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The Lancang River Basin (LCRB) is the largest international river in Southeast Asia, and any change in its streamflow, i.e., due to the ecological environment and runoff, may lead to disputes between countries to a certain extent. However, the impact of vegetation change on streamflow in the LCRB needs to be clarified. To assess the impact of vegetation change on streamflow in the LCRB, the functional relationship between Budyko parameter (ω) and Normalized Difference Vegetation Index (NDVI) was first computed for constructing a modified Budyko formula. Finally, we quantitatively estimated the influence of different factors on streamflow variation in the LCRB using the modified Budyko formula and the elastic coefficient method. The conclusions were as follows: (1) A sudden change in streamflow at the Yunjinghong hydrological station appeared in 2005; (2) Budyko parameter (ω) has a good linear functional relationship with NDVI in the LCRB (p < 0.01); ND (3) vegetation variation played the largest driving force behind streamflow variation in the LCRB, accounting for 34.47%. The contribution rates of precipitation, potential evaporation, and anthropogenic activities on streamflow variation from 1982 to 2015 were 16.83, 17.61, and 31.09%, respectively.
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1. Introduction

Since the Industrial Revolution, the global temperature rise has been confirmed by a large number of climate observation data (Allen et al., 2009; Yin et al., 2021). The rise in global temperature affects the changes in different events such as precipitation, terrestrial water storage, runoff, and vegetation (Zhu et al., 2016; Chen et al., 2019; Jing et al., 2020a,b; Yin et al., 2022a), leading to frequent occurrences of extreme meteorological and hydrological disasters (Yin et al., 2018, 2022b; Gu et al., 2022; Ji et al., 2022a), which in turn have a series of huge and far-reaching impacts on human health, industrial and agricultural production, and social economy (Moore and Diaz, 2015). Climate warming has also become a major global social problem of common concern to all mankind (Tilley, 2015). In recent decades, many vegetation restoration projects have been undertaken across China, and the vegetation coverage has increased rapidly (Wei et al., 2008; Lü et al., 2015). Vegetation plays a vital role in terrestrial ecosystems and is involved in the process of radiation balance and hydrological cycle, which effectively regulates the ecological environment (Ji et al., 2021a). Vegetation change affects the streamflow to a large extent by changing hydrological processes (vegetation transpiration and interception) and then affects the availability of water resources in the river basin (Bi et al., 2020; Ji et al., 2022b). Runoff is a vital part of the hydrological cycle. Streamflow variation directly affects human activity and life, and its sustainable development in the river basin. Previous studies found that, under the comprehensive influence of various factors, the streamflow of many rivers in the world shows a significantly decreasing trend (Vörösmarty, 2000; Ji et al., 2021b). Therefore, calculation of the impact of vegetation changes on streamflow quantitatively helps to evaluate the hydrological effects of ecological restoration measures and provide scientific guidance for water resource management and ecological environmental protection in the river basin.

To assess the impact of vegetation change on the water cycle, many scholars carried out relevant research works. Liang et al. (2015) found that Budyko parameter was positively correlated with the area of ecological restoration in most river basins of the Loess Plateau and ecological restoration measures are the leading factor for the decline in runoff in most watersheds. Li S. et al. (2016) found that the Normalized Difference Vegetation Index (NDVI) in the Kuye River basin showed a significant increase in the trends after 2000, while the runoff coefficient showed a significant decline in the trends, mainly because the vegetation change led to a reduction in surface albedo and a significant increase in vegetation evapotranspiration eventually led to a decline in runoff. Li Y. et al. (2016) analyzed the impact of climate change and human activities on the runoff in the middle and the lower reaches of the Yellow River using the Budyko formula and the elastic coefficient method. They arrived at the conclusion that the change in the underlying surface caused by the conversion-of-farmland-to-forest project has been the main factor for causing this decline in runoff in the Kuye River basin since 2000. Wang et al. (2020) discovered that a 1% increase of vegetation coverage would increase by 3~4 mm evapotranspiration, while ecological restoration plays an important role in the decline in runoff in the middle reaches of the Yellow River. Most of the studies calculated the contribution of underlying surface change to runoff through the change in Budyko parameter, but the functional relationship between vegetation change and Budyko parameter was not clearly given because of which we cannot directly quantify the contribution of vegetation change to runoff.

The Lancang River Basin (LCRB) is the largest international river in Southeast Asia (Jing et al., 2020c). For transboundary watersheds, changes in its streamflow, i.e., the ecological environment and runoff, may lead to disputes between countries to a certain extent. In recent years, due to the combined action of human activities and climate change, the vegetation and streamflow of the LCRB have undergone significant changes. Therefore, many scholars have analyzed the characteristics and influencing factors of vegetation changes and streamflow changes in the LCRB. Li and Liu (2012) investigated the change characteristics of vegetation coverage in the LCRB and its relationship with climate factors. Their results illustrated that the vegetation coverage in the LCRB had a fluctuating and increasing tendency during the period from 2000 to 2009 and that each year's average annual NDVI was >0.45, indicating that its ecological environment showed a trend in improvement. Fan et al. (2012) analyzed the dynamic changes in vegetation coverage in the LCRB from 2001 to 2010, and the results showed that, from 2001 to 2010, the vegetation coverage in the LCRB showed an upward trend as a whole. There were regional differences in the change rate of NDVI, and most of the regions showed an increasing trend in the change rate of NDVI. Tang et al. (2014) found that the impact of human activities on streamflow variation in the LCRB is slightly greater than that of climate change (54.6 and 45.4%, respectively). Han et al. (2019) assessed the impact of climate factors and human activities on streamflow variation in the Lancang River Basin. Compared to the base period (1980–1986), the contribution rates of human activities to streamflow variation were 43 (1987–2007) and 95% (2008–2014), respectively. Liu et al. (2020) found that the annual average precipitation (Pr) of the LCRB did not decrease significantly, the annual potential evaporation (ET0) increased significantly, and the runoff depth (R) decreased significantly. Compared with the base period (1961–2004), the reduction in Pr is the main reason for the decline in runoff depth during the 2005–2015 period, with a contribution rate of 45.64%. The contribution rates of ET0 and human activities to streamflow variation were 13.91 and 40.45%, respectively. However, a few studies have computed the quantitative contribution of vegetation variation to streamflow variation in the LCRB.

Therefore, this study assesses the impact of vegetation variation on the streamflow variation in the Lancang River Basin (LCRB) by the following three steps: (1) Analyzing the change characteristics of meteorological and hydrological elements; (2) calculating the functional relationship between the underlying surface parameters (ω) and NDVI, and constructing a modified Budyko formula; and (3) estimating quantitatively the influence of human activities, climate factors, and vegetation on streamflow variation in the Lancang River Basin using the modified Budyko formula. This study is conducive to understanding the impact of ecological restoration project on water cycle and is beneficial to the management and rational utilization of water resources in the LCRB.



2. Study region

The Lancang River Basin (LCRB) originates from Jifu Mountain in the Qinghai Province and flows through Qinghai, Tibet, and Yunnan provinces, between 94.39°~103.66°E and 20.87°~33.36°N (Figure 1). After flowing out of China, the river is called the Mekong River. The terrain in the LCRB is high and fluctuates greatly. Therefore, the climate in the river basin varies greatly. The temperature and precipitation increase from the north to the south. The higher the altitude, the lower the temperature and the lesser the precipitation. The runoff of the river basin mainly comes from precipitation, groundwater, and snowmelt. Dry and wet seasons in the LRCB are distinct. The wet season lasts from May to October, and the dry season lasts from November to April. The precipitation in the wet season accounts for ~85%, and heavy rains are mostly concentrated during the period from June to August. Few torrential rains are witnessed in the upper reaches, while main torrential rain areas are witnessed in the middle reaches of the basin. Due to the changeable climate type and geographical environment, the vegetation distribution in the river basin shows latitude zonality and vertical zonality. The vegetation types include alpine vegetation, meadow, shrub, coniferous forest, mixed coniferous and broad-leaved forest, and broad-leaved forest. The NDVI value of the river basin rises from northwest to southeast with strong spatial heterogeneity. The low NDVI values are mostly distributed in the Naqu, Yushu, the west of Chengdu, and the north of Diqing, with an altitude above 4,000 m. The vegetation types are mainly alpine, alpine meadow, and shrub. The high NDVI values are mainly distributed in Pu'er and Xishuangbanna with rich vegetation types, mainly subtropical and tropical vegetation (Zhang et al., 2020).


[image: Figure 1]
FIGURE 1
 The location of hydro-meteorological stations in and around the study region.




3. Data and methods


3.1. Data

The NDVI data from 1982 to 2015 were obtained from NOAA Climate Data Record Advanced Very High Resolution Radiometer (NOAA CDR AVHRR) data (https://www.ncei.noaa.gov/products/climate-data-records/normalized-difference-vegetation-index). First, data format conversion and projection conversion were carried out on the NDVI data. Then, the average value composite method eliminated the influence of some random factors and was applied for calculating the average of the grid. Finally, the NDVI data set of the Lancang River Basin was obtained.

The data of meteorological stations in and around the Lancang River Basin from 1982 to 2015 were gathered from China Meteorological Data Service Center's science data sharing service network (https://www.cma.gov.cn/), mainly including precipitation, temperature, wind speed, and relative humidity.

The runoff data of the Yunjinghong hydrological station from 1982 to 2015 were obtained from the Hydrological Yearbook and the National Earth System Science Data Center (http://www.geodata.cn/).



3.2. Methods
 
3.2.1. Bernaola-Galvan segmentation algorithm

The Bernaola-Galvan segmentation algorithm (BG segmentation algorithm) is a heuristic mutation detection method for non-stationary time series data (Bernaola-Galvan and Ch Ivanov, 2001). BG segmentation algorithm divides non-stationary sequence data into multiple stationary sequences. Each subsequence datum has different average values and represents different physical backgrounds. After decomposition, each subsequence datum has the variability of average periodic scale. Therefore, BG segmentation algorithm is a new method to effectively detect mutation years. Its calculation steps are as follows (Feng et al., 2005; Wang et al., 2018):

(1) Taking the ith point as the dividing point, calculate the average value and standard deviation of the left and right segments around the ith point, which are recorded as μL(i), μR(i), SL(i), and SR(i) (I = 1, 2, 3…, N – 1), respectively.

(2) Use the t-test to measure the significance of the difference between UL and UR and is rescored as T(i):
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SD is the joint variance; NL and NR are the numbers of samples in the left and right segments around the ith point, respectively.

(3) Calculate the significance probability P(Tmax) corresponding to the maximum value (Tm) of t-test statistics by the Monte Carlo simulation.
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γ = 4.19InN – 11.54, δ = 0.40, N is the sample of the time series x(t), v = N – 2, IX(a, b) is the incomplete β function. P0 is a threshold set in this study, and its value range is [0.5, 0.95]. If P(Tmax) ≥ P0, X(t) is divided into two sequences; otherwise, it is not divided.

(4) Repeating Steps (1)–(3), respectively, for the two newly sequences to detect all mutation points. In addition, to ensure the effectiveness of statistics, if the length of the subsequence is ≤ l0, the subsequence will not be segmented. Furthermore, l0 ≥ 25.



3.2.2. Budyko hypothesis

The Budyko hypothesis represents the fact that actual evapotranspiration is limited by water supply conditions (mainly precipitation) and energy supply conditions (mainly potential evaporation). It is an effective method to decompose quantitatively the impact of different factors on streamflow variation, which has been used widely (Wu et al., 2017; Ji et al., 2021c).

The water balance equation in a basin is given as follows:
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In the formula, R is the runoff depth, Pr is the precipitation, and ET is the actual evaporation, which can be calculated according to the Choudhury-Yang formula (Choudhury, 1999; Yang et al., 2008).
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ω is the characteristic parameter of the underlying surface, and its value reflects the change of human activity intensity. Human activities can affect runoff variation in the Lancang River Basin from many aspects, including vegetation restoration projects, construction of water conservancy engineering facilities, urban residents' domestic water, and agricultural irrigation water. ET0 represents the potential evaporation (mm), which can be calculated by the Penman-Monteith formula.

[image: image]

Combining Equations 5 and 6, we converted the water balance equation to the following equation:
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Li et al. (2013) studied the relationship between NDVI and Budyko parameter (ω) in 26 rivers and found that there is a good univariate linear function relationship between them.
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3.2.3. Elastic coefficient method

The elasticity coefficient is equal to the ratio of the dependent variable change rate to the independent variable change rate, which analyzes the sensitivity of dependent variable to independent variable (Liu et al., 2012). The greater the absolute value of elasticity coefficient, the stronger the sensitivity of streamflow to various influencing factors. The elasticity coefficient of streamflow to other factors can be expressed as follows:

[image: image]

εx is the elastic coefficient; R is the runoff depth (mm); and x refers to specific factors, such as precipitation, potential evaporation, and vegetation. If εx > 0, it indicates that runoff increases with the increase in variable x and vice versa. The greater the absolute value of εx, the stronger the sensitivity of runoff to variable x.

The elastic coefficients of runoff on precipitation (εPr), potential evaporation (εET0), underlying surface characteristic parameters (εω), and NDVI (εNDVI) can be calculated by Equations 12–15 (Xu et al., 2014; Ji et al., 2022b).
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The runoff time series data are divided into two periods: the base period (T1) and the change period (T2). The average annual precipitation rates in the T1 and T2 periods are marked as Pr1 and Pr2. The change in annual precipitation (ΔPr) from T1 to T2 period is expressed as follows:
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Similarly, the change in potential evaporation (ΔET0), characteristic parameters of underlying surface (Δω) and NDVI (ΔNDVI) from T1 to T2 all are calculated.
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ΔRPr, ΔRE0, ΔRw, ΔRNDVI, and ΔRH, respectively, represent the runoff depth change values caused by the change in precipitation, potential evaporation, underlying surface feature parameters, NDVI, and anthropogenic factors from the T1 to T2 period.
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ηRPr, ηRET0, ηRNDVI, and ηRH, respectively, represent the contribution rates of precipitation, potential evaporation, NDVI, and human factors on runoff variation.





4. Results and analysis


4.1. Trend analysis of meteorological and hydrological data

The linear regression method was used to analyze the change trends of runoff depth, precipitation, and potential evaporation in the LCRB from 1982 to 2015, and the results are shown in Figure 2.


[image: Figure 2]
FIGURE 2
 Interannual variation of runoff depth (A), precipitation (B), and potential evaporation (C) in the Lancang River Basin (LCRB) from 1982 to 2015.


From 1982 to 2015, the runoff depth of the LCRB showed a fluctuation and significant reduction trend (p < 0.05), with a slope of −2.5492 mm/a (Figure 2A). During the period of 1982–2015, the runoff depth of the river basin in 2,000 was the maximum (492.05 mm), and the runoff depth in 2012 was the lowest (230.91 mm).

During the period of 1982–2015, the precipitation showed a non-significant decreasing trend (p > 0.05), with a slope of −0.3858 mm/a (Figure 2B). From 1982 to 2015, the precipitation in 2001 was the maximum (1,003.63 mm) and that in 1992 was the lowest (767.51 mm).

There was a significant fluctuating growth trend in potential evaporation (p < 0.05), with a slope of 1.865 mm/a (Figure 2C). During the period of 1982–2015, the potential evaporation was the maximum in 2014 (1,036.25 mm) and was the minimum in 1991 (920.77 mm).



4.2. BG segmentation result of runoff depth

In this study, the BG segmentation algorithm is used to distinguish the abrupt years of the annual runoff data from 1982 to 2015 in the LCRB (Figure 3). P0 is set to 0.68 and l0 is set to 25. From Figure 3, we found that t-test statistics takes the largest value in 2005 and it is ~3.75, which showed that the annual runoff of the Yunjinghong hydrological station changed dramatically in 2005 and its mutation year may be fixed as 2005. According to formula (4), we calculated the significance probability P(Tmax), corresponding to the maximum value (Tm) of t-test statistics, by the Monte Carlo simulation. If P(Tmax) > P0, we believe that the sudden change in runoff is significant. The result showed that the significance probability P(Tmax), corresponding to the maximum value (Tm) of t-test statistics (2005), is 0.688 > 0.68. This result further proves the reliability of the result that the annual runoff series data of the Yunjinghong hydrological station mutated in 2005.


[image: Figure 3]
FIGURE 3
 The Bernaola-Galvan (BG) segmentation result of runoff depth in the Lancang River Basin (LCRB) from 1982 to 2015.




4.3. Attribution analysis of streamflow variation

For the Choudhury-Yang formula, if the values of precipitation and potential evaporation in each year during the period of 1982–2015 can be obtained, we calculated the Budyko parameter (ω) in each year. The changing trend of NDVI and Budyko parameter (ω) in the LCRB is shown in Figure 4. From 1982 to 2015, the NDVI of the Lancang River Basin displayed a significant fluctuation increasing trend (p < 0.05), and its average annual growth rate was 0.0023/a (Figure 4A). The Budyko parameter (ω) displayed a significant growth trend (p < 0.05), with a slope of 0.094/10a (Figure 4B).


[image: Figure 4]
FIGURE 4
 (A, B) Change trend of Normalized Difference Vegetation Index (NDVI) and Budyko parameter (ω) in the Lancang River Basin (LCRB) from 1982 to 2015.


In the Budyko formula, precipitation (Pr), potential evaporation (ET0), and underlying surface parameters (ω) are the three driving factors affecting streamflow change. ω denotes the characteristic parameters of the underlying surface and is applied to characterize the influence of human factors. Previous studies showed that vegetation changes have a significant impact on Budyko parameter (ω) (Zeng and Cai, 2016; Zhang et al., 2016; Abatzoglou and Ficklin, 2017). Li et al. (2013) studied the relationship between NDVI and Budyko parameter (ω) in 26 rivers and found that there is a good univariate linear function relationship between them.

To reveal the quantitative relationship between vegetation and Budyko parameters and identify the impact of vegetation change on streamflow, this study established a linear functional equation between NDVI and Budyko parameter (ω) by the following two steps: (1) calculating the 10-year moving average value of NDVI and ω, respectively, and (2) calculating the coefficients (a and b) of the univariate linear regression equation by the least square method. Finally, a linear regression equation was obtained (Figure 5), a = 3.1418, b = −0.0928, and its R2 is 0.5105 and adjusted R2 is 0.4892 (p < 0.01).


[image: Figure 5]
FIGURE 5
 The functional relationship between Normalized Difference Vegetation Index (NDVI) and Budyko parameter (ω).


According to the BG segmentation result of runoff data from 1982 to 2015, we divided the entire study period into two phases: T1 (1982–2004) and T2 (2005–2015). Table 1 displays the values of different variables in T1 (1982–2004) and T2 (2005–2015) periods. The average runoff depths in the T1 (1982–2004) period were ~375.905 and 304.147 mm in the T2 (2005–2015) period. The average annual runoff depth decreased by 71.758 mm from T1 to T2, and the relative change rate was −19.09%. The precipitation decreased by 18.336 mm from 903.475 mm in the T1 period to 885.139 mm in the T2 period, with a relative change rate of −2.03%. The potential evaporation, Budyko parameter (ω), and NDVI all increased from the T1 period to the T2 period, and their relative change rates were 5.15, 17.39, and 8.18%, respectively.


TABLE 1 The eigenvalues of climate, hydrology, and Normalized Difference Vegetation Index (NDVI) variables in the Lancang River Basin (LCRB).

[image: Table 1]

In this study, Budyko equation and the elastic coefficient method were used to calculate the influence of various factors on the streamflow variation in the LCRB (Table 2). The elastic coefficient of runoff on precipitation (εPr) is 1.73, indicating that a 10% increase in precipitation causes a 17.3% increase of streamflow. The elastic coefficients of potential evaporation (εET0), underlying surface characteristic parameters (εω) and NDVI (εNDVI), are −0.73, −0.83, and −0.89, respectively. These values indicated that a 10% increase of potential evaporation, ω, and NDVI decreases by 7.3, 8.3, and 8.9% of streamflow. Overall, the streamflow change in the LRCB is the most sensitive to precipitation and the least sensitive to potential evaporation.


TABLE 2 Attribution analysis of streamflow variation in the Lancang River Basin (LCRB).

[image: Table 2]

Compared to the period during 1982–2004, the contribution rate of climatic factors to runoff depth variation during the period from 1982 to 2015 is 34.47%. Among them, precipitation and potential evaporation contributed 16.83 and 17.61%, respectively. Moreover, the contribution rates of vegetation variation and anthropogenic activities to runoff depth variation during the period from 1982 to 2015 are 34.47 and 31.09%, respectively. Overall, vegetation variation played the largest driving force for streamflow variation in the LCRB.

The change in river runoff is caused by many factors, such as human activities, climate change, and vegetation change. The ecological and hydrological effects of vegetation change serves as the research focus of hydrology and ecology. Many studies assumed that the increase in afforestation or vegetation reduces the runoff (Zhang et al., 2021; Ji et al., 2022b), and the results of this study are consistent with the conclusion (Table 2). With further restoration of vegetation, the NDVI increases significantly. Although the precipitation in this period increased by 2.03% and the potential evapotranspiration increased by 5.15%, the runoff decreased by 19.19%, indicating that vegetation gradually became the dominant factor in controlling the runoff changes (Tables 1, 2). Vegetation changes can affect runoff changes in many ways as per the following points: (1) the increase in vegetation leaf area increases evapotranspiration from plant leaves, leading to a decrease in soil water content, which in turn affects the surface runoff and (2) the increase in vegetation coverage effectively increases the interception capacity of rainfall, thus influencing the variability of runoff. However, vegetation restoration cannot lead to an unlimited increase of NDVI; therefore, with the vegetation restoration and stabilization, the vegetation change will not have a great impact on the runoff change.




5. Conclusions and discussions


5.1. Discussions

The implementation of a series of water and soil conservation and ecological restoration measures in the LCRB has significantly changed the underlying surface parameters (ω). The value of ω in the Budyko equation is closely related to soil, terrain, and vegetation coverage types. The soil and terrain do not change in a short time, while vegetation factors become the main factors affecting ω. NDVI and ω showed a strong synergistic trend (Figure 5). The contribution analysis of vegetation restoration to runoff changes verifies further the fact that the increase in vegetation coverage causes the attenuation of runoff in the LCRB (Table 2).

The situation that improper vegetation reconstruction reduces water resources should be highly concerning. The government should reasonably plan vegetation restoration according to the actual conditions prevalent at the river basin. Yang et al. (2019) analyzed the impact of different vertical structures on water yield conducting a simulated rainfall experiment in the field, and recorded that the vertical structure of vegetation is an important factor influencing water yield. Therefore, according to the vegetation coverage conditions, the area can be divided into two: vegetation restoration period and key protected areas. The key protection areas can be optimized and the vegetation structure adjusted to increase the runoff as much as possible while keeping the ecological environment less changed. Moreover, the vegetation restoration area should be based on artificial vegetation restoration, and the restoration structure of vegetation should be planned scientifically in the restoration process to control the reduction of runoff flow as much as possible, and, these works need to be studied further.

Although this study has analyzed in depth the sensitivity of streamflow variation in vegetation variation in the LCRB, there are still some indefiniteness as given in the following points: (1) There are a few meteorological stations in the study area. To increase the number of meteorological stations, some meteorological station data outside the study area are added to the study, but there are only 29 meteorological stations. Obtaining the mean value of meteorological elements' data in the LCRB through the Kriging interpolation method would lead to some indefiniteness. (2) The attribution analysis of streamflow variation assumes that the precipitation, potential evaporation, and underlying surface parameter are independent. However, in fact, the three variables are interrelated. Climate change affects the growth of vegetation (Liu et al., 2016). The underlying surface change also provides feedback on atmospheric movement and affects regional and even global climate change. (3) The water conservancy project built by humans directly affects the temporal and spatial changes of monthly and annual runoff. However, this study considers only the impact of ecological restoration on runoff, neglecting the impact of water and soil conservation engineering measures on runoff leads to some indefiniteness.

In the follow-up study, the water heat coupling model (Leuning et al., 2008; Zhang et al., 2018) reflecting the information on vegetation change should be used for accurately simulating the hydrological process of streamflow variation affected by climate factors, vegetation variation, and reservoir operation. In addition, most of the studies ignored the influence of climate change on the vegetation in the river basin and did not distinguish the contribution rate of human activities and climate factors to vegetation change. Subsequently, we will calculate the contribution of vegetation restoration caused by climate change to runoff change.



5.2. Conclusions

Based on the meteorological, hydrological, and NDVI data of the Lancang River Basin from 1982 to 2015, this study analyzed first the change characteristics of meteorological and hydrological elements. Then, the functional relationship between Budyko parameter (ω) and NDVI was calculated for constructing a modified Budyko formula. Finally, we estimated quantitatively the influence of vegetation variation on streamflow variation in the LCRB using the modified Budyko formula and the elastic coefficient method.

The conclusions showed that (1) the sudden change in streamflow at the Yunjinghong hydrological station appeared in 2005, (2) Budyko parameter (ω) has a good linear functional relation with NDVI in the LCRB (p < 0.01), and (3) vegetation variation played the largest driving force for streamflow variation in the LCRB, accounting for 34.47%. The contribution rates of precipitation, potential evaporation, and anthropogenic activities on streamflow variation from 1982 to 2015 are 16.83, 17.61, and 31.09%, respectively.
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