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Abstract

:

Under the joint effects resulted from different changes of climate and land-use regimes, spatial-temporal variations of hydrological processes took place in certain principles. Identifying the impact of changes in individual land-use types/climatic factors on hydrological processes is significant for water management and sustainability of watersheds. In this study, seven simulation scenarios were developed using the soil and water assessment tool (SWAT) model to distinguish the impacts of climate and land-use changes on the hydrological processes in the Amur River Basin (ARB) for four periods of 1980–1990, 1991–1999, 2000–2006, and 2007–2013, respectively. Based on the multi-period simulation scenario data, partial least squares regression and ridge regression analyses were performed to further evaluate the effects of changes in individual land-use types/climatic factors on hydrologic components. The results suggested that summer precipitation and summer average temperature were the dominant climatic factors, and crops and wetlands were the principal land-use types contributing to the hydrological responses. In addition, the drastic changes in crop and wetland areas and a clear decline in summer precipitation between the periods of 1991–1999 and 2000–2006 may account for the highest-intensity impacts of climate and land-use changes on the runoff at the outlet (−31.38% and 16.17%, respectively) during the four periods.
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1. Introduction


Anthropogenic activities and climate changes are two major factors that directly affect hydrological processes [1,2,3]. Global changes, such as the redistribution of precipitation, global warming, and accelerated urbanization [4,5,6], have altered the hydrological cycle and runoff generation patterns, had significant impacts on the spatial and temporal distributions of water [7], and led to major challenges in the management and protection of water resources [8,9,10,11,12,13,14,15,16].



As the 10th largest river basin in the world and the largest in the Russian Far East, the Amur River Basin (ARB) is one of the most vulnerable areas to climate change and human activities in the world [17]. In recent decades, the annual average maximum temperature, minimum temperature, mean temperature, and annual precipitation in the ARB have exhibited generally increasing trends [18,19,20,21]. Moreover, significant regional, seasonal, and interannual variations in temperature and precipitation have been investigated in portions of the ARB [1,7,22,23,24,25]. Furthermore, driven by the different policies, regional characteristics, and economic development statuses in China, Russia, and Mongolia, the land-use types in the ARB have undergone significant regional transformations in recent decades [24,26]. With the rapid development of agriculture and the expansion of farmland, the areas of wetlands and forests have decreased significantly [6,7,20,24,27,28]. However, agricultural development and wetland protection coexist in this region [21,29]. In the context of such remarkable global changes, several studies conducted in the basin have documented dramatic changes in the hydrological processes and water resources in some sub-basins in the study region [1,7,30,31]. However, the characteristics and extent to which climatic variations and land-use changes individually affect the water cycle throughout the ARB remain poorly understood. In particular, the specific contributions of individual climatic factors/land-use types to the variations in the hydrologic components and the unstable fluctuations in hydrological factors among different periods remain unclear. This information is critical for water management and land-use planning due to increased water demands for irrigation in the ARB [32].



The non-static interactions among climatic factors, land-use changes, and hydrologic components limit the analyses of the effects of individual climate variability and land-use changes on water cycle [2,5,33], especially for international river basins because the hydrology and underlying conditions in these basins are highly complicated. Numerous studies in recent decades have discussed the application of hydrological models for quantifying and separating the effects of climate and land-use changes on hydrology [12,34,35,36,37,38,39,40]. The statistical regression method is another common approach used to investigate the relationships between global changes and hydrological processes and to rank the driving forces behind the variations in hydrologic components [41,42,43,44]. Previous studies have proved that hydrological simulations in association with multivariate statistic approach could provide a better understanding on the hydrological responses to the variations of a single climate factor/land use class [14,45]. Thus far, however, there has been little discussion about the fluctuations in the degree and direction of the impacts of climate change and human activities on hydrological processes during different periods, especially the contributions of a single climate factor/land-use type to the variations in the hydrological variables that might remain relatively consistent during various periods. In this paper, the simulation period was divided into multiple periods according to the actual geographical situation of the basin to separate the effects of climate and land-use changes on hydrology and eliminate interfering factors for further assessment. In addition, statistical results based on scenario simulations during multiple periods would make the analytical results of the hydrological responses to variations in a single factor more stable throughout the study period and reduce the uncertainty of the study.



This paper presents the results of applying a semi-distributed hydrological model, the soil and water assessment tool (SWAT), and multivariate statistics to simulate the impacts of climate and land-use changes on hydrologic components during four periods (1980–1990, 1991–1999, 2000–2006, and 2007–2013) based on meteorological data, remote sensing information and multisite runoff data. The aim of this study is to enhance the understanding of the individual impacts of changes in climatic factors and land-use types on the hydrological processes in the ARB. The specific objectives of this study are as follows:




	1.

	
Analyze the unstable variations in the climatic factors and the land-use transfer ratio in the study region between the different periods.




	2.

	
Develop seven simulation scenarios to separate the impacts of climatic variations and land-use changes on the river runoff, surface runoff (SurQ), groundwater flow (GWQ), soil water (SW), lateral flow (LATQ), and evapotranspiration (ET) in the ARB and identify the different extents and directions of their effects over several time periods.




	3.

	
Utilize partial least squares regression (PLSR) and ridge regression (RR) to evaluate further the effects of changes in the individual land-use types or climatic factors on the hydrologic components (SurQ, GWQ, and LATQ) based on separate impact modeling scenario results.










2. Study Area


This study was conducted in the ARB (41°–56° N, 107°–142° E). The ARB, located in northeastern Asia, is the 10th largest river basin in the world, and has an area of approximately 2 million km2, covering parts of Mongolia, Russia, and China [17,18,21,26]. Due to data limitations, the study region (Figure 1) covered 94% of the ARB with the Komsomolsk station as the outlet.



Although the climatic variations and land-use changes in the ARB have followed general trends, such as global warming and farmland expansion, respectively, obvious differences have been observed in the changes in different regions and periods during recent decades [17,18,24,29]. The China portion of the ARB, which occupies the major agricultural lands of the study basin [46], has been particularly affected by human activities. In the 1980s, after the implementation of China’s reform and opening-up policy, the area of agricultural reclamation in the basin increased sharply with improvements in agricultural mechanization, and most of the wetlands, forests and pastures were converted to cultivation. Subsequently, driven by the “auctioning five wastes” policy in the 1990s, which transferred the land-use rights of “five wastes” (abandoned mountains, waste slopes, wastelands, deserted beaches, and wastewater) to users for a paid and limited period in the form of a public auction to promote the land resources utilization for increase of food production [21,47,48]. Some land-use types, such as wetlands, were further developed, and a large amount of abandoned land was reclaimed, resulting in significant fragmentation of the remaining wetlands [27,29,49]. After major flooding in the ARB in 1998, the Chinese government placed more importance on forests and wetlands. Alongside the continuous cultivation of farmland in the 21st century, large amounts of manpower and material resources were invested into the protection of forests and wetlands, achieving remarkable results [1,21,29]. Given the demands for water for agricultural and industrial development, a comprehensive understanding of the hydrological processes in the ARB under climate changes and anthropogenic activities in recent decades was necessary to provide decision-makers with information about land-use planning and water management.




3. Materials and Methods


3.1. Datasets


Land-use maps, a soil map linked to a soil characteristics database, climate meteorological data, digital elevation model (DEM) data, and hydrological data were prepared as forcing inputs to drive the SWAT model. The detailed information is summarized in Table 1. Monthly river runoff data from the Komsomolsk station (1980–1990 and 2000–2006), Jiamusi station (1980–2013), and Jiangqiao station (1980–2013) were used to calibrate and validate the SWAT model in the study region based on the data availability of each station. The land-use of the ARB during four historical periods (1980s, 1990s, 2005, and 2010) used in the study—which were the combination of Chinese land-use maps and global land-use maps at similar times for each period—were the inputs for the model representing the land-use changes during the four simulation periods (1980–1990, 1991–1999, 2000–2006, and 2007–2013). Due to the limitation of land-use data availability for the Russia and Mongolia regions of the study basin, where there were relatively lower human activities intensity and rates of land-use conversion (especially before 2000) [24,46], the datasets that were as close as possible to the simulation phase were chosen for use in the paper.



In addition, the monthly land surface evapotranspiration (ET) product produced by Zhang, et al. [50] based on the advanced very high-resolution radiometer (AVHRR) data, the monthly MOD16 global evapotranspiration dataset [51] based on moderate resolution imaging spectroradiometer (MODIS) data from 2000 to 2013, and the total water storage changes (TWSCs) [52,53] from May 2002 to December 2006 derived from the Gravity Recovery and Climate Experiment (GRACE) products [52,54,55], were used for model calibration and validation to reduce the model uncertainty caused by the limited streamflow data [56,57,58,59,60]. The GRACE products used in this study were the monthly surface mass change data based on the RL05 spherical harmonics from the University of Texas Center for Space Research (CSR), the Jet Propulsion Laboratory (JPL), and the German Research Center for Geosciences (GFZ)(data from June 2002 to July 2002 and from June 2003 are missing) [61,62,63].




3.2. Analytical Strategy


The impact analysis process consisted of four steps: Hydrological process simulations for the four periods, model scenario development, separate impact assessments for climatic variations, land-use changes, and impact assessments of changes in the individual land-use types and climatic factors on the hydrologic components, as shown in Figure 2. The first three tasks were dependent on the SWAT model simulation, and based on the separate impact modeling scenario results, the last task was completed using PLSR and RR to further assess the contributions of changes in individual land-use types and climatic factors to the hydrologic components. The methods used in this paper were introduced in more detail in the following subsections step by step.



3.2.1. Simulation Period Division


The key to this study was identifying the different magnitudes and directions of the impacts of climate variability and land-use changes on the hydrological variables over the last several decades and further assessing the relationships between the individual climatic factors/land-use types and the hydrologic components. To identify the variations in the impacts, the authors divided the simulation periods according to the historical land-use changes reported in the literature mentioned in the study area section [17,18,24,27,29,49] and the characteristic analytical results of the climate and land-use changes.



The Mann–Kendall trend test [64] and linear regression analysis were applied to analyze the time series trends of precipitation and temperature, and the sequential version of the Mann–Kendall test [65] was used as an indicator to determine periods of abrupt climate changes. The presentation of the sequential Mann–Kendall test in a graphical format allows for the detection of the starting point of abrupt changes at the intersection point of the test statistic’s forward UFk and backward UBk curves. The null hypothesis is accepted at the α significance level if    |  U  F k   |  >  U  1 − a / 2     If the intersection point is significant, the critical point of the abrupt change is between the critical values of the confidence interval (±1.96 corresponding to α = 0.05) [66,67,68]. The land-use transfer ratio was the main method used to assess the land-use changes during the studied periods.



Due to the complex changes in climate elements and land-use types during the sub-periods from 1980 to 2013 in the ARB, the simulation period was subdivided into the following four periods based on the approximate temporal characteristics of the changes: 1980–1990, 1991–1999, 2000–2006 and 2007–2013, respectively.




3.2.2. Hydrological Modeling


The SWAT model is a semi-distributed hydrological model that was developed by the United States Department of Agriculture-Agricultural Research Service (USDA-ARS) in the 1990s [35,69,70]. This model has been used worldwide for analyses of the impacts of land management and climate on hydrology [36,37,71,72]. The simulation of the ARB using the SWAT model was run with a monthly time step from 1980 to 2013. The model area in this study was 195.45 million ha, and the entire study region was divided into 134 sub-basins and approximately 3703 hydrologic response units (HRUs). Then, the simulations of the four periods were performed using ArcSWAT software (USDA-ARS, Washington, DC, USA and Texas A&M University, College Station, TX, USA) with a three-year warming-up, and the sensitivity analysis and calibration processes were based on the SWAT-CUP program using the Sequential Uncertainty Fitting version 2 (SUFI-2) algorithm [73,74]. For each period, the monthly observed and remotely sensed information during the first half of the period (rounded by years) were used for model calibration, and the data from the other half of the period were used for validation. The SWAT performance was evaluated using the Nash–Sutcliffe efficiency coefficient (NSE), coefficient of determination (R2), and percent bias (PBIAS), as recommended by Moriasi et al. [75].
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where    Q  o b s i     and    Q  s i m i     are the i-th observed and simulated stream flows, respectively;      Q  o b s    ¯    and      Q  s i m    ¯    are the mean of the observed and simulated data; and n is the total number of observations [75]. In addition, the TWSC data and ET data were used to complement the discharge data and provide confidence in the water partitioning of the simulation, and the correlation coefficient (R) and root-mean-square error (RMSE) were used to evaluate the simulation.




3.2.3. Climate and Land-Use Scenarios


To determine the temporal trends of the separate contributions of climate and land-use changes to the hydrological processes, 7 scenarios were developed based on the approach of one factor being changed at a time [2,34,38,76]. After calibration and validation were conducted based on the long-term historical data, the SWAT model was run for each of the 7 combinations of climate data, model parameters, and land-use maps (Table 2). The 1980s, 1990s, 2005, and 2010 land-use maps and meteorological data for the four periods were applied to represent the land-use and climatic variations, respectively, for 1980–2013. The contributions of the land-use change and climatic variations to the hydrological changes in each period were quantified by comparing the model outputs of the hydrologic components under the 7 scenarios.




3.2.4. Statistical Analysis


The degrees and trends of the impacts from climate changes and human activities on the hydrologic components in the ARB fluctuated with time, but the hydrological responses to variations in individual climate elements/land-use types should remain consistent during the various periods. Therefore, multivariate regression analyses based on the multiperiod scenario simulation results that distinguished the impacts from climate and land-use change could eliminate part of the influence from interference factors and indicated the relatively stable impacts of individual climatic factors/land-use types on hydrological processes. The final task of this study was to assess the impacts of changes in the individual land-use types and climatic factors on the hydrologic components by ranking the influences of the land-use types/climatic factors on the hydrologic components and identifying the factors most relevant to the hydrological variations. Multivariate statistical analyses were applied to investigate the relationship between the changes in land-use types/climatic factors and the hydrologic components. Considering the high collinearity among the dependent variables (hydrological variables) and independent variables (climate and land-use factors), PLSR [77,78] and RR [79,80] analyses were performed using IBM SPSS Statistics software. The independent variables constituted the changes in the areas of 7 land-use classes (crop, wetland, forest, water, residential, pasture, and range) and the variations in the climatic factors, while the dependent variables comprised the changes in 3 hydrologic components (surface runoff, groundwater flow, and lateral flow) that were determined by the separate impact scenario modeling. The R2 and adjusted R2 (a modified version of R2 that has been adjusted for the number of independent variables and sample size in the model) [81,82] values were applied to evaluate the regression model validity and reliability.






4. Results


4.1. Model Calibration and Validation


The model results based on the selected performance indicators for discharge are shown in Figure 3. The results showed good agreement between the modeled discharge time series and the measured values, and the performance indicators for the four simulation periods satisfied the model simulation requirements according to Moriasi et al. [75]. The NSE was 0.83 for the calibration period and 0.78–0.79 for the validation period for the catchment outlet at Komsomolsk. The PBIAS values were 3.55–6.50 and 14.51–16.97 for the calibration and validation periods, respectively. The model performance for discharge for the calibration and validation periods at the different sites revealed that although the peak values of the runoff process simulated by the SWAT model matched the measured values well, the base flow in winter was mostly underestimated during the four periods. Moreover, the peak flow was simulated more accurately during summer than that in spring, which suggested the simulation uncertainty in the snowmelt processes. The increase in the difficulty of ground flow simulation due to complex changes in groundwater in the ARB and the limitations of the SWAT model in groundwater simulation also explained the relatively poor model performance in the base flow simulation in winter.



The comparison of the monthly average evapotranspiration in the study region derived from the model output and the ET products is presented in Figure 4, and the inter-monthly average TWSCs of the study region derived from the SWAT simulation and GRACE product data from May 2002 to December 2006 are presented in Figure 5. The two model performance indicators in Figure 4 present that the simulated evapotranspiration matched reasonably well with the data estimated from the AVHRR, MODIS, and GRACE products and the results in Figure 5 show that the simulated TWSC data and the measured data also had consistent trends. The model performance for the different hydrological variables indicated that the SWAT model was successfully applied to the ARB and was suitable for the analysis of hydrological processes under climate changes and human activities.




4.2. Climate Variability


The sequential Mann–Kendall tests for the annual precipitation and average temperature with a forward-trend UFk and backward-trend UBk (Figure 6) showed a significant increase in temperature after 1990 and an obvious abrupt change in temperature from 1983–1986. In addition, abrupt changes in precipitation occurred in the study area from 1996–1998. Based on the abrupt change analysis in this study and the significant land-use changes reported by other studies conducted in the ARB (see Section 2, study area), the simulation period was divided into four parts. Additional period-based climate analyses and land-use change analyses described below also demonstrated significant variations in climate and land-use among the different periods.



Figure 7 shows the annual precipitation, annual average temperature, and the trends and period averages of these data in the ARB. During the 1980–2013 period, the annual precipitation in the study region ranged between a minimum of 494.73 mm in 2000 and a maximum of 673.66 mm in 2013. With a mean value of 556.83 mm, the average annual precipitation during the four periods was 552.20 mm, 564.96 mm, 529.64 mm, and 580.84 mm, and the magnitudes of the changes between the periods were 2.31% between Period 1 and Period 2 (comparison of the two periods before and after 1991), −6.25% between Period 2 and Period 3 (the two periods before and after 2000), and 9.67% between Period 3 and Period 4 (the two periods before and after 2006). The annual average temperature in the study region varied from a minimum of −0.13 °C in 1987 to a maximum of 2.51 °C in 2007. The annual average temperatures of Periods 1–4 were 0.68 °C, 1.25 °C, 1.13 °C and 1.34 °C, respectively, and the magnitudes of the changes between the periods were 85.30% between Period 1 and Period 2, −9.58% between Period 2 and Period 3 and 18.09% between Period 3 and Period 4.



Based on the linear regression analysis and the Mann–Kendall trend test, the rates of increase in annual precipitation and annual mean temperature were 8 mm/10 years (not significant at α = 0.05) and 0.3 °C/10 years (significant at α = 0.05), respectively, and the Z values were 0.42 (not significant at α = 0.05) and 1.69 (significant at α = 0.05), respectively. Despite the general increasing trends in precipitation and temperature during the whole study period of 1980–2013, the results illustrated the unstable temporal variations in the climatic factors among these time slices, which led to differences in the directions of their impacts on hydrological processes. The period average values of the summer precipitation (SP), winter precipitation (WP), summer daily average temperature (STA), winter daily average temperature (WTA), summer daily maximum temperature (STM), winter daily minimum temperature (WTM), summer diurnal temperature range (DS), and winter diurnal temperature range (DW) among the four periods in the ARB were calculated and analyzed to further investigate the complex regional and seasonal climate changes (Figure 8).



The variations in the eight climate factors during these four periods showed strong fluctuations and clear seasonal diversity. The average and extreme temperatures during the different seasons showed similar trends during the four periods. The summer average temperature and maximum temperature generally increased, while the average temperature and minimum temperature in winter changed greatly in Period 2 (the average temperature increased by 6.4% after 1990 based on a comparison between Period 1 and Period 2, and decreased by 8.1% after 2000 based on a comparison between Period 2 and Period 3). The precipitation in winter generally increased during the study period, whereas the SP exhibited a significant abrupt change after Period 2 (−10.7%), which was consistent with the trend analysis and abrupt change analysis results presented above.




4.3. Land-Use Change


The land-use in the ARB has experienced dramatic changes in recent decades [16,24]. The areas of the different land-use types varied to different degrees during the simulation periods. Figure 9 shows the land-use maps for each period and the land-use transfer ratios of several of the main land-use types in the study region between the 1980s and 1990s, between the 1990s and 2005, and between 2005 and 2010.



Figure 9 shows that the major changes in land-use in the ARB occurred in the forest areas, and frequent conversions among forests, crops, wetlands, and pastures were observed during the whole simulation period. The wetland area decreased greatly after 2000 (based on the comparison between Period 2 and Period 3), and 24.49% of wetlands were converted to crops. Throughout the study period, the area of forest decreased, and a majority of this area was converted for agricultural uses (the conversion percentages among the four periods were 6.66%, 7.68%, and 3.91%). Consequently, the crop areas significantly increased with obvious conversions from forest, pasture, and wetland areas due to intense agricultural development.




4.4. Impacts of Climate and Land-Use Changes on River Runoff at Different Sites over the Four Periods


The annual mean runoff responses to different land-uses and climate conditions at different hydrometric stations in the ARB were simulated by the SWAT model using simulation scenarios, as shown in Figure 10. The intensity of climate change impacts on the runoff increased significantly after 2000 and decreased slightly after 2007, although the impact directions differed. The contributions of climate change to runoff at the Komsomolsk site among the four periods were 1.56%, −31.38%, and 27.73%. The dramatic changes in the intensity and direction of the climate impact after 2000 were consistent with the period average (clear decline after Period 2) and the abrupt changes (period of abrupt change during 1996–1998) in precipitation determined in Section 4.2, which showed the close relationship between precipitation and runoff.



The impact analyses of 1980–1999 and 1991–2006 showed that the total runoff in the basin (Komsomolsk site) was greatly affected by the land-use (−13.77% based on a comparison between Period 1 and Period 2 and 16.17% based on a comparison between Period 2 and Period 3), and then the magnitude of the impact decreased (−2.01%) after 2007. At the Komsomolsk site, which was the outlet of the study region, the land-use changes and climate variability influenced the river runoff most strongly (16.17% and −31.38%, respectively) between the periods before and after 2000.



The runoff trends at the different sites in the basin were generally consistent under the influences of climate changes and human activities. The Jiangqiao basin, which is the smallest of the three studied sub-basins along the river, was most affected by both climate variability and land-use changes: The highest impact intensities reached up to −56.15% and −35.34%, respectively. Land-use variations played a large role in runoff changes in the ARB before 2000 based on a comparison between the periods of 1980–1990 and 1991–1999. A comparison of the three periods from 1991–2013 showed that climate changes made a greater contribution than did land-use variations to the river runoff in the overall ARB and the two sub-basins. However, the impacts of land-use changes simulated by the SWAT model were strongly reflected by the influence of vegetation changes caused by land-use changes, and additional transnational statistical data were needed to assess the variations in urban, industrial, and agricultural water uses caused by the land-use transformation. Therefore, the impact intensity of the land-use changes simulated in this study might be lower than the actual conditions.



Figure 11 shows a comparison of the runoff processes at three hydrometric stations in the ARB under the impacts of climate changes between the periods before and after 2000, and Figure 12 shows a comparison of the runoff processes at the Komsomolsk site in the ARB under the impacts of land-use changes. The results demonstrate that the impacts of climate and land-use changes on runoff at the hydrometric stations played a key role in the spring snowmelt and summer rainfall-runoff processes, which correspond to the peaks in the runoff processes. Combined with the analysis of climate changes presented above, the large-scale decrease in summer rainfall in the basin between the two phases before and after 2000 may be the main reason for the decrease at the peak of runoff. In addition, climatic variations not only affected the magnitude of snowmelt runoff but also altered the timing of the snowmelt in the spring. The delay of the snowmelt at the Jiangqiao station simulated under the climate change scenarios (Figure 11c) may be attributed to temperature variations in the river basin.




4.5. Impacts of Climate and Land-Use Changes on Five Hydrological Variables over the Four Periods


The responses of five hydrological variables in the ARB, including the surface runoff, groundwater flow, soil water, lateral flow and evapotranspiration, under climate and land-use changes are provided in Figure 13. The impacts of climate change and human activities on these five hydrological variables differed greatly, and the largest fluctuations occurred in the groundwater flow. Land-use changes provided a greater contribution to groundwater flow than did climate variability, and the impacts of land-use changes reached 91.84% after 2007 (based on a comparison between Period 3 and Period 4).



Figure 14 and Figure 15 shows comparisons of the surface runoff and groundwater flow in the ARB under different simulation scenarios. The results indicated that the impacts of climate changes on the amounts of surface runoff and groundwater flow generally occurred in the summer. Although land-use changes affected the peak groundwater flow, it could also accelerate or delay the process of groundwater flow, especially during spring snowmelt.



Based on the spatial information of the changes in the hydrological variables affected by climate variations, which were separated and evaluated by the SWAT simulation scenarios over the four periods and the spatial analysis of eight climatic factors (SP, WP, STA, WTA, STM, WTM, DS, and DW), the impacts of the changes in individual climatic factors on the hydrological responses at the sub-basin level were examined via PLSR and RR. The sub-basins with areas greater than 30,000 km2 were considered.



For the RR analysis, when the parameter k was greater than approximately 0.02, the coefficients of the equations tended to be relatively stable. The corresponding detailed information about the regression equations is shown in Table 3. A summary of the PLSR model for climatic factors is provided in Table 4. The results indicated that both the RR and PLSR models constructed for the hydrological variables in the ARB were strong (adjusted R2 was 0.6–0.8, and sig <0.005), and there was strong similarity between the impact directions and importance of climatic factors derived by the equation variables in both models.



As shown in Table 5, the importance of the independent variables in the model projection (VIP) values illustrated that the precipitation factors had stronger correlations with the hydrological variables than did the temperature factors. Among these factors, SP and STA were the major contributors to the variations in the hydrological processes (VIP >1). The factors for the different seasons showed different directions and extents of the impacts on the hydrologic components. An increase in SP would lead to increases in SurQ, LATQ, and GWQ, whereas an increase in WP may lead to decreases in LATQ and GWQ.



Based on these scenario model outputs of the changes in the hydrological variables over the four periods and the changes in the land-use areas in each studied sub-basin (forest, pasture, wetland, crop, residential, water, and range), the impacts of the changes in the individual land-use types on the hydrologic responses at the sub-basin level were examined via PLSR and RR. The sub-basins with areas greater than 30,000 km2 were considered.



The ridge trace of each land-use type in the RR analysis between the land-use and SurQ, LATQ, or GWQ demonstrated that the coefficients of the equations tended to be relatively stable when the parameter k was greater than approximately 0.03. The corresponding detailed information about the regression equations is shown in Table 6. A summary of the PLSR model for land-use changes is provided in Table 7. The results indicated that both the RR and PLSR models constructed for the changes in land-use type and hydrologic components in the ARB were strong (adjusted R2 > 0.8 and sig < 0.005), and the equation variables showed that the impact directions and importance of the changes in land-use type were relatively equivalent in both models.



The VIP values of the independent variables are shown in Table 8. The most significant predictors that explained the LATQ, GWQ, and SurQ values were crops and wetlands. Crops and wetlands negatively influenced SurQ, while forests positively affected SurQ, as indicated by the regression coefficients. The decrease in wetlands after 2000 may have led to an increase in GWQ, which may have been caused by the reduction in the water storage function of the wetlands. The highest VIP values were obtained for crops, followed by wetlands, which demonstrated that changes in crops and wetlands had the greatest influences on the hydrological variables.





5. Discussion


By analyzing the characteristics of climate variations and land-use changes, this paper indicated that the ARB was experiencing intense agricultural development and climate changes from 1980 to 2013. The conversion of different land-use types occurred in various directions and to different degrees during the four periods. For example, the wetland area decreased greatly after 2000, and 24.49% of wetlands were converted to croplands. In addition, the variations in the eight climate factors during these four periods showed strong fluctuations and clear seasonal diversity. The SP exhibited a significant abrupt change after Period 2 (−10.7%). These highlighted period differences in individual land-use types/climatic factors would undoubtedly lead to fluctuations in the hydrological processes, which was also confirmed in subsequent impact analyses.



According to the scenario analysis, land-use variations played a large role in runoff changes in the ARB before 2000. Afterward, climate changes made a greater contribution to changes of the river runoff (the highest impact intensities of climate and land-use changes on runoff for the study basin both occurred after 2000 based on a comparison between Period 2 and Period 3). In addition, climate variability and land-use changes always had the opposite effects on runoff during the same period, resulting in a combined effect that reduced the overall impact on runoff. The model simulation indicated that the groundwater flow in the study region was the hydrological variable most sensitive to global changes, and that land-use changes provided a greater contribution to the groundwater flow than did climatic variations. A comparison of the simulated hydrological processes under different scenarios revealed that climate variability and land-use changes not only affected the magnitude of runoff but also possibly altered the timing of snowmelt in the spring.



The PLSR and RR analyses based on the multi-period scenario simulation results demonstrated that among the climatic factors, SP and STA were the major contributors to the variations in SurQ, GWQ, and LATQ. The factors for the different seasons showed different directions and extents of the impacts on the hydrologic components. For land-use changes, the regression coefficients and VIP values suggested that crops and wetlands were the principal land-use types contributing to the hydrological responses. Based on the PLSR and RR models and considering the above-mentioned analyses of climate and land-use changes and their impacts during different periods, the decrease in runoff under the influence of climate changes after 2000 may be associated with the large reduction in summer rainfall in the basin during this period. Moreover, the intense changes in the crop and wetland areas (e.g., large-scale wetland reclamation) observed between the periods before and after 2000 may have played a vital causal role in the drastic variations in the basin runoff under changes in land-use as indicated in Figure 10 (See Section 4.4). The coexistence of forest and wetland protection and agricultural development in the 21st century may also partially explain the decline in the impact intensity of land-use changes after 2007, as simulated above. Therefore, in terms of water sustainability, the wetland reclamation area should be limited to a reasonable level to reduce the associated impact on hydrological processes.



The findings in this paper demonstrated that in the case of unstable changes in environmental factors, the fluctuations in the hydrological impacts of certain environmental factors may be ignored when performing common long-term runoff simulations of an entire basin. Therefore, further studies regarding the diverse extents and directions of the impacts of climatic variations and land-use changes on hydrological variables between several time periods would be worthwhile.



Uncertainties of the research results can arise from the combination of the hydrological model and multivariate statistics. Multi-source remote sensing data (GRACE, MODIS, etc.) were collected and used in the calibration and validation of the SWAT model to supplement the runoff data to further reduce the simulation uncertainty and improve the simulation accuracy of the hydrologic components. In addition, the PLSR and RR models of climatic factors/land-use types were built in parallel, and the similar results were derived from the two different methods for the uncertainty reduction. In this paper, according to the actual geographical conditions of the ARB, the whole research period was divided into several stages, and the PLSR and RR models were built based on separate impact modeling scenario results during all four periods. Therefore, the results would eliminate part of the influence from interference factors in the subsequent multivariate statistics concerning the hydrological responses of individual climate factors/land-use types, and the influence of a single factor on the hydrological processes provided by these models was more stable during the whole research period, which reduced the uncertainty. However, the uncertainty of the results still needs further researches and reduction. The limitations of the hydrological model, such as the simulation uncertainty in snowmelt processes, which are significant at mid and high latitudes and sensitive to global changes, still influenced the quantitative hydrologic analysis. Moreover, the land-use data used in the hydrological model represented the underlying surface conditions and the intensity of human activity, and the data accuracy was directly related to the accuracy of the simulation. However, a series of long-term, high-accuracy land-use datasets produced by the same classification method were not available for the ARB. The combination of different land-use datasets increased the uncertainty of the analysis. Therefore, more studies should be undertaken to investigate the effects of the accuracy and consistency of the series of land-use datasets on the results of land-use impact analysis in future research. Using remote sensing data to monitor the land-use condition of the entire ARB and producing a series of high-accuracy datasets would be difficult tasks to undertake.




6. Conclusions


In this study, based on calibration and validation with data from multiple sources, the SWAT model was successfully applied to the ARB for assessing the impacts of climatic variations and land-use changes on hydrological processes. The results of this study indicated that the land-use and climate in the ARB experienced dramatic temporal changes during the four periods of 1980–1990, 1991–1999, 2000–2006, and 2007–2013. Summer precipitation and summer average temperature were the dominant climatic factors affecting the surface runoff, groundwater flow, and lateral flow. Crops and wetlands were the principal land-use types contributing to the hydrological responses. Among the hydrological variables, groundwater flow was most affected by land-use changes (91.84% after 2007). In addition, the highest-intensity impacts of climate and land-use changes on the runoff at the basin outlet reached −31.38% and 16.17%, respectively, between the periods of 1991–1999 and 2000–2006, and the intense changes in the crop and wetland area (e.g., large-scale wetland reclamation driven by agricultural demand in the ARB) and the obvious decline in summer precipitation during this period may account for these drastic variations in the runoff affected by land-use/climate changes.



These results provide important insights into the effects of changes in specific land-use types/climatic factors on the hydrological cycle, which may explain the significant variations in the hydrological processes of the ARB under large-scale wetland reclamation. The application of quantitative separate impact analyses using model scenarios combined with multivariate statistics to rank the influences of specific factors is recommended for assessing the impacts of climate and land-use changes on hydrology. To address the lack of hydrological response studies in the ARB, the results of this paper provide vital information that can be useful for decision-makers.
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Figure 1. The geographic location of the study region (the Amur River Basin) showing the meteorological and hydrometric stations used in this study. 
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Figure 2. Flowchart of the modeling work. 
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Figure 3. Model performance for discharge for the calibration and validation periods at (a) Komsomolsk station, (b) Jiamusi station, and (c) Jiangqiao station. 
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Figure 4. Model performance for the evapotranspiration (ET) data estimated from advanced very high-resolution radiometer (AVHRR), moderate resolution imaging spectroradiometer (MODIS) (a) and gravity recovery and climate experiment (GRACE) products (b) for the calibration and validation periods. 
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Figure 5. Inter-monthly average total water storage changes (TWSCs) of the study region derived from the SWAT simulation and GRACE products from May 2002 to December 2006. 
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Figure 6. Sequential Mann–Kendall tests for the annual precipitation (a) and average temperature (b) with the forward-trend UFk and backward-trend UBk. 
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Figure 7. Annual precipitation (a) and annual average temperature (b) in the ARB, along with the trends and period averages of these data. 
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Figure 8. Variations in the mean values of eight climatic factors during four periods in the ARB: (a) STA, (b) STM, (c) DS, (d) WTA, (e) WTM, (f) DW, (g) SP and (h) WP. 
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Figure 9. Land-use maps of the study region for each period and land-use transfer ratios of crops and wetlands between periods: (a) land-use maps and (b) land-use transfer ratios. 
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Figure 10. Analysis of the annual mean runoff responses of the ARB at different hydrometric stations. 
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Figure 11. Comparison of the runoff process at three hydrometric stations in the ARB under the impacts of climate changes between the periods before and after 2000: (a) Komsomolsk station, (b) Jiamusi station, and (c) Jiangqiao station. 
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Figure 12. Comparison of the runoff process at Komsomolsk station under the impacts of land-use change: (a) 1991–1999, (b) 2000–2006, and (c) 2007–2013. 
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Figure 13. Response analysis of five hydrological variables in the ARB. 
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Figure 14. Comparison of the surface runoff in the ARB under different simulation scenarios: (a) Surface runoff under the impacts of climate change, (b) surface runoff under the impacts of land-use change. 
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Figure 15. Comparison of the groundwater flow in the ARB under different simulation scenarios: (a) Groundwater flow under the impacts of climate change, and (b) groundwater flow under the impacts of land-use change. 
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Table 1. Soil and water assessment tool (SWAT) model input data for the Amur River Basin (ARB).
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	Data Type
	Description
	Source





	Land-use
	Chinese land-use map (1980, 1995, 2005, and 2010) and global land-use map (1992–1993, 2000, 2005, and 2010)
	Chinese land-use maps from Resource and Environment Data Cloud Platform;

MODIS land cover type product from U.S. Geological Survey (USGS);

Global Land Cover Characterization (GLCC) from USGS;

and Global Land Cover 2000 database (GLC2000) from Joint Research Centre, European Commission



	Soil
	Soil map linked to harmonized soil property data-30 arc seconds
	Harmonized World Soil Database (HWSD) from the Food and Agriculture Organization (FAO)



	Climate
	Daily precipitation, temperature, solar radiation, relative humidity, and wind speed from 1977 to 2013
	China Meteorological Data Network (CMA) and NOAA’s National Centers for Environmental Information (NCEI)



	Topography
	Digital elevation model-30 arc seconds
	Global 30 arc-second elevation (GTOPO30) from USGS



	Hydrology
	River network and river basin boundary
	Hydrological data and maps based on Shuttle Elevation Derivatives at multiple Scales (HydroSHEDS) and Global Change Research Data Publishing and Repository
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Table 2. Detailed information about the seven simulated scenarios used in this study.
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	Scenarios
	Land-Use
	Model Parameters
	Climate Data





	No. 1
	1980–1990
	1980–1990
	1980–1990



	No. 2
	1980–1990
	1980–1990
	1991–1999



	No. 3
	1991–1999
	1991–1999
	1991–1999



	No. 4
	1991–1999
	1991–1999
	2000–2006



	No. 5
	2000–2006
	2000–2006
	2000–2006



	No. 6
	2000–2006
	2000–2006
	2007–2013



	No. 7
	2007–2013
	2007–2013
	2007–2013
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Table 3. Variables in the ridge equation for climatic factors.
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Dependent Variables

	
Standardized Beta Coefficient

	
R2

	
Adjusted R2

	
Sig




	
SP

	
WTM

	
STM

	
WP

	
STA

	
WTA

	
DW

	
DS






	
SurQ

	
0.800

	
0.185

	
0.112

	
0.005

	
0.330

	
−0.101

	
0.023

	
−0.186

	
0.833

	
0.777

	
0.000




	
GWQ

	
0.542

	
1.353

	
0.008

	
−0.097

	
0.419

	
−0.796

	
0.305

	
−0.013

	
0.723

	
0.631

	
0.000




	
LATQ

	
0.785

	
1.060

	
−0.159

	
−0.005

	
0.316

	
−0.765

	
0.009

	
0.381

	
0.703

	
0.604

	
0.000
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Table 4. Summary of the partial least squares regression (PLSR) model for climatic factors.
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	Latent Factors
	Y Variance
	R2
	Adjusted R2





	1
	0.347
	0.347
	0.326



	2
	0.276
	0.622
	0.597



	3
	0.047
	0.669
	0.635



	4
	0.028
	0.698
	0.654



	5
	0.008
	0.706
	0.651







NOTE: LF: Latent Factor.
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