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Environmental flow provision: Implications for agricultural water and 1 

land-use at the global scale  2 

 3 

Abstract 4 

Human activity poses a severe threat to freshwater ecosystems. It has led to ecosystem 5 

degradation in the past and is likely to continue doing so if no appropriate protection 6 

mechanisms are implemented. One potential protection measure is the reallocation of water from 7 

human use to environmental purposes – also called environmental flows. Such reallocation may 8 

decrease irrigation water availability with possible adverse effects on agricultural production. 9 

With this analysis, we provide a first quantitative estimate of how the allocation of annual 10 

volumes of water for environmental flow protection (EFP) may influence the food production 11 

system at the global scale. The application of a spatially explicit global land and water-use 12 

allocation model (MAgPIE) allows us to explore the effect of EFP on agricultural water 13 

withdrawals as well as associated reactions in terms of land-use changes and agricultural 14 

intensification. Our results suggest that the implications of conserving annual volumes of water 15 

for EFP on the land-use system are moderate on an aggregate global level. Cropland expansion 16 

into unmanaged land due to increasing food demand until 2045 is by a factor 5 to 9 higher than 17 

cropland expansion induced by EFP. Global forest losses associated with EFP stay below 1% of 18 

current forest area. Production reallocation and associated land-use change hotspots suggest that 19 

local effects are of more concern than aggregate cropland expansion and deforestation. 20 

 21 

Keywords 22 

Environmental flows; water-use; land-use; land-water-nexus; sustainability; global; model 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

 32 



1 Introduction 33 

Freshwater is indispensable for sustaining life on Earth and adequate freshwater availability is 34 

essential for human well-being (Oki, 2006). Direct human water abstraction involves water for 35 

irrigated crop production, energy production, industrial fabrication, and domestic purposes 36 

(Flörke et al., 2013). Additionally, humanity benefits from a variety of services provided by 37 

freshwater ecosystems. Those include the provision of fish, other food and fiber, water 38 

purification, erosion protection, biodiversity conservation and cultural and recreational benefits 39 

(Poff et al., 2010; UNESCO, 2009). The third World Water Development Report by the 40 

(UNESCO, 2009) highlights that the economic value of freshwater ecosystem services exceeds 41 

$600 million in Uganda alone and that 10% of undernourished people depend on freshwater 42 

ecosystem services across developing countries.  43 

At the same time, it is widely recognized that human disturbance leads to degradation of 44 

freshwater ecosystems (Grafton et al., 2012; Hoff, 2009; Poff et al., 2010). It has been estimated 45 

that freshwater vertebrate populations have declined by 54 % globally and that 32 % of the 46 

world’s amphibian species are threatened with extinction (Dudgeon et al., 2006). Increasing 47 

human water demand due to population growth and economic development is likely to put 48 

additional pressure on freshwater resources in the future (Vorosmarty et al., 2010). This has led 49 

to the call for water management strategies that explicitly recognize environmental water 50 

requirements (Falkenmark and Molden, 2008). Sustaining river ecosystems and associated 51 

livelihoods requires the provision of environmental flows (EFs) that assure sufficient quantity, 52 

quality and timing of stream-flow (Poff et al., 2010). However, focusing on a single conservation 53 

goal can lead to negative feedbacks on other ecosystems (Bennett et al., 2009; Seppelt et al., 54 

2013). Therefore, environmental flow protection (EFP) cannot be pursued in isolation but has to 55 

be put into a broader context of sustainable use of natural resources (Gerten et al., 2013). 56 

Freshwater use for irrigation accounts for around 70% of human water withdrawals (Rost et al., 57 

2008) and plays an important role in global food production (Naylor, 1996). Since allocation of 58 

water resources for environmental purposes reduces available water for other uses (Falkenmark 59 

and Molden, 2008), EFP is likely to reduce water available for irrigation (Rosegrant et al., 2009; 60 

Strzepek and Boehlert, 2010). A reduction of irrigation potential may have adverse effects on 61 

food prices (de Fraiture and Wichelns, 2010) and the agricultural production required to provide 62 

sufficient amounts of food  for a growing world population (Falkenmark et al., 2009; Rosegrant 63 

et al., 2009). Moreover, decreased land productivity due to irrigation water shortages may trigger 64 

cropland expansion (Lambin and Meyfroidt, 2011) at the expense of natural forests and other 65 

unmanaged land (Foley et al., 2011). Those land cover types are important for a variety of 66 

ecosystem services including biodiversity conservation (Barlow et al., 2007) and carbon 67 

sequestration (Onaindia et al., 2013). 68 

It is therefore important to assess the feedback of EFP on land-use change in order to provide the 69 

knowledge needed to design sustainable water management strategies (Pahl-Wostl et al., 2013c). 70 



While the design and implementation of EFP policies needs to be tailored to local conditions 71 

(Arthington et al., 2006), it is also necessary to adopt a global point of view in order to account 72 

for non-local drivers of water and land-use such as agricultural trade, population growth and 73 

economic development (Hoekstra, 2010; Hoff, 2009). Global investigations of the effects of EFP 74 

on agriculture are however lacking to date. Strzepek and Boehlert (2010) have studied the effects 75 

of providing annual volumes of water for EFP on current agricultural water availability. 76 

However, they do not investigate, what adaptation mechanisms in the agricultural system are to 77 

be expected and what consequences these reactions entail for global land-use change. 78 

This article aims at providing a first quantitative estimate of how a reduction of water available 79 

for agriculture due to allocation of annual volumes of water for EFP may affect land-use change 80 

at the global scale. We compare scenarios including reservation of the annual water quantity 81 

needed for EFP to a business as usual scenario without EFP. Global land-use patterns, yield 82 

increases and agricultural water withdrawals under biophysical and socioeconomic constraints 83 

are simulated by the spatially explicit global agricultural land and water-use model MAgPIE 84 

(Model of Agricultural Production and its Impacts on the environment) (Lotze-Campen et al., 85 

2008; Popp et al., 2010). This setup allows us to quantify the effect of conserving annual 86 

volumes of water for EFP on agricultural water withdrawals as well as associated reactions in 87 

terms of land-use change and agricultural intensification under different future socioeconomic 88 

conditions. 89 

2 Methods 90 

2.1 Model description MAgPIE 91 

2.1.1 General model description 92 

MAgPIE is a spatially explicit global land and water-use allocation model that simulates in 10 93 

year time steps from 1995 to 2045 using recursive dynamic optimization (Lotze-Campen et al., 94 

2008; Popp et al., 2010). The model’s objective function is to fulfill demand for food, livestock 95 

and materials at minimum costs under biophysical and socio-economic constraints. Demand and 96 

socio-economic constraints are defined at the regional level (10 world regions, Figure A1). 97 

Biophysical constraints enter the model at grid cell level (0.5 x 0.5 degree longitude/latitude; 98 

59199 grid cells). Due to computational constraints, grid-cells are aggregated to 1000 simulation 99 

units globally (Figure A2) based on similarity of biophysical conditions (Dietrich et al., 2013a). 100 

Demand scenarios are based on exogenous population, income and diet projections (Section 101 

2.2.2). The production function takes land, water, yield information and monetary costs as 102 

inputs. MAgPIE endogenously determines cropland (rainfed and irrigated), forest and other 103 

natural vegetation patterns.  Urban areas and pasture areas are assumed to be static over time and 104 

forest land is partly reserved for forestry activities and nature conservation (Section 2.2.2). Each 105 

land pool is initialized with historical patterns in 1995 (Krause et al., 2013). Crop yields (rainfed 106 

and irrigated) for 17 cropping activities , crop water demand and water availability are provided 107 



by the global vegetation and hydrology model LPJmL (Bondeau et al., 2007; Müller and 108 

Robertson, 2013). Yields are calibrated on a regional level to meet historical FAO cropland 109 

(FAOSTAT, 2013) in 1995.  110 

Technological improvements have helped to increase yields in the past ( Fischer and Edmeades, 111 

2010). In MAgPIE, future yield increases from technological change (TC) are modelled 112 

endogenously. Landuse intensities (τ) for each region in 1995 are derived from historical data 113 

(Dietrich et al., 2012). Yields in MAgPIE scale linearly with τ and the model can invest into TC 114 

in order to increase τ (Dietrich et al., 2013b). The investment-yield ratio (IY; investments per 115 

unit of yield growth) is determined from historical data on total agricultural Research and 116 

Development spending (Pardey et al., 2006), agricultural infrastructure investments (transport, 117 

energy and water distribution, telecommunication and financial services; Narayanan et al., 2008) 118 

and yield data (FAOSTAT, 2013). A regression analysis is used to estimate the elasticity of IY 119 

with respect to τ (Equation 1). 120 

𝐼𝑌(τ) = (1900± 400) ∗ 𝜏  2.4 ± 0.9        (1) 121 

Thus, yield improvements due to TC are more costly in intensive systems with high τ values 122 

where low-cost intensification options are already implemented. Factor requirement costs 123 

(capital, labour and chemicals, e.g. fertilizer) per hectare scale linearly with τ (Dietrich et al., 124 

2013b). 125 

Monetary costs for agricultural production comprise factor requirement costs, land conversion 126 

costs, transportation costs to the closest market, investment costs for irrigation infrastructure and 127 

investment costs for technological change. The cost minimization problem is solved through 128 

endogenous variation of rainfed and irrigated production patterns for 17 cropping activities 129 

(subject to regional trade constraints; Schmitz et al., 2012), land conversion (all at simulation 130 

unit level) and technological change (at regional level) (Lotze-Campen et al., 2010). 131 

2.1.2 Water and irrigation representation 132 

Water-use categories in MAgPIE include irrigation and livestock production, non-agricultural 133 

human water demand (domestic use, industrial use and use for electricity production) as well as 134 

environmental water requirements. Non-agricultural human water demand and environmental 135 

water requirements enter the model as exogenous scenarios (Section 2.2.2). Non-agricultural 136 

water demand is always fulfilled before agricultural water demand and thus effectively limits 137 

water availability for agriculture (similar to Elliott et al., 2013)). Livestock water demand per 138 

produced unit is derived from (FAOSTAT, 2005). Rainfed crop production is based on green 139 

water (precipitation infiltrated into the soil; Rost et al., 2008)) only. The model can 140 

endogenously decide to apply additional irrigation water from blue water resources (rivers, lakes, 141 

aquifers) in order to increase yields. The amount of irrigation water per hectare that has to be 142 

applied to a field is simulated by LPJmL as the soil water deficit below optimal plant growth 143 

(Rost et al., 2008) and corrected for losses from source to field of 36% based on Rohwer et al. 144 



(2007). Thus, MAgPIE endogenously determines the extent of irrigated areas but does not allow 145 

for switching to supplementary irrigation if water becomes scarce. Yield increases through 146 

technological change are assumed to leave per hectare crop water demand unchanged, thus 147 

enhancing water productivity per ton (irrigation efficiency). This is in line with findings that 148 

yield increases and improved agronomic practices are essential for improving water productivity 149 

(Kijne et al., 2004; Molden et al., 2010; Rosegrant et al., 2009). Increased water productivity can 150 

be accomplished by e.g. : minimizing losses in the water distribution system; increasing the ratio 151 

of transpiration to evaporation on the field; increasing the ratio of harvested plant organ to total 152 

biomass production; increasing plant water-use efficiency by breeding and improved 153 

management of all inputs. 154 

Water-use in MAgPIE is constrained by available blue water at simulation unit level. Available 155 

water is calculated on a 0.5 arc-degree grid using monthly hydrological inputs from LPJmL and 156 

subsequently aggregated to simulation unit level. For each river basin (Döll and Lehner, 2002), 157 

total annual runoff (precipitation that enters rivers, lakes and aquifers) in the basin constitutes the 158 

amount of water available in one year. The allocation of available water at basin level to the grid 159 

cells is based on the grid cells’ monthly river discharge, i.e. the runoff accumulated along the 160 

river network. Each grid cell’s fraction of total available basin water is calculated as the ratio of 161 

the grid cell’s monthly discharge to the sum of the monthly discharge of all cells in the basin 162 

(Appendix equation A4). This procedure assures that water usage does not exceed available 163 

water at basin level and has also been used by Schewe et al. (2013). 164 

It has however been highlighted that due to the seasonal distribution, not all blue water is 165 

accessible to humans (Postel et al., 1996). Quantifying this effect is difficult (Gerten et al., 2013) 166 

and annual water availability is often estimated in a rule of thumb manner by assuming a 167 

constant global availability fraction (Elliott et al., 2013) that differs across studies (Gerten et al., 168 

2013). In this study, we use a process based estimate of the reduction of annual available water 169 

for irrigation due to seasonal variation. We assume that irrigation water can only be used by 170 

plants during their growing period.  Therefore, we calculate the mean growing period over all 171 

crops for each grid cell and restrict available water for irrigation to the water available in this 172 

period. The following assumptions have been made for the mean growing period calculation:  173 

-  wintercrops in the northern hemisphere (sowing date later than June 30
th

 and harvest date later 174 

than December 31
st
) are excluded assuming that no irrigation takes place during winter time in 175 

this region; 176 

- for each grid cell, crops with yields below 10% of the world average yield are excluded. Such 177 

low yields indicate that the crop is not suitable for the location.  178 

In grid cells where water storage facilities in terms of dams are present according to Biemans et 179 

al. (2011), the total annual blue water resource is available for irrigation. The resulting global 180 

water availability is 27000 km
3
 per year. 181 



2.1.3 Irrigation costs 182 

Irrigated crop production is not only constrained by water availability but also requires irrigation 183 

infrastructure for water distribution and application. The initial pattern of area equipped for 184 

irrigation is taken from the AQUASTAT database (Siebert et al., 2007). MAgPIE can 185 

endogenously deploy additional irrigation infrastructure. Regional costs per hectare of expanding 186 

irrigation infrastructure in 1995 are derived from Worldbank data (Jones, 1995) and range from 187 

1900 to 37200 US$ / ha (Appendix Table A1). Regional heterogeneity is largely driven by 188 

implementation difficulties such as funding shortage, procurement problems and construction 189 

quality (Jones, 1995). This is reflected by the comparatively higher costs in Africa and Latin 190 

America compared to Europe or Pacific Asia. Irrigation infrastructure costs are furthermore 191 

influenced by labor costs and the choice of irrigation technology (e.g. surface vs sprinkler 192 

irrigation; Rohwer et al., 2007). We assume that world regions will converge in the future with 193 

regard to economic, institutional and technological standards.  Investment costs for irrigation 194 

infrastructure therefore converge linearly towards the European level of 5700 US$ / ha until 195 

2050. 196 

In order to conduct the presented analysis, we improved the model by including annual costs for 197 

irrigation (e.g. for water, fuel, labor and the maintenance of irrigation infrastructure). 198 

Unfortunately, there is no global dataset on irrigation costs available. Calzadilla et al. (2011) 199 

have however proposed an approach to extract the rent associated with the application of 200 

irrigation water (i.e. factor payments for irrigation water) from the GTAP land rent (i.e. 201 

payments for the factor land) (Narayanan et al., 2008). We largely follow the approach by 202 

Calzadilla et al. (2011) to determine the factor requirement costs for irrigation from the GTAP 203 

land rent. A detailed description of the calculations can be found in the Appendix (A2). The 204 

resulting annual irrigation costs (Appendix Table A2) range from 10 to 2000 US$ / ha for 205 

different crops and regions. 90% of the calculated costs are between 10 and 404 US$ / ha and 206 

only two values exceed 1000 US$ / ha (potato in the NAM and PAO). Case studies from the 207 

FAO report annual irrigation costs of 9.5 to 400 US$ / ha for different crops in African countries 208 

(Palanisami, 1997).  Average annual irrigation costs for a selection of farms in the US range 209 

between 167 and 392 US$ / ha (Schaible and Aillery, 2013). Thus, our approximate calculation 210 

generally yields results that are comparable to observations from case studies. 211 

 212 

2.2 Scenarios 213 

We simulate global agricultural land and water use from 1995 to 2045 considering a total of 214 

eight scenarios that differ along two dimensions: environmental flow protection (four alternative 215 

futures) and socioeconomic development (two alternative futures). In order to limit the number 216 

of scenarios and to isolate the effects of EFP policies, climate change is not considered. All 217 

biophysical inputs are average LPJmL results for 1991-1999 throughout the simulation period. 218 

LPJmL is driven by climate data from the CRU 3.0 dataset (Mitchell and Jones, 2005). We 219 



furthermore test the sensitivity of our results with respect to technological change costs and 220 

irrigation costs. 221 

2.2.1 Environmental flow protection scenarios 222 

We compare scenarios where annual volumes of water are secured for environmental flow 223 

protection (EFP) from 2015 onwards to a baseline scenario without water allocation for EFP 224 

throughout the simulation period. The baseline assumption is based on findings that EF violation 225 

is a widespread global phenomenon. Hoekstra et al. (2012) have found that in 223 of 405 large 226 

river basins, EFs are violated at least one month per year. Furthermore it has been highlighted 227 

that current real-world water management rarely accounts for environmental water requirements 228 

(Arthington et al., 2010; Falkenmark and Molden, 2008).  229 

For single river basins, EFs can be estimated with high confidence by applying holistic methods 230 

that combine hydrological, hydraulic and habitat simulation approaches (Pastor et al., 2013; 231 

Smakhtin and Eriyagama, 2008). Those can however not easily be scaled up since they rely on 232 

detailed site-specific data that is lacking at the global scale (Pastor et al., 2013). Therefore, 233 

global assessments like ours have to rely on approximate hydrological EF estimates based on 234 

modelled hydrological data. Over 200 EF estimation methods have been recorded (Arthington et 235 

al., 2006) and it has been highlighted that especially approximate hydrological methods are 236 

prone to large uncertainties (Poff et al., 2010; Smakhtin and Eriyagama, 2008). In order to 237 

account for this uncertainty, we consider three EFP scenarios with differing spatial EF patterns. 238 

For each EFP scenario, environmental water requirements are calculated from monthly 239 

hydrological data simulated by LPJmL on a 0.5 arc-degree grid. Subsequent aggregation to the 240 

1000 simulation units used in this analysis and summation over all months results in annual 241 

volumes for EFP.  242 

The first EFP scenario (Tennant) is based on an early study by Tennant (1976) who proposes to 243 

reserve 30% of available water for the environment in order to secure habitat for fishes, 244 

invertebrates and other wildlife and protect riparian vegetation from water stress. This threshold 245 

has subsequently been supported by a number of further studies (Hanasaki et al., 2008).  246 

The second EFP scenario (Smakhtin) relies on research by (Smakhtin et al., 2004). They propose 247 

a combination of low-flow (LFR) and high-flow (HFR) requirements to sustain river ecosystems 248 

in a “fair” condition. The conservation goal is to limit species loss to very sensitive species and 249 

to limit intrusion by alien species. LFR correspond to the 90% quantile of annual flow (Q90), i.e. 250 

to the discharge that is exceeded in nine out of ten months. Variable rivers are characterized by 251 

low Q90 values. In such cases high-flow events are important for river channel maintenance, 252 

wetland flooding, and riparian vegetation. HFR of 20% of available water are therefore assigned 253 

to rivers with a low fraction of Q90 in total discharge. Rivers with a more stable flow regime 254 

receive a lower HFR. For calculation details see Appendix A3. 255 



The third EFP scenario (Hanasaki) is constructed according to a study by Hanasaki et al. (2008). 256 

The method is based on case studies in semi-arid to arid regions. It considers deviations from 257 

natural hydrological conditions and estimates base flow requirements and perturbation 258 

requirements. Technically, the method classifies rivers into four categories based on monthly 259 

discharge (Table 1). EFs between 0% and 40% of available water are then assigned based on 260 

monthly discharge values and category specific thresholds (Table 1; Appendix A3). 261 

River classification Monthly environmental flow 

requirement 

Description 

Minimum 

monthly 
streamflow qmin 

(mm/month) 

Maximum 

monthly 
streamflow qmax 

(mm/month) 

Condition for 

monthly 
discharge q  

(mm/month) 

Monthly flow 

requirement qenv  
 

(mm/month) 

Dry  

(dry throughout a year) 
qmin < 1 qmax < 10 

0 ≤ q < 1 qenv = 0 

1 ≤ q qenv = 0.1q 

Wet  
(wet throughout a year) 

10 ≤ qmin 100 ≤ qmax  qenv = 0.4q 

Stable  

(stable throughout a year) 
1 ≤ qmin qmax < 100  qenv = 0.1q 

Variable  

(dramatic difference 
between rainy and dry 

season) 

Other than above 

0 ≤ q < 1 qenv = 0 

1 ≤ q < 10 qenv = 0.1q 

10 ≤ q qenv = 0.4q 

 262 

Table 1 Environmental flow requirements for the Hanasaki scenario. Table adopted from Hanasaki et al. (2008) The 263 
discharge unit (mm/month) corresponds to monthly discharge divided by the catchment area (see Appendix A.3 for 264 
details). 265 

The three EF calculation methods result in significantly different EF patterns (Figure 1).  The 266 

Tennant method is globally uniform. The Smakhtin method shows considerable spatial variation, 267 

estimating rather low EFs (20 – 30% of available water) in most regions of the world and high 268 

values up to 50% in North America, Europe, the Amazon region, Central Africa and Indonesia. 269 

The Hanasaki method results in lower EFs in North America, Europe and North Africa and 270 

higher values throughout the tropics and large parts of Asia. Despite spatial variations, the global 271 

average fraction of EFs over available water is similar for the three methods (Tennant: 30%, 272 

Smakhtin: 30%, Hanasaki: 29%). 273 



 274 

Figure 1 Environmental flow requirements over available water in per cent for the three EFP scenarios. Tennant method 275 
(top), Smakhtin method (middle) and Hanasaki method (bottom). 276 

 277 



2.2.2 Socioeconomic scenarios 278 

Since socioeconomic processes such as population growth, economic development and dietary 279 

preferences are key drivers of future land-use change (Popp et al., 2010), we conduct our 280 

analysis for two different socioeconomic scenarios. In order to span the plausible range of future 281 

conditions, we use two extreme cases from the SRES scenario family (Intergovernmental Panel 282 

on Climate Change and Working Group III, 2000). The A2 scenario is a high pressure scenario 283 

characterized by high population growth in developing regions (10.8 billion globally in 2045), 284 

self-reliance and regionally oriented economic development. In contrast, the B1 scenario depicts 285 

a world where global population growth slows down over the next decades reaching 8.6 billion 286 

in 2045. The emphasis of B1 is on global solutions to economic, social, and environmental 287 

problems. Within MAgPIE, these socioeconomic storylines are translated into scenarios for non-288 

agricultural water demand (on simulation unit level), demand for agricultural products (on 289 

regional level), trade liberalization and forest protection as described below. 290 

Spatially explicit non-agricultural human water demand for the domestic and industry sectors is 291 

obtained from the WaterGAP model (Alcamo et al., 2003; Flörke et al., 2013). Non-agricultural 292 

water demand is subject to structural and technological change and scales with population and 293 

economic activity according to the SRES storylines. Under the A2 scenario, global non-294 

agricultural human water withdrawals more than triple until 2045 while they are almost constant 295 

under the B1 scenario (Figure 2). 296 

 297 

Figure 2 Global non-agricultural human water withdrawals including industrial production, domestic use and electricity 298 
production for the two socioeconomic scenarios. Data from WaterGAP (Alcamo et al., 2003; Flörke et al., 2013). 299 

Global demand for agricultural products depends on population and food consumption per 300 

capita. Changes in regional food composition (e.g. livestock share) and per capita demand are 301 



driven by changes in per capita gross domestic product (Bodirsky et al., 2012). Food demand 302 

increases almost linearly from 2168 Mt dry matter  in 1995 to 4745 Mt in 2045 under the A2 303 

scenario (Appendix Figure A2). Under the B1 scenario, the increase is less pronounced and 304 

flattens out towards the middle of the century reaching 3892 Mt in 2045. 305 

Agricultural trade between world regions in MAgPIE is fixed to historical trade patterns in 1995 306 

and is liberalizing over time (Schmitz et al., 2012). The A2 scenario features little trade 307 

liberalization. In 2045, only 12% of total production can be allocated freely between the world 308 

regions based on competitive advantages. The remainder has to be produced regionally based on 309 

historical self-sufficiency rates and export shares. The B1 scenario allows for more interregional 310 

trade (35% free trade in 2045). 311 

Forest protection comprises areas needed for wood production and natural conservation areas. 312 

Initial protection areas are derived from the FAO forest resource assessment (FAO, 2010) on a 313 

regional level and amount to ~1800 Mha globally. In A2, this area stays constant over time while 314 

in B1, forest protection areas increase linearly reaching ~2450 Mha globally in 2045. 315 

2.2.3 Sensitivity analysis 316 

In order to test the stability of our results with respect to economic assumptions, we conduct 317 

sensitivity analyses with respect to three crucial cost parameters. 318 

Technological change costs: We vary the parameters of the cost function for technological 319 

change (Equation1) from their default values to the low and the high end of their uncertainty 320 

range. 321 

Annual irrigation costs: We vary the annual costs for operation and maintenance of irrigation 322 

systems by ±30% around their default value. 323 

Investment costs of irrigation infrastructure: In addition to the default setting of regionally 324 

converging costs, we consider a scenario with globally uniform investment costs (at the 325 

European level of 5700US$ / ha) and a scenario without convergence of regional costs to the 326 

European level. 327 

 328 

3 Results 329 

3.1 Development under business as usual scenarios 330 

Before investigating the effects of environmental flow protection (EFP) by comparing our EFP 331 

scenarios to the baseline scenarios without EFP, this subsection highlights the water situation 332 

under a business as usual scenario. We concentrate on water scarcity projections and 333 

environmental flow (EF) violations. More detailed results regarding the general land- and water-334 



use dynamics in the baseline scenarios can be found in the Appendix (Section B). These include 335 

comparisons with historical data for validation purposes. 336 

3.1.1 Human water-use 337 

In order to investigate human pressure on global renewable freshwater resources, we calculate 338 

the annual water withdrawal to availability ratio (WTA). For each socioeconomic scenario, total 339 

annual human water withdrawals in 2045 are divided by available water for the 1000 spatial 340 

simulation units (Figure 3). Many regions have a high WTA under both scenarios, especially in 341 

the USA, Mexico, the Middle East, parts of Africa, Southern Europe, India and Northern China.  342 

Under the A2 scenario, the WTA is higher than under B1, especially in the USA, Eastern Europe 343 

and the Middle East.  344 

 345 

Figure 3 Human water withdrawal to water availability ratio under both socioeconomic scenarios without EFP in the 346 
year 2045. The index is zero if no water is used by humans and one if all available water is extracted. 347 

3.1.2 Environmental flow violations 348 

Where WTA values are high, annual human water withdrawals in the baseline scenario may tap 349 

into the annual volume of water required for EFP. We determine where the sum of baseline 350 

human water withdrawals in 2045 and estimated annual EF volumes (Section 2.2.1) exceeds 351 

available water for the three EF estimates considered in this analysis (Figure 4).  352 



 353 

Figure 4 Violation of annual environmental flow requirements for the two socioeconomic scenarios in 2045 under baseline 354 
conditions. Colors indicate the number of EF estimates for which human water withdrawals in the baseline + annual EF 355 
requirements exceed available water. 356 

Around 8% of global land surface (excluding Antarctica and Greenland) exhibits EF violation 357 

for both socioeconomic scenarios and all three EF estimates. These areas are responsible for 358 

~10% of global agricultural production. The largest regions in this category are India, Northern 359 

China and the Middle East. Areas where at least one EF estimate under at least one 360 

socioeconomic scenario suggests EF violation cover 19 % of the global land surface and account 361 

for ~30% of global agricultural production. In A2, EF violation under all three EF estimates 362 

occurs on 12% of global land area while in B1 this is only the case for 8 % of land area. Regions 363 

where both socioeconomic scenarios exhibit EF violation under one or two EF estimates cover 364 

around 4 % of global land area. 365 

3.2 Effects of environmental flow protection 366 

This section concentrates on the differences between the EFP scenarios and the baseline 367 

scenarios. 368 

3.2.1 Irrigated agriculture 369 

All three EFP scenarios reduce agricultural water withdrawals (AWW) substantially under both 370 

socioeconomic scenarios (Figure 5, left). With increasing food demand and non-agricultural 371 

human water demand towards the middle of the century, the impact becomes more pronounced. 372 

By the mid of the century, AWW are reduced by 580 – 770 km
3
 in the B1 scenario and 560 – 373 

820 km
3
 in the A2 scenario. Compared to simulated AWW for 1995 of 2840 km

3
, this is a 374 

fraction of 20 – 27 % and 20 – 29 % respectively. Regional results show that under the A2 375 

scenario, reductions of agricultural water withdrawals due to EFP are most pronounced in the 376 

Middle East and North Africa (Appendix, Figure C1). 377 



These changes in AWW are driven by a reduction of irrigated areas (Figure 5, right). The pattern 378 

of changes across the scenarios is similar to AWW changes. Reductions of irrigated area in 2045 379 

due to EFP amount to 48 – 61 Mha in the B1 and 54 – 82 Mha in the A2 scenario. This 380 

corresponds to 15 – 20 % (B1) and 17 – 26 % (A2) of modelled irrigated area in 1995 (312 381 

Mha).  382 

 383 

384 
Figure 5 Changes in global agricultural water withdrawals (AWW, left) and global irrigated area (right) in the EFP 385 
scenarios with respect to the baseline for both socioeconomic scenarios. Colored points represent the three different EFP 386 
scenarios. Shaded areas span the full range of EFP impacts under the respective socioeconomic scenario. 387 

 388 

3.2.2 Intensification versus cropland expansion into unmanaged land 389 

Irrigated production accounts for around 40% of global agricultural production in our baseline 390 

scenarios. Since we assume that there is no demand-side reaction to the decrease in irrigated 391 

production capacity, the production losses due to EFP have to be compensated on the supply 392 

side. The two main mechanisms to increase agricultural production apart from increasing 393 

irrigation water inputs are cropland expansion and intensification, i.e. yield increases by better 394 

management and technological innovation  (Lambin and Meyfroidt, 2011).  395 

The reaction to EFP in terms of cropland changes shows strong variations and heavily depends 396 

on the socioeconomic as well as on the EFP scenario (Figure 6, left).  397 

In the B1 scenario, cropland with EFP is higher than baseline cropland in all time steps under all 398 

three EFP scenarios. The maximum cropland increase with respect to the baseline is observed 399 

right after the implementation of the EFP policy in 2015 and amounts to 73 Mha. In 2045, the 400 

three EFP scenarios require 34 – 39 Mha additional cropland compared to the baseline. This 401 

corresponds to around 2 – 3% of simulated cropland in 1995 (1420 Mha). 402 



In the A2 scenario, the picture is more diverse with strong variations between EFP scenarios 403 

especially in 2025. Between 2015 and 2025, cropland expands by 150 Mha in the baseline 404 

scenario. In the Hanasaki scenario, cropland only expands by 50 Mha. Shadow prices for land 405 

(Appendix Figure C2) and water (Appendix Figure C3) are higher for the Hanasaki scenario 406 

compared to the baseline, especially in Latin America, North America, Pacific Asia, and South 407 

Asia.  This indicates that the water constraints in the Hanasaki scenario limit the availability of 408 

attractive production sites. Consequently, the cost-optimal solution is less cropland expansion 409 

and stronger intensification (Figure 6, right) for the Hanasaki scenario compared to the baseline 410 

without EFP. In 2045, projected cropland expansion due to EFP amounts to 2 – 45 Mha (0 – 3% 411 

of simulated 1995 cropland). Cropland expansion especially in the Middle East and North Africa 412 

is restricted by limited land availability (Appendix Figure C4).  413 

Agricultural intensification, i.e. an increase of agricultural yields by technological change and 414 

better management as a reaction to EFP can be observed in all scenarios (Figure 6, right). Under 415 

the A2 scenario, global yield increases from technological change of around 4 – 6 % with respect 416 

to the baseline are required in 2045. Under the B1 scenario, required yield increases are lower, 417 

peaking at 4 % in 2035 and reaching around 2 – 3 % in 2045. Land-use intensities under baseline 418 

conditions are shown in the Appendix (Appendix, Figure B4). EFP furthermore leads to 419 

reallocation of production between regions, especially in the B1 scenario with lower trade 420 

barriers (Appendix, Figure C5). 421 

 422 

423 
Figure 6 Changes in global crop area (left) and relative changes in land-use intensity (right) in the EFP scenarios with 424 
respect to the baseline for both socioeconomic scenarios. Colored points represent the three different EFP scenarios. 425 
Shaded areas span the full range of EFP impacts under the respective socioeconomic scenario. 426 

 427 



Within MAgPIE, cropland expansion due to EFP can take place at the cost of unmanaged forests 428 

and other natural vegetation. In order to isolate the effects of EFP on natural forests, we 429 

determine the change in global forest area due to EFP (Figure 7). The general pattern of  changes 430 

in forest area due to EFP is similar to the changes in crop area (Figure 6, left) because cropland 431 

expansion is the driver of deforestation. 432 

 433 

Figure 7 Changes in global forest area with EFP compared to the baseline for both socioeconomic scenarios. Colored 434 
points represent the three different EFP scenarios. Shaded areas span the full range of EFP impacts under the respective 435 
socioeconomic scenario. 436 

Under the B1 scenario, losses of natural forests occur throughout the simulation period and under 437 

all EFP scenarios. The highest spread between different EFP scenarios can be observed in 2035 438 

with deforestation of 9 – 39 Mha. In 2045, the model results for different EFP scenarios 439 

converge to ~37 Mha of forest lost. For the A2 scenario, differences between EFP scenarios are 440 

most pronounced in 2025 with changes in forest area of -17 to 51 Mha. Positive values (more 441 

forest area with EFP) are a result of strong baseline deforestation between 2015 and 2025 (100 442 

Mha). In the Hanasaki scenario, only 40 Mha of forest are lost during that period. By the mid of 443 

the century, changes in forest area are 7 to -37 Mha. In the Hanasaki scenario, EFP even leads to 444 

less deforestation than under baseline conditions. 445 

In order to investigate where the pressure on land ecosystems due to EFP is high, we determine 446 

where cropland area changes due to EFP under the three different EFP scenarios. A spatially 447 

explicit index ranging from 0 to 3 is derived, indicating how many EFP scenarios lead to 448 

cropland expansion into unmanaged land (Figure 8, top) and to cropland contraction (Figure 8, 449 



bottom). 450 

 451 

Figure 8 Locations where conserving annual volumes of water for EFP leads to cropland expansion into previously 452 
unmanaged land (top) and cropland contraction (bottom) for the two socioeconomic scenarios in 2045. Colors indicate the 453 
number of EFP scenarios that lead to cropland expansion / contraction at a given location. If changes in cropland extent 454 
stay below 1% of total land area, the location is marked as no change (0). 455 

Under the A2 scenario, differences between EFP scenarios are high, indicated by the large areas 456 

where only one or two out of three EFP scenarios lead to cropland changes (Indonesia, USA, 457 

Africa and Brazil). Hotspots where cropland expansion is likely to occur are located in 458 

Argentina, Chile, the United States, Canada, Western and Central Africa, Northern China, Japan, 459 

Turkey, India and Afghanistan. Under the B1 scenario, land-use change hotspots are located in 460 

the USA, Western and Central Africa, the Middle East and South Asia.  461 

3.2.3 Sensitivity analysis 462 

Under the B1 scenario, the implications of EFP for global AWW and crop area in 2045 are in 463 

general robust against variations of technological change (TC) costs (Appendix Figure D1), 464 

annual costs for operation and maintenance of irrigation systems (Appendix Figure D2), and 465 

investment costs for irrigation infrastructure (Appendix Figure D3). Under the A2 scenario, high 466 

TC costs can lead to more cropland expansion due to EFP (up to 80 Mha in 2045) while low TC 467 

costs limit crop area expansion due to EFP in 2045 to 30 Mha. High annual irrigation costs 468 



increase cropland expansion due to EFP in A2 (up to 107 Mha in 2045) and decrease the EFP 469 

implications for crop area in B1 (below 30 Mha in 2045). Changes in irrigation infrastructure 470 

investment costs can lead to reduced crop area requirements with EFP compared to the baseline 471 

(up to 90 Mha in 2045). 472 

4. Discussion 473 

The presented study investigates how conserving annual volumes of water for EFP may affect 474 

global agricultural water-use and land-use dynamics under two different socioeconomic 475 

scenarios. Our modelling approach allows us to simulate spatially explicit global reactions of the 476 

land-use system to EFP without exogenously prescribing production patterns, irrigation patterns, 477 

trade flows or yield increases. This endogenous treatment of many key agricultural variables in a 478 

cost optimization framework is important in order to capture the linkages and cross dependencies 479 

in the land and water-use sector. Projected global AWW, irrigated area, cropland and land-use 480 

intensity under baseline conditions are consistent with historical data around the year 2000 481 

(Appendix B). 482 

4.1 Development under business as usual scenarios 483 

Human pressure on water resources is projected to be strong under both socioeconomic scenarios 484 

indicated by high WTA values. Under the pessimistic A2 scenario featuring high population 485 

growth and little global cooperation, the fraction of global land area (excluding Antarctica and 486 

Greenland) with a WTA > 0.4 is 28%. This is in line with results from Alcamo et al. (2007) who 487 

estimated that in the 2050s, 26 to 28 % of total land area show a WTA higher than 0.4 for A2 488 

depending on future climatic conditions. Our spatial patterns of WTA are similar in Latin 489 

America, Africa, the Middle East and Europe while we estimate higher WTAs in the east of the 490 

USA, Australia and China. One methodological difference is that Alcamo et al. assume constant 491 

irrigated area while we allow for expansion of irrigated agriculture. Therefore, agricultural water 492 

withdrawals are significantly higher in our analysis (3815 km
3
 in 2045 for A2) compared to their 493 

projection of 2282 km
3
 in 2055 leading to higher WTA values. Those higher WTA values are 494 

mostly concentrated in areas where Alcamo et al. (2007) also estimate WTAs >0.4 except for the 495 

differences mentioned above. An analysis by Shen et al. (2008) estimates agricultural water 496 

withdrawals of 4691 km
3 

in 2055 under the A2 scenario which is higher than our estimate 497 

because the study assumes constant irrigation per capita and neglects water availability 498 

constraints. In the B1 scenario with low population growth and low trade restrictions, 22 % of 499 

the total land area have a WTA higher than 0.4. Lower WTAs compared to A2 are mainly due to 500 

lower non-agricultural human water withdrawals in B1 since AWW are similar for the two 501 

scenarios at the global level. Whether human water withdrawals are expected to tap into the 502 

water volumes needed for EFP does not only depend on the amount of water withdrawn but also 503 

on the underlying EF estimate. We estimate that the dependence of EF volume violations on 504 

socioeconomic drivers and EF estimates is equally pronounced.  505 



4.2 Effects of environmental flow protection 506 

4.2.1 Irrigated agriculture 507 

Our results suggest that conserving annual volumes of water for EFP may substantially reduce 508 

the potential for irrigated agriculture to contribute to global food production by reducing AWW 509 

and irrigated area. This is in line with findings that environmental water requirements are the 510 

biggest threat to AWW compared to non-agricultural human water-use and climate change 511 

effects (Strzepek and Boehlert, 2010). In our results, reductions of AWW and irrigated area are 512 

sensitive to the EFP scenario but are similar for the socioeconomic scenarios. The spread 513 

between EFP scenarios is lower in B1, where more liberalized agricultural trade allows for 514 

compensating spatial differences in EF patterns between EFP scenarios.  515 

4.2.2 Intensification versus cropland expansion 516 

In our scenarios, the agricultural system reacts to EFP through intensification and cropland 517 

expansion. Reductions of agricultural water withdrawals due to EFP are most pronounced in the 518 

Middle East and North Africa, a region where no suitable land for cropland expansion is 519 

available. Latin America on the other hand, the region with the largest available land pool, is not 520 

strongly affected by EFP. Consequently, intensification is the main reaction to EFP under the A2 521 

scenario with high population growth and strong trade restrictions. Under the B1 scenario, more 522 

liberalized trade allows for more reallocation of production to regions with abundant land 523 

resources (Africa and North America). Therefore, intensification due to EFP is less pronounced 524 

and there is a clearer trend towards cropland expansion for all EFP scenarios. Moreover, 525 

production reallocation under the B1 scenario reduces the spread of cropland expansion between 526 

EFP scenarios compared to A2. A rough calculation reveals the reason for the moderate feedback 527 

of conserving annual water volumes for EFP on crop area: irrigated agriculture accounts for 528 

around 40 % of total production in our scenarios, comparable to the 30 – 40 % reported by Rost 529 

et al. (2008). Reductions in irrigated area of ~20% therefore lead to global production losses of 530 

~8% assuming homogenous yields. A major part of these production losses is then compensated 531 

by production reallocation and yield increases on current cropland.  532 

4.2.3 Implications for forests and other unmanaged land 533 

In our scenarios, cropland expansion due to allocation of annual water volumes for EFP can 534 

reduce global unmanaged natural land by up to 45 Mha by 2045. Around 80% of the loss of 535 

unmanaged land can be attributed to natural forests that mostly belong – according to our 536 

definition – to large intact forest landscapes (Krause et al., 2013) and represent valuable 537 

undisturbed ecosystems. The decline of land ecosystems could lead to biodiversity loss, carbon 538 

emissions and could adversely affect water regulation (Onaindia et al., 2013). 539 

How do the benefits associated with conserving annual volumes of water for EFP (including the 540 

provision of food and fiber, water purification, biodiversity conservation, and erosion protection; 541 

Poff et al., 2010) compare to the detriments of losing 45 Mha of natural land ecosystems? 542 

Answering this question would require a detailed analysis of the quality and quantity of affected 543 



ecosystem services, would inevitably involve value judgments (Ford et al., 2009), and is 544 

therefore beyond the scope of this analysis. We can however analyze the additional challenges 545 

for sustainable land management strategies due to annual water allocation for EFP. To this end, 546 

we set the consequences of our EFP scenarios into the context of the general pressure on land 547 

ecosystems due to population growth and economic development under baseline conditions.  548 

In our scenarios, global cropland expansion due to EFP by 2045 stays below 3% of the 1995 549 

value. Expansion due to population and income growth under baseline conditions until 2045 is 550 

by a factor 5 to 9 higher (229 Mha in B1 and 413 Mha in A2). A recent agricultural model 551 

intercomparison used an ensemble of models to project cropland development under an SSP2 552 

(IIASA, 2013) middle of the road scenario (Schmitz et al., 2014). Projected cropland expansion 553 

until 2050 for the ensemble mean without climate change is around 200 Mha, a factor 4 higher 554 

than our estimated impact of securing annual volumes of water for EFP. In our scenarios, long 555 

term deforestation associated with EFP corresponds to approximately 1 % of current global 556 

forest area (FAOSTAT, 2013) and twice the amount of forest lost annually in the period 2000-557 

2012 of around 19 Mha (Hansen et al., 2013). The Hanasaki EFP scenario even leads to reduced 558 

deforestation compared to the baseline in A2.  559 

Even though there is no major feedback of securing annual volumes of water for EFP on land-560 

use change at an aggregate global level, local land-use change can impair the livelihood and 561 

wellbeing of people. Indigenous people and the rural poor are especially dependent on natural 562 

and wild resources (Naughton-Treves et al., 2005) that are threatened by land-use change. 563 

Environmental damages of local land-use change include biodiversity loss, soil erosion and 564 

changes in the water cycle (Klink and Machado, 2005). Due to the rather coarse resolution of 565 

1000 spatial units, our modelling approach is not suited to investigate detailed local effects. Still, 566 

important insights can be gained from the patterns of cropland expansion hotspots due to EFP. 567 

Cropland expansion happens on 10% of global land area under at least one EFP scenario and at 568 

least one socioeconomic scenario. Less than 1% of global land area is affected by cropland 569 

expansion under all considered scenarios. This indicates that the pattern of land-use changes 570 

associated with EFP is highly dependent on the EFP scenario. Comparing the patterns of 571 

cropland expansion in the EFP scenarios to EF violation patterns under baseline conditions 572 

shows that there is little overlap between regions, where EF violations occur and where EFP 573 

leads to land-use changes. For both socioeconomic scenarios, around 90% of the area affected by 574 

cropland expansion under at least one EFP scenario is located in regions where no EF violations 575 

are observed in the baseline. 576 

4.2.4 Implications of different environmental flow volume targets 577 

Our three EFP scenarios differ in their impact on land-use change and deforestation because the 578 

spatial distribution of the EF volume targets is different. The globally uniform Tennant scenario 579 

has the strongest impact on global irrigated agriculture, land-use change, agricultural 580 

intensification, and deforestation. This indicates that spatial variation of EFs in the other two 581 

scenarios can be exploited by reallocating production in order to tap new water resources. This is 582 



also reflected in the strong dependence of spatially explicit land-use change patterns on the EFP 583 

scenario. The Hanasaki scenario has the least impact on land-use change and forest area at the 584 

global scale. Thus, from a global land-management perspective, the Hanasaki EF volume 585 

estimate is the best choice of the three considered methods.  586 

The question, which of the three methods is most suitable concerning freshwater ecosystem 587 

protection, is more complex. There is a general agreement that freshwater ecosystem protection 588 

requires environmental flows that mimic natural conditions including the magnitude, timing, and 589 

frequency of flow events (Arthington et al., 2006). In this analysis, we concentrate on annual 590 

volumes of water for EFP and do not consider the timing within a year (see Section 4.3). 591 

However, the considered methods to estimate annual EF volumes differ in their accounting of 592 

flow variability and river-specific characteristics. The Tennant method does not consider intra-593 

annual flow distribution. The Smakhtin method takes into account intra-annual flow variation to 594 

estimate low and high flow components of EFs. The Hanasaki method uses the most detailed 595 

rules (4 river categories, EF volume targets depending on monthly hydrological conditions) to 596 

estimate annual EF volumes. This suggests that the annual EF volumes of the Hansaki method 597 

are most appropriate for freshwater ecosystem protection, followed by the Smakhtin estimate and 598 

the Tennant estimate. However, a recent review of five global EF estimates involving a 599 

comparison to more detailed holistic EF estimates for 11 local case studies (Pastor et al., 2013) 600 

found that the Smakhtin and the Tennant method perform similar (R
2

adj = 0.86 and 0.88 601 

respectively). The Hanasaki method was not tested. Thus, different detail of allocation 602 

mechanisms can lead to comparable results and it is likely that all three methods provide good 603 

estimates for some rivers and fail to do so for others. 604 

In this analysis, we investigate the implications of global EFP regimes. While there is an 605 

increasing intervention of international law in water issues, water management in reality happens 606 

on local or country scale (Gupta et al., 2013). Our results indicate that securing annual volumes 607 

of water for EFP can lead to comparative disadvantages for food production. Local management 608 

authorities may therefore decide to implement EFs of low rigor or may not consider EFP at all. 609 

Fragmented EFP can lead to leakage of water stress due to production reallocation, i.e. to 610 

aggravation of water stress in regions without EFP. A fragmented EFP regime would likely put 611 

less pressure on global land-use and agriculture than a global EFP regime because more water 612 

would still be available for irrigation. Local production patterns might however change 613 

considerably. 614 

4.3 Assumptions and limitations 615 

Within our EFP scenarios, annual volumes of water are reserved for sustaining freshwater 616 

ecosystems. In reality, the functioning of such ecosystems depends on a variety of additional 617 

factors including water quality, the timing of stream flow within a year (Poff et al., 2010) and 618 

riparian land-use (Arthington et al., 2010). Thus, our EFP scenarios depict a world where a 619 

necessary step towards freshwater ecosystem protection is taken (managing water quantities) but 620 



where ecosystems may still face degradation due to factors that are not considered here. A 621 

comprehensive EFP policy that includes flow-timing and water quality aspects would likely 622 

increase the impact of EFP on agriculture. 623 

EF requirements are highly dependent on the characteristics of individual river ecosystems and a 624 

thorough EF estimation requires site-specific data and a combination of hydrological, hydraulic 625 

and habitat simulation approaches (Pastor et al., 2013; Smakhtin and Eriyagama, 2008) that are 626 

not available at the global scale. The approximate global EF estimation methods that are applied 627 

here are therefore prone to large uncertainties (Poff et al., 2010; Smakhtin and Eriyagama, 2008). 628 

The three EFP scenarios in this analysis rely on different EF estimation methods in order to 629 

account for this uncertainty. 630 

EFP can have many consequences across the Water –Energy–Food nexus including increasing 631 

prices for food and energy that influence equity and social stability (Ringler et al., 2013). 632 

Economic and social consequences of EFP depend on a variety of factors that are not considered 633 

in our analysis, e.g. market access, income distribution, and social welfare systems. Our study is 634 

therefore limited to the environmental tradeoff between water and land. Within our modelling 635 

framework, non-agricultural water demand does not react to EFP so that the water requirements 636 

for EFP have to be met at the expense of AWW. The justification of this assumption is the 637 

comparatively higher value of water in domestic and industrial sectors (Strzepek and Boehlert, 638 

2010) and the high share of AWW in total human water-use. 639 

Not all withdrawn water is consumptively used. Especially in non-agricultural sectors, the major 640 

part of withdrawn water returns to the river system and is available for downstream use after 641 

proper wastewater treatment (Flörke et al., 2013). Taking those return flows into account would 642 

require tracking water along the river network during the optimization, which is not feasible in 643 

our modelling framework due to computational limitations. This is a common issue of global 644 

water assessments (e.g. Alcamo et al., 2007; Chaturvedi et al., 2013; Sauer et al., 2010; Smakhtin 645 

et al., 2004; Strzepek and Boehlert, 2010) and it remains an open task to include a full river 646 

routing routine into global optimization approaches. We therefore cannot consider upstream-647 

downstream interactions but we assure that water withdrawals on basin level do not exceed 648 

available water and that EF volumes are met in each simulation unit. 649 

Our results are conditional on the underlying optimization structure and model parameterization. 650 

Validation against historical data demonstrates that the default parameterization of the MAgPIE 651 

model can reproduce key characteristics of the real system. Sensitivity with respect to future 652 

socioeconomic conditions is addressed by choosing two SRES scenarios. The sensitivity analysis 653 

with respect to technological change (TC) costs suggests that the potential to increase yields and 654 

irrigation efficiencies via TC is important for mitigating impacts of EFP on land-use dynamics. 655 

Further sensitivity analysis shows that model results are more sensitive to annual costs for 656 

irrigation than to investment costs for irrigation infrastructure. The balance between cropland 657 

expansion and intensification depends on the availability of suitable land. We do not consider 658 



dynamics of urban areas since they only account for ~1% of global land-area (Erb et al., 2007). 659 

The assumption of constant pasture areas is made because the extent of pasture areas only 660 

changed by around 27 Mha (<1%) in the period 1989 – 2009 (FAOSTAT, 2013) and future 661 

projections of pasture dynamics do not show a clear trend towards expansion or contraction 662 

(Schmitz et al., 2014; Smith et al., 2010). We do not explicitly model forest management in the 663 

current model version and keep forest areas needed for wood production and nature conservation 664 

static over time (around 43% of global forest area in 1995). It is not clear, how forest dynamics 665 

will affect future land availability since a wide range of plausible projections of future wood 666 

demand exist and future wood harvest yields are uncertain (Smeets and Faaij, 2007). Finally, it 667 

has been shown that dietary shifts and waste reductions can decrease the pressure on the 668 

agricultural system (Godfray et al., 2010; Popp et al., 2010; Smith et al., 2013). Allowing for 669 

such adaptation measures would likely decrease the impact of EFP on land-use change compared 670 

to our setup with exogenous food and material demand. 671 

5. Conclusions 672 

Today, we see an alarming decline of aquatic biodiversity (Pahl-Wostl et al., 2013b) and a lack 673 

of appropriate responses in terms of the implementation of sustainable water management 674 

policies (Pahl-Wostl et al., 2013a). This has led to the proposition of a scientific agenda 675 

concentrating on the generation of robust knowledge about cross-sectoral implications of water 676 

management strategies to support the transition towards a sustainable water future (Pahl-Wostl et 677 

al., 2013c). In this article, we estimate how global allocation of annual volumes of water for EFP 678 

may affect agricultural water-use and land-use change at the global scale until the mid of the 679 

century. While our study focuses exclusively on the reservation of annual water quantities, 680 

comprehensive EFP policies should also target water quality and the intra-annual timing of 681 

flows. Further research is therefore needed in order to incorporate those aspects into global 682 

analyses of the effects of EFP on land-use and agricultural water-use. 683 

It has been shown recently that the amount of water available for human use strongly depends on 684 

the definition of environmental water requirements (Gerten et al., 2013). Our results show that 685 

the feedback of EFP policies on the land-use system also depends on the underlying protection 686 

scenario - in terms of absolute numbers as well as with regard to the spatial distribution of 687 

impacts. We can however identify robust findings that prevail across different protection 688 

scenarios and socioeconomic conditions.  689 

Our results suggest that conserving annual volumes of water for EFP can be achieved without 690 

major losses of forests and other unmanaged land at the global level. Socioeconomic changes 691 

have been shown to put considerably higher pressure on land resources than EFP does. This 692 

indicates that EFP is not fundamentally in opposition to sustainable land management at the 693 

global scale. Limiting the negative feedback of EFP on land ecosystems will likely require 694 

agricultural intensification on existing cropland. Such intensification should target productivity 695 

of all production factors including water and nutrients in order to avoid negative environmental 696 



impacts. In this context, it is positive that agricultural research and development is increasingly 697 

focusing on reducing the environmental impacts of intensive agriculture (Alston et al., 2009). 698 

From a local perspective, changes in comparative advantages, associated production reallocation 699 

and local hotspots of land-use change may have a strong influence on livelihoods and 700 

environmental sustainability. We estimate that securing annual volumes of water for EFP mainly 701 

leads to cropland expansion into natural land ecosystems in locations where agricultural water-702 

use is not directly affected by EFP. This indicates that a river basin perspective on water 703 

management as advocated by Lawford et al. (2013) may miss land-use feedbacks  that can put 704 

the sustainability of local water management strategies into question.  Furthermore, recent 705 

distortions of the global food market have resulted in food self-sufficiency programs in several 706 

countries including India, Japan and Qatar (Fader et al., 2013). In this context, our result that 707 

EFP may lead to production reallocation away from water scarce regions gives rise to the 708 

concern that regional and local food self-sufficiency ambitions may hamper the implementation 709 

of EFP policies.  710 

In summary, our results indicate that global reservation of annual volumes of water for EFP can 711 

be achieved at moderate consequences for land resources. In reality, water is however managed 712 

by local or national authorities. Concerns about production reallocation and local land-use 713 

implications may therefore prevent EFP implementation. 714 
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Appendix 1010 

 1011 

Appendix A: Additional methods and scenario descriptions 1012 

A.1 MAgPIE regions and simulation units 1013 

 1014 

Figure A1 MAgPIE world regions. AFR=Sub Saharan Africa, CPA= centrally planned Asia, EUR=Europe, FSU=former 1015 
Soviet Union, LAM=Latin America, MEA=Middle East and North Africa, NAM=North America, PAO=Pacific OECD, 1016 
PAS=Pacific Asia, SAS=South Asia. Greenland and Antarctica are not covered by MAgPIE. 1017 

 1018 



Figure A2 MAgPIE simulation units. The 1000 simulation units are aggregates of 0.5 x 0.5 latitude/longitude grid cells 1019 
based on similarity of biophysical conditions (Dietrich et al., 2013a) and differ in size. 1020 

A.2 Irrigation costs 1021 

We use the rent associated with irrigation water application (i.e. factor payments for irrigation 1022 

water) as a proxy for the annual factor requirement costs of irrigation. In order to derive the rent 1023 

of irrigation water application from the GTAP land rent (Narayanan et al., 2008), we largely 1024 

follow an approach by (Calzadilla et al., 2011).  1025 

In a first step, the ratio of irrigated production (prod_ir) to total production (prod_tot) based on 1026 

LPJmL yields and the crop pattern from the MIRCA dataset (Portmann et al., 2010) is calculated. 1027 

This share is multiplied by the total land rent from GTAP (R_tot) to obtain the land rent of 1028 

irrigated production (R_ir) (equation A1). The calculation is done for all GTAP crop categories 1029 

(crop) and countries (cntr) separately. 1030 

 1031 

 1032 

𝑅𝑖𝑟(𝑐𝑛𝑡𝑟,𝑐𝑟𝑜𝑝) =  
𝑝𝑟𝑜𝑑𝑖𝑟(𝑐𝑛𝑡𝑟,𝑐𝑟𝑜𝑝)

𝑝𝑟𝑜𝑑𝑡𝑜𝑡(𝑐𝑛𝑡𝑟,𝑐𝑟𝑜𝑝)
∗ 𝑅𝑡𝑜𝑡(𝑐𝑛𝑡𝑟, 𝑐𝑟𝑜𝑝)                            (𝐴1)        1033 

 1034 

 1035 

Using physical production as a weight for splitting the land rent assumes that the economic value 1036 

is equal for all units produced. 1037 

This is usually not the case as prices for agricultural products vary strongly over the season. For 1038 

instance, irrigation is often used to increase production of a commodity at a time when it is 1039 

scarce and the price is high. This leads to a higher economic value of irrigation than physical 1040 

production numbers would suggest. As a result, our approach may lead to a slight 1041 

underestimation of the land rent associated with irrigated production. 1042 

In a second step, the land rent of irrigated production is further split into the value share of 1043 

irrigable land (Rir
land

) and the value share of irrigation water (Rir
wat

). To calculate Rir
land

, we use 1044 

the ratio of rainfed and irrigated yields Yrf and Yir and multiply it with the total rent of irrigated 1045 

production (equation A2). 1046 

𝑅𝑖𝑟
𝑙𝑎𝑛𝑑(𝑐𝑛𝑡𝑟, 𝑐𝑟𝑜𝑝) =  

𝑌𝑟𝑓(𝑐𝑛𝑡𝑟, 𝑐𝑟𝑜𝑝)

𝑌𝑖𝑟(𝑐𝑛𝑡𝑟, 𝑐𝑟𝑜𝑝)
𝑅𝑖𝑟(𝑐𝑛𝑡𝑟, 𝑐𝑟𝑜𝑝)                            (𝐴2) 

𝑅𝑖𝑟
𝑤𝑎𝑡(𝑐𝑛𝑡𝑟, 𝑐𝑟𝑜𝑝) = 𝑅𝑖𝑟(𝑐𝑛𝑡𝑟, 𝑐𝑟𝑜𝑝) − 𝑅𝑖𝑟

𝑙𝑎𝑛𝑑(𝑐𝑛𝑡𝑟, 𝑐𝑟𝑜𝑝)                     (𝐴3) 

 

The rent associated with irrigable land (Rir
land

) can be interpreted as the rent that could have been 1047 

obtained by doing rainfed production on the land actually used for irrigated production. The 1048 

remainder (Rir
wat

) of the rent of irrigated production is consequently assigned to the actual 1049 

application of irrigation water (equation A3). In reality, irrigation takes place in locations where 1050 

the economic benefit is highest, i.e. where the ratio of rainfed to irrigated yields is low. Applying 1051 

the mean country ratio of rainfed to irrigated yields therefore tends to overestimate the value of 1052 

irrigable land Rir
land

.  To avoid this bias, we refined the algorithm by using the yield ratio only on 1053 



area equipped for irrigation (Siebert et al., 2007).  Wherever there is no information available for 1054 

a specific country - crop combination, the world average value of that crop is used for 1055 

computation. Finally, the country values are aggregated to the MAgPIE regions using a 1056 

production weighted mean and the GTAP crops are aggregated to the MAgPIE crop categories. 1057 

 1058 

 1059 

 1060 

Table A1: Investment costs for expanding irrigation infrastructure in US$ per hectare. 1061 

 1062 

 1063 

Table A2: Annual factor requirement costs for irrigation for all regions and crops in US$ per hectare and year. 1064 

 1065 



A.3 Environmental flow calculations 1066 

This is a detailed description of the calculations for available water and environmental water 1067 

requirements. All hydrological data is obtained from LPJmL. The index j stands for the cell, b is 1068 

for the river basin and m for the month. Hydrological data is provided by LPJmL. 1069 

The calculation of monthly available water, MAW(j,m), is done based on monthly discharge, 1070 

Q(j,m), and monthly runoff, R(j,m), according to equation A4. 1071 

𝑀𝐴𝑊(𝑗,𝑚) =  ∑ 𝑅(𝑐,𝑚)

𝑐 ∈𝑏(𝑗)

∗
𝑄(𝑗, 𝑚)

∑ 𝑄(𝑐,𝑚)𝑐∈𝑏(𝑗)
                                  (𝐴4) 

Monthly environmental flow requirements, EFR(j,m), for the Tennant method (Tennant, 1976) 1072 

are calculated according to equation A5. 1073 

𝐸𝐹𝑅(𝑗, 𝑚) =  𝑀𝐴𝑊(𝑗,𝑚) ∗ 0.3                          (𝐴5) 

Monthly low-flow requirements for the Smakhtin (Smakhtin et al., 2004) method (LFR(j,m)) are 1074 

calculated based on Q90(j), the 90 % quantile of monthly discharge over one year (equation A6). 1075 

 1076 

𝐿𝐹𝑅(𝑗, 𝑚) =  𝑀𝐴𝑊(𝑗,𝑚) ∗
min(𝑄(𝑗, 𝑚) , 𝑄90(𝑗,𝑚))

𝑄(𝑗,𝑚)
                          (𝐴6) 

Associated high-flow requirements, HFR(j,m), are subsequently derived using equation A7. 1077 

𝐻𝐹𝑅(𝑗, 𝑚) =  

{
  
 

  
 0,2 ∗ 𝑀𝐴𝑊(𝑗,𝑚)                      𝑖𝑓             

𝑄90(𝑗, 𝑚)

𝑄(𝑗, 𝑚)
< 0.1 

0,15 ∗ 𝑀𝐴𝑊(𝑗,𝑚)                   𝑖𝑓   0.1 ≤
𝑄90(𝑗, 𝑚)

𝑄(𝑗, 𝑚)
< 0.2

0,07 ∗ 𝑀𝐴𝑊(𝑗,𝑚)                  𝑖𝑓   0.2 ≤
𝑄90(𝑗,𝑚)

𝑄(𝑗,𝑚)
< 0.3

                   (𝐴7) 

Total monthly EFR are the sum of low and high flow components: EFR(j,m)= LFR(j,m) + 1078 

HFR(j,m). 1079 

For the Hanasaki method (Hanasaki et al., 2008), calculations are based on QC(j,m) (in mm per 1080 

month), the monthly discharge divided by the catchment area , i.e. the area of all upstream cells 1081 

(according to personal communication with authors).  As shown in Table 1, cells are classified 1082 

into four categories according to minimum and maximum annual discharge. A category and cell 1083 

specific fraction of available water F(j,m) is then used as the cellular environmental flow 1084 

requirement (equation A8).  The values for the protected fraction depend on monthly discharge 1085 

and are shown in Table 1. 1086 



𝐸𝐹𝑅(𝑗,𝑚) =  𝑀𝐴𝑊(𝑗,𝑚) ∗ 𝐹(𝑗,𝑚)                          (𝐴8) 

 1087 

 1088 

Finally, annual environmental flow requirements AEFR(j) are obtained by summing the monthly 1089 

values and truncating at 50% of annually available water based on (Revenga et al., 2004) 1090 

(equation A9). 1091 

𝐴𝐸𝐹𝑅(𝑗) =  min (0.5 ∗∑𝑀𝐴𝑊(𝑗,𝑚)

𝑚

 ,∑𝐸𝐹𝑅(𝑗, 𝑚)

𝑚

  )        (𝐴9) 

A.4 Food, livestock and material demand 1092 

 1093 

Figure A3 Global demand for vegetal food, livestock products and material for the two socioeconomic scenarios in million 1094 
tons dry matter per year (Bodirsky et al., under review). 1095 

 1096 

 1097 

 1098 

 1099 

 1100 
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 1102 

 1103 



 1104 

 1105 

Appendix B: Additional model results for baseline runs 1106 

B.1 Agricultural water withdrawals 1107 

 1108 

 1109 

Figure B1 Global agricultural water withdrawals without EFP under the two socioeconomic scenarios. Estimates of 1110 
historical and current agricultural water withdrawals by (Shiklomanov, 2000) (Shiklomanov_2000), (Foley et al., 2011) 1111 
(Foley_2011), (Wada et al., 2011) (Wada_2011) and (Wisser et al., 2008) (Wisser_2008). The brown shaded bar 1112 
corresponds to the uncertainty estimate provided by Wisser et al. A vertical dashed line marks the start of the simulation 1113 
period. 1114 

Without environmental flow protection (EFP), increasing food demand leads to an increase of 1115 

agricultural water withdrawals (AWW) from 2842 km
3
 in 1995 to 3815 km

3
 (A2) and 4010 km

3
 1116 

(B1) in 2045 (Figure B1). Our base year estimate of agricultural water withdrawals is at the 1117 

higher end of historical estimates. It is however well consistent with data provided by (Wisser et 1118 

al., 2008) who used different irrigated area patterns and climate datasets to estimate AWW.  The 1119 

slope of our projection is similar to historical trends estimated by (Shiklomanov, 2000). 1120 

Even though food demand increases for the A2 scenario are stronger than for B1 (Figure B1), 1121 

agricultural water withdrawals are higher in B1 by the mid of the century. The reason behind this 1122 

behavior is the stronger increase in competing water uses under the A2 scenario (Figure 2) that 1123 

limits the water available for agriculture.  This is in contrast to results by (Shen et al., 2008), who 1124 

project higher AWW in 2055 under the A2 scenario (4691 km
3
) than under the B1 scenario 1125 

(3683 km
3
).Their analysis assumes constant irrigated area per capita and neglects water 1126 

availability constraints and competing water demand from other sectors. 1127 

 1128 



 1129 

B.2 Irrigated area 1130 

 1131 

Figure B2 Global irrigated area development without EFP under the two socioeconomic scenarios. The blue shaded bar 1132 
corresponds to the range of estimated historical irrigated area as reported by (Siebert and Döll, 2007) (Siebert_2007). A 1133 
vertical dashed line marks the start of the simulation period. 1134 

Irrigated area develops similar to agricultural water withdrawals, increasing from 312 Mha in 1135 

1995 to 460 Mha in 2045 under both socioeconomic scenarios (Figure B2). Our initial irrigated 1136 

area is at the higher end of the range of irrigated area estimates as reported by (Siebert and Döll, 1137 

2007). Irrigated area increases by ~ 20 % until 2025. This is slightly a stronger increase than 1138 

found by  (Sauer et al., 2010) who estimate irrigated area in 2030 to be 15% higher than in the 1139 

year 2000. Even though agricultural water withdrawals differ between the two scenarios, crop- as 1140 

well as location-specific irrigation water demand allows the model to optimize irrigation patterns 1141 

so that total irrigated area is similar for both scenarios. Moreover, investments into technological 1142 

change are higher in the A2 scenario (Figure B4) resulting in improved water use efficiency. 1143 

B.3 Cropland 1144 

 1145 



 1146 

Figure B3 Global cropland development without EFP under the two socioeconomic scenarios. Estimates of historical 1147 
cropland by (Erb et al., 2007) (Erb_2007, blue), (Klein Goldewijk et al., 2011) (Hyde3_1_2011, green with uncertainty 1148 
range) and (FAOSTAT, 2013) (FAO, purple) for comparison. A vertical dashed line marks the start of the simulation 1149 
period. 1150 

Global cropland projections for A2 are substantially higher than for B1 after 2015 (Figure B3) 1151 

because of the stronger increase in food demand (Figure A2). Our base year cropland  (1420 1152 

Mha) is calibrated to the average FAO cropland (category “Arable land and permanent crops”) 1153 

for the period 1990 to 1999 (FAOSTAT, 2013) at regional level. Global cropland area reaches 1154 

1833 Mha in 2045 under the A2 scenario and 1650 Mha under B1.  1155 

 1156 

B.4 Land-use intensity 1157 

 1158 

Figure B4 Global land-use intensity for the baseline scenarios without EFP. Increases over the simulation period reflect 1159 
investments into yield increasing technological change (TC). Historical data from (Dietrich et al., 2013b). A vertical 1160 
dashed line marks the start of the simulation period. 1161 



Global land-use intensity, i.e. global yield levels, increased by around 1.5 % per year between 1162 

1970 and 2007. In our projections, increases continue until the mid of the century at a rate of 1163 

~1% for A2 and 0.9 % for B1. This is lower than the increases we have seen in the past.  1164 

 1165 

Appendix C: Additional model results on the effects of environmental flow 1166 

protection 1167 

C.1 Regional changes in Agricultural water withdrawals due to environmental flow 1168 

protection 1169 

 1170 

 1171 

Figure C1 Regional changes in agricultural water withdrawals (AWW) due to EFP in 2045 relative to baseline 1172 
agricultural water withdrawals for the two socioeconomic scenarios. Points indicate the value for the individual EFP 1173 
scenarios. Shaded areas correspond to the whole range of changes due to EFP under each socioeconomic scenario. 1174 



C.2 Shadow prices for land 1175 

 1176 

Figure C2 Average regional shadow prices for relaxing the land constraint by one unit. Shadow prices are aggregated to 1177 
regional level using a cropland weighted mean. 1178 



C.3 Shadow prices for water 1179 

 1180 

Figure C3 Average regional shadow prices for relaxing the water constraint by one unit. Aggregation to regional level 1181 
using an agricultural water withdrawal weighted mean. 1182 



C.4 Regional land available for cropland expansion 1183 

 1184 

Figure C4 Regional land available for cropland expansion in 2045 in the baseline scenarios without EFP. Available land 1185 
comprises unprotected natural forests (Section 2.2.2) and other unmanaged land. 1186 

C.5 Changes in regional production due to environmental flow protection 1187 

 1188 

Figure C5 Regional changes in production due to EFP in 2045 relative to baseline production for the two socioeconomic 1189 
scenarios. Points indicate the value for the individual EFP scenarios. Shaded areas correspond to the whole range of 1190 
changes due to EFP under the respective socioeconomic scenario. 1191 



Appendix D: Sensitivity analysis 1192 

D.1 Technological change costs 1193 

 1194 

Higher costs for yield increasing technological change (TC) amplify the effect of EFP on AWW 1195 

(reductions due to EFP up to 1060 km
3
; Figure D1, left) and cropland expansion (expansion due 1196 

to EFP up to 80 Mha; Figure D1, right) under the A2 scenario. Cheaper TC leads to a reduction 1197 

of EFP implications for AWW (reductions due to EFP up to 660 km
3
) and cropland extent 1198 

(expansion due to EFP up to 30 Mha). In B1, the difference between assumptions on TC costs is 1199 

less pronounced. 1200 

 1201 

Figure D1 Changes in global agricultural water withdrawals (AWW, left) and crop area (right) due to EFP in 2045. Three 1202 
different assumptions on the costs of yield increasing technological change (low, default, high) are differentiated on the x-1203 
axis. Colors differentiate socioeconomic scenarios. EFP scenarios are distinguished by the shape of points. Shaded areas 1204 
span the full range of EFP impacts under the respective socioeconomic scenario. 1205 

 1206 

D.2 Annual irrigation costs 1207 

 1208 

We find that annual irrigation cost assumptions have little impact on the implications of EFP on 1209 

global AWW (Figure D2, left). Higher costs can however lead to increased cropland expansion 1210 

due to EFP under the A2 scenario, especially for the Hanasaki EFP scenario (107 Mha). The 1211 

picture is different under the B1 scenario, where higher costs as well as lower costs lead to 1212 

decreased cropland expansion due to EFP (below 30 Mha in 2045). 1213 



 1214 

Figure D2 Changes in global agricultural water withdrawals (AWW, left) and crop area (right) due to EFP in 2045. Three 1215 
different assumptions on the annual operation and maintenance costs irrigation systems (low, default, high) are 1216 
differentiated on the x-axis. Colors differentiate socioeconomic scenarios. EFP scenarios are distinguished by the shape of 1217 
points. Shaded areas span the full range of EFP impacts under the respective socioeconomic scenario. 1218 

 1219 

D.3 Investment costs for irrigation infrastructure 1220 

The implications of EFP for AWW are not very sensitive to changes in irrigation investment 1221 

costs (Figure D3, left). Changes in cropland due to EFP show a stronger dependence on the EFP 1222 

scenario for regional and global investment cost assumptions than for the default value, 1223 

especially for the A2 scenario. With global irrigation investment costs, EFP can lead to a 1224 

decrease in crop area by up to 90 Mha in 2045 for the Hanasaki scenario. The sensitivity of 1225 

model results with respect to irrigation investment costs in B1 is less pronounced than in A2. 1226 



 1227 

Figure D3 Changes in global agricultural water withdrawals (AWW, left) and crop area (right) due to EFP in 2045. Three 1228 
different assumptions on investment costs for installing new irrigation systems (regional, default, global) are 1229 
differentiated on the x-axis. Colors differentiate socioeconomic scenarios. EFP scenarios are distinguished by the shape of 1230 
points. Shaded areas span the full range of EFP impacts under the respective socioeconomic scenario. 1231 

 1232 


