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Abstract

:

Quantifying and separating the impacts of hydroclimatic change and human activities on streamflow consumption are crucial issues for the planning, management, and rational allocation of water resources in arid inland river basins. Generalized additive models were used to reveal the interactions between climate, land-use change, and streamflow consumption in the mainstream Tarim River basin in Northwest China. The results showed that streamflow has decreased, while streamflow consumption has had an increasing trend in the upper reaches and a decreasing trend in the middle and lower reaches during the past 45 years. Land-use change was estimated to contribute 50.1–84.30% (mean of 58.1%) of streamflow consumption, and it was followed by climatic change, which contributed 10.5–28.3% (mean of 21.5%), and inflow runoff, which contributed 11.8–23.6% (mean of 17.7%) from 1970–2015. Land-use change played a dominant role in streamflow consumption in the mainstream Tarim River basin. Cropland expansion and urban area growth were the primary factors causing the decreased streamflow and increased streamflow consumption in the upper reaches. The streamflow consumption in the middle and lower reaches decreased, which was attributed to the decreased inflow. The results are useful for informing policy-making accordingly so that the river can be properly restored, which will benefit the ecosystem services.
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1. Introduction


Climate change and human activity are considered to be the two major drivers that alter the hydrological cycle processes and change the spatio-temporal distribution of water availability [1,2]. The interactions between climate, human activity, and hydrologic processes are crucial for better future sustainable water resource management and land-use planning [3].



Most studies have focused on identifying changes in runoff generation and concentration processes (flow routing time, peak flows, and volume) in response to changes in the climate and human activity [4,5,6,7]. However, for arid inland rivers, there is no runoff that originates after outlets in the mountains due to the arid climate and rare precipitation. The streamflow is almost entirely consumed in the oasis, and then disappears in the dry plains [8,9]. Streamflow consumption is a complex system dependent on natural conditions and human-induced effects [9,10,11,12,13]. Hu et al. (2021) quantified the contributions of climatic and human activity factors to runoff variation by the elasticity coefficients in the Amu Darya River Basin [10]. Gokool et al. (2019) established the contribution of riparian total evaporation to streamflow transmission losses along the Groot Letaba River [11]. Yan et al. (2013) analysed the nonlinear relationships between natural streamflow, precipitation, and air temperature in the Yellow River basin [12,13]. The main methods include hydrological modelling [14,15,16], statistical and analytical approaches [17,18,19], hydrological sensitivity methods [20,21], climate elasticity methods [22], Budyko hypotheses [23,24] and Tomer–Schilling frameworks [1,25]. Such studies are not available for the arid inland basin due to the existence of nonlinearity in the behaviour of streamflow consumption. However, generalized additive models can be used to directly process the nonlinear relationship between response variables and multiple explanatory variables [26]. Several more attempts to understand the changes in streamflow consumption and its response need to be made.



The Tarim River basin is one of the world’s largest inland basins and is located in the southern part of Xinjiang Autonomous Prefecture, China. During the past 40 years, land-use has changed dramatically [27], and streamflow has decreased [28], causing serious environmental problems [29], such as vegetation degradation, river dry-up, and land desertification. Therefore, a comprehensive control project has been implemented for the ecosystem protection and restoration of the Tarim River since 2000. The dike used to transport water was built to prevent overflowing during flood periods and increase the streamflow discharge to the downstream regions [30]. While the streamflow from the headwaters of the Tarim River has significantly increased [31,32], the streamflow along the mainstream of the river has exhibited a decreasing trend due to the increase in population and the expansion of irrigated agriculture [28,33]. The decreasing river flow has led to serious ecological problems such as water-soil quality deterioration, degradation of natural vegetation, and dust storms. The effects of positive and negative interventions from local human activities on hydrological processes remain poorly understood.



The objectives of this study are to (1) analyse the trends in temperature, precipitation, evaporation, streamflow, and streamflow consumption (difference in discharge between upstream and downstream hydrometric stations) from 1957 to 2015; (2) examine the spatio-temporal changes in land use for the period of 1970–2015; (3) propose generalized additive models to separate and determine the changes in climate and land-use effects on streamflow consumption changes and further quantify the contributions of various factors. This study is expected to improve the management of the Tarim River’s natural resources and the balance between agricultural and environmental assets.




2. Materials and Methodology


2.1. Study Area


The length of the Tarim River mainstream is 1321 km from Alar to Taitmar Lake. It is defined as the river course below the confluence of the Hotan, Yarkand, and Aksu Rivers, and the river basin covers an area of 4.31 × 104 km2. The basin had an annual mean temperature of 10.97 °C, an annual average rainfall of 57.21 mm, and an annual pan evaporation of 2422 mm from 1959 to 2015. The river’s mainstream is divided into a 447-km upstream section from Alar to Yingbazha, a 398-km midstream section from Yingbaza to Qiala, and a 428-km downstream section from Qiala to Taitmar Lake (Figure 1). Soil and water resources are unevenly distributed among the upstream, midstream, and downstream reaches of the basin.



The annual average river inflow from the confluence is 4.543 × 109 m3/yr, which has decreased under the influence of climate change and human activities. In the warm continental and extremely drought-prone desert climatic region, agriculture (rather than industry) is the dominant economic activity in the Tarim Basin. The crops given priority for irrigation, in descending order, are cotton, grain, forest, and orchard areas. More than half of the total irrigation area is planted with cotton. The water demands of crops range from 4000 m3/ha to 6000 m3/ha, with a much higher demand for rice at 13,500 m3/ha. However, the rice area covers only 0.5–1.0% of the total irrigation area. Other than crops, trees, shrubs, and woody plants are the main vegetation types distributed throughout the basin [33].




2.2. Data Sources


Hydrological data included the annual streamflow of 3 hydrological stations (Alar, Yingbaza, and Qiala) for the period from 1957–2015, and data were collected by the Tarim Watershed Management Bureau and the Aksu Hydrologic Bureau. The Alar (AL) gauge station measures the total runoff volume of the Tarim River that flows into the upper reaches, while the Yingbaza (YBZ) and Qiala (QL) gauge stations measure the runoff volume flowing into the middle and lower reaches, respectively. Furthermore, the difference between AL and YBZ (AL-YBZ) is the water volume that has been consumed by the upstream basin, and the difference between YBZ and QL (YBZ-QL) is the streamflow consumption of the midstream basin. After the downstream basin, little or no water flows into Taitmar Lake (without a gauge station), and the streamflow has mostly been consumed. Since 2000, a certain volume of water has been diverted (WD) from the Kongque River to the lower Tarim River by the Ku–Ta Channel. Therefore, QL+WD is the water consumption in the downstream basin. Climate data were provided by the National Climatic Center, China Meteorological Administration (http://data.cma.cn/ (accessed on 6 December 2021)). The annual temperature, precipitation, and evaporation from 20-cm pans data from 1957–2015 were obtained from seven observation stations along the mainstream Tarim River. The Alar, Baicheng, and Kuqa stations were selected to represent the conditions in the upstream area of the basin. The Luntai and Kuerl stations were selected to represent the conditions in the midstream area, and the Tikanlik and Ruoqiang stations were selected to represent the conditions in the downstream portion of the basin. The locations of all stations are shown in Figure 1.



Landsat TM remote sensing images from 1970, 1980, 1990, 2000, 2005, 2008, 2010, 2013, and 2015 were used as the basic data that were provided by the Resource and Environment Data Cloud platform (http://www.resdc.cn (accessed on 15 April 2021)). All satellite data were georeferenced using nearest-neighbour resampling to Krasovsky_1940_Albers coordinates system. After geometric correction and georeferencing, the average location errors in the images are less than 50 m [27]. The land-use and cover change (LUCC) dataset, with a spatial resolution of 30 m × 30 m, was combined with the results of an investigation carried out to classify the land-use coverage according to the National Land Use Classification system and identify the composition and change information of the landscape categories. Land use was classified into the following six categories: farmland, woodland, grassland, water area, residential land, and unused land. A linear interpolation method was developed to simulate the dynamics of land-use change [34].




2.3. Trend Analysis


The trends in streamflow and climate parameters were analysed using the following two methods: linear regression and the Mann–Kendall (MK) test [35]. Annual data for the period, from 1957–2015, for the gauge stations at AL, YBZ, and QL were analysed separately to assess the average annual streamflow and streamflow consumption. In the linear regression analysis, the slope of the regression line and the standard error of slope were estimated. The MK test was used to detect trends in the evolution of hydrometeorological series based on the statistical significance (p-values). The significance of trends was denoted by one star (*) when p < 0.05 and by two stars (**) when p < 0.01.




2.4. Quantifying the Impacts of Climate and Human Activity


Generalized additive models (GAMs) were used to examine the relationships among climate, human activity, and streamflow consumption depth over the period from 1970–2015. GAMs [36] allow nonlinear relationships to be specified in the form of a few link functions between the response and explanatory variables. The GAM was expressed as follows:


  g  ( μ )  =  β 0  +   ∑   i = 1  k   f i   (   x i   )     (  μ = E  [   Y x   ]   )   



(1)




where   g  ( μ )    is the link function,    β 0    is the constant (intercept),    x i    is the ith explanatory variable,    f i   (   x i   )    is the smoothing function, and k is the total number of explanatory variables. The    f i   (   x i   )    value is estimated to select the smoothing parameters using the penalized least square method (Equation (2)).


  min { R S S +   ∑   k = 1  p   λ k  ×  ∫    [  f k     ″    ( x )  ]  2  d x  



(2)




where    λ k    is the smoothing parameter, and RSS is the residual sum of squares.



The GAM for quantifying the effects on streamflow consumption caused by changes in climate and land-use was established as follows:


  F o r m u l a  (   Streamflow   consumption   )  ~   ∑  1 k   f i   (  L a n d u s  e i   )  + f  (   Q  i n f l o w    )  +   ∑  1 k   f i   (  C l i m a t i c   f a c t o  r i   )   



(3)






  Family = Gaussian   ( link = “ identify ” ,   anova ( test = “ T ”   and   “ F ” ) )  











The contribution rate (CR) of climate change and human activities to streamflow consumption can be obtained by the proportion of the deviance explained by the GAM [37], as follows:


  C R = 1 −   R D   N D                



(4)




where ND is the deviance for a model with just a constant term, and RD is the deviance of the fitted model.



The GAM analysis was performed using S-PLUS 8.0 software. The fitting degree of the model after the factors were added was tested stepwise using the Akaike information criterion (AIC) [37], for which a smaller AIC value indicates a better model fit. The F test was employed to evaluate the significance of factors and their nonlinear CR to any nonparametric effect.





3. Results and Discussion


3.1. Trends of Hydrological and Climatic Variables


3.1.1. Changes in River Flow


The results of the MK test and linear trends in runoff and streamflow consumption are shown in Table 1 and Figure 2. The two methods provided similar estimations of the change in streamflow. The annual trends in streamflow were all negative, with significant changes in the midstream and downstream regions and non-significant changes in the upstream region during the observation period from 1957–2015. Streamflow consumption increased in the upstream region; consequently, consumption in the midstream and downstream regions decreased (Figure 2).



The streamflow decreased at a rate of 1.11 × 107 m3/yr at Alar station, 2.52 × 107 m3/yr at Yingbazha station, and 1.50 × 107 m3/yr at Qiala station from 1957 to 2015. The data were split into two periods (1970–2000 and 2000–2015) to quantify the streamflow changes over time. The trends in streamflow and streamflow consumption from the period (1970–2000) were the same as those in the period 1957–2015, while the trends were different from 2000–2015. The interannual variability of runoff became more irregular after 2000 due to the implementation of a comprehensive control project on the Tarim River.




3.1.2. Changes in Precipitation and Temperature


The significance of trends in precipitation and temperature for the period of 1957–2015 is shown in Table 1. The annual trend in precipitation was positive and highly significant in the upstream region according to linear regression, moderately significant in the downstream region, and non-significant in the midstream region (Table 1). Similar results were found when using the MK test as follows: there was a strong increasing trend in the upstream region, a lower level of significance in the midstream region, and a moderate increasing trend in the downstream portion of the basin.



The annual trend in temperature was also determined to be positive (i.e., increasing) using both methods of analyses. A moderate increasing trend was found in the midstream region by the MK test, and non-significant trends were detected in the upstream and downstream regions. However, the linear model test indicated a strong increasing trend in both the upstream and downstream portions of the basin, with a lower level of significance in the midstream region.




3.1.3. Changes in Evaporation


The variation tendency of evaporation in 20-cm evaporation pans was studied using observations from the most recent 50 years. The results indicated that the evaporation variation followed a decreasing trend from 1957 to 2015. According to the MK test, the annual evaporation followed a significant, but negative, trend in the upstream and downstream regions, but a non-significant trend in the midstream region. The results indicated a strong decreasing trend in evaporation (at a rate of 36.7 mm per decade) in the upstream region and much slower decreasing trends at rates of between 6.7 mm and 4.8 mm per decade in the midstream and downstream regions, respectively, according to the linear model test.





3.2. Land-Use Changes in the Mainstream Tarim River Basin


The area percentage of each land-use type in 1970, 2000, and 2015, is shown in Figure 3. The land-use changes in the Tarim River basin from 1970 to 2015 consisted mainly of the expansion of cropland and built-up land. The changes in the forest, grassland, and barren land areas had opposite trends in the first 30 years, compared to those in the last 15 years. The forest area decreased by 2%, the grassland area increased by 11%, and the barren land area decreased by 10% from 1970 to 2000; in contrast, the forest area increased by 2%, the grassland area decreased by 14%, and the barren land increased by 9% from 2000 to 2015. There was no obvious change in wetland area in 1970, 2000, and 2015 (Figure 3).



From 1970 to 2015, the cropland area increased by 1639 km2, of which 67% occurred in the upstream region of the basin, and 25% occurred in the midstream region (Figure 4). The built-up land increased by 95% and 429% in the upstream and midstream regions, respectively, and decreased by 40% in the downstream region from 1970 to 2015. From 1970 to 1990, the forest area decreased, and the grassland area increased. From 1990 to 2015, the forest area increased, and the grassland area decreased. The barren land was mainly distributed in the downstream region, accounting for 40% of the total barren land area, followed by the midstream region, accounting for 32%, and 28% was in the upstream region. A total of 68% of the wetland area is located in the upstream region, and this value increased by 48% during 1970–2005 and decreased by 31% during 2005–2015.




3.3. Effects of Climate and Land-Use Changes on Streamflow Consumption Processes


The change in the streamflow in the Tarim River basin mainly depends on the confluence inflow as well as natural and human-induced water consumption. Natural streamflow consumption includes flooding, infiltration, and evaporation; human-induced streamflow consumption arises from land-use changes and hydraulic engineering water control practices.



The GAMs described in Equation (3) were built to estimate the relationship between streamflow consumption and environmental factors for the upstream, midstream, and downstream portions of the basin. Table 2 shows the model results from 1970 to 2015. The CRs for the total deviation in streamflow consumption in the upstream, midstream, and downstream regions were 92.4%, 99.2%, and 82.5%, respectively. For streamflow consumption in the upstream region, LUCC accounted for the largest portion (52.2%), followed by climatic change (28.3%) and inflow runoff Qal (11.8%). Streamflow consumption in the midstream area was mainly influenced by LUCC (50.1%), climatic change (25.5%), and inflow runoff Qybz (23.6%). In the downstream region, the inflow runoff (Qql) was not considered as a GAM factor because the runoff at Qiala station was almost entirely consumed. Consequently, in the downstream portion of the basin, the relationship between streamflow consumption and environmental factors was mainly influenced by LUCC (72.0%) and climatic change (10.5%).



According to the AIC, as the influence of a factor increases, its AIC value decreases, indicating that the model-fitting degree gradually improves. The F test can be used to test the significance of model terms. It can be seen that two variables (cropland and forests) in the upstream area, four variables (cropland, forests, residential land, and temperature) in the midstream area, and three variables (cropland, forests, and evaporation) in the downstream area show statistically significant interactions at p = 0.05 (Table 2).



Figure 5 shows the contributions of climate change and human activities to streamflow consumption during 1970–2000, 2000–2015, and 1970–2015. The main factors controlling the changes in streamflow consumption differed in the different periods. From the historical period (1970–2000) to the recent period (2000–2015), the CR of cropland increased from 23.4% to 35.9% in the upstream region, from 17.9% to 50.1% in the midstream region, and from 45.7% to 58.4% in the downstream region, respectively. The effect of cropland area changes on streamflow consumption increased from the upstream region to the downstream region. The CR of runoff decreased during the two periods. The CR of the built-up land increased in the upstream region and decreased in the midstream and downstream regions. Overall, the effect of human interventions on streamflow consumption was greater than the impact of climate change. Land-use change represents the main type of human intervention and is an important driving force for direct and indirect influences on hydrologic processes [38,39].



Compared with the traditional regression method, GAMs are not only major factors that determine the contribution of each factor to the predictive strength of a model, but also determine the interaction effect of multiple factors [40]. The results from the present study are somewhat different and show that the relationship between streamflow consumption and land-use change is indirect and mainly due to irrigation and ecological water use.





4. Conclusions


The long-term variations in streamflow, its consumption, land-use, and associated climate change in the mainstream Tarim River basin were analysed by using the MK and linear regression methods. The interactions of land-use and climate on streamflow consumption were quantified by GAMs. During the past 45 years, the streamflow in the mainstream has decreased significantly. The streamflow consumption has shown an increasing trend in the upper reaches and a decreasing trend in the middle and lower reaches. The expansion of croplands, growth in urban areas, and other land-use changes were the primary reasons causing the decreased streamflow in the middle and lower reaches, and increased streamflow consumption in the upper reaches. The streamflow consumption in the middle and lower reaches decreased, and this change could be attributed to the decreased inflow. The expanding agricultural area directly led to an increase in water consumption in the irrigation area.



This study used a data-driven approach combined with a quantitative analysis to evaluate the available hydroclimatic and land-use data to identify changes in streamflow and streamflow consumption. The results are useful for understanding the changing processes of the hydrological cycle and driving factors of runoff change and can serve as a reference for regulating policies accordingly so that rivers can be restored to a better level and ecosystems may benefit from it. Overall, the individual impacts of climate change and human activities are necessary for water resource planning and management in arid inland river basins.
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Figure 1. Schematic diagram of the mainstream Tarim River basin. 
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Figure 2. Surface water diversion from the upper reaches to the lower reaches of the Tarim River from 1957–2015. 
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Figure 3. Land-use and area percentages in the mainstream Tarim River basin in 1970, 2000, and 2015. 
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Figure 4. Land-use change in the mid-downstream Tarim River basin from 1970 to 2015. 
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Figure 5. The contributions of climate change and human activities to streamflow consumption during 1970–2000, 2000–2015, and 1970–2015. (CL: Cropland, FT: Forests, GL: Grassland, WL: Wetland, BL: Built-up land, RF: Runoff, CF: Climatic factors: precipitation, temperature, and evaporation.). 
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Table 1. Significance of climatic and hydrological variables for the period 1957–2015 (MK: Z value is the standard normal variate for the Mann–Kendall test; LM: β value is the slope of the regression line; Sig. is the p-value for the linear model test.
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Time

Period

	
Factors

	
Upstream

	
Midstream

	
Downstream




	
MK

	
LM

	
MK

	
LM

	
MK

	
LM




	
Z

	
β

	
Sig.

	
Z

	
β

	
Sig.

	
Z

	
β

	
Sig.






	
1957–2015

	
P

	
1.85

	
0.61

	
0.00 **

	
0.67

	
0.34

	
0.06

	
1.75

	
0.31

	
0.02 *




	
T

	
0.98

	
0.03

	
0.00 **

	
2.23 *

	
0.01

	
0.07

	
1.31

	
0.02

	
0.00 **




	
E20 cm

	
−2.45 *

	
−3.67

	
0.00 **

	
−0.79

	
−0.67

	
0.65

	
−2.14 *

	
−0.48

	
0.68




	
S

	
−1.11

	
−0.11

	
0.11

	
−2.13 *

	
−0.25

	
0.00 **

	
−4.34 **

	
−0.15

	
0.00 **




	
SC

	
1.19

	
0.14

	
0.00 **

	
−0.12

	
−0.10

	
0.01*

	
−4.26 **

	
−0.15

	
0.00 **




	
1970–2000

	
P

	
0.15

	
0.83

	
0.07

	
1.17

	
0.82

	
0.11

	
0.26

	
−0.04

	
0.92




	
T

	
0.71

	
0.02

	
0.04 *

	
1.29

	
0.04 *

	
0.00 **

	
1.38

	
0.03

	
0.00 **




	
E20 cm

	
0.40

	
0.02

	
0.99

	
0.23

	
−6.92

	
0.03 *

	
−0.21

	
0.37

	
0.89




	
S

	
−0.38

	
−0.06

	
0.79

	
−1.02

	
−0.27

	
0.07

	
−3.11 **

	
−0.20

	
0.00 **




	
SC

	
1.59

	
0.21

	
0.06

	
−0.15

	
−0.07

	
0.58

	
−2.94 **

	
−0.20

	
0.00 **




	
2000–2015

	
P

	
0.21

	
−0.51

	
0.72

	
0.19

	
−0.14

	
0.90

	
0.40

	
0.74

	
0.53




	
T

	
−0.08

	
−0.02

	
0.46

	
0.67

	
0.002 **

	
0.93

	
0.47

	
−0.02

	
0.53




	
E20 cm

	
0.98

	
−3.03

	
0.57

	
1.66

	
12.04

	
0.10

	
0.50

	
−6.05

	
0.43




	
S

	
0.18

	
0.17

	
0.85

	
−0.06

	
0.68

	
0.34

	
1.06

	
0.31

	
0.12




	
SC

	
0.19

	
−0.50

	
0.26

	
−0.94

	
0.36

	
0.50

	
0.78

	
0.31

	
0.12








Note: * and ** delineate significance at 0.05 and 0.01 significance level, respectively; P: Precipitation; T: Temperature; E20 cm: The evaporation of the 20 cm evaporate pan; S: streamflow; SC: streamflow consumption.
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Table 2. Analysis of deviance for GAMs fitted to the streamflow consumption data.
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Model Factors

	
Residual Degrees of Freedom

	
Residual Deviance

	
Proportion of Total Deviance Explained

	
AIC Value

	
Pr(F)




	
UP

	
MID

	
DOWN

	
UP

	
MID

	
DOWN

	
UP

	
MID

	
DOWN

	
UP

	
MID

	
DOWN

	
UP

	
MID

	
DOWN






	
Initial status

	
45

	
45

	
45

	
80,269.5

	
124,538.1

	
24,265.7

	

	

	

	

	

	

	

	

	




	
Cropland

	
41

	
41

	
41

	
65,973.0

	
88,074.3

	
14,099.0

	
17.8%

	
29.3%

	
41.9%

	
470.9

	
484.2

	
399.9

	
0.04 *

	
0.00 **

	
0.04 *




	
Forests

	
37

	
37

	
37

	
57,316.1

	
84,363.3

	
11,265.5

	
28.6%

	
32.3%

	
53.6%

	
466.4

	
484.2

	
391.6

	
0.05 *

	
0.04 *

	
0.04 *




	
Grassland

	
33

	
33

	
33

	
52,365.6

	
73,586.3

	
10,263.9

	
34.8%

	
40.9%

	
57.7%

	
464.3

	
479.9

	
389.3

	
0.11

	
0.07

	
0.49




	
Wetland

	
29

	
29

	
29

	
46,810.2

	
68,332.5

	
8901.5

	
41.7%

	
45.1%

	
63.3%

	
461.1

	
478.5

	
384.7

	
0.65

	
0.70

	
0.17




	
Residential Land

	
25

	
25

	
25

	
38,336.5

	
62,087.1

	
6803.6

	
52.2%

	
50.1%

	
72.0%

	
453.9

	
476.1

	
374.4

	
0.57

	
0.01 **

	
0.09




	
Precipitation

	
21

	
21

	
21

	
32,667.0

	
50,826.2

	
5795.0

	
59.3%

	
59.2%

	
76.1%

	
448.6

	
468.9

	
369.0

	
0.20

	
0.07

	
0.55




	
Temperature

	
17

	
17

	
17

	
25,134.1

	
36,759.6

	
5649.2

	
68.7%

	
70.5%

	
76.7%

	
438.5

	
456.0

	
369.8

	
0.15

	
0.04 *

	
0.50




	
Evaporation

	
13

	
13

	
13

	
15,635.7

	
30,284.8

	
4246.5

	
80.5%

	
75.7%

	
82.5%

	
423.5

	
449.1

	
358.7

	
0.06

	
0.07

	
0.02 *




	
Qin(runoff)

	
9

	
9

	
9

	
6132.7

	
942.5

	
——

	
92.4%

	
99.2%

	
——

	
392.2

	
291.5

	
——

	
0.13

	
0.12

	
——








“——” indicates data were not included in the calculation of the variables. * and ** delineate significance at 0.05 and 0.01 significance level, respectively.
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