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Abstract

:

Soil erosion and restoration affect the structure and function of ecosystems and society, and have attracted worldwide attention. Changes in runoff and sediment transport after restoration practices in China’s Loess Plateau have been widely studied and many valuable results have been reported. However, this research was mainly conducted in large watersheds, and quantified the effects of restoration practices through the restoration period. In this study, we compared two adjacent watersheds (one restored and the other natural) in a hill and gully region of China’s Loess Plateau to reveal the impacts of restoration practices. We collected annual rainfall, runoff, and sediment transport data from 1988 to 2018, then investigated temporal variation of runoff and sediment transport to examine their relationships with rainfall. We also calculated the retention rate of soil and water under the restoration practices. The restored watershed showed a significantly decreased sediment modulus (the amount per unit area); the natural watershed showed no significant change. In addition, the restored watershed had lower runoff and sediment modulus values than the natural watershed, with greater effectiveness as rainfall increased. Revegetation and terrace construction contributed more to the retention of soil and water (65.6 and 69.7%, respectively) than check dams (<10%). These results improve our understanding of the effects of restoration practices, and provide guidance on ways to preserve soil and water through restoration in a small watershed in the Loess Plateau.






Keywords:


soil erosion; sediment; runoff; soil and water retention rate












1. Introduction


Soil erosion is a significant threat that leads to land degradation, which decreases the land’s productivity [1], influences the plant communities [2], and generates negative impacts on both the environment and regional development [3]. In addition to these on-site effects, suspended sediment transported into bodies of water by soil erosion leads to off-site impacts such as increased flooding potential [4], damage to aquatic ecosystems [5], and decreased carbon cycling [6,7]. Because of its fine-textured soils, China’s Loess Plateau has the most serious documented soil erosion in the world [8]. The area that is highly vulnerable to erosion covers approximately 472,000 km2, accounting for 72.8% of the area of the Loess Plateau and including 91,200 km2 with an annual sediment yield exceeding 8000 t km−2 yr−1 [9]. The amount of suspended sediment produced from the Loess Plateau accounted for nearly 90% of the total sediment load in the Yellow River [10].



To control soil erosion and reduce the sediment load, extensive restoration practices have been conducted at a range of spatial scales around the world [11,12,13,14,15,16,17,18]; in the humid climate zones, forest shelter belts, artificial slope terracing, water diversion dams have been used in Russia [16], planting trees in Romania [17], and reduced tillage, no-tillage, and cover crops in Spain [18]. In semi-arid zones such as the Loess Plateau in China, diverse restoration practices have been conducted since 1950 [19,20,21], including revegetation [22], installation of check dams [9], terrace construction [23], creation of fish-scale pits (shallow, teardrop-shaped excavations designed to trap water flowing down a slope) [24], and conservation tillage [11,13]. In arid zones such as in South Africa, rock pack structures were used to control soil erosion [15].



In terms of revegetation, China’s Grain for Green Programme has been the largest revegetation programme implemented in the Loess Plateau, where it converted 16,000 km2 of rain-fed cropland to planted vegetation, causing a 25% increase in vegetation cover from 2000 to 2010 [22]. Check dams were also widely built in regions of the Loess Plateau with erodible soils, with more than 5340 key check dams (with a storage capacity >500,000 m3) and more than 50,000 medium and small dams (storage capacity <500,000 m3), of which approximately 6300 are still functional in sediment retention [10,25].



All of these restoration practices have decreased about 40% of the total delivery of suspended sediment into the Yellow River since 1950 [26]. Increasing vegetation cover has been one of the most effective methods to stabilize soils [27]. Vegetation can effectively stabilize soil, both by intercepting or slowing rainfall before it reaches the soil and by the root system holding the soil in place [28,29]. It will also convert macroporosity (pores > 60 μm) to mesoporosity (60–10 μm), and it will enhance the water holding capacity of soil and thus extend the sustaining water available period for plants [30]. Wang et al. [10] studied 12 of the Yellow River’s main sub-catchments on the Loess Plateau, and found that the vegetation cover increased from 29% in 1998 to 46% in 2010, and this increased vegetation cover was responsible for about 57% of the reduction in sediment transport (0.23 Gt annually). However, large-scale vegetation rehabilitation led to soil desiccation in the water-scarce Loess Plateau, due to the large amount of water consumption by new vegetation [22,31,32].



Check dams have been an effective measure to intercept transported sediment [33]; for example, during the 1970s, these dams trapped about 0.20 Gt of sediment annually, and this amount increased to 0.29 Gt annually in the 2000s [10]. Check dams can also cause the discontinuity in the fluvial environment [34], it will induce morphological adjustments that can be translated in new riparian conditions for the establishment of vegetation [30], and then affecting the ecological aspects and species diversity of riparian habitats. However, it should be noted that loaded check dams may result in severe flooding events [28], and deposits accumulated in the reservoir need to be removed to regain capacity regularly, but retrofitting is expensive [20,33,35]. Bai et al. [23] studied the runoff and sediment transport during three storm events in the 2010s in the Pianguanhe Basin, and found that terrace construction reduced runoff and sediment transport by 26.6 and 24.5%, respectively, compared with the storm events in 1990, but their maintenance is usually costly and labor-intensive [20].



Fish-scale pits were always combined with afforestation, since the goal of these pits was to trap surface runoff long enough for the water to infiltrate the soil around a tree and be stored [24,36]. Unfortunately, Sun et al. [37] suggested that fish-scale pits began to lose their ability to trap water after a total of 83 mm of rain had fallen in a single rainfall event. Research indicated that the average annual runoff in areas with hedgerows combined with slope tillage decreased by 65.9% compared with runoff on bare land, versus 84.0% in areas with straw mulching combined with conventional tillage, and 87.3% for contour tillage [38].



The effectiveness of soil erosion control by vegetation and soil restoration depends on the scale of the implementation. Most studies of the effects of restoration practices on soil erosion, runoff generation, and sediment transfer were conducted in large watersheds, usually >1000 km2 [24,39,40]. However, since soil and water restoration and watershed management in the Loess Plateau are usually conducted in small watersheds, research should be conducted at this scale to determine the impacts of restoration on ecosystem processes and soil erosion control, since this would provide direct guidance for future restoration strategies. However, there has been little research on controlling runoff and sediment yield at this small scale [41,42,43]. These studies at small watersheds always determined the runoff and sediment yield using models such as Soil and Water Assessment Tool (SWAT) [44,45], Hydrologic Simulation Programme-Fortran (HSPF) [46], and Water Erosion Prediction Project (WEEP) [47], but lacked real observed data analysis.



Moreover, watershed-scale research to measure the effects of restoration practices have quantified the change in the sediment load over time in a single watershed [10], without providing a control to allow a direct comparison, and this has made it difficult to eliminate the effects of climate change and determine the relative impacts of anthropogenic restorations. It would be particularly important to observe the effects of restoration practices through a comparison of natural (control) and restored watersheds with similar characteristics to overcome the problems of single-watershed studies. However, this kind of comparative research has been rare.



To address the gaps in our understanding, we chose two small subcatchments of a watershed in the central Loess Plateau with similar characteristics and investigated the relationships between rainfall and the resulting runoff and sediment yield from 1988 to 2018. One watershed experienced ecological restoration, and the other remained in its natural state. Our specific goals were to (1) investigate the impacts of the major restoration practices that have been adopted in the study watershed; (2) explore the temporal variation of runoff and sediment and reveal the relationships between these factors and annual rainfall in both watersheds; and (3) quantify the contributions of different restoration practices to erosion and runoff control. The results will improve our understanding of the effects of restoration practices in small watersheds, and will therefore provide guidance for future restoration.




2. Materials and Methods


2.1. Study Area


This study was conducted in the Qiaozigou watershed (2.241 km2) in a hilly–gully loess region of the Loess Plateau, in Tianshui City of China’s Gansu Province (105°43′ E, 34°34′ N) (Figure 1). Qiaozigou watershed is located in the Luoyugou watershed, which is within the Xihe River watershed of the Weihe River, which is a main tributary of the Yellow River. This area lies at the confluence of the Yellow River Basin and the Yangtze River Basin, and is located at the southern edge of the Loess Plateau. It is a key area for soil erosion management and a demonstration area for the Grain for Green Program [48]. Qiaozigou watershed was managed by the Tianshui Soil Erosion Experimental Station, which is the first research institution that focused on soil and water restoration in China since it was established in 1942 [49]. Luoyugou watershed has a semi-arid continental climate, with a mean annual temperature of 10.7 °C and with mean monthly temperatures ranging from −2 °C in January to 22.8 °C in July [50]. The total annual rainfall averages 533 mm, with about 80% occurring between May and October [51]. The average slope in Luoyugou watershed is 19°, the proportion of slope below 15° is 48.4% and the proportion of slope above 25° is 23.6% [52]. The primary land uses are forest, cultivated land, and residential areas. The land has become seriously degraded due to long-term soil erosion and the development of a high gully density (the length of channel in per unit area), at approximately 3.5 km km−2 [53]. The mean topographic wetness index (TWI) in the Loess Plateau is 4.2 [54].



The Qiaozigou watershed consists of a pair of adjacent catchments. The restored watershed (1.266 km2) covers the eastern side of Qiaozigou watershed, and the natural watershed (0.975 km2) that has not undergone restoration activities covers the western side. Since the 1980s, some restoration practices have been applied in the restored watershed, including the creation of check dams, terraces, revegetation (forests of species such as Robinia pseudoacacia L. and Populus davidiana Dode; shrubs such as Ulmus pumila L. and Prunus sibirica L.; and grasses such as Medicago sativa L.) (Figure 2). In contrast, no restoration practices have been applied in the natural watershed. In the early stages of restoration of the restored watershed, restoration focused on vegetation restoration and reconstruction of sloping land to create terraces. In the later stages, the restoration focused on check dam construction. Each watershed has a hydrologic station at the outlet of the watershed for measuring runoff and sediment loads (Figure 1).




2.2. Data Sources


We obtained a 31 year rainfall dataset from the National Earth System Science Data Center (http://www.geodata.cn/index.html), the literature [51], and the records from the Tianshui Soil Erosion Experimental Station. All of these rainfall data were observed by auto-recording rain gauges located in the Luoyugou watershed. Annual runoff (R, m3 yr−1) and annual sediment (S, t yr−1) were obtained from the literature [52,55,56], and the records from the Tianshui Soil Erosion Experimental Station. The restoration practices in the restored watershed were determined from article analysis [52,53,57,58].




2.3. Data Processing


2.3.1. Runoff Modulus, Sediment Modulus and Sediment Concentration


All of the runoff and sediment data were observed by the hydrologic stations at the outlets of the two watersheds. The runoff modulus (RM, m3 km−2 yr−1) was calculated as:


  R M = R / A  



(1)




where A is the total area of the watershed.



The sediment modulus (SM, t km−2 yr−1) was calculated as:


  S M = R S / A  



(2)







The suspended sediment concentration (SC, t/m3) was calculated as:


  S C = S / R  



(3)








2.3.2. Mann-Kendall Trend Test


The Mann–Kendall (M-K) statistical test has been widely used to quantify the significance of trends in hydro-meteorological time series [59,60]. The Mann–Kendall test statistic SM-K is calculated as follows:


   S  M − K   =   ∑   i = 1   n − 1     ∑   j = i + 1  n  sgn  (   x j  −  x i   )   



(4)




where n is the number of data points,  i  the number of values in that time series,    x i    and    x j    are the data values in time series  i  and  j  ( j  >  i ), respectively, and   sgn  (   x j  −  x i   )    is the sign function:


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



(5)







The variance is computed as:


  Var  (   S  M − K    )  =   n  (  n − 1  )   (  2 n + 5  )  −   ∑   i = 1  m   t i   (   t i  − 1 ) ( 2  t i  + 5  )    18    



(6)




where  n  is the number of data points,  m  is the number of tied groups, and    t i    denotes the number of ties of extent  i . A tied group is a set of sample data that have the same value. In cases where the sample size is  n  > 10, the standard normal test statistic  Z  is computed as:


  Z =  {         S  M − K   − 1     Var  ( S )                  if    S  M − K   > 0       0             if   S = 0          S  M − K   + 1     Var  ( S )                  if    S  M − K   < 0        



(7)







Positive and statistically significant values of  Z  indicate increasing trends and negative  Z  values show decreasing trends. Testing for the existence of trends is done at a specific α significance level. When  Z  >    Z  1 − α / 2     or  Z  < −   Z  1 − α / 2    , the null hypothesis is rejected and a significant trend exists in the time series.    Z  1 − α / 2     is obtained from the standard normal distribution table. In this study, we defined significance at p < 0.05. At this significance level, the null hypothesis (that no trend exists) is rejected if  Z  > 1.96 or  Z  < −1.96.




2.3.3. Soil and Water Retention


We used the formula of Gong et al. [61] to prevent wind erosion, to calculate the soil retention rate (  R  R  soil    ) and water retention rate (  R  R  water    ) and compare the rates between the two watersheds:


  R  R  soil   = 1 −   S  M  RW     S  M  NW     × 100 %  



(8)






  R  R  water   = 1 −   R  M  RW     R  M  NW     × 100 %  



(9)




where   S  M  RW     is the sediment modulus (t km−2 yr−1) in the restored watershed,   S  M  NW     is the sediment modulus (m3 km−2 yr−1) in the natural watershed,   R  M  R W     is the runoff modulus (m3 km−2 yr−1) in the restored watershed, and   R  M  N W     is the runoff modulus in the natural watershed. Higher values of both RR variables indicate higher retention.






3. Results


3.1. Restoration Practices in the Two Watersheds


In 1985, the proportions of the total land area affected by sloping land (here, defined as land with a mean slope greater than 6°) and terraces were similar in the restored watershed (71.9 and 0.5% of the total land area, respectively) and the natural watershed (77.5 and 2.8%, respectively), but vegetated land in the restored watershed (17.8%) was much higher than in the natural watershed (3.0%) (Table 1). After 1985, many restoration practices were implemented in the restored watershed, whereas the natural watershed had no restoration practices. From 1985 to 2004, the proportion of sloping land in the restored watershed decreased greatly, to 24.1%, while the proportion of terraces increased greatly, to 27.1%, and the proportion of land covered by vegetation increased to 35.8%. From 2005 to 2006, 19 check dams were constructed in the restored watershed (Table 1, Figure 1). Of these, 2 were medium-sized and 17 were small, 2 of the medium-sized dams were built from soil, and 15 of the small check dams were built from soil and 2 were built from stone. The medium-sized check dams were located on the main stream, and each had an approximate storage capacity of 23 × 104 m3, versus a range of 1.93 × 104 to 2.55 × 104 m3 for the small check dams. After 2005, there was no further vegetation restoration or terrace construction, so check dams were the main form of restoration. The results indicate that restoration of the restored watershed can be divided into two periods: the revegetation and terrace stage (period I, 1988–2004), and the check dam stage (period II, 2005–2018).




3.2. Comparison of Runoff, Sediment, and Their Temporal Variation between the Two Watersheds


3.2.1. Annual RM and SM in the Two Watersheds from 1988 to 2018


Figure 3 shows the annual rainfall, runoff modulus, and sediment modulus from 1988 to 2018 in the two watersheds. The rainfall showed large interannual variations from 1988 to 2018 in our study area by an average of 569 mm, with a maximum of 836 mm in 2003, and smaller peaks at 795 mm in 2013 and 761 mm in 1990 (Figure 3a). In contrast, there were several dry periods, with rainfall of only 429 mm in 1994 and 373 mm in 1997, which amount to less than half of the rainfall in 2003 (Figure 3a). The annual RM and SM showed similarly high variation in the two watersheds. In both watersheds, RM was highest in 1988, at 43.6 × 103 m3 km−2 yr−1 in the restored watershed and 73.3 × 103 m3 km−2 yr−1 in the natural watershed (Figure 3b). SM was lowest in 2017, at only 197.1 m3 km−2 yr−1 in the restored watershed, versus 598.7 m3 km−2 yr−1 in the natural watershed (Figure 3c). SM was highest in the restored watershed in 1990, at 14.9 × 103 t km−2 yr−1, but was highest in 1988 in the natural watershed, at 23.8 × 103 t km−2 yr−1. SM was lowest in 2017, at only 54.3 t km−2 yr−1 in the restored watershed and 92.4 t km−2 yr−1 in the natural watershed (Figure 3c).



Figure 2 clearly shows that at a given level of rainfall, both RM and SM were much lower in the restored watershed by an average of 5.1 × 103 m3 km−2 yr−1 and 1.4 × 103 t km−2 yr−1, respectively, than that in the natural watershed by an average of 13.3 × 103 m3 km−2 yr−1 and 4.3 × 103 t km−2 yr−1, respectively. In the years with higher annual RM and annual SM (i.e., 1988, 1990, 2003, 2007, and 2013), RM in the restored watershed was only 59, 50, 55, 45, and 29%, respectively, of RM in the natural watershed. The annual SM in the restored watershed in the corresponding years was only 70, 41, 34, 24, and 19%, respectively, of SM in the natural watershed. The difference between the two watersheds was greatest in 1992, 2002, and 2011, when annual RM in the restored watershed was only 2, 10, and 2%, respectively, of RM in the natural watershed. Similarly, the difference in annual SM was greatest in 1993, 2006, and 2012, when SM in the restored watershed was only 3% of that in the natural watershed. Thus, the restoration measures greatly decreased the annual RM and SM.




3.2.2. Temporal Trends of Annual Runoff and Sediment in the Two Watersheds


Table 2 shows that for the 31 years from 1988 to 2018, the M–K test value for annual rainfall was positive, suggesting a long-term increase from 1933 to 2018, but this trend was not significant. The M–K test values for annual RM and annual SM were negative in both watersheds, suggesting a long-term decrease in these variables. However, the Z-values for RM in the restored watershed (−1.70) and the natural watershed (−1.36) were smaller than the critical value (   Z  1 − α / 2     = 1.96); thus, there was no significant long-term trend for RM in either watershed. The Z-value for annual SM in the restored watershed (−2.35) was significantly larger than the critical value, whereas the Z-value for annual SM in the natural watershed (−1.73) was not; thus, SM showed a significant decreasing trend in the restored watershed but no significant trend in the natural watershed.





3.3. The Effect of Restoration Practices on Soil and Water Retention


3.3.1. Relationships between Rainfall and the RM and SM in the Two Watersheds


The restoration practices in the two watersheds (Table 1) show that the restoration was divided into two periods: from 1988 to 2004, revegetation and terrace construction, and from 2005 to 2018, the construction of check dams. Before 2005, rainfall and the RM (Figure 4a) and SM (Figure 4b) were significantly and moderately strongly related in both watersheds (p < 0.05, R > 0.6), but there was no significant relationship between rainfall and the SC in both watersheds (Figure 4c). After 2004, the relationships between rainfall and the RM and SM values in both watersheds remained moderately strong and significant (p < 0.05, R > 0.6; Figure 4a,b). The relationship between rainfall and SC was only significant in the natural watershed (p < 0.05, R = 0.83) (Figure 4c). The increase in RM and SM with increasing rainfall was faster in the natural watershed in both periods (Figure 4a,b). SC increased significantly with increasing rainfall in the natural watershed during the period of 1988 to 2004, but showed no significant trend in the restored watershed (Figure 4c).



The increase in runoff with increasing rainfall was slower after 2004 in both watersheds (Figure 3a), and this was also true for SM (Figure 3b). SC in the natural watershed increased significantly after 2004, but there was no other significant trend for SC. Our results indicate that the restoration practices in the restored watershed can prevent soil erosion and retain rainfall, and that these benefits increased with increasing rainfall, particularly after construction of the 19 check dams.




3.3.2. Retention Rates of Soil and Water (RRsoil and RRwater) in Response to Restoration Practices


Figure 5 shows the soil and water retention rates in both watersheds during the two periods. From 1988 to 2004, when the main restoration practices were revegetation and terrace construction in the restored watershed, RRsoil averaged 65.6% and RRwater averaged 69.7%. From 2005 to 2018, when the check dams were installed in the restored watershed, RRsoil averaged 75.4% and RRwater averaged 74.4%. Although the increases in both retention rates between these two periods (due exclusively to the installation of check dams) were relatively small, the average RRsoil in period Ⅱ was approximately 9.8 percentage points higher than that in period Ⅰ, and RRwater averaged about 4.7 percentage points higher. The revegetation and terrace construction led to more than 60% retention of the soil and water in the restored watershed, but the addition of the check dams contributed less than 10 additional percentage points of retention. That is, the check dams were much less effective than the revegetation and terrace construction.



Table 3 shows the M–K test for soil and water retention rates (RRwater and RRsoil) during the two periods. From 1988 to 2004, when the main restoration practices were revegetation and terrace construction in the restored watershed, the M–K test value for RRwater and RRsoil were both positive (0.12 and 0.12), suggesting a long-term increase. From 2005 to 2018, when the check dams were installed in the restored watershed, the M–K test value for RRwater and RRsoil were both negative (−1.10 and −1.20), suggesting a long-term decrease. Although the Z-values for RRwater and RRsoil in both of two periods were smaller than the critical value (   Z  1 − α / 2     = 1.96), which means that there was no significant long-term trend for RRwater and RRsoil in either period, it is still possible to say that the effect of revegetation and terrace on soil and water retention is increasing as time goes by and the effect of check dam is decreasing.






4. Discussion


In this study, the restored watershed showed a significantly decreasing trend in the annual sediment load (equivalent to S) from 1988 to 2018, whereas the natural watershed did not show a significant reduction. Consistent with our results, Zuo et al. [62] found that the land-use effect decreased 25.3% of the water yield (equivalent to R) and 40.6% of the sediment yield (equivalent to S), respectively, from 1954 to 2012 in Huangfuchuan River basin. Yue et al. [63] demonstrated that soil and water restoration projects (including afforestation and the constructions of terraces, reservoirs, and check dams) reduced the sediment load (equivalent to S) in the reaches of the Yellow River between Hekouzhen and Longmen. A research carried out in the Ferenj Wuha watershed, located in the northwest of the Ethiopian highlands, shows that the conversion of communal grazing land to exclosures increased aboveground biomass by 54 Mg ha −1 (or 81%) at the watershed scale, improved soil fertility and increased the carbon and nutrient stock of soil [64]. Zouré [65] found that farmland management (e.g., stone rows, zaï and half-moon) implemented in Tougou watershed (a watershed in Sahel region) allows a runoff reduction by 25 to 100% because of enhancing the water holding ability of soil, which extends the available period of sustaining water for crops and increases their evaporation.



Besides the sediment load, some research about the soil erosion rate directly showed the reduction in soil erosion in the study area after restoration work. Chen et al. [66] showed that the rate of soil erosion was more than 4500 t km−2 yr−1 before 1988 in Luoyugou watershed, and that the erosion rate decreased to 4200 t km−2 yr−1 in 1988 and 3520 t km−2 yr−1 in 1989, and then it declined to 1630 t km−2 yr−1 in 1990, after which it stayed at a stable level between 1100 and 1800 t km−2 yr−1 from 1991 to 2004. The erosion rate decreased to approximately one third of that in the data before 1988. This is consistent with our result that both the runoff modulus and sediment modulus decreased after 1988 because of the revegetation.



Some researchers claimed that decreases in runoff or sediment over time might be caused by decreasing rainfall [31], and records from 20 meteorological stations in the Yellow River basin showed that the rainfall has decreased significantly from 1951 to 2000 [67,68]. However, in our study area, both watersheds had the same rainfall erosivity, so the erosion prevention and water retention would have resulted from the restoration practices rather than from any change in rainfall. This illustrates one advantage of using a paired control watershed in future research.



In this research, the soil and water retention that resulted from revegetation and terrace construction was larger than the retention that resulted from the construction of check dams, which agrees with previous research by Wang et al. [10]. However, high water consumption by new vegetation has aroused extensive concerns [31], since many studies have shown decreased water availability after large-scale vegetation rehabilitation that aggravated existing water scarcity, and that led to soil desiccation in the water-scarce Loess Plateau [22,32].



Restoration to prevent soil erosion should account for local environmental constraints. In particular, revegetation should rely on the selection of species that can survive and expand under local soil and climatic conditions. Relying on native species that exist in the study area is most likely to succeed, as they survive better than exotic species, which sometimes drastically deplete local soil moisture resources [69,70]. There must also be an appropriate balance between water consumption by vegetation and water use by humans, as this is critical to achieve sustainable management of the ecosystem for the benefits of both humans and nature [22,71]. In our research, the annual runoff in the restored watershed was significantly lower than that in the natural watershed. We lack sufficient data to tell whether this is a good phenomenon (e.g., because the water is retained in the soil for local use) or not (e.g., because the water yield decreases for downstream regions). Additional research will be required to determine whether the benefits outweigh the potential costs and what steps will be necessary to achieve a sustainable balance.



In this study, the effect of revegetation and terrace on soil and water retention is increasing as time goes by, but the effect of the check dam is decreasing. Soil retention by check dams is influenced by their size, storage capacity, and expected service life [72,73], they will likely require significant maintain [9,35,72,74]. For example, the service life of medium and small check dams is typically estimated to be less than 10 years, without maintenance such as dredging to remove the soil that accumulates behind the dams [75]. All of the check dams in the restored watershed were built from 2005 to 2006, which means that they had all exceeded their service life by the end of our study period, and this may explain the relatively low contribution of the check dams to soil and water retention [73].



In our analysis, we focused on annual rainfall. However, many studies have shown that the sediment exported from a watershed depends strongly on the characteristics of single rainfall events [76,77]; that is, a large proportion of the runoff and sediment load is produced by a relatively small number of large rainfall events that generate higher than average runoff. For example, Fang et al. [78] studied 40 rainfall events in the Wanjiaqiao watershed, and found that about 90% of the total sediment load was produced by nine single rainfall events, which accounted for 50% of the total rainfall and 58% of the total runoff. Therefore, it will be necessary to analyze the relationship between single rainfall events and runoff and sediment load in our study area in future research.




5. Conclusions


Revegetation and construction of terraces contribute greatly to the prevention of soil erosion. However, it should be noted that the selected species used for planting should be those that can survive and expand under local soil and climatic conditions. The amount of vegetation should keep an appropriate balance between water consumption by vegetation and water use by humans to achieve sustainable management of the ecosystem for the benefits of both humans and nature. Check dams are influenced by storage capacity and expected service life, and they will likely require significant maintenance in the future. Nonetheless, the check dams did noticeably reduce erosion and water loss, so it may be more efficient to combine check dam construction with revegetation strategies.
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Figure 1. Locations of the study area, check dams, and hydrologic stations in the two watersheds. 
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Figure 2. Revegetation, terraces and check dams within the restored watersheds. The photos were taken in April 2019. 
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Figure 3. Rainfall, runoff modulus (RM), and sediment modulus (SM) in the restored watershed (RW) and the natural watershed (NW) from 1988 to 2018. (a) Rainfall in the Qiaozigou watershed; (b) RM in the restored watershed and the natural watershed; (c) SM in the restored watershed and the natural watershed. 
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Figure 4. Relationships between annual rainfall and (a) the runoff modulus (RM), (b) the sediment modulus (SM), and (c) the suspended sediment concentration (SC) in the restored watershed (RW) and the natural watershed (NW). 
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Figure 5. Retention rates of (a) water (RRwater) and (b) soil (RRsoil) from 1988 to 2018. In the box plots, the horizontal line that extends beyond the box represents the mean, the horizontal line within the box represents the median, the boxes represent the range from the 25th to the 75th quartiles, and the whiskers represent the minimum and maximum. 
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Table 1. Restoration practices in the two watersheds.
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Vegetation Cover (% of Land Area) a

	
Terrace Cover (% of Land Area)

	
Sloping Land Cover (% of Land Area)

	
Number of Check Dams






	
NW

	
1985

	
3.03

	
2.83

	
77.46

	
0




	
Changes after 1985

	
none

	
none

	
none

	
none




	
RW

	
1985

	
17.77

	
0.53

	
71.94

	
0




	
2004

	
35.75

	
27.10

	
24.09

	
0




	
2005

	
/

	
/

	
/

	
19




	
Changes after 1985

	
17.98

	
26.57

	
−47.85

	
19




	
Difference between RW and NW

(RW–NW)

	
Before 2005

	
32.72

	
24.27

	
53.37

	
0




	
After 2005

	
32.72

	
24.27

	
53.37

	
19








a Vegetation includes forest, sparse forest, shrubland, orchards, and grassland.
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Table 2. Mann–Kendall trend test for the annual runoff and sediment modulus values in the restored (RW) and natural (NW) watersheds.
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M–K Test (Z-Value)

	
Trend

	
Significance






	
Rainfall

	

	
0.61

	
Increasing

	
Not significant




	
Runoff modulus

	
RW

	
−1.70

	
Decreasing

	
Not significant




	
NW

	
−1.36

	
Decreasing

	
Not significant




	
Sediment modulus

	
RW

	
−2.35 *

	
Decreasing

	
Significant at p < 0.05




	
NW

	
−1.73

	
Decreasing

	
Not significant
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Table 3. Mann-Kendall trend test for retention rates of water (RRwater) and soil (RRsoil).






Table 3. Mann-Kendall trend test for retention rates of water (RRwater) and soil (RRsoil).





	

	
Period

	
M–K Test (Z-Value)

	
Trend

	
Significance






	
RRwater

	
period Ⅰ

	
0.12

	
Increasing

	
Not significant




	
period Ⅱ

	
−1.10

	
Decreasing

	
Not significant




	
RRsoil

	
period Ⅰ

	
0.12

	
Increasing

	
Not significant




	
period Ⅱ

	
−1.20

	
Decreasing

	
Not significant
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