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Abstract

:

Climate variation and land use changes have been widely recognized as two major factors that impact hydrological processes. However, it is difficult to distinguish their contributions to changes in streamflow. Quantifying their contributions to alteration of streamflow is especially important for the sustainable management of water resources. In this study, the changes in streamflow for the period of 1960–2008 at two stations (Dongwan and Luhun) were analyzed in the Yihe watershed in China based on hydrological data series and climate parameters. Using a non-parametric Mann–Kendall (MK) and Pettitt’s test, as well as Budyko analysis, we first examined the trends of hydroclimatic variables and the breakpoint of annual streamflow over the past 50 years. Subsequently, we evaluated the contributions of annual precipitation (P), potential evapotranspiration (PET), and land use condition (represented by w), respectively, to streamflow variation. We observed a decreasing trend for P, as well as increasing trends for PET and w. Annual streamflow showed a significant downward trend with an abrupt change occurring in 1985 during the period of 1960–2008. Accordingly, we divided the studied period into two sub-periods: period I (1960–1985) and period II (1986–2008). The sensitivity of the streamflow to the different environmental factors concerned in this study differed. Streamflow was more sensitive to P than to PET and w. The decrease in P was the greatest contributor to the decline in streamflow, which accounted for 50.01% for Dongwan and 55.36% for Luhun, followed by PET, which accounted for 24.25% for Dongwan and 24.45% for Luhun, and land use change was responsible for 25.25% for Dongwan and 20.19% for Luhun. Although land use change plays a smaller role in streamflow reduction, land use optimization and adjustment still have great significance for future water resource management, since climate variation is difficult to control; however, the pattern optimization of land use can be achieved subjectively.






Keywords:


climate variability; land use change; streamflow; contribution evaluation; Yihe watershed












1. Introduction


It is widely documented that changes in climate and land use are key factors that modify flow regimes [1,2]. On the one hand, climate variation, reflected by the rising temperature and evapotranspiration, as well as by the intensities and patterns of rainfall, is considered to have a significant impact on local, regional, and even global hydrological processes [3]. For example, Mexico and Turkey have suffered much damage from decreasing precipitation [4,5]. Drought stress has increased in southern Europe due to greater atmospheric evaporative demand as a result of temperature rise [6]. On the other hand, land use changes, primarily caused by human activities [7], can influence water distribution along different hydrological pathways through vegetation interception, soil water infiltration, and streamflow, hence altering hydrological processes [8]. One of the well-known examples of such land use change-induced effects in the world is the Aral Sea in Eurasia [9,10], where ~92% of the total water volume has been lost over the past four decades [11]. This has been put down to large-scale irrigation water consumption due to the increase of paddy field areas [12,13]. In addition, the impact of land use on hydrological processes is also well-supported by the evidence from hydrological changes caused by dam construction [14,15]. It can be seen that the effect of climate variation and land use changes on hydrological regimes are significant, and that such effects will likely continue to increase. Therefore, there is a need to investigate the hydrological response to these two factors.



Many previous studies have focused on changes in hydrological processes induced by climate variation or land use change. For instance, streamflow variation is closely related to precipitation, temperature, and evapotranspiration. The response of streamflow to changes in precipitation has been shown to be more sensitive than to changes in temperature and evapotranspiration, despite the fact that the latter two factors can also increase or decrease streamflow [16,17,18]. In terms of the effect of land use change on streamflow, rangeland makes a great contribution to streamflow decrease; in contrast, the expansion of cultivated and built-up land areas and the shrinking of forest areas will increase streamflow [19,20]. These findings show a consistency with the results reported by Nunes et al. [21]. Although these studies have provided crucial insights into the ongoing changes in hydrological processes, they focus only on the qualitative evaluation of streamflow change with a single factor (either land use or climate). Few quantitative attempts have been made to thoroughly understand the effects of changes in climate and land use on hydrological process, because their contributions to hydrological alterations are difficult to separate and change over time.



According to previous studies, paired catchments have been widely studied to compare the impacts of climate (mainly precipitation and temperature) and human activities (mainly land use) on hydrological alteration. For instance, Huang et al. [22] demonstrated that cumulative runoff yield in a afforestation watershed was reduced by 32% compared with that in a natural grassland watershed. Arrigoni et al. [23] and Vogel et al. [24] found that human activities had greater effects on the changes in streamflow and flood peaks in the United States. This method, however, requires a long duration and is only available in small catchments, since significant differences in the underlying surface exists in large catchments [25]. In reality, it is also difficult to find a comparable catchment free of human influence for such an experiment. With further research, based on GIS technology, some physical-based hydrological models have been established and applied to identify the contribution of climate and land use to streamflow changes in a specific catchment. Such models include SWAT (Soil Water Assessment Tool) [14], the Precipitation–Runoff Modeling System [26], the BASINS (Better Assessment Science Integrating Point and Non-point Sources) model [27], and MIKE (Alluvial River and Floodplain Model) [28], which provide effective tools for promoting the development of hydrological research. However, too many parameters are needed to implement these models, involving hydrological, meteorological, remote sensing, and topographical details for hydrological study of long-time series. Anyway, the lack of standard paired catchments and sufficient data has partly impeded the development of hydrology. Consequently, an alternative is desirable to counter these deficiencies. The method proposed by Budyko [29] based on water balance was a useful approach to normalize hydrological observation among a wide range of ecological and hydroclimatic conditions, and it could assess the secondary controls of climate, vegetation, and landscape on water balance at the watershed scale [30,31]. Although the Budyko framework was only meant to explain the long-term or mean annual water balance in a certain catchment, it has been developed to account for temporal and spatial variability [32]. This method has been confirmed to be applicable in northern and southern China [33,34], though not in central China, especially in the hilly watershed.



Notable evidence of economic and demographic changes has been found in the hilly areas during the past decades [35]. The hilly regions, especially in China, have suffered depopulation and abandonment of traditional farming practices because a large number of farmers have migrated to cities. The reduction in population and agricultural activities has negatively affected the extension and intensity of agricultural drainage systems, hence ditching and channelization activity has decreased accordingly [36]. As a result, the lack of runoff controlling facilities (i.e., favorable drainage systems) and other conservation practices (i.e., afforestation) lead a hilly watershed to be less resilient to heavy rainfall and lead to the increased frequency of extreme events. As such, it is necessary to carry out research in hilly watershed areas.



Some attempts have been made to analyze the streamflow alteration caused by climate variation and land use change for the representative rivers worldwide, such as the Nile [20], Amazon River [37], Yangtze River [38], and Yellow River [39,40]. Among these, more attention has been paid to the Yellow River in China. Many investigations have been dedicated to the primary tributaries (e.g., Weihe, Qinhe, and Wudinghe) [41,42,43], while less have been dedicated to the smaller tributaries. Yihe River, a second-order tributary of the Yellow River originating from Xionger Mountain in Henan Province, China, is a typical hilly watershed. Great changes have taken place in terms of climate and land use in this watershed under the influence of global change and human activities [44]. Zhang et al. [45] found that the annual mean temperature in the 2000s was 1° higher than that in the 1980s in Luoyang City, in which the watershed is located. The annual mean precipitation presented a nearly 7% increase by the early 21st century, which also contributed to flood occurrence. Additionally, driven by socio-economic development, land use has undergone great changes in this watershed. For example, the increase in built-up land caused by a thriving tourism industry [46] has altered the runoff-generation condition of the underlying surface, making hydrological processes much more complicated. Previous studies conducted within this watershed have made little progress on the driving force of landscape dynamics [47], landscape simulation [44], and the hydrological alteration induced by land use with the SWAT model and statistical analysis [48]. Not only is there little research in this area, but the information on how much of the change in the historical streamflow record was caused by either climate variation or land use change is lacking. Therefore, the present study aims to thoroughly investigate the streamflow variation with a long-term time series in this hilly watershed, as well as provide some theoretical and methodological references for the study of same-scale hilly watersheds. The objectives of this study are (1) to investigate the spatiotemporal changes in streamflow, precipitation, and potential evapotranspiration with long historical data series, (2) to assess the sensitivity of streamflow to climatic factors and land use change, and (3) to quantify the contributions of climate variation and land use change to streamflow alteration.




2. Data collection and Analytical Methods


2.1. Study Area


Yihe River, situated in Luoyang City, Henan Province, in the central part of China (33°39′–34°41′ N, 111°19′–112°54′ E), originates from the Xionger Mountains, traveling 268 km from southwest to northeast with an average annual streamflow of 368 million cubic meters and flows across Luachuan, Songxian, Yichuan, and Yanshi counties before draining into the Yellow River and converging with the Luohe River (Figure 1a). The study area is subject to a temperate continental monsoon climate with hot-rainy summers and cold-rainless winters, accompanied by a mean annual temperature of 13 °C and a mean annual precipitation of 800 mm, mainly occurring during the rainy season from July to September. Land use types are dominated by forest and cultivated land, accounting more than 50% and 30%, respectively, followed by less than 10% of grass and built-up land areas. The reservoir, built in 1959, was located in the lower part of the watershed with a total storage of 1320 × 106 m3. It has played an important role in irrigation, flood control, and water supply around the area. This region covers an area of about 5538 km2 and is composed of mountains, hills, and plains, with elevations of 200–2159 m [47]. The mountainous area is generally confronted with the acute contradictions between more population and less land, followed by land fragmentation with human interference. In order to highlight the hilly watershed and reduce the limitation of available data, we selected the upper part of this watershed, mainly encompassing hills and mountains, as the study area (Figure 1b).




2.2. Data Collection


Daily streamflow records for the period from 1960 to 2008 obtained from Luhun and Dongwan gauging stations (Figure 1) were made available by the Yellow River Conservancy Commission of the Ministry of Water Resources. Short gaps in the daily data (approximately 3 days) were filled with linear interpolation. The daily streamflow data were aggregated into mean annual discharge in depth (mm) so as to be consistent with the units (mm) of precipitation and PET. Daily meteorological data composed of precipitation, mean, maximum, and minimum air temperatures, sunshine duration, wind speed, and relative humidity were used to calculate potential evapotranspiration using the Penman-Monteith equation [49]. This method involves all climatic and biological factors influencing evapotranspiration and has been widely recognized to provide better estimates of PET [50]. Dongwan is located in the upper part of the study area and its annual precipitation and PET were estimated with the data from five meteorological stations above this gauge station. Luhun lies in the main stream, and its meteorological parameters were obtained based on all the meteorological stations in the study area.



In addition, we collected land use data from two periods (1985 and 2005) retrieved from Landsat TM images based on the abrupt point to assess the impact of land use change on the hydrological regime. These images were processed by combining the visual interpretation with supervised classification supported by a geospatial analysis platform in ArcGIS 10.2 and ENVI 5.3 to identify the land cover categories. Six land use types were classified according to the measured vegetation cover and field investigation: forest land, cultivated land, grassland, built-up land, water body, and unused land (Figure A1).




2.3. Trend Test and Abrupt Point Detection for Hydroloclimatic Series


The significance of trends in annual hydrometeorological time series (such as temperature, precipitation, and streamflow over a long period) was estimated by the non-parametric Mann-Kendall (MK) test [51,52]. This rank-based statistical method is extensively applied to series data that neither follow certain distribution rules nor are affected by a small number of outliers, thereby performing well with robustness for non-normally distributed and censored data [34]. A Z statistic and the slope (β) of the trend were assessed based on the M-K test. The detailed calculation can be obtained from Zhang et al. [30] and Wu et al. [53]. The non-parametric Mann–Kendall–Sneyers test (MKS) proposed by Sneyers [54] was applied to locate the abrupt change points. For more detailed information on the MKS algorithm, the reports by Mwangi et al. [55] and Zhang et al. [56] can be referenced. In order to further verify the abrupt location, Pettitt’s test was used to determine the change point more certainly. This method is a sort of non-parametric trend test and is commonly applied to detect a single change point in hydrometeorological time series [14,15]. The null hypothesis in this test is H0—some T variables follow one or more distributions that have the same location parameters (therefore, no change); the other alternative hypothesis is HA—a change point exists in the time series. This method was defined in Equation (1). The change point is detected at KT if the values are significant. The probable significance of KT is estimated in Equation (2).


KT=max|Ut,T|, Ut,T=∑i=1t∑j=t+1Tsgn(xi−xj)



(1)






p≈2exp(−6kT2T3+T2)



(2)








2.4. Attribution Analysis of Streamflow Variation


The Budyko analysis has been well reported to estimate the relative contribution of climate- and land use-induced alteration to streamflow between two time periods spilt by a demarcation point. Prior to this, the sensitivity of streamflow to climate variation and land use change was also analyzed to identify the high elasticity factor for further attribution analysis.



2.4.1. Budyko Analysis


The Budyko framework was designed to derive the climate sensitivity of the streamflow based on the water balance:


Q=P−AET+ΔS



(3)




where P is precipitation, AET is actual evapotranspiration, Q is streamflow, and ΔS refers to the change in water storage. For the long-term water balance in a watershed (e.g., over 10 years), soil water storage can be neglected (i.e., assuming that its value is 0) [57].



Budyko is a recommended method to demonstrate that the ratio of AET to P is primarily controlled by the water–energy balance of a watershed, while PET is proposed to measure the available energy, and P can be used to measure the availability of water. Therefore, the Budyko hypothesis can be expressed as:


AET=P×PET(Pw+PETw)1w



(4)




where w primarily represents the integrated landscape characteristics of a watershed, mainly concerning topography, soil properties, and land use condition. The change in w is generally considered to be largely due to land use change, since the topography and soil remain almost unchanged in a short time [58].



Combined with Equations (3) and (4), the water balance equation can, therefore, be expressed as:


Q=P−P×PET(Pw+PETw)1w



(5)







According to Equation (5), the annual value of w can be estimated using the annual data for Q, P, and PET.



In order to explore the impacts of different land use types on streamflow, the relative effect of each kind of land use type can be estimated by comparing the different characteristics of the underlying surface (i.e., the values of w). The value of w was set to be 2.8 for forest, and 1.5 for grass, construction land, and cropland based on related research [33]. The following formula can be used to define the ratio of streamflow change caused by different land use types:


AET=∑AET×Fi



(6)




where i refers to the land use types (including the several categories mentioned above) and Fi is the percentage of each land use area.




2.4.2. Sensitivity Analysis


Because the water balance equation can be rewritten as Q = f(P, PET, w), the total differential of Q can be written as:


dQ=∂Q∂PdP+∂Q∂PETdPET+∂Q∂wdw



(7)







This equation can be described briefly as:


dQQ=εpdPP+εpETdPETPET+εwdww



(8)




in which εp, εpet, and εw denote the sensitivity coefficient of the three factors (P, PET, and land use change) to streamflow change. Assuming that ∅ = AET/P, the sensitivity coefficients of Equation (8) are as follows [59]:


εp=(1+∅ω)1/ω+1−∅ω+1(1+∅ω)[(1+∅ω)1/ω+1−∅]



(9)






εpet=1(1+∅ω)[1−(1+∅−ω)1/ω]



(10)






εω=ln(1+∅ω)+∅ωln(1+∅−ω)ω[(1+∅ω)−(1+∅ω)1/ω+1]



(11)







A positive or negative sensitivity coefficient of a certain variable means that Q will increase or decrease with the change of the variable. According to the above equations, the annual or periodic sensitivity coefficients of streamflow concerning P, PET, and w can be determined for different hydrological stations, and the temporal evolution of the sensitivity coefficients can also be assessed.




2.4.3. Quantification of Contribution


The streamflow’s alteration can be measured according to its observed change before and after the abrupt point (Q1 and Q2) [60], which can be expressed as:


ΔQ=Q2−Q1



(12)







Since the total streamflow consists of two parts, meaning that its change is caused by climate change and by land use, Equation (12) can be converted into:


ΔQ=ΔQc+ΔQw



(13)




where ΔQc and ΔQw are streamflow change induced by climate and land use, respectively. The former (ΔQc) mainly includes streamflow change due to precipitation variation (ΔQP) and that due to potential evapotranspiration variation (ΔQpet).



The streamflow change induced, respectively, by the three factors before and after the abrupt point can be estimated as:


ΔQp=εp QP ΔP



(14)






ΔQpet=εpet QPET ΔPET



(15)






ΔQw=εw Qw Δw



(16)




where ΔP = P2 − P1, ΔPET = PET2 − PET1 and Δw = w2 − w1 denote the changes in annual precipitation, potential evapotranspiration, and land use from period I to period II.



The individual contributions of the three variables to streamflow alteration can be defined as ηp, ηpet, and ηw, and can be estimated using the following expression.


ηp=ΔQpΔQ×100%



(17)






ηpet=ΔQpetΔQ×100%



(18)






ηw=ΔQwΔQ×100%



(19)










3. Results Analysis


3.1. Identification of the Breakpoint


The trend analysis of annual streamflow changes over the study period is shown in Figure 2. The intersection of the forward and backward curves within the confidence lines determines a starting point for the abrupt change in the time series. Furthermore, the breakpoint in streamflow is statistically significant only if at least one point in the curve uf (solid line) falls outside the confidence interval.



The results indicated that streamflow in the two stations generally experienced a downward trend after 1985, and it was significant after 1993 in Luhun and 1998 in Dongwan for most values outside the confidence interval. It also can be seen that two intersections appeared within the confidence intervals for the two stations. One fell in 1976 for Luhun and 1972 for Dongwang, and the other occurred in both stations in 1985. Since almost no uf values in the nearly 10 years from 1972 to 1985 surpassed the 95% confidence level for the two stations, it is appropriate to define 1985 as the change point after which the streamflow showed an overall declined.



Pettitt’s test at the 5% significance level was also performed to further confirm the specific location of the change point (Table 1). The result of Pettitt’s test was similar to that of Mann-Kendall analysis. The results drawn from the two methods indicated that the abrupt point fell in 1985.



Therefore, based on the analysis of the abrupt change of annual streamflow, the evolution of the streamflow can be divided into two time series: period I (1960–1985) and period II (1986–2008).




3.2. Hydroclimatic Trend and Sensitivity of Streamflow to Environmental Factors


As shown in Table 2, the annual streamflow had a downward trend for the two stations in the different periods, except for the slight upward trend for Dongwan in period I, while the decline was only significant over the whole period. The variation in magnitude was the largest for Luhun (β = −0.21). Precipitation exhibited a decreasing trend in all the periods, and it was significant for Dongwan in period II. The largest magnitude occurred in Luhun (β = −1.39). Contrary to streamflow and precipitation, PET showed a significant upward trend in period II for the two stations with Z values of 1.69 and 3.59, respectively. However, it was the complete opposite in period I, with a significant downward trend. In general, the combined effect of a downward trend in period I and an upward trend in period II caused an overall increasing trend for the whole study period for the two stations (Z = 0.13, 1.54), with significance for Dongwan. However, the increase in w was insignificant for the two stations in all periods.



The sensitivity of the streamflow to environmental factors with respect to P, PET, and w is also presented in Table 2 for the whole period and the sub-periods at the two stations. It was found that streamflow was positively correlated with P, but negatively correlated with PET and w. The absolute values of the sensitivity coefficients were largest for P, intermediate for PET, and smallest for w, ranging from 1.89 to 4.91 for P, from −1.53 to −2.36 for PET, and from −0.74 to −1.68 for w. This suggests that a 1% increase in P, PET, or w would result in a 1.89–3.91% increase, 1.53–2.36% decrease, or 0.74–1.68% decrease in streamflow, respectively. The coefficients were greater for Luhun than Dongwan in most periods, and they were general larger in period II than in period I.



To further estimate the temporal evolution of the impacts of climate variation and land use change on streamflow, the annual sensitivity coefficients for the period of 1960–2008 for the two stations were obtained (Figure 3). The change magnitude for absolute values of εp and εpet in Luhun was greater than that in Dongwan (Figure 3a,b), which suggests that streamflow became more sensitive to climate variation in Luhun but less sensitive in Dongwan. The change magnitude for absolute values of εw exhibited a similar trend to that of climate variables (Figure 3c), indicating that the sensitivity of the streamflow to land use change in Luhun was greater than that in Dongwan.




3.3. Quantitative Attribution Analysis of the Streamflow Decline


Based on the estimated sensitivity of streamflow and the change in mean annual precipitation, potential evapotranspiration, and parameter w from period I to period II (Table 2), the streamflow variation due to the changes in P, PET, and w was also estimated using Equations (14)–(16), respectively. The total change in the modeled streamflow was denoted as the sum of ΔQp, ΔQpet, and ΔQw. The correlation between the modeled streamflow and the observed one (estimated as the difference between the two sub-periods) over the study period was analyzed (Figure 4) and it was revealed that the modeled streamflow had a significant linear correlation with the observed streamflow (R2 ≥ 0.8, p < 0.01), suggesting that this method was capable of estimating streamflow change in the present study. Also, the similar changes between the calculated values (ΔQ) and the observed values (ΔQ’) (Table 3) further support the feasibility of the method.



Streamflow changes caused by climate variation mainly include changes in P and PET, and those caused by land use change refer to changes in w. The relative contribution of each factor to streamflow decline was also calculated (Table 3). Over the study period of 1960–2008, both climate variation and land use change decreased streamflow. In terms of the impact of climate variation on streamflow at the two stations, changes in P made the greatest contribution to streamflow decline, accounting for 50.01% in Dongwan and 55.36% in Luhun. Potential evapotranspiration reduced streamflow by 13.53 mm (24.25%) in Dongwan and 17.76 mm (24.45%) in Luhun. Regarding the contribution of land use change to streamflow decline at the two stations, land use caused reductions in streamflow by 14.09 mm and 14.67 mm and was responsible for 25.25% and 20.19% decline, respectively, in Dongwan and Luhun.



The main factor controlling the changes in streamflow was climate variation (including P and PET) at the two stations. The effect of P on streamflow change was more significant than that of PET. However, land use change was less responsible for streamflow change at the two stations.





4. Discussion


In the present study, a decrease in precipitation and an increase in PET were found; these findings corresponded to the results of a study in northeast China reported by Li et al. [61]. Apart from the decreasing trend in streamflow in this area, as revealed by Liang [62], our study located the abrupt change point in the year 1985 for streamflow, suggesting that the streamflow has declined since 1985 when compared with that of the previous 26 years before 1985. The abrupt change analysis is in accordance with that of Dai et al. [38], indicating that the change point occurred between the 1980s and 1990s. The two stations had similar trends in P, PET, and w despite the slight differences between them.



Although the change in streamflow was closely related to the variations of P and PET, land use changes also played an important role in streamflow alteration. In this section, we mainly focus on how the streamflow responds to land use change and climate variation based on our findings.



4.1. Land Use Change and Its Impact on Streamflow Decline


There was a small change in land use type from period I to period II (Table 4). The cultivated and forest land were the dominant land use types, with cultivated land (forest land) showing a slight decrease (increase), while there was a noticeable increase in built-up area at a rate of 23.70%. The increase in such land revealed an increasing water requirement that could aggravate the conflict between water supply and demand. In addition, the increased built-up land was mainly from the decline in cultivated and forest areas (Table 5), which affected the interception, infiltration, and evaporation of precipitation, hence altering streamflow.



Meanwhile, grassland was the third major land use type with an area of 389.01 km2 in 1985 and an area of 350.73 km2 in 2005. The grass land area decreased at a rate of 9.02%, mainly due to the transition to cropland and forest land with flow-out areas of 22.09 km2 and 15.92 km2 (Table 5). This increased streamflow interception and infiltration to a certain extent, hence resulting in a greater decline for streamflow in period II (Table 2). Additionally, the increasing water body area from 87.38 km2 in 1985 to 95.63 km2 in 2005 also contributed to the increase in evapotranspiration, thereby reducing streamflow [55].



To further explore the impact of different land use types on streamflow before and after the change point over the study period, we only quantified the contributions of cultivated land, forest, grass, and built-up land to streamflow decline, considering the lower proportion of water body and unused land (Table 6).



The impacts of different land use types on the reduction in streamflow were quite dissimilar. The contribution of forest land was the largest in both periods, followed by grass land, implying that forest and grass plays an important role in streamflow decline in the study. On the one hand, forest and grass areas occupied a larger proportion of the total area (Table 4). On the other hand, the forest and grass cover increase the surface roughness, and thus intercept more precipitation, hence reducing surface streamflow.



However, the development of cultivated land and built-up land increases landscape fragmentation. In particular, the patchy distribution in relatively flat locations further decreased the slope streamflow by hindering the effective area for streamflow convergence, which was also slightly responsible for the reduction of streamflow (Table 2) [53], but this contribution was relatively small.




4.2. The Impact of Climate Variation on Streamflow Change


Generally, climate variation is the primary reason for streamflow alteration in the study area. This finding is in agreement with the results of a study conducted in northwestern China by Yin et al. [63], indicating that the contribution of climate change to streamflow increase was 14.08%, while land use change only accounted for 7.12%. Precipitation was the major factor controlling streamflow change. The significant downward trend for the two stations (Table 2) could be partly caused by the decline of precipitation, since precipitation and streamflow were well synchronized and they had a strong positive correlation [53]. There was a significant upward trend for PET in the whole period, which was consistent with the results from Zhang et al. [56] and Piao et al. [64], suggesting that most parts of China have been become warmer and PET has increased accordingly in recent years. However, land use condition (w) although showed an upward trend but without significance in different periods. This is primarily due to less interference of human activities on land use [32], and the changes reported by Liang [62], similar to those shown in Table 4 and Table 5, further confirm this. In general, the sensitivity of streamflow to P was much greater than that to PET and w (Table 2, Figure 3), and the similar findings have been well documented by other researchers [41,58].



The attribution analysis indicated some differences between the two stations (Table 3). It was found that the change in P was still the major contributor to streamflow change, which also confirmed the proposition that the evolution of streamflow was mainly impacted by natural factors, especially precipitation [65]. However, the precipitation change in Dongwan was greater than that in Luhun (Table 2), while the streamflow variation induced by precipitation in Dongwan was smaller than that in Luhun (Table 3). The possible reasons for this can be attributed to the different elevation and land use types. Dongwan is located in the upper part of the study area with high elevation (Figure 1), which made streamflow more prone to flowing downhill [66], whereas Luhun is located in the lower part of the study area accompanied by relatively flat terrain, with patchy distribution of grass and forest land (Figure A1) contributing to increases in interception and infiltration. Moreover, the previous studies suggested that grass and forest played important roles in water-holding [67,68]. In addition, the reservoir located above the Luhun station intercepts the flow path, hence decreasing runoff downstream [14]. The same holds true in the present study. Land use change in Dongwan and Luhun was responsible for 14.09 mm and 14.76 mm reductions in streamflow, respectively. The change in streamflow caused by PET in Luhun (−17.76 mm and 24.45%) was greater than that in Dongwan (−13.53 mm and 25.25%), which was similar to PET variation. This finding was in good agreement with the results of Ning et al. [58] and Xu et al. [32], indicating that streamflow has a negative relationship with PET.




4.3. Uncertainty of Quantitative Assessment and Future Research


This study provides critical insight into the hydrological dynamics of the Yihe River watershed, but there are several limitations concerning the theoretical analysis. First, the available hydrological gauge stations and meteorological stations were limited; the results would be better if sub-basins could be divided to analyze the spatiotemporal change in streamflow in greater detail. For example, comparisons would be more evident if more ΔQp, ΔQpet, and ΔQw were found, hence more detailed information about streamflow and strategies can be detected and put forward. Secondly, the Budyko framework used in the present study is based on the assumption that land use change is independent from climate change, which may deviate from the fact that interactions are usually strong between the land and the climate system. In addition, the Budyko framework was mainly focused on long-term hydrology or climate changes at the annual scale. In fact, research on various time scales (such as monthly and seasonal scales) is also necessary, which requires further exploration. Thirdly, this study simplified the non-natural factors that affect streamflow into land use due to higher vegetation coverage and local land development, based on a field investigation. However, the comprehensive effects of a variety of specific non-natural factors involve many aspects, such as the implementation of water and soil conservation projects, the construction of dams, the Grain for Green program, etc. Therefore, in future work, more specific non-natural factors should be taken into account to further explore the isolated and joint effects of climate and non-natural factors on streamflow.



Although the streamflow alteration induced by land use change was not as noticeable as that reported in other research [69], its importance in streamflow decline cannot be ignored. Streamflow can be effectively inhibited through the adjustment of land type and the optimization of its spatial distribution. For instance, converting the sloping cultivated land to terraces, or converting orchards to forests can substantially decrease streamflow, especially for hilly watershed areas [70]. In addition, the parameters impacting climate change not only refer to P and PET but also include weed speed, relative humidity, and sunshine hours, therefore it would be better if the contribution of all the climate factors to streamflow change could be assessed in the future. It should be also acknowledged that the present study is a preliminarily tentative work for an attribution analysis of streamflow change. The impact of climate variation on streamflow is more evident than the impact of land use change but it is difficult to control, therefore more attention should be paid to land use optimization and management for the sustainable development of water resources.





5. Conclusions


The impact of climate variation and land use changes over a 50-year trend of streamflow in the Yihe River was investigated in the present study using a framework by Budyko. The impact of climate variation on streamflow was further partitioned into effects induced by changes in precipitation and those by changes in potential evapotranspiration. According to the findings derived from this work, the following conclusions can be made:




	
The trend analysis derived using Mann-Kendall tests indicated a significant downward trend in annual streamflow at the two stations. The abrupt point analyzed based on MKS and Pettitt’s test for the time series trend was detected in 1985.



	
A reduction in P and an increase in PET was detected for two stations over most of the studied periods, except for in period I for PET. Land use change (w) increased in all the periods but without significance. The streamflow was found to be most sensitive to P, followed by PET and w for both periods and inter-annual change. The streamflow decline in Luhun was much more sensitive to the three variables than that in Dongwan.



	
Climate change was the major contributor to streamflow alteration, which mainly comes from the increase in P and the decrease in PET, whose individual effects on streamflow change accounted for more than 50% and 20%, respectively. Land use change contributed to a small percentage of the change in streamflow at the two stations, which may be attributed to the small dynamic change of land use and less human interference in the study area.



	
Although climate variation is substantially responsible for the streamflow change in the Yihe watershed, much attention should still be paid to land use management, since climate change is difficult to control and streamflow can be regulated through artificial measures (such as reforestation and re-grassing) to promote sustainable development of water resources.



	
The variation in streamflow at various time scales (such as monthly and seasonal scales) is also very important for water resource planning and management. More attempts should be made to achieve this in future studies, for example by applying a hydrologic model (such as SWAT) to investigate the changes in streamflow at monthly scale.
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Figure A1. Land use maps in 1985 and 2005 in the study area. 
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Figure 1. General location of Yihe watershed (a) and the study area (b). 
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Figure 2. Sequential Mann-Kendall test for annual streamflow with forward trend uf (solid line) and backward trend ub (dashed line) at the 0.05 confidence level (dotted horizontal lines). 
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Figure 3. Inter-annual changes in sensitivity coefficients for precipitation (a), potential evapotranspiration (b), and w (c). 
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Figure 4. Correlation analysis between the modeled streamflow change and the observed change for Dongwan (a) and Luhun (b) stations. 
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Table 1. Change point detection by Pettitt’s test for annual streamflow at the two stations.
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	Stations
	p-Value
	Decision





	Luhun
	0.02
	Change point: 1985



	Dongwan
	0.04
	Change point: 1985
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Table 2. Hydroclimatic characteristics in the study area.
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Period

	
Stations

	
Q (mm)

	
P (mm)

	
PET (mm)

	
w

	
Sensitivity Coefficient




	
Average

	
Z

	
β

	
Average

	
Z

	
β

	
Average

	
Z

	
β

	
Average

	
Z

	
β

	
εp

	
εpet

	
εw






	
Whole period

	
DW

	
125.39

	
−1.77 **

	
−0.17

	
837.03

	
−0.25

	
−0.23

	
420.53

	
1.54 *

	
0.05

	
2.01

	
0.69

	
0.005

	
1.89

	
−1.65

	
−1.23




	
LH

	
150.94

	
−1.97 **

	
−0.21

	
712.35

	
−0.68

	
−1.39

	
441.37

	
0.13

	
0.59

	
2.14

	
1.18

	
0.02

	
3.22

	
−1.53

	
−1.42




	
Period I

	
DW

	
144.15

	
0.22

	
0.05

	
861.97

	
−0.48

	
−0.21

	
420.10

	
−1.7 2 **

	
−1.09

	
1.96

	
−0.75

	
-0.01

	
2.23

	
−2.02

	
−1.68




	
LH

	
176.64

	
−0.26

	
−0.03

	
718.04

	
−0.26

	
−0.20

	
450.04

	
−2.95 **

	
−3.16

	
2.16

	
−1.45

	
-0.05

	
3.87

	
−2.34

	
−1.01




	
Period II

	
DW

	
104.21

	
−0.48

	
−0.06

	
808.83

	
−1.74 **

	
−0.71

	
401.01

	
1.69 **

	
1.31

	
2.08

	
0.05

	
0.002

	
1.95

	
−2.07

	
−0.74




	
LH

	
121.89

	
−0.16

	
−0.07

	
703.31

	
0

	
−0.03

	
431.58

	
3.59 ***

	
4.52

	
2.13

	
1.06

	
0.05

	
3.91

	
−2.36

	
−1.43








Note: * Significance at p < 0.05, ** significance at p < 0.01, *** significance at p < 0.001; DW refers to Dongwan station and LH is Luhun station. Q is streamflow; P is precipitation; PET is potential evapotranspiration; w is land use condition. Z refers to change trend; a positive or negative value of Z indicates an upward or downward trend; β refers to the magnitude of change trend. εp, εpet and εw refer to the sensitivity of precipitation, potential evapotranspiration and land use to streamflow change. 
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