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Abstract

:

Global warming and human activities are complicating the spatial and temporal relationships between basin hydrologic processes and ecosystem quality (EQ), especially in arid and semi-arid regions. Knowledge of the synergy between hydrological processes and ecosystems in arid and semi-arid zones is an effective measure to achieve ecologically sustainable development. In this study, the inland river basin Ulagai River Basin (URB), a typical arid and semi-arid region in Northern China, was used as the study area; based on an improved hydrological model and remote-sensing and in situ measured data, this URB-focused study analyzed the spatial and temporal characteristics of hydrological process factors, such as precipitation, evapotranspiration (ET), surface runoff, lateral flow, groundwater recharge, and EQ and the synergistic relationships between them. It was found that, barring snowmelt, the hydrological process factors such as precipitation, ET, surface runoff, lateral flow, and groundwater recharge had a rising trend in the URB, since the 20th century. The rate of change was higher in the downstream areas when compared with what it was in the upstream and midstream areas. The multi-year average of EQ in the basin is 53.66, which is at a medium level and has an overall improving trend, accounting for 95.14% of the total area, mainly in the upstream, downstream southern, and downstream northern areas of the basin. The change in relationship between the hydrological process factors and EQ was found to have a highly synergistic effect. Temporally, EQ was consistent with the interannual trends of precipitation, surface runoff, lateral flow, and groundwater recharge. The correlation between the hydrological process factors and EQ was found to be higher than 0.7 during the study period. Spatially, the hydrological process factors had a synergistic relationship with EQ from strong to weak upstream, midstream, and downstream, respectively. In addition, ecosystem improvements were accelerated by government initiatives such as the policy of Returning Grazing Land to Grassland Project, which has played an important role in promoting soil and water conservation and EQ. This study provides theoretical support for understanding the relationship between hydrological processes and ecological evolution in arid and semi-arid regions, and it also provides new ideas for related research.
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1. Introduction


Global climate change and human-activity-induced changes in water resources have had a tremendous consequence on the ecological environment and socioeconomics, thus attracting attention from the international community [1,2]. This is particularly obvious in arid and semi-arid regions with fragile regional ecosystems [3,4,5]. The evolution and relationship between hydrological processes and ecosystems in arid and semi-arid regions in a continuously changing environment is not clearly understood. The present research on hydrology–ecology mainly focuses on the relationship between a certain hydrological process factor and an ecological indicator, without focusing on the relationship between the linkage between the whole hydrological process factor and the ecosystem quality. Therefore, it is particularly important to understand the relationship between the whole hydrological processes and ecosystem quality (EQ) in arid and semi-arid regions and to design related policies. The results of the study can deepen the understanding of the relationship between hydrological processes and ecosystems in arid and semi-arid regions and provide a reference for the sustainable use of water resources and environmental protection in the region.



As arid and semi-arid regions are deeply inland and far from the ocean, not only is data about them deficient but the measurement data from meteorological and hydrological stations in regions such as the Ulagai River Basin and Xilin River Basin are lacking, [6]. Therefore, hydrological models and remote-sensing monitoring have become important monitoring tools. The Soil and Water Assent Tool (SWAT) model is a semi-distributed hydrological model developed by the United States Department of Agriculture and the Agricultural Research Service. The SWAT model can simulate the hydrological cycle of a basin and quantify the response of basin hydrological processes to changing environments [7]. This model is popular given its systematic and precise simulation and computational capabilities. Forecast simulations have been performed in several basins around the world, and they have achieved excellent results [6,8]. For example, Idrees et al. [9] used a modified SWAT model to simulate the extent of changes in hydrological process factors for different land-use types. The results of their study showed that the conversion of barren land to agricultural land had resulted in a decrease in surface runoff and water production, whereas the groundwater flow, lateral flow, and evapotranspiration (ET) had increased. Luan et al. [10] used the SWAT model to evaluate the impact of land use on hydrological processes (ET and streamflow) in the river suite irrigation area. They also evaluated dispersion and river flow, using the SWAT model.



Being a major data source for the study of several ecological and environmental issues, such as grassland degradation and soil sanding, remote-sensing data facilitate the quick identification of spatial and temporal changes as they relate to environmental quality [9]. Xiao et al. [11] used remote-sensing data concerning biomass and vegetation cover to study if and how the status of EQ in Inner Mongolia changed from 2000 to 2010 and explore whether and how it was affected by climate change and human activities. Wei et al. [12] explored the spatial and temporal characteristics of environmental evolution in inland river basins in the arid regions of Northwest China with the help of integrated remote-sensing-related indicators. However, previous studies have mostly focused on specific years and mostly taken into account aspects such as ecosystem service function, stability evaluation, ecosystem health evaluation, and ecosystem pattern. Only a few of these studies have carried out an integrated evaluation of EQ changes in arid and semi-arid regions over a long period. Recently, national and international researchers conducted several studies on the relationship between the hydrological cycle and EQ [13,14]. Zhang et al. [15] conducted a quantitative study of the relationships among soil, groundwater depth, and vegetation in terms of how these relationships have implications for EQ changes and found that the community cover, community height, leaf projection cover, and leaf area index (LAI) had all decreased significantly with increasing groundwater depth. Hao et al. [16] analyzed the different ecosystems of Inner Mongolia to which different grazing ban policies applied and found that the trend of positive influences of precipitation on these ecosystems had begun to weaken because of overgrazing. Liu et al. [17] analyzed the effect of different vegetation-change scenarios on ET in the Mongolian Plateau and discovered that ET increased with an improvement in vegetation. It was also found that changes in terrestrial ecosystem quality are strongly related to the relevant hydrological process factors such as precipitation, ET, and groundwater [18,19,20]. However, most of the existing studies have focused on the relationship between singular hydrological process factors and ecosystems. The research on the synergistic evolution of overall hydrological processes and ecosystems in arid and semi-arid regions is scarce.



Located in XilinGol League, Inner Mongolia, China, the Ulagai River Basin (URB) is a typical inland river basin in an arid and semi-arid region. As the second largest inland river basin in China, it is also an important livestock base and green ecological barrier [20]. The URB is subject to natural conditions and has a fragile ecological system, which is particularly sensitive to changing environmental conditions [21]. Due to climate change causing an increase in precipitation, temperature, and ET and the continuing influence of reclamation, irrigation, and grazing, a gradual increase has been observed in water shortage, river disruption, sanding of grasslands, and salinization in the URB. This poses a great threat to extant water resources and ecological balance in arid and semi-arid regions [21,22]. Moreover, some studies have shown that arid and semi-arid regions, such as the Mongolian Plateau, may experience more pronounced rises in temperature and more frequent droughts, leading to further water scarcity and deteriorating EQ [23,24]. Against the backdrop of global warming and the impact of human activities, the synergistic evolution of hydrological processes and EQ in the URB needed to be analyzed, for such an analysis could provide a basis for the conservation of water resources and sustainable ecological development of inland river basins in arid and semi-arid regions.



Although some progress has been made in the study of a certain hydrological process factor and ecosystem, relatively few studies have been conducted on the synergistic relationship between the whole hydrological cycle process and EQ. Specifically, this study aimed to achieve the following: characterize the evolution of the hydrological process factors in the inland river basins of arid and semi-arid regions from 2001 to 2019; comprehensively evaluate EQ of inland river basins in arid and semi-arid zones from 2001 to 2019; and explore the characteristics and differences in the synergistic evolution of the hydrological process factors and EQ in different river sections in the inland river basins of arid and semi-arid zones. The findings of this study can deepen the awareness of eco-hydrological processes and evolution patterns in semi-arid inland river basins, thereby providing an empirical basis for the sustainable use of water resources and ecological protection in semi-arid inland river basins.




2. Materials and Methods


2.1. Study Area


The URB is located at the junction of three leagues: XilinGol League, Xing’an League, and Tongliao City in Inner Mongolia in China. Its geographical location falls between 116°20′ and 119°59′E and 44°02′ and 46°42′N. The total basin area is 38,549.25 km2, making it the largest inland river basin in Inner Mongolia and the second largest in China [25]. The annual average temperature here is about −0.9 °C, and the annual average precipitation is 250–400 mm, with the precipitation showing a decreasing trend from east to west. The URB terrain is at a higher elevation on its southern side than it is on its northern side, sloping from southeast to northwest, whereas the basin’s average elevation is 990 m. The basin is composed of the Ulagai River, Gori Khan River, and Sayarchen Gorak River, and the multi-year average runoff from 2001 to 2019 was 1.28 m3/s. The URB’s vegetation type is mainly grassland, with meadow grassland in the northeast, typical grassland in the southwest, and a transition zone between the two parts [25,26,27]. To analyze the hydrological situation and EQ of the URB’s different river sections, the river was divided into the following three sections: upstream (above the Ulagai reservoir), midstream (Ulagai reservoir to Hushao Temple), and downstream (Hushao Temple to Solinnur, Figure 1b). The 35 subbasins (sub) divided by the SWAT model are defined as upstream, midstream, and downstream by location (Figure 1d).




2.2. Data Sources


In this study, the Digital Elevation Model (DEM), land use/cover, soil, meteorology, and in situ measured runoff data were used to construct the SWAT hydrological model for the URB (Table 1). The DEM data were obtained from NASA with a spatial resolution of 30 m. Furthermore, to effectively characterize the surface cover changes—for instance, the degradation of grassland caused by overgrazing—the land-use/cover data were obtained via a secondary classification system for 2000, 2010, and 2020, with a spatial resolution of 1 km. The data were downloaded from the Environmental Resources and Data Center of the Chinese Academy of Sciences. Soil data were obtained from the Harmonized World Soil Database, with a spatial resolution of 1 km. Weather data were provided by the China Meteorological Data Network, with regard to daily precipitation, maximum/minimum temperatures, wind speeds, and relative humidity from 1981 to 2020 for the URB and 12 adjoining meteorological stations. The SWAT model employed multi-objective calibration, using measured runoff, field sampling, and Moderate Resolution Imaging Spectroradiometer (MODIS) snow cover and ET data. The measured runoff data were monthly runoff data, which were obtained by collating data between 1981 and 2000 from the Nunaimiao hydrological station and between 2004 and 2012 from the Ulagai reservoir inlet hydrological station. Field sampling data were converted into runoff based on the field measurements of water level and cross-section. The remote-sensing snow cover and ET data were selected from MODIS MOD10A1 and MOD16A2 products from 2001 to 2019, respectively, both having a spatial and temporal resolution of 8 days/500 m.



Additionally, remote-sensing data, basic geographic information, and socioeconomic data were selected to evaluate the spatial and temporal variation characteristics of EQ in the URB from 2001 to 2019 (Table 1). Among these, remote-sensing data mainly included gross primary productivity (GPP), normalized difference vegetation index (NDVI), LAI, and land-cover type (LCT) data from 2001 to 2019. The MODIS MOD17A2, MOD13A3, MOD15A2, and MCD12Q1 products were selected and downloaded free of charge from the NASA Land Processes Distributed Data Archive Center, respectively. The spatiotemporal resolutions of MOD17A2, MOD13A3, and MOD15A2 products were 8 days/500 m, 30 days/1 km, and 8 days/500 m, respectively. The basic geographic-information data were vector boundary layers of the URB, and the socioeconomic data focused on population density, based on the population data network, with a spatial resolution of 1 km.




2.3. Methods


2.3.1. SWAT Model


The SWAT model is a long-time basin-distributed hydrological model [18]. It has been extensively used for the simulation and prediction of hydrological processes at the basin scale, with excellent simulation results [28]. In this study, the improved SWAT model by Meng [29] and Luo [30], including an improved snowmelt module and subbasin partitioning, was used to enhance the model simulation accuracy by adding cumulative temperature determination conditions to separate rainfall and snowfall types, while also adding land-use/cover-change nodes to the basin partitioning. The SWAT model automatically divides the URB into 35 subbasins and 76 hydrological response units. The model warm-up period for this study area was 1976–1980, the calibration period was 1981–2000, and the validation period was 2001–2012.



The SWAT model can be used to simulate hydrological processes at three times scales, such as daily, monthly, and annual, and the monthly scale is used in this study. The SWAT model determines the basin boundary and divides subbasins by analyzing the slope, slope direction, and elevation of the DEM (Digital Elevation Model) of the study area. On this basis, the hydrological processes under different land-use types and different soil types under climate change are simulated based on the input hydrometeorological data, land-use types, and soil data [10]. To improve the model accuracy, the SUFI-2 algorithm of SWAT-CUP software was used in this study for analyzing model parameter sensitivity and uncertainty [10]. The Nash–Sutcliffe efficiency (NSE), percentage bias (PBIAS), and coefficient of determination (R2) were used to evaluate the model simulation accuracy. The evaluation index equations are as follows [10]:


  N S E = 1 −   ∑     ( Q  i     o b s   −  Q i     s i m   )  2    ∑      ( Q   i     o b s      − Q    m e a n   )  2     



(1)
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(3)




where    Q i     o b s     is the measured value in m3/s,    Q i     s i m     is the simulated value in m3/s,    Q  m e a n     is the measured average value in m3/s, and n is the measured data amount.



The simulation results were again validated with MODIS snow cover and ET data to meet multiple objectives. These results were also evaluated using PBIAS and R2.




2.3.2. Ecosystem Quality Assessment


In this study, ecosystem quality (EQ) was comprehensively assessed through three components: ecosystem productivity index (EPI), ecosystem stability index (ESI), and ecosystem bearing capacity index (EBCI). The EPI, ESI, and EBCI were constructed based on multisource data, such as remote-sensing data and socioeconomic data from 2001 to 2019, and were later assigned weights of 0.40, 0.28, and 0.32, respectively, using the entropy value weighting method [31]. A comprehensive EQ evaluation model for the URB was established by the weighted summation method [32]. To better reflect the spatial and temporal variation characteristics of EQ caused by the hydrological process factors and external factors, EQ was normalized, and the range of values was delineated at (10,100). Its computation is in Equations (4)–(7), which are as follows:


     E P I    t , k    = {    10       G     t , k    ≤  G  m i n         10 + (   G   t , k    −  G  m i n    ) × a       G    m i n      < G     t , k       < G    m a x       100       G     t , k    ≥  G  m a x           a =   (   100   −   10   )  /  (   G  m a x      − G    m i n    )    



(4)




where   E P  I  t , k     is the dimensionless index of productive capacity in year t of image k, and its larger value indicates a higher level of ecosystem productive capacity;    G  t , k     is the total GPP in year t of image k;    G  m a x     and    G  m i n     are the upper and lower limits of the GPP multi-year average, respectively; and a is the stretching constant.


     E S I   t , k   = {    10       c v     t , k    ≥   c v   m a x         10 + (    c v   m a x   −   c v   t , k    ) × a        c v    m i n   <      c v     t , k    <    c v    m a x        100       c v     t , k    ≤   c v   m i n           a =   (   100 − 10   )  /  (    c v   m a x   −    c v    m i n    )    



(5)




where     E S I   t , k     is the stability index of the image element k in year t—the larger the value, the higher is the stability of the region;   c  v  t , k     denotes the coefficient of variation of the annual mean value of GPP in year t of the image element k;   c  v  m a x     and   c  v  m i n     are the upper and lower limits of the multi-year mean coefficient of variation of GPP, respectively; and  a  is the stretching constant.


     E B C I    t , k    = {    10       E H I     t , k    ≤   E H I   m i n        10 + (    E H I    t , k    −   E H I   m i n    ) × a       E H I    m i n      < E H I     t , k       < E H I    m a x        100       E H I     t , k    ≥   E H I   m a x           a =   (   100 − 10   )  /  (    E H I   m a x   −   E H I   m i n    )    



(6)




where     E B C I    t ,   k      is the stability index of the image element k in year t—the larger the value, the higher is the stability of the region;     E H I    t , k      denotes the coefficient of variation of the annual mean value of GPP in year t of the image element k;     E H I   m a x     and     E H I   m i n     are the upper and lower limits of the multi-year mean coefficient of variation of GPP, respectively; and  a  is the stretching constant.


  E Q =   ∑   i = 1  n   w i  ×  y i   



(7)




where EQ is the EQ index; yi represents EPI, ESI, and EBCI indices; and wi is the weight of each index.



The Natural Break clustering method was then used to classify EQ into the following five levels: (I) 0–45 as the lowest level, (II) 45–50 as the lower level, (III) 50–55 as the medium level, (IV) 55–65 as the higher level, and (V) 65–100 as the highest level, taking into account the URB’s actual situation and the degree of influence of each index on the ecosystem.




2.3.3. Trend Analysis


This study employed the unidimensional linear regression method to analyze the spatial and temporal trends of the URB’s hydrological processes and EQ from 2001 to 2019. The calculation equation [33] is shown below:


   S l o p e =    n   ∑    i = 1   n   (    i E Q  i   )  −   ∑    i = 1   n  i   ∑    i = 1   n    E Q  i    n   ∑    i = 1   n   i 2  −    (    ∑    i = 1   n  i  )   2     



(8)




where n is the length of study,   E  Q i    is the mean value of EQ in year i, and Slope indicates the trend of change. If Slope > 0, the EQ is increasing; otherwise, it is decreasing. If Slope = 0, the EQ remains unchanged.




2.3.4. Analysis of Synergistic Effects


	(a)

	
Gray correlation analysis







The gray correlation analysis determines whether the relationship between sequences is close or not, mainly through the similarity of their curve geometries [34]. If the curves are more similar, the correlation between the series is greater, and if it is the other way around, the correlation is lower. This method is frequently used in the analysis of influence factors because it is less demanding and less computationally intensive than the mathematical and statistical methods. This method was used in this study to calculate the correlation between the hydrological process factors and EQ. The calculation formula is as follows:


   γ  o i   =  1 n    ∑    k = 1   n   ξ  o i    ( k )   



(9)






    ξ  o i    ( k )  =     m i n  i      m i n  k     Δ  o i    ( k )   + ρ      m a x  i      m a x  k     Δ  o i    ( k )     Δ  o i    ( k )   + ρ      m a x  i      m a x  k     Δ  o i    ( k )        Δ  o i   =  |   x o    ′   ( k )  −  x i    ′   ( k )   |   ,   i = 1 , 2 , … , m ;   k = 1 , 2 , … , n    



(10)




where    γ  o i     is the gray correlation degree,    ξ  o i     is the gray correlation coefficient, and  ρ  is the discrimination coefficient.




	(b)

	
Pearson correlation analysis









The Pearson correlation analysis between the URB’s EQ and hydrological process factors from 2001 to 2019 was conducted at the subbasin scale. Moreover, the correlation coefficients were tested for significance to reflect the degree of spatial and temporal correlation between EQ changes and hydrological process factors and identify the response of EQ to changes in the hydrological process factors. The calculation equation [35] is as follows:


  r =     ∑   i = 1  n  (   E Q  i  −   E Q  ¯  ) (   y  i  −  y ¯  )      ∑   i = 1  n   (    E Q  i  −   E Q  ¯    ) 2       ∑   i = 1  n  (   y  i  −  y ¯   ) 2      



(11)




where r is the correlation coefficient between EQ and the hydrological process factors;     E Q  i    and    y i    are the mean values of EQ and the hydrological process factors in year i, respectively;     E Q  ¯    and     y  ¯    are the mean values of EQ and the hydrological process factors in 19 years, respectively; and i represents the number of years. If r > 0, the EQ and the hydrological process factors are positively correlated and vice versa; the larger the r, the stronger the correlation between them.






3. Results


3.1. SWAT Model’s Performance in the URB


As shown by analyzing the SWAT model simulation results, the evolutionary trends of runoff simulated values and measured values were generally consistent (Figure 2a). The model captured the seasonal variation characteristics of runoff, which are higher in summer and absent in winter, in the basin. The runoff from 1981 to 2000 was much higher than that from 2001 to 2012. The highest value, up to 134 m3/s, was generated in 1998. The NSE, R2, and percentage bias (PBIAS) for the calibration periods were 0.62, 0.62, and 18.8%, and for the validation periods, they were 0.71, 0.72, 8.5%, respectively. In this study, the validation period captured the peak runoff better compared to the calibration period. This may be due to the fact that the runoff variation in the study area during the calibration period is more drastic and the runoff process is more complex than that in the validation period, so the simulation results in the validation period are better than those in the calibration period. Moreover, the model-extracted snow area and ET matched the curve trend of MODIS snow and ET, and the correlation coefficients of both were higher than 0.8 (Figure 2b,c).




3.2. Spatiotemporal Change Characteristics in the URB’s Hydrological Process Factors


Upon analyzing the changes in the URB’s hydrological process factors during 2001–2019, it was found that precipitation, ET, surface runoff, and lateral flow showed a non-significant increasing trend at the rates of 1.24 mm/yr, 1.66 mm/yr, 0.47 mm/yr, and 0.056 mm/yr, respectively (Figure 3a–d). Groundwater recharge showed a significant increasing trend at a rate of 0.18 mm/yr (p < 0.1), while snowmelt showed a non-significant decreasing trend at a rate of 0.01 mm/yr (Figure 3e). Precipitation, surface runoff, lateral flow, and groundwater recharge all peaked in 2012, while evaporation and snowmelt peaked in 2013.



Great spatial heterogeneity was observed in the spatial distribution and variation rates of the URB’s different hydrological process factors (Figure 4). The annual total precipitation in the upstream region of the basin was 457.48 mm, and it gradually decreased from east to west; the overall precipitation variation rate was high, with the fastest variation reaching up to 2.033 mm/yr in the upstream, followed by that in the downstream (1.601 mm/yr; see Figure 4a). The ET in the southern part of URB reached 272.79 mm, while the ET in the northwestern part was lower at 261.74 mm, showing a decreasing trend from south to north. The rate of change was faster in the URB’s upstream and southern parts and slower in its northern and downstream parts (Figure 4b). The runoff deep high value of the URB’s runoff was mainly concentrated in the wetland area, decreasing from the wetland to the surrounding area. The rate of change varied similarly, with the downstream wetland area increasing at a rate of 8.23 mm/yr (Figure 4c). The lateral flow in the high-elevation area was higher than that in the low-elevation area; the lateral flow gradually increased from the URB’s wetland to the surrounding area, and the change rate showed the same spatial distribution characteristics as the lateral flow did (Figure 4d). Groundwater recharge reached 3.12 mm in the URB’s upper and western parts and was lower in the URB’s southern and northern parts (1.5 mm); the rate of change was also faster in the higher groundwater recharge areas (Figure 4e). Snowmelt was observed more in the URB’s upper and middle reaches, with the highest value being up to 16 mm. Snowmelt in the middle and south of the lower reaches was less than 6.27 mm. This shows a distribution pattern of gradual decrease from the URB’s northeast to southwest, with the rate of decrease of snowmelt being higher in the middle (Figure 4f). Overall, the precipitation and snowmelt in the URB’s upper and middle reaches were high and the runoff depth was small; for the downstream region, it was just the opposite, and the rate of change in the downstream was higher than that in the upstream.




3.3. Spatiotemporal Change Characteristics of the URB’s EQ


The URB’s EPI showed a significant increasing trend, at a rate of 0.43/yr from 2001 to 2019 (p < 0.01). EPI’s highest and lowest values were 46.60 and 31.33, which appeared in 2012 and 2007, respectively (Figure 5a). The multi-year mean value was 41.01, indicating that the URB’s overall EPI was low. The higher EPI areas were mainly distributed across the arable land dominant upstream and the downstream southern woodland coverage areas. Most areas in the middle and downstream areas had a lower EPI. The area of Level I accounted for 74.7% of the total area; Level II accounted for 11.51%; and Levels III, IV, and V accounted for 7.42%, 5.31%, and 1.08%, respectively (Figure 5b).



The URB’s ESI showed a non-significant increasing trend at a rate of 0.12/yr during the study period. The ESI was the highest in 2007, with a value of 73.43, and lowest in 2011, with a value of 63.79 (Figure 5a). The multi-year average ESI value reached 67.85, which is at a high level overall. As seen in Figure 5c, the URB’s ESI from 2001 to 2019 had only two levels, Levels IV and V, with area ratios of 14.95% and 85.05%, respectively. Level V was mainly distributed in the downstream area, where grassland cover chiefly prevailed, whereas Level IV was mainly distributed in the upstream area, where arable land chiefly prevailed.



The URB’s EBCI showed a non-significant increasing trend at a rate of 0.74/yr. Over the last 19 years, the highest value of EBCI was 88.09, which occurred in 2012, and the lowest value was 24.24 in 2007 (Figure 5a). The multi-year average value was 57.45, which is at a higher level. The higher EBCI areas were mainly spread over the upstream and downstream southern areas. On the other hand, the EBCI value in the downstream northwestern area was lower, which is similar to the spatial distribution characteristics of the EPI (Figure 5d).



As shown in Figure 6a, the EQ of the URB from 2001 to 2019 showed an overall distribution pattern of high in the northeast and southwest and low in the northwest. The best EQ levels were concentrated in the upstream and downstream southern areas of the URB, whereas the worst EQ areas lay in and around the wetlands of the downstream area. The highest area percentage at the medium level (III) was 51.97%, mainly in the central part of the URB downstream dominated by grass cover, which was followed by the higher level (IV) area percentage of 32.54, mainly in the upstream and midstream areas of the basin and the southern downstream parts.



Statistics about area percentages at different EQ levels, across different reaches of the basin, revealed that levels III and IV have been dominant over the last 19 years. However, the difference in EQ among the reaches was relatively significant (Figure 6b). The areas of levels III and IV decreased gradually from the upstream to the downstream of the URB, whereas the areas of levels I and II increased subsequently. Moreover, the level IV area in the URB upstream had the highest proportion of 89.96%, whereas the level III area in the downstream region occupied the highest proportion of 54.80%. Thus, the upstream and midstream areas are at a high level, whereas the downstream area is at an intermediate level.



The URB’s EQ showed a significant increasing trend at a rate of 0.39/yr from 2001 to 2019 (p < 0.01; see Figure 7a). EQ was the highest in the year 2012 at 64.91, fluctuating widely before and after. It was the lowest in 2007, at 40.99. The overall EQ was seen to be at a higher level between 2012 and 2017. Its multi-year average was 53.66, indicating that the URB’s overall EQ is at a medium level. The URB’s overall EQ showed an increasing trend (slope > 0) over the last 19 years, accounting for 95.14% of the total study area. Within this area, 19.75% was dominated by a significant increase (p < 0.05), mainly in the upstream and northern parts of the downstream. On the other hand, 4.86% of the URB showed a decreasing trend (p < 0.05), scattered across the southern and western parts of the downstream. On account of various river channels, EQ in the URB upstream increased significantly, whereas downstream EQ increased non-significantly, but a few downstream areas still showed decreasing trends (Figure 7b).




3.4. Synergy Relationships between the URB’s Hydrological Process Factors and EQ


First, we analyzed the synergy between the hydrological process factors and EQ, using the gray correlation method. It was found that a high synergy existed between the URB’s hydrological process factors and EQ during the study period, with correlations ranging between 0.7 and 0.95, along with large differences between different river sections (Figure 8a). The correlations of ET, precipitation, and lateral flow with EQ in the last 19 years were 0.95, 0.91, and 0.90, respectively. Taking 2012, the year with the largest EQ fluctuations, as a reference point, the synergy between EQ and the hydrological process factors was found to be high until 2012, with a mean value of 0.89, but decreased later, with a mean value of 0.83. The synergy between EQ and precipitation was found to be the highest in 2007 and the lowest in 2017 for ET. Moreover, surface runoff, lateral flow, and groundwater recharge mainly occurred during the early part of the study period; snowmelt was mainly concentrated toward the latter part (Figure 8b). The synergy between the hydrological process factors and EQ at the subbasin scale is in Figure 8c, with synergy coefficients higher than 0.8. The areas with lower synergy were mainly located west and south of the downstream regions. The synergy between the hydrological process factors and EQ decreased from the upstream to the downstream regions, according to varied river sections (Figure 8d).



Second, we analyzed the synergistic effects of the hydrological process factors and EQ through Pearson correlation analysis. Between 2001 and 2019, except for individual subbasins where ET was negatively correlated with EQ (e.g., Subbasins 11 and 13), all ET-EQ correlations were positive. Moreover, a large spatial heterogeneity was observed in the synergy (Figure 9). The synergistic relationships between precipitation, evapotranspiration, surface runoff, lateral flow, and groundwater recharge and EQ are stronger in the northwestern part of the downstream of the basin and in the southern part of the upstream—both around 0.5. However, the synergistic effect of the two is weaker in the southern part of the downstream. The synergistic coefficient between lateral flow and EQ in the lower reaches of the basin reached around 0.7. The synergy between snowmelt and EQ in the northwest region of the downstream basin was 0.37, while that in the upstream was only 0.1. In general, the synergy between the hydrological process factors and EQ was found to be stronger in the downstream basin and weaker in the upstream basin during 2001–2019.



To gain deeper insights into the key hydrological process factors that account for EQ improvements in the URB, we further compared the synergistic coefficients of the hydrological process factors with EQ in each subbasin. As seen in Figure 10, EQ had the highest synergy with groundwater, lateral flow, ET, and snowmelt in the basin. The synergy between EQ and lateral flow is high in most parts of the basin, with the highest value of 0.626. It passed the significance test, accounting for 53.37% of the total basin area, mainly concentrated downstream. This was followed by groundwater, which accounts for 22.5% of the total basin area, and is mainly concentrated in the Southeastern URB. ET was most synergistic in the central part of the downstream area. The strongest synergy with snowmelt was mainly seen in the southern part of the downstream area. In general, the strongest synergistic hydrological process factors in the URB’s upstream and midstream areas were relatively singular and mainly related to groundwater. However, the strongest synergistic factors in the URB downstream area were more diverse.





4. Discussion


4.1. Intrinsic Mechanisms of Change in the Synergistic Relationship between the URB’s Hydrological Process Factors and EQ


Regional climatic changes and surface cover can effectively alter the distribution and balance of water and energy at the surface, thus affecting hydrological processes [3]. Precipitation, as the main source of hydration in arid and semi-arid regions, has a self-evident influence on hydrological processes [15]. The URB has experienced a warming and wetting trend from 2001 to 2019, with an increase in precipitation and that peaked in 2012 [36]. ET, surface runoff, lateral flow, and groundwater recharge also showed an increasing trend, and all of them peaked during the peak precipitation year or the year after.



The overall EQ trend in the URB is improving, showing an increasing trend from 2001 to 2012 and a decreasing trend from 2012 to 2019. Taking 2012, the year with large fluctuations in EQ, as the point, it was found that the synergy between EQ and hydrological process factors was high until 2012, with a mean value of 0.89, and then the synergy decreased, with a mean value of 0.83. As shown in the figure, from 2012 to 2019, the average correlations between ET, groundwater recharge, lateral flow, precipitation, and surface runoff and EQ have all decreased compared to 2001–2011. In particular, the average changes in lateral flow, precipitation, and surface runoff are large (Figure 11). This suggests that the climate and hydrology condition are not the only forces affecting EQ that were improved in this inland river basin and that there may be external drivers as well. Over the entire study period, EQ was consistent with the trends of the hydrological process factors such as precipitation, surface runoff, lateral flow, groundwater recharge, and snowmelt. In the arid and semi-arid regions, where water resources are scarce, increased precipitation results in a rise in the hydrological process factors such as surface runoff and groundwater recharge. This, in turn, provides more water for vegetation growth and can appropriately alleviate the stress caused earlier by water scarcity [35,37,38]. Additionally, the acceleration of the water circulation increases the activity of soil microorganisms to a certain extent, promotes vegetation nutrient absorption, and provides better growth conditions for vegetation [36]. In spatial terms, the URB’s EQ is consistent with the spatial distribution characteristics of the precipitation changes there; thus, the precipitation in the region influences its EQ [36].



The URB is covered mainly by grassland cover types, which are strongly dependent on hydrological processes [37]. The degree of synergy between the URB’s hydrological process factors and EQ over the last 19 years was higher than 0.7. The synergy between the two was lower in the western and southern parts of downstream URB. This synergy coincides chiefly with EQ decline areas, indicating that EQ decline is influenced by external factors other than the hydrological process factors. The synergy between the hydrological process factors and EQ gradually decreased from upstream to downstream areas, indicating that the URB’s EQ is affected more by external disturbances in the downstream areas than those in the upstream areas. The highest synergy was seen between the improvement of EQ and the groundwater, lateral flow, ET, and snowmelt. The increasing trend of ET, a water-consumptive state in the hydrological cycle, may harm vegetation [15,39]. However, the increase in precipitation, runoff, and groundwater recharge in the URB was larger than the increase in ET during the study period, thus offsetting the water loss while still increasing the amount of water available for vegetation [40,41].




4.2. Extrinsic Disturbances Affecting Changes in the Synergistic Relationship between the URB’s Hydrological Processes and EQ


In the context of the URB warming and humidifying, EQ was dominated by a non-significant increase from 2001 to 2019. Even under supportive conditions for vegetation growth, EQ degradation still occurred in the southern and northwestern parts of the downstream region of the URB. Moreover, the results of this study showed that the correlation between the URB’s hydrological process factors and EQ was relatively high until 2012 and decreases afterward. This suggests that climatic and hydrological conditions are not the only forces affecting improved EQ in this inland river basin and that external drivers may be behind it as well.



The rapid economic development and continuous population increase led to urban expansion and increased industrial and mineral land use, and road construction generates ecological problems such as increased water consumption and the destruction of grasslands [42]. This study collected data about population and socioeconomic indicators (primary, secondary, and tertiary industries) from the statistical annals of the URB, during 2001–2019, in an attempt to explore the link between the hydrological process factors and EQ (Figure 12) and found that the population and socioeconomic indicators in the URB showed an increasing trend. In particular, the secondary sector surged in 2010 and reached its peak in 2012. This might have been the main reason for the slight decrease in EQ and increase in the correlation with the URB’s hydrological process factors after 2012. On the one hand, the construction of hydraulic reservoirs and industrial mines has contributed to the socioeconomic development of the region; on the other hand, the construction of factories and reservoirs has cut off the main streams of the river basin and occupied a large area of grassland, increasing the conflict between man and nature [15]. To achieve sustainable ecological development, the Inner Mongolia Autonomous Region has taken corresponding ecological restoration measures, such as the Beijing–Tianjin Sand Source Control Project, the Natural Forest Protection Project, and the policy of Returning Grazing Land to Grassland Project, mainly by reducing livestock and resting grazing [43,44]. As seen in Figure 12b and Figure 13, the trends of gradual reduction of total livestock, reduction of arable land area, and subsequent increase of grassland, as well as forest land area, from 2001 to 2019 confirm the effective implementation of this series of measures. This has improved the carrying capacity of grasslands to some extent, by reducing the consumption of water resources and the burden on grasslands [45]. Ecological protection measures taken by the government have accelerated EQ improvement, as well as soil and water conservation, in the URB.





5. Conclusions


This study was based on the improved SWAT model and comprehensive EQ assessment model. It analyzed the spatial and temporal distribution and evolutionary characteristics of the URB’s hydrological process factors and EQ and identified their synergy relationships and their internal and external change-driving mechanisms. The main conclusions of this study are as follows:




	(1)

	
Besides snowmelt, the URB’s hydrological process factors, such as precipitation, ET, surface runoff, lateral flow, and groundwater recharge, are all on the rise; the change rate of the downstream hydrological process factors is higher than that of the upstream factors.




	(2)

	
During 2001–2019, the URB’s EPI, ESI, and EBCI showed an increasing trend. The EPI and EBCI were higher in the upstream and southern part of the downstream, whereas the ESI of the downstream is higher than that of the upstream. The multi-year average value of the URB’s EQ was 53.66, which is a medium level. The overall EQ trend improved, accounting for 95.14% of the total basin area, of which, of these, 19.75% were dominated by significant increases, mainly in the upstream and northern part of the downstream.




	(3)

	
The synergistic relationship between the hydrological process factors and EQ is strong. The degree of synergy between the URB’s EQ and the hydrological process factors was higher than 0.7 during the study period. Moreover, this relationship showed obvious spatial heterogeneity, with a decreasing distribution pattern from upstream to downstream areas. The URB’s EQ improved with an increase in precipitation, surface runoff, lateral flow, and groundwater recharge. Furthermore, the ecological protection measures proposed by the government have accelerated the improvement of the ecosystem, which plays an important role in promoting soil and water conservation and EQ. Local governments should continue to strengthen the implementation of ecosystem protection strategies.









Overall, this study focused on the whole hydrological cycle process and evaluated EQ in an integrated way, with three aspects, i.e., EPI, ESI, and EBCI. On this basis, we analyzed the synergistic evolutionary relationship between hydrological processes and EQ in arid and semi-arid regions. This study contributes to theoretical support for understanding the synergistic relationship between ecological changes and hydrological processes in arid and semi-arid regions and provides new ideas for related studies. In this study, the external drivers of hydrologic processes and EQ were not discussed comprehensively. Therefore, the quantitative effects of industrial and mining exploitation, agricultural irrigation, and extreme weather on the relationship between hydrological processes and ecosystem quality should be considered in future studies.
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Figure 1. Overview map of (a) geographic location, (b) elevation, (c) land use/cover, and (d) subbasin delineation of the URB. 






Figure 1. Overview map of (a) geographic location, (b) elevation, (c) land use/cover, and (d) subbasin delineation of the URB.



[image: Remotesensing 15 01785 g001]







[image: Remotesensing 15 01785 g002 550] 





Figure 2. Comparison of SWAT model simulation results and measured discharged (a), MODIS snow cover (b), and evapotranspiration (c) in the URB. 
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Figure 3. Characteristics of interannual variation in the URB’s hydrological process factors from 2001 to 2019: (a) precipitation, (b) ET, (c) surface runoff, (d) lateral flow, (e) groundwater recharge, and (f) snowmelt. 
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Figure 4. Spatial distribution and change rate of the URB’s hydrological process factors, 2001–2019: (a) precipitation, (b) ET, (c) runoff depth, (d) lateral flow, (e) groundwater recharge, and (f) snowmelt. 
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Figure 5. Interannual variation of the URB’s EPI, ESI, and EBCI from 2001 to 2019 (a); the spatial distribution of EPI level (b); the spatial distribution of ESI level (c); and the spatial distribution of EBCI level (d). 
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Figure 6. Ecosystem quality levels (a) and its area proportion in different river segments (b) in the URB from 2001 to 2019. 
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Figure 7. Interannual trends (a) and spatial distribution (b) of ecological quality in the URB from 2001 to 2019. 
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Figure 8. Synergy of hydrological process factors and EQ in URB (a), the most synergistic hydrological process factors (b), spatial distribution of average synergy between hydrological process factors and EQ in subbasins (c), and synergy between hydrological process factors and EQ system in different river sections (d). 
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Figure 9. Synergy relationships between the URB’s hydrological process factors and EQ: (a) precipitation, (b) ET, (c) runoff depth, (d) lateral flow, (e) groundwater recharge, and (f) snowmelt. 
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Figure 10. Spatial distribution of the URB’s strongest synergistic hydrological process factors for EQ changes. 
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Figure 11. Interannual synergistic relationship between hydrological process factors and EQ. 
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Figure 12. Economic indicators (a) and population (b) of the URB. 
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Figure 13. Land-use/cover net change in the URB in different periods: (a) 2000–2005, (b) 2005–2010, (c) 2010–2015, and (d) 2015–2020. 
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Table 1. Introduction to basic data sources.






Table 1. Introduction to basic data sources.





	
Usage

	
Data Name

	
Data Type

	
Resolution

	
Source






	
For building SWAT model

	
ASTER DEM

	
Raster

	
30 m

	
NASA (http://www.nasa.gov (accessed on 15 February 2020))




	
Soil types

	
Raster

	
1 km

	
HWSD (http://westdc.westgis.ac.cn/data/ (accessed on 15 February 2020))




	
Land-use/cover

	
Raster

	
1 km

	
Environmental Resources and Data Center of Chinese Academy of Sciences (http://www.resdc.cn (accessed on 15 February 2020))




	
Meteorology

	
Station

	
Daily scale

	
China Weather Data Network (http://data.cma.cn (accessed on 15 May 2021))




	
Measured runoff

	
Station

	
Daily scale

	
Hydrological Yearbook of Inner Mongolia Autonomous Region




	
Snow cover

	
Raster

	
500 m/8 days

	
MODIS MOD10A1




	
ET

	
Raster

	
500 m/8 days

	
MODIS MOD16A2




	
For evaluating ecosystem quality

	
GPP

	
Raster

	
500 m/8 days

	
MODIS MOD17A2




	
NDVI

	
Raster

	
1 km/30 days

	
MODIS MOD13A3




	
LAI

	
Raster

	
500 m/8 days

	
MODIS MOD15A2




	
LCT

	
Raster

	
500 m/year

	
MODIS MCD12Q1 (https://lpdaacsvc.cr.usgs.gov/appeears/ (accessed on 15 May 2021))




	
Population Density

	
Raster

	
1 km

	
Demographic Data Network (https://www.worldpop.org/ (accessed on 25 May 2021))

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.
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