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The Daqinghe River Basin is located in the North China Plain. In recent years, however, climate warming, drying, and intense human activities have led to declining ecosystem functions and shrinking wetlands in the region. Understanding streamflow changes in the upstream mountainous areas of the Daqinghe River Basin in this changing environment and identifying the driving factors can provide a scientific basis for water resources management and optimization in these areas. This study focuses on the Beihedian River watershed, the Xidayang Reservoir watershed, and the Wangkuai Reservoir watershed in the upstream mountainous areas of the Daqinghe River. It is based on hydro-meteorological data collected between 1963 and 2019. The methods used in the study include the linear tendency estimation method, the non-parametric Mann-Kendall trend test, the elasticity coefficient method, and hydrological simulation methods. The results of this study suggest that the streamflow, precipitation, and potential evapotranspiration (PET) in the three watersheds showed an overall decreasing trend. The minimum precipitation decrease rate ranged from −1.09 to −0.55 mm/a, and the minimum streamflow decreasing rate at the Beihedian Hydrological Station was −1.32 mm/a, with a minimum range of 0–176.03 mm. Change-point analysis revealed that the streamflow in the Beihedian River and Xidayang Reservoir watersheds experienced a significant change point around 1999, with a significant level of α=0.05. As for the Wangkuai Reservoir watershed, a significant change point was observed around 1980, which is likely attributable to land system reforms and protective forest projects. The attribution analysis which combined both climate change and human activities using the elasticity coefficient method and hydrological simulation methods indicated that climate change contributed an average of 32.93%, 34.50%, and 35.12% to the reduction in streamflow in the three watersheds, respectively. Human activities accounted for an average contribution of 67.07%, 65.50%, and 64.88%, respectively. Water conservancy projects, afforestation, and other human activities were identified as the primary factors contributing to streamflow decreases.
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1 INTRODUCTION
On a global scale, climate change and human activities are affecting the water cycle in many watersheds (Chien et al., 2013; Liu et al., 2020). Climate change including global warming and other related issues profoundly affects hydrological processes such as precipitation and evaporation, which exhibit varying temporal and spatial distributions. It can also lead to an increased frequency of extreme weather events (Wu et al., 2021; Yang et al., 2019). In the past 40 years, significant human activities have had an undeniable impact on hydrological processes within the watershed (Lyu et al., 2024; Zhang et al., 2023). Human activities primarily influence hydrological cycling by altering the structure of underlying surfaces (Zhang and Yu, 2021). Therefore, human activities within the watershed are also one of the main causes of river evolution (Deng et al., 2024; Zheng et al., 2023). In this context, understanding the hydrological evolution under changing environments and quantifying the impact of various factors on streamflow is crucial for water resource management and sustainable development (Liu et al., 2020; Jiang et al., 2015; Liang et al., 2015; Zeng et al., 2020).
Baiyangdian Lake, situated within the Daqing River System in the Haihe River Basin, is of significant importance. The lake plays an irreplaceable role in maintaining the ecological balance of North China, regulating the climate in the Beijing-Tianjin-Hebei region, replenishing groundwater resources, alleviating floods and droughts, and preserving biodiversity and rare species (Moiwo et al., 2010; Song et al., 2018; Zerizghi et al., 2020). The upstream areas of the Daqing River Basin include eight rivers that flow into the lake, contributing an average annual streamflow volume of 2.23 billion m³ and an average streamflow depth of 71.5 mm (Liu et al., 2022). The upstream mountainous areas in the western part of the basin are the primary catchment areas, accounting for 85% of the total streamflow. However, the water resources situation in the Daqing River Basin has become increasingly challenging due to the combined effects of climate warming, drying in North China, and intense human activities since the 1960s (Cheng et al., 2017; Wang et al., 2021; Yang and Cao, 2021). This has led to a growing conflict between water resource availability and economic development (Song et al., 2018; Dai et al., 2011; Xu et al., 2013). Given that the upstream mountainous areas are crucial as primary water sources in the Daqing River Basin (Hu et al., 2012), understanding the main causes of streamflow decline in these regions is essential for the rational development and effective allocation of water resources within the basin. It also supports the implementation of scientifically informed water resource management practices.
Numerous studies have investigated the evolution and causes of streamflow changes in the Daqing River Basin. Lei et al. used a process-based terrestrial model (version 4 of the Community Land Model, CLM4) to quantify the spatiotemporal variation in streamflow across the region due to climate factors and changes in carbon dioxide concentration. Their results indicate a decreasing trend in streamflow related to climate since 1960, with a limited impact from the rise in atmospheric CO₂ concentration (Lei et al., 2014). Du et al. developed a monthly ABCD model for the Yongding River Basin and two subbasins, the Yanghe and Sanggan Rivers, to assess the relative contributions of climate change and human activities to streamflow reduction. They found a significant decline in annual streamflow since the 1980s, with human activities being the predominant influencing factor, especially during the rainy season (Du et al., 2023). Li et al. employed the Statistical DownScaling Model (SDSM) to downscale predicted precipitation and temperature for the mountainous Yongding watershed under four SSP-RCP climate scenarios across four General Circulation Models (GCMs). The Bayesian Model Averaging (BMA) method was then used for multi-model integration to mitigate GCM uncertainty, and the multi-model ensemble data were adjusted using the Quantile Mapping (QM) method. Subsequently, the SWAT model was applied to simulate streamflow responses under future climate conditions (Li et al., 2023). Qiao et al. applied two methods, the watershed water-energy balance equation and the Geomorphology-Based Hydrological Model (GBHM), to study streamflow changes in a semiarid mountainous watershed. Their findings revealed a significant downward trend in streamflow and leaf area index (LAI) over the past 40 years, with different interdecadal quantitative results from the two methods. GBHM, in particular, struggled to accurately simulate reservoir scheduling and other processes (Qiao et al., 2023). Zhang et al. calculated multi-year averages of 17 environmental variables from 57 selected watersheds, including hydrological, meteorological, vegetation, land use, terrain, and soil data. They established a quantitative relationship between streamflow and watershed area for the first time and evaluated the correlation between environmental factors and the impact on streamflow scale (Zhang et al., 2019). Wang et al. used the Mann-Kendall test, double cumulative curve method, and streamflow sensitivity analysis to separate and quantify the relative effects of climate variability and land use changes on streamflow. Then they estimated the sensitivity of streamflow in North China from 1957 to 2000 to these factors (Wang et al., 2019). Huang et al. developed an extended Budyko framework incorporating Total Water Storage (TWS) from the Gravity Recovery and Climate Experiment (GRACE), and applied it to the Qinba Mountain area by four classic Budyko equations. Their results indicated that the extended Budyko framework more accurately represents the relationship between monthly water supply and demand compared to the original framework (Huang et al., 2021).
This study specifically targets three primary streamflow-producing areas located in the upstream mountainous regions of the Daqing River Basin. By comprehensively analyzing the trends in water cycle elements, the study employs both the elasticity coefficient method and the hydrological simulation method to determine the causes of water resource depletion within the basin. Additionally, it quantitatively examines the sensitivity of streamflow to variations in various driving factors and assesses the respective contribution rates of climate change and human activities to streamflow variation. The ultimate objective of this study is to provide scientific references for improving water resource management within the watershed and implementing effective measures for managing small watersheds.
2 MATERIALS AND METHODS
2.1 Study area
The study area is located in the upstream mountainous regions of the western Daqing River Basin and includes three hydrological stations: Beihedian Station, Xidayang Reservoir Station, and Wangkuai Reservoir Station (Figure 1). Geographically, it is located between 113°39′–115°48′E and 38°39′–40°03′N, covering a total area of 15,028 km2. The terrain generally exhibits high elevation in the northwest and low elevation in the southeast, with an average altitude of 868.42 m and the highest point reaching 2,857 m (Figure 1). The study area experiences a temperate semiarid continental monsoon climate, characterized by four distinct seasons. Rain and heat often occur simultaneously. Spring is characterized by little rainfall and low humidity, while summer is hot and rainy. Autumn is typically clear with moderate temperatures, and winter is cold with little precipitation. The average annual precipitation in the study area is 533 mm, and the average annual PET is 817 mm. Precipitation is unevenly distributed throughout the year, with the majority of rainfall occurring from June to September. Additionally, there is significant interannual variability in rainfall, which can lead to both droughts and floods.
[image: Figure 1]FIGURE 1 | Location map of the study area.
2.2 Data sources and Preprocessing
The data required for this study include meteorological and hydrological station observation data, Digital Elevation Model (DEM) data, land use type data, and Normalized Difference Vegetation Index (NDVI) data. Seven national meteorological stations located in the upstream mountainous areas of the Daqing River Basin were carefully selected for this study. Daily observation data covering the period from 1963 to 2019 were obtained from the China Meteorological Data Service Centre (http://data.cma.cn/). The dataset includes various meteorological parameters such as average temperature, maximum and minimum temperature, precipitation, wind speed, sunshine duration, relative humidity, and vapor pressure. To address missing data, temporal and spatial interpolation methods were applied. Spatial interpolation was used when nearby stations with similar natural conditions to the stations with missing data were available, while temporal interpolation was performed by data from the same period in adjacent years when spatial interpolation was not possible. The PET was estimated by the Penman-Monteith equation recommended by the Food and Agriculture Organization (FAO). The basin-scale precipitation and PET data were obtained through the inverse distance weighting (IDW) interpolation method. Daily streamflow observation data from Wangkuai Reservoir, Xidayang Reservoir, and Beihedian hydrological stations, spanning 1963 to 2019, were sourced from the Hebei Hydrological Survey and Research Center and the Baoding Hydrological Survey and Research Center. The DEM data were acquired from the Geospatial Data Cloud (http://www.gscloud.cn/). The land use type data and NDVI data used in the study were obtained from the Resource and Environment Science and Data Center of the Chinese Academy of Sciences (https://www.resdc.cn/).
2.3 Methodology
2.3.1 Trend analysis
The trend patterns of hydrometeorological variables in the Daqing River Basin were analyzed using the linear propensity estimation and the non-parametric Mann-Kendall trend test methods.
2.3.1.1 Linear propensity estimation method
The linear propensity estimation method was employed to establish a simple linear regression equation that reflects the changes in hydrometeorological variables over time. The formula is shown in Equation 1 
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where [image: image] is the sequential value of years; [image: image] is the value of the hydrometeorological variable corresponding to the year [image: image]; [image: image] is the regression coefficient, with positive and negative signs indicating an upward or downward trend, respectively; and [image: image] is the regression constant.
2.3.1.2 Mann-Kendall trend test method
The Mann-Kendall (MK) test method is a widely used approach for testing trends in hydro-meteorological variables, including temperature, precipitation, and streamflow. This method does not require samples to follow a specific distribution and can directly assess change in the variables. When performing a trend test on a given sequence [image: image] with [image: image] samples, the test statistic [image: image] is calculated by the following formula 2:
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where, [image: image] is the length of the hydrometeorological variable sequence. [image: image] is calculated by the following formula 3:
[image: image]
where [image: image] and [image: image] are the hydrometeorological variable values for the [image: image] -th and ([image: image] +1)-th years, respectively. The function [image: image] is calculated by the following formula 4:
[image: image]
When the sample size [image: image] is sufficiently large, the variance [image: image] of the test statistic [image: image] is calculated by the following expression Equation 5:
[image: image]
The Mann-Kendall method utilizes the test statistic [image: image] to assess the trend of the hydro-meteorological variable sequence. A positive value of [image: image] indicates an upward trend while a negative value ([image: image] < 0) indicates a downward trend. The magnitude of [image: image] reflects the significance of the change in the sequence. When [image: image] the variable exhibits a significant upward or downward trend at the significance level α. The critical value required for the test, [image: image], can be obtained by referencing a table.
2.3.2 Abrupt change analysis
The Pettitt method is used for detecting abrupt change points by directly analyzing rank sequences. The change point [image: image] is identified at time [image: image] if the following condition is satisfied as represented by the following formula 6:
[image: image]
Then [image: image] is considered as an abrupt change point. Here, the rank sequence [image: image] is the cumulative count of values at time [image: image] that is greater or less than the values at time [image: image], where [image: image] = 1, 2, …, [image: image].
The statistical significance level of an abrupt change point is determined by the statistical quantity [image: image], which is calculated according to the following formula 7:
[image: image]
If [image: image] is not larger than 0.5, then the detected abrupt change point is considered statistically significant.
2.3.3 Elasticity coefficient method
2.3.3.1 Budyko Hypothesis
The Budyko theory (Budyko, 1974) is based on the water balance equation, which can be expressed as Equation 8:
[image: image]
where, [image: image] is the multi-year average streamflow depth, mm; [image: image] is the multi-year average precipitation, mm; [image: image] is the multi-year average actual evapotranspiration, mm; and [image: image] is the change in basin storage, mm.
After years of research, Budyko proposed that the multi-year evapotranspiration rate of a watershed is determined by PET and precipitation. Therefore, the Budyko Hypothesis can be simply expressed as Equation 9:
[image: image]
where, [image: image] is the multi-year average PET, mm; [image: image] is the multi-year average precipitation, mm, and [image: image] is the aridity index.
The original Budyko Hypothesis did not consider the effects of underlying surface conditions and watershed characteristics. Based on this, several studies have proposed a series of empirical Budyko formulas that incorporate parameters to represent underlying surface conditions (Milly and Dunne, 2002; Porporato et al., 2004). These formulas have been theoretically derived and validated. In this study, we selected the equations developed by Fu, Choudhury-Yang, and Zhang (Table 1) to attribute and identify the changes in watershed streamflow.
TABLE 1 | Three Commonly Used Formulas based on the Budyko Hypothesis.
[image: Table 1]It is generally considered that the change in basin storage (ΔS) can be neglected when studying closed watersheds over long-term hydrological sequences. In other words, under the assumption of constant basin storage, the water balance equation can be expressed as  Equations 10–12:
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2.3.3.2 Elasticity coefficients
Assuming that [image: image], [image: image] and [image: image] are independent variables and combining them with the water balance equation, the annual streamflow volume can be expressed in the form of a total differential, given by Equation 13:
[image: image]
The sensitivity of streamflow volume [image: image] to each influencing factor can be represented by the elasticity coefficient [image: image]. The elasticity coefficient is defined as the degree of change in watershed streamflow resulting from a unit change in a climatic factor. It can be expressed as Equation 14:
[image: image]
where, [image: image] is the sensitivity of streamflow volume to the influencing factor [image: image], where [image: image] can be [image: image], [image: image], or [image: image]. Both [image: image] and [image: image] are multi-year average values of the watershed.
2.3.3.3 Contribution of climate and underlying surface to streamflow variation
To quantitatively differentiate the contributions of various factors to streamflow variation, a complementary method based on the Budyko Hypothesis is employed. Zhou et al. proposed a complementary equation to separate the contributions of climate change and underlying surface change to streamflow variation, based on the complementary relationship of elasticity coefficients and the assumption of independence between [image: image] and [image: image] (Zhou et al., 2015). This method eliminates theoretical calculation errors. The complementary relationship equation can be expressed as Equation 15:
[image: image]
Due to the uncertainty associated with climate and underlying surface conditions, the complementary relationship weighted factor method based on the Budyko Hypothesis introduces the weighting factors α to represent different pathways of change (Zhou et al., 2016). Through algebraic identity derivation, the complementary method for attributing streamflow variation is proposed. The expression can be given as Equation 16:
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where, [image: image] is the change in streamflow volume, mm; α is the weighting factor (0≤ [image: image] ≤1), which is the contribution of different pathways of climate change and human activities to the changes in streamflow volume. In this study, [image: image] is set to 0.5. Subscripts 1 and 2 are the baseline period and abrupt change period before and after the abrupt change point, respectively. The formulas for calculating the changes in precipitation, evapotranspiration, and underlying surface, denoted as [image: image], [image: image] and [image: image] are as  Equations 17–19:
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2.3.4 Hydrological simulation method
The WATLAC hydrological model (Li et al., 2016; Li et al., 2021; Ren et al., 2017; Ye et al., 2011) is a distributed hydrological model that simulates the surface and subsurface streamflow processes in a watershed driven by rainfall and evaporation. It incorporates processes such as vegetation interception, soil water storage, surface streamflow, soil recharge to groundwater, and saturated groundwater movement. The model adopts spatial discretization based on grid cells to simulate surface streamflow and the flow paths are determined based on terrain elevation and the water network. Groundwater movement is simulated by MODFLOW with finite difference grid discretization in space and coupling with the surface streamflow model to facilitate data transfer within the program. The finite difference grid used for groundwater simulation matches the planar grid cells used for surface water simulation on the horizontal plane. The WATLAC hydrological model allows for variable time steps for surface and subsurface streamflow, considering the differences in flow velocity between the two components and reducing the computational workload for groundwater simulation. Moreover, the model enables the quantitative differentiation of different streamflow components and provides detailed water balance outputs.
This paper employs the WATLAC hydrological model. Based on the change-point analysis of hydrometeorological data, the long-term data are divided into a baseline period and an abrupt change period. The meteorological data, soil data, and river data from the baseline period are used as inputs to simulate the watershed streamflow. The model parameters are calibrated by observed streamflow data. Using the well-calibrated model, the meteorological data from the abrupt change period are substituted for the original baseline period data to simulate the abrupt change period streamflow in the watershed. The quantitative relationship between the abrupt change in climate change and human activities is then analyzed.
The Nash-Sutcliffe efficiency (NSE) is used as the objective function for parameter calibration. The calculation formula is as Equation 20:
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where [image: image] is the measured values; [image: image] is the simulated values; [image: image] is the average value of the measured values; and n is the length of the streamflow series.
The NSE quantitatively indicates the goodness-of-fit of the entire modeling process and serves as a dimensionless statistical parameter to assess the accuracy of the simulated values compared to the measured values. An NSE value of 1 indicates a perfect match between the simulated values and the measured values. If NSE is negative, it indicates that the credibility of the model’s simulated values is lower than that of directly using the measured average value.
3 RESULTS
3.1 Trend Analysis Results
An overall decreasing trend in streamflow depth, precipitation, and PET for the three watersheds over the past 60 years can be obtained in Figure 2. The decreasing trends for the three variables are consistent across the different watersheds, indicating a high degree of similarity. The interannual variation range of streamflow depth varies between 3.97 and 404.33 mm, 9.20–338.07 mm, and 0–176.03 mm, indicating significant fluctuations and differences between wet and dry seasons (Figure 2). For example, in the control watershed of Xidayang Reservoir Station, the maximum streamflow depth occurred in 1964 with a value of 338.07 mm, while the minimum streamflow depth was recorded in 2008 with a value of 9.20 mm (Figure 2). The overall decrease rate of precipitation was the lowest, ranging from −1.09 to −0.55 mm/a. The decrease in precipitation was smaller than the decrease in streamflow depth, indicating that variables other than precipitation changes also affect streamflow reduction. On the other hand, the decrease in PET did not lead to an increase in streamflow depth. This may be due to the moderate impact of a decrease in PET on streamflow when PET is greater than precipitation. The streamflow depth exhibited a decreasing trend in all three small watersheds, with decreasing rates of −1.76 mm/a, −1.97 mm/a, and −1.32 mm/a, respectively.
[image: Figure 2]FIGURE 2 | Analysis results of linear estimation method.
The Z-values obtained from the Mann-Kendall test for streamflow, precipitation, and PET in the three watersheds are all less than 0 (Table 2; Figure 3). This indicates that all variables exhibit a decreasing trend, which is consistent with the results obtained from the linear propensity estimation method. At the same time, it further demonstrates that the results of linear propensity estimation are reasonable and reliable. Additionally, the PET in all three watersheds shows a significant decreasing trend and passes the significance test at a confidence level of 99% (Table 2). The decreasing trend in runoff depth in the Wangkuai River watershed is lower compared to the other two watersheds, only passing the significance test at a confidence level of P < 0.05 (Table 2). This indicates that the degree of runoff reduction in the Wangkuai Reservoir watershed during the study period was not as severe as the other two watersheds. However, the decreasing trend in annual precipitation is not significant and does not pass the significance test. Therefore, the annual precipitation in the three river basins did not decrease continuously during the study period, but instead showed alternating periods of high and low rainfall (Figure 3). Furthermore, the Cv of runoff depth, precipitation, and evapotranspiration are similar among the three basins. This also shows the fluctuation levels of the variables in the three watersheds are similar, indicating a high level of consistency among the watersheds.
TABLE 2 | MK trend analysis statistical results table.
[image: Table 2][image: Figure 3]FIGURE 3 | MK Trend Analysis Change Chart [Note: From top to bottom are Beihedian, Xidayang, and Wangkuai, and from left to right are evapotranspiration (ET0), precipitation (P), and runoff depths (R)].
3.2 Change-point Analysis Results
The Pettitt abrupt change-point detection test was applied to detect the abrupt change points in the annual streamflow series of the Xidayang Reservoir Hydrological Station, Wangkuai Reservoir Hydrological Station, and Beihedian Hydrological Station from 1963 to 2019. The Pettitt statistic for the Xidayang Reservoir Station and Beihedian Station fluctuated and increased before 1999 but decreased afterward, reaching a significant level of α=0.05 (Figure 4). This indicates that both stations experienced a significant change point around 1999. On the other hand, the streamflow series of the Wangkuai Reservoir Station showed a significant change point around 1980 (Figure 4). This could be attributed to the implementation of land system reforms and the construction of the Three-North Shelterbelt Forest Program in China during the mid to late 1970s (Huang, 2018). These initiatives led to improved forest quality in the watershed, significantly increased vegetation coverage, and enhanced plant transpiration. Combined with the effects of meteorological conditions such as precipitation and temperature, these factors contributed to the decrease in watershed streamflow. Therefore, the derived change points in the watershed streamflow are considered reasonable, and the results of the abrupt change-point detection test are consistent with those of relevant studies, confirming the reliability of the conclusions.
[image: Figure 4]FIGURE 4 | Results of abrupt change-point detection test.
Based on the analysis of the change points in the three hydrological stations, the years 1980 and 1999 were selected as the change years. The period 1963–1979 (Period I) was designated as the natural baseline period. During this period, the hydrometeorological variables were relatively stable and there was minimal human interference that could impact streamflow. The period 1980–2019 represented the period of human activities’ influence on streamflow and was further divided into two periods: 1980–1998 (Period II) and 1999–2019 (Period III). These periods experienced intense human activities such as water conservancy construction, afforestation, and increased water consumption, which resulted in significant disturbances to the streamflow.
In this study, an analysis was conducted based on these three periods, and the values of hydro-meteorological variables within each period are shown in Figure 5. The results demonstrate a high level of consistency among the three methods. The parameter n, representing the underlying surface, shows an increasing trend in all three watersheds. This trend is particularly pronounced in the Beihedian River watershed, where the change from Period II to Period III is most significant. This indicates that the impacts of human activities such as water conservancy projects and afforestation on streamflow have been progressively intensifying year by year.
[image: Figure 5]FIGURE 5 | Values of hydrological elements and underlying surface parameters.
3.3 Calculation results from the elasticity coefficient method
3.3.1 Sensitivity analysis
The sensitivity of streamflow depth to precipitation, PET, and underlying surface parameters is analyzed by three methods based on the Budyko Hypothesis. In this study, the elasticity coefficient εx is employed to quantitatively characterize the sensitivity of streamflow depth to these variables.
It is evident that precipitation is positively correlated with streamflow, while PET and underlying surface parameters are negatively correlated with streamflow (Table 3, Figure 6). Taking the calculation results based on Zhang Lu’s empirical formula as an example, for the Beihedian River watershed, a 10% increase in baseline precipitation corresponds to a 25.9% increase in streamflow depth, while a 10% decrease in PET and underlying surface parameters corresponds to a 15.9% and 7.1% increase in streamflow depth, respectively. Furthermore, the sensitivity of streamflow depth to both precipitation and PET in the Beihedian River watershed increases over time. The precipitation sensitivity coefficient increases from 2.92 to 6.95 and the PET sensitivity coefficient increases from 1.92 to 5.95. Similar patterns were observed in the Xidayang Reservoir watershed, where the sensitivity of streamflow depth to precipitation and Pet also increases over time. The precipitation sensitivity coefficient increases from 2.62 to 4.24 and the PET sensitivity coefficient increases from 1.26 to 3.24. In contrast to the above two watersheds, the Wangkuai Reservoir watershed exhibits an initially significant enhancement and then a slight weakening in the sensitivity of streamflow depth to precipitation and PET over time.
TABLE 3 | Sensitivity of runoff to precipitation, PET, and underlying surface parameters.
[image: Table 3][image: Figure 6]FIGURE 6 | Result of sensitivity analysis.
Regarding the elasticity coefficients of streamflow depth to underlying surface parameters in the three watersheds, there are discrepancies among the calculation results obtained from the three methods (Table 3, Figure 6). Notably, the calculation results based on the Choudhury-Yang Formula exhibit an opposite trend compared to the other methods. However, the overall observation of a weak increasing tendency in sensitivity indicates the increasing influence of human activities on streamflow variations.
3.3.2 Quantitative analysis
Based on the results of the abrupt change-point detection test for streamflow depth in the three watersheds, the study period is divided into three periods: before 1980, after 1999, and between 1980 and 1999. Using formulas and three water balance equations based on the Budyko Hypothesis, the contribution rates of [image: image] and [image: image] to the changes in streamflow depth are calculated.
Analysis of the data in Table 4, Figure 7 indicates that the results obtained from the three methods are relatively consistent, demonstrating a certain level of reliability. The impact of human activities on streamflow in the Beihedian River watershed is found to be above 57% and shows an increasing trend overall. In the Xidayang Reservoir watershed, the impact of human activities is higher compared to the other two watersheds, with the contribution rates in the order of Periods II and III, I and III, and I and II (Table 4, Figure 7). Moreover, the impact of human activities is more pronounced in Period III compared to Period II. Since the year 2000, the intensification of human activities has led to a rapid decrease in streamflow. In contrast to the other two watersheds, the Wangkuai Reservoir watershed shows a lower contribution rate of human activities to streamflow, with the contribution rates in the order of Periods I and II, I and III, and II and III. The decreasing role of human activities in reducing streamflow has become weaker over time in this watershed.
TABLE 4 | Contribution rates of climate change and human activities to runoff.
[image: Table 4][image: Figure 7]FIGURE 7 | Result of quantitative analysis.
3.4 Calculation results from the hydrological simulation method
In this study, the WATLAC hydrological model is employed to simulate three small watersheds within the study area at a spatial scale of 1 km and a daily time scale. Taking the Beihedian River watershed as an example for Periods I and II, the watershed data from Period I was used to build the model. The model was calibrated and parameterized using measured data, and the calibration results showed an NSE of 0.74 for this period, indicating a high accuracy and reliability of the model. To quantitatively assess the impacts of climate change and human activities on streamflow, the watershed data from Period II was used as input for the calibrated model to simulate the daily streamflow volume for that period. The difference between the simulated streamflow for Periods I and II was then calculated to represent the contribution of climate change to streamflow, and the contribution rate of human activities was determined accordingly.
Human activities have a significant influence in all three watersheds. Except for Periods II and III in the Wangkuai Reservoir watershed, human activities accounted for more than 50% of the influence on watershed streamflow in all three watersheds during the different periods. Particularly in the Xidayang Reservoir Basin during Periods II and III, human activities accounted for approximately 75% of the influence, far exceeding the 25% attributed to climate change’s impact on watershed streamflow (Figure 8).
[image: Figure 8]FIGURE 8 | Proportion of climate change and human activities impact obtained by hydrological simulation method.
4 DISCUSSION
4.1 Attribution analysis of precipitation runoff process
The formation and evolution of precipitation-streamflow processes are comprehensive processes influenced by a complex interplay between natural and human activities. These processes are affected by a multitude of factors. From the perspective of human activities, their impact on surface streamflow can be categorized into direct and indirect effects. The direct effects include activities such as water consumption, water induction projects, water diversion projects, and the construction of reservoirs (Shakarami et al., 2023).
The indirect effects primarily manifest in changes to the underlying surface of the watershed. Changes in land use types and alterations in vegetation cover can modify surface roughness (Bronstert et al., 2002; Zhang et al., 2007). These modifications can have profound effects on processes such as watershed streamflow yield, concentration, and evapotranspiration (Sterling et al., 2013; Xin et al., 2019). Such changes have significant implications for regional and even global water cycling processes and variations in water resources. Therefore, it is important to analyze the four aspects of human activities that have a significant impact on human activities: soil erosion control, changes in land use types, changes in the fraction of vegetation cover (FVC), and changes in water consumption. This analysis will help clarify the causes of variations in streamflow.
Due to the combined effects of natural factors and human socioeconomic activities, severe soil erosion occurs in the mountainous area of the Daqing River Basin. It results in damage to water and soil resources as well as loss of land productivity. The watershed experiences frequent disasters such as heavy rainstorms, floods, dust storms, and sandstorms. For example, in 2005, the city of Baoding had a total area of soil erosion of 6,180 km2, with moderate to severe erosion accounting for 72% of this area. Soil erosion is severe in the region. To improve the current ecological environment, various soil and water conservation measures were implemented in the city, including terracing, afforestation, grass planting, and the closure and management of degraded land. The status of these treatment measures can be seen in Figure 9. In 2020, the area affected by soil erosion in Baoding decreased to 4,345.96 km2, with moderate to severe erosion covering 3.6% of this area. The area of soil erosion decreased by 1.27% compared to 2019 and by 29.68% compared to 2005, indicating significant effectiveness in soil and water conservation efforts (Figure 9). On one hand, soil and water conservation measures improve soil structure and result in increased soil porosity. This allows for greater infiltration depth and prolonged infiltration time, which in turn can intercept streamflow. On the other hand, these measures enhance the watershed’s flood control and water storage capacity, thus affecting the collection of surface streamflow and increasing effective evaporation, thereby reducing the volume of river streamflow.
[image: Figure 9]FIGURE 9 | Completion status of various treatment measures.
In order to visually demonstrate the impact of soil and water conservation measures on land use and vegetation cover in the watershed, an analysis of land use types from 1980 to 2019 was conducted for the typical years. Figures 10, 11 illustrate the spatial distribution changes of different land use types in the watershed and their respective area proportions. It is evident that the main land use types in the study area are grassland, forestland, and farmland. Comparing Period III with Period II, there was a decrease in the area of farmland, grassland, and unused land, accompanied by an increase in forestland, which became the dominant land use type in the watershed. This change can be attributed to large-scale deforestation and cultivation on slopes that occurred from the late 1950s to the early 1960s, resulting in significant alternations to land use and damage to natural vegetation. Since the late 1970s, extensive soil and water conservation projects have been implemented in the watershed. In the early 1980s, largescale afforestation campaigns were carried out, leading to an increase in the forestland area within the watershed. The expansion of forestland played a significant role in water conservation by enhancing soil water retention capacity and reducing surface streamflow volume. In the rainy season, a portion of rainfall may be converted into underground streamflow. These measures had a positive effect on controlling flood and maintaining river flow during the dry season, increasing the low-flow volume and ensuring stable river discharge. However, it is important to note that the study area has deep soil layers and belongs to a semiarid region where vegetation transpiration consumes a significant amount of water. Therefore, the regulating effect of forest vegetation on river flow during the dry season is limited. In fact, during the dry season, vegetation can further intercept and retain streamflow by absorbing soil moisture through root growth. This can lead to drier soil conditions and increased storage of precipitation, further exacerbating the impact on streamflow.
[image: Figure 10]FIGURE 10 | Completion status of various treatment measures.
[image: Figure 11]FIGURE 11 | Proportion of land use types in different watersheds.
Under the influence of human activities, changes occur in soil erosion, land use types, etc., thereby affecting the values of underlying surface parameters (Jiang et al., 2015). Among these parameters, the underlying surface parameter n is mainly influenced by factors such as vegetation, soil, and topography, while the variability of soil properties and topography within the watershed is relatively weak over a short period. Changes in the underlying surface parameters are mainly related to vegetation. Therefore, NDVI is selected as a parameter to reflect vegetation growth status and analyze the impact of human activities and climate change on the underlying surface. It exhibits a linear relationship with chlorophyll density and vegetation productivity. And precipitation plays a very important role in the growth process of plants, so we simply consider precipitation as a factor in climate change. Figure 12 displays the changes in NDVI and precipitation. It can be observed that the overall NDVI values are relatively small with significant fluctuations but show an upward trend. Although both climate change and human activities can contribute to changes in underlying surface conditions, the increase in NDVI within the watershed is primarily influenced by human activities due to the insignificant changes in precipitation.
[image: Figure 12]FIGURE 12 | Changes in NDVI and precipitation in various watersheds.
In the early 1980s, China implemented land reform policies, which encouraged farmers to increase agricultural activities to boost agricultural production. This resulted in a significant increase in grain output. However, water productivity remained relatively unchanged. As a consequence, there was an increase in agricultural water usage (Hu et al., 2012). Taking the city of Baoding as an example, the irrigated area was 6,573.33 km2 in 2008, four times that of the early days of the People’s Republic of China and twice that of 1957. Despite this expansion, large-scale flooding irrigation practices persist in the watershed, with a lack of water-saving measures. To meet irrigation needs, a large amount of groundwater is extracted, leading to the formation of extensive, deep underground cones of depression. This increases the extent of the unsaturated zone in the soil and its water storage capacity, thereby reducing streamflow formation. Furthermore, the significant decline in groundwater levels increases the hydraulic gradient between surface water and groundwater, leading to increased infiltration and further reducing the volume of surface streamflow.
The explosive growth of urban, industrial, mining, and residential land from 2000 to 2018 (Figure 11) indicates an accelerated pace of urbanization and rapid socioeconomic development. The proportion of industrial land is continuously rising, reflecting higher levels of urbanization. With the increase in population. and the demand for domestic and industrial water, the main water supply methods are through water diversion projects and groundwater extraction. However, engineering water induction directly reduces the flow in river channels, leading to a decline in surface streamflow. Moreover, the conversion of urban development land to impermeable hardened surfaces results in a rapid increase in surface streamflow and evaporation loss during heavy rainfall events, further reducing streamflow volume.
Based on the findings of this study, the following recommendations are proposed for the sustainable utilization and management of water resources in the watershed: In the field of agriculture, it is important to strengthen regulations on total water usage and efficiency, adjust planting structures, and actively promote water-saving technologies such as drip and sprinkler irrigation, while gradually advancing industrial upgrades. In the industrial sector, efforts should be closely aligned with industrial layout and urban planning, aiming to phase out high-water-consumption and heavily polluting enterprises, and to improve industrial water efficiency and recycling rates. In urban development, there should be a strong emphasis on promoting public water conservation initiatives, enhancing water quota management, and implementing water-saving measures for urban residents.
5 CONCLUSION
This study focuses on three small watersheds in the upstream mountainous areas of the Daqing River Basin. Attribution analysis of streamflow changes was conducted from the perspectives of climate change and human activities. The main factors influencing streamflow changes in the watershed were explored. The conclusions are as follows:
(1) From 1963 to 2019, a significant decreasing trend was observed in both the annual streamflow depth and PET across the Beihedian River, Xidayang Reservoir, and Wangkuai Reservoir watersheds. The magnitude of the decrease was similar among these watersheds, indicating a high level of consistency. However, the decreasing trend in annual precipitation was not significant and did not pass the significance test.
(2) The streamflow series in the Wangkuai Reservoir and Beihedian River watersheds exhibited significant change points in 1999, whereas the streamflow series in the Xidayang Reservoir watershed experienced a significant change point in 1980. These change points may be related to the implementation of land system reforms and the construction of the Three-North Shelterbelt Forest Program in the mid to late 1970s.
(3) Based on the elasticity coefficient method and hydrological simulation method, consistent results were obtained: the average contribution rates of climate change to streamflow reduction in the three small watersheds were 32.93%, 34.50%, and 35.12%, respectively, while the average contribution rates of human activities were 67.07%, 65.50%, and 64.88%, respectively. Climate change has led to a reduction in streamflow volume in the watershed to some extent, but the primary reason for water resource depletion in the watershed is still the excessive interference of human activities.
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