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1 ABSTRACT 
 

Global trade and increasing food demand are important drivers of impacts in the water 

system across scales. This study coupled a spatially-explicit physical account of trade 

between Brazilian municipalities with a water footprint accounting model, in order to 

analyse water footprints of Brazilian soy produced for domestic and international 

consumption, and assess their relevance in the context of water scarcity and competing 

demands for water resources. The water footprints of Brazilian soy production were 

assessed for different levels of spatial-explicitness for comparison. The Swedish water 

footprints were analysed within this framework to illustrate the use of the methodology. As 

a result, temporal and geographical patterns of variability of water the footprints related to 

Brazilian soy production, attributed to different consumers in the global market, were 

identified. The study found the methodology to unveil important processes connected to 

economic and trade drivers, as well as to variability in climate and production yields. It was 

found that important regional variability was not considered or fully understood when 

accounting for water footprints as a national aggregate. Opportunities for improvement and 

further research were also discussed. 

 

Keywords: Water Footprint, Water Stress, Brazil, Soy, International Trade 
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2 INTRODUCTION  
As human activities impact fundamental processes of the earth system (Steffen et al., 2007), 

there is evidence that human impact on terrestrial freshwater systems happens both in the 

local and in the global scale (Vörösmarty and Sahagian, 2000; Vörösmarty et al., 2010). 

Although the current paradigm of water management focuses mainly in the catchment scale, 

impacts on the Global Water System are linked across scales through teleconnection 

processes (Hoff, 2009).  

Global trade is one of the most important drivers of global impacts on water availability, 

carbon emissions and land use change, connecting regions in the global water system (Hoff, 

2009; Rockström et al., 2014). Life cycle, input-output and material flow analyses can be 

coupled to footprint accounts to deliver key knowledge on the characterization and 

quantification of commodity fluxes and their consequent impacts on resource use at the 

global scale (Godar et al., 2015; Hoekstra et al., 2011). Nevertheless, a number of factors 

may lead to inadequate assumptions that can undermine the policy relevance of coupling 

trade and footprint assessments, such as data gaps and methodological flaws (Ridoutt and 

Huang, 2012; Wichelns, 2015).  

In particular, the water footprint literature almost exclusively features assessments that 

establish production to consumption relations at a country-to-country scale, which can lead 

to gross generalizations especially in countries with high biophysical and socio-economic 

heterogeneity such as Brazil (Godar et al., 2015; Lathuillière et al., 2014). In the case of 

water footprint assessments, the lack of spatial explicitness undermines the capability of 

these footprint accounts to provide meaningful information on water resources impacts on 

the local scale, which is where impacts on water resources are primarily felt (Ridoutt and 

Huang, 2012). Unlike carbon footprints, water footprints are spatially and temporally 

specific, with impacts varying considerably between locations and often occurring in very 

short lapses of time. Moreover, given its locality, the impact of a given amount of water use 

is qualitatively different and not interchangeable or possible to offset with water use 

reduction elsewhere (Ercin and Hoekstra, 2012).  

The integration of high-resolution footprint accounting with spatially-explicit material 

flows would allow for greatly improving the relevance and applicability of virtual 

footprints. The development of the SEI-PCS tool aims to improve the spatial explicitness of 

trade flow assessments, enabling tracing the local origin of a country´s consumption, and 

thus obtaining an entry point to assess their environmental impact of consumption at the 

local scale (Godar et al., 2015). 

Spatially-explicit footprints also allow analysing the footprints in the context of their 

environmental and human relevance; the same footprints in regions with different water 

scarcity levels result in different impacts on the local water system. As global food security 

becomes associated to a variety of environmental pressures on different regions in Brazil, 
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the possibility of executing spatially-explicit assessments of footprints has the potential to 

estimate and evaluate both the environmental trade-offs related to these production and 

consumption systems and the relative importance of these impacts for the humans and the 

environment.  

With large availability of both land and water, Brazil is nowadays one of the main global 

producers of crop commodities, with increasing importance in the global trade market and 

in meeting present and future global food demands (Willaarts et al., 2015). Brazilian 

available water and land are, however, neither invariable nor absolute; water availability 

has striking regional variability in Brazil (ANA, 2013), and the expansion of land use 

changes in biomes such as the Amazon can trigger widespread impacts on the global water 

system (Nobre, 2014).  

2.1 PROBLEM FORMULATION AND RESEARCH QUESTIONS 

In this study, two methodological developments to water footprint assessments will be done, 

with the objective of increasing the footprint’s spatial-explicitness and environmental 

relevance. The enhancements obtained will be set-up for comparison against traditional 

approaches that use country-to-country assessments of trade and global water footprint 

models. The improved policy relevance and applicability of these results is discussed, 

providing examples on how these results could be used for improving the use of water 

resources in Brazil.  

This study aims to improve the crop water footprint assessments in Brazil as a basis to 

support policy makers in developing better water management systems. Towards this main 

aim this study integrates the SEI-PCS tool to assess the trade flows of commodities 

produced in Brazil and consumed both in the domestic and international market, and an 

improved water footprint assessment to match the spatial-explicitness provided by SEI-PCS. 

A water stress assessment as the main indicator of water impact at the relevant scale is also 

developed, to make the case that traditional water footprint accounting (Hoekstra et al., 

2011) are not sufficient to address issues of key importance for policy makers such as the 

relevance of virtual water fluxes on local water availability and stress.  

 Specific research questions: 

- What are the improvements and added knowledge obtained from the estimation of 

water footprint when considering different scales of spatial-explicitness? 

- What are the challenges and opportunities when considering and combining water 

stress in water footprint assessments? 
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3 BACKGROUND AND STATE OF THE ART 
This section provides the context of current research on global water systems, water 

scarcity, global trade accounting, water footprint assessments, as well as water and trade in 

Brazil.  

Sections 3.1 to 3.4 are focused on defining the current state of the art on water footprints 

and virtual water trade assessments, along with their policy relevance and importance 

related to global water system processes and water scarcity. Section 3.5 focuses on 

providing background on current methods of global trade flux accounting, and section 3.6 

describes the context of food production, global trade and water scarcity in the study area, 

Brazil. 

3.1 GLOBAL WATER SYSTEM AND WATER TELECONNECTIONS 

The evidence of the extent and predominance of human impact on earth has led scientists to 

argue that we are in a new geological epoch named the Anthropocene, characterized by 

anthropogenic influence on the most fundamental mechanisms of the Earth System (Steffen 

et al., 2007). There is strong evidence that continental aquatic systems are also not only 

governed by Earth system processes, but by global human processes such industrialization, 

population growth, among others (Meybeck, 2003). 

The understanding of changes in the Earth System and impacts on freshwater systems led to 

the development of the concept of Global Water System, which can be considered a ‘game-

changer’ in terms of the thinking and research of water systems; it does not only change the 

scale, from local to global, but also reworks prior thinking by merging biogeophysical and 

human dimension perspectives (Vörösmarty et al., 2013). Although the paradigm of basin-

scale analysis and governance epitomized by Integrated Water Resources Management still 

shape most of the water science and development agenda (Vörösmarty et al., 2013), the 

need for better understanding of scale interdependencies, linkages and teleconnections in 

the global water system is increasingly manifest (GWSP, 2005; Hoff, 2009; Rockström et 

al., 2014; Savenije et al., 2014).    

Hoff (2009) classifies teleconnections in the global water system between biophysical, 

socio-economic and institutional teleconnections. The atmospheric moisture transport can 

be considered the most important biophysical teleconnection process, responsible for 

intercontinental and ocean-land moisture transport, impacting both global and local climate 

regimes (Hoff, 2009; Keys et al., 2012). Examples of institutional teleconnections include 

international conventions and development programs that drive local to global 

environmental change (Hoff, 2009). Lastly, socio-economic drivers are usually 

characterized by international trade, and all the processes that encompass the phenomenon 

of ‘globalization of water problems’ (Vörösmarty et al., 2013). These teleconnections 

themselves are connected; one emblematic example is the international trade of Brazilian 
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soybeans and beef, that: i) are boosted by institutional globalization agreements 

(institutional teleconnection), ii) drive rainforest deforestation in Amazon biomes, iii) are 

driven by competing production elsewhere, which in turn depends on other teleconnection, 

and ultimately iv) alters the global moisture transport (Godar et al., 2015; Hoff, 2009; 

Nobre, 2014; Pokorny et al., 2013). 

The investigation of these linkages gave rise to new concepts, like precipitation sheds 

(Keys et al., 2012), virtual water transfers (Konar et al., 2013), and water footprints 

(Hoekstra et al., 2011; Savenije et al., 2014). Although the scope of analysing water 

teleconnections in the global water cycle is much larger, the intent of this study is to 

investigate impacts on the global water cycle connected to food production and 

international trade, improving on current methods for water footprint assessment. The 

following sections provide further context on these methodologies. 

3.2 VIRTUAL WATER AND WATER FOOTPRINT 

The ‘water footprint’ concept (WF) was first introduced in 2003, as a method to account for 

the cumulative water content of goods and services consumed (Hoekstra, 2003) aiming at 

measuring human appropriation of global water resources (Ercin and Hoekstra, 2012). WF 

builds on the concept of ‘virtual water’, and was conceptualized as an analogy to the 

already existing concept of ecological footprint (Alvarenga et al., 2012; Wackernagel and 

Rees, 1996). WF assessments wish not only to account for the movement of embodied 

water, but also to assess the impacts of consumption on water resources; the concept arose 

from the author’s view of the need to see water resources management not only as a local 

or river basin issue, but also to unravel the links between consumption and use, and 

between global trade and water management (Hoekstra, 2009).  

A global standard for water footprint assessment (WFA) was later published (Hoekstra et 

al., 2011), establishing its main definitions, methodological foundation for both water 

footprint assessment and accounting, as well as the scope and goals for diverse applications 

of this concept. The water footprint of a product is conceptualized as the volume of 

freshwater used for production, measured over the full supply chain; the blue water 

footprint refers to consumption of blue water resources (surface and groundwater), the 

green water footprint refers to consumption of green water resources (rainwater insofar as it 

does not become run-off), and the grey water footprint refers to pollution and is defined as 

the volume of freshwater that is required to assimilate the load of pollutants given natural 

background concentrations and existing ambient water quality standards (Hoekstra et al., 

2011).  

Although it was initially conceptualized and applied mainly for country and individual 

footprint assessments, the WF grew to include the assessment of products, 

consumers/consumer groups, process steps, businesses/business sectors, or a geographical 

location - nation, administrative unit, catchment area, among others (Hoekstra et al., 2011). 
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The standard WFA is comprised of four phases: setting goals and scope, water footprint 

accounting, sustainability assessment and response formulation. A substantial body of 

literature has been developed based on this framework; while some assessments go as far as 

to formulate policy and governance responses, most WFA are limited to the water footprint 

accounting phase (Hess, 2010; Mekonnen and Hoekstra, 2010; Ridoutt and Pfister, 2013; 

Ridoutt et al., 2012; Rocha and Studart, 2013; UNEP, 2011; Yang et al., 2013). 

Both the water and carbon footprints evolved as an analogy of the ecological footprint 

concept, which was introduced in the early 1990s (Wackernagel and Rees, 1996). The 

number of applications to footprint approaches has grown significantly in the last couple of 

years, and nowadays include initiatives to account for energy, nitrogen, phosphorous and 

nuclear footprints, among others (Galli et al., 2012). 

Table 1 Characteristics of different footprints, adapted from (Ercin and Hoekstra, 2012; 

Hoekstra, 2009). 

 Ecological Footprint Carbon Footprint Water Footprint 

Measures 

How much “nature” is used 

exclusively for producing all the 

resources a given population 

consumes and absorbing the 

waste they produce 

Anthropogenic 

emission of 

greenhouse gases 

Human appropriation of 

freshwater in terms of volumes 

of water consumed or polluted 

Unit 
‘Bioproductive space with world 

average productivity’, in hectares 

CO2 equivalent per 

unit of time per unit 

of product 

Water volume per unit of time 

or per unit of product 

Spatiotemporal 

Dimension 

Using global hectares, the exact 

origin of the hectares are not 

specified; temporal changes due 

to average productivity changes 

Independent of 

where or when the 

emissions occur; 

emission units are 

interchangeable 

Specified by time and 

location, not interchangeable. 

For some cases total/averages 

are used. 

Components 

Arable land, pasture land, 

forest/woodland, built-up land, 

productive sea space, and forest 

land to absorb CO2 that was 

emitted due to human activities. 

CF per type of 

greenhouse gas, 

weighed by their 

global warming 

potential 

Blue, Green and Grey WF 

Sustainability 

Assessment 

Sum of biologically productive 

areas (biocapacity) (in ha) 

Global Carbon 

Budget 

Available freshwater resources 

considering environmental 

flows as local limitation; 

global water boundaries 

 

Although all footprints aim to measure human pressure on natural resources, they present 

very diverse spatio-temporal dimensions, units, components and calculation methods; the 

methods to assess the sustainability of each footprint also differ greatly. The differentiation 

of the nature of these indicators is important since the scope, goals and mainly the 

responses to these elements should be formulated accordingly. Table 1 summarizes the 
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units, spatio-temporal dimensions, components and sustainability assessment methods for 

each footprint type. 

3.3 WATER FOOTPRINT FRAMEWORK: OPPORTUNITIES AND LIMITATIONS 

Since 2003 the concept has gained momentum and has been the subject of a very dynamic 

body of scientific literature, comprising global, national, regional, municipal and river basin 

scales, among others (UNEP, 2011).  

More recently, a growing re-examination of the water footprint concept has occurred. The 

authors who recommend a critical viewpoint towards this matter refer to a series of 

concerns, including the existence of methodological flaws in the accounting process, data 

gaps, a divergence between the results and the policy recommendations drawn from them, 

as well as more fundamental questions regarding the concept’s underlying assumptions 

(Gawel and Bernsen, 2013; Perry, 2014; Ridoutt and Huang, 2012; Ridoutt and Pfister, 

2010; Wichelns, 2015).  

The methodology for accounting blue and green water is questioned by Perry (2014), that 

views the separation of these fluxes that are interdependent in the hydrological cycle with 

caution. The accounting of green water, for example, shows very different results when 

considered on an absolute or relative basis, considering green water fluxes prior and after 

land use change processes (Lathuillière, 2011; Perry, 2014). More on the accounting of blue 

and green water fluxes is discussed in section 3.4. 

The standard for WFA indicates that these studies are mostly applied in water resources 

management in two ways, namely i) by disclosing the amount of water allocated for the 

production of commodities, and for certain lifestyles, guiding decisions regarding use 

efficiency and behavioural change, and ii) to estimate pressures at the catchment level, 

informing local water management strategies (Hoekstra et al., 2011). In the body of 

literature in this field, however, a large variety in scope is found, including analyses of in 

production and trade patterns (Chapagain et al., 2006; Chen and Chen, 2013; Lenzen et al., 

2013; Willaarts et al., 2015), and vulnerability of commodity trade to global change (Konar 

et al., 2013), among others.  

One frequent assumption in WFA and virtual water content estimations is that trade of 

virtual water can be a factor for reducing uneven water distribution at the global scale, 

leading to reduction of water conflicts. Ansink (2010) refutes both assertions by arguing 

that trade and conflict are determined by numerous factors that are not limited to water 

availability and virtual water content, and that closer consideration to economic and local 

governance drivers should be given to avoid water-centric analysis. Wichelns (2015) also 

criticizes the notions of water saving by engaging in water trade or market regulation to 

reflect water footprints, and adds that relative land endowments, access to arable land and 

water storage in the soil are more significant drivers of production (and thus trade) than 
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embodied water. Furthermore the amount of water embedded in the consumption of a given 

commodity is not generally put in relation with local dynamics of water scarcity, such as 

seasonality, governance, infrastructures, demography or leakage. Thus policy makers may 

receive an estimation of the amount of water embedded in a given product, but that is not 

providing information on the criticality and implications of such “water removal”, limiting 

their scope for informed action. 

The notion of ‘water footprint offsetting’ is also considered to be a troubling one. Although 

it was developed as an analogue to ‘carbon offsetting’, water footprints are spatial and 

temporally specific and thus not interchangeable; it is recommended that investment on use 

reduction and efficiency should be prioritized over offsetting, due to its uncertain nature 

(Hoekstra et al., 2011; Ridoutt and Pfister, 2010).  

Water flows are not restricted to the catchment level due to the global climate system, that 

transports moisture across precipitation sheds (Keys et al., 2014). Trade is another process 

that transports water across river basins, as well as political boundaries (Reimer, 2012). 

Both green and blue water are linked on local, regional and global scales, and constitute the 

bloodstream of the biosphere (Rockström et al., 2014). A central question that needs to be 

addressed to improve the meaningfulness of water footprint assessments is, thus, the 

complementary but contradictory role of water as a local phenomenon and as ‘global water’. 

Although water footprints have been used as an indicator of global water use and impact, it 

can be argued, however, that unlike in the case of a ‘global carbon budget’, qualitatively 

different water footprints cannot be summed up to a “global water impact” (Wichelns, 

2015). 

The need for identifying and tracking the sources and depositories of virtual water, 

estimating impacts and pressures at the local level, has been ensued in the increasing 

utilization of Life Cycle Analysis (LCA) and MRIO analysis in WFAs (Hoekstra et al., 

2011; Ridoutt and Pfister, 2013; Yang et al., 2013). The trade component in water footprint 

assessments is mostly analysed with the use of country-to-country data, and the use of sub-

national or higher resolution spatially-explicit production to consumption data is fairly 

uncommon in the literature (Feng et al., 2010; Godar et al., 2015; Hoekstra et al., 2011).  

The lack of spatial-explicitness in water footprint assessments inhibits the possibility of 

assessing the global fluxes of virtual water and the impacts of the local scale concurrently; 

the use of fine-scale trade data makes possible to have water footprint analyses that are both 

globally informative and locally relevant (Godar et al., 2015).  

3.4 BLUE AND GREEN WATER SCARCITY 

Hoff et al., (2010) provides the following definition of green and blue water use in 

agriculture: 
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Following the definition of (Rockström et al., 2009), green water is the soil 

water held in the unsaturated zone, formed by precipitation and available to 

plants, while blue water refers to liquid water in rivers, lakes, wetlands and 

aquifers, which can be withdrawn for irrigation and other human uses. 

Consistent with this definition, irrigated agriculture receives blue water (from 

irrigation) as well as green water (from precipitation), while rainfed 

agriculture only receives green water. (Hoff et al., 2010) 

Although the current paradigm of integrated water resources management has a much 

larger focus on blue water at the basin level, the limits to irrigation expansion in several 

regions, the importance of green water for food production and poverty alleviation, and the 

impact these have in water scarcity has driven a shift towards the importance of 

differentiating these resources and applying an integrated management of blue and green 

water (Hoff et al., 2010; Savenije, 2000). Moving towards a green-blue approach requires 

consideration not only of hydrological terrestrial flows, but also of land use, cross-scale 

teleconnections, and the role of water for ecosystem functions and building biomass 

(Falkenmark and Rockström, 2010). 

Blue water scarcity can manifest in the form of high levels of water crowding, measured by 

the relationship between population and water availability, or water stress, measured by the 

relationship between water demand in general and water availability (Falkenmark and 

Berntell, 2013). Blue water scarcity can be driven by demand, population, climate, or 

pollution (Falkenmark et al., 2007). Green water, on the other hand, can be scarce due to 

dry climate, droughts, dry spells, or can be man-made (Falkenmark and Berntell, 2013). 

Another differentiation can be made between “apparent” and “real” water scarcity; while 

real water scarcity is caused by insufficient rain or high human demand, apparent water 

scarcity is a result of inefficient or wasteful use (Falkenmark and Berntell, 2013); 

Rijsberman, (2006) makes a similar distinction, differentiating water scarcity as a “demand 

problem”, and a “supply problem”. 

Considering scarcity aspects in water footprint analyses is considered fundamental, as water 

use has a completely different nature in abundant or stressed areas; (Ridoutt and Huang, 

2012) claims that environmental relevance is key for understanding water footprints. The 

analysis of the relationship between water footprints and water scarcity is carried out in the 

sustainability assessment phase of a water footprint assessment (Hoekstra et al., 2011), and 

a variety of methodologies used for this purpose can be found. 

While considering water scarcity indicators in water footprint assessments is considered 

necessary and has been attempted, it is suggested that there should be caution when 

establishing a causal relationship between larger water footprints and water scarcity; water 

scarcity is a result of a number of factors in play in the local and regional scale such as land, 
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human and physical capital, infrastructure, among others (Perry, 2014; Rijsberman, 2006; 

Savenije, 2000; Wichelns, 2015).  

The water footprint assessment manual recommends estimating blue and green water 

scarcity as the quotient between the sum of all footprints and the local water availability, 

and mentions the possibility of identifying scarcity “hotspots” (Hoekstra et al., 2011). 

Using this method, Hoekstra et al., (2012) estimated the global monthly blue water scarcity. 

Other examples of this can be found in Lenzen et al., (2013), that applies MRIO to 

calculate virtual water flows and differentiates the trade of scarce and non-scarce water; 

and in Ridoutt and Pfister, (2013), that estimated stress-weighed water footprint values. 

Although most water footprint scarcity analysis focus on blue water, studies that aim to 

relate water footprints to changes in the green water flows were carried out, either by 

applying the Green Water Scarcity Index proposed in Hoekstra et al., (2011) (Núñez et al., 

2013), or proposing new indicators (Lathuillière, 2011; Lathuillière et al., 2014; Quinteiro 

et al., 2015). 

3.5 TRADE FLOW ACCOUNTING FOR WATER FOOTPRINTS 

As previously mentioned, the use of multi-region input-output, physical accounting models 

and life cycle assessments are considered to be a promising field for production to 

consumption account of material flows and their respective footprints (Kastner et al., 2014). 

The MRIO models have been extensively applied in the footprint literature, analysing 

consumption from a variety of scales (Chen and Chen, 2013; Feng et al., 2010; Lenzen et 

al., 2013). 

The methods for virtual water and water footprint accounting can be classified between 

bottom-up and top down approaches, according to Yang et al., (2013) (see Figure 1). This 

diagram excludes physical accounting of trade flows, which can also be considered a top-

down approach to trade flow assessment. 

 

Figure 1 Methods and approaches for virtual water and water footprint accounting 

(Adapted from Yang et al., 2013, p. 600). 



11 

 

Bottom-up approaches depart from small units that are aggregated to the desired temporal 

and geographical scale; in the case of agricultural products, process-based crop growth 

models and GIS techniques are applied to estimate crop consumptive water use and virtual 

water (Yang et al., 2013). MRIO analysis and physical accounting of trade flows, on the 

other hand, usually depart from higher levels of aggregation and represent flows of goods 

and services among sectors and regions of the economy (Kastner et al., 2014; Yang et al., 

2013). Life Cycle Assessments can be considered a bottom-up approach, but hybrid forms 

make it possible to consider it in between the two types. LCA allows for analysing impacts 

throughout the life cycle of a product or service, and to assess the environmental damage 

related to these processes (Ridoutt and Pfister, 2013; Yang et al., 2013). 

MRIO and physical accounting of trade flows also differentiate from other approaches 

because they allow the assessment of water footprint and virtual water flows across regions 

and sectors, through assessment of international commodity trade. Although it is necessary 

to assess the environmental impacts across value chains, there is a growing recognition that 

impacts related to commodity production are intrinsically linked to the location from where 

the primary products originate, and that greater spatial-explicitness of material flows is 

necessary to assess the impacts in the production side of the equation (Kastner et al., 2011). 

The SEI-PCS tool was developed to offer this possibility through tracing global 

consumption of agricultural products to their impacts in production at municipal level in 

Brazil. The tool refines and downscales the international trade impacts from previous 

studies that make use of country-to-country scale, by the use of country production and 

transport data on the municipality scale (Godar et al., 2015). 

Godar et al., (2015) assessed the land footprints related to Brazilian soy production, and 

analysed patterns of change in the geographical distribution of the soy production for 

different groups of consumers. This study demonstrated a shift of EU and Chinese markets 

towards the agricultural frontiers of the Cerrado and Amazon biomes, and how these 

changes in the location of production affects the impacts associated with the consumption 

of nations in terms of land footprint per consumed unit. This study draws on the 

methodology used in (Godar et al., 2015) to develop a hybrid approach to water footprint 

assessment, combining disaggregated crop water use estimation from existing models with 

spatially-explicit physical account of international trade.  

3.6 COMMODITY TRADE AND WATER RESOURCES IN BRAZIL 

Brazil is the second biggest soy producer and exporter in the world, second only to USA. In 

2009 Brazil exported a record almost 30 million metric tons of soy, of which more than half 

were transported to China (Brown-Lima et al., 2009). The dependency of European and 

Chinese markets on imported soy is increasing as availability of land and water resources 

becomes more scarce, in contrast with a relative abundance in Latin America, and more 

specifically in Brazil (Brown-Lima et al., 2009; Lathuillière et al., 2014).  
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It is estimated that the global demand for soy will only increase, driving Brazilian soy 

expansion by both improvement of yields and expansion of arable land into areas 

previously not used for this purpose, such as indigenous and protected forest land in the 

Cerrado and Amazon biomes (Carmo et al., 2007; Godar et al., 2015, 2012; Lathuillière, 

2011). In 2014, soy was the country’s major agribusiness export product (30 biUSD), 

followed by beef (16 biUSD), sugarcane products (13 biUSD), pulp and paper (9 biUSD), 

corn (7 biUSD), and coffee (5 biUSD) (SECEX, 2013). 

Although the average water availability per inhabitant in Brazil is high (around 33.944,73 

m
3
/hab.year (Hespanhol, 2008)), especially in comparison with the global context, water 

availability presents large spatial and temporal variability. The national water availability is 

a combination of areas with high water flows and low demographic density, such as in the 

Amazon, that contrast with regions such as the Metropolitan Region of São Paulo, where 

water availability can be as low as 216,7 m
3
 per capita (2008), classified in a “chronic water 

scarcity” situation according to the Falkenmark Index threshold (Falkenmark and 

Widstrand, 1992; Hespanhol, 2008).  

The Brazilian Water Agency issued a report in 2013 that identified regions with water 

stress, and divided them in two categories: climate-related and pressure-related scarcity 

(ANA, 2013). Climate-related scarcity is a distinctive feature of the Northeast Region areas 

of the country, with a semi-arid climate and occurrence of drought periods; the regions with 

high pressure on water resources are the great metropolitan areas like Great Sao Paulo, and 

areas with high irrigation pressures, such as water-intensive rice crops in the South of 

Brazil (ANA, 2013).  

Although most of Brazilian agriculture is rainfed, 8.3% of the cultivated area is irrigated, 

and irrigation was responsible for 72% of total consumptive water use in 2010, estimated at 

around 836 m
3
/s. The irrigated area has increased significantly in the last decades, and is 

expected to receive larger public and private investment in the coming years (MIN, 2008); 

in 2012, the total irrigated area was estimated at 5,8 millions of hectares (ANA, 2013). 

While currently most of the irrigated area is situated in the semi-arid Northeast and in the 

rice production in the South, this expansion is expected to occur elsewhere (ANA, 2013; 

MIN, 2008). 

Due to the relative availability of fertile arable land and water resources, Brazil and Latin 

America in general are considered important players when considering the need to 

guarantee food security for a growing world population (Willaarts et al., 2015). Although it 

can be argued that international trade of water intensive crops can lead to net water savings 

and reduction of pressures on the local level (Chapagain et al., 2006; Konar et al., 2013), it 

is fundamental to understand and estimate the trade-offs, impacts and vulnerabilities related 

to this phenomenon (Ercin and Hoekstra, 2014; Godar et al., 2015; Lathuillière et al., 2014; 

Willaarts et al., 2015). Although there is a growing body of scientific literature on water 
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footprints in Brazil, this is a factor still not considered in the national and local water 

management strategies and regulations (Brasil, 2008).  

4 MATERIALS AND METHODS 
The scope of this study is restricted to the analysis of the water footprints of soy production 

in Brazil that was exported or consumed domestically during the period between 2001 and 

2011. This analysis will be carried out by an estimation of the water footprints of the major 

importing countries and their geographical distribution in Brazil, through integration of an 

adapted crop water requirement model and trade flow matrices in country-to-country and 

municipal-to-country scales. 

This study consists of the following phases: 

1. Estimation of crop water requirements: 

a. Evaluation and adaptation of available models for estimation of crop water 

requirements; 

b. Estimation of blue and green water requirements for soy production; 

2. Evaluating and mapping water scarcity and stress: 

a. Assessment of water scarcity and water stress, relative importance of 

agricultural use for water stress 

b. identification of critical areas of importance for commodity production; 

3. Trade flows of virtual water:  

a. Estimating Brazilian soy virtual water fluxes by coupling the water 

footprints to a traditional country-to-country trade analysis; 

b. Estimating the virtual water flows between Brazilian municipalities and 

global markets with the SEI-PCS tool; 

4. Water Footprint Assessment: 

a. Assessment of trade flows for different countries originating from critical 

and non-critical regions; 

b. Analysis of the results. 

The following sub-sections describe the methodology applied to accomplish each of these 

phases, and briefly discuss their opportunities and limitations.  

4.1 CROP WATER REQUIREMENT ASSESSMENT MODEL 

According to the standard for WFA stablished by Hoekstra et al. (2011), the water footprint 

of a crop, both green and blue, is calculated as the crop water use (CWU) divided by its 

yield (Y), as shown by equation (1).  

𝑊𝐹𝐺𝑟𝑒𝑒𝑛/𝑏𝑙𝑢𝑒 =  
𝐶𝑊𝑈𝐺𝑟𝑒𝑒𝑛/𝑏𝑙𝑢𝑒

𝑌
 [

𝑣𝑜𝑙𝑢𝑚𝑒

𝑚𝑎𝑠𝑠
]  (1) 

The CWU, on the other side, is calculated by the use of equation (2), in which ET 

represents green or blue water evapotranspiration. The summation is done over the period 

from the day of planting (d=1) to the day of harvest; the number of days between planting 

and harvesting is the length of growing period (lgp).  
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 𝐶𝑊𝑈 = 10 𝑥 ∑ 𝐸𝑇𝑏𝑙𝑢𝑒,𝑔𝑟𝑒𝑒𝑛
𝑙𝑔𝑝
𝑑=1   (2) 

Evapotranspiration can either be measured locally, or estimated by the application of a 

model (Hoekstra et al., 2011); while local measurements of evapotranspiration might be 

complex and costly, a huge variety of models that perform or support the estimation of crop 

water requirements can be found in the water footprint literature (Fao, 2008; Hoekstra et al., 

2011; Hoff et al., 2010; Liu et al., 2007; Siebert and Döll, 2008; Sitch et al., 2003). These 

models use climate, soil and crop characteristics as input for estimating crop water use, but 

present different calculation methodologies and data sources, which result in different 

spatial coverage and resolution.  

This study did not attempt to run one model applying climate, soil and crop data in Brazil 

for estimating water footprints, but instead it adapted global water footprint results from 

Mekonnen and Hoekstra (2011) to Brazilian crop footprints beyond the spatial and 

temporal resolutions of their study. Mekonnen and Hoekstra (2011) quantified the green, 

blue and grey water footprint of global crop production for the period 1996–2005, 

estimating the water footprint of 126 crops at a 5 by 5 arc minute grid; this model takes into 

account the daily soil water balance and climatic conditions for each grid cell. The results 

from this study are freely available and are widely used by researchers and practitioners 

worldwide; for example they have been previously applied for estimating Brazilian crop 

water footprints (Rocha and Studart, 2013). 

Water footprint flow accounting is sensitive to uncertainties related to precipitation, 

potential evapotranspiration, temperature, and crop calendar (Zhuo et al., 2014). As the 

footprints in Mekonnen and Hoekstra (2011) were estimated for the period between 1996 

and 2005, not coinciding with the period of analysis chosen for this study, an analysis of 

the climatic changes between these periods was performed to establish if the climate 

differences between the two periods are significant, and where these changes are more 

pronounced. Reanalysis gridded climate data were obtained from CRU TS3.21 - Climatic 

Research Unit (CRU) Time-Series (TS) Version 3.21 of High Resolution Gridded Data of 

Month-by-month Variation in Climate (University of East Anglia Climatic Research Unit et 

al., 2013) – and analysed for the periods between 1995-2006 and 2001-2011. 

Besides the changes in climate, changes in the distribution of crop production in Brazil, the 

harvested area and consequently the yield were corrected. Taking Equation (1) into account, 

Equations (3) to (5) demonstrate how the water footprint of a certain municipality in 2011 

can be corrected for changes in yield for soy production. 

𝑊𝐹2011
𝑆𝑜𝑦

[
𝑚3

𝑦𝑟
] = 𝑊𝐹1996−2005

𝑆𝑜𝑦
[

𝑚3

𝑦𝑟
] ∗

𝑌𝑖𝑒𝑙𝑑1996−2005
𝑆𝑜𝑦

𝑌𝑖𝑒𝑙𝑑2011
𝑆𝑜𝑦  (3) 

𝑌𝑖𝑒𝑙𝑑 =  
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 

𝐻𝑎𝑟𝑣𝑒𝑠𝑡𝑒𝑑 𝐴𝑟𝑒𝑎 
[

𝑡𝑜𝑛

ℎ𝑎
] (4) 
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𝑊𝐹2011
𝑆𝑜𝑦

[
𝑚3

𝑦𝑟
] = 𝑊𝐹1996−2005

𝑆𝑜𝑦
∗

𝐻𝐴2011

𝐻𝐴1996−2005
∗

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛1996−2005
𝑆𝑜𝑦

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛2011
𝑆𝑜𝑦  (5) 

Where WF is the water footprint in a municipality for a certain period, and HA is total 

municipal harvested area. 

In this study, both changes in yield and harvested area were corrected from the period of 

the model simulation (1996-2005) to the study period (2001-2011). Equation (6) 

demonstrates the general methodology for correcting for changes in yield and harvested 

area. 

𝑊𝐹2011
𝑆𝑜𝑦

[
𝑚3

𝑦𝑟
] = 𝑊𝐹1996−2005

𝑆𝑜𝑦
∗ 𝑐 ∗ (1 +

∆𝐻𝐴

𝐻𝐴1996−2005
) 

𝑐 =  
𝐻𝐴2011

𝐻𝐴1996−2005
∗

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛1996−2005
𝑆𝑜𝑦

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛2011
𝑆𝑜𝑦  (6) 

In terms of area, fives typologies of change in harvested area between the two periods can 

be distinguished (Table 2). While most of the producing municipalities either increased or 

decreased the harvested area, some municipalities’ production for a certain crop dropped to 

zero, and in a few municipalities where there was no harvested area for a certain crop 

between 1996 and 2005. 

Table 2 Calculation method for updating the water footprints, for each type of change in 

production between 1996-2005 and 2001-2011. 

 Equation 

Never Produced and 

Stopped Production 
𝑊𝐹2011

𝑆𝑜𝑦
[
𝑚3

𝑦𝑟
] = 0 

Reduced Area and 

Increased Area 𝑊𝐹2011
𝑆𝑜𝑦

[
𝑚3

𝑦𝑟
] = 𝑊𝐹1996−2005

𝑆𝑜𝑦
∗ 𝑐 ∗ (1 +

∆𝐻𝐴

𝐻𝐴1996−2005
)  𝑐

=  
𝑌𝑖𝑒𝑙𝑑1996−2005

𝑆𝑜𝑦

𝑌𝑖𝑒𝑙𝑑2011
𝑆𝑜𝑦  

Started Production 
𝑊𝐹2011

𝑆𝑜𝑦
[
𝑚3

𝑦𝑟
] = [𝑊𝐹1996−2005

𝑆𝑜𝑦
[
𝑚3

𝑦𝑟
] ∗ 𝑌𝑖𝑒𝑙𝑑1996−2005

𝑆𝑜𝑦
]

𝑁𝑒𝑖𝑔ℎ𝑏𝑜𝑢𝑟

∗
1

𝑌𝑖𝑒𝑙𝑑2011
𝑆𝑜𝑦  

 

For the municipalities for which no footprint was calculated in the 1996-2005 period, and 

fall in the category of the municipalities that started to produce the commodity between the 

two periods, the footprint was calculated based on a spatial interpolation of the water 

footprints in the neighbouring municipalities, and corrected for the yield in that 

municipality in the year of interest.  

4.1.1 Climate Sensitivity 
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As previously mentioned, water footprint flow accounting is sensitive to uncertainties 

related to precipitation, potential evapotranspiration, and temperature (Zhuo et al., 2014). 

Adapting the results from (Mekonnen and Hoekstra, 2010) required first the analysis of 

climatic changes between the two periods. Reanalysis gridded climate data for temperature 

and precipitation were obtained from University of East Anglia Climatic Research Unit, 

(2013) and analysed for the periods between 1995-2006 and 2001-2011. 

Changes in the average precipitation and temperature for the two periods were calculated, 

and a t-student test with 95% of significance level was applied to verify the significance of 

these changes. Figure 2 shows the average temperature for the two periods (maps on the 

right) and the difference between the two averages (map on the left); the area with 

significant changes is highlighted with a dashed line. Figure 3 shows the average 

precipitation for the two periods (maps on the right) and the difference between the two 

averages (map on the left); the area with significant changes is highlighted with a dashed 

line. 

 

Figure 2 Difference between the medium temperatures in the two periods (left, %) with 

significance level of 95% in t-student test (dashed line). Average temperature in the 1996-

-2005 period (above) and in the 2001-2011 period (below) (mm).  



17 

 

 

Even though by looking to the maps with the average temperature and precipitation for the 

two periods it is difficult to visualize the differences between the two periods, the maps 

with the difference between the averages demonstrate the regions with positive and 

negative changes throughout the country. In terms of temperature, the area with significant 

positive changes is located in the Amazon basin; this area is likely to have the footprints 

slightly underestimated for the period of 2001-2011. The changes in precipitation, on the 

other side, were not significant in most of the country apart from a small region in the south 

of the country. 

4.1.2 Production, Harvested Area and Yield Correction 

The adaptation of the water footprint accounting valid for the period between 1996 and 

2005 to the period between 2001 and 2011 will be possible by updating and adjusting the 

parameters of yield, production and harvested area. The annual data on production, yield 

Figure 3 Difference between the medium precipitations in the two periods (left, %) with 

significance level of 95% in t-student test (dashed line). Average temperature in the 

1996-2005 period (above) and in the 2001-2011 period (below) (mm). 
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and harvested area for each municipality were thus used as inputs to the equations 

described in Table 2.  

According to Table 2, the update of water footprint accounting from 1996-2005 to 2001-

2011 requires assessing the changes in production, harvested area and yield throughout 

both periods. Figure 4 and Figure 5 demonstrate the changes in harvested area and 

production, between 1996 and 2011, respectively. Although some municipalities presented 

reduced production and harvested area, both had significant overall increase in the period 

between 1996 and 2011.  

 

Figure 4 Changes in harvested area between the two periods of 1996-2005 and 2001-2011 

(left, %), and evolution of total harvested area in the entire country, from 1996-2011 (right, 

Mtons). 

Although a general upward trend can be observed in average yields (Figure 6), there is 

great interannual variability in this period; the year of 2005 is specifically remarkable, with 

a very sudden fall in yields to an average value below 2 tons of soy per hectare. 
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Figure 5 Changes in production between the two periods of 1996-2005 and 2001-2011 

(left, %), and evolution of total in the entire country, from 1996-2011 (right, Mtons). 

 

 

Figure 6 Changes in yield between 1996 and 2011 (left, ton/ha) and distribution of yield 

values per municipality in the two periods: 1996-2005 (blue) and 2001-2011 (pink) (right).  

By calculating the average production and harvested area for each municipality in both 

periods, the municipalities were classified according to 5 typologies of production changes 

(Figure 7). Soy production is widespread through the south and central-west regions of the 
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country; there is large expansion of soy production in the state of Mato Grosso, in the 

boundaries between the Cerrado and Amazonian biomes (Lathuillière, 2011). 

 

Figure 7 Distribution of the five typologies of changes in soy production between the 

periods 1996-2005 and 2001-2011, per municipality. 

4.2 WATER STRESS AND SCARCITY INDICATORS IN BRAZIL 

A typology of water criticality was projected based on indicators of water scarcity, water 

stress and agricultural water use. This classification made it possible to differentiate water 

footprints from regions with different degrees of water stress, as well as to differentiate the 

regions where the water stress was predominantly related to agriculture. First, the data used 

to produce these indicators are described, as well as its source and estimation method. 

Then, the methodology to calculate the three indicators will be described, and the matrix of 

typologies is demonstrated. 

4.2.1 Available Data 
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The water availability and water demand data were obtained from the Brazilian Water 

Agency, and the population data was obtained from the National Institute of Geography and 

Statistics (ANA, 2013; IBGE, 2011). In 2013 the Brazilian Water Agency (ANA) published 

the Situation Analysis of Water Resources report, which evaluates the country’s water 

resources in terms of availability, quality, multiple user demand, water conflict resolution 

and governance (ANA, 2013). After the publication of this report, this extensive database 

of water availability and demand estimated on the micro-basin scale for the entire country 

was made available. The finer scale data has the spatial resolution of level 12 in the Otto 

Pfapfstetter catchment coding system (Furnans and Olivera, 2001), which results in 

168.843 polygons with average and maximum area of 5.071 and 371.245 hectares, 

respectively. 

The Brazilian Water Agency conceptualizes water demand as: 

“Corresponds to the withdrawal flow, i.e., the water destined to meet diverse 

consumptive uses. Part of this claimed water is given back to the environment 

after use, which is denominated as return flow. (...) The non-return water, the 

consumptive flow, is calculated as the difference between the water withdraw 

and the return flow”. (Author’s translation, ANA, 2013, p. 87) 

The water availability, on the other hand, is defined as the Q95%, i.e. the flow in cubic 

metres per second which was equalled or exceeded for 95% of the flow record, summed to 

the regularized flow, in case of existence of upstream dams.  

The indicators of water availability, water demand and irrigated area were obtained in the 

microbasin level, and were then regionalized to the municipality scale with the use of 

Geographical Information System analysis. The indicators of water stress and irrigated area 

index were calculated both for the municipal and microbasin scale, while water scarcity 

was only estimated on the municipality scale, due to the use of municipal population data. 

4.2.2 Water Stress, Scarcity and Irrigation Indicators 

First, a water scarcity indicator based on the Falkenmark Scarcity Index was estimated, as 

the quotient between the yearly available water in a certain area divided by the area’s 

population. The water scarcity was classified according to the thresholds shown in Table 3 

(Falkenmark and Widstrand, 1992; Falkenmark, 1986).  
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Table 3 Threshold levels for the Falkenmark scarcity indicator and Adapted Falkenmark 

Scarcity Indicator (Falkenmark and Widstrand, 1992; Falkenmark, 1986; Adapted from 

Perveen and James, 2011). 

Falkenmark indicator for water 

crowding (Persons per flow 

unit/year) 

‘Falkenmark indicator’ 

(m
3
/capita/year) 

Water stress implication 

>600 <1700 Water stress 

>1000 <1000 Chronic water scarcity 

>2000 <500 Beyond the water barrier 

 

For estimation of water stress, a use-to-availability indicator was calculated, by dividing the 

total water demand by the available water flow in the same area. Table 4 shows the 

thresholds for each class of water stress, based on Raskin et al., (1996).  

Table 4 Characterization of water stress use-to-availability ratio (adapted from Perveen 

and James, 2011; Raskin et al., 1996) 

Percent withdrawal Technical water stress 

<10 Low water stress 

10–20 Medium low water stress 

20–40 Medium high water stress 

>40 High water stress 

 

An Irrigated Area Index was calculated based on the Equation (7) that uses as input the 

actual percentage of irrigated area in the basin (%IArbasin), and the maximum and minimum 

values for percentage of irrigated area per microbasin in the country (%IArmin, %IArmax). 

𝑖𝐼𝐴𝑟% =
(%𝐼𝐴𝑟𝑏𝑎𝑠𝑖𝑛)− (%𝐼𝐴𝑟𝑚𝑖𝑛)

(%𝐼𝐴𝑟𝑚𝑎𝑥)− (%𝐼𝐴𝑟𝑚𝑖𝑛)
 (7) 

The classification of the area regarding the percentage of irrigated area is shown in Table 5. 

Table 5 Classification microbasins according to an Irrigated Area Index. 

Irrigated Area Index Irrigated area typology 

iAIr= 0 a 0,333 Low 

iAIr= 0,334 a 0,666 Medium 

iAIr=0,667 a 1 High 

 

4.2.3 Water Stress Typologies 

The water criticality typology was classified according to the Table 6. 
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Table 6 Final typologies of water scarcity and stress. 

 Type Thresholds 

1 Low Water Stress 
Water Stress < 10% and 

Water Scarcity >1700 

2 High Water Stress not related to agricultural use 

Water Stress > 10% or 

Water Scarcity <1700 

Low/medium rate of irrigated area 

3 High Water Stress related to agricultural use 

Water Stress > 10% or 

Water Scarcity <1700 

High rate of irrigated area 

 

4.3 SPATIALLY-EXPLICIT INFORMATION ON PRODUCTION TO CONSUMPTION 

SYSTEMS 

The material flows that drive water trade in Brazil in this study were assessed using two 

models with different levels of spatial explicitness, namely country-to-country and 

municipality-to-country. The country-to-country trade flow matrix is described in Kastner 

et al., (2011), and is based on FAO bilateral trade data (FAO, 2014; UN, 2014).  

The SEI-PCS tool (Godar et al., 2015), which provides the material flows from 

municipalities to countries of consumption, is based on the online database made available 

by the Brazilian Secretary of Foreign Commerce (SECEX, 2014), which includes 

information on export fluxes from the country’s Federation Units to Brazilian ports, and 

from these ports to the country of destination. The commodities are classified using the 

Mercosur Common Nomenclature codes based on the Harmonized Commodity Description 

and Coding System developed by the World Customs Organization. The international trade 

fluxes used by SEI-PCS to account for re-exports between third countries are also obtained 

from FAO’s Statistics division database available online (FAO, 2014). 

4.4 DATA AND METHODOLOGICAL UNCERTAINTIES 

The uncertainties related to results of this study are derived from uncertainties found in the 

data applied, as well as in the methodology chosen. This section will briefly discuss the 

different sources of uncertainty from the diverse data sources applied in this study, as well 

as the implications for the analysis of the results. 

When describing the methodology for estimating the water footprint for 1996-2005 that 

were used in this study, Mekonnen and Hoekstra (2011) listed the different factors involved 

in causing uncertainties to the water footprint accounting. The authors advise that, due to 

these diverse assumptions, values at the grid cell level should be interpreted with care 

(Mekonnen and Hoekstra, 2011). 

When adapting the results for the period between 2001-2011, it was considered that water 

footprint estimations are sensitive to changes in yield, area and climate conditions 
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(Mekonnen and Hoekstra, 2011; Zhuo et al., 2014). The methodology developed for 

adaptation of the results described in section 4.1 aims to account for the changes in 

production, yield and harvested area. Regarding climatic conditions, section 4.1.1 focused 

on analyzing the areas in which the changes in average climatic condition were significant, 

and could tamper with the final results. Figure 2 and Figure 3 show that, for most of the 

country, the average climatic conditions were not significantly changed from one period to 

the other. It is important to notice that, in the areas with significant changes, the results 

should be interpreted with care; it should also be noted that the statistical variation in the 

average climate is not necessarily an indicator of uncertainties in the climate variability in 

these periods. 

In the case of the trade data obtained from the SEI-PCS tool, the main source of 

uncertainties are related to the quality of the data provided to the Brazilian government that 

was obtained and processes, as well as regarding assumptions related to transport cost 

optimization (Godar et al., 2015). The results were, however, validated through field 

observations. Section 5.3 discusses the reasons why the allocation of Brazilian domestic 

consumption is less reliable than international consumption allocation, and therefore why 

this study analyzed only water footprints related to international consumers, and did not 

address domestic consumption. 

Finally, the water scarcity, water stress and irrigation information estimated by the 

Brazilian Water Agency is subjected to two sources of uncertainty, related to the water 

availability estimation, and to the valuation of  water demands by total and irrigation uses. 

The water availability values per microbasin are subjected to uncertainties resulting from 

low density of hydrological stations for measurement of river flow, especially in the areas 

in the North of the country. The water demands are estimated as a result of water permits 

produced by the different water resource management institutions; it is, therefore, subjected 

to underestimation of demand due to illegal water use (ANA, 2013). 

5 RESULTS 
In this section, the assessment of water footprints of soy production in Brazil will be 

presented through a variety of perspectives, according to the proposed methodology.  

First, the raw footprint data from Mekonnen and Hoekstra, (2011) and bilateral trade flows 

(Kastner et al., 2011) are coupled in order to assess Brazilian soy water footprints according 

to the current footprint methodology. Subsequently, the coupling between the adapted 

footprints for the 2001-2011 period and the spatially-explicit trade flow model (Godar et al., 

2015) offers an analysis of the geographical distribution of the water footprints and their 

connection to global trade. Finally, these results are analysed in terms of regions with 

different levels of water stress. The analysis of the case study of the Swedish footprints 

provides context and exemplifies the outcomes of this research.  
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Table 7 summarizes all the results and their corresponding figures in terms of their 

approach to water footprint accounting, trade flow, and classification of water stress.  

Table 7 Summary of the water footprint results, and their approaches regarding WF 

account, trade and water stress methodology. 

Section 
Approach to WF 

accounting 
Trade Flow 

Classification of 

Water Stress 
Figures 

5.1 

Results from 

(Mekonnen and 

Hoekstra, 2010) 

(Kastner et al., 

2011) 
Aggregated 

Figure 9 and Figure 

8 

5.2  
Adapted WF 

accounting 

(Kastner et al., 

2011) 
Aggregated 

Figure 10 and 

Figure 11 

5.3  
Adapted WF 

accounting 

SEI-PCS (Godar 

et al., 2015) 
Aggregated 

Figure 12 to Figure 

15 

5.4 
Adapted WF 

accounting 

SEI-PCS (Godar 

et al., 2015) 
Disaggregated 

Figure 22 to Figure 

28 

5.5  
Adapted WF 

accounting 

SEI-PCS (Godar 

et al., 2015) 
Disaggregated 

Figure 29 to Figure 

33 

 

5.1 WATER FOOTPRINT ACCOUNTING: CURRENT APPROACH 

The assessment of water footprints using the results obtained in Mekonnen and Hoekstra, 

(2011) and a country-to-country assessment of trade through a bilateral trade matrix 

(Kastner et al., 2011) in the year of 2005 is exhibited in this section. The water footprint 

estimates for soybeans according to Mekonnen and Hoekstra, (2011) (mm/year) were 

obtained in raster format. These footprints were regionalized for the Brazilian 

municipalities using GIS, and the result is presented in the upper right corner of Figure 9 

(green water) and Figure 8 (blue water) (m
3
/year).  

The Brazilian average soy green and blue water footprint between 1996-2005 was 

estimated at 2181 and 0.8 m
3
.ton

-1
 respectively (Mekonnen and Hoekstra, 2011). The blue 

water footprint per ton of produce is much lower than the global average value of 70 

m
3
.ton

-1
, as a result of low levels of irrigated water use; the global average green water 

footprint of 2037 m
3
.ton

-1
, however, does not greatly diverge from the Brazilian values 

(Mekonnen and Hoekstra, 2011).  

Green water footprints are not only higher in overall values, but also have larger 

geographical extension, as great parts of the country have predominantly rain-fed 

agriculture. Higher values of blue water footprints are located in regions with both high 

production and presence of irrigated agriculture, as is demonstrated by the geographical 

distribution of footprints in the upper map of Figure 8 and Figure 9. 
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Figure 8 Map of Blue Water Footprints obtained by (Mekonnen and Hoekstra, 2011) 

regionalized per municipality (upper map, m
3
/year), and the corresponding virtual water 

flows (2005) (m
3
.10

9
). 
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The bottom part of Figure 8 and Figure 9 demonstrates the virtual water flows to the main 

consumer regions in 2005: China, EU, Brazil and others. As the water footprint attributed 

to each country is a function of the total footprints for that year and does not differentiate 

the geographical location of that footprint, the values are linearly proportional to the 

amount of soy attributed to the consumer. The sole highest consumer country is Brazil itself, 

followed by China.  

 

Figure 9 Map of Green Water Footprints obtained by (Mekonnen and Hoekstra, 2011) 

regionalized per municipality (upper map, m3/year), and the corresponding virtual water 

flows (2005) (m
3
.10

9
). 
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5.2 WATER FOOTPRINTS: ADAPTED ACCOUNTING 

The results from the previous section were adapted to the period 2001-2011, following the 

methodology described in section 4.1. Figure 10 presents the estimated average blue and 

green water footprints for this period.  

 

Figure 10 Average yearly blue (left, m
3
.10

6
) and green (right, m

3
.10

9
) water footprints per 

municipality for the period between 2001 and 2011. 

The virtual water fluxes for 2005 based by the adaptation of the model results resulted in 

values higher than the ones estimated for the same year, with the previous results. This is 

due to variations in yield, production and harvested area from year to year; as can be 

observed in section 4.1.2, a dramatic decrease in yield was observed in 2005, resulting in 

higher values of both green and blue water footprints. As the fluxes were also based on 

country-to-country trade matrices, the relative attribution of footprints to the consumer 

regions remains the same, as it is proportional to the amount of soy consumed by each 

consumer region (Figure 11). 
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Figure 11 Virtual blue (upper row, m
3
.10

6
) and green (bottom row, m

3
.10

9
) water fluxes 

estimated for the year 2005. 

5.3 WATER FOOTPRINTS: GLOBAL ALLOCATION 

The coupling between water footprint results at the municipal level with spatially-explicit 

trade data connecting the producing municipalities to global consumption enabled 

analysing the geographical distribution of footprints for each consumer country. In this 

section the blue and green water footprints in 2005 and 2011 will be analysed for four main 

consumer regions: China, EU, Brazil and other countries.  

The SEI-PCS tool competitively allocates soy production per municipality to international 

demand in the exporting facilities and national demand centres. This competition is 

modelled using strong constrains of origins of traded goods per exporting facility, but the 

same level of detail on domestic flows to national centres is not found in Brazil. This 

implies that although exporting flows from Brazilian municipalities are as reliable as the 
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data provided by the Brazilian Customs, the allocation to specific domestic centres relies on 

allocating the leftovers through a transport cost optimization, which is less reliable. Thus, 

the water footprints related to Brazilian consumption are shown as a national aggregated 

value given the uncertainty on the allocation to domestic demand, while the international 

consumption flows are analysed both from a geographical distribution and aggregated point 

of view.  

While for most countries the footprints increased from 2005 to 2011 due to the low yield 

values of in 2005, China shows an opposite trend, with increased green water footprints in 

2011 when compared to 2005 (Figure 12, upper row). Although Chinese footprints are also 

subject to variations in yield, these are complemented with Chinese accelerating 

consumption of Brazilian soy, which leaped from 9.2 to 22.8 Mtons between 2005 and 

2011. The regions which seem to have larger increases in Chinese footprints are located in 

the central-west region of the country, the Cerrado biome and in the Cerrado frontier with 

the Amazon; this geographical distribution of Chinese footprints related to soy 

consumption is consistent with previous findings (Godar et al., 2015). 

While EU green water footprints, seem to decrease consistently throughout the country 

from 2005 to 2011, the green water footprints from ‘other countries’ has a much more 

severe decrease in footprints in the South of Brazil (Figure 12, middle and bottom row). 

According to previous findings, the decrease in yields in 2005 was more strongly observed 

in the southern Brazilian states of Rio Grande do Sul, Santa Catarina and Paraná (Assad et 

al., 2007). This is attributed to a historical drought that affected this area in the harvesting 

period of 2004/2005; it is estimated that the state of Rio Grande do Sul had a 78% 

reduction in yield when compared to the harvesting period of 2002/2003, when the rainfall 

regime was considered ‘normal’ (Nepomuceno et al., 2013). 

Godar et al., (2015) observed that, from 2001 to 2011, there was a shift in EU soy 

consumption from the settled agricultural regions in the South to the Southern and Western 

Cerrado, and then towards the Amazon frontier. The combination of these factors, related to 

changes in yield and geographical location of production for each consumer group, explain 

the changes in footprints for EU and ‘other countries’ observed in Figure 12.  

South Brazil is also the region with higher blue water footprints, for all the three main 

consumer regions (Figure 13). The blue water footprint changes from 2005 to 2011 are 

more pronounced for ‘other countries’, as the consumption from this consumer group is 

higher in the South, where yield changes were more prominent. 
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Figure 12 Green water footprints estimated for 2005 (left) and 2011 (right), for China 

(upper row), EU (middle row) and other countries (bottom row) (m
3
 .10

9
). 
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Figure 13 Blue water footprints estimated for 2005 (left) and 2011 (right), for China (upper 

row), EU (middle row) and other countries (bottom row) (m
3
.10

6
). 
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Figure 14 Blue (left) and green (right) water footprints from 2001-2011 for the four main 

consumer groups (m
3
). 

By analysing Figure 12 and Figure 13 separately, it is possible to wrongly assume that there 

was a decrease in footprints in the period from 2005 to 2011. Figure 14 shows that this is 

not necessarily the case; while in general there is an upward trend in water footprints 

(Figure 14), driven by the steady increase of production and harvested area (see also Figure 

4 and Figure 5), the higher values of footprints in 2005 are driven mostly by a sudden, 

anomalous change in yield.  

 

Figure 15 Blue (left) and green (right) water footprints per ton of produced soy for 

different consumer regions, between 2001 and 2001. 

Even though all regions had an increase in the average footprint in this year, the aggregated 

consumers for ‘other countries’ presented the most dramatic changes (see Figure 14 and 

Figure 15).  

The variations in blue and green water footprints per ton of produced of soy (Figure 15) are 

consistent with the values of land footprint estimated for the same period previously 

reported for China, EU and Brazilian consumer regions (Godar et al., 2015).  
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5.4 FOOTPRINTS AND WATER STRESS TYPOLOGY 

5.4.1 Classification of Regions by Typology of Water Stress 

Water availability, water use, irrigated area and population were analysed to provide an 

identification of regions with high interest in terms of water stress and high levels of 

irrigation use. Figure 16 shows the water scarcity index on the municipality level, while 

Figure 17, Figure 19 and Figure 20 show these indicators in both scales.  

The regions with higher levels of water scarcity, according to the Figure 16, are mostly 

located in the country’s main metropolitan areas with high demographic density, and 

mainly in the north-eastern semi-arid. It can be said, however, that the largest part of the 

country cannot be considered as water scarce according to the Falkenmark index.  

 

Figure 16 Levels of water scarcity per municipality, according to the Falkenmark Index 

(m
3
/person/year) 
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Water stress was calculated throughout the country, at the microbasin and municipality 

levels (Figure 17). It can be seen that, although low levels of water stress are observed 

throughout most of the country, there is great variability. Although the water stress 

indicator outlines the relationship between demand and availability, it does not identify the 

causes of stress, which might be due to low availability, high demand, or both; it also does 

not identify which is the main use that determines high demand – industrial, urban, 

agricultural, etc. The Brazilian Water Agency differentiates, however, between three 

different main causes of stress, that can be identified in this map: low water availability in 

the north-eastern semi-arid, high irrigation demand for rice fields in the extreme south, and 

high urban demand in the main metropolitan regions, mainly in the southeast (ANA, 2013). 

Figure 18 finally classifies the municipal areas in the country with low (<10%) and high 

(>10%) water stress. 

 

It can be observed that finer scales provide significantly more relevant information in terms 

of assessment of water scarcity and water stress, and the use of aggregate national and 

regional averages can mask local scarcity found in some cities and metropolitan areas, as 

can be observed specially in Figure 16.  

It can also be observed, when comparing basin-level and municipal indicators, that some 

regions with high water stress when analysed in basin scale are perceived to have less stress 

on the municipal scale; this happens as a result of the fact that, when regionalizing water 

availability throughout the municipality area, the flows from one or more water-abundant 

areas within the municipality are summed to the general municipal water availability. This 

Figure 17 Map of water stress (%) per microbasin (left) and per municipality (right) 
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implies that water can be transported from more abundant to scarce basins within the 

municipality to other more scarce areas, which might not be the reality.  

 

Figure 18 Municipalities, classified by low and high levels of water stress. 

While Brazilian agriculture is mostly rainfed, Figure 19 demonstrates that irrigated areas 

can encompass up to 20% of the basin/municipal area. Some key areas with a high share of 

irrigation can be identified, such as the rice fields in the extreme south, the sugarcane 

producing southwest, and the semi-arid northeast (MIN, 2008). Figure 20 shows the classes 

of the Irrigated Area Index (see 4.1.1).  
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The distribution of the final typology of water stress according to the classification 

described in Section 4.1.1 is outlined in Figure 21. Out of 5570 Brazilian municipalities, 

1195 (21%) were classified with high water stress and irrigation rates, 618 (11%) with 

water stress with low rates of irrigation, and the remaining 3748 were classified as with low 

levels of water stress.  

Figure 19 Irrigated area, as a percentage of the total area of the microbasin (left) and 

municipality (right). 

Figure 20 Irrigated Area Index, by microbasin (left) and by municipality (right). 
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Figure 21 Final typologies for stress and irrigation, to be applied in the study.  

The geographical distribution of the regions with high water stress are the same as in Figure 

16 and Figure 18, with the regions of stress mainly concentrated in the highly irrigated 

agriculture in the south, the semi-arid north-east and densely populated metropolitan 

regions; in Figure 21 it is possible, however, to identify the regions with high water stress 

that have irrigation infrastructure, such as in the extreme south, north-eastern coast, and in 

the regions located close to the São Francisco river. Figure 21 also identifies the numbers 

and colours that will identify each typology in the following sections. 

5.4.2 Water Footprints Classified by Stress Typologies 

This section presents the results shown in Section 5.3 classified according to the typologies 

of water stress defined by the methodology chosen. The patterns blue and green water 

footprints were analysed in terms of their temporal and geographical variations for the main 

consumer regions. The regions with water stress that are mainly not related to agricultural 

water use have comparatively small overall blue and green water footprints; even though 

this class represents 11% of the municipalities (Figure 21), its total footprints are nearly 

negligible (Figure 22), and the sum of the footprints in these regions consistently make up 

to less than 2% of the total footprints (Figure 23).  
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Figure 22 Blue (left) and green (right) water footprints between 2001 and 2011, by 

typology of water stress (m
3
): low water stress (1, blue); high water stress (2, red); high 

water stress, irrigation (3, green). 

 

Figure 23 Proportion of blue (left) and green (right) water footprints per water stress 

typology region between 2001 and 2011 (%): low water stress (1, blue); high water stress 

(2, red); high water stress, irrigation (3, green) 
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It can be assumed that these municipalities are either subjected to economic and climatic 

conditions that result in inadequacy for large-scale soy production, or have high water 

demands for urban supply or industry, which characterizes areas with diversified 

economical activities and resulting low levels of agricultural production.  

It is self-evident that highly irrigated areas might represent a larger share of blue water 

footprints when compared to their share of green water footprints (Figure 22). The ratio 

between blue water footprints in terms of their typology, however, varies with time (Figure 

23). These variations are a result of the geographical distribution of changes in production 

and yield. 

Analyzing the comparison between Chinese water footprints in Figure 24 and Figure 25 it 

is evident that there is an increase of virtual water flows in this period, which is driven by 

the steady increase of Chinese demand for Brazilian soy, especially from the regions 

located in the Center-West and North of the country. The water footprints related to EU and 

other countries’ consumption are also increasing, but in a much less dramatic way. 
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Figure 24 Blue water footprints for China (upper row), EU (middle row) and other 

countries (bottom row), classified by water stress typology, for the year 2005 (left) and 

2011 (right). 
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Figure 25 Green water footprints for China (upper row), EU (middle row) and other 

countries (bottom row), classified by water stress typology, for the year 2005 (left) and 

2011 (right). 
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 Figure 26 Blue (left) and green (right) water footprints (m³) for China (upper row), EU 

(middle row) and other countries (bottom row), classified by water stress typology, for the 

years between 2001 and 2011. 
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Figure 27 Blue virtual water fluxes in 2011, by country and water stress typology in 2011 

(m
3
.10

6
). 

 

Figure 28 Green virtual water fluxes in 2011, by country and water stress typology in 2011 

(m
3
.10

9
). 

5.5 BRAZILIAN SOY: SWEDISH WATER FOOTPRINTS 

Here, the water footprints related to Swedish consumption of Brazilian soy will be 

presented as a case study, as well as a specific example of the application of the presented 

methodology for analysing cross-scale impacts.  
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Sweden consumed in average 0,46 % of the total Brazilian production of soy from 2001 to 

2011, and an average of 1,6% of EU consumption; Figure 29 demonstrates the evolution of 

Swedish consumption of Brazilian soy in this period. 

 

Figure 29 Swedish annual consumption of soy produced in Brazil (tons). 

The annual variability of water footprints assigned to Swedish consumption are determined 

by the variability of consumption, geographical distribution of production and yields in the 

specific producing area. Sweden predominantly follows the general trend of higher in 

footprints in 2005 related to the remaining of the period (see Figure 30), but has significant 

differences to the general and EU trend regarding variability of location of the production 

area (Figure 32 and Figure 33) and footprint per ton of soy (Figure 31). 

From overall Swedish water footprints, the share that is produced in regions with both types 

of water stress is smaller than the share observed for total water footprints (see Figure 22 

and Figure 30). It can be observed that this share increases in 2009, but as it is not caused 

by an increase of water footprints per ton of soy (Figure 31), it can be assumed that there 

was a sudden and momentary shift in 2009 towards consuming soy from other regions with 

higher water stress and/or footprint per ton produced. 

Although the variation of blue water footprints per ton observed in Figure 31 is apparently 

less consistent than what is observed for all footprints (Figure 15), the range of variation of 

blue footprints per ton, from 0.2 to 1.2, is much smaller than the range of variation 

observed for all footprints, which can reach values as high as 6 m
3
 per ton. In terms of 

green water footprint, the variability is also less pronounced, including in 2005 (Figure 31).  
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Figure 30 Swedish green (left) and blue (right) water footprints between 2001 and 2011, by 

typology of water stress (m
3
). 

 

Figure 31 Swedish green (left) and blue (right) water footprints between 2001 and 2011, by 

typology of water stress, per ton of produced soy (m
3
/ton). 

The regions where the soy consumed in Sweden is produced are mostly located in the 

north-west region of the State of Paraná, south of Mato Grosso do Sul and mainly in Mato 

Grosso (center-west part of the country). The low dependency on soy from the South made 

the variation of footprints in 2005 for Sweden less pronounced than for other countries; 

most of the blue water footprint in 2005 is from the north of the State of Paraná, which was 

also influenced by the drought, but in a smaller extent.  
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Figure 32 Blue water footprints related to Sweden consumption, classified by water stress 

typology, in 2005 (left) and 2011 (right)). 

 

Figure 33 Green water footprints attributed to Sweden consumption, classified by water 

stress typology, in 2005 (left) and 2011 (right). 

In terms of geographical distribution of production sources, Godar et al., (2015) described a 

general trend in which the Nordic countries shifted from more diversified sources in 2001 

and 2005 towards almost exclusively sourcing from providers of certified soy from Mato 

Grosso. Figure 33 confirms the trend, and in the right side of the figure, the concentration 

of sources in one location in Mato Grosso is notable. 
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6 DISCUSSION AND CONCLUDING REMARKS 
The results provided insight on the processes that connect the water cycle in Brazilian 

locations to the global market and the global water system between 2001 and 2011, and 

how this relationship is established with different actors. First, the methodological aspects 

related to this study will be discussed, in terms of applicability and relevance for decision 

making. Then, some aspects related to the analysis of green and blue water sustainability on 

the local scale will be addressed. The relevance of the results in the context of 

teleconnections within the global water system will be discussed and, finally, a description 

and discussion of the opportunities for future research are presented. 

6.1 PROPOSED APPROACH TO WATER FOOTPRINT ACCOUNTING: 

IMPROVEMENTS AND ADDED KNOWLEDGE 

The analysis of the geographical distribution and environmental relevance of footprints 

attributed to main consumers of Brazilian soy has allowed to unveil environmental trade- 

offs which could not be observed with the use of country aggregates, that can mask 

temporal and geographical variability of production conditions and potential impacts in the 

local scale. The methodological approach described and developed in this study improves 

other footprint assessments as the spatial-explicit trade analysis and assessment of local 

impacts allowed three important factors to be addressed, namely i) the ultimate drivers of 

pressure from the global food system, ii) the local environmental and social impacts related 

to the water footprints, and iii) the connection between them. 

As it was perceived in the analysis of the distribution of footprints by consumer region, 

total and relative virtual water flows are determined not only by the local production 

conditions, but also by distribution of production that is a result of a series of the remote 

drivers that include prices, logistics, competition, institutional agreements, technological 

changes, among others (Wichelns, 2010). In the case of Brazilian soy production, the 

growing demand of the international market have driven a shift towards water and soil rich 

regions in the Cerrado and Amazon biomes, mainly by consumers from Chinese and EU 

markets (Godar et al., 2015; Lathuillière et al., 2014). This shift has also been related to an 

increase of deforestation in these areas (Lathuillière, 2011; Persson et al., 2014), as well as 

an increase in the green water footprint from those regions (see Figure 12). On the other 

side, the sourcing of smaller consumers predominantly from the southern regions with 

long-settled agriculture and irrigation structure resulted in a larger impact of the drought of 

2005 on the footprints related to these consumers.  

This exemplifies that local aspects of water management and land use change decision 

making, climatic conditions, productivity improvement, among others, constitute the 

drivers of impact at the local scale.  
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In the case of the analysed context of Brazilian soy production, the contrast between the 

different contexts of the South and the North constitutes a good example of why the spatial-

explicitness of the analysis is fundamental for the understanding of the relationship between 

the main drivers of change and local impacts. These regions have very different profiles of 

consumers, profiles of green/blue water dependency, and conflicts over resource use and 

socio-economic impacts. Analysing water footprints from Brazilian soy in terms of national 

aggregates, such as what is done in the section 5.1, provides with an idea of flows and 

impacts, but mask regional differences such as the ones described. 

6.2 ASSESSMENT OF BLUE AND GREEN WATER SUSTAINABILITY 

As was summarized previously in this study, there is a rich debate on how to analyse water 

footprint accounting results, and where their relevance lies. It can be argued that larger 

footprints do not necessarily equal to larger impacts in the local water system, as the key to 

understanding them is their environmental and social relevance (Ridoutt and Huang, 2012).  

The indicators and typologies of water stress used in this study were chosen with the 

objective to measure the sustainability of water footprints in terms of their contribution to 

scarcity and competing pressures over water resources at the local level. Other options of 

analysis include consideration of impacts to ecosystems, contributions of land use change 

in changes of moisture transport, green water feedbacks, among others (Lathuillière et al., 

2014; Quinteiro et al., 2015; Vörösmarty et al., 2010).  

Another important distinction that needs to be considered when analysing the results of the 

study is that the indicators of stress employed for classification of water footprints focused 

in blue water scarcity. Blue water is central in terms of water security for human supply, 

and the analysis of these indicators provide important information on the local pressure 

over resources and threats related to water scarcity. Although pressures on green water 

were not considered in this study, both green and blue water footprints were aggregated 

according to the blue water stress in the region of interest. The analysis of blue and green 

water footprints in the context of the water stress typologies should be done with 

consideration to their different nature. 

The blue water footprint impacts directly availability of water for other downstream users, 

and is a part of the competing demands for resources in the local scale. The analysis of the 

blue water footprints in this context is done, therefore, from a point of view of resource 

competition and scarcity avoidance. Therefore, in the regions with high blue water 

footprints located in regions with high levels of water stress, the water footprint connected 

to commodity production constitutes a competing demand for resources, which can evolve 

into water conflicts in situations of scarcity. One example was the drought of 2005, when 

410 municipalities declared situation of emergency, and measures such as forceful sealing 

of irrigation pumps were taken (Germano and Sotério, 2005). 
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In terms of green water footprints, the amount of virtual trade flows can be considered in 

terms of resource dependency and vulnerability. It is theorized that international trade of 

virtual water compensates regional differences in water availability (Konar et al., 2013); as 

green water becomes available for food production through land use change (Ridoutt and 

Pfister, 2010), the green water footprint is also a measure of dependency on external 

availability of water and land. One example is the increasing dependency of Chinese 

demand of soy expanding in the Amazon and Cerrado biomes, which is expected to 

increase in the years to come.  

6.3 GLOBAL TRADE, LOCAL IMPACTS 

The approach to water footprints, trade and water stress developed in this study can greatly 

improve the understanding of the linkages between dynamics of consumption, trade and 

production systems in the context of water pressures, contributing to improve governance 

and policies. This section will address how this approach could potentially improve the 

scope of analysis or serve as a basis for more policy relevant results studies related to 

global food security, international competition over resources, consumption responsibility, 

or local water governance. 

Studies have tried to analyse the impacts of future climate on rainfed agriculture and global 

food security, and the cross-scale vulnerabilities related to these processes (Falkenmark and 

A, 2013; Rockström et al., 2009; Willaarts et al., 2015). It is expected that, under climate 

change, food security will face major challenges (Allouche, 2011). In Brazil, the main 

regions of soy production for international consumption in the Amazon/Cerrado and in the 

La Plata Basin are, respectively, increasingly subjected to shifts in local precipitation 

regime due to land use change (Nobre, 2014) and climate extremes related to interannual 

variability and climate change (Cavalcanti et al., 2015). The analysis of green virtual water 

trade and the connection with local conditions of water stress, as the one developed in this 

study, can provide new paths of investigation. 

The results presented also indicate another perspective of analysis regarding how 

competition over resources takes shape in the international commodity markets. In the 

example of Brazilian Soy, it was seen that i) the larger consumers shifted towards new sites 

of production, but with greater impacts on land use change; ii) that the positioning of other 

smaller consumer markets resulted in the fact that they were subjected more strongly to an 

episode of climate extremes; and ii) that a small but powerful and environmentally 

conscious consumer like Sweden guaranteed a share of the market to supply soy of certified 

origin. Whether these patterns are planned or driven by other social, economic or logistic 

factors, they determine different access to resources in the short and long term. The 

distribution of these footprints and analysis of trade-offs and impacts could only be possible 

with spatially-explicit footprint analysis of these socio-economic systems. 
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Along the same lines, the methodology proposed in this study can also become useful for 

more accurate sustainability accounting for informing choices, policies and technologies for 

responsible consumption.  

In the context of the application for local water governance, the Brazilian water governance 

system is based on the National Law of Water Resources (1997), which establishes the 

instruments for water management at the national, state and river basin levels. Brazil’s 

water management institutions, plans and instruments are based on the principles of 

Integrated Water Resources Management (IWRM), and work towards long-term planning 

and resource conflict management (Brasil, 2006). Management and planning of water 

resources is focused, though, on surface blue water and analysed and managed at the basin 

level, without consideration of green water fluxes and cross-scale linkages. Studies have 

pointed to the possibility of taking water footprints into consideration for decision making 

related to water permits and as a sustainability indicator (Korsuka, 2013; Silva et al., 2013). 

Further study is needed to evaluate the potential and applicability of the employment of 

spatially-explicit water footprint accounting of domestic and international consumption for 

water management in Brazil. 

6.4 RECOMMENDATIONS FOR FUTURE RESEARCH 

This study focused on the international trade teleconnections in the global water system that 

link local water stress in producing sites to global consumption, focusing on Brazilian 

production of soy. This section addresses the limitations in the scope of this study, and 

points to possibilities for future research. The main opportunities for improvement and 

expansion of the presented study are i) the inclusion of other main crops, ii) consideration 

of green water and environmental indicators of stress, and iii) integration with analysis of 

other teleconnections in the global water system. 

Brazil is also a major producer and exporter of maize, cotton, sugarcane, rice, among others 

(SECEX, 2013); a more comprehensive picture of the linkages between water stress and 

commodity trade would be provided with a wider set of commodities analysed. While 

soybean production is known to be related to changes in land use and the water cycle in the 

North and Center-West regions of the country (Godar et al., 2015; Lathuillière et al., 2014); 

sugarcane plantations are located in the crowded, highly industrialized and scarce basins of 

the center-east of the country (Albuquerque, 2013; Irrigazine, 2015); irrigated rice is the 

main water user in the south (ANA, 2013); and cotton production is in expansion in the 

northeastern semi-arid (Brugnera, 1995). A full range of geographical distribution of 

impacts and their relative importance compared to other water uses such as industrial, urban 

and animal water use would provide a much richer, more relevant representation of 

Brazilian water resource pressures.  

As previously discussed, this study aggregated blue and green water footprints in 

typologies of blue water stress; analysing water footprints in the context of changes in 
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green water fluxes are an important opportunity of improvement. There is a growing 

literature on methodological aspects for analysis of green water fluxes as a result of land 

use change, and the use of these assessments as indicators of sustainability (Lathuillière et 

al., 2014; Quinteiro et al., 2015). 

Finally, a promising step for future research is to involve the assessment of teleconnections 

in the global water system through trade, such as the present study, with assessment of 

other remote connections that operate in the same systems. Combining the assessment of 

crop production and trade with the estimations of green water flux change due to 

agriculture and land use change (Lathuillière et al., 2014) and intercontinental moisture 

transport (Keys et al., 2012) can allow to reveal trade-offs in the water system in a much 

wider scope and scale. 
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