the oasis areas of Tarim Basin.

2.2.2. Environmental Flow Requirement for Sediment Transport

Water demand for sediment transport requires that river discharge is applied to maintain the dynamic
equilibrium of scour and erosion of river sediment transport. Therefore, EFRs for sediment transport are
determined by the carrying capacity and quantity of sediment in the oasis areas of Tarim Basin. The
expression is given as follows [17-19]:

w,=8,/C )

where Wy, refers to the EFR for sediment transport (m?), S, is the quantity of sediment in inland rivers
of the oasis areas (kg), and C, denotes the sediment carrying capacity (kg/m?). Both S, and C, are
determined from long-term records of sediment transport data at the hydrological station upstream of
oasis areas of Tarim Basin.

Moreover, salinity balance and nutrient transport exert certain effects on the riverine ecosystem.
Generally, the EFR for maintaining sediment transport can meet the requirement of water quality in inland
rivers of arid areas [16]. Therefore, the water quality of riverine ecosystem is not discussed hereafter.

2.2.3. Environmental Flow Requirements for Evaporation of Surface Water

To maintain river water flow, the evaporation of surface water in the river channel should be considered.
The EFR for water evaporation in the river channel in arid areas is calculated as follows [27]:

W =¢-1-b-E|, (3)
where W, is EFR for the evaporation of surface water of river channel (m?); € is reduction coefficient of

evaporation; / and b are length and width of river channel, respectively; and Eo is the annual evaporation
based on records of an evaporating dish with a 20 cm diameter.



Water 2015, 7 5663

2.2.4. Environmental Flow Requirements for Different Vegetation Types

Water requirements for different vegetation types (i.e., riparian and shelter forests and desert
vegetation) are crucial for wind prevention and sand resistance. The EFRs for plant communities
represent the summation of all water demands [27-29]. The formula is expressed as follows:

2
W, = ZIS,RZ- )

where Wy is the EFRs for riparian and shelter forests, as well as desert vegetation (m?); S; is the area of
the ith vegetation types (km?); R; is the ecological water quota of ith vegetation types estimated via
evapotranspiration results using lysimeter method (m?*/km?). In 2003, Wang et al. [28] estimated the
ecological water quotas for high-, medium-, and low-coverage grass to be 2343.8, 1486.7, and
629.7 m*/hm?, respectively, and that for riparian and shelter forests to be 3405 m*/hm? in the oasis areas
of Tarim Basin.

2.2.5. Environmental Flow Requirements for Groundwater Restoration

Water requirements for groundwater restoration are water volumes restoring to the target water table
to maintain desert vegetation growth. Therefore, EFRs for groundwater restoration are calculated as
follows [27]:

WgrzM-AH-S-n (5)

where Wy, is the EFR for groundwater restoration (m?); M is the saturation deficiency of the zone of
fluctuation of the water table (cm’/g). Song et al. [27] estimated the saturation deficiency of the
fluctuation belt of water table (M) to be 0.16 (cm?/g), given the aquifer saturation rate of 25.8%; AH is
the change in height of ground water (m); S is the area of desert vegetation cover (km?); and 7 is the
bulk density of soil (g/cm?), which is determined as 1.36 (g/cm®) by n = 35.72e~ %1857 ([ is the
groundwater depth).

2.2.6. Integration of Environmental Flow Requirements for Various Ecosystem Functions

According to the classification of consumptive and non-consumptive water requirements, the rule of
summation is used to obtain consumptive EFRs, whereas the rule of maximum is applied to calculate
non-consumptive ones. Therefore, EFRs in the oasis areas of Tarim Basin are integrated by the
following expression:

W=W,+W,+W, +max(W, ,W,) (6)

where W is the total environmental flow requirement in the oasis areas of Tarim Basin (m?®), and
max( a, b) refers to the maximum value of parameters a and b.

2.2.7. Temporal Allocation of Environmental Flow Requirements

EFRs generally show temporal variability at different scales (e.g., annual and monthly scales), but the
water supply for EFRs (the river discharge) is easily influenced by anthropogenic activities
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(e.g., extensive irrigation or water diversion project). Consequently, the water requirements for multiple
ecosystem services cannot be satisfied by the natural oasis areas of Tarim Basin. To maintain the
stability and health of riverine and natural oasis ecosystems, allocation of temporal EFRs should be
considered under the temporal variability of natural river discharge.

To ensure a natural flow regime in the oasis of Tarim Basin, the temporal pattern of natural river
runoff is considered as the indicator of the temporal variability of EFRs. Therefore, EFRs are allocated
on the basis of the proportion of natural river runoff at different temporal scales. The allocation
proportion of EFRs is expressed as follows:

B= ZQﬁ ZQJ (7

where P; is the proportion of the monthly river runoff in ith month to the annual runoff during 1960-2010,
Qj; 1s the river runoff in ith month of jth year (m?) from 1960 to 2010, and Q ; 1s the annual runoff in jth

year (m?) from 1960 to 2010.
2.3. Case Study Illustrating the Application of Environmental Flow Requirements in Qira Oasis

Oases in the Tarim Basin present similar structures and characteristics. Hence, in this research, the
Qira oasis located in the south rim of Tarim Basin in Xinjiang is selected for the case study of EFRs by
virtue of the available data. The Qira oasis lies in the lower reaches of the Qira River Basin (latitudes
36°54" N-37°09" N and longitudes 80°37'E-80°59'E) (Figure 2). Its existence mainly depends on the
availability of Qira River, which is generated from the high altitude valley of Kunlun Mountains, then
flows through the Qira oases, and finally discharges into the extremely arid desert. Given an annual
precipitation of approximately 39 mm and a strong evaporation of 2700 mm which is estimated by the
measured data of a 20 cm diameter evaporating dish during 1960-2010, the water supply in the
Qira oasis area solely depends on river discharge [30-32]. On the basis of the meteorological data
(Qira station) in the Qira oasis and the hydrological data obtained by a hydrological station 19.5 km from
the Qira county (Figure 2), the annual mean temperature, annual evaporation, and precipitation increased
during the period of 1960-2010 by rates of 0.28 °C/10a, 90.98 mm/10a, and 17.20 mm/10a, respectively.
By contrast, the annual runoff declined from 1960 to 2010 by a rate of —0.03 x 10® m?/10a (Figure 3).
Although the climate of Xinjiang has begun to transform from warm and dry conditions to warm and
wet conditions [2,33], the decrease of runoff caused by regional climate change (less rainfall and strong
evaporation) leads to more pressure being placed on integrated water resource management for
eco-environmental protection and economic sustainable development in the Qira oasis.

The Qira oasis consists of four types of ecosystems, i.e., desert vegetation ecosystem, shelter forest
ecosystem, farmland ecosystem, and riverine ecosystem. The farmland ecosystem is controlled by
human activities and, hence, not included within the ecosystem services under maintenance priority in
the region. With regard to the desert vegetation ecosystem, the remote sensing data from Landsat™
imagery in 2010 are compiled to obtain desert vegetation coverage in the Qira oasis. On the basis of
the TM spectral characteristics, the classification maps of land cover are assessed with the scale of
1:47,000, and the classification accuracy is determined using the Kappa coefficient [34]. According to the
classification results, desert vegetation in the Qira oasis is composed of high-coverage grass (69.34 km?)
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(60%-90% vegetation coverage), medium-coverage grass (22.54 km?) (20%-60% vegetation
coverage), and low-coverage grass (20.28 km?) (5%-20% vegetation coverage). From the evaluation of
classification precision, the Kappa coefficients of classification data in 2010 was found to account for 93%.
Therefore, these classification data can reflect the changes of land cover in the study region with relative
high accuracy [34]. The riparian and shelter forests (mainly Populus euphratica) in the Qira oasis
accounted for 50 km?, which comprises 30.86% of the total coverage areas (Table 2). Considering the
uncertainty in compiling and classifying the desert vegetation, the actual area of each type grass is
quantified by classifying three levels (i.e., maximum, medium, and minimum), respectively [19].
According to water requirement quota estimated by the results from the experiment [28], the water
demand for each type of grass is determined by the water requirement quota multiplied by the
corresponding actual area. Moreover, at upstream of the Qira oasis, long-term records of runoff and
sediment discharge from 1960 to 2010 are available in the Qira hydrological station (1557 m above
sea level).

Table 2. Vegetation types, vegetation cover indices, and areas occupied by different vegetation
types. Maximum, medium, and minimum denote three levels of water demands by vegetation.

. . Total Area Area (km?)
Vegetation Type Vegetation Cover Index
(km?) Maximum Medium Minimum
High-coverage grass (60% to 90%) 69.34 62.41 52.01 41.60
Desert vegetation Medium-coverage grass (20% to 60%) 22.54 13.52 9.02 4.51
Low-coverage grass (5% to 20%) 20.28 4.06 2.54 1.01
Riparian and shelter
- 50 50 50 50
forests
Total — 162.16 129.99 113.56 97.13
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Figure 3. Variations in annual precipitation and evaporation (a); annual mean temperature,
and annual runoff (b) in the Qira oasis.

3. Results and Discussion
3.1. Quantification of Environmental Flow Requirements

According to different ecosystem functions of the riverine ecosystem in the Qira oasis area, the EFRs
for base flows, sediment transport, and water evaporation of river channel are calculated using
Equations (1)—(3), respectively. Considering there was little human disturbance during the period from
1960 to 1979, the riverine eco-environment maintained its natural state in the absence of the
establishment of water conservation measures and severe utilization of river water in the Qira oasis area.
Therefore, the EFRs for base flows are determined on the basis of the average of annual minimum
monthly river runoff between 1960 and 1979. The EFR of base flow is estimated to be 0.016 x 10® m?,
which accounts for 1.25% of natural river discharge. For sediment transport, the quantity of sediment in
Qira oasis area is 1,810,000 kg, and the sediment carrying capacity is 13.5 kg/m>. As a result, the EFR
for sediment transport is determined to be 0.014 x 10® m®, which represents 1.09% of total river
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discharge. Moreover, river length and river width are 115 km and 23.88 m, respectively, and annual
evaporation and reduction coefficient of evaporation are 2505 mm and 0.5, respectively. Therefore, the
EFR for water evaporation of river channel is calculated to be 0.034 x 10® m®, which accounts for 2.66%
of total river discharge. The results imply that the EFR for water evaporation of the river channel has the
largest water demand, which represents 53.10% of the EFRs for all ecological functions in the riverine
ecosystem. The conclusions are different from the observations on the EFRs in wetlands and estuaries, in
which maintaining the sediment transport and salinity balance requires higher EFRs than other
components [16,17,19]. The contrasting results are attributed to very strong evaporation (approximately
2700 mm) and small runoff (3.9 m?-s~®) in the Qira oasis area, so that the EFR for water evaporation of
river channel is greater than that for base flow and sediment transport.

The EFRs for different ecosystem functions of the natural oasis ecosystem (including desert vegetation
and riparian and shelter forests) in the Qira oasis area are calculated using Equation (4). Given that desert
vegetation in the Qira oasis consists of high-, medium-, and low-coverage grass, based on corresponding
water quota, the EFRs for desert vegetation are estimated to be 0.169 x 10%,0.137 x 10%, and 0.105 x 10® m?
at the maximum, medium, and minimum levels, respectively. Moreover, the EFRs of riparian and shelter
forests (mainly comprised Populus euphratica) are calculated to be 0.170 x 108 m?, which accounts for a
larger proportion than that of desert vegetation (Table 3). According to Zhang (2003) [36], the stability
of desert vegetation and riparian and shelter forests mainly depended on groundwater depth. The most
suitable groundwater depth for desert vegetation and forests is approximately 4—7 m. When the
groundwater depth is greater than 7 m, desert vegetation and forests begin to degenerate [36]. Given the
severe water utilization in the upstream of the Qira oasis, groundwater depth has reached 8.45 m.
Based on those estimated groundwater tables, the EFR for groundwater restoration is calculated using
Equation (5). The maximum (groundwater depth restored to 4 m), medium (groundwater depth restored
to 6 m) and minimum (groundwater depth restored to 7 m) water requirements are 0.363 x 10%,
0.262 x 108, and 0.191 x 10® m?, respectively. The EFRs of the components (including desert vegetation,
riparian and shelter forests, and groundwater restoration) are found to require large water supply in the
natural oasis ecosystem of the Qira oasis area [37]. Particularly, the EFRs for groundwater restoration are
considerably higher than other water demand components in the natural oasis ecosystem. In fact, with the
Qira oasis comprising the most important ecosystem services, satisfying the EFRs has become crucial for
combating desertification and soil erosion in the Qira oasis and other oasis areas of Tarim Basin.

Through classification of non-consumptive and consumptive water volumes, the total EFRs in the
Qira oasis area are determined using Equation (6). The EFRs at the maximum, medium, and minimum
levels are determined to be 0.752 x 108 0.619 x 10% and 0.516 x 10°® m? respectively, which
respectively account for 58.75%, 48.36%, and 40.29% of the total river discharge. The calculated water
volumes are essential to maintain the stability and health of the Qira oasis ecosystem. Moreover, the
temporal pattern of the total EFRs at the different time scales in the Qira oasis area is calculated using
Equation (7). The ecological objective for ecosystem services is determined by the monthly proportion
of the total EFRs during 1960-2010 in the Qira oasis. The monthly allocation proportion of the total
EFRs from April to October represents the most important periods to maintain the EFRs in the Qira
oasis (Figure 4).

The river discharge during this period ensures greater than 93% of the total EFRs. The allocation of
the EFRs between October and April of the subsequent year is very low at different levels, whereas
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that between April and October has become crucial to support the water demands of multiple
ecosystem services in the Qira oasis (Figure 5). In previous studies, the EFRs are classified by
consumptive and non-consumptive water demand to meet various ecosystem functions in river,
wetland, or estuary ecosystem services [16,18,19]. Under multiple ecosystem services, the EFRs in the
oasis areas of Tarim Basin are also divided into consumptive water (including EFRs for groundwater
restoration, riparian and shelter forests, desert vegetation, and evaporation of surface water) and
non-consumptive water (including EFRs for base flows and sediment transport). Maintaining the total
EFRs in the Qira oasis area requires >50% of the natural river flows at the maximum level. The results
are consistent with the data obtained from wetlands or estuaries [16,19]. Moreover, at a monthly scale,
the allocation of the EFRs is concentrated mainly on the flooding period, which is the crucial time for
supporting and recruiting the desert vegetation and forests in oasis—desert ecotone [38]. Therefore, ensuring
the river discharge at temporal scale performs a key function to maintain the stability and health of natural
0asis ecosystems.

Table 3. Environmental flow requirements for natural oasis ecosystem based on different
ecosystem functions.

. . Water Quota  Maximum Medium Minimum
Ecological Functions
(m3/hm?) (108 m®) (108 m®) (108 m®)
High-coverage grass 2343.8 0.146 0.122 0.098
Medium-coverage grass 1486.7 0.020 0.013 0.007
Low-coverage grass 629.7 0.003 0.002 0.001
Riparian and shelter forests 3405 0.170 0.170 0.170
Total — 0.339 0.307 0.276
35
Average a
30{ 4 1960s
e 1970s
25 e 1980s
v 1990s
04 2 2010s

-
(6]

of total EFRs (%)
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Figure 4. Proportion of temporal allocation for the total EFRs during different periods in
Qira oasis.
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Figure 5. Monthly EFRs for multiple ecosystem functions at different levels (Maximum,
Medium, and Minimum) in Qira oasis.

3.2. Proportion of Environmental Flow Requirements for Multiple Ecosystem Functions

The EFRs of various ingredients for multiple ecosystem services require different water demands in
oasis areas. According to classification in Table 2, three levels of each component are calculated by
corresponding equation (Table 3), and the proportion of each EFR at different levels is determined by
water demand of each component dividing by total EFRs. In non-consumptive water, EFRs for base
flows and sediment transport at the maximum level represent 2.09% and 1.83% of the total EFRs,
respectively (Figure 6). Similarly, the EFRs for sediment transport are higher than those for base flows
at the medium and minimum levels, implying that the EFR for sediment transport is sufficient to
satisfy the water requirement for base flows.

For consumptive water systems, the riparian and shelter forests, desert vegetation, and groundwater
restoration require more water volumes at the maximum level and account for 22.19%, 22.06%, and
47.39% of the total environmental flow requirements, respectively (Figure 6). Among the consumptive
water systems, the environmental flow requirements for groundwater restoration of oasis—desert
ecotone comprise the largest proportion, which account for 48.27%, 42.32%, and 37.03% of the total
environmental flow requirements at the maximum, medium, and minimum levels, respectively.

According to the above EFR analysis, the proportion of the EFR of each ingredient in natural oasis
ecosystem is larger than that in the riverine ecosystem. In extremely arid areas, the EFRs for natural
oasis ecosystem undoubtedly account for a larger proportion [6]. Moreover, in all components of the
EFRs, the EFR for groundwater restoration requires the greatest water supply. In the past few years,
groundwater depth in the oasis areas of Tarim Basin has rapidly declined because of the increase in
water demand for human activities (particularly agricultural irrigation) [38], thereby increasing
pressure for groundwater restoration in the oasis area. Groundwater, once depleted, is very difficult to
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restore [39]. Therefore, in future research, more focus should be given to groundwater management in
the Qira oasis and other oasis areas of Tarim Basin.

(o]
o
L

D
o
.

B
o

to total EFRs at different levels (%)
N
o

Proportion of various ingredients

maximum medium minimum

I EFR for Groundwater restoration [ EFR for desert vegetation
[ EFR for for desert and riparian forest Il EFR for base flows
I EFR for evaporation of water surface [l EFR for sediment transport

Figure 6. Proportion of various ingredients to the total EFRs for multiple ecosystem
functions at different levels (Maximum, Medium, and Minimum) in Qira oasis.

3.3. Response of Environmental Flow Requirements to Natural River Runoff

Figure 7 illustrates the proportion of annual total EFR to annual river discharge from 1960 to 2010
in the Qira oasis. The natural river runoff can almost satisfy EFRs at the maximum levels in dry years,
such as in 1995, 2007, and 2009. Given that the river runoff started to change abruptly and remarkably
and then decreased in 1994, the proportion of annual total EFR to annual river discharge in the pattern
of the graph changes more considerably. Thus, a major challenge is to meet water requirements for
both human activities and natural ecosystems in the time allocation, especially during dry years.

In the Qira oasis, water used for anthropogenic activities, especially agricultural irrigation, is mainly
extracted from river discharge. Therefore, considering the EFRs with priority, a water volume that
meets the demands of the EFRs is crucial to support human activities. Figure 8 indicates the annual
water volume to ensure EFRs in the Qira oasis from 1960 to 2010, i.e., the water volume for annual
runoff subtracting the total EFRs. The water volumes are essential to satisfy the water demands in
socioeconomic sustainable developments. The annual average water volumes available for human
activities are respectively determined to be 0.765 x 10%, 0.662 x 10% and 0.529 x 10% m’ at the
maximum, medium, and minimum levels while ensuring EFRs are met in the Qira oasis. Meeting the
EFR requirements has been a recommendation for water use of an artificial oasis (such as farmland) in
water resource management.

In previous studies, the EFRs for multiple ecosystem services are proposed with higher priority in
river, wetland, or estuary ecosystem studies to coordinate the conflicting water demands between
ecosystem services and socioeconomic sustainable developments [16—19]. Similarly, particular focus
in the Qira oasis and other oasis areas of Tarim Basin should be placed on the EFRs, preferentially on
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the basis of different ecosystem services. However, approximately 95% of water resources extracted
from river and groundwater is used for anthropogenic activities, especially agricultural irrigation [4].
Thus, the water demands for human activities and the natural oasis ecosystem in Qira and other oasis
areas of Tarim Basin leads to competition for water extracted from river discharge. Considering the
severe water utilization through human activities such as agricultural irrigation, the oasis—desert
ecotone has recently experienced a substantial shrink and is frequently eroded by windblown sand in
Qira and other oasis areas of Tarim Basin [37].

Consensus action on supplying water for human activities while ensuring EFRs has been
achieved [40—43]. However, prioritizing EFRs probably results in economic losses in oasis farmlands
owing to shortages in the water used for irrigation in such extremely arid regions. Water trade-off
between human activities and eco-environmental requirements can pose greater challenges in Qira and
other oasis areas of Tarim Basin, particularly during dry periods. Under such circumstances, economic
compensation may be an effective measure to relieve conflicts between supply and demand [44—46].
Therefore, to ensure that the EFRs of natural oasis ecosystems are met, optimal allocation of water
resources of artificial oasis and integrated water resource management should be a focus.
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Figure 7. Proportion of the total EFRs to annual runoff at different levels (Maximum,
Medium, and Minimum) in Qira oasis.
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4. Conclusions

This study identifies and quantifies the EFRs to support the three ecosystem services in the Qira oases
of Tarim Basin in accordance with the summation and compatibility rules (maximum principle). The
results indicate that EFRs for supporting various ecosystem services are 0.752 x 108, 0.619 x 108, and
0.516 x 10® m® at the annual maximum, medium, and minimum levels, which account for 58.57%,
48.36%, and 40.29% of the natural river runoff in the Qira oasis, respectively. The results imply that
natural river discharge, which should be discharged within the Qira oasis, should provide at least the
abovementioned water volumes to ensure the stability and health of oasis ecosystems in the Qira oasis.
The months spanning from April to October are identified as the most crucial periods to maintain the
EFRs. River discharge during this period ensures more than 93% of the annual total EFRs.

In the integrated environmental flow allocation, the EFR for groundwater restoration of the
oasis—desert ecotone comprises the largest proportion, which accounts for 48.27%, 42.32%, and 37.03%
of the total EFRs at the maximum, medium, and minimum levels, respectively. Therefore, more focus
should be given to the water demands of groundwater restoration of desert vegetation, which is vital to
preventing desertification and occurrence of sandstorms. Annual water volumes available for human
activities to satisfy EFRs in the Qira oasis are 0.765 x 108, 0.662 x 108, and 0.529 x 108 m’ at the
maximum, medium, and minimum levels, respectively. EFRs serve as the foundation for
socioeconomic sustainable developments to meet the water demands of ecosystem services.

Although this work quantifies the EFRs by considering multiple ecosystem services in oasis areas;
however, estimation of the EFRs related to data uncertainty (such as error of coverage area classification
in TM image compilation) and methodological drawbacks (e.g., error of empirical parameters in the
equation) may result in a large uncertainty. In future research, focus will be given to parameter
calibration with experimental data and uncertainty analysis to quantify the EFRs in the oasis areas.
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