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Abstract

:

The ecological water diversion project (EWDP) in the Tarim River Basin, China, aims to allocate more surface water to downstream reaches to restore the degraded ecosystems. However, seasonal changes in ecological water diversion; the factors (natural and anthropogenic) controlling the ecological water diversion, whether the seasonal delivery of water temporally corresponded to the vegetation’s seasonal water demands; and the benefits of the ecological water diversion through overflowing surface water irrigation are unclear. To address the above issues, this study examines the intra-annual changes and its influencing factors in ecological water diversion (inundation) in the Daliyaboyi Oasis in the lower Keriya River valley within the Tarim Basin, discusses whether the seasonal delivery of water temporally corresponded to the vegetation’s seasonal water demands, and assesses the ecological benefits of overflowing surface water irrigation. Inundation was quantified by digitizing monthly changes in the inundated area from 2000 to 2018 in the oasis using 184 Landsat images. The results demonstrate that seasonal changes in the inundated area varied significantly, with maximum peaks occurring in February and August; a period of minimal inundation occurred in May. Differences in the July/August peak (i.e., July or August) in inundation dominated the inter-annual variations in the inundated area over the 19-year study period. The two peaks in the inundation area were temporally consistent with the vegetation’s seasonal water demand. Local residents have used ecological water to irrigate vegetation in different parts of the oasis during different seasons, an approach that expanded the inundated area. The February peak in the inundated area is closely linked to elevated downstream groundwater levels and the melting of ice along the river. The August peak is related to a peak in runoff from headwater areas. The minimum May value is correlated to a relatively low value in upstream runoff and an increase in agricultural water demand. Thus, natural factors control the intra-annual and inter-annual variations in the inundated area. Humans changed the spatial distribution of the inundated area and enhanced the water’s ecological benefits, but did not alter the correlation between peak periods of inundation and vegetation water demand. The results from this study improve our understanding of the benefits of the EWDP in the Tarim River Basin.
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1. Introduction


The Tarim Basin is in the arid inland region of northwestern China which possesses the world’s second largest shifting sand desert [1]. The maintenance of oases in the basin and the growth of its vegetation are strongly dependent on ephemeral streams originating in the surrounding mountains, and on shallow groundwater which is recharged by seasonally variable river flow.



Since 1949 (when the People’s Republic of China was founded), the basin has experienced rapid economic growth and large-scale agricultural activities that have led to the significant exploitation of water resources [2]. In fact, excessive water use in the upper and middle reaches of the Tarim Basin has generated widespread ecological and environmental problems along the lower reaches of the rivers (Figure 1). These problems are primarily related to a lack of irrigation and, subsequently, groundwater declines [3,4,5,6,7,8] that led the Chinese government to invest approximately USD 1.6 billion (RMB 10.7 billion) on an ecological water diversion project (EWDP). This project was intended to allocate sufficient surface water resources to downstream areas of the Tarim River Basin since 2000 to restore and reconstruct degenerated ecosystems [9,10,11]. To assess the effectiveness of the project, researchers have conducted numerous studies focused on a range of related issues [12]. The most commonly addressed topics include: (1) the simulation of flow regulation process inherent in the EWDP [13,14], (2) the dynamic variations in groundwater levels [15,16,17,18,19,20] and geochemistry [21,22,23] caused by the EWDP, and (3) the impact of EWDP on natural vegetation [24,25,26,27,28,29,30,31,32]. These investigations have formed an initial, basic understanding and framework of the effectiveness of the EWDP, and have provided an essential scientific foundation for long-term ecological restoration. However, deficiencies in our understanding remain, including: (1) implementation of the EWDP in the lower reaches of the Tarim River is mainly concentrated in the flood season [12]. However, whether the seasonal delivery of water temporally corresponded to the vegetation’s seasonal water demands during different stages of its life cycle [33] needs to be considered. The ecological effect caused by consistency or inconsistency between the vegetation’s period of water demand and the irrigation period remains unclear. (2) The water delivered downstream by the project mainly comes from the headwaters of mountainous rivers around the Tarim Basin that are primarily fed by the melting of glaciers and snow, and is seasonally affected by natural factors, such as precipitation and temperature, and which therefore flow seasonally [34,35]. Thus, variations in headwater runoff greatly impact the seasonal changes in ecological water diversion. Moreover, the amount of delivered water is particularly affected by anthropogenic water use in midstream regions [11]. The impacts of variations in upstream runoff and midstream human water use on the seasonal changes in ecological water diversion are thus unclear. (3) The current ecological benefits of the EWDP in the downstream Tarim River valley are mainly achieved by elevating groundwater levels through irrigation of the natural vegetation along the river channel [9,36]. However, Deng et al. [12] proposed that human allocations of surface water irrigation in the basin can be enlarged (e.g., building dams or floodgates along various branches of the river) to enhance the ecological benefits of the EWDP. However, the benefits of the ecological water diversion that can be gained by overflowing surface water irrigation in this valley are unclear.



The Keriya River is located on the southern margin of the Tarim Basin [37]. A crucial riparian forest is located along the river in the hinterland of the Taklimakan Desert and prevents the invasion of sand dunes to the river channel [38]. At the terminus of the river is the largest existing primitive natural oasis in the desert hinterland, i.e., the Daliyaboyi Oasis [39]. The Daliyaboyi Oasis represents an ideal location to study seasonal variations and ecological benefits of water diversions because: (1) maintenance of the Daliyaboyi Oasis relies on the remaining surface water discharged from the agricultural area along the middle reaches of the Keriya River. The oasis itself has no modern industry or agriculture. Put differently, the remaining water discharged into the Daliyaboyi Oasis can be regarded as an ecological water diversion because the water is used only to maintain the oasis’s ecosystems. (2) The ecological water diversions in the region occur along several main branches of the Tarim River, which are affected by many natural and anthropogenic factors, making it difficult to observe the seasonal changes in ecological water diversion within the basin as a whole. In contrast, the Keriya River has no tributary channels, but directly delivers water to downstream areas. Moreover, the water delivered to the Daliyaboyi Oasis varies seasonally as a function of the river’s upstream discharge [38,39,40]. Therefore, seasonal variations in ecological water diversions within the oasis can be clearly and completely characterized. In addition, an analysis of whether the seasonal delivery of water coincides with the intra-annual period of the desert vegetation’s water requirements can also be addressed. (3) The Daliyaboyi villagers use primitive dam systems that allow diverted ecological water to be used for the irrigation of natural vegetation in the area. The irrigation is carried out by means of an overflowing surface water irrigation approach [41], and different regions of the vegetation are irrigated during different seasons to achieve ecological benefits. Importantly, the annual amount of ecological water diversion from the Keriya River is approximately 2 × 108 m3 [40], which is half of the Tarim River’s mean annual water conveyance of 4 × 108 m3 (the Keriya River was historically a seasonal tributary of the Tarim River) [36,37]. These combined characteristics allow the Daliyaboyi Oasis to serve as an excellent setting to assess the ecological benefits of the project in the Tarim River Basin.



Inundation usually occurs on floodplains in downstream areas. These serve as the most crucial ecosystems in the river basins, especially in dryland regions [42,43,44,45]. The inundation area is defined herein as the area along the river that is covered by water during the seasonal flood period. These flood waters are mainly used to irrigate the natural vegetation developed on the floodplains. Therefore, we propose a novel approach to using the inundation area as an indicator in order to quantify the amount of natural vegetation that is irrigated, and the benefits of ecological water diversion obtained via overflowing surface water irrigation in the study area (e.g., elevated downstream groundwater levels, area of enlarged coverage of natural vegetation, and increases in vegetation community diversity). Moreover, the inundated area can be visually interpreted and digitized from remotely sensed images, and used to quantify the dynamic variations in the area of natural vegetation that is inundated throughout a year [46,47,48]. Data from the Landsat series of satellites can be used to create a long-term, time series of inundation [49,50,51,52,53,54] at a moderate spatial resolution and a timestep of 8 or 16 days [55,56]. The spatial and temporal resolution of the Landsat data are, therefore, sufficient to capture the monthly variations in the inundation area in the study area (Daliyaboyi Oasis).



The cause of the dynamic variations in inundation within the Daliyaboyi Oasis should be related to the process of runoff changes indicated by the river length (surface runoff) in the lower reaches of the Keriya River to a certain extent (where river length is defined as the length of the channel containing flowing water between the center of Yutian County and the river’s end point in the ephemeral river section) [57]. Wang et al. [57] preliminarily analyzed the influences of the natural factors and anthropogenic disturbances on the seasonal changes (peak and minimum) in river length based on the intra-annual variations in river length in the lower Keriya River from 2000 to 2019. They believed that natural factors are the most significant factors affecting the seasonal variations in river length. However, Wang et al.’s [57] discussion on the March peak in river length was not very clear (i.e., it is caused by groundwater recharge). They also did not analyze the impact of river length changes (surface runoff variations) on the Daliyaboyi Oasis. Thus, the specific research questions addressed in this study are as follows. (1) The seasonal variations in ecological water diversion (inundation area) in the Daliyaboyi Oasis (2000–2018) were established by visual interpretation of remote sensing images, and the factors (natural and anthropogenic) controlling the ecological water diversion (inundation area) were discussed further (i.e., supplemented the influences of groundwater recharge and human activities on the tail oasis). (2) We evaluated the ecological benefits of overflowing surface water irrigation under human regulation (i.e., the ecological impact of surface runoff variations) for the first time. (3) We also addressed the correspondence between the seasonal delivery of ecological water and the vegetation’s seasonal water demands.
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Figure 1. Location of the study area within the Tarim Basin, China. (a) Google Earth image in the Tarim Basin. The map of China was obtained from the website http://bzdt.ch.mnr.gov.cn/ (accessed on 1 January 2019), and the grant number is GS(2020)3183 [57]. (b) The imagery was processed from Landsat 8 operational land imager (OLI) data from 15 June 2016 (band composite is Red (7), Green (5), and Blue (2)) [57], showing the location of the Keriya River catchment. 
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2. Materials and Methods


2.1. Study Area


The Keriya River originates in the Kunlun Mountains (at altitudes above 6100 m a.s.l.) along the northern margin of the Tibetan Plateau [58] (Figure 1a) and flows from south to north. The Keriya River catchment can be divided into the upstream, midstream, and downstream areas (Figure 1b). Ice and snow occur in the upstream areas, whereas an agricultural oasis is located along the midstream area. The downstream area is characterized by the Daliyaboyi Oasis, a natural oasis [59].



In the upper, mountainous Keriya River catchment, 71% of the Keriya River’s discharge is received from the melting of glaciers and snow [38]. The intra-annual changes of upstream runoff are characterized by a single peak that creates a period of high river flows in July and August [40]. The average annual runoff is 7.58 × 108 m3 (1957–2015), whereas the average annual precipitation is 130.7 mm (1958–2015). The average annual temperature is 9.25 °C (1958–2015), while the average annual evaporation in the upper Keriya River Basin is 1928.5 mm (1986–2015). The middle reaches of the river basin contain the Yutian agricultural oasis [58]. The average annual precipitation within this reach of the basin is 52.56 mm (1961–2019), whereas the average annual temperature is 11.8 °C (1961–2019) [57]. The agricultural sector has the highest intensity of water use within the catchment, and is dominated by surface water irrigation [60]. The Daliyaboyi Oasis (covering approximately 324 km2) [61] is characterized by a hyper-arid climate [59], where the average annual precipitation is less than 10 mm [59]; the average annual temperature is about 11.8 °C (2015–2016) [62]. The river system in the area of the Daliyaboyi Oasis is characterized by a fan-shaped distributary system [39] that traverses a landscape characterized by extensive desert dunes [41]. The vegetation community possesses limited diversity; it is dominant by Populus, Tamarix, and Phragmites australis [63]. Natural vegetation mainly depends on surface water and groundwater for survival [38]. Residents make a living by grazing animals and have built artificial dam and diversion systems to irrigate the natural grasslands [41].




2.2. Datasets


Data Collection


The study area is roughly covered by one path/row (P145/R33) of the Landsat Worldwide Reference System (WRS-2). All Landsat images belong to the standard Level 1 Terrain-corrected (L1T) images. Remote sensing data were obtained from Landsat images (a total of 184 scenes) from 2000 to 2018, including 38 Thematic Mapper (TM) images, 93 Enhanced Thematic Mapper Plus (ETM+) images, and 53 Operational Land Imager (OLI) images (Figure 2). Google Earth images (with the spatial resolution is 0.47 m) were also used (Table 1). All Landsat images were downloaded from the United States Geological Survey. A total of 44 images were unavailable (excessive cloud cover or missing) (Figure 2). In addition, the Landsat 7 scan-line corrector (SLC) was turned off on 31 May 2003, and about 22% of the data in the Landsat enhanced thematic mapper plus (ETM+) images were lost due to the scan gap. Thus, we repaired these ETM+ images using one plug-in.





2.3. Methods


2.3.1. Geometric Correction


Geometric correction involved a multi-step process. First, one Landsat 8 OLI image was transformed into a common coordinate system, the Universal Transverse Mercator (UTM), World Geodetic System (WGS 84) projection. The system is based on a topographic map (1:100,000) and was created using the ENVI® software version 5.6 (Exelis Visual Information Solutions, Boulder, CO, USA). We then used the topographic map as the reference to geocorrect the Landsat 8 OLI image. The geocorrection was conducted using more than 50 ground control points (GCPs) from the topographic map. A second-order polynomial transform function, as well as a nearest neighbor resampling method, were subsequently used to produce an average Root Mean Square Error (RMSE) of less than 1 pixel [64,65]. Finally, the geometrically corrected Landsat image was used to rectify the other Landsat images using the GCPs, and the average RMSE was less than 1 pixel [57].




2.3.2. Inundation Area Digitization, Verification and Statistical Analysis


The inundation area of floodplains within the Daliyaboyi Oasis was visually recognized on all geometrically corrected images. The inundation area was interpreted and calculated using ArcGIS® software version 10.1 (Environmental Systems Research Institute, Redlands, CA, USA). The relatively high spatial resolution Google Earth images acquired on 25 June 2011 and 16 March 2016, along with two UAV aerial photographs acquired on 7 October 2016, were used to verify the interpretation and digitization of the inundation area boundaries. Our results of interpretations of the Landsat images were consistent with the UAV aerial photographs and Google Earth images (Figure 3). Statistical descriptors of the changes in inundation area (e.g., departure and accumulative departure) were also calculated (Figure 4).




2.3.3. Hydrological and Meteorological Data and Field Investigations


Hydrological and meteorological data included monthly and annual streamflow (discharge) (1957–2015), precipitation (1958–2015), temperature (1958–2015), and evaporation (1986–2015) records from mountain hydrological stations along the upper reaches of the Keriya River (Figure 1b). These data were obtained from the Hotan Hydrology and Water Resource Survey Bureau of Xinjiang Uygur Autonomous Region, China. Field investigations concentrated on collecting data pertaining to artificial dams within the Daliyaboyi Oasis, including their locations, year of construction, size (length and height), number, and usage (i.e., the frequency and methods through which their waters were used). Data on midstream agricultural water demand in 2009 were acquired from the Planning Report of Irrigation and Water Conservancy Construction in Yutian County [57]. Although we acquired and quoted only one year of agricultural water demand data within the Yutian Oasis, Wang et al. [57] believed that the inter-annual changes in the agricultural water use were relatively minor during the 19-year study period; therefore, the data for 2009 used in this paper are representative and valid.






3. Results


3.1. Temporal Changes in Inundation Area within the Daliyaboyi Oasis


3.1.1. Inter-Annual Changes


A total of 184 inundation area values from the Daliyaboyi Oasis were acquired from the Landsat images during the 19-year study period (2000–2018). The long-term (19-year) average annual value is 9.70 km2. These values fluctuated around this mean value. The inundated area was below the average value in most years (especially between 2007 and 2009); the minimum value occurred in 2009 (during which a value of zero appeared eight times) (Figure 5a). Departures from an inundation area (Figure 5b) of zero (Y-axis) fluctuated between positive and negative values. The frequency of negative departure values was markedly higher than positive departure values during the period 2000–2009, while positive departures increased after 2009 (especially between 2016 and 2018) (Figure 5b). The cumulative departure curve shows a significant decrease from 2004 to 2009, a mild change from 2010 to 2015, and an obvious increase from 2016 to 2018 (Figure 5b).




3.1.2. Intra-Annual Variations and Spatial Distribution


Intra-annual variations in the inundation area in the Daliyaboyi Oasis fluctuated seasonally (Figure 6). Two significant peaks are present, occurring in February/March (i.e., February or March) and July/August. One period of low inundation occurred in May. The annual maximum area of inundation area between 2000 and 2018 occurred 8 times in February/March and 9 times in July/August. The annual minimum in the inundation area appeared 14 times in May. In addition, the inundation area’s annual minimum value was zero, indicating that overbank streamflows did not occur along the intermittent reach of the river and flow into the Daliyaboyi Oasis.



Figure 7 shows the spatial distribution of the inundation area (in February/March and July/August) within the Daliyaboyi Oasis for each year between 2000 to 2018. At least part of the Daliyaboyi Oasis was inundated during most years, but the size of these areas fluctuated significantly over the past 19 years (Figure 7). Inundated areas mainly occurred in February–March (especially in 2002, when the inundation area was as high as 53.80 km2) (note that there was a lack of images in 2006 and 2012). The inundation area for the periods 2001, 2003–2005, 2008–2010, and 2015–2016 covered relatively limited areas that were dispersed throughout the Oasis. In contrast, inundation areas in 2007, 2011, 2013, and 2017–2018 were distributed in a concentrated region. The inundation area that occurred in July–August usually consisted of densely distributed larger regions, located mainly in the western (e.g., 2006, 2011, 2015, and 2018) or the eastern (e.g., 2002 and 2005) parts of the Oasis. Inundated areas only occur occasionally in the central part of the oasis during some years (e.g., 2003 and 2013). In July–August of each year between 2000 and 2018, the maximum inundated area in the oasis was 90.50 km2 (occurring in 2017). In a few years (2000, 2003–2004, 2007–2009 and 2016) little or no inundation occurred.





3.2. Downstream Human Regulation


In Daliyaboyi, we investigated 18 large-scale dams located on the river’s main branches of the fan-shaped river system along the southern margin of the oasis (Figure 8a). Villagers opened these dams for irrigation during the flood period, allowing river water to flow down the various branches of the river network within the oasis and to irrigate natural vegetation within the floodplains. In doing so, the inhabitants expanded the areas of inundation within the oasis. The largest dam is L1 (Figure 8b,d), with a length of 20 km. It is mainly used to prevent flooding on residential areas near the Daliyaboyi township government (a site for administrative control of the Daliyaboyi Village). Medium-sized dams include M1–M17 (Figure 8a); they range in length from 0.1 to 5 km. Villagers mainly use them to regulate (prevent) flooding or to distribute the flood waters to inundation areas (which is done through gates cut into the dams). M8 and M9 are constructed on the main tributaries of the oasis (about 900 m away from the township government) (Figure 8c,e). M8 is mainly used for flood control (protecting the residences of the township government); its secondary purpose is to provide irrigation waters, which is achieved by closing the opened gate and then regulating the floodwaters (high surface runoff) to the west of the oasis for summer irrigation. M9 is mainly used for irrigation; it is mainly opened during the autumn flood period (low surface runoff), and the floodwater is distributed to the east part of the oasis. Additionally, we found smaller dams (approximately 1000) with a length of 5–100 m built along the margin of pastures. These dams were used to control the direction of water flow at the end of a flood. The different sized dams that were built in different locations constituted a system that controlled the distribution of ecological water within the Daliyaboyi Oasis.





4. Discussion


4.1. Factors Controlling Seasonal Variations in Inundation Area


Intra-annual (seasonal) fluctuations in area of inundation within the Daliyaboyi Oasis between 2000 and 2018 were generally constant (Figure 5a), a pattern that clearly reflects the seasonal impact of natural factors.



4.1.1. Peak Values in Inundation Area during July and August


Our data showed that inundation area was significantly positively correlated with upstream runoff (r = 0.51, p < 0.05) from 2000 to 2015. The inundation area consistently increased with rising upstream runoff during the periods of 2000, 2002–2006, 2008, 2010–2013, and 2015. The maximum values of the inundation area and upstream runoff both occurred in July–August in most years (Figure 5a). Furthermore, the minimum value of the inundation area during the 19-year study period occurred in 2009 (values of zero occurred eight times from April to November), the year in which the lowest value of upstream runoff occurred (especially upstream runoff values that occurred in July and August that were surprisingly low) (Figure 5a). Our evidence indicates that the peak values of inundation area that occurred in July/August were mostly dominated by streamflow from headwater areas of the Keriya River catchment. Moreover, this is broadly consistent with Wang et al.’s [57] understanding (viewpoint) of the cause for the peak of river length in the lower Keriya River; that is, midstream agricultural water use did not significantly affect the main peak in the river length or inundation area, whereas the upstream runoff significantly contributed to surface runoff in downstream regions.



Although the inundation area was correlated to upstream runoff, the correlation coefficient between the inundation and upstream runoff (r = 0.51, p < 0.05) was significantly lower than that between the river length and upstream runoff (r = 0.70, p < 0.01) [57]. The inconsistency of the two correlation coefficients indicates that, although both the inundation in the tail of the Daliyaboyi Oasis and the downstream river length are directly linked to the surface runoff within the upper Keriya River, they are not completely consistent. The inconsistency between them may be related to human activities and groundwater recharge in the tail oasis, thus reducing the correlation between the inundation and runoff from mountainous headwater regions. Our viewpoint is well-illustrated by variations in inundation in 2009 within the Daliyaboyi Oasis (Figure 9). In 2009, when summer runoff in headwater regions reached its lowest value during the 19-year study period, the summer floods did not reach the Daliyaboyi Oasis, and no area of the floodplain was inundated (Figure 9). The inundated area unexpectedly occurred in February/March in the Daliyaboyi Oasis (Figure 5a), even though the upstream runoff in winter was significantly lower than in summer (Figure 5a).




4.1.2. Peak Values in Inundation Area during February/March


According to Chen [38], variations in the inundated area within the Daliyaboyi Oasis are largely controlled by runoff from mountainous headwater regions. Thus, the inundation area should be smaller when the upstream runoff is low. However, our results show the opposite pattern in February/March; the inundation area of the Daliyaboyi Oasis increased to a significant peak value in February/March (Figure 10), while runoff from the mountains decreased (Figure 10). The peak in the inundation area that occurred in February/March was likely to be consistent with the explanation of Wang et al. [57] for the peak in downstream river length in February/March; that is, the river was likely to be recharged by the groundwater. Wang et al. [57] concluded that from the midstream agricultural oasis in the south to the Daliyaboyi Oasis in the north, the elevation decreases by approximately 200–400 m and such a change in elevation may facilitate the influx of groundwater from upstream reaches on both sides of the river bank to the river. Specifically, during the dry season (December–February) when the river water levels are relatively low, the groundwater is likely to replenish this reach of the river, thereby raising the surface water level of the Daliyaboyi Oasis in February–March. Conversely, during the summer flood season when the groundwater levels are relatively low, the river water will recharge the groundwater system, thereby raising the groundwater level of the Daliyaboyi Oasis during the summer. Furthermore, according to Wang et al. [57], the peak in the inundation area in February/March may also be related to melting ice along the downstream river channels in winter. As air temperatures increase significantly in mid-to-late February, ice along the upper section of the lower reach of the river gradually melts and forms surface meltwater, which may increase surface water flows (levels) along the rivers [57]. As mentioned above in Section 4.1.1, the inundation that occurred in February/March 2009 in the Daliyaboyi Oasis should be related to groundwater recharge.




4.1.3. The May Minimums in Inundation Area


The area of inundation reaches its lowest values in May. The minimum in the inundation area that occurred in May was probably consistent with the explanation of Wang et al. [57] for the lowest value in downstream river length in June; that is, this decrease was related to a significant decline in streamflow from mountainous headwater regions and the apparent increase in midstream agricultural water demand during this period (Figure 10).



Our data indicate that the inter-annual variations in inundation area per year (between 2000 and 2018) are affected by the peak values in February/March and July/August, as well as the minimum values in May (Figure 11). However, their impacts are different. During the 19-year study period, the July/August peak in the inundation area varied significantly through time; in contrast, variations in the February/March peak and May minimum were relatively minor. The cause of inter-annual variations in inundation is consistent with the argument by Wang et al. [57] for the inter-annual changes in river length; that is, upstream streamflow, midstream agricultural water use, variations in groundwater recharge and levels, and meltwater along downstream river courses all contribute to the inter-annual changes in the inundation area. However, runoff from headwater areas appear to be the dominant control. Moreover, a significantly positive correlation between inundation area and headwater streamflow (r = 0.51, p < 0.05) and the consistency between the inter-annual changes in inundation area and headwater streamflow (Figure 5a), both supported this conclusion. Thus, natural factors in mountainous headwater regions should control the inter-annual and intra-annual variations in inundation area in the Daliyaboyi Oasis.





4.2. Benefits of the Ecological Water Diversion


Previous studies have shown that the ecological benefits (e.g., elevated downstream groundwater levels, enlarged areas of natural vegetation, increased diversity of community vegetation, and an increased area of the tail lake) of the EWDP along the lower reaches of the Tarim River were mainly achieved by rising groundwater levels to irrigate natural vegetation [11,12]. However, the maximum rise in groundwater levels extended only 1000 m from the river channel. Thus, the area of natural vegetation irrigated, as well as the achieved ecological benefits, were relatively limited. That is, it is difficult to regenerate the riparian vegetation [36], though the degenerated ecosystems have been restored to some extent [11,66,67,68,69]. By contrast, ecological water diversions in the Daliyaboyi Oasis are used for overflowing surface water irrigation. With the help of a widespread network of dams, the vegetation is effectively irrigated throughout the oasis by alternating irrigation of different regions in different seasons. In other words, the villagers only irrigate vegetation in one area at a time. For example, between March 2010 and March 2011, planned irrigation was carried out three times in the Daliyaboyi Oasis. One was in the central region of the oasis in March 2010, one was in the eastern and western regions in August 2010, and the last was in the western region in March 2011. Collectively, the water diversions led to both economic and ecological benefits in the oasis. Economically, the Daliyaboyi residents irrigated about 80,000 hectares of grasslands (which are dominated by Populus, Tamarix, and Phragmites australis) using artificial dam systems, which allowed them to feed 26,000 head of livestock, resulting in a remarkable economic gain (obtained from the Daliyaboyi Township Government). Ecologically, the alternating program of overflowing surface water irrigation largely maintained the desert riparian forests within the Oasis. The riparian forests not only prevent desertification of the Daliyaboyi Oasis, but also protected the ecological security of the midstream Yutian Oasis (Figure 12).



In addition, we estimated the annual amount of ecological water diversion (river water) that discharged into the Daliyaboyi Oasis. In particular, the average annual runoff in the headwaters of this catchment is 7.58 × 108 m3, and the average annual water consumption in the midstream agricultural oasis is 4.76 × 108 m3 (obtained from the Yutian Water Conservancy Bureau of Xinjiang Uygur Autonomous Region, China). Given the effect of river water leakage (infiltration) and groundwater recharge [38], the annual amount of water that flows into the Daliyaboyi Oasis, and can be used for ecological diversions, should be about 2 × 108 m3 [40].



With advances in water conservation technology, our ability to control water resources will strengthen, and the area of inundation will correspondingly increase. The field investigations by Chen [70] indicate that the streamflow during floods could traverse the ephemeral (intermittent) river section (which is located north of Misalai) (Figure 1b) and reached the area about 70 km north of the township government before the 1960s. However, because dam and irrigation systems are limited in size, number, construction, operation, and management, the inundation area was concentrated in the central region of the Daliyaboyi Oasis during this period [40].



By contrast, seasonal floods can only reach the southern part of the township during the most recent 19 years. The annual seasonal floods in downstream areas are seemly less than that before the 1960s because the ephemeral reach of the lower reaches has retreated at least 70 km to the south [70]. However, with more than 1000 dams of different sizes having been built along river branches in the Daliyaboyi Oasis (Figure 8a), the irrigation system was gradually expanded. Moreover, the inhabitants have organized large-scale irrigation activities which involved more dwellers and some modern machinery since the establishment of Daliyaboyi’s township in 1989, allowing the limited water resources to be more effectively allocated. Thus, the inundation area during the past 19 years (2000–2018) (Figure 5a) is dramatically larger than that before the 1960s [40].




4.3. Relationship between Intra-Annual Changes in Inundation Area and the Period of Vegetation Water Demand


Seasonal flood irrigation plays a crucial role in desert vegetation (dominant species, e.g., Populus, Tamarix, and Phragmites australis) growth in the Daliyaboyi Oasis (Figure 13). More specifically, Phragmites australis begins to germinate between February and March, whereas Tamarix grows new leaves in mid-to-late March [71]. The seed maturation period of Populus and Tamarix is concentrated between June and August [33]. Whether the flood season is consistent with the period of seed dispersal, germination, and seedling growth, is very crucial to the regeneration and development of desert vegetation [33,63,72]. The two peaks in the inundation area in the Daliyaboyi Oasis occurred in February–March and July–August, and were consistent with the period of water demand of the above vegetation (Figure 13). In addition, as mentioned above in Section 4.1, the two significant peaks in inundation area were mostly controlled by natural factors (e.g., headwater streamflow, downstream groundwater inflows, and the melting of ice along the river courses). Human regulation of ecological water diversions was based on the two peaks, but they did not alter the correlation between the two peak periods of inundation area and vegetation water demand. Therefore, the anthropogenic reallocation of surface water only changed the spatial distribution of the inundation area and may enlarge ecological benefits. However, they did not affect the seasonal variations in ecological water diversion.





5. Conclusions


We digitized and measured the area inundated (i.e., the inundation area) within the floodplain of the Keriya River on 184 Landsat images obtained over a 19-year period (2000–2018) to quantify monthly variations in inundation area within the Daliyaboyi Oasis, located along the lower Keriya River valley. The results demonstrated that (1) the seasonal changes in the inundation area caused marked variations and were characterized by two significant peaks in February (~17.58 km2) and August (~19.57 km2). One significant minimum area of inundation (~0.29 km2) occurred in May; (2) the July/August peak in the inundated area largely dominated inter-annual variation in the inundation area during the 19-year study periods; the occurrence of two main peaks in the inundation area within a year is noteworthy as it was broadly consistent with the desert vegetation’s water demand season; (3) the residence of the Daliyaboyi Oasis used ecological water (surface water) distributed by network of dams to irrigate vegetation in different parts of the oasis during different seasons. Irrigation spatially expanded the area of inundation. We believe that: (1) the February peak in the inundation area was closely linked to elevated downstream groundwater levels and the melting of ice along the river channels (network); (2) the August peak was controlled by the peak values of runoff from headwater areas; and (3) the minimum May value was related to a decrease in upstream runoff and an increase in agricultural water demand. We propose that natural factors control the intra-annual (seasonal) and inter-annual variations in the extent of the inundated area. Human regulation of floodwaters has changed the spatial distribution of the inundation areas, and enlarged its possible ecological benefits; however, they did not alter the correlation between the peak periods of inundation and the vegetation water demand. The results of this study provide a comprehensive understanding of the benefits of the EWDP in the Tarim River Basin. The time series data from the Landsat images (during 2000–2018) used in this study are relatively limited. Other earlier Landsat 1–5 multispectral scanner (MSS) images (from 1972 to 1992, 80 m spatial resolution) and the latest Landsat 9 OLI images (from 2021 to present, 30 m spatial resolution) will help to further improve the long-term temporal variations in the inundation area within the Daliyaboyi Oasis in the past and future.
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Figure 2. Temporal distribution (day of year) of Landsat images (Landsat 4–5 TM, Landsat 7 ETM+, and Landsat 8 OLI) from 2000 to 2018 used in this study. Blank regions represent missing remote sensing images. 
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Figure 3. Images illustrating the extraction and measurement of the inundation area and the utilized data validation process. (a) Landsat image captured on 17 July 2016, showing no flooding; (b) Landsat image captured on 8 December 2016, showing flooding. (c) The red area represents mapped inundation area; (d,e) are UAV aerial photographs captured on 7 October 2016. (f) Landsat image captured on 11 March 2016; (g) Google Earth images acquired on 25 June 2011 and 16 March 2016. 
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Figure 4. Schematic workflow of Landsat image processing, inundation area mapping and validation, and driving factor analysis. 
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Figure 5. Observed changes in inundation area (2000–2018) measured within the Daliyaboyi Oasis and upstream runoff (2000–2015) within the Keriya River Basin (a) and departures and accumulative departure from the mean of inundation area between 2000 and 2018 (b). Every tick mark on the horizontal axis (X-axis) represents one month. The zero value means that the streamflow did not traverse the ephemeral section of the river or its reach within the Daliyaboyi Oasis (i.e., there were no overbank flood events that inundated the floodplain). 
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Figure 6. Intra-annual (seasonal) changes in inundation area between 2000 to 2018 within the Daliyaboyi Oasis located along the downstream reaches of the Keriya River and the frequency with which the minimum and maximum values of inundation were observed; data stratified by month. 
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Figure 7. Variations in the spatial distribution of inundated areas within the Daliyaboyi Oasis during the peak period (February/March and July/August) from 2000 to 2018. 
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Figure 8. (a) Distribution of the main artificial dams in the Daliyaboyi Oasis; (b,d) are a Google Earth image and field photograph of the dam at L1, respectively; (c,e) are a Google Earth image and field photograph of the dams at sites M8 and M9, respectively. 
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Figure 9. Landsat images showing the hydrological surface water conditions along the lower Keriya River from June to August 2009. (a–c) are Landsat images captured on 28 June 2009, 6 July 2009, and 15 August 2009, respectively. The three Landsat images show no flood flows into the Daliyaboyi Oasis in the summer of 2009; thus, no inundation occurred. 
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Figure 10. Intra-annual (seasonal) variations in inundation area within the Daliyaboyi Oasis (19-year average between 2000 and 2018), upstream runoff (16-year mean between 2000 and 2015) and the midstream agricultural water demand (in 2009) in the Keriya River catchment. 
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Figure 11. Observed changes of the peak values in February/March and July/August and the minimum in May in inundation area (2000–2018) measured within the Daliyaboyi Oasis. 
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Figure 12. (a) Bing image captured on February 2014; (b) UAV aerial photograph captured in August 2019, showing the growth of Populus seedlings after flood events that inundated the floodplain. 
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Figure 13. Peak values in inundation area and growing period of the dominant species (Populus, Tamarix, and Phragmites australis) in the Daliyaboyi Oasis. 
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Table 1. Characteristics of remote-sensing data used in this study.
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	Data Type
	Year
	Resolution
	Data Source





	Landsat (TM, ETM+, OLI) Path/Row: 145/33
	2000–2018
	30 m
	http://glovis.usgs.gov/ (accessed on 1 January 2019)



	Google Earth image
	2011, 2016
	0.47 m
	https://www.google.com/earth/ (accessed on 1 January 2019)
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