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Highlights: 

• Effects of vegetation on soil erosion and water resources 

• Scrubland had a higher runoff reduction effect than grassland and forestland. 

• Sediment reduction in the three vegetation types was >70%. 

• Semi-arid grassland had lowest ratio between runoff and sediment reduction. 

• Grassland optimizes the trade-off between runoff maintenance and erosion reduction. 
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Abstract 

The application of ecological restoration programs, related to water resources protection and soil 

erosion control, may have some undesirable outcomes. An important example is the effect that 

vegetation restoration may have in reducing surface water resources. After searching peer-reviewed 

articles, we selected 38 publications from16 countries in comparable areas - semiarid conditions (aridity 

index <0.5), surface coverage >50% and fine soil texture - to evaluate the effectiveness of different 

types of vegetation (i.e., forestland, scrubland and grassland) in regulating runoff and sediment 

transport. In particular, we used three indices: the runoff reduction effect, the sediment reduction effect 

and the ratio between runoff and sediment reduction. These indices were calculated from measured data 

reported in the original articles. Results showed that scrubland had higher runoff reduction effect (59% 

in gentle slopes; 65% in steep slopes) than in grassland (39% on gentle slopes; 43% on steep slopes) 

and forestland (33% on gentle slopes; 51% on steep slopes). For the three types of vegetation, the 

sediment reduction effect was >70%. Concerning the ratios between runoff and sediment reduction, 

grassland showed the lowest ratios (56% on gentle slopes; 53% on steep slopes) compared to forestland 

(63% on gentle slopes; 65% on steep slopes) and scrubland (93% on gentle slopes; 81% on steep 

slopes). Our results indicate that low values of ratios between runoff and sediment reduction are the 

most suitable because they indicate an effective soil erosion and sediment delivery reduction but 

maintaining surface runoff. Overall, our study demonstrates that grassland may be the best choice for 

optimizing the trade-off between catchment water yield and soil conservation during the 

implementation of ecological restoration programs in semi-arid regions. 

 

Keywords: Land use policy; Soil and water conservation; Trade-off; Meta-analysis; Ecosystem 

sustainability. 
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1. Introduction 

Soil erosion is one of the most severe and widespread environmental problems worldwide and causes 

economic loss in terms of agricultural production and gross domestic product (Panagos et al., 2018). 

Overgrazing, tillage and unsuitable agricultural practices often increase the magnitude of soil erosion 

processes (Borrelli et al., 2017; Keesstra et al., 2016; Rodrigo-Comino et al., 2018), resulting in a series 

of on-site and off-site environmental problems, including increased sediment loads in rivers and flood 

risk, and reduced biodiversity (Jia et al., 2014; Xu and Cheng, 2002). 

In order to cope these threats, the Chinese government has implemented the Grain-For-Green 

program since 1999, which has been one of the most ambitious ecosystem conservation programs in the 

world (Cao et al., 2009; Jia et al., 2014; Yan et al., 2018). This program encourages farmers to plant 

trees or grass on sloping farmland (slope gradient higher than 15°), which are characterized by lower 

crop yield, and provides subsidies to farmers, including free grain and cash compensation (Ostwald and 

Chen, 2006; Xu et al., 2006). After more than twenty years of program’s implementation, the landscape 

has been greatly modified and the vegetation cover in the Loess Plateau has almost doubled between 

1999 and 2013 (Chen et al., 2015). Deng et al. (2012) reported that vegetation restoration reduced the 

runoff and sediment yields in China’s major river basins by 45% and 18% in 1998-2002 and 2003-2007, 

respectively.  

In semiarid areas, which are characterized by water scarcity and few rainfall events per year, 

surface runoff after rainfall events is the main source of water supply in river systems, and is critical to 

ensure the sustainability of ecological systems (Cao et al., 2010; Liu et al., 2019; Robinson et al., 2003). 

Many studies have shown that there is a trade-off between water provisioning services and soil 

conservation services in ecosystem services, especially between runoff and sediment (Hu et al., 2017; 
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Jia et al., 2014; Power, 2010). After almost twenty years of implementation of the Grain-for-Green 

program, it is proved that this program has affected the water resources health, because vegetation 

restoration has reduced runoff amount and thus the local rivers flow has been diminished (Cao et al., 

2011; Dang et al., 2018; Farley et al., 2005; Feng et al., 2012). For example, Chen et al. (2015) reported 

that human activities (such as vegetation restoration and terrace measures) and climate change have 

significantly reduced annual runoff within the Yellow River Basin since 1960s. Farmers of the lower 

Yellow River are concerned about flow reduction because the water yield and quality of the Yellow 

River affects the region's food production-supplying of about 400 million people. The current expansion 

of population and agricultural activities along the Yellow River clearly increases the water demand, and 

makes proper water and soil management challenging tasks. 

Focus on controlling soil erosion, the Grain-for-Green program has been very effective, but has 

also led to declines in many other ecosystem services, such as the decrease in regional agricultural 

production and surface water yield (Liu and Diamond, 2005; Jia et al., 2014; Rodríguez et al., 2006). 

Vegetation restoration generally reduces runoff yield through canopy interception, higher soil 

permeability, root consumption for plant growth, and evapotranspiration (De Baets et al., 2007; Farley 

et al., 2005; Gyssels and Poesen, 2003). Likewise, many studies have assessed the contributions of 

above-ground plant parts, litter layers, canopy and ground cover increase, and root systems, binding soil 

particles on soil erosion control, and thus, reducing sediment connectivity (Borrelli et al., 2017; 

López-Vicente et al., 2017; Wei et al., 2007; Zhao et al., 2014). Therefore, the contributions of the 

Grain-for-Green program on soil- and water-related ecosystem services have varied according to the 

re-vegetation types owing to the different vegetation characteristics; meanwhile, the determination of 

re-vegetation types during the implementation of the program remains questionable (Gyssels and 

Poesen, 2003; Liu et al., 2008; Long et al., 2006).  
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Finding the most efficient solutions to achieve the trade-offs between soil erosion control and 

water resources protection, and maximize the desirable values, are non-solved questions in the 

implementation of the Grain-for-Green program. Therefore, the thorough analysis of the available data 

of changes of runoff and sediment yield resulting from re-vegetation may help implement the program. 

In particular, the evaluation of the effects of different vegetation types on runoff and sediment yield 

may help to better design future actions of the Grain-for-Green program from the perspective of water 

resources protection. This task will allow to achieve the specific goal of sustainable development of 

ecosystem. The objective of this study was to assess the impacts of the three main re-vegetation types, 

such as forest, scrubland and grassland, on the trade-off between soil- and water-related ecosystem 

services. The findings could provide some new insights into the future implementation of the 

Grain-for-Green program. 

 

2. Materials and Methods 

2.1 Data sources 

To estimate the effectiveness of different vegetation types on soil erosion control on slopes, we 

collected relevant data by searching peer-reviewed journal articles through the Web of Science and 

Google Scholar search engines. The selected articles compared the same water erosion response 

variables (runoff or sediment) between at least one of the vegetation types (forestland, shrubland and 

grassland) and the control plots (farmland or bare land) under similar conditions. All the available data 

from each article were extracted directly from the text or tables, or from figures using GetData Graph 

Digitizer 2.24 software (see in Table S1). 
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2.2 Meta-data analysis 

Three indices were employed to compare the efficiencies of the three vegetation types on soil erosion 

control, including runoff reduction benefit (RRB, %), sediment reduction benefit (SRB, %) and the ratio 

between the runoff reduction and sediment reduction (RRSR, %). All indices were calculated as follows 

(Zhao et al., 2014): 

  (1) 

  (2) 

  (3) 

where RV and Rc represent the runoff variables for the vegetated and control plots, respectively; and Sv 

and Sc represent the sediment variables for the vegetated and control plots, respectively. According to 

Eq. (3), the RRSR indicates the relative effectiveness of runoff reduction to sediment reduction. A low 

RRSR means that the performance of vegetation in maintaining runoff is more effective than in 

reducing sediment. The Grain-for-Green program mentions that slopes with a gradient (S) higher than 

25° should not be farmed. However, it is questionable and debatable to determine whether the sloping 

farmland between 15° and 25° should be completely returned (Feng et al., 2005). Chen et al. (2015) 

indicated that farmland at greater gradient than 15° is suitable for the Grain-for-Green policy on the 

Loess Plateau. Following these criteria, the slope gradient in this study was divided into two types: 

gentle slopes (0 < S < 15°) and steep slopes (S > 15°). 

All statistical analyses were conducted by using SPSS v.12.0 software (SPSS Inc., Chicago, IL, 

USA) and expressed as mean ± standard error of mean. The differences in the related values of runoff 
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and sediment between the three vegetation types and slope categories were compared by using One-way 

analysis of variance (ANOVA) procedure. Figures were drawn using Revolution R Enterprise 8.0 

software (R Core Team 2014) at P value ≤ 0.05. 

 

3. Results 

All the articles included in this meta-data analysis aimed to evaluate the effects of different vegetation 

types on runoff and sediment yield under simulated rainfall or natural rainfall, with a study scale that 

was mostly smaller than 100 m2 (Table S1). Among these articles, there were 16 studies with Chinese 

study areas, and other articles included sites located in Spain, USA and other countries. The study sites 

were widely distributed in semiarid regions, therefore, our results were general and could be used to 

evaluate the implementation of the Grain-for-Green program. Vegetation areas had higher vegetation 

coverage (mostly more than 50%), and some areas were grazing. The mean annual temperature of the 

study sites ranged from 5.6 to 18.2°C. The mean annual rainfall ranged from 180 to 970 mm, and the 

mean annual evapotranspiration from 785 to 1988 mm. The soil textures varied from coarse soil to fine 

soil, with more than 50% of the soils belonging to fine soil. Thus, the database was consistent and 

robust. 

In this study, the mean RRB of shrubland on gentle slopes was 65%, which was about 2 and 1.6 

times higher than the RRB observed in forestland (33%) and grassland (40%), respectively (Fig. 1). On 

steep slopes, shrubland had the highest RRB (59%), followed by forestland (51%) and grassland (43%). 

Overall, shrubland had the highest efficiency in reducing runoff, but this effectiveness slightly 

decreased on steep slopes. On the contrary, forestland and grassland had higher efficiencies in reducing 

runoff on steep slopes than in gentle slopes.  
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For sediment reduction, the SRB of the three vegetation types had similar values, all of them about 

70% on gentle slopes (Fig. 2). When the slopes were steep, the SRB of the three vegetation types 

slightly increased. Forestland had the highest SRB (85%), followed by shrubland (75%) and grassland 

(70%). The RRSR of the different vegetation types on gentle slopes was ranked in the order shrubland 

(93%) > forestland (63%) > grassland (56%). Similarly, shrubland (81%) had the highest RRSR on 

steep slopes, followed by forestland (65%) and grassland (53%). These results showed that grassland 

had the lowest RRSR, which means that the performance of grassland in maintaining runoff yield and 

reducing sediment delivery was more effective than the performance obtained in forestland and 

shrubland (Fig. 3).  

 

4. Discussion 

Previous studies have shown that there are generally trade-offs between the ecosystem services (Dang et 

al., 2018; Schneiders et al. 2012; Su and Fu, 2013). Trade-offs refer to a process in exploring the 

interaction and trends of multiple ecosystem services (Maron and Cockfield, 2008; Raudsepp-Hearnea 

et al., 2010；Rodrıguez et al., 2006). It means that one ecosystem service declines as another one 

ecosystem service increases (Bennett et al., 2009; Zheng et al., 2014), such as the competitive ability 

and resistance to predators, pasture management practices and their ecological functions (Chai et al., 

2018; Jessup and Bohannan, 2008). Due to severe environmental conditions, such as dry climate and 

low rainfall (Leung et al., 2015; Liu et al., 2019), a potential issue in implementing the Grain-for-Green 

program in semiarid areas is the trade-off between water provisioning services and soil conservation 

services (Hu et al., 2017; Jia et al., 2014). 

Our results indicated that the Grain-for-Green program greatly contributed to the ecosystem 
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services due to the vegetation canopy, litter layer and root-network development (Bochet et al., 2006; 

Gyssels et al., 2005; Liu et al., 2019), but its contribution varies according to the topographic conditions 

and vegetation types (Fig. 1 and 2). Vegetation showed relatively higher RRB and SRB on steep slopes 

than on gentle slopes, which can be explained by the lower runoff velocity on gentle slopes, masking 

the impacts of vegetation cover on soil erosion control (Jiang et al., 2014). The observed changes of 

runoff and sediment yields in landscapes with different vegetation types were not consistent between 

them owing to the different aboveground characteristics and predominant root systems (Hu et al., 2017; 

Zheng et al., 2014). Zheng et al. (2014) reported that vegetation restoration could produce soil 

conservation and water provision ecosystem services (i.e., soil conservation and water retention), but 

their contributions differed from re-vegetation types. 

In previous and recently published articles Chen et al. (2015) and Liu et al. (2019) highlighted that 

the Grain-for-Green program needs to focus on reducing soil erosion and sediment yield, and 

maintaining runoff simultaneously, in order to achieve the specific goal of sustainable development of 

ecosystems. The lowest values of RRSR found in grassland indicated that runoff reduction in this 

vegetation type was lower than the reduction observed in forestland and shrubland, while reducing the 

same amount of sediment in the three vegetation types (Fig. 3). This finding is important for 

maintaining the stability of the Yellow River flow, and thus to favor the sustainable development of this 

area. The majority of studies have shown that afforestation decreases runoff (McVicar et al., 2007), 

even though the proportion was as high as 99% in some studies (Wang et al., 2001). While the 

proportion of grassland was only about 20% (Meng et al., 2010), grass cover even increased runoff in 

some cases (Liu et al., 2019). From one side, soil and water conservation under forestland and 

shrubland occurs via dense canopy, litter-humus layer and root system, which effectively intercept 

rainfall and improve soil properties, and thus greatly reducing runoff and sediment (Anache et al., 2018; 
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Pizarro et al., 2006; Wei et al., 2007). From the other side, grassland restoration favors the presence of 

abundant fine roots in the topsoil that have a fast turnover rate, which increases soil cohesion and 

improves soil properties, and thus, leading to the highest potential for soil erosion control (De Baets et 

al., 2007; Zhang and Wang 2015).  

Although previous studies have reported that the impacts of vegetation restoration on runoff and 

sediment yield are also affected by other factors, i.e., vegetation coverage, vegetation clearance for 

wildfire prevention, soil texture and climate conditions (López-Vicente et al., 2011; Li and Fang, 2016; 

Anache et al., 2018), this study has effectively assessed the impacts of re-vegetation types on ecosystem 

services. The homogeneous conditions of the study sites included in this meta-data analysed, with fine 

soil texture, vegetation coverage greater than 50%, and semiarid conditions, minimize the variability on 

the final results, and thus, the observed differences were explained by the different vegetation types. 

Moreover, the articles involved in this study were mostly conducted in small plots (<100 m2) in order to 

avoid up- and down-scaling effects.  

The effects of vegetation restoration on different kinds of soil erosion (i.e., river bank erosion and 

gully erosion) might be different. How to up-scale the soil erosion process to the larger scale is worth 

considering (Alaoui et al., 2012). Therefore, further studies should focus on analysing the effects of 

re-vegetation types on overland flow velocity, soil erosion control and surface water resource protection 

at different scales (i.e., landscape, hillslope, hydrologic response unit and patch). Regarding the 

application of subsidies, van Leeuwen et al. (2019) have recently showed that previous studies did not 

agree upon the effect of their implementation related to soil and water conservation on croplands, on 

soil erosion and land degradation control. This study has proved that the contributions of the 

Grain-for-Green program to ecosystem services depends on vegetation types in some extent instead of 
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the slope gradient. Grasslands appeared as superior in terms of runoff maintenance and sediment 

reduction. This finding proved the feasibility of the measures taken by this Chinese program relying on 

grassland restoration to meet the purposes of trade-off between soil- and water-related ecosystem 

services in semiarid regions. Besides, this view could be suitable for further discussion about the 

implementation of the Grain-for-Green program. 

 

5. Conclusions 

The meta-data analysis allowed us to evaluate the specific effectiveness of the three main vegetation 

types used in ecological restoration programs, namely forestland, scrubland and grassland, on reducing 

runoff and sediment yield. These results supported the positive evaluation of the impacts of the 

Grain-for-Green program on ecosystem services. Namely, we found that (i) vegetation had an obvious 

ability to reduce runoff, especially scrubland; (ii) the three vegetation types had similar efficiency in 

sediment reduction; and (iii) grassland showed a higher performance in maintaining runoff yield and 

reducing sediment delivery compared to forestland and scrubland. Our study revealed that grassland not 

only reduced sediment and protected soil from erosion but also increased runoff, which has benefits for 

the sustainability of terrestrial as well as aquatic ecosystems. While forestland and scrubland could 

reduce both runoff and sediment, runoff reduction was higher. This study provides some insights for 

land and water managers on how to achieve the trade-off between surface water protection and soil 

erosion control related to re-vegetation. In addition, it suggests that grasslands could successfully 

optimize the trade-off between soil and water-related ecosystem services during the implementation of 

ecological restoration programs in semi-arid regions. 

 



 12 

Acknowledgements 

We thank the editor Dr. Paulo Pereira and anonymous reviewers for their constructive comments and 

suggestions to this work. This study was funded by Projects of the National Natural Science Foundation 

of China (NSFC41722107, 41525003, 41977063, 41930755), and the Youth Talent Plan Foundation of 

Northwest A & F University (2452018025). 

 

Supplementary data to this article can be found online at 

https://doi.org/10.1016/j.scitotenv.2019.136477 . 

 

Competing interests  

The authors declare no competing financial interests. 

 

References 

Alaoui, A., Spiess, P., Beyeler, M., Weingartner, R., 2012. Up-scaling surface runoff from plot to catchment scale. 

Hydrol. Res. 43, 531-546. DOI: 10.2166/nh.2012.057 

Anache, J.A.A., Flanagan, D.C., Srivastava, A., Wendland, E.C., 2018. Land use and climate change impacts on 

runoff and soil erosion at the hillslope scale in the Brazilian Cerrado. Sci. Total Environ. 622-623, 140-151. 

DOI: 10.1016/j.scitotenv. 2017.11.257 

Bochet, E., Poesen, J., Rubio, J.L., 2006. Runoff and soil loss under individual plants of a semi-arid 

Mediterranean shrubland: influence of plant morphology and rainfall intensity. Earth Surf. Proc. Land. 31, 

536-549. DOI: 10.1002/esp.1351  

Borrelli, P., Robinson, D.A., Fleischer, L.R., Lugato, E., Ballabio, C., Alewell, C., Meusburger, K., Modugno, S., 

https://doi.org/10.1016/j.scitotenv.2019.136477


 13 

Schutt, B., Ferro, V., Bagarello, V., Van Oost, K., Montanarella, L., Panagos, P., 2017. An assessment of the 

global impact of 21st century land use change on soil erosion. Nat. Commun. 8. DOI: 

10.1038/s41467-017-02142-7 

Cao, S., Chen, L., Shankman, D., Wang, C., Wang, X., Zhang, H., 2011. Excessive reliance on afforestation in 

China's arid and semi-arid regions: lessons in ecological restoration. Earth Sci. Rev. 104, 240-245. DOI: 

10.1016/j.earscirev.2010.11.002 

Cao, S.X., Chen, L., Yu, X.X., 2009. Impact of China´s Grain for Green Project on the landscape of vulnerable 

arid and semi-arid agricultural regions: a case study in northern Shaanxi Province. J. Appl. Ecol. 46, 536-543. 

DOI: 10.1111/j.1365-2664.2008.01605x 

Cao, S.X., Wang, G.S., Chen, L., 2010. Assessing effects of afforestation projects in China Reply. Nature 466, 

315-316. DOI: 10.1038/466315d 

Chai, Q.L., Ma, Z.Y., Chang, X.F., Wu, G.L., Zheng, J.Y., Li, Z.W., Wang, G.J., 2019. Optimizing management to 

conserve plant diversity and soil carbon stock of semi-arid grasslands on the Loess Plateau. Catena, 172, 

781-788. DOI: 10.1016/j.catena.2018.09.034 

Chen, Y.P., Wang, K.B., Lin, Y.S., Shi, W.Y., Song, Y., He, X.H., 2015. Balancing green and grain trade. Nat. 

Geosci. 10, 739-741. DOI: 10.1038/ngeo2544 

Dang, D.L., Li, X.B., Li, S.K., Dou, H.S., 2018. Ecosystem services and their relationships in the Grain-for-Green 

Programme-a case study of Duolun County in Inner Mongolia, China. Sustainability, 10, 4036. DOI: 

10.3390/su10114036  

De Baets, S., Poesen, J., Knapen, A., Barberá, G.G., Navarro, J. A., 2007. Root characteristics of representative 

Mediterranean plant species and their erosion-reducing potential during concentrated runoff. Plant Soil, 294, 

169-183. DOI: 10.1007/s11104-007-9244-2 

Deng, L., Shangguan, Z.P., Rui, L.I., 2012. Effects of the grain-for-green program on soil erosion in China. Int. J. 

Sediment Res. 27, 120-127. 

Farley, K.A., Jobbágy, E.G., Jackson, R.B., 2005. Effects of afforestation on water yield: a global synthesis with 

implications for policy. Global Change Biol. 11, 1565-1576. DOI: 10.1111/j.1365-2486.2005.01011.x 

Feng, X.M., Sun, G., Fu, B.J., Su, C.H., Liu, Y., Lamparski, H., 2012. Regional effects of vegetation restoration on 



 14 

water yield across the Loess Plateau, China. Hydrol. Earth Syst. Sc. 16, 4161-4191. DOI: 

10.5194/hess-16-2617-2012 

Feng, Z.M., Yang, Y.Z., Zhang, Y.Q., Zhang, P.T., Li, Y.Q., 2005. Grain-for-green policy and its impacts on grain 

supply in West China. Land Use Policy, 22, 301-312. DOI: 10.1016/j.landusepol.2004.05.004 

Gyssels, G., Poesen, J., 2003. The importance of plant root characteristics in controlling concentrated flow erosion 

rates. Earth Surf. Proc. Land. 28, 371-384. DOI: 10.1002/esp.447 

Gyssels, G., Poesen, J., Bochet, E., Li, Y., 2005. Impact of plant roots on the resistance of soils to erosion by water: 

a review. Prog. Phys. Geog. 29, 189-217. DOI: 10.1191/0309133305pp443ra 

Hu, J., Lu, Y.H., Fu, B.J., Comber, A.J., Harris, P., 2017. Quantifying the effect of ecological restoration on runoff 

and sediment yields: A meta-analysis for the Loess Plateau of China. Prog. Phys. Geog. 41, 753-774. DOI: 

10.1177/0309133317738710 

Jessup, C.M., Bohannan, B.J.M., 2008. The shape of an ecological trade-off varies with environment. Ecol. Lett. 

11, 947-959. DOI: 10.1111/j.1461-0248.2008.01205.x 

Jia, X.Q., Fu, B.J., Feng, X.M., Hou, G.H., Liu, Y., Chang, X.F., 2014. The tradeoff and synergy between 

ecosystem services in the Grain-for-Green areas in Northern Shaanxi, China. Ecol. Indic. 43, 103-113. DOI: 

10.1016/j.ecolind.2014.02.028 

Jiang, F.S., Huang, Y.H., Wang, M.K., Lin, J.S., Zhao, G., Ge, H.L., 2014. Effects of rainfall intensity and slope 

gradient on steep colluvial deposit erosion in southeast China. Soil Sci. Soc. Am. J. 78, 174-1752. DOI: 

10.2136/sssaj2014.04.0132 

Jones, K.B., Zurlini, G., Kienast, F., Petrosillo, I., Edwards, T., Wade, T.G., Li, B.L., Zaccarelli, N., 2013. 

Informing landscape planning and design for sustaining ecosystem services from existing spatial patterns and 

knowledge. Landscape Ecol. 28, 1175-1192. DOI: 10.1007/s10980-012-9794-4 

Leung, A.K., Garg, A., Coo, J.L., Ng, C.W.W., Hau, B.C.H., 2015. Effects of the roots of Cynodon dactylon and 

Schefflera heptaphylla on water infiltration rate and soil hydraulic conductivity. Hydrol. Process. 29, 

3342-3354. DOI: 10.1002/hyp.10452 

Li, Z., Fang, H., 2016. Impacts of climate change on water erosion: A review. Earth Sci. Rev. 163, 94-117. DOI: 

10.1016/j.earscirev.2016.10.004 



 15 

Liu, J.G., Diamond, J., 2005. China’s environment in a globalizing world. Nature 435, 1179-1186. DOI: 

10.1038/4351179a 

Liu, J.G., Li, S.X., Ouyang, Z.Y., Tam, C., Chen, X.D., 2008. Ecological and socio-economic effects of China’s 

policies for ecosystem services. P. Natl. Acad. Sci. USA. 105, 9477-9482. DOI: 10.1073/pnas.0706436105 

Liu, Y.F., Liu, Y., Wu, G.L., Shi, Z.H., 2019. Runoff maintenance and sediment reduction of different grasslands 

based on simulated rainfall experiments. J. Hydrol. 572, 329-335. DOI: 10.1016/j.jhydrol.2019.03.008 

Long, H.L., Heilig, G.K., Wang, J., Li, X.B., Luo, M., Wu, X.Q., Zhang, M., 2006. Land use and soil erosion in 

the upper reaches of the Yangtze River: some socio-economic considerations on China’s Grain-for-Green 

Programme. Land Degrad. Dev. 17, 589-603. DOI: 10.1002/ldr.736 

López-Vicente, M., Lana-Renault, N., García-Ruiz, J.M., Navas, A., 2011. Assessing the potential effect of 

different land cover management practices on sediment yield from an abandoned farmland catchment in the 

Spanish Pyrenees. J. Soil. Sediment. 11, 1440-1455. DOI: 10.1007/s11368-011-0428-2 

López-Vicente, M., Sun, X., Onda, Y., Kato, H., Gomi, T., Hiraoka, M., 2017. Effect of tree thinning and skidding 

trails on hydrological connectivity in two Japanese forest catchments. Geomorphology 292, 104-114. DOI: 

10.1016/j.geomorph.2017.05.006 

Maron, M., Cockfield, G., 2008. Managing trade-offs in landscape restoration and revegetation projects. Ecol. 

Appl. 18, 2041-2049. DOI: 10.2307/27645920 

McVicar, T.R., Li, L.T., VanNiel, T.G., Zhang, L., Li, R., Yang, Q.K., Zhang, X.P., Mu, X.M., Wen, Z.M., Liu, 

W.Z., Zhao, Y.A., Liu, Z.H., Gao, P., 2007. Developing a decision support tool for China’s re-vegetation 

program: simulating regional impacts of afforestation on average annual streamflow in the Loess Plateau. 

Forest Ecol. Manag. 251, 65-81. DOI: 10.1016/j.foreco.2007.06.025 

Meng, G.T., Fang, X.J., Li, G.X., He, L.P., Zhang, Z.H., Chai, Y., Li, P.R., Li, N.Y., 2010. Study on soil and water 

conservation capacity of three perennial forage grasses under artificial simulated rainfall. Res. Soil Water 

Conserv. 2, 50-53. DOI: 10.1080/00949651003724790 

Ostwald, M., Chen, D., 2006. Land-use change: Impacts of climate variations and policies among small-scale 

framers in the Loess Plateau, China. Land Use Policy 23, 361-371. DOI: 10.1016/j.landusepol.2005.04.004 

Pizarro, R., Araya, S., Jordán, C., Farias, C., Flores, J.P., Bro, P.B., 2006. The effects of changes in vegetative 



 16 

cover on river flows in the Purapel river basin of central Chile. J. Hydrol. 327, 249-257. DOI: 

10.1016/j.jhydrol.2005.11.020 

Power, A.G., 2010. Ecosystem services and agriculture: tradeoffs and synergies. Philos. T. R. Soc. B. 365, 

2959-2971. DOI: 10.1098/rstb.2010.0143 

Raudsepp-Hearne, C., Peterson, G.D., Bennett, E.M., 2010. Ecosystem service bundles for analyzing tradeoffs in 

diverse landscapes. Proc. Natl. Acad. Sci. USA. 107, 5242-5247. DOI: 10.2307/25664957 

Robinson, M., Cognard-Plancq, A.L., Cosandey, C., David, J., Durand, P., Führer, H.W., Hall, R., Hendriques, 

M.O., Marc, V., McCarthy, R., McDonnell, M., Martin, C., Nisbet, T.R., Rodgers, M., McCarthyZollner, A., 

2003. Studies of the impact of forests on peak flows and baseflows: a European perspective. Forest Ecol. 

Manag. 186, 85-97. DOI: 10.1016/s0378-1127(03)00238-x 

Rodríguez, J.P., Beard Jr., T.D., Bennett, E.M., Cumming, G.S., Cork, S., Agard, J., Dobson, A.P., Peterson, G.D., 

2006. Trade-offs across space, time, and ecosystem services. Ecol. Soc. 11, 28. DOI: 

10.5751/ES-01667-110128 

Schneiders, A., Van Daele, T., Van Landuyt, W., Van Reeth, W., 2012. Biodiversity and ecosystem services: 

complementary approaches for ecosystem management? Ecol. Ind. 21, 123-133. DOI: 

10.1016/j.ecolind.2011.06.021 

Su, C.H., Fu, B.J., 2013. Evolution of ecosystem services in the Chinese Loess Plateau under climatic and land 

use changes. Glob. Planet. Change 101, 119-128. DOI: 10.1016/j.gloplacha.2012.12.014 

Tadesse, L., Suryabhagavan, K.V., Sridhar, G., Legesse, G., 2017. Landuse and landcover changes and soil erosion 

in yezat watershed, north western ethiopia. Int. Soil Water Conserv. Res. 5, 85-94. DOI: 

10.1016/j.iswcr.2017.05.004 

Turner, B.L., Fuhrer, J., Wuellner, M., Menendez, H.M., Dunn, B.H., Gates, R., 2018. Scientific case studies in 

land-use driven soil erosion in the central united states: why soil potential and risk concepts should be 

included in the principles of soil health. Int. Soil Water Conserv. Res. 6, 63-78. DOI: 

10.1016/j.iswcr.2017.12.004 

van Leeuwen, C.C.E., Cammeraat, E.L.H., de Vente, J., Boix-Fayos, C., 2019. The evolution of soil conservation 

policies targeting land abandonment and soil erosion in Spain: A review. Land Use Policy 83, 174-186. DOI: 

10.1016/j.landusepol.2019.01.018 



 17 

Wang, L.X., Wang, Z.Q., 2001. Impacts of forest vegetation on watershed runoff in dryland areas. J. Nat. Resour. 

16, 439-444. 

Wei, W., Chen, L., Fu, B., Huang, Z., Wu, D., Gui, L., 2007. The effect of land uses and rainfall regimes on runoff 

and soil erosion in the semi-arid loess hilly area, China. J. Hydrol. 335, 247-258. DOI: 

10.1016/j.jhydrol.2006.11.016 

Xu, J.X., Cheng, D.S., 2002. Relationship between the erosion and sedimentation zones in the Yellow River, 

China. Geomorphology 48, 365-382. DOI: 10.1016/S0169-555X(02)00145-9 

Xu, Z.G., Xu, J.T., Deng, X.Z., Huang, J.K., Uchida, E., Rozelle, S., 2006. Grain for green versus grain: conflict 

between food security and conservation set-aside in China. World Dev. 34, 130-148. DOI: 

10.1016/j.worlddev.2005.08.002 

Yan, R., Zhang, X., Yan, S., Chen, H., 2018. Estimating soil erosion response to land use/cover change in a 

catchment of the Loess Plateau, China. Int. Soil Water Conserv. Res. 6, 13-22. DOI: 

10.1016/j.iswcr.2017.12.002 

Zhang, X.Y., Wang, W., 2015. The decomposition of fine and coarse roots: their global patterns and controlling 

factors. Sci. Rep. 5, 9940. DOI: 10.1038/srep09940 

Zhao, X.N., Huang, J., Wu, P.T., Gao, X.D., 2014. The dynamic effects of pastures and crop on runoff and 

sediments reduction at loess slopes under simulated rainfall conditions. Catena 119, 1-7. DOI: 

10.1016/j.catena.2014.03.001 

Zheng, Z.M., Fu, B.J., Hu, H.T., Sun, G., 2014. A method to identify the variable ecosystem services relationship 

across time: a case study on Yanhe Basin, China. Landscape Ecol. 29, 1689-1696. DOI: 

10.1007/s10980-014-0088-x 

 

 



 18 

 

Fig. 1. Distribution of the 45 case sites (from 38 articles) examining the effects of re-vegetation types on water 

resources protection and soil erosion control. 
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Fig. 2. Runoff reduction effect (RRE) for the three vegetation types, on gentle (0–15°) and steep (N15°) 

slopes. Note: The upper and lower hanging bars denote the maximum and minimum values, respectively. 

The top and bottom edges of box denote the upper and lower quartile values, respectively. The lines in 

the middle of the box denote the median values. Black dots denote the outlier values. Blue dots with 

numbers denote the mean values. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 
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Fig. 3. Sediment reduction effect (SRE) for the three vegetation types, on gentle (0–15°) and steep 

(N15°) slopes. Note: The upper and lower hanging bars denote the maximum and minimum values, 

respectively. The top and bottom edges of box denote the upper and lower quartile values, respectively. 

The lines in the middle of the box denote the median values. Black dots denote the outlier values. Blue 

dots with numbers denote the mean values. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.) 
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Fig. 4. Ratios between runoff and sediment reduction (RRSR) for the three vegetation types, on gentle 

(0–15°) and steep (N15°) slopes. Note: The upper and lower hanging bars denote the maximum and 

minimum values, respectively. The top and bottom edges of box denote the upper and lower quartile 

values, respectively. The lines in the middle of the box denote the median values. Black dots denote the 

outlier values. Blue dots with numbers denote the mean values. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.) 

 


