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Abstract

:

Serious soil and water loss affects the economy and the living quality of the population in faulted basins. Since 2002, China has carried out large-scale ecological restoration projects in karst areas. However, the karst faulted basins have experienced complex climatic changes, which makes it difficult to assess the ecological restoration effects quantitatively. Using the improved Budyko model, basin factor (n) and sediment content factor (C) were divided into climate influence and ecological restoration influence by second-order approximation, and the change ratio of climate influence and ecological restoration on sediment yield and loss was quantitatively calculated in the representative basin of the Nandong Underground River System (NURS). This was carried out in order to effectively distinguish the effects of climate change and ecological restoration on runoff and sediment change in the NURS. Furthermore, this study sought to understand the mechanism of runoff and sediment change and to evaluate the ecological restoration in the faulted basin to provide a scientific basis for the next stage of soil and water conservation policy formulation. The results showed that: (1) Using Pettitt to test the abrupt change of water and sediment in the NURS from 1987 to 2018, we found that 2002 was the abrupt change year of water and sediment in the basin. Before and after the mutation, the runoff and sediment yield decreased significantly, with the change rates of −15.5% and −51.8%, respectively. The decrease in precipitation and the increase in E0 were not significant, which were −4.5% and 1.4% respectively. (2) By calculating the correlation coefficient and the double logarithm function, it was found that the maximum temperature is the main climatic factor affecting the underlying surface factor n, and precipitation is the main climatic factor affecting the sediment concentration c. (3) Climate change reduced runoff by 77.6%. Ecological restoration has reduced sediment by 51.3 percent. The sensitivity of runoff to maximum temperature was 3.61. The sensitivity of grain yield to precipitation and NDVI was 5.37 and 3.26, respectively. The results show that climate is the main factor of runoff reduction, and ecological restoration is the main factor of sediment reduction. Ecological restoration has greatly reduced sediment production, and ecological engineering has made remarkable progress. However, the reduction of runoff caused by climate change should be paid more attention. The results of these studies will help to better formulate land use management policies for soil and water conservation.
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1. Introduction


Since the 1980s, governments around the world have taken various ecological restoration measures. The greening degree of vegetation has been increasing [1], mainly distributed in China, India, the European Union and other regions [2]. Large-scale afforestation has been shown to reduce river flows in the semi-arid Loess Plateau in northern China [3] and partly contributed to the recent drought in southwest China [4]. However, the regional dynamics of greening change are not consistent. Deforestation in Southeast Asia [5] and the Amazon [6] intensifies runoff and soil erosion. In addition, the steady decline of glacier area due to climate change since the beginning of the 21st century will significantly increase river flow [7]. According to relevant studies, climate change has caused significant changes in runoff and sediment in Europe [8], Asia [9], America [10] and other places. Therefore, the change in the global hydrological system caused by climate and vegetation cover has gradually become a research hotspot up to the present [11].



The karst area in southwest China is the largest continuous karst zone in the world, and one of the regions facing the most serious soil erosion in China [12]. Since 2002, China has carried out ecological projects in karst areas of southwest China. A large number of studies have found that the ecological recovery in karst areas with different landforms has been remarkable, the degree of stony desertification has decreased, and the per capita living standard has increased [13]. The faulted basin area, which serves as an ecological barrier in the upper reaches of the Pearl River, has experienced a significant decline in runoff and sediment yield in recent years [14]. However, the region has experienced dramatic changes in climate since the beginning of the 21st century, with precipitation decreasing and temperatures increasing, and notably the worst drought once in a hundred years in 2009 [4]. Therefore, it is difficult to determine whether changes in runoff and sediment are due to ecological restoration or complex climatic changes.



Climate and underlying surfaces are considered to be the two major driving factors that lead to changes in the hydrological cycle [15]. Precipitation and precipitation intensity directly affect the production of runoff and sediment [16], while temperature directly changes the evapotranspiration of the surface and influences the hydrological cycle [17]. Ecological restoration projects increase vegetation cover, and the implementation of vegetation restoration can change soil hydrological function [18] to affect runoff and sediment yield [19]. In addition, precipitation and temperature can indirectly affect runoff through their effects on vegetation [20]. Therefore, the need to clearly distinguish the effects of climate and ecological engineering on runoff and sediment yield is an urgent and complex issue.



At present, the main methods are the empirical pairing method, hydrologic statistics method, hydrologic model method, neural network and other methods for studying runoff and sediment in river basins [21]. Basin pairing requires a large amount of measured data and finding consistent meteorological conditions, which is difficult to achieve for medium and large basins [22]. Although the neural network method can effectively simulate the relationship between runoff and sediment and corresponding factors, it is difficult to define the complex mechanism and cause of the influence [23]. Traditional hydrological modeling methods require large amounts of data and various parameters, which will increase the uncertainty of the system [21]. The relationship between water and heat balance based on the theoretical framework of the Budyko hypothesis has clear physical significance and easy data access, which has been widely used to attribute the change of river flow to the influence of climate and basin changes [24,25]. In current Budyko framework studies, the underlying surface factor n is usually regarded as the influence of human and other non-climatic factors on runoff and sediment yield. However, attributing changes in the underlying surface factor (n) solely to human activities may be unreasonable, as climatic factors may also play an important role in influencing this parameter [26]. Therefore, the reasons for the change in the underlying surface factor n include not only human factors, but also hydroclimatic variables [27]. Jiang and Ning found that the catchment characteristic parameters were very sensitive to the combined effects of climate and artificial factors [28,29]. Saha et al. also proved that the assumption that the underlying surface factor n is independent of climate variable is not valid by analytical derivation of the functional form of the Budyko equation [30]. How to effectively separate the climate and ecological restoration of the underlying surface factor n is a difficult problem in current research [31].



In order to effectively distinguish the impact of climate change and ecological restoration on water and sediment change, the Budyko framework was improved in this paper, and the underlying surface factor (n) changes were attributed to the influence of climate factors and ecological factors, and the elasticity of the two factors on underlying surface factor (n) was calculated respectively. Sediment yield is divided into runoff and the elasticity of sediment concentration (C), which in turn is affected by land cover and climate. The elasticity of climate and ecological factors on the underlying surface factor (n) and sediment concentration (C) was found by using the double logarithm function, so as to quantitatively calculate the influence of ecological restoration and climate change on runoff and sediment in the faulted basin [28].



The Nandong Underground River System (NURS) has become a typical basin of the studied faulted basin due to its remarkable basin–mountain difference and complete topographic conditions. As the only outlet of the whole basin system, the south cave entrance has complete water and sediment data. In addition, the NURS is also the economic center of southern Yunnan and the seat of Honghe Prefecture. It is urgent to thoroughly reveal the evolutionary trend of climate and hydrological factors and quantitatively distinguish the contribution of climate and ecological restoration to water and sediment [32]. Li et al. evaluated the changes of soil and water loss and sediment yield at different slope positions in the closed basin of the faulted basin, and found that the main driving factors of Cs137 concentration distribution and erosion rate were microtopographic changes, strong slope, and intensive tillage [33]. Wang et al. found that human activities had a gradual and profound influence on the interannual characteristics of runoff in a faulted basin [34]. Li et al. found that the decrease in rainfall not only reduced the intensity of surface soil erosion, but also reduced the flow and velocity of underground rivers, and reduced the yield capacity of suspended solids [35]. However, before the study, the studies on water and sediment lack quantitative attribution analysis, and do not satisfactorily explain whether the reduction of water and sediment is due to climate change or ecological restoration, so it is impossible to evaluate the contribution of ecological restoration to water and sediment [31]. Therefore, this paper selected the Nandong Underground River System as the research object, adopted the improved Budyko framework method, quantified the contribution of climate and ecological restoration to runoff and sediment, and reasonably evaluated the effect brought by ecological restoration. It provides a theoretical basis for decision makers to take corresponding measures.




2. Materials and Methods


2.1. Study Region


The NURS is located in south-central Yunnan Province (Figure 1). The longitude is 23°23′–23°50′ N, the latitude is 103°25′–103°60′, and the altitude is 1067–2730 m [14]. The whole river basin spans the three cities of Mengzi, Kaiyuan and Gejiu within the scope of Honghe Prefecture, and the yieldation is convenient. It is the traffic artery between Yunnan and Southeast Asian countries such as Vietnam. The basin belongs to the South Asian tropical monsoon climate. The average annual temperature is 16.1 °C, the extreme maximum temperature is 38.2 °C, the extreme minimum temperature is −4.9 °C, the average annual rainfall is 834.2 mm, and the average annual evaporation is 2114 mm. The precipitation from June to October accounts for about 70% of the whole year. NURS is a typical faulted basin with basin–mountain structure. The Mengzi, Caoba and Dazhuang basins are distributed in the middle of the basin like beads, and the mountains are distributed around the basin, with a significant difference between the basins and mountains. The elevation of the basin is about 1100–1300 m, and the elevation of the mountains is 1800–2200 m. The highest point is Dahei mountain in the northwest at 2700 m above sea level. In the karst peak cluster area of the plateau, the pre-Cenozoic strata are mainly composed of carbonate rocks. The area of pure thick limestone and dolomite of the Middle Triassic Gejiu Formation is about 1000 square kilometers. The subsidence basin is mainly composed of Cenozoic loose rocks. Located at the boundary of the Kang–Yunnan rhombus plate, the basin is composed of a series of inclined slip active fault bundles, which are dominated by normal faults. Coupled with complex tectonic movements of multiple stages, favorable conditions for karst development are formed. The karst development in the area is strong, the surface karst zone is thick, and the vertical development depth can reach hundreds of meters underground. The surface karst forms in the surface karst zone are mostly small karst forms such as stone bud, dissolved groove, dissolved trace and dissolved groove. The development of underground karst is generally relatively uniform, mainly composed of micro-karst forms with small size and large number, crisscrossed and densely developed, which are mainly composed of mesh-like solution gaps and dense dissolution pores, etc. The main forms are solution gaps, solution pores and small karst caves, some of which are filled with muddy matter to varying degrees. The mountainous area is the main water collection region, where water enters water caves through small depressions, into the underground pipeline, mainly through vertical seepage, and then into the underground main channel; the main channel from the mountain to the bottom of the basin more than 100 m. Soil and water loss is serious and the rate of bedrock exposure is high in the underground river system.




2.2. Data


Meteorological data was obtained from the China Meteorological Service Center (http://www.data.cma.cn/ accessed on 5 July 2020). The hydrological data came from the Bureau of Hydrology and Water Resources of Honghe Prefecture, Yunnan Province (Sampling method: Runoff was obtained by section method at the hydrological station of NURS outlet, water samples were collected by 500 mL standard water bottle, and sand transport was calculated by drying and filtration). NDVI was obtained from Landsat data downloaded from Geospatial Data Cloud after calibration and registration 30 m (http://www.gscloud.cn/ accessed on 6 June 2021), as shown in Table 1.




2.3. Method


2.3.1. Detection of Abrupt Point


Pettitt test is a nonparametric trend test for determining change points, which can be used to test the abrupt points of the time series of meteorological or hydrological elements, so as to divide the research period into multiple stages. For a given meteorological or time series   (  x 1  ,  x 2  , …  x  n − 1   ,  x n  )  , it can be divided into two groups of series   (  x 1  ,  x 2  , …  x  j − 1   ,  x j  )   and   (  x  j + 1   ,  x  j + 2   , …  x  n − 1   ,  x n  )  , and Mann–Whitney’s statistics    S  j , n     are calculated using Equation (1):


   S  j , n   =  S  j − 1 , n   +   ∑  i = 1  n   sgn (  x j  −  x i  )          j = (     2 , 3 , 4 … , n )  



(1)







The sgn() function is as follows in Equation (2):


  sgn (  x j  −  x i  ) =  {     1     0      − 1                             x j  −  x i  > 0        x j  −  x i  = 0        x j  −  x i  < 0      



(2)







If the absolute value of Sj,n reaches the maximum jt0 in a certain year, then the year is the abrupt change year of meteorological or hydrological sequence, as in Equation (3):


   j   t 0    = max  |   s  j , n    |         j = 1 , 2 … , n      



(3)







Significance level p value of Pettitt test can be determined by the following Equation (4):


  p = 2 exp  [  − 6  j   t 0      2  / (  n 3  +  n 2  )  ]   



(4)








2.3.2. Budyko Framework


The sensitivity of runoff to climate change and ecological restoration was calculated by Choudhury–Yang Equation (5) based on the Budyko framework. Compared with mathematical statistical methods commonly used in hydrological analysis, the Choudhury–Yang equation has clear physical meaning, simple calculation method, and takes into account the effect of watershed spatial heterogeneity, so it has been widely used in runoff sensitivity analysis [36]; the formula is as follows:


  R = P −   P ⋅  E 0      (  P n  +  E 0    n  )    1 n       



(5)







In the above equation, R is runoff, P is precipitation, E0 is potential evapotranspiration, and n is underlying surface factor, which is generally affected by ground cover factors, watershed area, and climate.



The underlying surface factor (n) is generally affected by ground cover factors, watershed area, and climate. When the Budyko model is applied on a long-term scale (≥10 years), the changes in watershed water storage can be ignored [37]. In this paper, the study period was from 1987 to 2018. In order to make the underlying surface factor (n) more accurate, an 11-year moving window period was established for a meteorological and hydrological series to establish the relationship between climate change and ecological restoration on (n) [28].



Potential evaporation E0 adopts the Penman formula recommended by FAO, which has completed physical mechanism and strong adaptability. A large number of studies have proved the applicability of the Penman–Monteith formula in China [38]. The calculation formula is as follows in Equation (6):


   E 0  =   0.408 Δ (  R n  − G ) + r   900  u 2  (  e s  −  e a  )   T + 273     Δ + r ( 1 + 0.34  u 2  )    



(6)







Day is step length, where,    E 0    is potential evapotranspiration;    R n    is the net radiation on crop surface;  G  is soil heat flux;  T  is the average daily temperature at a height of 2 m;    u 2    is the wind speed at a height of 2 m;    e s  −  e a    is saturated water vapor pressure difference;  Δ  is the slope of saturated water vapor pressure curve;  r  is the hygrometer constant.



The daily values of the NURS during 1987–2018 were calculated by inputting meteorological parameters such as minimum temperature, maximum temperature, coordinate elevation, average wind speed, saturated water vapor pressure and sunshine duration through the Penman computer program.




2.3.3. Runoff Elasticity and Variation


The elastic method attributes annual discharge changes on a multi-year scale to changes in annual precipitation, annual potential evaporation rate, and watershed properties, as in Equation (7):


  Δ R =  ε p    Δ P    P ¯    ⋅ R +  ε  e 0     Δ  E 0       E 0   ¯    ⋅ R +  ε n    Δ n    n ¯    ⋅ R  



(7)







While climate and vegetation change have an impact on n, suppose NDVI is the impact of watershed characteristics on n, and x is the impact of climate change on (n). Then, the elasticity of NDVI and x factor on sediment concentration can be obtained by using the double logarithm function [28,38]. According to the formula Equation (8), it can be obtained:


  log ( n ) = a log ( NDVI ) + b log ( x ) +  ω 1   



(8)







a and b are the elasticity of NDVI and x, and the parameters a, b and w1 can be obtained by regression. In this paper, climate factor x was screened by correlation with n, and the screening factors were precipitation (P), potential evapotranspiration (E0), maximum air temperature (Tmax), minimum air temperature (Tmin), mean air temperature (Tmean), temperature difference (Td), precipitation erosivity (Pe) and aridity index (AI). Therefore, the elasticity of R can be divided into Equation (9):


  Δ R =  ε p    Δ P    P ¯    ⋅ R +  ε p    Δ  E 0       E 0   ¯    ⋅ R +  ε n  ( a   Δ NDVI     NDVI  ¯    + b   Δ x    x ¯    ) ⋅ R  



(9)







The elasticity of climate to R is Equation (10):


  Δ  R  c l i   =  ε p    Δ P    P ¯    ⋅ R +  ε   e 0      Δ  E 0       E 0   ¯    ⋅ R +  ε n  ⋅ b   Δ x    x ¯    ⋅ R  



(10)







The elasticity of ecological restoration to R is Equation (11):


  Δ  R  e c o   =  ε n  ⋅ a   Δ NDVI     NDVI  ¯    ⋅ R  



(11)







The proportion of runoff change caused by climate change is Equation (12):


  P  R  c l i   =   Δ  R  c l i     Δ R   ⋅ 100 %  



(12)







The proportion of runoff change caused by ecological restoration is Equation (13):


  P  R  e c o   =   Δ  R  e c o     Δ R   ⋅ 100 %  



(13)








2.3.4. Elasticity and Change of Sediment Yield


Sediment yield is affected by runoff and sediment concentration Equation (14):


  S = R ⋅ C =  S C  ⋅ C  



(14)







Therefore, the relative trend value of sediment yield modulus should be the sum of the relative trend of sediment concentration and runoff, as in Equation (15):


    Δ S  S  =   Δ R  R  +   Δ C  C   



(15)







We can divide it by elasticity in Equation (16):


  Δ S =  η 1    Δ R    R ¯    ⋅ S +  η 2    Δ C    C ¯    ⋅ S  



(16)







   η 1    and    η 2    are the elasticity of runoff and sediment concentration to sediment yield, respectively. Assuming that NDVI is the influence of watershed characteristics on sediment concentration, and z is the influence of climate change on sediment concentration, the elasticity of NDVI and z factors on sediment concentration can be obtained by using the double logarithm function in Equation (17):


  log ( C ) = c log ( NDVI ) + d log ( z ) +  ω 2   



(17)







c and d are the elasticity of NDVI and z, and the parameters c, d and w2 can be obtained by regression. Climate factor z is screened by correlation with C, and the screening factors include precipitation (P), total precipitation greater than 1 mm (>1 TP), average precipitation greater than 1 mm (>1 AVGP), total precipitation greater than 10 mm (>10 TP), average precipitation greater than 10 mm (>10 AVGP), total precipitation greater than 30 mm (>30 TP), average precipitation greater than 30 mm (>30 AVGP) and aridity index (AI). The elasticity of sediment yield s can be divided into Equation (18):


  Δ S =  η 1  (  ε p    Δ P    P ¯    +  ε   e 0      Δ  E 0       E 0   ¯    +  ε n  ⋅ a   Δ N D V I     N D V I  ¯    +  ε n  ⋅ b   Δ x    x ¯    ) ⋅ S +  η 2  ( c   Δ N D V I     N D V I  ¯    + d   Δ z    z ¯    ) ⋅ S  



(18)







The elasticity of climate to S is Equation (19):


  Δ  S  c l i   =  η 1  (  ε p    Δ P    P ¯    +  ε   e 0      Δ  E 0       E 0   ¯    +  ε n  ⋅ b   Δ x    x ¯    ) ⋅ S +  η 2  ⋅ d   Δ z    z ¯    ⋅ S  



(19)







The elasticity of ecological restoration to S is Equation (20):


  Δ  S  e c o   =  η 1  ⋅ a   Δ N D V I     N D V I  ¯    +  η 2  ⋅ c   Δ N D V I     N D V I  ¯     



(20)







The proportion of sediment yield change caused by climate change is Equation (21):


  P  S  c l i   =   Δ  S  c l i     Δ S   ⋅ 100 %  



(21)







The proportion of sediment yield change caused by ecological restoration is Equation (22):


  P  S  e c o   =   Δ  S  e c o     Δ S   ⋅ 100 %  



(22)










3. Result


3.1. Hydrological and Meteorological Changes


The Pettitt method was used to detect the abrupt trend of runoff and sediment during the study period. As shown in Figure 2, the runoff Pettitt value in 2002 and 2003 was the highest, reaching a significant level (p < 0.05). The Pettitt value of 2000 and 2002 was the highest, which was very significant (p < 0.01). Therefore, we take 2002 as the year when runoff and sediment yield in the basin changed abruptly, and 2002 is the year when ecological engineering started in the southwest karst.



Further, we set 1987–2002 as the pre-change period and 2002–2018 as the post-change period to quantitatively study the contribution of climate change and ecological restoration to runoff and sediment yield in the Nandong underground river basin system after the change. The variation trends of annual precipitation, E0, runoff, and sediment are shown in Figure 3. It can be found that during the variation period, precipitation, runoff, and sediment yield decrease, with sediment yield decreasing by 51.8%, runoff decreasing by 15.5%, and precipitation decreasing by 4.5%. E0 has an increasing trend in the change period, with an increasing proportion of 1.4%, and the specific variation is shown in (Table 2).




3.2. Sensitivity Assessment and Quantitative Analysis of Runoff Changes


The correlation between the underlying surface factor (n) and climate change and NDVI is shown in Figure 4. In the NURS, the n factor is highly correlated with NDVI, Tmax, and Tmin, and the correlation index R2 is 0.504, 0.418, and 0.481, respectively.



The results are shown in (Table 3). When using NDVI and Tmin as the double logarithm function of underlying surface factor (n), the constant w1 was not significant (p > 0.05), while the significance level of NDVI and Tmin factors (p < 0.05), and the R2 was 0.61. Using NDVI and Tmax as the double logarithm function of the underlying surface factor (n), the significance level of the constant w1 was (p < 0.05), while the significance level of NDVI and Tmax was (p < 0.01), and the R2 was 0.61. Therefore, the study takes NDVI as the ecological restoration factor affecting the underlying surface factor (n), and Tmax as the climate factor affecting the underlying surface factor (n).



According to the Budyko elasticity calculation, the elasticity and changes of ecological restoration and climate factors on runoff are shown in Table 4. When precipitation increases by 10%, runoff increases by 18.8%; when E0 increases by 10%, runoff decreases by 8.8%; when NDVI increases by 10%, runoff decreases by 4%; when Tmax increases by 10%, runoff increases by 36.1%.



In the change period, the decrease in rainfall reduced the runoff by 20.5 mm, accounting for 51.2%; the increase in E0 reduced the runoff by 3 mm, accounting for 7.5%; the increase in NDVI reduced the runoff by 10.5 mm, accounting for 26.1%; the increase in maximum temperature reduced the runoff by 7.6 mm, accounting for 18.9%. To sum up, climate change resulted in a runoff reduction of 31.1 mm, accounting for 77.6%, while ecological restoration resulted in a runoff reduction of 10.5 mm, accounting for 26.1%. The calculation error is 3.6%.




3.3. Sensitivity Assessment and Quantitative Analysis of Sediment Changes


The correlation between sediment concentration C and climate change and ecological restoration is shown in Figure 5, and the correlation coefficient R2 between the NURS sediment concentration C and NDVI is 0.4. Among the climatic factors, sediment concentration C has a high correlation with P and >1 AVGP, R2 being 0.21 and 0.22, respectively. Using sediment concentration C as y, NDVI is a double logarithmic function of P and >1 AVGP, respectively, and the results are shown in Table 5.



Using NDVI and P as the double logarithm function of sediment concentration C, the significance level of w2 and NDVI (p < 0.01), and the significance level of P (p < 0.05), R2 is 0.51. Using NDVI and >1 AVGP as the double logarithm function of sediment concentration C, although the significance level of NDVI (p < 0.01), the significance level of constant w2 and >1 AVGP (p > 0.05), R2 is 0.46. Therefore, the study takes NDVI as an ecological restoration factor affecting sediment concentration C, and P as a climate factor affecting sediment concentration C.



The contribution of runoff and sediment concentration to sediment yield is 19.8% and 80.2%, respectively. The elasticity of runoff to sediment yield    η 1    is 0.82 and the elasticity of sediment concentration    η 2    is 2.93. According to the Budyko elasticity calculation, the elasticity and changes of climate and ecological factors on sediment yield are shown in Table 6. Runoff increases by 10%, sediment yield increases by 8.2%, sediment concentration increases by 10%, and sediment yield increases by 29.3%. When precipitation increases by 10%, sediment yield increases by 53.7%, E0 increases by 10%, and sediment yield decreases by 7.2%. When maximum temperature increases by 10%, sediment yield decreases by 29.7%, and when NDVI increases by 10%, sediment yield decreases by 32.6%.



In the change period, the decrease in precipitation led to a decrease of 13,138 t, accounting for 35.3%, the increase in E0 led to a decrease of 550 t, accounting for 7.5%, the increase in Tmax led to a decrease of 1398 t, accounting for 3.8%, and the increase in NDVI led to a decrease of 19,127 t, accounting for 51.3%. Climate change resulted in a decrease of 150,86T in sediment yield, resulting in a decrease of 40.5%, and ecological restoration resulted in a decrease of 19,127 t in sediment yield, accounting for 51.3%. The calculation error is 8.2%.





4. Discussion


4.1. Differences with Previous Models


Based on the improved Budyko model, this paper analyzes the contribution rate of climate change and ecological restoration to water and sediment in the NURS, and divides the underlying surface factor n and sediment concentration C into two parts: ecological restoration and climate change using the correlation coefficient and double logarithm function method. We found that in the NURS, vegetation change and Tmax increase are two important aspects of the underlying surface factor (n) change. Precipitation and NDVI are two important factors that lead to the increase in sediment concentration (C).



Vegetation change can significantly alter river runoff by altering hydrological processes such as vegetation transpiration, soil evaporation and interception evaporation, thus affecting water availability in a basin [39]. Xu et al. believed that the increase in the underlying surface factor n was mainly attributable to reforestation in soil and water conservation practices in the past 30 years, and partly attributable to climate change [40]. Wang et al. found that extreme temperature has a more significant effect on climate change [41]. Similarly, in the NURS watershed, we found that air temperature has a great influence on the underlying surface, especially the increase in maximum air temperature, which may be related to the opening and closing of vegetation transpiration pores [42], or increase the soil water deficit and change the functional form of vegetation [43]. As a result, the runoff in the basin decreases.



Higher precipitation is usually associated with more soil loss [16] because precipitation increases soil moisture, resulting in soil moisture saturation or crusts, reduced permeability, and increased erosion. In addition, higher precipitation will increase sediment yield capacity. Studies have shown that with the increase in rainfall, sediment will increase exponentially, thus increasing sediment concentration C [44]. Ecological restoration increases NDVI, changes the composition of surface vegetation, and affects the process of sediment generation and yield [45].



The introduction of a double logarithm function to divide the underlying surface factor n and sediment concentration C into climate change and ecological restoration will increase the error range of the second-order approximation calculation of Budyko. However, the error is well controlled in our study. The error of runoff is only 2.8%, and the error of sediment yield is 8.2%, which is within the acceptable range of the study. The next step is to find out the ecological and climatic factors that have more influence on the underlying surface factor n and sediment concentration C, improve the correlation index R2 and reduce the error. In addition, potential evapotranspiration is also affected by vegetation distribution, and there is a synergistic effect between climate and vegetation. In long-term studies, coevolution cannot be ignored [20]. Especially in the context of climate change, climate stationarity is no longer a valid assumption [46]. To achieve this, detailed hydrological data sets are also needed to address vegetation effects at fine spatio-temporal scales [20].




4.2. Variation of Runoff and Sediment Yield


Since 2002, China has carried out ecological projects in karst areas of southwest China. As an ecological barrier in the upper reaches of the Pearl River, the runoff and sediment yield have decreased significantly in recent years. At the same time, using Pettitt detection, we found that 2002 was also the mutation point of the NURS runoff and sediment yield. During the change period, runoff decreased by 15.5% and sediment discharge decreased by 51.8%. We found that the decrease in precipitation, the increase in temperature and evaporation, and the increase in NDVI resulted in the decrease in runoff and sediment yield in the NURS.



At present, studies on the effects of climate change and vegetation restoration on water and sediment are mostly conducted in China, Southeast Asia, America and other regions [21]. Sun et al. found that landscape engineering measures played a major role in the reduction of runoff and sediment in the Loess Plateau in the past 20 years, with the contribution ratio of runoff reduction reaching 94.7% and sediment transport reduction ratio reaching 62.8% [47]. Wang et al. separated the impact of vegetation restoration on runoff change in 413 river basins in the United States, and found that vegetation restoration had the greatest impact on the high plain area, resulting in an average reduction of about 30% in river flow, up to 120% [48]. Xue et al. finds that climate change and human activities will greatly reduce the runoff and sediment transport to the sea via the Mekong River, which will lead to coastal erosion in the Red River Delta [49].



Climate change is the main factor of runoff change in the Pearl River Basin, and human activities led to a sharp reduction of sediment in the basin [50,51]. In the NURS, which is also located in the Pearl River Basin, climate change is the main reason for runoff reduction, accounting for 77.6% of the runoff change, and ecological restoration accounts for 26.1% of the runoff change. Ecological restoration was the main cause of sediment discharge decrease, accounting for 51.3% of sediment discharge change. According to the study of Ye et al., the annual runoff change in the karst canyon area is the direct result of climate change, accounting for 71.5–85.6%, and ecological restoration is the main reason for the reduction in river sediment transport, accounting for 67.2~107.5% [52]. Li et al. took seven small karst drainage basins in southwest China as the research object. It was found that runoff is mainly affected by precipitation, sediment production is mainly affected by human activities, and ecological restoration has a certain reduction effect on sediment production (sediment production is negatively correlated with the vegetation normalization index) [39]. These studies are similar to our findings.



Compared with the non-karst areas in the north, climate has a greater influence on runoff in the karst areas in southwest China. The main reason is that the initial value of vegetation cover in northern China is low and the runoff coefficient is large. Rainfall penetrate easily into karst fissures in southern karst areas, and groundwater flow is the main factor affecting runoff and infiltration [53]. The above studies show that the karst basin is more vulnerable to the water–sediment pressure brought by climate change than non-karst basins [54].




4.3. Elasticity of Runoff and Sediment Yield


In the NURS, the sensitivity of runoff to temperature was 3.61 and that to precipitation was 1.88. In the context of global warming, increasing temperature will seriously reduce runoff. Relevant studies show that the temperature will continue to rise by the end of the 21st century, posing a huge challenge to the allocation of water resources in the NURS [55]. The sensitivity of sediment yield to precipitation is high, and the elasticity is up to 5.37, indicating that the increase in precipitation will greatly increase the sediment yield. The current arid climate is also an important reason for the significant reduction in the NURS sediment yield during the change period.



The sensitivity of runoff to NDVI was −0.4, and the sensitivity of sediment content to NDVI was 3.26. We found that ecological restoration played an important role in reducing sediment yield in the NURS watershed, but had a very weak effect on runoff reduction. Many scholars have suggested slowing down the implementation of vegetation restoration projects in order to maintain the status quo of vegetation restoration. Otherwise, large-scale afforestation will have a negative impact on the ecological environment [11,56]. Among them, one of the most important manifestations is the possibility of reducing the runoff in the basin [40].



Zhang et al. believes that vegetation greening will reduce the ratio of available water to available energy and improve the water storage capacity of soil [31]. If the temperature rises, the evapotranspiration of water in soil will be accelerated, that is to say, the rise of temperature during vegetation restoration will more easily lead to the decrease in runoff. It is proved that the underlying surface has linkage ability with climate change [57]. This also explains why runoff in the NURS is so sensitive to the elasticity of air temperature. We found that in the NURS, ecological restoration reduced runoff very slightly, but effectively controlled sediment yield. Therefore, more attention should be paid to the reduction in runoff caused by climate change [58].





5. Conclusions


The Pettitt mutation was used to analyze the series changes of runoff and sediment yield in the basin from 1987 to 2018. The contribution of climate change and ecological restoration to runoff change was quantified based on the improved Budyko hydrothermal coupled equation theory, and the elasticity of climate change and ecological restoration factors to runoff and sediment yield was analyzed. The main conclusions are as follows: (1) 2002 is the year of abrupt change in runoff and sediment yield. Before and after the mutation, the runoff and sediment yield decreased significantly, with the change ratio of −15.5% and −51.8%. The decrease in precipitation and the increase in E0 were not significant, the proportions were −4.5% and 1.4%, respectively. (2) Tmax and NDVI were the main factors affecting the underlying surface factor n, while precipitation and NDVI were the main factors affecting sediment concentration C. (3) Climate change reduced runoff by 77.6%; ecological restoration reduced sediment by 51.78%. The sensitivity of runoff to the maximum temperature was 3.61. The sensitivity of sediment yield to precipitation and NDVI was 5.37 and 3.26, respectively. Climate change is the main factor of runoff reduction, and ecological restoration is the main factor of sediment reduction. We believe that in the NURS, the effect of ecological restoration is worth looking forward to. Although the increase in NDVI will reduce the runoff, the elasticity of runoff to NDVI (−0.4) is not large, which is much smaller than the elasticity of sediment discharge to NDVI (3.26). Ecological restoration has effectively controlled sediment yield, but the reduction in runoff caused by climate change should be paid more attention.
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Figure 1. NURS is located in China: (A) Map of NURS, (B) Yunnan is located in China, and (C) NUSR is located in Yunnan. 
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Figure 2. Pettit detection trends of runoff and sediment yield: (A), Runoff time series. (B), Sediment time series. 
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Figure 3. Changing trends of hydrological and meteorological characteristics of the NURS: (A) precipitation, (B) E0, (C) runoff, and (D) sediment. The black curve is the annual change point plot, the red curve is the 11-year window moving average, and the blue dot is the mean before and after the change. Each hollow triangle has annual values for hydrological and meteorological data. 
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Figure 4. Correlation between climate change and ecological restoration on underlying surface factor (n): precipitation (P), potential evapotranspiration (E0), maximum air temperature (Tmax), minimum air temperature (Tmin), mean air temperature (Tmean), temperature difference (Td), precipitation erosivity (Pe) and aridity index (AI). The red line is the correlation trend of each factor and n value of the year, and the black box is the corresponding n value of each factor of the year. 
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Figure 5. Correlation between climate change and ecological restoration on sediment concentration C: precipitation (P), total precipitation greater than 1 mm (>1 TP), average precipitation greater than 1 mm (>1 AVGP), total precipitation greater than 10 mm (>10 TP), average precipitation greater than 10 mm (>10 AVGP), total precipitation greater than 30 mm (>30 TP), average precipitation greater than 30 mm (>30 AVGP) and aridity index (AI). The red line is the correlation trend of each element and C value of the year, and the black box is the corresponding C value of each element of the year. 
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Table 1. Data and Resolution.
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	Data
	Resolution
	Period
	Project





	Meteorological
	day
	1987–2018
	Precipitation, Tmean, Tmax, Tmin, Wind speed, Sunshine duration, Relative humidity



	NDVI
	year/30 m
	1987–2018
	NDVI



	Hydrologic
	year
	1987–2018
	Runoff and Sfediment yield
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Table 2. Hydrological and meteorological trends before and after abrupt change.
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	P/mm
	E0/mm
	R/mm
	S/t





	Before abrupt
	865.3
	1392.6
	257.8
	71,985



	After abrupt
	826.5
	1412.6
	217.8
	34,712



	Variable quantity
	−38.8
	20.0
	−40.0
	−37,273



	Proportion
	4.5%
	1.4%
	15.5%
	51.8%
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Table 3. Elasticity and significance of logarithmic function of climate change and ecological restoration on watershed factor (n).
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Project

	
Tmax as x

	
Tmin as x




	
NDVI

	
Tmax

	
w1

	
R2

	
NDVI

	
Tmin

	
w1

	
R2






	
Elasticity

	
0.31

	
2.80

	
−7.89

	

	
0.24

	
0.48

	
−0.67

	




	
p value

	
0.001

	
0.006

	
0.0102

	

	
0.03

	
0.02

	
0.21

	




	
Fitting

	

	

	

	
0.61

	

	

	

	
0.57
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Table 4. Elasticity and change of runoff induced by climate change and ecological restoration.
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	Project
	P
	E0
	NDVI
	Tmax
	R
	   ε   





	Elasticity
	1.88
	−0.88
	−0.40
	−3.61
	
	



	Variation/mm
	−20.5
	−3.0
	−10.5
	−7.6
	−40.0
	−1.6



	Proportion
	51.2%
	7.5%
	26.1%
	18.9%
	100%
	−3.7%
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Table 5. Elasticity and significance of logarithmic function of climate change and ecological restoration on sediment concentration C.
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Project

	
P as z

	
>1 AVGP as z




	
NDVI

	
P

	
w2

	
R2

	
NDVI

	
>1 AVGP

	
w2

	
R2






	
Elasticity

	
−1.0

	
1.30

	
−11.08

	

	
0.24

	
0.48

	
−0.67

	




	
p value

	
0.008

	
0.001

	
0.035

	

	
0.001

	
−1.0

	
0.757

	




	
Fitting

	

	

	

	
0.51

	

	

	

	
0.45
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Table 6. Elasticity and change of sediment induced by climate change and ecological restoration.
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Project

	
R

	
C

	
S

	
   ε   




	

	
P

	
E0

	
NDVI

	
Tmax

	

	
NDVI

	
P






	
Elasticity

	
0.82

	
1.55

	
−0.72

	
−0.33

	
−2.97

	
2.93

	
−2.93

	
3.82

	

	




	
Variation/t

	
−7384

	
−3784

	
−550

	
−1929

	
−1398

	
−29889

	
−17198

	
−9354

	
−37273

	




	
Proportion

	
19.8%

	
10.2%

	
1.5%

	
5.2%

	
3.8%

	
80.2%

	
46.1%

	
25.1%

	

	
8.2%
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