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Livestock production and the water challenge of
future food supply: implications of agricultural
management and dietary choices

Abstract

Human activities use more than half of accessible freshwater, above all for agriculture.
Most approaches for reconciling water conservation with feeding a growing population
focus on the cropping sector. However, livestock production is pivotal to agricultural
resource use, due to its low resource-use efficiency upstream in the food supply chain.
Using a global modelling approach, we quantify the current and future contribution of
livestock production, under different demand- and supply-side scenarios, to the
consumption of “green” precipitation water infiltrated into the soil and “blue”
freshwater withdrawn from rivers, lakes and reservoirs. Currently, cropland feed
production accounts for 38% of crop water consumption and grazing involves 29% of
total agricultural water consumption (9990 km3yr-1). Our analysis shows that changes in
diets and livestock productivity have substantial implications for future consumption of
agricultural blue water (19-36% increase compared to current levels) and green water
(26-69% increase), but they can, at best, slow down trends of rising water requirements
for decades to come. However, moderate productivity reductions in highly intensive
livestock systems are possible without aggravating water scarcity. Productivity gains in
developing regions decrease total agricultural water consumption, but lead to expansion
of irrigated agriculture, due to the shift from grassland/green water to cropland/ blue
water resources. While the magnitude of the livestock water footprint gives cause for
concern, neither dietary choices nor changes in livestock productivity will solve the
water challenge of future food supply, unless accompanied by dedicated water
protection policies.
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1. Introduction

Water is essential to all life on Earth and may be regarded as the “bloodstream of the
biosphere” (Rockstrom et al.,, 1999). Current overexploitation of freshwater resources
undermines biodiversity and resilience of aquatic ecosystems in many regions
(Vorésmarty et al,, 2010), thereby also rapidly approaching planetary boundaries for
freshwater use beyond which there is a high risk for detrimental impacts on human
welfare (Gerten et al., 2013; Steffen et al., 2015). Around the world, more than half of
fresh and accessible runoff water is used by human enterprises (Postel et al., 1996); by
far the largest share of this use (~70%) is attributable to agriculture (Rost et al., 2008).
While irrigation heavily sustains global agricultural production and food security
(Jagermeyr et al., 2016), 41% of current water withdrawals for irrigation tap into the
environmental flow requirements needed to maintain local riverine ecosystems
(Jagermeyr et al., 2017).

Human use of water is basically driven by the need to eat. In contrast to the
recommended annual basic water requirements of 18 m3 per capita for drinking,
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hygiene, sanitation, and food preparation (Gleick, 1996), an annual 1300 m3 of water per
capita is needed to produce a balanced diet (Rockstrom et al., 2007). At a closer look, the
composition of diets - especially the share of animal-based products - substantially
influences water requirements of food production (Jalava et al., 2014; Liu and Savenije,
2008; Rockstrom et al., 2007). Depending on the climatic conditions and production
methods, 1 to 5 m3 of water are needed to produce 1 kg of grain, whereas 5 to 20 times
more water is required to produce 1kg of livestock products (Chapagain and Hoekstra,
2003). As in the case of humans, water for animals is primarily needed to eat rather than
to drink. Water requirements for livestock drinking and servicing are very small and
represent only 0.6% of global freshwater use (Herrero et al., 2009; Steinfeld et al,,

2006). Therefore, how much and what kind of feed is used to produce one unit of
livestock products entails important implications for livestock related water
consumption.

There is substantial heterogeneity with regard to total feed efficiency (product output
per feed input) and feed basket composition across different livestock production
systems and levels of intensification (Herrero et al., 2013). As a consequence, shifts in
production systems and improved livestock productivity are increasingly considered as
an important lever to enhance resource efficiency of the livestock sector and confine the
environmental burden of agriculture as a whole (Bouwman et al., 2013; Cohn et al,,
2014; Havlik et al., 2014; Herrero et al., 2013; Steinfeld and Gerber, 2010; Valin et al.,
2013; Weindl et al,, 2015; Wirsenius et al., 2010). Changes in livestock production
systems and related feed baskets do not only affect total livestock water productivity
(product output per water input) (Herrero et al., 2009; Peden et al., 2007; Thornton and
Herrero, 2010), but also the type of water resources involved in the production of
animal feed, either “green” precipitation water infiltrated into the soil or “blue”
irrigation water withdrawn from rivers, lakes and reservoirs (Hoekstra and Chapagain,
2007). Besides affecting the relative importance of blue and green water resources,
production systems and feed basket composition also determine the share of water
consumed on cropland and rangeland (de Fraiture et al., 2007).

While understanding livestock systems is crucial to assess the water challenge of
feeding a growing and increasingly wealthy world population with changing dietary
preferences towards animal-based products, several authors state that interrelations
between livestock and water have widely been disregarded by both water and livestock
research communities to date (Bossio, 2009; Cook et al.,, 2009; Herrero et al., 2009;
Peden et al,, 2007; Thornton and Herrero, 2010). Recently, dietary changes have
climbed up the scientific agenda as an option to reduce the water requirements of food
production (Gerten et al.,, 2011; Jalava et al., 2014; Liu and Savenije, 2008; Mekonnen
and Hoekstra, 2012; Vanham et al,, 2013). However, recommendations to cut down on
consumption of livestock products in order to protect water resources are often based
on static inventories of livestock related water consumption and resulting virtual water
content of livestock products. Moreover, these studies do not account for secondary
effects like shifting trade flows, altered incentives to invest in land and water
productivity and reallocation of water resources between food and feed crops. To our
knowledge, no study addresses implications of changes in feed efficiencies and livestock
production systems on global water resources.

In the analysis presented here, we aim to take a step forward in unravelling the effects of
the livestock sector on water use and obtaining a broader picture of options to meet the
water challenge of future food supply. We estimate current and future levels of
agricultural green and blue water consumption attributable to livestock production and
assess potentials of dietary changes and shifts in livestock production systems to reduce
agricultural water requirements and attenuate water scarcity. For this purpose, we
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apply the global land and water use model MAgPIE (Model of Agricultural Production
and its Impact on the Environment) (Bodirsky et al., 2014; Popp et al., 2014; Stevanovic¢
et al,, 2016) where the livestock sector is represented as a highly interconnected part of
agricultural activities. Links between livestock and crop production are established
through regional and product-specific feed baskets that evolve with the level of
intensification, through trade-induced shifts in production, investments in research and
development and competition for land and water resources between food and animal
feed production.

2. Methods and data

2.1. Modelling framework

MAGgPIE is a global economic land and water use model that operates in a recursive
dynamic mode and incorporates spatially explicit information on biophysical
constraints into an economic decision making process (Lotze-Campen et al., 2008). It is
thus well suited to analyse interactions between socio-economic processes, the natural
resources required in agricultural production and related environmental impacts. By
minimizing a nonlinear global cost function for each time step, the model fulfils demand
for food, feed and materials for 10 world regions (Table 1).

Table 1. Socio-economic regions in MAgPIE (Model of Agricultural Production and its Impact on the
Environment).

Acronyms MAgPIE regions

AFR Sub-Sahara Africa

CPA Centrally Planned Asia (incl. China)

EUR Europe (incl. Turkey)

FSU Former Soviet Union

LAM Latin America

MEA Middle East and North Africa

NAM North America

PAO Pacific OECD (Australia, Japan and New Zealand)
PAS Pacific Asia

SAS South Asia (incl. India)

Geographically explicit data on biophysical constraints are provided by the Lund-
Potsdam-Jena managed land model (LPJmL) (Bondeau et al., 2007; Miiller and
Robertson, 2014; Rost et al., 2008) on 0.5 degree resolution and include pasture
productivity, crop yields under both rainfed and irrigated conditions, related irrigation
water demand per crop, water availability for irrigation as well as blue and green water
consumption per crop. LPJmL is a process-based model which simulates natural
vegetation at the biome level by nine plant functional types (Sitch et al,, 2003) and
agricultural production by 12 crop functional types (Bondeau et al., 2007; Lapola et al.,
2009) as well as associated terrestrial carbon and water cycles. Although LPJmL allows
for transient simulations of agriculture and natural vegetation under climate change
(Miller and Robertson, 2014; Rosenzweig et al., 2013), we deliberately exclude climate
change impacts and instead focus on socio-economic dynamics that drive green and blue
water consumption along the food supply chain.



138  Spatial distribution of crops and pasture in MAgPIE is guided by geographically explicit
139  information on vegetation growth and the balance between crop water demand and
140  water availability, by initial cropland and pasture maps (Krause et al., 2013), area

141  equipped for irrigation (Siebert et al., 2007), as well as by economic conditions like
142  trade barriers, management intensity and transport costs, thus integrating information
143  about market access into the decision process where to allocate cropping activities and
144  livestock production. Land types explicitly represented in MAgPIE comprise cropland,
145  pasture, forest, urban areas, and other land (e.g. non-forest natural vegetation,

146  abandoned agricultural land, and desert). Natural vegetation or pasture can be

147  converted to cropland if the land is at least marginally suitable for rainfed crop

148  production with regard to climate, topography and soil type according to the Global
149  Agro-Ecological Assessment (GAEZ) methodology on land suitability (Fischer et al.,
150  2002; Krause et al.,, 2013; van Velthuizen et al., 2007). Parts of the forests are excluded
151  from conversion into agricultural land if designated for wood production or located in
152  protected areas (FAO, 2010).

153

154  Inresponse to all involved costs (SI appendix, section A.1) and biophysical constraints,
155  MAGGPIE simulates major dynamics of the agricultural sector like investments in research
156  and development (R&D) (Dietrich et al., 2012, 2014) and associated increases in both
157  crop yields and biomass removal through grazing on pastures, land use change

158  (including deforestation, abandonment of agricultural land and conversion between
159  cropland and pastures), interregional trade flows, and irrigation (see section 2.3). More
160  information on the model version underlying this study can be found in the SI appendix.
161

162 2.2. Livestock sector

163  Livestock products (ruminant meat, whole-milk, pork, poultry meat and eggs) are

164  supplied by five animal food systems (beef cattle, dairy cattle, pigs, broilers and laying
165  hens) that further account for different animal functions (reproducers, producers and
166  replacement animals). The parameterization of the livestock sector in the initial year
167 1995 is consistent with FAO statistics (FAOSTAT, 2013) regarding livestock production,
168  livestock productivity and concentrate feed use. Following the methodology of

169  Wirsenius (2000), feed conversion F¢ (total feed input per product output in dry matter)
170  and feed baskets Fs (demand for different feed types per product output in dry matter)
171  are derived by compiling system-specific feed energy balances (SI appendix, section
172  A.2).For the establishment of these balances, we apply feed energy requirements per
173  output, as estimated by Wirsenius (2000) for each animal function and animal food
174  system. These estimates are based on standardized bio-energetic equations and include
175  the minimum energy requirements for maintenance, growth, lactation, reproduction
176  and other basic biological functions of the animals. Moreover, they comprise a general
177  allowance for basic activity and temperature effects.

178

179  Establishing feed energy balances also requires information on feed energy supply. Feed
180  use data from the CBS for food crops and food industry by-products are supplemented
181 by production data on forage crops (FAOSTAT, 2013) and by estimates on feed use

182  covering other categories like crop residues, food waste and grazed biomass (Bodirsky
183 et al., 2012; Eggleston et al., 2006; Krausmann et al., 2008; Lal, 2005; Wirsenius, 2000).
184  Understanding dynamics of F¢ and Fs composition over time is crucial to assess future
185  pathways of the livestock sector. To facilitate projections, we create regression models
186  with livestock productivity (annual production per animal [ton/animal/year]) as

187  predictor, which permit the construction of productivity dependent feed baskets (SI
188  appendix, section A.3).
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2.3. Agricultural water use

Both rainfed and irrigated agriculture rely on the availability of water resources,
originating from liquid water in rivers, lakes and reservoirs in the case of blue water or
from naturally infiltrated soil water formed by precipitation in the case of green water.
LPJmL partitions green and blue water flows into transpiration, interception loss,
evaporation from soils and canals, soil moisture, deep percolation, and runoff (Rost et
al.,, 2008; Schaphoff et al., 2013). For each crop and plant functional type, LPJmL
calculates productive (i.e. transpiration) and unproductive (i.e. interception and
evaporation from soils and water surfaces) consumption, thereby distinguishing the
contributions of green () and blue water consumption (B).

Water consumption on irrigated cropland comprises blue as well as green components,
while rainfed agriculture exclusively involves productive and unproductive
evapotranspiration (ET) of green water. On pastures, we only consider G, due to the
exclusion of irrigation as a pasture management option in our study, and differentiate
between G on total area and G related to the fraction of biomass actually grazed by
animals compared to the potential biomass harvest simulated by LPJmL. The difference
can be interpreted as green water flows sustaining ecosystem functioning and services
on pastures. Increases in biomass removal on existing pastures shift the balance from
green water flows maintaining ecosystem functioning to G associated with biomass
appropriation through grazing or moving, reflecting intensification of pasture
management.

Net irrigation water demand is derived from the soil water deficit below optimal plant
growth for simulated crop functional types by LPJmL (Rost et al,, 2008) and corrected
for losses from source to plant (Bonsch et al,, 2015; Rohwer et al., 2007) to estimate
gross irrigation water demand per crop and resulting total blue water withdrawals for
irrigation (BW;,). Irrigation water productivity (crop production per withdrawn
irrigation water [ton m-3]) can be enhanced by minimizing losses in water transport
from source to field and in across-field distribution and by improving plant water use
efficiency by breeding and better management (Bonsch et al., 2015; Jagermeyr et al.,
2015). Therefore, we assume in the default model setting that R&D investments
improving crop yields simultaneously improve irrigation water productivity (Bonsch et
al.,, 2014), thus leaving gross irrigation water demand per area (m3 ha-!) constant. To
test implications of this assumption, we conduct a sensitivity analysis where gross
irrigation water demand per area linearly increases with crop yields.

Blue water available for irrigation in MAgPIE only accounts for accessible and
renewable freshwater resources (BRR), which are defined by total runoff as simulated
by LPJmL during the growing season (Bonsch et al., 2014). Simulation units with water
storage infrastructure (Biemans et al., 2011) contribute total annual runoff to basin
water availability. Blue water withdrawals (BW,;) for other sectors (industry, electricity
and domestic use) are obtained from WaterGAP (Alcamo et al.,, 2003; Florke et al., 2013)
and enter the model as exogenous pathways, thus reducing the de-facto blue water
availability for agriculture. Based on yield differences between rainfed and irrigated
crops, crop-specific gross irrigation water demand, the availability of blue water and
presence of irrigation infrastructure, the model can endogenously decide to apply
irrigation and expand the area equipped for irrigation at additional costs (Bonsch et al.,
2014, 2015). Irrigation costs include investment costs for establishing new irrigation
infrastructure, which are based on Worldbank data (Jones, 1995), and annual costs for
operating irrigation systems (Bonsch et al., 2014). More information on agricultural
water use can be found in the SI appendix, section A.4.
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We contextualize estimates of water consumption by two complementary water scarcity
indicators to capture the environmental and agro-economic relevance of agricultural
water use: the model internal water shadow price (WSPz) for agro-economic and the
water withdrawal-to-availability ratio (WTAz) for biophysical evaluation of pressures on
blue water resources, where WTAg is defined as the quotient of blue water withdrawals
from all sectors (including agriculture) and renewable freshwater resources (BRR). The
WSPg is calculated as the Lagrange multiplier of the blue water-balance constraints and
indicates the value of an additional unit of irrigation water in the context of all
constraints and costs that guide the economic decision process, thereby reflecting
availability and suitability of natural resources for agriculture including geographically
explicit limitations for rainfed agriculture, as well as the socio-economic setting, e.g.
regional comparative advantages and the configuration of interregional trade (Biewald
et al,, 2014; Schmitz et al,, 2013).

2.4. Scenarios

Socio-economic drivers are parametrized according to the Shared Socioeconomic
Pathways (SSPs) for climate change research (Kriegler et al., 2017; O’Neill et al., 2014;
Popp et al,, 2017). This study follows the narrative of SSP2, a “Middle of the Road”
scenario characterized by a continuation of current social, economic and technological
developments. World population reaches ~9.1 million people in 2050 and growing
incomes facilitate the transition towards more affluent diets with a higher share of
animal-based calories which increases from 19% in 2010 to 24% around mid-century.
However, as many fish populations are already over-exploited, regional consumption of
fish is assumed to be limited to current levels (FAO, 2005). Until 2050, food demand
rises to 3051 kcal capita-l d-1 which corresponds to 89 g protein capita-! d-1. Resulting
regional contribution of proteins to daily food energy demand in 2050 (10-14%) is in
line with the recommendations of the World Health Organization (WHO) for
macronutrient intake (WHO, 2003).

In order to assess demand- and supply-side potentials in the livestock sector to reduce
agricultural water requirements, we construct eight scenarios (Table 2) along the
dimensions of dietary choices and livestock productivity (annual production per animal).

Starting from the SSP2 diet scenario (SSP2), which serves as the baseline for the
analysis, we construct the second diet scenario by reducing the contribution of animal-
based calories in diets until mid-century to 15%. As the scenario target for animal-based
calories represents half the currently observed level in OECD countries, this diet
scenario (DEMI) is frequently referred to as “demitarian” Western diet (Bodirsky et al.,
2014; Sutton and Ayyappan, 2013). The 15% target usually includes the contribution of
calories from fish which reduces the possible contribution of calories from livestock
products such as meat, milk and eggs (SI appendix, Fig. S7 and Table S8). Because fish is
not explicitly modelled in MAgPIE, regional fish consumption is, also in the DEMI
scenario, fixed to current levels. Although the transition to more plant-based diets is
designed without replacing animal-based food with dedicated high-protein crops to
preserve as close as possible observed dietary patterns, the resulting regional
contribution of proteins to daily food energy demand in 2050 (10-13%) still fulfills the
dietary guidelines by the WHO, because reductions in animal-based calories mainly
pertain to regions with affluent diets.
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Table 2. Overview of the scenario design, based on the narrative of SSP2, the “Middle of the Road”
scenario of the Shared Socioeconomic Pathways (SSPs). Scenarios are constructed along the
dimensions of dietary choices and livestock productivity (annual production per animal) as
combinations of two variants of the share of animal-based calories in future food demand and four
variants of livestock productivity trajectories.

Scenario Description
Dietary SSP2 Regional food demand and dietary preferences converge slowly
choices towards more affluent diets, resulting in a global average per

capita food demand of 3051 kcal capita-! d! and 24% animal-
based calories in diets in 2050.

DEMI The transition towards a demitarian Western diet reduces the
share of animal-based calories to 15% in 2050. Countries which
stay below the scenario target are not affected.

Livestock BASELINE Livestock productivity trajectories develop according to the SSP2
productivity narrative with medium pace in productivity increases and a
slight catch-up of low productive systems.

DIVERGENCE  The historically observed divergence of livestock productivity
trends continues until mid-century. While productive regions can
extend the lead, only small productivity gains are achieved in low
productive livestock systems.

CATCH-UP Regions with low productive systems achieve substantial
productivity gains and can catch up to a certain extent. In
ruminant systems, 45% of the productivity gap to intensive
systems can be closed, in monogastric systems 60%.

MODERATION Highly intensive systems experience productivity reductions
until mid-century to moderated productivity levels equalling
75% of the current productivity frontier.

The diet scenarios are combined with four livestock productivity scenarios (see Fig. 1
for global and SI appendix, Fig. S8 for regional developments). The BASELINE scenario
(livestock sector parametrisation according to SSP2 storyline) is characterized by a
medium pace in productivity improvements, but low-productive regions catch up to a
certain extent (Popp et al,, 2017). The DIVERGENCE scenario represents the
continuation of historically observed very divergent productivity developments with
little improvements in some regions’ low productive systems and is constructed by
following the extrapolation of historical trends between 1970 and 2010, if these
extrapolated trends are lower than SSP2 projections. In contrast to the DIVERGENCE
scenario, where low livestock productivities are assumed to prevail, the ambitious
CATCH-UP scenario prescribes a further closure of the productivity gap, defined by top-
performing countries in 2010, by 45% for ruminant systems and by 60% for
monogastric systems until 2050. We assume a stronger intensification trend for non-
ruminant systems, because the majority of future increases in poultry and pork
production is expected to occur in industrial systems (Herrero et al., 2009; Steinfeld et
al.,, 2006). The MODERATION scenario explores a variation of SSP2 livestock
productivity trends at the opposite end of the range, the highly intensive systems. Until
2050, these systems are assumed to experience a reduction in livestock productivity to
the level of 75% relative to the productivity frontier defined by top-performing
countries in 2010. The MODERATION scenario is designed to explore the room to
maneuver for measures to tackle challenges related to livestock production that might
impede productivity, such as improvements in animal health and welfare.
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Fig. 1. Global past and future livestock productivity (annual production per animal
[ton/animal/year]) for all livestock commodities. Historical developments (left of the vertical
dashed line) according to FAOSTAT (2013) and future developments (right of the vertical dashed
line) for the four productivity scenarios. Global aggregates are determined by regional productivity
trends (see SI appendix, Fig. $8) and regional production volumes of livestock commodities.

3. Results

3.1. Contemporary water withdrawals and consumption

The pivotal role of green water resources for agricultural production is apparent in our
results for the year 2010, estimating 6040 km3yr-! for green (G) and 1020 km3yr-! for
blue (B) water consumed by crops, of which 2290 km3yr-1 G and 370 km3yr-1 B can be
attributed to feed production on cropland (Table 3). Accordingly, the livestock sector is
responsible for 38% of global crop water consumption. Considering also
evapotranspiration (ET) on pastures, the prominence of green water for agriculture
becomes even more distinct. G related to grazed biomass alone contributes 29% to the
resulting 9990 km3yr-1 water consumption associated with total agricultural biomass
appropriation (cropland harvest and grazed biomass), hereafter referred to as
agricultural water consumption. The contribution of livestock related water
consumption thereby represents 56% of water consumed by agriculture. Although only
10% of agricultural water consumption originates from blue resources, withdrawn
irrigation water (BW;-) accounts for 77% of all anthropogenic water withdrawals (3390
km3yr-1). The resulting severe limitation of freshwater availability is a prevailing
phenomenon in much of the populated regions of the world (Fig. 2).
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Fig. 2. Global distribution of the water withdrawal-to-availability ratio (WTAg - left panel) and the
water shadow price (WSPs - right panel) for the SSP2 BASELINE scenario and the years 2010 and
2050. The WTAg ratio is calculated as WTAp =BW:otai/BRR, where BWiotal represents water
withdrawals from all sectors and BRR denotes accessible and renewable freshwater resources. The
WSPz (in US$m-3) is calculated as the Lagrange multiplier of the water-balance constraints (see
section 2.3).

3.2. Livestock futures and global water resources

For the SSP2 BASELINE scenario, we estimate an increase in B by 310 km3yr-1 (+30%)
and in G on cropland by 3400 km3yr-! (+56%) between 2010 and 2050 (Fig. 3, Table 3).
Water consumption of feed crops (Fig. 4) accounts for 560 km3yr-1 B (+51%) and 3980
km3yr-1 G (+74%) in 2050. Driven by the expansion of irrigated cropping, additional 690
km3yr-1 (+26%) blue water is withdrawn from BRR. Due to more intensive pasture
management, pasture area as well as related ET decline, whereas G attributable to
grazed biomass slightly increases by 150 km3yr-1 (+5%). Global water resources are
strongly affected by future demand- and supply-side changes of livestock production,
where the type of resource use (green or blue water on cropland or pasture) is
essentially influenced by assumptions on livestock productivity.

For BASELINE productivity trends, we estimate under different diet scenarios that 40-
41% of livestock related water consumption in 2050 is attributable to grazed biomass,
7-8% to B and the remaining 51-52% to G related to cropland feed. Compared to 2010,
this represents a shift from green water resources on grasslands to those on cropland. A
further catch-up of less productive systems (CATCH-UP) strengthens this trend, with
only 33-35% of livestock water consumption related to grazing and 58-59% to G on
cropland, a consequence of substantial pasture-to-cropland conversion processes. In
absolute values, CATCH-UP scenarios involve lowest estimates of total water
consumption attributable to livestock production, together with highest levels of water
consumed by cropland feed (Fig. 4) and agricultural BW;.. (Fig. 3). High demand for
concentrates from cropland drives expansion of both rainfed and irrigated cropland and

oi0z

0802

increases water scarcity on arable land (e.g. South Asia and Sub-Saharan Africa) (see Fig.

5 for global and SI appendix, Fig. S15 for regional results).
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Fig. 3. Changes in global agricultural green and blue water consumption between 2010 and 2050 in
km3yr-1. Red points indicate changes in global water withdrawals for irrigation between 2010 and
2050 in km3yr-1 that include non-consumptive components and losses from source to plant. Note
that water consumption on irrigated cropland also comprises green components.

On the contrary, a continuation of divergent productivity trajectories (DIVERGENCE
scenarios) involves lowest crop water consumption, total cropland area as well as
cropland prone to water stress, but at the expense of a rising contribution of ET from
pastures to agricultural G. This is partly facilitated by the exploitation of ET on newly
converted pasture (+16% and +5% increase of G on total pasture area for SSP2 and
DEMI diet scenarios), implying a loss of natural vegetation. For all other diet and
productivity scenarios, ET from pastures decreases over time by 5-13% (Table 3).
Productivity reductions in highly productive systems (MODERATION) have minor and
ambiguous effects on type and magnitude of livestock related water consumption and
water scarcity.

Dietary choices

Ssp2
MODERATION 4
CATCH-UP 4 .
= Water consumption
.= DIVERGENCE+
g BASELINE 4 - Blue irrigated crops
o .
s Green irrigated crops
- DEMI . 9 P
3
% MODERATION A . Green rainfed crops
2 4
5 CATCH-UP Green grazed biomass
DIVERGENCE o
BASELINE 4
[=) = =) =) o
o (=) (=] o
o (=3 (=1 (=1
o~ <+ o «©

Consumptive water use for livestock feed production kme’yr'1

Fig. 4. Global agricultural green and blue water consumption in 2050 attributable to livestock feed
production in km3yr-1. Vertical stacked lines indicate water consumption related to feed production
in 2010 in km3yr-1. Note that water consumption on irrigated cropland also comprises green
components.
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For all productivity scenarios, lower intake of livestock products (DEMI) entails a
reduction of water consumption related to cropland feed and grazed biomass (Fig. 4). As
a consequence, we also observe a general decline in total agricultural water
consumption (both G and B on cropland and pasture) and similar patterns with respect
to productivity scenarios, with the exception of B for the MODERATION scenarios.
Reductions in demand for livestock products also attenuate cropland requirements and
levels of water stress (Fig. 5). Whereas G attributable to cropping and grazing is
sensitive to dietary changes (25-35% and 10-12% reduction compared to SSP2 diets), B
and BW;, are less responsive. In contrast to G on cropland, which beside spatial
relocation of crop production is principally driven by cropping area and yield growth, B
is additionally influenced by water availability and economic competitiveness of
irrigation activities and establishment of irrigation infrastructure compared to cropland
expansion and R&D investments.

WTAg classes

[Toooz2
o204
o408
Mosos
oz

of water stress in million ha

Cropland area under progressive levels

SSP2 BASELINEA
SSP2 DIVERGENCES
SSP2 CATCH-UPH
SSP2 MODERATIONA
DEMI BASELINEA
DEMI DIVERGENCEA
DEMI CATCH-UPH
DEMI MODERATIONA
reference 20104

Fig. 5. Global cropland under progressive levels of water stress in million ha. Scenario results are
given for 2050. The last bar (reference 2010) indicates values for the year 2010. Water stress is
defined by the water withdrawal-to-availability ratio (WTAg =BWtotai/BRR), where BWiotal represents
water withdrawals from all sectors and BRR denotes accessible and renewable freshwater
resources. Global estimates of cropland under progressive levels of water stress are derived by
aggregating cropland area of concordant WTAg classes from simulation units to global values. The
length of each bar represents total global cropland.
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Table 3. Global green (G) and blue (B) water consumption attributable to total biomass and feed production on cropland, pasture and agricultural land in 2010 in km3yr-1
and percentage changes between 2010 and 2050 for all scenarios. G on cropland is differentiated between rainfed and irrigated cropland. For pasture, estimates of G are
presented for total area and for the fraction of biomass actually harvested by grazing compared to the potential pasture biomass harvest simulated by LPJmL. The
difference is attributable to non-harvested pasture biomass and can be interpreted as green water flows sustaining ecosystem functioning and services.

SSP2 (2050)

DEMI (2050)

2010 BASELINE DIVERGENCE CATCH-UP MODERATION BASELINE  DIVERGENCE CATCH-UP MODERATION
Cropland
B irrigated 1020 +30% +24% +36% +28% +28% +19% +30% +30%
G irrigated 790 +89% +82% +90% +82% +56% +56% +62% +59%
G rainfed 5250 +52% +35% +65% +54% +38% +21% +47% +36%
G total 6040 +56% +41% +69% +57% +41% +26% +49% +39%
G+B total 7070 +52% +39% +64% +53% +39% +25% +46% +38%
Pasture
G harvested 2930 +5% +48% -10% +15% -21% +8% -41% -19%
G non-harvested 13500 -8% +9% -13% -9% -6% +1% -6% -6%
G total 16430 -6% +16% -12% -5% -9% +2% -13% -9%
Agricultural land
G+B harvesteda 9990 +39% +42% +42% +42% +21% +20% +21% +21%
G+B total 23500 +12% +23% +11% +13% +5% +9% +5% +5%
Cropland used for feed production
B irrigated 370 +51% +43% +51% +49% +22% +11% +19% +24%
G irrigated 330 +94% +100% +91% +85% +21% +30% +27% +24%
G rainfed 1960 +70% +47% +90% +74% +24% +1% +36% +20%
G total 2290 +74% +55% +90% +76% +24% +5% +34% +21%
G+B total 2670 +70% +52% +85% +71% +23% +6% +32% +21%
Agricultural land used for feed production
G+B harvestedb 5590 +36% +50% +35% +42% 0% 7% -6% +1%
G+B total 19100 +5% +21% +1% +6% -5% 3% -6% -5%

a: Water consumption attributable to harvested biomass on agricultural land includes total crop water consumption and G related to the fraction of biomass harvested on pastures via grazing.
b: Water consumption on agricultural land attributable to harvested feed biomass includes crop water consumption related to cropland feed production and G related to the fraction of grazed biomass on

pastures.
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3.3. Regional relevance of water withdrawals and consumption

Global values of water withdrawals and consumption are the aggregate of diverse
dynamics on the regional scale (Fig. 6). Reduced demand for livestock commodities
generally lowers total agricultural water consumption in all regions. However, regional
BWi- and B are not very responsive to dietary changes — with the exception of Northern
America. In Sub-Saharan Africa, water consumption and withdrawals in 2050 are
projected to substantially surpass contemporary levels, reflecting the strong increase in
population as well as per-capita food and livestock demand in all scenarios. The
sensitivity of the interplay between pasture and cropping activities to livestock
productivity gains (BASELINE and CATCH-UP scenarios relative to DIVERGENCE) is
mirrored by the considerable shift from G attributable to grazing to G on cropland.
Management of remaining pastures is intensified and ET related to the non-
appropriated fraction of pasture biomass is strongly reduced (SI appendix, Fig. S13).
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Fig. 6. Regional agricultural green and blue water consumption in km3yr-1. Scenario results are given
for 2050. The first bar in each panel (reference 2010) indicates values for the year 2010. Red points
represent changes in regional water withdrawals for irrigation between 2010 and 2050 in km3yr-1
that include non-consumptive components and losses from source to plant. Note that water
consumption on irrigated cropland also comprises green components.

While expansion of cropland and irrigation in Sub-Saharan Africa goes along with a rise
in area affected by water scarcity, extended cropping activities in Latin America pertain
to areas more abounding in water. Moreover, growth in G attributable to grazing can be
realized by higher grazing intensities in all scenarios except SSP2 DIVERGENCE, where a
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combination of higher demand for livestock products and lower livestock productivities
involves an expansion of pastures. In South Asia, G and B strongly respond to the
additional feed demand for crops induced by increasing livestock productivity. In the
Middle East and North Africa, B and BW;, are not responsive to scenario assumptions
and even decrease compared to 2010, due to severe scarcity of BRR and a growing water
demand from other sectors. In North America, the SSP2 baseline scenario entails an
expansion of irrigated crop production compared to 2010. Yet, with decreasing
consumption of animal-based products, this trend may partly be reversed.

3.4. Uncertainties in projected blue water consumption

To better elucidate constituents of B dynamics, we conduct a sensitivity analysis
defining three additional scenario settings: a) Unlimited water supply to analyse the
influence of resource scarcity; b) Static irrigation water productivity where, in contrast
to our default setting, R&D investments improve land productivity but leave irrigation
water per ton output (m3ton-1) constant, thereby increasing irrigation water demand
per area (m3hat) linearly with yields; and c) Exogenous yield trajectories where all
standard productivity and diet scenarios are calculated with identical regional yield
growth trajectories, based on the endogenous crop yield trajectories from the SSP2
BASELINE scenario.

The assumption of unlimited water availability entails a substantial increase in irrigated
area and B (Fig. 7a) due to the comparative advantage of expanding irrigation activities
relative to cropland expansion and investments into other yield increasing innovations
and management strategies (Fig. 7b). Although average annual rates of technological
change further decline in the wake of reduced consumption of livestock products, both
area equipped for irrigation and B are very sensitive to dietary changes (11-15%
reduction of B, see Table 4).

Compared to the default setting, the assumption of static irrigation water productivity
decreases potentials and therefore leads to low estimates of irrigated area. As irrigation
water is less productive to generate a high production volume, expansion of cropland
together with R&D investments supersede irrigation in delivering growth in crop
production, implying strongest increases in cropland across all sensitivity settings. In
the case of static irrigation water productivity, both irrigation water demand and B are
assumed to increase linearly with yield, therefore leading to higher estimates of B than
in the default setting. Dietary changes lead to a reduction in B by 4-8%.

Table 4. Impacts of lower demand for livestock products along a demitarian diet (DEMI) on global
blue water consumption (B) for all productivity scenarios under the default and additional model
settings of the sensitivity analysis (changes in B [%] for the DEMI diet scenario relative to the
“Middle of the Road” diet scenario in 2050).

Model settings BASELINE DIVERGENCE CATCH-UP MODERATION
Default -1% -4% -5% 2%
Unlimited water supply -15% -11% -11% -15%
Static irrigation water productivity -8% -4% -8% -4%
Exogenous yield trajectories -10% -12% -9% -8%
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510 2010 and 2050.

511

512  Results of all diet and productivity scenarios assuming Exogenous yield trajectories

513  accentuate the importance of technological innovation as a buffer in the whole food
514  system, dampening the translation of demand-side signals into resource use. Under the
515  default setting, a reduction of livestock products in diets attenuates the pressure in the
516 food system, involving not only a general decline in the exploitation of natural resources
517  (bothland and water) but also lowering efforts to increase agricultural productivity. If
518 technological innovation and improved management are presumed to be persistent
519  under a dietary transformation towards less livestock products, we observe larger

520  positive impacts in terms of mitigated land conversion and blue water use (reduction in
521 Bby8-12%).

522 4. Discussion

523 4.1. Current blue and green water consumption

524 It has been noted earlier that an analysis of livestock systems offers substantial scope to
525  understand and increase total agricultural water productivity (Cook et al., 2009; Herrero
526 etal, 2009; Peden et al,, 2007; Steinfeld et al., 2006). However, many approaches to

527  reconcile water conservation with the challenge to feed a growing population

528 exclusively target the crop sector (Jagermeyr et al.,, 2016, 2017; Rockstréom et al., 2007;
529  Wada et al,, 2014). Our findings underline the relevance of exploring links between

530 livestock and water, with one-third of crop water consumption being attributable to

531 feed production. We adopt a combined blue-green approach to assess agricultural water
532 useunder different livestock futures that facilitates the identification of land-water

533  related trade-offs and other than blue-only strategies to meet the water requirements of
534  future food production, like expansion, relocation and intensification of rainfed cropping
535  (Rockstrém et al., 2007, 2009) and optimized use of in situ precipitation water like

536  alleviated soil evaporation (Jagermeyr et al., 2016; Rockstrém, 2003).

537
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Our estimate of 2170 km3yr-1 water consumed by cropland feed in 2000 is higher than
previously suggested (Table 5), due to a high contribution of cultivated forage (e.g.
alfalfa, rye grass and forage maize), inclusion of all major feed categories (including food
industry by-products like soy meal) and full feed energy balances. Mekonnen and
Hoekstra (2010) estimate that consumptive water use of feed crops accounts for 1463
km3yr-1 (1996-2005) and that 6.2% of livestock related water consumption is of blue
origin, based on virtual water calculations. As also our estimates for G attributable to
cropland feed production and grazing are higher, our calculations lead to a similar
contribution of 7% blue water to the livestock water footprint. Our estimate for G on
cropland (5100 km3yr-1) is at the lower end of earlier estimates, owing to optimality of
land allocation patterns regarding cost-effectiveness and resource constraints inherent
in our modelling approach, whereas estimated B (1010 km3yr-1) is well within the range
of 600-1570 km3yr-1of previous studies.

Combining water consumed on cropland for animal feed production with G attributable
to grazing, consumptive water use of livestock amounts to 56% of total agricultural
water consumption, which is higher than the 45% estimated by Zimmer and Renault
(2003). Thus, grazing land is not only from the land but also from the water perspective
an important resource. Because impacts of grazing on the hydrological cycle are small
compared to irrigated agriculture (Peden et al,, 2007; Steinfeld et al.,, 2006), the
relevance of water consumption on grazing land is better described by the opportunity
costs of involved green precipitation water (and land) as by the environmental impact of
its use. Differentiation between the type of land (cropland or pasture) and water use
(green or blue) may shed some light on the implications of involved resource use,
because the opportunity costs and environmental impacts of cropland and blue water
are typically higher.

Table 5. Estimates of global green () and blue (B) water consumption and water withdrawals for
irrigation (BWiy) in km3yr-1. G on cropland is differentiated between rainfed and irrigated cropland.
For pasture, estimates of G are presented for total area and for the fraction of biomass actually
harvested by grazing compared to the potential pasture biomass harvest simulated by LPJmL.

Rostetal. Hanasaki et al. Molden Other
Our estimates (2008) (2010) (2007) estimates
2000 2010 1971-2000 1985-1999 2000 Not specified
Cropland
BWi;r  irrigated 2570 2610 1161-2555 2630 2200-3800¢
B irrigated 1010 1020 600 - 1258 15302 15702 12574
G irrigated 720 790 307 - 3252 8502-1720b 65072
G rainfed 4380 5250  6936-6949>  47002- 7820P 49100
G total 5100 6040 7242 -7273 55502-9540b 5560
G+B total 6100 7070 7874 -8501 70802-11070b 7130 6390¢
Pasture
G harvested 2590 2930 840 913f
G total 16520 16430 8191 - 8258 12960 5800e-204008
Cropland used for feed production
G+B total 2170 2670 1312 14630

a: Cropping period.

b: Throughout the year.

c: Wisser et al. (2008).

d: Jagermeyr et al. (2015), estimate for 2004-2009.

e: Chapagain (2006).

f: Mekonnen and Hoekstra (2010), estimate for 1996-2005.
g: Postel (1998), estimate for 1995.

h: Falkenmark and Rockstrom (2004), estimate for 1999.
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4.2. Livestock futures and the water challenge of agricultural production

Dietary changes are a frequently discussed option to meet the water challenge of future
food supply and alleviate water scarcity (Gerten et al,, 2011; Jalava et al., 2014; Liu and
Savenije, 2008; Marlow et al., 2009; Mekonnen and Hoekstra, 2010; Schmitz et al., 2013;
Steinfeld et al,, 2006). However, recommendations to reduce meat consumption in order
to preserve water resources are often based on static inventories of current livestock
related water consumption and resulting virtual water content of livestock products
(Jalava et al., 2014; Mekonnen and Hoekstra, 2010; Steinfeld et al., 2006), or informed by
simplified assumptions on livestock feeding and related water use (Gerten et al.,, 2011;
Zimmer and Renault, 2003). Adding to the existing literature, our assessment of the
green and blue water-saving potential of dietary changes does not only consider
alternative assumptions on future livestock productivity, thereby altering feed and
water use per product over time, but also comprises secondary effects like changes in
R&D investments, land-use dynamics and adjustments in trade flows (SI appendix B).
Our results emphasize the outstanding importance of economic processes for evaluating
sustainability issues and reveal the non-linearity of systems’ responses to demand- and
supply side changes.

The potential of a demitarian diet to lower pressures on blue freshwater resources is
indeed influenced by productivity trajectories, but, as the sensitivity analysis highlights,
even more by other factors that indirectly influence dynamics within the food system.
Especially assumptions on the availability of blue water, dependence of R&D
investments from demand-side pressures and economic competitiveness of irrigation
determine the freshwater-saving potential of dietary changes. Assuming limited blue
water supply (BRR only), improved irrigation water productivity and feedbacks between
R&D investments and biomass demand in our default model setting, B is less responsive
to reduced consumption of livestock products than G. The latter observation also
confirms findings by Jalava et al. (2014) that lower protein supply from livestock
products (at most 50% and 12.5% respectively of total protein supply) has a larger
effect on G (-6% to -15%) than on B (-4% to -9%).

Consequently, irrigated agriculture will continue to play an important role, even if
demand for crops strongly declines, because in many locations deployment of irrigation
is constrained by water availability and below optimum regarding economic and
agronomic considerations. This is in line with findings that more efficient irrigation
systems tend to boost profitability of irrigation, trigger expansion of irrigated cropland
and even increase the depletion of blue water resources (Perry and Hellegers, 2012;
Pfeiffer and Lin, 2014; Ward and Pulido-Velazquez, 2008). As long as there are no
opportunity costs (e.g. use from other sectors) or water protection policies such as
pricing, the model is inclined to use accessible water wherever the soil water deficit
below optimal plant growth is large enough to make irrigation economically competitive
to other yield increasing management options. The higher sensitivity of rainfed
agriculture to dietary changes indicates that it is primarily land that is spared and only
secondarily freshwater.

The balance between water consumption attributable to cropland and grassland, as well
as between green and blue flows, is strongly influenced by livestock productivity via
changes in feed efficiency and composition. Assuming the continuation of low historical
productivity trajectories in some regions, we observe an increase of water consumption
attributable to grazing to fulfil food water requirements, which goes along with
expansion of pasture into pristine areas, entailing loss of natural vegetation and carbon
emissions. Intensification of low productive systems involves a shift from
grassland/green water resources to cropland/blue water resources. Analogously to land
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use change, where conversion from pastures to cropland might reduce pressures on
natural ecosystems, a shift from green water consumption from grazing to cropping may
unlock additional water resources other than irrigation. From the perspective of
maintaining ecosystem services, biodiversity (Alkemade et al.,, 2013) and carbon
sequestration (Conant et al,, 2001; Don et al., 2011; Popp et al,, 2014) on agricultural
land, pasture-to-cropland conversion may also be seen critical and is likely to affect
hydrological processes through e.g. higher run-off from cropland (Peden et al., 2007).

Although increases in livestock productivity are beneficial with regard to feed
conversion efficiencies, resulting decrease in feed demand is less than proportionate,
due to higher competitiveness of some regions’ livestock sectors and interregional
reallocation of production. Especially in Latin America, efficiency gains lead to a growth
in production and export volume. Owing to higher feed demand from cropland,
intensification of livestock systems increases blue water use which may jeopardize
human water security and aquatic ecosystems, e.g. in India, where water withdrawals
substantially undermine environmental flow requirements (Jagermeyr et al., 2017), and
East Africa, where already current pressures from feed production on water resources
are high (Herrero et al, 2010). However, pressures on global land resources are
diminished, because cropland can expand into pastures, thereby sparing natural
vegetation and avoiding carbon emission from deforestation. Trade-offs between water
and land inherent in livestock system intensification could be alleviated by water
protection policies such as pricing mechanisms or water rights cap-and-trade schemes
that entail only minor additional land requirements (Bonsch et al.,, 2015).

Improving low productivity levels is often considered beneficial both regarding
environmental and social impacts like improved food security and livelihoods (Herrero
et al,, 2009, 2010; Steinfeld et al., 2006; Weindl et al., 2015). In contrast, there is an
increasingly critical debate about intensification at high productivity levels, because
large-scale industrial livestock operations are associated with heavy nutrient loadings,
pollution of terrestrial and aquatic ecosystems through excessive use of nitrogen and
pesticides as well as pathogens, conflicts with animal welfare, and loss of biodiversity
(Franzluebbers, 2007; Lemaire et al., 2014; Russelle et al.,, 2007; Tilman et al., 2002). As
productivity reductions in the MODERATION scenarios have only minor effects on type
and magnitude of agricultural water consumption, measures aimed at abating side-
effects of industrial livestock operations that might impede productivity could be
successful without substantially increasing water requirements to produce food.

4.3. Assumptions and limitations

Vorosmarty et al. (2005) and Rost et al. (2008) suggest that a substantial share (16-33%
and 55%) of BW; (400-800 km3yr-1 and 1400 km3yr-1) exceeds locally accessible and
renewable freshwater supplies and stems e.g. from groundwater abstraction, depleting
global groundwater reserves by 283 km3yr-1 (Wada et al., 2010). Accounting only for
renewable freshwater resources we may underestimate B and BWj,, especially in major
irrigation countries like India, China and the Unites States. Moreover, water withdrawn
especially by non-agricultural sectors partially re-enters rivers and is, after wastewater
treatment, available for downstream use (Florke et al., 2013). We assume inelastic water
demand from non-agricultural sectors which limits the de-facto water availability for
agriculture. On the other hand, we may overestimate accessibility of freshwater, because
the balance between water supply and demand is established on the level of 1000
simulation units, thus assuming that water can freely be allocated within rather large
areas. Moreover, in this analysis we do not consider climate change impacts on the
hydrological cycle and on crop yields.
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Although our analysis tries to cover several aspects of water scarcity, there is a
multitude of relevant aspects of the livestock-water-nexus that are not considered. It is
widely acknowledged that freshwater ecosystems and river biodiversity are in a state of
crisis (Falkenmark and Molden, 2008; Vorosmarty et al., 2010). Knowledge of relative
water demand alone is not sufficient to assess how human water use may threaten
freshwater ecosystems. Environmental flow requirements sustaining river ecosystems
vary by location (Bonsch et al,, 2015; Hanasaki et al., 2008; Smakhtin et al., 2004),
stressors are very diverse (watershed disturbance, water resource development,
pollution) and may partially be abated by considerable investments in water
technologies, as it has been successfully done by affluent nations to alleviate threats to
human water security (Voréosmarty et al., 2010). Agricultural activities do not only
disturb hydrological processes by water withdrawals, but also by water contamination,
deforestation and inappropriate land use (Peden et al., 2007). Our focus on water
consumption linked to feed production neglects the implications of livestock for water
pollution, being especially relevant in the context of highly intensive livestock
production systems (Carvalho et al., 2010; Russelle and Franzluebbers, 2007). Especially
nitrogen and phosphorus surpluses represent a major threat to water quality and
aquatic ecosystems leading to eutrophication with severe impacts on the mix of aquatic
plants, habitat characteristics as well as aquaculture and fisheries (Grizzetti et al., 2011;
Steinfeld et al., 2006).

5. Conclusion

Both human and animal diets matter for limiting further disruption of hydrological
processes. We show that intensification of currently low-productive livestock systems
will substantially alter both magnitude of water consumption and the balance between
different types of water and land use. Although effects on total livestock-related water
consumption are beneficial, an increase in blue water use could negatively affect human
water security and environmental flow requirements. Furthermore, results indicate that
moderate productivity reductions in intensive systems are possible without increasing
total crop water consumption, thereby opening up leeway to abate impacts from large-
scale industrial enterprises, such as pollution of aquatic ecosystems through heavy
nutrient loadings, pesticides and pathogens. A continuation of low productivity trends
heavily relies on green water consumption related to expanding pastures, involving
further land conversion at the expense of natural ecosystems.

The magnitude of the total livestock water footprint gives cause for serious concern
regarding the water implications of our food choices. Dietary changes have considerable
beneficial impacts on agricultural water consumption, but mainly of green origin,
thereby also relaxing pressures on land. Direct positive effects on blue water are prone
to high uncertainties and depend on the interplay of biophysical and socio-economic
conditions. Neither dietary changes nor a transition of livestock production systems
along the investigated productivity trajectories will solve the water challenge of future
food supply if not accompanied by water protection policies, such as water pricing or
water rights cap-and-trade schemes. Even the lowest estimate of future agricultural blue
water consumption still represents an increase by 19% compared to current levels. As a
consequence, it is important to combine demand-side policies aiming at a
transformation of consumption patterns with supply-side interventions, capacity
building, dedicated water policies and agricultural R&D to protect aquatic ecosystems
and mitigate unsustainable water use that might compromise livelihoods of future
generations.
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