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            Abstract
Predicting the responses of streamflow to changes in forest management is fundamental to the sustainable regulation of water resources. However, studies of changes in forest cover have yielded unclear and largely unpredictable results. Here we compile a comprehensive and spatially distributed database of forest-management studies worldwide, to assess the factors that control streamflow response to forest planting and removal. We introduce a vegetation-to-bedrock model that includes seven key landscape factors in order to explain the impacts of forest removal and planting on water yield. We show that the amount of water stored in a landscape is the most important factor in predicting streamflow response to forest removal, whereas the loss of water through evaporation and transpiration is the most important factor in predicting streamflow response to forest planting. Our findings affect model parameterizations in climate change mitigation schemes (involving, for example, afforestation or deforestation) in different geologic and climate regions around the world, and inform practices for the sustainable management of water resources.
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                    Fig. 1: Global paired watershed studies.[image: ]


Fig. 2: Controls on water-yield response.[image: ]


Fig. 3: A geoclimate conceptual model for streamflow response to forest management.[image: ]


Fig. 4: Framework for energyâ€“water balance in the response of streamflow to forest removal.[image: ]


Fig. 5: Biome-level responses of water yield to forestation and deforestation.[image: ]


Fig. 6: Changes in tree canopy cover and effects on runoff.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Hydrological impact of widespread afforestation in Great Britain using a large ensemble of modelled scenarios
                                        
                                    

                                    
                                        Article
                                         Open access
                                         10 January 2022
                                    

                                

                                Marcus Buechel, Louise Slater & Simon Dadson

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Natural forest growth and human induced ecosystem disturbance influence water yield in forests
                                        
                                    

                                    
                                        Article
                                         Open access
                                         27 June 2022
                                    

                                

                                Zhen Yu, Xiuzhi Chen, â€¦ Xiang Zhao

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Shifts in regional water availability due to global tree restoration
                                        
                                    

                                    
                                        Article
                                         Open access
                                         11 May 2022
                                    

                                

                                Anne J. Hoek van Dijke, Martin Herold, â€¦ Adriaan J. Teuling

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              The datasets generated during and/or analysed here are available in the Figshare repository44 (https://doi.org/10.6084/m9.figshare.7770035).

            

Code availability

              
              Codes used (available in C) for statistical modelling are available from https://github.com/jevaristo/pws.

            

Change history
	12 February 2020
An amendment to this paper has been published and can be accessed via a link at the top of the paper.


	30 September 2019
An Amendment to this paper has been published and can be accessed via a link at the top of the paper.





References
	Bates, C. G. & Henry, A. J. Second phase of streamflow experiment at Wagon Wheel Gap, Colo. Mon. Weath. Rev. 56, 79â€“80 (1928).
ADSÂ 
    
                    Google ScholarÂ 
                

	McDonnell, J. J. et al. Water sustainability and watershed storage. Nat. Sustain. 1, 378â€“379 (2018).

                    Google ScholarÂ 
                

	Foley, J. A. et al. Solutions for a cultivated planet. Nature 478, 337â€“342 (2011).
ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Mekonnen, M. M. & Hoekstra, A. Y. Four billion people facing severe water scarcity. Sci. Adv. 2, e1500323 (2016).
ADSÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Brown, A. E., Zhang, L., McMahon, T. A., Western, A. W. & Vertessy, R. A. A review of paired catchment studies for determining changes in water yield resulting from alterations in vegetation. J. Hydrol. 310, 28â€“61 (2005).
ADSÂ 
    
                    Google ScholarÂ 
                

	Stednick, J. D. Monitoring the effects of timber harvest on annual water yield. J. Hydrol. 176, 79â€“95 (1996).
ADSÂ 
    
                    Google ScholarÂ 
                

	Bosch, J. M. & Hewlett, J. D. A review of catchment experiments to determine the effect of vegetation changes on water yield and evapotranspiration. J. Hydrol. 55, 3â€“23 (1982).
ADSÂ 
    
                    Google ScholarÂ 
                

	Filoso, S., Bezerra, M. O., Weiss, K. C. B. & Palmer, M. A. Impacts of forest restoration on water yield: a systematic review. PLoS ONEÂ 12, e0183210 (2017).
PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Gratzer, G. & Keeton, W. S. Mountain forests and sustainable development: the potential for achieving the United Nationsâ€™ 2030 Agenda. Mt. Res. Dev. 37, 246â€“253 (2017).

                    Google ScholarÂ 
                

	Guardiola-Claramonte, M. et al. Hydrologic effects of the expansion of rubber (Hevea brasiliensis) in a tropical catchment. Ecohydrology 3, 306â€“314 (2010).

                    Google ScholarÂ 
                

	Ellison, D. N., Futter, M. & Bishop, K. On the forest cover-water yield debate: from demand- to supply-side thinking. Glob. Change Biol. 18, 806â€“820 (2012).
ADSÂ 
    
                    Google ScholarÂ 
                

	Guldin, R. W. Forest science and forest policy in the Americas: building bridges to a sustainable future. For. Policy Econ. 5, 329â€“337 (2003).

                    Google ScholarÂ 
                

	Grant, G. E. & Dietrich, W. E. The frontier beneath our feet. Wat. Resour. Res. 53, 2605â€“2609 (2017).
ADSÂ 
    
                    Google ScholarÂ 
                

	Brantley, S. L. et al. Reviews and syntheses: on the roles trees play in building and plumbing the critical zone. Biogeosciences 14, 5115â€“5142 (2017).
ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Goulden, M. L. & Bales, R. C. Mountain runoff vulnerability to increased evapotranspiration with vegetation expansion. Proc. Natl Acad. Sci. USA 111, 14071â€“14075 (2014).
ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Brooks, P. D. et al. Hydrological partitioning in the critical zone: recent advances and opportunities for developing transferable understanding of water cycle dynamics. Wat. Resour. Res. 51, 6973â€“6987 (2015).
ADSÂ 
    
                    Google ScholarÂ 
                

	Fan, Y. Groundwater in the Earthâ€™s critical zone: relevance to large-scale patterns and processes. Wat. Resour. Res. 51, 3052â€“3069 (2015).
ADSÂ 
    
                    Google ScholarÂ 
                

	Beck, H. E. et al. Global patterns in base flow index and recession based on streamflow observations from 3394 catchments. Wat. Resour. Res. 49, 7843â€“7863 (2013).

                    Google ScholarÂ 
                

	Trabucco, A. & Zomer, R. J. Global Aridity Index (Global-Aridity) And Global Potential Evapo-transpiration (global-PET) Geospatial Database. http://www.cgiar-csi.org (2009).

	Gleeson, T., Moosdorf, N., Hartmann, J. & van Beek, L. P. H. A glimpse beneath earthâ€™s surface: GLobal HYdrogeology MaPS (GLHYMPS) of permeability and porosity. Geophys. Res. Lett. 41, 3891â€“3898 (2014).
ADSÂ 
    
                    Google ScholarÂ 
                

	Kleidon, A. et al.Â Â ISLSCP II Total Plant-Available Soil Water Storage Capacity of the Rooting Zone.Â https://doi.org/10.3334/ORNLDAAC/1006 (2011).

	Shangguan, W., Hengl, T., Mendes de Jesus, J., Yuan, H. & Dai, Y. Mapping the global depth to bedrock for land surface modeling. J. Adv. Model. Earth Syst. 9, 65â€“88 (2017).
ADSÂ 
    
                    Google ScholarÂ 
                

	Jones, J. A. et al. Ecosystem processes and human influences regulate streamflow response to climate change at long-term ecological research sites. Bioscience 62, 390â€“404 (2012).

                    Google ScholarÂ 
                

	Lehner, B., Verdin, K. & Jarvis, A. New global hydrography derived from spaceborne elevation data. Eos 89, 93â€“94 (2008).
ADSÂ 
    
                    Google ScholarÂ 
                

	McDonald, R. I. et al. Water on an urban planet: urbanization and the reach of urban water infrastructure. Glob. Environ. Change 27, 96â€“105 (2014).

                    Google ScholarÂ 
                

	Rubin, D. B. The Bayesian bootstrap. Ann. Stat. 9, 130â€“134 (1981).
ADSÂ 
    MathSciNetÂ 
    
                    Google ScholarÂ 
                

	Farley, K. A., Jobbagy, E. G. & Jackson, R. B. Effects of afforestation on water yield: a global synthesis with implications for policy. Glob. Change Biol. 11, 1565â€“1576 (2005).
ADSÂ 
    
                    Google ScholarÂ 
                

	McDonnell, J. J. Beyond the water balance. Nat. Geosci. 10, 396 (2017).
ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Rempe, D. M. & Dietrich, W. E. Direct observations of rock moisture, a hidden component of the hydrologic cycle. Proc. Natl Acad. Sci. USA 115, 2664â€“2669 (2018).
ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Fan, Y., Miguez-Macho, G., JobbÃ¡gy, E. G., Jackson, R. B. & Otero-Casal, C. Hydrologic regulation of plant rooting depth. Proc. Natl Acad. Sci. USA 114, 10572â€“10577 (2017).
ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Condon, L. E. & Maxwell, R. M. Systematic shifts in Budyko relationships caused by groundwater storage changes. Hydrol. Earth Syst. Sci. 21, 1117â€“1135 (2017).
ADSÂ 
    
                    Google ScholarÂ 
                

	Phillips, R. P. et al. A belowground perspective on the drought sensitivity of forests: towards improved understanding and simulation. For. Ecol. Manage. 380, 309â€“320 (2016).

                    Google ScholarÂ 
                

	Nijzink, R. et al. The evolution of root-zone moisture capacities after deforestation: a step towards hydrological predictions under change? Hydrol. Earth Syst. Sci. 20, 4775â€“4799 (2016).
ADSÂ 
    
                    Google ScholarÂ 
                

	Budyko, M. I. The Heat Balance of the Earthâ€™s Surface 140â€“161 (US Dept Commerce, Weather Bureau, Washington DC, 1958).

                    Google ScholarÂ 
                

	Tague, C. & Grant, G. E. Groundwater dynamics mediate low-flow response to global warming in snow-dominated alpine regions. Wat. Resour. Res. 45, W07421 (2009).
ADSÂ 
    
                    Google ScholarÂ 
                

	Postel, S. L., Daily, G. C. & Ehrlich, P. R. Human appropriation of renewable fresh water. Science 271, 785â€“788 (1996).
ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	FAO. AQUASTAT.Â http://www.fao.org/land-water/databases-and-software/aquastat/en/ (2016).

	Feng, X. et al. Revegetation in Chinaâ€™s Loess Plateau is approaching sustainable water resource limits. Nat. Clim. ChangeÂ 6, 1019â€“1022 (2016).
ADSÂ 
    
                    Google ScholarÂ 
                

	Song, X.-P. et al. Global land change from 1982 to 2016. Nature 560, 639â€“643 (2018); correction 563, E26 (2018).
ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Crespo Cuaresma, J. et al. Economic development and forest cover: evidence from satellite data. Sci. Rep. 7, 40678 (2017).
ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Tewari, D. D. in The World of WaterÂ (eds Tvedt, T. et al.) 157â€“182 (I. B. Tauris, 2006).

	Douglass, J. E. The potential for water yield augmentation from forest management in the eastern United States. J. Am. Water Resour. Assoc. 19, 351â€“358 (1983).
ADSÂ 
    
                    Google ScholarÂ 
                

	Creed, I. F. & van Noordwijk, M. (eds) Forest and Water on a Changing Planet: Vulnerability, Adaptation and Governance Opportunities. A Global Assessment Report. IUFRO World Series Vol. 38 (IUFRO, 2018).

                    Google ScholarÂ 
                

	Evaristo, J. & McDonnell, J. J. Paired watershed study data and related statistical model predictions to investigate the impact of forest removal and planting on water yield. Figshare https://doi.org/10.6084/m9.figshare.7770035 (2019).

	Kara, F., Kalin, L. & Loewenstein, E. F. Short-term hydrological responses to silvicultural treatments within a stream buffer zone: a case study. Turk. J. Agric. For. 39, 764â€“774 (2015).

                    Google ScholarÂ 
                

	Alexander, R. R. et al. The Fraser Experimental Forest, Colorado: Research Program and Published Research 1937â€“1985. Report No. 118 (US Forestry Service Rocky Mountain Forest Range Experiment Station, 1985).

	Ali, S., Sethy, B. K., Singh, R. K., Parandiyal, A. K. & Kumar, A. Quantification of hydrologic response of staggered contour trenching for horti-pastoral land use system in small ravine watersheds: a paired watershed approach. Land Degrad. Dev. 28, 1237â€“1252 (2017).

                    Google ScholarÂ 
                

	Almeida, A. C., Smethurst, P. J., Siggins, A., Cavalcante, R. B. L. & Borges, N. Quantifying the effects of Eucalyptus plantations and management on water resources at plot and catchment scales. Hydrol. Processes 30, 4687â€“4703 (2016).
ADSÂ 
    
                    Google ScholarÂ 
                

	Baker, M. B. Changes in streamflow in an herbicide-treated Pinyon-Juniper watershed in Arizona. Wat. Resour. Res. 20, 1639â€“1642 (1984).
ADSÂ 
    
                    Google ScholarÂ 
                

	Baker, M. B. Effects of ponderosa pine treatments on water yield in Arizona. Wat. Resour. Res. 22, 67â€“73 (1986).
ADSÂ 
    
                    Google ScholarÂ 
                

	Betson, R. P. The Effects of Clearcutting Practices on Upper Bear Creek, Alabama Watershed. Report No. WR28-l-550-101 (Tennessee Valley Authority, 1979).

                    Google ScholarÂ 
                

	Bi, H. et al. Effects of precipitation and landuse on runoff during the past 50 years in a typical watershed in Loess Plateau, China. Int. J. Sediment Res. 24, 352â€“364 (2009).

                    Google ScholarÂ 
                

	Birkinshaw, S. J., Bathurst, J. C. & Robinson, M. 45 years of non-stationary hydrology over a forest plantation growth cycle, Coalburn catchment, Northern England. J. Hydrol. 519, 559â€“573 (2014).
ADSÂ 
    
                    Google ScholarÂ 
                

	Boggs, J., Sun, G. & McNulty, S. Effects of timber harvest on water quantity and quality in small watersheds in the Piedmont of North Carolina. J. For. 114, 27â€“40 (2016).

                    Google ScholarÂ 
                

	Borg, H., Bell, R. W. & Loh, I. C. Streamflow and stream salinity in a small water supply catchment in southwest Western Australia after reforestation. J. Hydrol. 103, 323â€“333 (1988).
ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bosch, J. M. Treatment effects on annual and dry period streamflow at Cathedral Peak. South African For. J. 108, 29â€“38 (1979).

                    Google ScholarÂ 
                

	Brechtel, H. M. & FÃ¼hrer, H. W. in Hydrological Interactions Between Atmosphere, Soil and VegetationÂ In Proc.Â IAHSÂ Vienna SymposiumÂ Publication 204Â (eds Kienitz, G. et al.) 477â€“484 (IAHS, 1991).

	Bren, L. J. & Papworth, M. Early water yield effects of conversion of slopes of a Eucalypt forest catchment to Radiata Pine plantation. Wat. Resour. Res. 27, 2421â€“2428 (1991).
ADSÂ 
    
                    Google ScholarÂ 
                

	Bren, L., Lane, P. & Hepworth, G. Longer-term water use of native eucalyptus forest after logging and regeneration: the Coranderrk experiment. J. Hydrol. 384, 52â€“64 (2010).
ADSÂ 
    
                    Google ScholarÂ 
                

	Brown, H. E. Evaluating watershed management alternatives. J. Brig. Drain. Div. 97, 93â€“107 (1971).

                    Google ScholarÂ 
                

	Bubb, K. A. & Croton, J. T. Effects on catchment water balance from the management of Pinus plantations on the coastal lowlands of south-east Queensland, Australia. Hydrol. Processes 16, 105â€“117 (2002).
ADSÂ 
    
                    Google ScholarÂ 
                

	Buttle, J. M. Hydrological response to reforestation in the Ganaraska river basin, southern Ontario. Can. Geogr. 38, 240â€“253 (1994).

                    Google ScholarÂ 
                

	Cassells, D. S., Gilmour, D. A. & Bonell, M. Catchment response and watershed management in the tropical rainforests in north-eastern Australia. For. Ecol. Manage. 10, 155â€“175 (1985).

                    Google ScholarÂ 
                

	Cheng, J. D. Streamflow changes after clear-cut logging of a pine beetle-infested watershed in southern British Columbia, Canada. Wat. Resour. Res. 25, 449â€“456 (1989).
ADSÂ 
    
                    Google ScholarÂ 
                

	Cornish, P. & Vertessy, R. Forest age-induced changes in evapotranspiration and water yield in a eucalypt forest. J. Hydrol. 242, 43â€“63 (2001).
ADSÂ 
    
                    Google ScholarÂ 
                

	DaÃ±o, A. M. Effect of burning and reforestation on grassland watersheds in the Philippines. In Proc. Fiji Symposium 53â€“61 (1990).

	Douglass, J. E. & Swank, W. T. Effects of Management Practices on Water Quality and Quantity: Coweeta Hydrologic Laboratory, North Carolina. General Technical Report No. NE-13 (Municipal Watershed Management Symposium, 1975).

	Douglass, J. E. & Swank, W. T. Streamflow Modification Through Management of Eastern Forests. Resource Paper SE-94 (US Department of Agriculture Forestry Service Southeast, Forest Experimental Station 17, 1972).

	Du, E., Link, T. E., Wei, L. & Marshall, J. D. Evaluating hydrologic effects of spatial and temporal patterns of forest canopy change using numerical modelling. Hydrol. Processes 30, 217â€“231 (2016).
ADSÂ 
    
                    Google ScholarÂ 
                

	Dung, B. X. et al. Runoff responses to forest thinning at plot and catchment scales in a headwater catchment draining Japanese cypress forest. J. Hydrol. 444â€“445, 51â€“62 (2012).

                    Google ScholarÂ 
                

	Eschner, A. R. Forest Protection and Streamflow from an Adirondack Watershed. PhD Thesis, State College of Forestry (1965).

                    Google ScholarÂ 
                

	Fahey, B. & Payne, J. The Glendhu experimental catchment study, upland east Otago, New Zealand: 34 years of hydrological observations on the afforestation of tussock grasslands. Hydrol. Processes 31, 2921â€“2934 (2017).
ADSÂ 
    
                    Google ScholarÂ 
                

	Fowler, W. B., Helvey, J. D. & Felix, E. N. Hydrologic and Climatic Changes in Three Small Watersheds After Timber Harvest. Research Paper No. PNW-379 (US Forestry Service, 1987).

	Fritsch, M. J. In Proc. Yokohama Symposium 1993 53â€“66 (1993).

	Ganatsios, H. P., Tsioras, P. A. & Pavlidis, T. Water yield changes as a result of silvicultural treatments in an oak ecosystem. For. Ecol. Manage. 260, 1367â€“1374 (2010).

                    Google ScholarÂ 
                

	GÃ¶kbulak, F. et al. Effect of forest thinning on water yield in a sub-humid Mediterranean oak-beech mixed forested watershed. Water Resour. Manage. 30, 5039â€“5049 (2016).

                    Google ScholarÂ 
                

	Gottfried, G. J. Moderate timber harvesting increases water yields from an Arizona mixed conifer watershed. J. Am. Water Resour. Assoc. 27, 537â€“546 (1991).
ADSÂ 
    
                    Google ScholarÂ 
                

	Gottfried, G. J. Stand changes on a southwestern mixed conifer watershed after timber harvesting. J. For. 81, 311â€“316 (1983).

                    Google ScholarÂ 
                

	Grace, J. M., Skaggs, R. W. & Chescheir, G. M. Hydrologic and water quality effects of thinning Loblolly Pine. Trans. ASABE 49, 645â€“654 (2006).

                    Google ScholarÂ 
                

	Harr, R. D. in Symposium on Watershed Management Paper No. PNW-GTR-49 (US Forestry Service, 1976).

	Harr, R. D. Streamflow After Patch Logging in Small Drainages within the Bull Run Municipal Watershed, Oregon. Research Paper PNW-268 (US Forestry Service, 1980).

	Harr, R. D., Fredriksen, R. L. & Rothacher, J. Changes in Streamflow Following Timber Harvest in Southwest Oregon. Research Paper PNW-249 (US Forestry Service, 1979).

	Harr, R. D., Levno, A. & Mersereau, R. Streamflow changes after logging 130-year-old Douglas fir in two small watersheds. Wat. Resour. Res. 18, 637â€“644 (1982).
ADSÂ 
    
                    Google ScholarÂ 
                

	Harris, D. D. Hydrologic changes after clearcut logging in a small Oregon Coastal Watershed. J. Res. U.S. Geol. Surv. 1, 487â€“491 (1973).

                    Google ScholarÂ 
                

	Harris, D. D. Hydrologic Changes After Logging in Two Small Oregon Coastal Watersheds. Paper 2037 (US Geological Survey Water Supply, 1977).

	Harrold, L. L., Brakensiek, D. L., McGuinness, J. L., Amerman, C. R. & Dreibelbis, F. R. Influence of Land Use and Treatment on the Hydrology of Small Watersheds at Coshocton, Ohio, 1939â€“57. Technical Bulletin 1256 (US Department of Agriculture, 1962).

	Hawthorne, S. N. D., Lane, P. N. J., Bren, L. J. & Sims, N. C. The long term effects of thinning treatments on vegetation structure and water yield. For. Ecol. Manage. 310, 983â€“993 (2013).

                    Google ScholarÂ 
                

	Hewlett, J. D. & Douglass, J. E. Blending Forest Uses. Research Paper SE-37 (US Forestry Service, 1968).

	Hewlett, J. D. & Hibbert, A. R. Increases in water yield after several types of forest cutting. Int. Assoc. Sci. Hydrol. Bull. 6, 5â€“17 (1961).

                    Google ScholarÂ 
                

	Hewlett, J. D. Forest Water Quality: An Experiment in Harvesting and Regenerating Piedmont Forest. Res. Paper 5-22 (School of Forest Research, University of Georgia, 1979).

                    Google ScholarÂ 
                

	Hibbert, A. R. & Gottfried, G. J. in Management of Subalpine Forests: Building on 50 Years of Research. General Technical Report RM-149, 189â€“193 (US Forestry Service, 1987).

	Hibbert, A. R. Forest treatment effects on water yield. In International Symposium Forest Hydrology, Pennsylvania, Sept. 1965 (eds Sopper, W. E. & Lull, H. W.) 527â€“543 (Pergamon, 1967).

	Hibbert, A. R. Increases in streamflow after converting chaparral to grass. Wat. Resour. Res. 7, 71â€“80 (1971).
ADSÂ 
    
                    Google ScholarÂ 
                

	Hibbert, A. R. Managing Vegetation to Increase Flow in the Colorado River Basin. General Technical Report RM-66 (US Forestry Service, 1979).

	Hibbert, A. R. Opportunities to increase water yield in the southwest by vegetation management. In Proc. Symp. Interior West Watershed Management, Spokane, WA, April 1980Â (ed. Baumgartner, D.) 223â€“230 (Washington State Univ., 1980).

	Hibbert, A. R. Water yield changes after converting a forested catchment to grass. Wat. Resour. Res. 5, 634â€“640 (1969).
ADSÂ 
    
                    Google ScholarÂ 
                

	Hibbert, A. R. Water yield improvement potential by vegetation management on Western rangelands. Water Resour. Bull. 19, 375â€“381 (1983).

                    Google ScholarÂ 
                

	Hibbert, A. R., Davis, E. A. & Scholl, D. G. Chaparral Conversion Potential in Arizona. Part I: Water Yield Response and Effects on Other Resources. Research Paper RM-126 (US Forestry Service, 1974).

	Hornbeck, J. W. Streamflow response to forest cutting and revegetation. J. Am. Water Resour. Assoc. 11, 1257â€“1260 (1975).
ADSÂ 
    
                    Google ScholarÂ 
                

	Hornbeck, J. W., Pierce, R. S. & Federer, C. A. Streamflow changes after forest clearing in New England. Wat. Resour. Res. 6, 1124â€“1132 (1970).
ADSÂ 
    
                    Google ScholarÂ 
                

	Hsia, Y. J. & Koh, C. C. in Hydrology of Humid Tropical Regions with Particular Reference to the Hydrological Effects of Agriculture and Forestry Practice. IAHS Publication no. 140 (Proc. Hamburg Symp., 1983).

	Huang, M. & Zhang, L. Hydrological responses to conservation practices in a catchment of the Loess Plateau, China. Hydrol. Processes 18, 1885â€“1898 (2004).
ADSÂ 
    
                    Google ScholarÂ 
                

	Huang, M., Zhang, L. & Gallichand, J. Runoff responses to afforestation in a watershed of the Loess Plateau, China. Hydrol. Processes 17, 2599â€“2609 (2003).
ADSÂ 
    
                    Google ScholarÂ 
                

	Hubbart, J. A., Link, T. E., Gravelle, J. A. & Elliot, W. J. Timber harvest impacts on water yield in the continental/maritime hydroclimatic region of the United States. For. Sci. 53, 169â€“180 (2007).

                    Google ScholarÂ 
                

	Ide, J., FinÃ©r, L., LaurÃ©n, A., Piirainen, S. & Launiainen, S. Effects of clear-cutting on annual and seasonal runoff from a boreal forest catchment in eastern Finland. For. Ecol. Manage. 304, 482â€“491 (2013).

                    Google ScholarÂ 
                

	Johnson, E. A. & Kovner, J. L. Effect on streamflow of cutting a forest understory. For. Sci. 2, 82â€“91 (1956).

                    Google ScholarÂ 
                

	Johnson, R. C. Effects of Upland Afforestation on Water Resources, The Balquhidder Experiment 1981â€“1991. Report No. 116 (Inst. Hydrology, 1981).

	Johnston, R. S. Effect of Small Aspen Clearcuts on Water Yield and Water Quality. Research Paper INT-333 (US Forestry Service, 1984).

	Kochenderfer, J. N. & Wendel, G. W. Plant succession and hydrologic recovery on a deforested and herbicided watershed. For. Sci. 29, 545â€“558 (1983).

                    Google ScholarÂ 
                

	Kochendorfer, J. N., Edwards, P. J. & Helvey, J. D. Land management and water yield in the Appalachians. In Watershed Planning and Analysis in Action Symp. Proc. 523â€“532 (ASCE, New York, 1990).

	Koivusalo, H. et al. Parameterisation and application of a hillslope hydrological model to assess impacts of a forest clear-cutting on runoff generation. Environ. Model. Softw. 21, 1324â€“1339 (2006).

                    Google ScholarÂ 
                

	Lane, P. N. & Mackay, S. M. Streamflow response of mixed-species eucalypt forests to patch cutting and thinning treatments. For. Ecol. Manage. 143, 131â€“142 (2001).

                    Google ScholarÂ 
                

	Lane, P. N. J., Best, A. E., Hickel, K. & Zhang, L. The response of flow duration curves to afforestation. J. Hydrol. 310, 253â€“265 (2005).
ADSÂ 
    
                    Google ScholarÂ 
                

	Lawrence, P. A. & Thorburn, P. J. Changes in Hydrology, Soil Fertility and Productivity of Brigalow Catchments Following Clearing. Project Report RQR89002 (Queensland Department of Primary Industries, 1989).

	Lawrence, P. A. & Sinclair, D. P. Analysis of rainfall variability on the Brigalow experimental catchments. In Hydrology and Water Resources Symposium, Griffith University, Brisbane 25â€“27 November 334â€“339 (Inst. Engineers, Australia, 1986).

	Lewis, D. C. Annual hydrologic response to watershed conversion from oak woodland to annual grassland. Wat. Resour. Res. 4, 59â€“72 (1968).
ADSÂ 
    
                    Google ScholarÂ 
                

	Li, S., Xu, M. & Sun, B. Long-term hydrological response to reforestation in a large watershed in southeastern China. Hydrol. Processes 28, 5573â€“5582 (2014).
ADSÂ 
    
                    Google ScholarÂ 
                

	Lima, W. P., Patric, J. H. & Holowaychuk, N. Natural Reforestation Reclaims a Watershed: A Case History from West Virginia. Research Paper NE-392 (US Department of Agriculture, Forest Service, Northeastern Forest Experiment Station, 1978).

	Liu, W. et al. How do climate and forest changes affect long-term streamflow dynamics? A case study in the upper reach of Poyang River basin. Ecohydrology 8, 46â€“57 (2015).

                    Google ScholarÂ 
                

	Swift, L. W. Jr & Swank, W. T. Long term responses of streamflow following clearcutting and regrowth. Hydrol. Sci. J. 26, 245â€“256 (1981).

                    Google ScholarÂ 
                

	Lynch, J. A. & Sopper, W. E. Water yield increases from partial clearcutting of forested watershed. Sci. Agric. 17, 8â€“17 (1970).

                    Google ScholarÂ 
                

	Maita, E., Suzuki, M. & Ohta, T. Change in the annual discharge after clear-cutting a 70-year-old mixed plantation of Sugi and Hinoki in a tertiary formation area. Nihon Shinrin Gakkaishi 87, 124â€“132 (2005).

                    Google ScholarÂ 
                

	Malmer, A. Water-yield changes after clear-felling tropical rainforest and establishment of forest plantation in Sabah, Malaysia. J. Hydrol. 134, 77â€“94 (1992).
ADSÂ 
    
                    Google ScholarÂ 
                

	Miller, E. L., Beasley, R. S. & Lawson, E. R. Forest harvest and site preparation effects on stormflow and peakflow of ephemeral streams in the Ouachita Mountains. J. Environ. Qual. 17, 212 (1988).

                    Google ScholarÂ 
                

	Moore, R. D. & Scott, D. F. Camp Creek revisited: streamflow changes following salvage harvesting in a medium-sized, snowmelt-dominated catchment. Can. Water Resour. J. 30, 331â€“344 (2005).

                    Google ScholarÂ 
                

	Mwendera, E. J. Effect on the water yield of the Luchelemu catchment in Malawi of replacing indigenous grasses with timber plantations. For. Ecol. Manage. 65, 75â€“80 (1994).

                    Google ScholarÂ 
                

	Nakano, H. Effect on Streamflow of Forest Cutting and Change in Regrowth on Cutover Area. Bulletin No. 240 (US Government Forest Experimental Station, 1971).

	Nandakumar, N. Analysis of Paired Catchment Data to Predict the Hydrological Effects of Land-Use Changes. PhD Thesis, Monash Univ., Melbourne, Australia (1993).

	Nanni, U. W. The effect of afforestation on streamflow at Cathedral Peak. Report no. 1. S. Afr. For. J. 74, 6â€“12 (1970).

                    Google ScholarÂ 
                

	Nik, A. R. Water yield changes after forest conversion to agricultural landuse in peninsular Malaysia. J. Trop. For. Sci. 1, 67â€“84 (1988).

                    Google ScholarÂ 
                

	Patric, J. H. & Reinhart, K. G. Hydrologic effects of deforesting two mountain watersheds in West Virginia. Wat. Resour. Res. 7, 1182â€“1188 (1971).
ADSÂ 
    
                    Google ScholarÂ 
                

	Patric, J. H. Effects of wood products harvest on forest soil and water relations 1. J. Environ. Qual. 9, 73 (1980).
CASÂ 
    
                    Google ScholarÂ 
                

	Pearce, A. J., Rowe, L. K. & Oâ€™Loughlin, C. L. In Proc. Influence of Man on the Hydrological Regime with Special Reference to Representative and Experimental Basins, Helsinki, June 1980 119â€“127 Publication No. 130 (International Association of Hydrological ScienceÂ Publications, 1980).

	Pereira, H. C. Hydrological effects of changes in land use in some South African catchment areas. East Afr. Agric. For. J. 27, 131â€“135 (1962).

                    Google ScholarÂ 
                

	Pereira, H. C. Research into the effects of land use on streamflow. Proc. Trans. Rhod. Sci. Assoc. 1, 119â€“124 (1964).

                    Google ScholarÂ 
                

	Pitman, W. V. Trends in streamflow due to upstream land-use changes. J. Hydrol. 39, 227â€“237 (1978).
ADSÂ 
    
                    Google ScholarÂ 
                

	Putuhena, W. M. & Cordery, I. Some hydrological effects of changing forest cover from eucalypts to Pinus radiata. Agric. For. Meteorol. 100, 59â€“72 (2000).
ADSÂ 
    
                    Google ScholarÂ 
                

	Reinhart, K. G. & Eschner, A. R. Effect on streamflow of four different forest practices in the Allegheny Mountains. J. Geophys. Res. 67, 2433â€“2445 (1962).
ADSÂ 
    
                    Google ScholarÂ 
                

	Rich, L. R. & Gottfried, G. J. Water yields resulting from treatments on the Workman Creek Experimental Watersheds in central Arizona. Wat. Resour. Res. 12, 1053â€“1060 (1976).
ADSÂ 
    
                    Google ScholarÂ 
                

	Rich, L. R. & Thompson, J. R. Watershed Management in Arizonaâ€™s Mixed Conifer Forests: the Status of our Knowledge. Research Paper RM-130 (US Forestry Service, 1974).

	Rich, L.R. Water yields resulting from treatment applied to mixed conifer watershed.Â InÂ Proc. Ninth Annual Arizona Watershed SymposiumÂ  12â€“15 (Arizona State Land Department, 1965).

	Rothacher, J. Increases in water yield following clear-cut logging in the Pacific Northwest. Wat. Resour. Res. 6, 653â€“658 (1970).
ADSÂ 
    
                    Google ScholarÂ 
                

	Rowe, L. K. & Pearce, A. J. Hydrology and related changes after harvesting native forest catchments and establishing Pinus radiata plantations. Part 2. The native forest water balance and changes in streamflow after harvesting. Hydrol. Processes 8, 281â€“297 (1994).
ADSÂ 
    
                    Google ScholarÂ 
                

	Rowe, L. K., Pearce, A. J. & Oâ€™Loughlin, C. L. Hydrology and related changes after harvesting native forest catchments and establishing Pinus radiata plantations. Part 1. Introduction to study. Hydrol. Processes 8, 263â€“279 (1994).
ADSÂ 
    
                    Google ScholarÂ 
                

	Rowe, P. B. Streamflow increases after removing woodland-riparian vegetation from a Southern California watershed. J. For. 61, 365â€“370 (1963).

                    Google ScholarÂ 
                

	Ruprecht, J. K. & Schofield, N. J. Effects of partial deforestation on hydrology and salinity in high salt storage landscapes. I. Extensive block clearing. J. Hydrol. 129, 19â€“38 (1991).
ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Schelker, J., KuglerovÃ¡, L., EklÃ¶f, K., Bishop, K. & Laudon, H. Hydrological effects of clear-cutting in a boreal forestâ€”snowpack dynamics, snowmelt and streamflow responses. J. Hydrol. 484, 105â€“114 (2013).
ADSÂ 
    
                    Google ScholarÂ 
                

	Schneider, J. & Ayer, G. R. Effect of Reforestation on Streamflow in Central New York. Water-Supply Paper 1602 (US Geological Survey, 1961).

	Scott, D. F. & Smith, R. E. Preliminary empirical models to predict reductions in total and low flows resulting from afforestation. Water S.A. 23, 135â€“140 (1997).

                    Google ScholarÂ 
                

	Scott, D. F., Prinsloo, F. W., Moses, G., Mehlomakulu, M. & Simmers, A. D. A. A Re-analysis of the South African Afforestation Experimental Data. Report No. 810/1/00 (Water Research Commission South Africa, 2000).

	Serengil, Y. et al. Hydrological impacts of a slight thinning treatment in a deciduous forest ecosystem in Turkey. J. Hydrol. 333, 569â€“577 (2007).
ADSÂ 
    
                    Google ScholarÂ 
                

	Trimble, S. W. & Weirich, F. H. Reforestation reduces streamflow in the southeastern United States. J. Soil Water Conserv. 42, 274â€“276 (1987).

                    Google ScholarÂ 
                

	von Stackelberg, N. O., Chescheir, G. M., Skaggs, R. W. & Amatya, D. M. Simulation of the hydrologic effects of afforestation in the Tacuarembo river basin, Uruguay. Trans. ASABE 50, 455â€“468 (2007).

                    Google ScholarÂ 
                

	Stoneman, G. L. Hydrological response to thinning a small jarrah (Eucalyptus marginata) forest catchment. J. Hydrol. 150, 393â€“407 (1993).
ADSÂ 
    
                    Google ScholarÂ 
                

	Stoof, C. R. et al. Hydrological response of a small catchment burned by experimental fire. Hydrol. Earth Syst. Sci. 16, 267â€“285 (2012).
ADSÂ 
    
                    Google ScholarÂ 
                

	Swank, W. T. & Helvey, J. D. In Symposium on the Results of Research on Representative and Experimental BasinsÂ 346â€“360 Publication No. 96 (International Association of Hydrological Sciences, 1970).

	Swank, W. T. & Miner, N. H. Conversion of hardwood-covered watersheds to White Pine reduces water yield. Wat. Resour. Res. 4, 947â€“954 (1968).
ADSÂ 
    
                    Google ScholarÂ 
                

	Swank, W. T. in Forest Hydrology and Ecology at Coweeta (eds Swank, W. T. & Crossley, D. A. Jr) 339â€“357 (Springer, 1988).

	Swank, W. T., Swift, L. W. & Douglass, J. E. in Forest Hydrology and Ecology at Coweeta (eds Swank, W. T. & Crossley, D. A. Jr) 297â€“312 (Springer, 1988).

	Swanson, R. H., Golding, D. L., Rothwell, R. L. & Bernier, P. Y. Hydrologic Effects of Clear-Cutting at Marmot Creek and Streeter Watersheds, Alberta. Information Report NOR-X-278 (Canadian Forestry Service, Northern Forestry Centre, 1986).

	Tan, Z.-H. et al. Rubber plantations act as water pumps in tropical China. Geophys. Res. Lett. 38, L24406 (2011).
ADSÂ 
    
                    Google ScholarÂ 
                

	Tennessee Valley Authority. Forest Cover Improvement Influences Upon Hydrologic Characteristics of White Hollow Watershed 1935â€“58 (Tennessee Valley Authority, 1961).

	Thornton, C. M., Cowie, B. A., Freebairn, D. M. & Playford, C. L. The brigalow Catchment Study: II. Clearing brigalow (Acacia harpophylla) for cropping or pasture increases runoff. Aust. J. Soil Res. 45, 496 (2007).

                    Google ScholarÂ 
                

	Troendle, C. A. & King, R. M. The effect of timber harvest on the Fool Creek watershed, 30 years later. Wat. Resour. Res. 21, 1915â€“1922 (1985).
ADSÂ 
    
                    Google ScholarÂ 
                

	Ursic, S. J. Hydrologic effects of Prescribed Burning and Deadening Upland Hardwoods in Northern Mississippi. Research Paper SO-54 (US Forestry Service, 1970).

	Van der Zel, D. W. & Kruger, F. J. Results of the multiple catchment experiments of the Jonkershoek Research Station, South Africa: II. Influence of protection of fynbos on stream discharge in Langrivier. For. S. Afr. 16, 13â€“18 (1975).

                    Google ScholarÂ 
                

	Van Haveren, B. P. A reevaluation of the Wagon Wheel Gap forest watershed experiment. For. Sci. 34, 208â€“214 (1988).

                    Google ScholarÂ 
                

	Van Lill, W. S., Kruger, F. J. & Van Wyk, D. B. The effect of afforestation with Eucalyptus grandis Hill ex Maiden and Pinus patula Schlecht. et Cham. on streamflow from experimental catchments at Mokobulaan, Transvaal. J. Hydrol. 48, 107â€“118 (1980).

                    Google ScholarÂ 
                

	Verry, E. S. in Forestry Hydrology and Watershed Management: Proc. Vancouver Symposium, August 1987 553â€“562 (Int. Assoc. Hydrol. Sci. Publ. 167, Wallingford, UK, 1987).

	Wicht, C. L. Determination of the effects of watershed management on mountain streams. Am. Geophys. Union Trans. 2, 594â€“608 (1943).

                    Google ScholarÂ 
                

	Winkler, R., Spittlehouse, D. & Boon, S. Streamflow response to clear-cut logging on British Columbiaâ€™s Okanagan Plateau. Ecohydrology 10, e1836 (2017).

                    Google ScholarÂ 
                

	Zhang, L., Zhao, F. F. & Brown, A. E. Predicting effects of plantation expansion on streamflow regime for catchments in Australia. Hydrol. Earth Syst. Sci. 16, 2109â€“2121 (2012).
ADSÂ 
    
                    Google ScholarÂ 
                

	Zhao, F., Xu, Z. & Zhang, L. Changes in streamflow regime following vegetation changes from paired catchments. Hydrol. Processes 26, 1561â€“1573 (2012).
ADSÂ 
    
                    Google ScholarÂ 
                

	Zhao, Y., Cao, W. & Jie, G. Effect of land cover change on runoff and sediment yield of small watershed in Loess Hilly-gully region. Zhongguo Huanjing Kexue 34, 2111â€“2117 (2014).
CASÂ 
    
                    Google ScholarÂ 
                

	Food and Agriculture Organization of the United Nations. Digital soil map of the world and derived soil properties. http://www.fao.org/land-water/land/land-governance/land-resources-planning-toolbox/category/details/en/c/1026564/ (1996).

	Miller, D. A., White, R. A., Miller, D. A. & White, R. A. A conterminous united states multilayer soil characteristics dataset for regional climate and hydrology modeling. Earth Interact. 2, 1â€“26 (1998).

                    Google ScholarÂ 
                

	Hengl, T. et al. SoilGrids1kmâ€”global soil information based on automated mapping. PLoS ONEÂ 9, e105992 (2014); correction 9, e114788 (2014).
ADSÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	DÃ¼rr, H. H., Meybeck, M. & DÃ¼rr, S. H. Lithologic composition of the Earthâ€™s continental surfaces derived from a new digital map emphasizing riverine material transfer. Glob. Biogeochem. Cycles 19, GB4S10 (2005).

                    Google ScholarÂ 
                

	Shmueli, G., Bruce, P. C., Yahav, I., Patel, N. R. & Lichtendahl, K. C. Data Mining for Business Analytics: Concepts, Techniques, and Applications in R (John Wiley & Sons, 2018).

	Anderson, D. R. in Model Based Inference in the Life Sciences-A Primer on Evidence 105â€“124 (Springer, 2008).

                    Google ScholarÂ 
                

	Zou, H. & Hastie, T. Regularization and variable selection via the elastic net. J. R. Stat. Soc. B. 67, 301â€“320 (2005).
MathSciNetÂ 
    MATHÂ 
    
                    Google ScholarÂ 
                

	Akaike, H. Factor analysis and AIC. Psychometrika 52, 317â€“332 (1987).
MathSciNetÂ 
    MATHÂ 
    
                    Google ScholarÂ 
                

	Cox, I. & Gaudard, M. Discovering Partial Least Squares with JMP (SAS Institute, Cary, NC, 2013).

                    Google ScholarÂ 
                

	Wold, H. Soft modelling: intermediate between traditional model building and data analysis. Banach Center Publ. 6, 333â€“346 (1980).
MathSciNetÂ 
    MATHÂ 
    
                    Google ScholarÂ 
                

	Boulesteix, A. L. & Strimmer, K. Partial least squares: a versatile tool for the analysis of high-dimensional genomic data. Brief. Bioinform. 8, 32â€“44 (2006).
PubMedÂ 
    
                    Google ScholarÂ 
                

	Hastie, T., Tibshirani, R. & Friedman, J. H. The Elements of Statistical Learning: Data Mining, Inference, and Prediction (Springer, New York, 2001).
MATHÂ 
    
                    Google ScholarÂ 
                

	Saltelli, A. Making best use of model evaluations to compute sensitivity indices. Comput. Phys. Commun. 145, 280â€“297 (2002).
ADSÂ 
    CASÂ 
    MATHÂ 
    
                    Google ScholarÂ 
                

	Matsumoto, M. & Nishimura, T. Mersenne twister: a 623-dimensionally equidistributed uniform pseudo-random number generator. ACM Trans. Model. Comput. Simul. 8, 3â€“30 (1998).
MATHÂ 
    
                    Google ScholarÂ 
                

	Efron, B. Nonparametric standard errors and confidence intervals. Can. J. Stat. 9, 139â€“158 (1981).
MathSciNetÂ 
    MATHÂ 
    
                    Google ScholarÂ 
                

	Natural Earth.Â 1:10m Cultural Vectors.Â 
http://www.naturalearthdata.com/downloads/10m-cultural-vectors/ (2016).

	Chorover, J., Kretzschmar, R., Garcia-Pichel, F. & Sparks, D. L. Soil biogeochemical processes within the critical zone. Elements 3, 321â€“326 (2007).
CASÂ 
    
                    Google ScholarÂ 
                

	Sidle, R. C., Gomi, T., Loaiza Usuga, J. C. & Jarihani, B. Hydrogeomorphic processes and scaling issues in the continuum from soil pedons to catchments. Earth Sci. Rev. 175, 75â€“96 (2017).
ADSÂ 
    
                    Google ScholarÂ 
                

	Gao, H. et al. Climate controls how ecosystems size the root zone storage capacity at catchment scale. Geophys. Res. Lett. 41, 7916â€“7923 (2014).
ADSÂ 
    
                    Google ScholarÂ 
                

	Burt, T. P., Howden, N. J. K., McDonnell, J. J., Jones, J. A. & Hancock, G. R. Seeing the climate through the trees: observing climate and forestry impacts on streamflow using a 60-year record. Hydrol. Processes 29, 473â€“480 (2015).
ADSÂ 
    
                    Google ScholarÂ 
                

	Hallema, D. W. et al. Burned forests impact water supplies. Nat. Commun. 9, 1307 (2018).
ADSÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Evaristo, J., Jasechko, S. & McDonnell, J. J. Global separation of plant transpiration from groundwater and streamflow. Nature 525, 91â€“94 (2015).
ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Good, S. P., Noone, D. & Bowen, G. Hydrologic connectivity constrains partitioning of global terrestrial water fluxes. Science 349, 175â€“177 (2015).
ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zhang, Z. Q., Evaristo, J., Li, Z., Si, B. C. & McDonnell, J. J. Tritium analysis shows apple trees may be transpiring water several decades old. Hydrol. Processes 31, 1196â€“1201 (2017).
ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Alila, Y., KuraÅ›, P. K., Schnorbus, M. & Hudson, R. Forests and floods: a new paradigm sheds light on age-old controversies. Wat. Resour. Res. 45, W08416 (2009).
ADSÂ 
    
                    Google ScholarÂ 
                

	Zhang, L., Dawes, W. R. & Walker, G. R. Predicting the Effect of Vegetation Changes on Catchment Average Water Balance. Technical Report 99/12 (Cooperative Research Centre for Catchment Hydrology, 1999).


Download references




Acknowledgements
We thank P. Brooks and N. (C.) Tague for their useful feedback, K. Janzen for helpful editsÂ and M. Logies for Fig. 3. Support for this study was provided by a Natural Sciences and Engineering Research Council of Canada (NSERC) Discovery Grant to J.J.M.

                Reviewer information

                Nature thanks Paul Brooks and Naomi (Christina) Tague for their contribution to the peer review of this work.

              

Author information
Authors and Affiliations
	Copernicus Institute of Sustainable Development, Utrecht University, Utrecht, The Netherlands
Jaivime Evaristo

	Global Institute for Water Security, School of Environment and Sustainability, University of Saskatchewan, Saskatoon, Canada
Jeffrey J. McDonnell

	School of Resources and Environmental Engineering, Ludong University, Yantai, China
Jeffrey J. McDonnell

	School of Geography, Earth and Environmental Sciences, University of Birmingham, Birmingham, UK
Jeffrey J. McDonnell


Authors	Jaivime EvaristoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jeffrey J. McDonnellView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
J.J.M. conceived the idea of a global synthesis of paired watershed studies. J.E. and J.J.M. brainstormed on how to do this. J.E. designed the synthesis framework, compiled the dataset and conducted the statistical modelling. J.E. wrote the first draft of the paper. J.J.M. edited and commented on the manuscript and contributed to the text and figure presentations in later iterations.
Corresponding author
Correspondence to
                Jaivime Evaristo.


Ethics declarations

              
                Competing interests

                J.J.M. provided consulting advice to Arauco Chile on three occasions, most recently in 2015.

              
            

Additional information
Publisherâ€™s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Extended data figures and tables

Extended Data Fig. 1 Global database of paired watershed studies.
Numbers of published manuscripts from 1933 to 2017 that match our Scopus database queries in the title, abstract or keyword. We identified a manuscript as a â€˜hydrologyâ€™ paper (filled area) if it carried the tag â€˜hydrolog*â€™ as a catch-all keyword for terms such as â€˜hydrologyâ€™, â€˜hydrologicalâ€™, and so on. We identified a manuscript as a â€˜paired watershedâ€™ or â€˜paired catchmentâ€™ study (dark green line) if it carried either of these phrases. The inset shows numbers of manuscripts (sizes of bubbles) according to a countryâ€™s United Nations World Economic Situation and Prospects (WESP) classification189.

Source Data



Extended Data Fig. 2 Budyko plot of catchments in the PWS database.
A Budyko plot of study sites within each intervention scheme (planting or removal), with dryness index (PET/P; xÂ axis) plotted against evaporative index (AET/P; yÂ axis). Also shown are kernel density plots of intervention schemes (top and right). The solid curve is the Budyko prediction; dashed lines represent upper (forests) and lower (grasslands) limits according to equation (10) in previously published study200.

Source Data



Extended Data Fig. 3 Model comparison.
a, b, Comparison of modelling for planting (a)Â and removal (b)Â intervention schemes. Also shown are the model-fit statistics, R2, RASE and AAE.

Source Data



Extended Data Fig. 4 Catchments.
Locations of catchments (nÂ =Â 442,319) for which data for all seven factors are available and in which the gradient-boosted-tree predictions are implemented. Histograms show distributions of catchments along latitude and longitude.


Extended Data Fig. 5 Modelling catchments with complete and incomplete data.
a, b, Histograms showing model output for removal (a) and planting (b) schemes. Complete (blue) and incomplete (red) refer to catchments in which all seven vegetation-to-bedrock factors are available (nÂ =Â 442,319; complete) or for which one or more factors are not available (nÂ =Â 1,777,463; incomplete). Values are median and interquartile range (in brackets).


Extended Data Table 1 Uncertainty estimates for water-yield responsesFull size table
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