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Abstract
Beef production is considered to have a large water footprint, with values ranging  from 3.3 to 75,000 L H20/kg The water consumption in beef production is primarily associated with feed, estimated to be about 98%, with other requirements representing less than 1 %. However, beef production is a complex system where cattle are often raised in different areas using a range of resources over their lifetime. This complexity is demonstrated using three countries with very different environments and production systems, namely Australia, Brazil and Kenya. To achieve efficient water use in beef systems, and food systems more generally, a classification system that reflects how animals are managed, slaughtered and processed is required. Methods for assessing water use in livestock systems, from production to consumption, needs to be standardised, whilst also including the alternative uses, multiple uses and benefits of a certain resource in a specific location.
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The demand for animal-source foods, such as meat and milk, is expected to increase rapidly, with the majority of production and consumption in developing and emerging countries. This growth is driven by population growth, urbanisation, rising incomes and changing dietary preferences. Water resources are a limiting factor in food security, with livestock production a major consumer of these resources. Currently, global livestock production accounts for about 30 % of the global agricultural water footprint, including water used for the production of feed (Mekonnen and Hoekstra, 2012). A major component of freshwater withdrawals already take place in basins suffering high water scarcity, but by 2025 two-thirds of the world population are projected to be suffering from water stress (Molden, 2007). The expected increase in demand for animal-source food must be met by sustainable intensification of agriculture, that is, production of more food whilst restoring natural resources, such as land and water, while reducing emissions into water, air and soil. Considering this, the efficiency of water use and environmental impacts associated with producing animal-source foods is of critical importance.

Grasslands, including sown pasture and rangeland, are among the largest ecosystems in the world, and have been estimated to contribute to the livelihoods of more than 800 million people (FAO, 2008). These forage lands represent 27 % of the land surface worldwide and 71 % of total agricultural land. Ruminants play a crucial role in food production by making use of plant resources such as grasses and crop residues from which humans can derive little nutritional value. Their unique digestive system allows them to derive energy and nourishment from forages, and thereby making use of vast areas of grazing lands not suitable for arable cropping. This avoids direct competition for grain that can be used to feed people directly (Guyader et al., 2016). Forage-based systems are known for their multiple ecological benefits, such as enhanced biodiversity, water quality, soil health and carbon sequestration (Guyader et al., 2016). The positive issues of ruminant-based agriculture should be taken into account when making assessments of the impacts beyond food security.

It is now recognised that we need to balance the increasing demand for animal-source foods with protection of water resources. Assessments using the concepts of ‘virtual water’ and ‘water footprint’ suggest animal-source foods generally have a higher water footprint than plant-based products (Mekonnen and Hoekstra, 2012). However, there are large discrepancies in the values reported as well as differences in the assessment methodology (Legesse et al., 2017). The system boundary of the beef supply chain should include all stages of the supply chain. First for production (described as the first market mode in the introductory chapter of this book), secondly for trading, processing and transport (the second market mode) and thirdly, retail and consumption (the third market mode). However, the majority of water accounting studies only include production, the first market mode (Wiedemann et al., 2015). Additionally, water footprint values are typically aggregated at for the end product, 1 kg of beef. This does not reflect the large differences in water consumption in the various beef production systems. For example, cattle grazing on rainfed pasture has less effect on water catchment, whilst irrigated grains used in intensive systems has a large impact on downstream water availability. Therefore, the aims of this chapter are to: (i) provide a summary of beef production and consumption; (ii) review water resource consumption methodology for animal-source foods; (iii) summarise and compare water consumption estimates for beef throughout the supply chain in different beef production systems; and (iv) identify strategies to reduce the water consumption of beef products, including alternative foods of similar nutritional quality. The focus is on beef supply chains, which allows comparisons within a commodity that relies on water resource consumption on cropland and grassland for the production of animal feed. However, comparisons will be drawn between meat from other livestock, namely pigs, poultry and small ruminants. 

The world of beef
What is beef?
Meat is typically defined as ‘the whole or part of the carcass of any animal that is eaten as food’. More specifically, beef is the culinary name for meat from mature cattle, as distinguished from veal meat from calves. Beef is also used to describe the meat derived from buffalo, particularly in India. Beef usually refers to the skeletal muscle and consists of both lean tissue (muscle) and fat, which can be either distributed throughout the muscle as marbling or surrounding the muscle as selvage or external fat. Processed meat is a product that contains at least 30% meat, that has undergone a method of preservation other than freezing, and includes sausages, salami and canned meats. Beef is produced in beef cattle systems, as a component of a mixed enterprise where animals are kept for milk, draft and meat, or as a by-product of the dairy industry.

Meat as nutrition 
Cattle raised for meat and milk are important sources of protein and micronutrients in human diets. Lean red meats, such as beef, provide an excellent source of high-quality protein, and essential nutrients, including essential amino acids, unsaturated fatty acids, minerals, and vitamins, that are needed for good health throughout life. Bioavailable micronutrients found in meat are difficult to obtain in adequate quantities from plant source foods alone (Neumann et al., 2002). Micronutrient intake from animal-source foods can help to alleviate undernutrition in children, and considered a critical component of a healthy diet in vulnerable populations (Neumann et al., 2002). Recommendations to restrict red meat consumption are common, as high consumption is implicated in cardiovascular diseases, type 2 diabetes and cancer. However, consumption of lean red meat is effective for weight loss and improving cardiometabolic health (Sayer et al., 2017). 

Beef is the third most widely consumed meat in the world, accounting for about 25 % of meat production, after pork and poultry. Over the last fifty years, the beef cattle population has increased by 50 % and the global production of beef has almost doubled, which is illustrated in Figure 1 (FAO, 2018). Beef is a highly traded commodity, with total global exports estimated to have been 9.97 million tonnes in 2017 (FAO, 2018). The virtual water content of beef implies beef contributes a significant proportion of the ‘trade’ in water globally. 

[image: ]
[bookmark: _Ref524350638]Figure 1. Global cattle population and beef production from 1960 to 2016. Source: FAOSTAT (2018).
Types of beef production
The Food and Agriculture Organisation (FAO) generated a land-based classification for livestock systems in which beef is produced, categorised as: (i) landless livestock production systems, where concentrate and roughage are brought into the system; (ii) rainfed grassland based systems in which crop-based agriculture is minimal; (iii) mixed rainfed systems, mostly cropping combined with livestock; and (iv) mixed irrigated systems, in which as a significant proportion of cropping uses irrigation and is interspersed with livestock (Seré and Steinfeld, 1995). This approach is often used to estimate global livestock production, yet the classification does not consider the nature of the beef food systems. In many countries animals are moved from one land use system to another in different times of the year, or at different stages of their production cycles (Rushton, 2009), which makes water accounting even more complex.

Beef produced solely on rainfed grasslands will have a varied impact on water consumption and water pollution depending upon management factors, including the extent to which the application of manure and fertiliser are aligned with crop nutrient needs and whether the stocking rate is aligned with the carrying capacity of the pastureland (Legesse et al., 2017). Both rainfed and irrigated mixed crop-livestock systems rely on the availability of water resources, originating from water in rivers, lakes and reservoirs in the case of blue water or from naturally infiltrated soil water resulting from precipitation in the case of green water. Mixed crop-livestock systems generate the 75 % of the milk and 60 % of the meat produced globally (Herrero, 2012). Mixed crop-livestock systems enable farmers to integrate different enterprises. Livestock also provide draft power to cultivate the land and manure to fertilise the soil, while crop residues feed the livestock. These synergies offer opportunities for sustainably increasing production by raising productivity and increasing resource use efficiency, helping to reduce the impact of livestock on ecosystems, including water ecosystems. 

Dual purpose farming systems are common across many areas in the world where cattle are raised with limited offtakes of milk for human consumption and occasional sales of animals for meat. In addition, co-products such as offal, and in some regions blood for human consumption need to be accounted for. Such systems tend to be in areas that traditionally have been difficult to crop due to terrain or water access and cattle play a crucial role in the capture of energy in forage that humans could otherwise not gather (Rushton, 2009). However, with introduction of heavy machinery and an increasing move towards economies with high returns per unit of labour, such systems face unsustainable pressures. Where there are multiple roles with different outputs from cattle, determining the water needs to beef production are complex, particularly if the land classification system fails to recognise the diversity of production systems and its associated value chains.

The water consumption of landless, feed-lot, beef systems is also inherently diverse. On beef fattening lots the animals are sourced from areas where breeding takes place which are often the rainfed regions of a country with little potential for cropping activities. In some locations such as the feedlots on the US and Mexican border animals for fattening are sourced from distant pastures (Rushton, 2009). The animals are then fattened on externally sourced food. The diet of the animals varies from range grasslands during the initial stage of life followed by affordable concentrate feeds in the latter stages. Concentrate dry matter intake results in higher water consumption because the amount of water used to produce concentrate is five times higher than that consumed to produce roughages (Hoekstra, 2012). The composition of the diet will have an effect on the water footprint, with higher footprints associated with higher proportions of concentrate. 

The variety of land used and the different beef production system complicate the analysis on water use and this issue will be examined further in the next sections.

Effect of water scarcity on the beef supply chain
Much of the focus on beef supply chains in the context of water has been on consumption. However, in beef production systems with a heavy reliance on feed and forage, extreme weather events such as droughts will inevitably have an impact on the viability of these systems. The 2011 and 2012 drought in the United States of America (USA) affected crop and livestock supply chains throughout the country. More than 70% of crop and livestock production was affected in 2011, while in 2012, 67% of cattle production and 70% of soybean and corn production were affected (Countryman et al., 2016). Intuitively, rainfed grassland beef production systems and mixed farming systems will be negatively affected by lower rainfall and more frequent droughts, with effects on fodder and pasture growth on which livestock based systems depend (Nardone et al., 2010). Rainfed systems are self-limiting systems that provide supplementary water, via for example boreholes tend to be unsustainable. In these circumstances the large amount of water required to produce beef suggests that local and global beef supply chains are inherently vulnerable to changes in rainfall and the availability of surface and groundwaters.
Assessing water resource use in beef supply chains: a review of methods

There is a variety of water accounting methodologies used in animal-source foods studies, including water productivity assessments, water footprint assessments and life cycle assessments (Ran et al., 2016). Water productivity is the ratio of the net benefits (for example kilograms of beef) from livestock in relation to the amount of water depleted in producing such benefits. The amount of water depleted takes into account the consumptive use during production, the water quantity incorporated in the product, water flows to a location where it cannot be readily reused, and of heavily polluted water not available for further use (Molden, 2007). However, there is no standardised method for assessing water resource use in livestock production. A comparison between published studies is often hindered by differences in terminology and system boundaries, as well as in impact assessment methods and indicators (Ran et al., 2016). Therefore, the science of water consumption in livestock production is currently fraught with water accounting problems, (See Perry 2018 in this volume). We will review some aspects of these difficulties below.

The water footprint is defined as the total amount of water required to produce a product, namely 1 kg of beef, during the three market modes and constitutes a summarised value of green, blue and grey water quantities. Green water consumption comes from rainwater stored in soil or vegetation, which cannot be diverted to a different use. Blue water refers to the volume of surface and ground water embedded in the production of a commodity. In agriculture it specifically refers to the total volume of irrigated water that is embedded in the production of livestock products. Grey water is an indicator of the water quality degradation brought about by agricultural and other production systems and refers to the volume of freshwater required to dilute the load of pollutants generated along the production and supply chain. It combines actual consumptive water use with assumptions on water pollution. However, very few beef supply studies include grey water calculations. It is assumed that it represents only a small proportion of the total footprint (Bosire et al., 2015).

The beef supply chain, including the types of water consumption, and co-products within the system is illustrated in Figure 2. The water footprint of beef associated with market mode 1, production, is that of a beef cow at the end of its production cycle. It can be calculated based on the water footprint of all feed consumed during its lifetime and the volumes of water consumed in providing drinking and other services, for example cleaning sheds. This number depends on the age of the animal when slaughtered, the cows diet during its various stages of growth, the feed conversion efficiency, the efficiency of the production system and other local environmental conditions (Mekonnen and Hoekstra, 2012). 
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[bookmark: _Ref511698793]Figure 2. Example of a beef supply chain, showing water consumption and co-products incorporated into a life cycle assessment approach of water use. Note: Grey water is rarely included as it generally considered to represent a very small proportion of total footprint.
The water consumption in beef production is primarily associated with feed, estimated to be about 98%, with other requirements for drinking and servicing representing less than 1 % (Mekonnen and Hoekstra, 2012). The water footprint of the animal as a whole is allocated to the different products that are derived from that animal within market mode 2, trade and process. This allocation, the product fraction, is estimated on the basis of the relative value of the various animal products. For example, Wiedemann et al. (2015) included the co-products per 1,000 kg of live weight of beef, with retail cuts (beef) allocated 91.4 % of the total. The water consumption associated with market mode 3, retail and consumption are largely dependent upon the cooking process and services (washing facilities), hence difficult to calculate. Therefore, the vast majority of water accountancy studies will only include market modes 1 and 2, with most only including market mode 1. 

Water lost through rainwater consumed (evaporated or incorporated into the plant) by rangelands, pastures and crops consumed by cattle during their growth, represents 99% of the water footprint of beef supply chain (Deutsch et al., 2010), with very little accounted for in trade, processing, retail and consumption. For example, water usage in Australian abattoirs ranged from 4 to 18 L/kg carcass weight (MLA, 2007). The Water Footprint method gives a combined value of green, blue and grey water consumption but does not provide any indication of the source of the water. Protecting freshwater resources is a global concern because substantial volumes of food and feed are internationally traded. Therefore, the water embedded in those commodities, the virtual water which is ‘imported’ and ‘exported’ by all countries, should be included in any water resource consumption assessment.

The virtual water content of a commodity, such as 1 kg of beef, can be calculated (Chapagain and Hoekstra, 2003). First, the virtual water content of live animals is calculated (L/kg live weight), based on the virtual water content of their feed and the volumes of drinking water and service water consumed during their lifetime. Second, the virtual water content is calculated for each livestock product, taking into account the product fraction, (the ton of beef produced per ton of live weight), and the value fraction. Finally, virtual water flows between nations are derived from statistics on international product trade and virtual water content per product. Some countries are net exporters of water in the virtual water terms, because of trade in animal products such as Australia, USA and Brazil. Others, for example Japan and Russia, are net importers. Hoekstra (2010) calculated the total international virtual water flows related to the global trade in animal products to be about 275 trillion litres per year, a volume equivalent to about half the annual Mississippi run-off. Water problems are an intrinsic part of the world’s economic and trade structure in which water scarcity is not translated into prices that properly reflect producer or consumer costs. As a result, there are many places where water resources are depleted or polluted, with the cost borne by local communities and local ecosystems and not by the meat consuming importer. 

Virtual water accounting is criticised for failing to describe the environmental relevance of water use in a product life cycle. The impacts of crop and livestock production on local water ecosystems depend on the type of water being used and the degree of local water stress caused by the production (Ridoutt and Pfister, 2010). Most water footprints are the summation of more than one form of water consumption, namely green, blue and grey water, from locations that differ in terms of water scarcity.  Water footprints are expressed in gross terms rather than in net terms compared against the pre-farm water use, which is a particular problem with water footprint data for beef production (Bromwich et al 2018). Grazing savanah may have little net footprint when compared with ungrazed savanah. By contrast irrigated grain for cattle feed may have a considerable impact on the river catchment because it represents a new net consumptive use in the catchment. Consequently, water footprints of beef produced in different locations and with different systems are not comparable. The water footprint concept has also evolved independently from the discipline of LCA, making it difficult to identify the relationship between a water footprint and potential social and environmental harm (Ridoutt and Pfister, 2010). Water stress is commonly defined as the ratio of total annual freshwater withdrawals to hydrological availability, as illustrated by the Water Stress Index (Molden, 2007). Including a measure of water scarcity, whilst differentiating between water withdrawal (blue water consumption) and green water consumption in rainfed grazing-systems helps to minimise the bias of water footprint metrics. 

The implications of these various metrics is explored further by assessing beef production in three countries.
Not all beef burgers are equal – a look at three different meat production systems
[bookmark: _GoBack]Water use in the livestock sector has featured heavily in the debate about sustainable food systems. Most evidence has come from virtual water calculations, which lack impact assessment and adequate consideration of the heterogeneity in livestock production. Even within a single country, beef production takes place in dramatically different circumstances. Thus, exploring the water use in beef supply chains requires a deeper analysis of specific production systems in diverse geographical locations. We shall consider three case studies: (i) Australia, which represents a modern ranching system within the global market; (ii) Brazil, an emerging economy which is one of the largest producers and exporters of beef; and (iii) Kenya, representing a developing country with large urban migration.

Australia
Beef cattle production exists in most parts of Australia, in a wide range of environments and production systems. Almost 60,000 individual properties collectively raise 28 million cattle across 200 million hectares (MLA, 2017). Consumption of beef per capita in Australia has for the last 50 years seen a long-term downward trend. By 2015 pig meat overtook beef to become Australia’s second most consumed meat per person (ABS, 2017). The number of cattle in Australia makes it a relatively small producer on a global scale. However, Australia has a small human population and it exports about 68 % of its beef production, making it the world’s second largest beef exporter behind Brazil (MLA, 2017).[footnoteRef:1]  [1:  Some analyses include buffalo meat in beef trade data, which makes India the second largest exporter of ‘beef’.] 


Beef production systems in Australia are broadly classified based on the breed. Bos indicus cattle are generally selected by northern producers due to their hardiness, tick resistance and ability to cope with the heat, while Bos taurus cattle are generally used in southern production systems. Typically, beef from Bos indicus are exported live to destinations such as Indonesia or are fattened and processed in southern regions. Bos taurus cattle are fattened, processed and then consumed domestically or exported to premium markets such as Japan. Australian beef industry produces different breeds according to their ability to meet market specifications and adapt to different climatic conditions. There is a trend towards grainfed cattle, which accounted for 39 % of all adult cattle slaughtered by 2016 (ABS, 2017).

Australia is the driest continent inhabited by humans, with an average annual rainfall of 469 mm per year. Australian water resources are located in river systems that drain very large areas, such as the Murray-Darling Basin, but they rank low in terms of the volumes of water flow compared with the rivers on other continents. The over-allocation of the waters of the Murray-Darling system was revealed by the 1997-2010 Millennium Drought. Allocations to irrigation have been capped resulting in increased competition between those producing cotton, rice, fruit and vegetables and the needs of the environment (Wiedemann et al., 2016). One feature of Australian farming systems, particularly in beef production systems is water stored in ‘dams’. Water captured in dams is not available for streams, lakes and rivers, or for  groundwater recharge (Ridoutt et al., 2012)

The water use by the Australia’s beef industries is not well understood, mainly because different definitions and metrics. This problem is exemplified in Table 1, where estimates of the water use per kg of beef vary by orders of magnitude. 

Brazil
Brazil is a world leader in the production and export of various agricultural and livestock products. Exporting 1.76 million tons, Brazil was the world’s second largest beef exporter in 2016 (FAO, 2018). Exporting beef has enhanced the competitiveness of the Brazilian agricultural sector through its exposure to international competition (Klein et al., 2014). Additional production capacity is anticipated as low production areas are improved through the combined management of animal, crop and forest-pasture systems which enable primary production (McManus et al., 2016). Traditionally, Brazil’s beef exports were focused on the European market. However, due to the increasingly rigorous food traceability requirements by the European Union, there has been a shift in the export profile (Pereira et al., 2011). Increasing demand in the internal market and from other developing and emerging markets, with low aggregated quality and high quantity demands have created new export opportunities (Knoll et al., 2017). 

Beef cattle in Brazil are predominantly raised on pastures, although the number of feedlots is increasing. Cattle are kept in feedlots for a very short period for finishing (Kahn and Cottle, 2014). Brazil is the fifth largest net virtual water ‘exporter’ globally (Mekonnen and Hoekstra, 2016). Beef contributes 20.1 % (equivalent to 11.1 billion m per year) to Brazil’s net virtual water ‘export’ (da Silva et al., 2016). While Brazil is generally considered as relatively water abundant (Mekonnen and Hoekstra, 2016), water scarcity varies within the country, therefore the origin of the exported commodity is important (da Silva et al., 2016). Approximately 10 % of the 36 million cattle slaughtered in 2014 were finished in feedlots (Palhares et al., 2017). As the number of cattle finished in feedlots is expected to rise, the location of the feedlots and the farms producing the feed is critical if further water stress in water scarce areas of Brazil are to be avoided.

Kenya
Kenya’s population increased by 70 % between the 1980s and 2000s, and it is a rapidly urbanising country; the urban population grew by 240 % over the last thirty years (Bosire et al., 2017). About 25 % of the meat consumed in Kenya is imported, with livestock from the neighbouring countries such as Tanzania Uganda, Somalia and Ethiopia constituting 22 % of the total consumption (Bosire et al., 2017). 

Kenya is generally characterised as a water stressed country, with insufficient renewable water resources to meet its needs (Mekonnen and Hoekstra, 2014). More than 80% of Kenya is classified as arid or semi-arid, characterised by low rainfall, high ambient temperature and poor-quality feed resources. There are three main beef cattle production systems in Kenya, first, cattle kept in mixed farming systems in the highland areas, secondly, animals in pastoral systems in the lowlands and thirdly, ranches. There are a small number of feedlot systems. Pastoral and mixed systems contribute about 65 % of total beef output, with the rest coming from ranches and feedlots. 

Cattle raised for producing beef for Nairobi come from lowland pastoral zones that include land areas in surrounding countries (Alarcon et al., 2017). These pastoral systems, as mentioned earlier, generate milk as well as beef, capturing plant energy that would not be accessible to people. Therefore, milk as a major co-product of the system should be included in any life cycle analysis. Equally, beef grazing on crop residue in mixed systems, requires the inclusion of the relative water footprint of the harvested crop and of crop residue as co-products in the system. Given the trend towards intensification of cattle systems in humid areas of Kenya, the introduction of compounded and supplemental feeds would indicate an increasing blue water footprint of the beef supply chain in Kenya (Bosire et al., 2015).

Table 1 provides a comparison of the water use across the three countries. It is a demonstration of the methodological and accounting difficulties. Even where similar life cycle analysis methods are applied, the use of different denominators makes comparisons hard. Yet it is clear that beef production does consume very high volumes of water. Therefore the next section will look at how this water use can be better managed.

[bookmark: _Ref511655283]Table 1. Comparison of water use values associated with beef production from Australia, Brazil and Kenya
	Region
	Production System
	Functional Unit
	Estimate
	Approach
	Source

	Global
	Grazing
	L H20/kg CW§
	21,829
	WF≠
	(Mekonnen and Hoekstra, 2012)

	
	Mixed
	L H20/kg CW
	15,712
	WF
	(Mekonnen and Hoekstra, 2012)

	
	Feedlot
	L H20/kg CW
	10,244
	WF
	(Mekonnen and Hoekstra, 2012)

	Australia
	Pasture and feedlot finishing plus processing
	L H20/kg CW§
	18-540
	Hybrid LCAœ
	(Peters et al., 2010)

	
	Pasture and feedlot finishing
	L H20-eq/kg LW#
	3.3-221
	LCA
	(Ridoutt et al., 2011)

	
	Pasture and feedlot finished
	L H20/kg LW
	24.7-234
	LCA
	(Ridoutt et al., 2012)

	
	Rainfed grassland and supplements
	L H20/kg LW¶
	9,818-12,855
	LCA
	(Eady et al., 2011)

	
	Grass-finished beef to farm gate
	L H20/kg LW
	117.9-332.4
	LCA
	(Wiedemann et al., 2016)

	
	Grass-finished to farm gate
	L H20-eq/kg LW
	8.4-104.2
	LCA
	(Wiedemann et al., 2016)

	Brazil
	Feedlot
	L H20/kg CW
	1,934-9,672
	WF
	(Palhares et al., 2017)

	
	Feedlot
	L H20/kg CW
	9,000∂
	WF
	(Gerbens-Leenes et al., 2013)

	
	Grazing
	L H20/kg CW
	24,000∂
	WF
	(Gerbens-Leenes et al., 2013)

	Kenya
	Grazing and mixed systems
	L H20/kg CW
	22,300-75,000
	WF
	(Bosire et al., 2015)

	
	Nairobi (local and imported beef)
	L H20/kg CW
	31,100*
	WF
	(Bosire et al., 2017)

	
≠ WF: water footprint
œ LCA: life cycle assessment
§ CW: carcass weight
# H20-eq: water equivalent; LW: live weight 
¶ Measured fresh water consumption
* Local production accounts for 60.6%
∂ Estimated from graph



Strategies to reduce the water use of ruminant systems
Changing attitudes to eating meat – what are the alternatives?
As the world’s population grows, food-water scarcity has increased in many parts of the world (Kummu et al., 2010; Liu et al., 2017), with the planetary boundary for consumptive freshwater use rapidly approaching (Gerten et al., 2013). In this context, one of the most common strategies proposed to lower water use is to reduce the consumption of animal-sourced foods (Ercin et al., 2012; Mekonnen and Hoekstra, 2012; Jalava et al., 2014). 

Diet change has been suggested as way to promote global food security for the growing population, and at the same time reducing the impact of food on the ecosystem, particularly on water consumption. Weindl et al. (2017) found that one third of crop water consumption is attributable to animal feed production. 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 related 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 to reallocate water resources between food and feed crops (Weindl et al., 2017). Damerau et al. (2016) explored a set of possible changes in consumption patterns in the agricultural and energy sector to determine the indirect impact that these trends might have on global water requirements until 2050. In some food production scenarios, plant protein sources were shown to require more water than animal protein sources. For example, in the Middle East and Africa, animal protein from goats would require considerably less water than the production of a maize and pea crop (Damerau et al., 2016).A more nuanced approach to diet change is required.

Another demand-side recommendation is for consumers to select livestock products based on their water footprint (Legesse et al., 2017). Intensification of rainfed grassland beef systems will substantially alter both the 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 (Weindl et al., 2017). General recommendations across all regions are misleading, as some producers or regions raise livestock more efficiently than others. 

Laboratory cultured meat is a potentially healthier and more efficient alternative to conventionally produced meat, assuming that meat produced in vitro uses less water and energy. Tuomisto and Teixeira de Mattos (2011) reported that artificial meat used 82% to 96% less water in a study estimating the potential environmental impacts of large scale cultured meat production compared with conventionally produced European meat products. Artificial meat would require less land and agricultural inputs than livestock, but energy use would be higher due to the replacement of biological functions with industrial equivalents, creating inherently complex and challenging trade-offs (Mattick et al., 2015). Additionally, the adoption of cultured meat is dependent upon consumer acceptance, which may go against the growing demand for ‘natural’ products in many countries (Hocquette, 2016).

Increasing water use efficiency
There are many strategies that could be deployed to increase the water efficiency of beef supply chains. As the majority of water consumption comes from feed production, increasing water use efficiency could be achieved through enhancing crop productivity, by selecting and breeding crops and forages that more effective consumers of water and by increasing the use of crop by-products and residues (Descheemaeker et al., 2010; Blümmel et al., 2014). Irrigation efficiency could save up to 48% of global non-productive water consumption (Jägermeyr et al., 2016). A number of studies have demonstrated that improvement in production efficiency of livestock has a positive effect on water use efficiency (Peden et al., 2009; Krauß et al., 2015). However, improvements in efficiency are most commonly expected to come from grassland systems and landless systems, with their different ecological impacts. 
Conclusions
The beef supply chain, directly or indirectly accounts for nearly one-third of the world’s water footprint. However, with the right type of management, significant improvements in water use efficiency can be achieved. Typically, life cycle analysis studies look at the water footprints marketable outputs. Within smallholder mixed crop-livestock systems, however, cattle provide several products and services besides the production of marketable product. For example, beef ruminant producers are not only practitioners of animal husbandry. They are also the stewards of vast tracts of tame and native pasturelands. Due to low and erratic rainfall, steep topography, poor drainage, or low soil fertility, many grassland/pasture tracts are not suitable for any agricultural activity other than ruminant production (Legesse et al., 2017). Developing policies that promote sustainable water consumption in ruminant production on grasslands have multiple benefits. Unfortunately, it is very challenging to quantify their social value and ecosystem service contributions in monetary or quantitative terms. Given the complexity of beef production systems and beef supply chains, there is no single management practice that can be recommended as a universal approach that enables the sustainable allocation and management of water resources.

Beef cattle production practices differ in response to different natural resource endowments, making global industry averages potentially misleading. As demonstrated by Ridoutt et al. (2012) some beef cattle systems impact very little freshwater scarcity (10 L H2Oe kg-1), and many have water footprints that fall within the same range as cereal production . Many low input, predominantly non-irrigated, pasture-based livestock production systems have little impact on freshwater resources with respect to consumptive water use. Therefore, the water resource consumption of beef production could be improved by developing ‘sustainable consumption’ policies. If consumers demanded more product transparency of animal products, they could make better informed decisions about the source of the beef they eat. Weindl et al. (2017) has highlighted the merits of combining demand-side food policies - focused on transforming consumption, with supply-side policies - including capacity building and agricultural research and development to protect aquatic ecosystems.

The focus of this chapter is on water, a single sustainability metric, therefore not an indicator of overall environmental impact. However, water resource consumption indices suggest many low input, predominantly non-irrigated, pasture-based beef production systems make an important contribution to a sustainable livestock products system. Using a systems-based approach, including local life cycle analysis, beef production can be integrated into the local farming systems to achieve significant net benefits overall. A broader analysis to incorporate greenhouse gas emissions, and accounting for other ecosystem services arising from forage-based beef production systems, and nutrition have not been achieved here. Such wider perspectives would allow further development of synergistic land-water-livestock systems adapted to local conditions, producing high yields of meat while also fostering a wide range of ecosystem and nutritional services (Guyader et al., 2016). 

To achieve efficient water use in beef systems, and food systems more generally, a classification system that reflects how animals are managed, slaughtered and processed is required. The science of accounting for water consumption from production to consumption needs to be standardised. This goal could be achieved through a combination of value chain analysis and life cycle analysis. Resolution on these method and measurement issues will be critical if we are to make inroads on the Sustainable Development Goal 6.4 that aims to improve water efficiency.
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