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Abstract

Since its inception in 2002, the water footprint (WF) has brought new insight into the direct and indirect

(or supply chain) uses of water in the production and consumption of goods and services. Today, this

emerging field is mainly represented by two distinct communities following distinct WF approaches: the

water resources management community which follows guidelines from the WF Network, and the life

cycle assessment (LCA) community which focuses on assessing impacts from water use. This thesis

seeks to harmonize WF assessments by combining and contrasting methods and objectives from both

communities with the overarching goal of informing water decision-making by (1) considering limits to

water resources within a river basin (the “Nature” domain), and (2) considering water use in production

systems (the “Production” domain). Following this proposed framework to combine WF assessments

(Chapter 2), I assess how each approach may address water management for agricultural production

in Southern Amazonia (Mato Grosso, Brazil), a region that has dramatically increased its soybean and

cattle production through deforestation. In Chapters 3 and 4, I respectively measure andmodel theWF of

cropland and cattle to highlight on-farm water use strategies for agricultural production (the volumetric

WF assessment phase). Chapter 5 focuses on the Xingu Basin of Mato Grosso for which I assess

water scarcity of current and future agricultural production (the volumetric WF sustainability assessment

phase). Finally, in Chapter 6, I integrate existing water use in LCA methods to highlight water use

efficiencies through impact assessment (the WF impact assessment phase). Results show different

land and water management options for crops and cattle in Southern Amazonia, but also demonstrate

that water use for future production could reach sustainable limits, should cropland irrigation and cattle

confinement become more widespread. Moreover, the role of water vapour supply to the atmosphere

through evapotranspiration is stressed as an important process that could affect future water availability

due to the importance of moisture recycling on regional precipitation. This research provides context

on the role of land management on water resources, while combining water decisions affecting both

production systems and resource limits imposed by the water cycle.
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Lay Summary

As an indicator of direct and indirect (or supply chain) freshwater use, the water footprint has been de-

scribed and used differently by two research communities: as a tool to quantify the appropriation and

exchange of freshwater resources through products and services, and as a step towards estimating

potential impacts within a life cycle assessment. This thesis proposes a framework to combine both

perspectives before applying a new harmonized water footprint assessment to soybean and cattle pro-

duction in Southern Amazonia, a region of historically high deforestation rates. While both research

communities may see the water footprint though different lenses, the combination of their respective

methods provides valuable information on water resources decision-making. Results suggest strategies

to reduce water use at field and product levels to minimize water use and impacts to the water cycle,

and provide guidance on land and water management for production to promote sustainable practices.
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Chapter 1

Introduction

1.1 Water use for agricultural production

Water resources and their management are of primary concern to society, particularly in the context of

food production. The agricultural sector is the number one consumer of water, accounting for 70-80%

of global withdrawals, primarily due to irrigation279. However, these withdrawals are accounted sep-

arately from the global water use for crops which includes both irrigated and rain-fed cropland. Total

crop water use was estimated to be over 7000 km3 y-1 of which close to 90% came from rain-fed sys-

tems146, increasing the original allocation of water use for food. The already existing threats of drought

and water scarcity260,281, which are expected to worsen food production and security under climate

change72, deepen the challenge to eradicate hunger as established by the United Nations with the Mil-

lennium Development Goals (MDGs)257 to 2015, and now the Sustainable Development Goals (SDGs)

to 2030258.

The magnitude and regional disparity in global crop water requirements suggest that water use and

management can play an important role in alleviating poverty and hunger. An ecohydrological paradigm

presented in the early 2000s by Falkenmark and Rockström71 provided a key framework for addressing

water use for agriculture by separating water into “green” and “blue” resources based on the partitioning

of rainfall on the landscape71. Green water refers to soil moisture consumed by plants through evapo-

transpiration (ET) and regenerated only via precipitation, while blue water is sourced from rivers, lakes

and aquifers71. Through this framework, agricultural yields can be increased following strategies that

focus on the use of green and blue water resources, respectively for rain-fed and irrigated cropland71.

These strategies, however, carry trade-offs in the hydrological cycle128. For instance, the upstream use

of rainwater harvesting or irrigation can deprive downstream ecosystems and other water users of blue

water, while rain-fed agricultural expansion into natural ecosystems can increase downstream blue water

resources due to increased runoff128. Strategies that seek to increase agricultural yields by favouring

transpiration over evaporation (or increasing water productivity93,128) were highlighted as having the
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greatest global impact on rain-fed agricultural production, thereby raising the importance of green water

resources for food production222.

The topic of water use for agricultural production has, more recently, been considered in the context

of the Earth’s Planetary Boundaries223 by focusing specifically on the use of irrigation to meet future

agricultural demand this century. As 2600 km3 y-1 of blue water is currently used for crops, an additional

1700 km3 y-1 would be required to address food demand, and an extra 1550 km3 y-1 to meet climate

change mitigation requirements in 2050. This combined 5850 km3 y-1 approaches the current water

Planetary Boundary of 6000 km3 y-1 224. The efficient use of green water for agricultural production

can therefore play an important role in maintaining our planet within sustainable limits. On a more

regional level, increases in agricultural output have been obtained through both deforestation (e.g. South

America) and irrigation expansion (e.g. India) with effects on regional water cycles227. However, these

changes come with potentially large negative feedbacks. Loss of natural forest cover reduces water

vapour flows to the atmosphere, thereby reducing the potential regeneration of regional rainfall, while at

the same time, increasing surface temperatures66 with potential detrimental effects on crop yields. The

prevalence of groundwater depletion has been of major concern in key agricultural production centers,

introducing resource constraints for people, ecosystems and future agricultural production output94.

The relationship between production and consumption centers of agricultural products through trade

adds an extra dimension to freshwater resource use. Green and blue water resources connect producers

and consumers of agricultural products through a complex global supply chain, which could extend

geographically within a country or across international boundaries. This so-called “virtual water” trade1

represents the total amount of water used for agricultural production that is transferred from production

to consumption centers. Virtual water content is typically estimated as ET sourced from either green or

blue water and generally exceeds the physical water content in the crop117. For instance, cereal crops

required on average about 1109 m3 of green water per tonne of crop, and 291 m3 blue water per tonne

of crop235. This virtual water trade relationship between producers and consumers therefore, provides a

global element to freshwater resources management linked specifically to products272, and can reveal

additional strategies for improving water use efficiencies and resources management for agricultural

production.
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1.2 The water footprint: an emerging research field

The water footprint (WF) surfaced in 2002 as an indicator of freshwater use109,119 which, through the

years, has matured into an emerging research field113. In its original definition, the WF represents

the volume of freshwater consumed and polluted either directly by individuals or through a farm, plant

or business operation, and indirectly via the consumption of goods and services by individuals, cities

or nations, or through supply chains117. Based on initial qualitative assessments of virtual water in-

troduced by Allan1, the quantification of freshwater use for agricultural products through the WF109

highlighted three important notions: (1) a significant amount of freshwater is consumed and polluted

through consumption and production processes, particularly in the case of agricultural products114; (2)

given the extent of international trade, consumption patterns of products and services flow virtually from

production to consumption centers thereby allowing water stressed nations to conserve water within their

borders, leading to global water savings56,58; (3) there is a need for better understanding of indirect wa-

ter consumption (water that is consumed to make products that are subsequently traded, also known as

supply chain water consumption) in the context of sustainable water use116,231, particularly given that

global water withdrawals often take place in highly stressed watersheds217. The first WF assessments

followed methods which were formalized in the “Water Footprint Assessment Manual” released by the

WF Network in 2011117. This manual provides guidelines on calculating WF of products, a business

or national consumption, but also describes how to use the WF in a “Water Footprint Sustainability As-

sessment”117 that aims to assess efficient, equitable and environmentally sustainable use of freshwater

by comparing total water consumption (represented by the total WF) to total water availability in a river

basin117,118.

Since 2008, the inclusion of water use in life cycle assessment (LCA) has provided additional con-

text for the analysis of direct and indirect water uses with the objective of carrying out an impact as-

sessment. LCA is a scientific method based on the life cycle approach, meaning that processes are

studied over entire life cycles, from “cradle to grave”105. Following the ISO 14044 standard126, a LCA

provides a quantitative assessment of potential impacts: (1) mid-point impacts identify problems (e.g.

eutrophication, acidification, etc.), and (2) end-point impacts quantify consequences of these problems

to human health, environmental quality and natural resources105. The strength of this “life cycle think-

ing” is the consideration of direct and indirect inputs (or supply chain inputs) to a production system

to highlight specific steps of greater concern in the life cycle (or hotspots) and is applicable to goods

and services, nations, organizations or even lifestyles105. Despite a late inclusion of freshwater use in
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LCA134, methodological developments have grown rapidly in recent years22,205 with a formalized ISO

14046 standard published in 2014 that outlines the WF “principles, requirements and guidelines”127.

Recent modeling work has focused on mapping potential environmental impacts of freshwater use on

human health28,169, competition over available water31 expressed as a water scarcity footprint follow-

ing ISO 14046 terminology127, and partial mapping of impacts to ecosystem quality181, and natural

resources193. However, a complete and comprehensive set of models is still lacking in the academic

literature.

There exists common ground between the WF approaches as described by the WF Network117

and the LCA community29, namely the importance of “supply chain thinking” in water management and

impact assessment113. However, there has been mutual criticism between the respective communities

that has mainly focused on methodological steps, the meaning of WF results89,112,115,195, contextualiza-

tion of meaningful decisions using the WF111, and other footprints more generally113,215. Thus far, the

WF, as employed and promoted by the WF Network, has been used with the specific goal of informing

water management decisions within Integrated Water Resources Management (IWRM), but has also

provided guidance on improvements in the efficient use of water in processes, particularly in agricul-

tural production113. Moreover, the WF has emphasized potential effects of consumption decisions on

water scarcity through demand-side management (e.g., the effect of diets on water resources267), but

also transparency of indirect water use of companies145, while highlighting European dependency on

international water resources for imports69. In LCA, the WF has been used to assess potential impacts

of water use in agricultural products such as mangoes214, or livestock218, with the main objective of

assessing the environmental performance of a product or process, or informing production decisions

during the design phase of a food product (a process known as “eco-design”)189.

Despite differences, the two WF communities do agree on some terminologies such as the designa-

tion of water resources as either blue or green water as defined above. Both communities also value the

use of life cycle thinking for purposes geared towards water management in the case of theWF approach

from the WF Network, and reduction of potential impacts in LCA29. There is also overlapping consen-

sus around future academic work such as defining and accounting for green water scarcity117,180,233,

and identifying environmental impacts linked to green water use, especially in the context of land use

change181,205. As such, agricultural products, which were the first products assessed for their WF119,

remain at the forefront of WF research mainly because: (1) food represents an important source of indi-

rect water use embodied in international trade56,114, (2) the majority of global agricultural production is

rain-fed, and therefore depends on green water114, and (3) a large amount of cropland expansion occurs
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in the tropics162, specifically in regions dominated by rain-fed systems, which are therefore dependent

on green water resources for production. Additionally, the quantification of water use for agriculture

obtained through models commonly used in the WF literature carry large uncertainty189, therefore de-

cisions that are based on the WF may change according to data availability and/or quality in common

databases, or obtained using different models and approaches42,189.

1.3 Objective and research questions

The objective of this thesis is to explore and advance the emerging field of the WF by focusing on

multi-level decision-making resulting from the two main WF approaches, and by concentrating

on agricultural products that (1) rely on green water resources, (2) have historically depended on land

use change to increase production, and (3) carry known environmental consequences in its region of

production. This objective is driven by three research questions:

1. How complementary are the aspects of both WF Network and/or LCA approaches when applied

to agricultural products in a region both reliant on green water resources and land use change to

expand production?

2. How do WF approaches address the partitioning of precipitation into green and blue water re-

sources and what insights might these approaches bring to land and water management?

3. What policy decisions may be informed by both WF Network and LCA approaches in the context

of expanding tropical agricultural production, and how may these decisions be complementary in

the management of land and water resources?

Within this context, I seek to also investigate the strengths and limitations of WF approaches in address-

ing water management for agricultural products in a region that has experienced agricultural expansion.

To answer these questions, I will focus on Southern Amazonia (SAM), more specifically the Brazilian

state of Mato Grosso (Figure 1.1) which has been a global center for the production of soybean and beef

commodities exported nation- and worldwide.

1.4 Land and water management in Southern Amazonia

Following initial opening of land for pasture in the Amazon and Cerrado (or savanna) biomes (Figure

1.1), additional cropland expansion began in the 1970s starting in southern Brazil and moving northward
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Figure 1.1: Southern Amazonia (SAM) and the Brazilian state of Mato Grosso with the boundaries of
the Amazon, Cerrado and Pantanal biomes143. Reprinted with permission of Elsevier Ltd.

closer to the Amazon63,239. In the 1990s, the advance of soybean into the Cerrado replaced pasture-

land, thereby pushing new pasture further north into the Amazon biome by the mid-2000s18,148 with

further expansion in central Brazilian states246. Despite historical expansion, deforestation in the region

dropped considerably in the 2000s suggesting a decoupling of land use change with agricultural pro-

duction148. This drop was attributed to increased law enforcement for illegal deforestation, limitations in

the access to credit for producers located in regions of greater deforestation rates, as well a “Soybean

Moratorium” (2006) and a “Cattle Agreement” (2009) which imposed restrictions on exports of soybean

and beef produced on previously deforested land175. Today, Brazil is the second largest producer of

soybean in the world261 with the state of Mato Grosso (Figure 1.1) leading national production with 26

Mtons of soybean harvested on 9 Mha of land in 2015 (or close to 30% of Brazilian total production)121.

Mato Grosso is also home to over 30 million cattle herded on about 23 Mha of pasture121 making it one

of the largest centers of meat production in Brazil.

Agricultural expansion in both Amazon and Cerrado biomes has sparked environmental concerns

over the ecological integrity of both biomes as a result of deforestation for cropland and pasture expan-

sion. Land use change in the region has impacted biodiversity41, led to greenhouse gas emissions83,179,

as well as affected energy partitioning on the land141 thereby altering the water cycle45,188 with po-
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tential consequences on terrestrial and aquatic ecosystems38,141. Agricultural intensification since the

mid-2000s triggered additional concerns regarding the use of natural resources for cropland and cattle

intensification. Agricultural production in Mato Grosso is almost entirely rain-fed141 and its productivity

has been projected to decline as a result of climate change and reduced regional precipitation8,184. As

such, the use of irrigation in SAM remains a viable option as insurance against future uncertainty in

precipitation regimes141.

The predicted decline in precipitation is partly due to an imbalance in the atmospheric water bal-

ance as a result of regional deforestation184, with evidence now available from extensive modeling

work15,247,248 and precipitation measurements across the Amazon biome32,107. Tropical forest and sa-

vanna ET are typically greater than cropland and pasture141 such that widespread deforestation can

reduce total water vapour transfer to the atmosphere138,238,246. This reduction can then affect precip-

itation in the Amazon Basin and the greater South American continent132. A decline in regional ET

can also delay the onset of the wet season51,278 with possible feedbacks on terrestrial ecosystems in

the region59 thereby triggering a “savannization” of the Amazon forest exacerbated by drought and fire

events237.

SAM is an agricultural production center for soybean and beef commodities which are traded with

international partners who may indirectly affect the use of water resources through their consumption

(or supply chain). The application of the WF in the region, and more generally Brazil, has been lim-

ited55,88,114,139,160,163,186,187, and mainly focused on quantifying volumes of freshwater needed for agri-

cultural products. At the same time, impacts of deforestation and climate change on both carbon and

water cycles have been well documented141, with models predicting increasing local temperatures in

SAM regardless of greenhouse gas forcing238. As such, applying the WF to agricultural products in

SAM has the potential to extend important gaps in knowledge in the application of the indicator, but also

inform decision-making for water resources at regional and product levels.

1.5 Significance and outline of this thesis

So far, the WF academic literature has been embodied by two separate research communities with little

or no integration of approaches and interpretation of results in the context of water resources. Guided

by the objective and research questions listed above, this thesis seeks to eliminate the current confu-

sion originating from the multiple interpretations given to the WF (water productivity, water resources

management, impact assessment) by proposing a framework for harmonizing current perspectives and
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methods. Despite the global importance of green water resources in agricultural production, there has

been little advancement in considering green water in the WF literature beyond volumetric estimates

(e.g., 1109 m3 of green water per tonne of crop235), especially in SAM. Most, if not all, published results

rely on crop modeling approaches, based on assumptions that may not be relevant to regional produc-

tion. Moreover, the concept of green water scarcity, although well defined in a recent review233, has

yet to be applied extensively with estimates of green water availability117, especially within the context

of land use and land use change. To date, only one study tackling green water scarcity in Amazonia

has been published in the academic literature163. Finally, the consideration of the potential impacts of

land use and land use change on the water cycle in LCA is still in its infancy with several methods being

developed independently and little progress towards integration205.

SAM, and specifically the state of Mato Grosso, has all the attributes of a region of interest for applying

WF approaches to answer the above research questions: (1) agricultural production is almost entirely

rain-fed and therefore reliant on green water resources141, (2) the increase in agricultural production

has mainly benefited from land use change in both Amazon and Cerrado biomes141, (3) the region is a

global center for agricultural production exported internationally139. To increase production, the region is

faced with a suite of land and water management options141 (Figure 1.2) which could be informed byWF

approaches: agricultural expansion into natural ecosystems (Figure 1.2, panel A), cropland expansion

into current pasturelands (Figure 1.2, panel B), a more intensive use of green water resources on current

agricultural land through promotion of transpiration over evaporation, or “vapour shift” (Figure 1.2, panel

C), rainwater harvesting or irrigation (Figure 1.2, panels D and E, respectively).

This thesis describes original research aimed at advancing the emerging field of the WF in five chap-

ters. Chapter 2 outlines the framework used in this thesis to harmonize WF assessments to be applied

to agricultural production and expansion in SAM. Chapters 3 and 4 seek to estimate the volumetric WF

of soybean and cattle through field measurements and modeling. Chapter 3 describes field measure-

ments of ET using eddy covariance in Mato Grosso and used to obtain the volumetric WF of soybean as

well as as maize, rice and bean crops. Chapter 4 provides an estimate of the volumetric WF of cattle

using production system modeling, and remote sensing. Chapter 5 adopts a river basin view in the

application of the WF to inform decision-making for water resources management in the Xingu Basin of

Mato Grosso considering current and future land and water resources use for agricultural production.

Chapter 6 addresses environmental impacts of cropland and cattle production using new and existing

life cycle impact assessment models. All results are then integrated in Chapter 7 for policy formulation

at the Brazilian agricultural frontier, and an analysis of strengths and limitations of individual WF assess-
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ments. Appendices A, B and C provide supplemental information respectively for Chapters 3, 4 and

5.

Figure 1.2: Land and water management options available in Southern Amazonia (SAM) to increase
future agricultural production, and their consequences on the partitioning of precipitation (P, assumed
to be 2000mm y-1 in the above example) into blue (blue arrows) and green water (shown as ET) following
initial conditions141. Values shown in the panels are water flows (in mm y-1) and the green arrow in panel
D represents 300 mm y-1of harvested rainwater. Reprinted with permission under Creative Commons
Attribution 3.0.
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Chapter 2

The Harmonized Water Footprint

Assessment

2.1 Introduction

The efficient, equitable and sustainable management of our planet’s water resources is one of the main

challenges humanity is currently facing. For example, 1.2 billion people experience physical water

scarcity260, while close to four billion people worldwide live under extreme water scarcity at least some

months of the year159. By 2050, the number of people living under medium and severe water stress

could reach 5 billion, with water demand more than doubling for domestic, livestock and electricity281. In

2015, the United Nations launched the Sustainable Development Goals (SDGs) with a roadmap to 2030

which includes objectives for clean water and sanitation (SDG 6) to “ensure availability and sustainable

management of water and sanitation for all”280. While SDG 6 is specific to water and sanitation, other

goals also include water, either directly (e.g. SDG 14: Life under water, SDG 15: Life on land) or indi-

rectly (SDG 2: Zero hunger, SDG 7: Affordable and clean energy, SDG 12: Responsible consumption

and production), therefore requiring a wide range of governance strategies, measures and indicators to

ensure that these goals are met.

The relation between human-beings and nature in the context of water management has evolved

through the centuries, but recently this interaction has been embodied by the IWRM and Water Security

concepts, which themselves have evolved over time. The introduction of IWRM in the 1992 Dublin

International Conference onWater and Development outlined the necessity to integrate knowledge about

the complex physical interactions over the full water cycle (e.g., by considering surface and groundwater

interactions), as well as between the water cycle and society231. Savenije et al.231 describe an evolution

in IWRM towards coordinated action among stakeholders sharing water resources in a given geographic

space (e.g., a river basin) and a period of time (e.g., the hydrologic year) with trade-offs to be weighted so

as to “maximize the resultant economic and social welfare in an equitable manner without compromising
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the sustainability of vital ecosystems” following the definition from the Global Water Partnership95.

Over the past decade, the concept of Water Security has been gaining attention as an important

paradigm for water resources management and, in some cases, may be considered an extension of

IWRM17. In 2013, the United Nations Water Task Force on Water Security defined it as “the capac-

ity of a population to safeguard sustainable access to adequate quantities of acceptable quality water

for sustaining livelihoods, human well-being, and socio-economic development, for ensuring protection

against water pollution and water related disasters, and for preserving ecosystems in a climate of peace

and political stability”259. Many other definitions have been proposed and used in specific contexts285,

but more generally, Water Security implies a cross-sectoral influence of water in social, economic, eco-

logical and political layers affecting individuals and society. While there are many overlapping concerns

between IWRM and Water Security perspectives, Bakker and Morinville17 describe that Water Security

further implies: (1) the protection of water resources, (2) the idea of a threshold that may affect socio-

ecological resilience, and (3) the necessity to respond to risks given imperfect information about water

resources with an emphasis on adaptive management.

Along with the evolution of thought regarding the relationships between humans, society and water

resources is the notion of scale of action and the increasing importance of global structures affect-

ing the water cycle. Water resources management is particular in that local management has global

impacts, while at the same time, local and global forces can constrain present and future local water

resources272. Increases in extreme precipitation events and localized droughts resulting from global

climate change103 can affect local water availability. Local flood or physical water scarcity can affect

local food production with consequences on global food prices. Likewise, inter-basin transfers, the ef-

fects of the global economy on water quantity and quality impose additional stresses on water resources

by actors that are not using local water resources directly. For instance, production and consumption

activities represent a large portion of hidden water use for trade, requiring an additional consideration

of water use efficiencies in distant watersheds110. This indirect water use (supply chain use, or water

use crossing a production to consumption boundary) has important consequences in consumption and

production activities, especially given that water withdrawals typically occur in stressed watersheds217.

The introduction of the WF concept in 2002119 brought to light an important connection between

production and consumption activities, and water resources. In its original definition, the WF quantifies

volumetric freshwater use of a product or a service by summing direct (or operational use) and indirect

(or supply chain use) water consumption117, thereby highlighting the link between the consumption of

products and the global water cycle114. The WF can address various aspects of SDG 12 such as: 12.2
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“achieve sustainable management and efficient use of natural resources”, 12.4 “achieve the environ-

mentally sound management of chemicals and wastes throughout their life cycle (. . . )”, 12.6 “encourage

companies (. . . ) to adopt sustainable practices (. . . )”, and 12.7 “promote public procurement practices

that are sustainable (. . . )258. When dealing with water specifically, the above goals then have repercus-

sions for other water related SDGs (e.g., SDG 6, SDG 14) depending on how the WF is determined.

There are currently two distinct and complementary approaches to the WF, each of which follows

specific steps with a focus either on water resources management or impact assessment29. The WF

has been described as a freshwater volume which can be compared to total sustainable limits within a

boundary following steps published by the WF Network117. In addition, the WF has also been referred

to as a freshwater volume or an environmental impact to be compared to a benchmark to illustrate

whether a product or activity is more or less sustainable111. When impact assessment is of concern,

the WF then follows the ISO 14046 standard127. Despite these differences in perspectives, these two

WF approaches make an important connection between the physical boundary of the natural resource

and the boundary of production systems that compose an integral part of the economy. Conclusions

from these WF approaches can then highlight actions that Society can take with respect to water uses.

However, most WF assessments are typically carried out following one of the two mentioned ap-

proaches without individually addressing the full scope of water resource decision-making. This chapter

seeks to combine the two main WF perspectives into one harmonized WF assessment. Rather than

focusing on parallel approaches as described by Boulay et al.29, I highlight the type of decision-making

that follows each assessment. I propose to associate WF decision-making into two groups associated

to two boundaries linked to distinct “domains”, based on the level of intervention that each decision car-

ries on the water cycle: (1) a physical boundary represented by the “Nature” domain with a focus on

water resources management, and (2) a production system boundary represented by the “Production”

domain, that is nested within the Nature domain but with a focus on water use and impact assessment in

production processes. I argue for a more integrated discussion around water resources decision-making

as they relate to different boundaries in the domains to differentiate actors and their specific actions in

the water cycle. The importance of complementarity between the main two WF approaches has already

been highlighted in the literature29; I extend this existing complementarity through a proposed harmo-

nized WF assessment. I first provide a description of the Nature and Production domains and their

considerations of water resources (Section 2.2) before describing how each domain is addressed by

distinct aspects of current WF approaches (Section 2.3). The proposed harmonized WF assessment

constitutes the framework for work presented in the remainder of the thesis.
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2.2 Nature, Society and Production domains

Water resources connect Nature and Production through Society. Society’s actions on water resources

affect the environment with feedbacks that are better identified than those of climate change166. Nature

is what is designated as containing the global hydrological cycle and water in all of its states (liquid,

solid and gaseous) and storage locations in the environment, whether natural (e.g., lake, aquifers) or

anthropogenic (e.g., reservoirs). Production is nested within Nature and encompasses activities that

are specific to humans, and are connected to the local and global economies. Production specifically

embodies agricultural and industrial production processes with the objective of making products that

are traded and consumed by Society. Society represents all human activities which connect Nature and

Production domains (Figure 2.1).

Society uses water resources directly (e.g., for drinking, cleaning, etc.), but also indirectly by con-

suming products and services through Production116 (Figure 2.1). For instance, while cotton irrigation

constitutes a direct water use in Production, this use can be embedded in a cotton t-shirt consumed

by Society to represent an indirect water use. Water that is withdrawn and not returned to the water-

shed due to evaporation during use, product integration, inter-basin transfers, or direct release into the

sea is considered consumed20. Water consumption is differentiated from water withdrawals which in-

clude return flows. These return flows typically accompany water use by Society with releases of water

back into Nature, often at a different quality than what was abstracted. Inflows of water into Society

are typically labeled as domestic water use, but also agricultural and industrial water uses when those

inflows enter Production, although detailed water statistics among sectors of the economy are often not

available108. Moreover, many strategies to reduce water use are promoted through campaigns that aim

to raise awareness on direct domestic uses, thereby leaving out important water saving strategies that

could be implemented in other areas of Society, such as Production. For instance, the global average

per capita WF of consumption was 1385 m3 y-1 in 1996-2005, of which 3.8% represented domestic

water uses114. Similarly, while companies and utilities may report their direct water use, water that is

indirectly consumed is often unreported145.

Water resources within the purviews of Nature, Production and Society domains (Figure 2.1) are the

focus of different academic fields of natural and social sciences, and engineering, each of which con-

sider distinct boundaries and require different skills for the study of water resources and water resources

management (Table 2.1). When exclusively considering the natural sciences and engineering, the study

of water in Nature typically means focusing on the natural water cycle traditionally represented by the
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connection of a variety of flows in the landscape. These flows have a range of magnitudes and residence

times that differ based on natural processes and physical and chemical states of water in the environ-

ment. As such, groundwater is only differentiated by its residence time, where “fossil” groundwater can

be thousands of years old compared to shallower aquifers containing “modern” groundwater94. Hydrol-

ogy, and more recently ecohydrology, is a primary field of study for water in Nature, which has been

expanding into fields within ecology or biology as implications of water resources on ecosystem quality,

functions and services require the consideration of incremental overlaps of hydrological processes with

other processes within Nature. Physiographic boundaries for the study of water in Nature typically relate

to a watershed within a river basin that includes monitoring stations, with water flows evaluated using

hydrological models and, more recently, remote sensing, to provide a detailed description of the water

cycle in space and time166. Typical research questions are often bound to the quantification of water

quantity and quality through in-situ data monitoring or field sampling to gather information for hydro-

logic models, or to test for effects of human activities such as agriculture, forestry and mining on the

landscape.

Water resource considerations change slightly when moving from Nature into Production. Water

flows are considered as inputs to and outputs from production systems that are designed by engineers

within the typical boundaries of a production facility, several interconnected factories and/or businesses

linked through the global supply chain116. The technical nature of processes in the Production domain

is dominated by the general field of engineering, where principal water concerns relate to efficiencies in

overall processes, as well as the output of production. Water may be viewed as an input into the produc-

tion system for the direct integration into a product, or as an input for the production of such a product

(e.g., cooling systems). Typical research questions are related to the improvement of the efficiency of

water use in the production system (e.g., water productivity of cropland irrigation) with the objective of

having greater production output per unit of water input in relation to management decisions or techno-

logical solutions. Improvements in efficiency can also include economic and environmental efficiencies

considering economic output and environmental impact per unit water input. Similarly, techniques re-

ducing the amount of waste released during production processes or treatment of effluent returning to

Nature are of concern. Typical research questions relate to engineering efficiencies of systems, as well

as recycling and reuse of water effluents, and the water quality of any return flows to Nature.

Society links both Nature and Production through water resources management and water gover-

nance. Water resources are often viewed as stocks (e.g., reservoirs, aquifers, rivers) connected through

flows which are managed to secure water availability for Society. While the natural sciences may focus
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on temporal water supply and demand, engineering focuses on water works for supply in relation to

local demand, with treatment plants or storm drainage management systems as a technological support

for meeting water quality objectives. Information gathered in Nature provides important data for water

resources management and the physical boundaries that might limit Production in a given geographic

location. Water use by Society is dictated by water management and governance structures which could

be limited by national or sub-national borders, municipal boundaries or hydrological units defined by the

water resource itself (e.g., watershed, aquifer). Typical research questions relate to future supply and

demand of water resources in a region considering scenarios that could include climate change effects

on the local hydrological cycle, or changes in local demand through population growth and economic

activity. These questions depend on data monitoring networks as well as hydrological models with a

focus on management.

The above described Nature, Production and Society domains are only a guide for what can be

considered to be typical descriptions of the water cycle for water resources management. With Produc-

tion being nested into Society, itself nested into Nature (Figure 2.1), we see a multi-layered structure

for water decision making focused on the Nature and Production domains according to their respective

system boundaries. In the Nature domain, boundaries are physical, while those of Production depend

on the production system and may involve several farm fields, factories and products located in different

geographic locations (Table 2.1). Water resources decision-making in Production therefore carries con-

sequences in Nature that operate through the more complex connections of the global economy. We

can use the nested relationship of Nature and Production domains to harmonize existing views about

the WF, described next.

2.3 Linking Nature and Production through Society with water

footprints

2.3.1 The volumetric water footprint

Since 2002, the WF has grown as a new research field by filling an important gap in knowledge and

connecting the boundaries between Nature and Production domains through the quantification of water

use for production and consumption processes113. The quantification of the WF in volumetric terms,

which I refer to here as the volumetric WF (VWF), represents the amount of freshwater consumed for

a production or consumption activity, focused specifically on liquid water (blue water) and soil moisture
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Figure 2.1: The relationships of water in Nature, Production and Society domains

Table 2.1: Main considerations for the Nature, Production and Society domains (Figure 2.1) with focus
on the natural sciences and engineering

Domain Fields Water cycle
interpretation

System
boundary

Water use

Nature Hydrology,
ecohydrology,
ecology, biology,
etc.

Flows and residence
times

River basin,
watershed,
landscapes

Environmental quality,
ecosystem services

Society Water resources
management,
water works,
engineering

In- and out-flows
between water stocks
and outflows back to
Nature

Country, state,
city, etc.

Direct agriculture,
industry and domestic
uses

Production Engineering Input to a production
system and output to
Nature

Field, factory,
global supply
chain

Direct use in
operations and
indirect use in the
supply chain
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regenerated by precipitation (green water), as well as water required to dilute a chemical or thermal pol-

lution load to background levels of water quality standards (gray water)117. Following initial discussions

about virtual water trade by Allan1, the VWF quickly gained traction in research. In particular, the VWF

has highlighted important trade connections of water intensive products through elucidation of the virtual

water trade network114, its evolution over time56 and economic aspects183.

The VWF is synonymous to a WF Inventory in the ISO 14046 standard127. This quantification step

relies on the analysis of a unit process considering the entire life cycle of the products and activities

entering the unit process, from resource use all the way to disposal or recycling105. This focus therefore

requires detailed knowledge about production systems in their entirety, which often means involving

several sub-processes (e.g., cooling, transportation, packaging), and carefully selecting what should be

included in the system under study and what could be considered a background process (e.g., energy

generation for the production process). The focus on production systems requires detailed databases

of product systems according to production processes and geographic locations such as the Ecoinvent

database (www.ecoinvent.ch) whose recent update includes detailed water information194. As such,

the VWF (or WF Inventory) focuses exclusively on the Production domain. Water is often treated as an

input to the production system (e.g., irrigation use for crop production) with a VWF typically expressed as

a volume per unit output (or known more generally as a functional unit following ISO 14044126), which

could be represented by a mass or economic output (e.g., m3 of water per tonne of crop, m3 of water

per dollar of output). The VWF (or WF Inventory) is the starting point of the two main WF approaches,

which I propose to harmonize here into one WF assessment considering the domain focus of each of

the following steps defined in Table 2.2: (1) Goal and scope definition, (2) VWF accounting, (3) VWF

assessment, (4) WF impact assessment, (5) VWF sustainability assessment, (6) policy decisions. I

emphasize here the differences in terminology used in this proposed assessment with previous steps

from Hoekstra et al.117 and ISO 14046127. These differences are described in detail below, as well as

other potential uses of the WF, especially in LCA, which can be more general in scope105.

2.3.2 The volumetric water footprint assessment

The VWF assessment follows the quantification of the VWF (or WF Inventory), and parallels what has

been described as water productivity (as the inverse of the VWF), a commonly used metric which has

been employed to highlight water efficiencies in agricultural production, and should include economic

efficiencies and multiple benefits of the production system93. The VWF assessment can highlight effi-

ciencies in the production system when compared to individual product VWF benchmarks158, but also
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global efficiencies in water consumption for production and consumption activities when considering vir-

tual water trade56. Virtual water trade analysis has been studied globally56,114, intra-nationally57,266, or

considering virtual water trade balances of countries68,232, and more recently, cities268 (for a full list of

studies, see Ercin et al.69) to highlight global water efficiencies based on differences in VWF of traded

products, while recognizing that trade decisions should not be focused exclusively on VWF113.

2.3.3 The water footprint impact assessment

The WF impact assessment (WFIA) relates to the field of LCA whose goal is to quantify environmental

impacts of production and consumption activities. The inclusion of water use in LCA emerged in 2008

with the proposal that water consumption and degradation activities carry environmental impacts that

should be quantified134. LCA is a scientific method which relies on the logical sequence of a cause-effect

chain that connects resource use to potential impacts from a production or organizational standpoint105.

Impacts are considered on a relative basis since real impacts often cannot be explicitly measured; rather,

LCA models rely on previous work in fields such as ecotoxicology, water chemistry or epidemiology to

derive models that quantify a level of impact with a resource use and emissions release. The WFIA is

but one step of a WF assessment as defined by ISO 14046127: (1) Goal and scope definition, (2) WF

Inventory, (3) WFIA, and (4) interpretation (following the terminology of the standard). In step 2, the

WF Inventory serves as a building block for characterization of impacts (using characterization factors)

which relies on models that can translate the volume of water consumed and pollution released during a

production or consumption activity into an explicit impact quantified per functional unit. These impacts

are expressed in terms of either mid-point impacts (e.g. eutrophication, acidification, etc.) or end-point

impacts classified within human health, ecosystem quality and natural resources. One can therefore

imagine an exhaustive suite of impact assessment models given the complexity of the effects that water

consumption and degradation may entail. For instance, Pfister et al.193 proposed three end-point impact

assessment models based on the effects of potential deprivation of water consumption on human health,

ecosystem quality and water resources. These models respectively express the effect of reduced water

availability on crop irrigation leading to potential nutritional losses, declines in net primary production

leading to environmental degradation, and water resources more generally leading to a rise in energy

demand for desalination193. Many other models have been proposed to describe impacts to human

health28,169 and environmental quality181 but overall model integration remains needed. Here, I use

WFIA to attribute the quantification of impacts as they relate to a well-defined functional unit linked to a

production system (e.g., 1 tonne of agricultural product, 10,000 hand dryings) representing the ultimate
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use of the product or activity of study within a well-defined production system boundary.

As such, and similarly to the VWF assessment, I focus theWFIA on the original product-based scope

in LCA related to the Production domain despite wider emerging LCA scopes recently proposed105. The

guiding standard are ISO 14044126, and ISO 14046127. ISO 14046127 provides principles, requirements

and guidelines on how to conduct such an assessment when considering water quantity alone (termed

“water scarcity footprint”), or when considering both water quality and quantity (termed “water availability

footprint”)127.

2.3.4 The volumetric water footprint sustainability assessment

Over the years, research focus on the quantification of VWF of single processes and activities has been

slowly replaced by the VWF sustainability assessment (VWFSA) aimed at assessing the sustainable

use of water resources113. This assessment is one step of a four step process guided by the manual

released by the WF Network117: (1) Goal and scope definition, (2) WF accounting, (3) WF sustainability

assessment, and (4) policy recommendation117 (following the terminology of the manual). In step 2,

the VWF serves as a building block to obtain the total water consumed within the system boundary,

defined either geographically (river basin, country, etc.) or within the boundaries of a business, and

include virtual water trade across the boundary113. However, the ultimate goal of the VWFSA is to

relate water consumption to maximum sustainable limits116. Thus, in step 3 of the assessment, the

sum of VWF of all processes and activities taking place within the study’s boundaries is compared to

water availability, which, in the case of blue water is defined as the natural runoff minus environmental

flow requirements117. While step 2 requires intimate knowledge of the Production domain (described

above), step 3 requires detailed knowledge from the Nature domain derived from the natural sciences for

a detailed picture of the watershed or river basin system, its ecosystems and vulnerabilities as they relate

to water quality and quantity in the region. As such, the VWFSA contextualizes what was focused on

the Production domain, but includes background information related to the Nature domain (Figure 2.1).

The assessment is mainly guided by the premise that the main issues of concern are the sustainable

and equitable use of water resources113 with implications on water resources management locally and

globally272. The VWFSA has provided information on the sustainability of water use in major basins of

the world114,159, with some indication of demand side management, such as the implications of diets

on water resources266–268. Solutions are aimed at guiding policy incentives to reduce VWF with the

intention of improving global water efficiencies without consideration of potential differences in water

availability among regions within the context of existing virtual water trade networks.
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2.3.5 Implications of the proposed harmonized water footprint assessment

Following the above descriptions, different WF assessments express different perspectives based on

whether the domain focus is on Production or contextualized within the Nature domain (Table 2.2). De-

spite many overlapping goals29, the development of the WF field has involved two main communities

represented by the WF Network (focused on the VWF assessment and the VWFSA), and the LCA com-

munity (focused on WFIA), with important academic debates mainly focused on how to consider water

scarcity89,112,115,195. Combining the perspectives into each domain focus reveals how all assessments

mentioned thus far could be combined into one harmonized WF assessment (Figure 2.2). First, the

VWF assessment as well as the WFIA are exclusively focused on individual actions on the production

system (micro level decision-making) and rely on the definition of the functional unit in the Production

domain. The information revealed by each assessment relates to individual process improvements in

water consumption and degradation or a reduction in potential impacts, meaning that solutions are in-

herently focused on the unit process. Quantified results obtained from VWF assessment or WFIA are

typically compared to results obtained for the same functional unit produced in a different context (e.g.,

soybean produced in one system compared to another) in order to highlight potential improvements in

environmental performance to the production system105,111. When seeking to scale up VWF assess-

ment or WFIA results to larger production quantities, values increase proportionally with the amount of

activity or process under study (e.g., a volume or impact per tonne of product is 1000 times large than

for 1 kg of product), and do not consider other activities or processes with different functional units in

the analysis.

The VWFSA requires a scale-up of the unit processes or activities within a defined boundary (e.g.,

river basin, country, business, etc.) to provide information on water use and degradation at a greater

scale (macro-level decision-making) and considering other processes111. In this context, which is out-

side Production but still part of the Nature domain, the VWFSA parallels other assessments as part of

the emerging Environmental Footprint Assessment field that is concerned with the human appropriation

of resources translated into quantified resource indicators (e.g., m3 of water, CO2 emitted, m2 of land)

to assess environmental pressure from human activities116. Sustainability limits have been expressed

in terms of Planetary Boundaries223, which for water represents 4000-6000 km3 y-1 according to Rock-

ström et al.224 with a limit of 1100-4500 km3 y-1 for blue water based on environmental flow requirement

considerations90. Current levels of green and gray WF have been estimated at 6700 km3 y-1 and 1400

km3 y-1 respectively, without however being associated with a sustainable limit116.

At least two main issues need to be mentioned regarding the proposed harmonized WF assessment:
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Figure 2.2: Proposed harmonized water footprint (WF) assessment and terminology combining ap-
proaches from the WF Network117 and life cycle assessment (LCA)126,127 within the Production and
Nature domains.
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Table 2.2: The harmonized water footprint (WF) assessment, step by step.

Stage Name Step

1 Goal and scope
definition

Define the objectives of the study, the functional unit and
geographic extent, the intended audience and how results
will be used. This step follows step 1 of current WF
approaches117,127

2 Volumetric WF, or
WF Inventory

Calculate the amount of water consumed (and polluted)
for the unit process under consideration. Water resources
are defined in terms of green and blue water which are
accounted separately.

3 Volumetric WF
Assessment

Compare results of stage 2 to a geographic benchmark
with similar technology and identify possible water savings
to improve the efficiency of water use in the production
system.

4 WF Impact
Assessment

Characterize results from stage 2 using a factor that
translates the water consumed (and polluted) into a
quantifiable potential impact using characterization
factors. Compare these impacts to a benchmark for a
similar product, or the same product in a different
production system or geographic region to identify
improvements in the production system. This step follows
the ISO 14044126 and ISO 14046127 standards.

5 Volumetric WF
Sustainability
Assessment

Add volumetric WFs of all unit processes (separating
green from blue) within a geographic extent or business
network and compare to water availability (green and blue)
to identify allocation of water resources within the study
boundary. This step follows the WF Network manual117.

6 Policy decisions Integrate findings from stages 3 to 5 and provide
recommendations for the production system (per
functional unit, from stages 3 and 4) and the geographic
extent (from stage 5). Conflicting decisions should be
highlighted with potential cost and benefit analysis.
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the normalization of language in both Nature and Production domains, and the consideration of water

scarcity. As it stands today, WF practitioners use different language based on whether their work fo-

cuses primarily on the Nature or Production domains (Table 2.3), reflecting the main fields associated

with each assessment (Table 2.1). The most common difference, which has led to miscommunication

between the WF communities, relates to the use of the term “flow”. In the Nature domain, this term

is synonymous to what is used in hydrology and water resources management as a transfer of water

between hydrological stocks (Table 2.1). For instance, the consumption of soil moisture through ET for

the agricultural production of cotton represents a flow of water from the biosphere to the atmosphere.

However, in the Production domain, a “flow” refers to inputs to and outputs from a production system.

Water resources are seen therefore as an “input from nature” entering the production system with an

“output to nature” represented by a reduction in water availability (or an amount of water released at a

different quality than that which entered the production system), with potential consequences on human

health and the environment. Following the cotton example above, soil moisture therefore represents

a flow into the cotton production system, with a release to the atmosphere. Knowledge of such differ-

ences and terms are important to improve communication between WF communities when combining

assessments into one harmonized WF assessment.

Secondly, the debate about water scarcity and how to represent it in either absolute or relative terms

is a major point of disagreement between the WF Network and LCA communities, and whether water

scarcity should be “weighted”112,195, which also reflects the focus of the primary domain (Production

and Nature) in the respective analyses. The “weight” of water scarcity emerged with the premise that

water availability should reflect local geographical realities of water stress in order to quantify different

environmental impacts with production activities. Pfister et al.193 used a water scarcity index (spanning

from 0, or no stress, to 1, full stress) as a weighting factor to estimate end-point impacts to human health,

ecosystem quality and natural resources. Similarly, the more recent water stress indicator for Available

WAter REmaining (AWARE)31 presents an updated version of this index by providing a quantification for

the amount of water remaining in a basin (or a country) after human and ecosystem demands have been

met. In fact, these so-called “stress indicators” or “weighting factors” are analogous to characterization

factors in a WFIA. This approach is therefore fundamentally different than the VWFSA derived scarcity

index whose focus is on the sustainable limits in the Nature domain through a macro-analysis, with no

reference to any functional unit.

23



Table 2.3: Summary of considerations of the main stages in the harmonized water footprint (WF) as-
sessment (Table 2.2)

Stage 2. Volumetric WF
assessment

3. WF impact
assessment

4. Volumetric WF
sustainability
assessment

Guiding approach in
this thesis

None specified ISO 14046127 WF Network manual117

Basis for analysis Unit process or activity Unit process or activity Sum of unit processes
and activities with a
boundary defined in the
“Goal and Scope
definition” stage

Consideration for
analysis of water
consumed

Efficient use of water in
the process or activity

Effects of water
consumption and
degradation on human
health and the
environment

Comparison of total
water use compared to
sustainable limits
expressed by water
availability

Primary domain
focusa

Production Production Nature

Main objective Improve global or local
water efficiency per unit
process or functional
unit

Reduce local
environmental impacts
per unit process or
functional unit

Ensure sustainable and
equitable use of water
within global limits

Policy directives Identify water use
efficiencies in
production systems
based on comparative
assertions

Identify environmental
impact hotspots based
on local water scarcity
and quality

Identify water resource
use efficiencies and
improve sustainable
water resources
management

Comparative
assessment

Benchmark of water
use per unit process or
functional unit

Comparison of
environmental
performance per unit
process or functional
unit

Comparison of water
consumption with water
availability

Language Related to systems
analysis and the
description of
production system
modeling

Related to systems
analysis and the
description of
production system
modeling

Related to hydrology
and the description and
measurements of
natural processes

aSociety is expected to be influential on both Nature and Production domains

24



2.4 Conclusion

The harmonized WF assessment can now be used in SAM following the steps described above (Table

2.2) represented by the individual chapters of this thesis. First, I carry out a VWF assessment following

VWF measurements of cropland (Chapter 3), and VWF modeling of cattle (Chapter 4) in SAM. Then, I

focus on decision-making for water resources management in the Xingu Basin of Mato Grosso after car-

rying out a VWFSA of the basin (Chapter 5), before finally returning to the Production domain by looking

at WFIA of both cropland and cattle in the Xingu Basin of Mato Grosso (Chapter 6). The conclusion of

this thesis (Chapter 7) integrates all results and formulates policy responses based on results from the

individual phases of the harmonized WF assessment.
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Chapter 3

Measuring the Volumetric Water

Footprint of Crops through Water

Productivity

3.1 Introduction

Brazil has been the center of international attention for its rapid increase in agricultural production. Be-

tween 1990 and 2015, the total area planted to non-perennial crops increased from 46Mha to 71Mha121,

mostly driven by commodities such as soybean, maize, and sugar cane which, together, represent 90%

of cropland area63. As the leading crop, soybean production almost tripled from 20 Mtons produced on

12 Mha of land in 1990121 to an estimated 104 Mtons produced on 34 Mha of land in 2017261, making

Brazil the second largest producer in the world closely behind the United States (117 Mtons in 2016)262.

To increase its agricultural output, Brazil has historically relied on both land use change and increases

in yields63. Soybean cropping areas have increased from southern to northern Brazilian states into the

Cerrado and Amazon biomes18,63,239, and soybean yields almost doubled from a mean national yield

of 1.7 ton ha-1 in 1990 to 3.0 ton ha-1 in 2015121.

SAM is the largest producing soybean region in Brazil, with production concentrated in the state

of Mato Grosso and its Amazon and Cerrado biomes (Figure 1.1) with a predominance of Oxisols in

the region150. Agricultural expansion has been more evident in this region with the rapid conversion

of humid tropical forest and savanna landscapes into soybean and pasture, both of which have been

produced almost exclusively under rain-fed conditions18,148. At the same time, the rapid growth of double

cropping systems (i.e., two crop cycles per year within the same field) has allowed further intensification

of agricultural output by planting maize, cotton or rice immediately after the soybean harvest to take

advantage of the end of the wet season11. Maize cultivation as a second annual crop expanded rapidly
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in Mato Grosso between 2001 and 2011, with total area increasing from 0.5 Mha to 2.9 Mha during this

period245.

Research on the impacts of SAM’s changing land use and land cover has largely focused on dy-

namics between agricultural production and deforestation18,97,148, indirect land use change dynamics

between soybean and pasture expansion10, as well as regional greenhouse gas emissions from de-

forestation83,84 linked to agricultural output129,179,283. In addition, land use change effects on the local

water cycle have been described in relation to impacts to water quantity63 and quality173,220, stream tem-

peratures149, regional scale effects on water yields38, and water vapour flows to the atmosphere141.

Forest-to-cropland and forest-to-pasture transitions are typically accompanied by a drop in landscape

ET, which, when accumulated across the landscape, can reduce water vapour transfers to the atmo-

sphere141,238. This change in atmospheric feedback can in turn affect surface temperatures200,238, as

well as regional precipitation recycling15, with potential effects on natural ecosystems and rain-fed agri-

culture59,184. Changes in regional ET with land use change have been quantified at the multi-state,

state and river basin levels138,238,246. Lathuillière et al.138 found that tropical forest contributions to total

ET in Mato Grosso dropped 10% between 2001 and 2009 (from 593 km3 y-1 to 474 km3 y-1), with total

cropland ET returning about 180 km3 y-1, or 15% of all water vapour flows to the atmosphere in 2009.

Direct field measurements of ET are still lacking in SAM, especially for cropland and pasture. Re-

search efforts in the 1990s led to an initial network of eddy covariance towers in Brazil to be installed to

measure carbon and water fluxes in natural ecosystems of the Amazon biome53,54,98,120,130,151; this net-

work has since expanded to other biomes in SAM226,274. Such direct ET measurements can elucidate

the effects of modeling assumptions on modeled ET already achieved for tropical forest vegetation43

which should be repeated for cropland and pasture. However, no direct ET measurements have been

published to date to evaluate the magnitude of and controls on ET for typical agricultural systems in the

region, and potential differences between rain-fed and irrigated systems.

In this study, we used eddy covariance to measure cropland ET with a micrometeorological tower lo-

cated between two adjacent fields (rain-fed and irrigated) with three objectives: (1) to provide a detailed

water balance of SAM cropland containing soybean, (2) to measure crop characteristics and crop coef-

ficients for crop modeling purposes, and (3) to explore differences in crop transpiration and productivity

with irrigation practices through crop modeling. In addition to providing key observations for future land-

atmosphere and crop models, our results provide insight into differences between current agricultural

production based on rain-fed cropland with potential future production practices using irrigation.
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3.2 Materials and methods

3.2.1 Site description

The research site consists of a seven-meter tall micrometeorological tower installed at Capuaba farm

(13° 17’ 15.036” S, 56° 05’ 17.354” W, 427 m altitude) in the municipality of Lucas do Rio Verde, Mato

Grosso (Figure 3.1). The 1500 ha farm is located in the Cerrado biome and was established in the

late 1980s after clearing natural vegetation. The farm produces soybean (Glycine max) as the primary

crop, and maize (Zea mays) as the secondary (or double crop), but also produces rice (Oryza sativa)

and bean (Phaseolus vulgaris) as well as other cover crops based on the time of year (e.g., Brachiara

ruziziensis). General farming practices consist of minimizing soil disturbance through direct seeding (or

no-tillage) and the use of a wide variety of cover crops that change annually. Soil at the site is a red-

yellow latosol (Haplustox) with a clay texture average of 59.4% clay, 29.4% silt and 11.5% sand over the

0-0.20 m depth following Embrapa-CNPS67. The soil pH is 5.4 (in water, sampled in March 2017) with

an average organic matter content of 26.38 g dm-3 (0-0.20 m depth, sampled in March 2017), and an

average soil bulk density of 1.09 g cm-3 (0-0.18 m depth, sampled in April 2017). Data from the closest

meteorological station located in the municipality of Diamantino, Mato Grosso (14° 40’ S, 56° 27’ W)

showed a 1999-2011 average precipitation of 2144 mm y-1 separated into a wet season (October-April,

1982 mm) and dry season (May-September, 162 mm) with occasional cold fronts coming from the south

in the austral winter when temperatures can temporarily drop to 16 °C, well below the mean annual

temperature of 26.7 °C124,139

The micrometeorological tower (hencefourth the “Soyflux” station) was positioned on flat terrain adja-

cent to three fields under different management and crop rotations (Figure 3.1, Table 3.1): “Rainfed-1” lo-

cated north-east of the tower is the main rain-fed field where soybean is typically planted at the beginning

of the rainy season and double cropped with maize following the soybean harvest; “Rainfed-2” is located

immediately north north-east of the tower and is closest to the station where soil and spectral sensors

were installed with similar rotations as in Rainfed-1; “Irrigated” is a 136 ha field equipped with a central

pivot irrigation system located south-west of the station in which soybean is typically planted ahead of

the rainy season, followed by rice and bean in the dry season. Crops were generally planted 0.05-0.06 m

(soybean), up to 0.30 m (maize) apart in 0.50 m separated rows resulting in about 67,000-400,000 plants

ha-1depending on the crop. Crops planted in the Irrigated field were only provided with irrigation in the

dry season and until the onset of the wet season (September-October), while during the rest of the year,

crops in the Irrigated field were rain-fed as in the Rainfed-1 and Rainfed-2 fields. The Soyflux station (see
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Figure 3.1: Location of the Soyflux site of Capuaba farm in Lucas do Rio Verde, Mato Grosso, Brazil.
The inset shows the state of Mato Grosso with the location of the municipality of Lucas do Rio Verde.
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Table 3.1: Management and crop rotations at the Soyflux site of Capuaba farm (Figure 3.1).

Field Crop Planting date Harvest date Days Variety

Rainfed-1 Soybean 28 Oct 2015 11 Feb 2016 106 TMG1180 RR
Maize 13 Feb 2016 13 Jul 2016 151 MG652 PW
Brachiara 14 Jul 2016 4 Oct 2016 82
Soybean 5 Oct 2016 4 Feb 2017 122 M8372R Ipro

Rainfed-2 Soybean 8 Oct 2015 1 Feb 2016 116 NS7901 RR
Maize 20 Feb 2016 15 Jul 2016 146 MG652
Soybean 6 Oct 2016 17 Jan 2017 103 NS7901 RR

Irrigated Soybean 29 Sep 2015 13 Jan 2016 106 M8210 Ipro
Rice 1 Feb 2016 30 Apr 2016 89 Ana 8001
Bean 14 Jun 2016 22 Sep 2016 100 Anfc 9
Stubble 23 Sep 2016 29 Sep 2016 6
Soybean 30 Sep 2016 4 Feb 2017 127 M8372 Ipro

Figure A.1, Appendix A) was equipped with soil, radiation and canopy sensors alongside an eddy covari-

ance system with continuous data collection between 18 September 2015 and 4 February 2017 (includ-

ing two soybean harvests). This time period comprises one El Niño (2015-2016) and one La Niña cycle

(2016-2017). All sensors (Table 3.2) were connected to a CR1000 datalogger equipped with an AM416

relay multiplexer (Campbell Scientific Inc., Logan, Utah, USA) with measurements taken every 30 s and

averaged on a half-hourly basis. Additional information on the Soyflux site can be found on the AmeriFlux

website (site BR-CMT): http://ameriflux.lbl.gov/sites/siteinfo/BR-CMT#overview.

3.2.2 Crop and canopy monitoring

Crop height was monitored for two purposes: (1) to mathematically adjust the displacement height for

flux calculations, and (2) to complement the development cycle observations of soybean and maize

crops. Crop height was measured with a tape measure (± 0.01 m accuracy) during regular field site

visits to derive linear models to infer daily displacement heights in the Rainfed-1 and Irrigated fields.

To track the development cycle of both soybean and maize, the crop height in the Rainfed-2 field was

monitored hourly (from sunrise to sunset) using an automated camera system consisting of a Hero 4

Camera (GoPro Inc., San Matero, CA, USA) connected to an Arduino Nano microcontroller (Arduino,

https://www.arduino.cc). The camera was aimed at a 2 m tall pole positioned vertically in the

camera’s field view (Figure A.1). The pole was marked every 0.25 m starting from the ground to estimate
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Table 3.2: Soyflux station equipment and the respective fields (Rainfed-1, Rainfed-2, Irrigated) that they
monitor (see Figure A.1, Appendix A).

Parameter
(Accuracy)

Name/model Manufacturer Height/Depth
(m)

Field(s)

CO2/H2O concentration
(1%)

LI-7500A LI-COR
Biosciences,
Lincoln, NB, USA

3.70 Rainfed-1, Irrigated

Wind speed (0.05 m s-1) 81000 R.M. Young,
Traverse City, MI,
USA

3.70 Rainfed-1, Irrigated

Air temperature (0.3 °C),
relative humidity (4%),
precipitation (5%),
atmospheric pressure
(≤ 1 hPa), wind direction
(0.3 °), wind speed
(0.3 m s-1)

WXT520 Vaisala Inc.,
Helsinki, Finland

3.40 All

Net radiation
(5%, directional error)

NR Lite-2 Kipp & Zonen,
Delft, the
Netherlands

2.90 Rainfed-2

NDVI (10%) SRS Decagon Devices
Inc., Pullman, WA,
USA

2.90 Rainfed-2

Incoming shortwave
radiation (5%)

LI-200x-L LI-COR
Biosciences,
Lincoln, NB, USA

2.20 All

Photosynthetically active
radiation (photon flux)
(5%)

LI-190SA
Quantum

LI-COR
Biosciences,
Lincoln, NB, USA

2.20 All

Soil heat flux (5-15%,
self-calibrating)

HFP03 Hukseflux, Delft,
the Netherlands

−0.08 Rainfed-2

Soil heat flux TEM UBC Biomet Group −0.08, −0.08,
−0.08

Rainfed-2

Water potential (25%),
temperature (1 °C)

MPS2 Decagon Devices
Inc., Pullman, WA,
USA

−0.05, −0.10,
−0.30, −0.60

Rainfed-2

Volumetric water content
(0.03 m3 m-3),
temperature, conductivity
(1 °C)

GS3 Decagon Devices
Inc., Pullman, WA,
USA

−0.05, −0.10,
−0.30, −0.60

Rainfed-2
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crop height from the GoPro pictures. Daily captures of the crop height were then validated with a ruler

during field visits, with camera height estimates determined with a rough accuracy of ± 0.05 m. A general

description of the crop height measurements and models used to infer crop height are detailed in Table

A.1 and A.2 and Figures A.2 and A.3 in Appendix A.

The crop development cycle was separated into stages following phases proposed by Food and Agri-

culture Organization (FAO) guidelines2: initial, development, mid-season and harvest. These phases

are characterized by both crop development stages and crop height: (1) the initial stage begins at plant-

ing and extends to shoot emergence, (2) the development stage spans from shoot emergence to the

crop’s maximum height, prior to flowering, (3) the mid-season stage includes flowering, yield formation

and ripening when the crop maintains maximum height, (4) the end period begins when the crop enters

senescence and ends on the day the crop is harvested. This information was complemented using Nor-

malizedDifference Vegetation Index (NDVI). NDVImeasurements consisted of an upward and downward

pointing pair of spectral reflectance sensors (SRS-NDVI, Decagon Devices Inc., Pullman, Washington,

USA) installed for the 2016 crop development cycles at a height of 2.90 m. The downward facing sensor

was pointed towards the soybean and maize canopies in the Rainfed-2 field. Additional leaf area index

(LAI) measurements were made during field visits through differential photosynthetically active radiation

measurements above and below the crop canopy using an AccurPAR ceptometer (Decagon Devices

Inc., Pullman, Washington, USA). These data were measured exclusively on sunny field days and used

for additional interpretation of the NDVI data.

3.2.3 Eddy covariance data processing

Themicrometeorological instrumentation for making eddy covariancemeasurements comprised aModel

81000 ultrasonic anemometer (R.M. Young Company, Traverse City, Michigan, USA) installed on the

tower alongside an open-path Model LI-7500A CO2/H2O infrared gas analyzer (LI-COR Biosciences,

Lincoln, Nebraska, USA) connected to a Model LI-7550 analyzer interface unit (LI-COR Biosciences,

Lincoln, Nebraska, USA) (Figure A.1, Appendix A). The ultrasonic anemometer and infrared gas ana-

lyzer were installed 3.70 m above the ground and provided raw data measurements at half-hour intervals

with an acquisition frequency of 20 Hz (Table 3.2). The LI-7550 analyzer interface unit used embed-

ded software (version 7.3.1, upgraded to 8.0 in 2016) to organize the raw data collection, prior to the

flux calculations and initial data quality control steps in EddyPro® software (version 6.2.0) (LI-COR Bio-

sciences, Lincoln, Nebraska, USA). Raw data processing in EddyPro® included flux calculations over

half-hourly intervals with spike removals following Vickers and Mahrt271 before applying flux corrections
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including coordinate rotation of the ultrasonic anemometer, correcting for the separation between the

ultrasonic anemometer and infrared gas analyzer measurements, and correcting for the density effects

due to heat and water vapour transfer275. Given the rapid change in the height of the crop canopy

during a crop’s development cycle, a dynamic displacement height was input into EddyPro® following

linear models based on field observations along with information on planting dates (Tables A.1 and A.2,

Appendix A).

The half-hourly calculated flux measurements were then selected based on quality control flags,

precipitation events, and wind direction to provide a time series of ET for both Rainfed-1 and Irrigated

fields (no data was selected from the Rainfed-2 field). Quality control flags of 2 from Foken et al.78

(derived in EddyPro®) were removed from the time series as well as flux measurements made during

precipitation events detected by the meteorological station, and fluxes measured during low turbulence.

The remaining measurements were then selected based on wind direction by assigning the 0-150°

window to the Rainfed-1 field, and the 150-320° window to the Irrigated field. Low turbulence fluxes

were removed based on friction velocity (u* < 0.081 m s-1 in Rainfed-1 and u* < 0.072 m s-1 in the

Irrigated field, and u* < 0.99728 m s-1for nighttime fluxes only); these thresholds were determined using

the online tool for eddy covariance gap filling and flux partitioning available from the Max Planck Institute

(http://www.bgc-jena.mpg.de/~MDIwork/eddyproc/index.php). Resulting data coverage

following exclusions related to quality control and turbulence below the u* threshold represented 36%

of total measurements. Given the data selection based on wind direction, a flux measurement in the

Rainfed-1 field automatically generated a data gap in the Irrigated field, and vice versa, each of which

required filling (see Section 3.2.4). A total of 4103 (16.8%) and 4559 (18.8%) half-hourly measurements

were assigned to the Rainfed-1 and Irrigated fields, respectively.

Data quality was assessed by determining the energy balance closure of the half-hourly measure-

ments of sensible (H) and latent heat (LEmeas) fluxes obtained for both Rainfed-1 and Irrigated fields

assuming similar net radiation (Rn) and ground heat flux (G) as measured in the Rainfed-2 field (see

Figures A.4 and A.5 in Appendix A). There, G obtained as the sum of flux measured by soil heat flux

plates at the 0.08-m depth and the rate of change in heat storage in the soil layer between the surface

and the 0.08-m depth estimated using the soil temperature measured at the 0.05-m depth using the

MPS2 (Decagon Devices Inc., Pullman, Washington, USA) (Table 3.2). Over the measurement period,

energy balance closure (30-min data) was 61% in the Rainfed-1 field (LEmeas + H = 0.61(Rn − G) +

32.14, R2 = 0.75) (Figure A.4) and 82% in the Irrigated field (LEmeas + H = 0.82(Rn − G) + 17.16, R2 =

0.87) (Figure A.5). Final values of daily ET were calculated from gap-filled and energy balance closure

33

http://www.bgc-jena.mpg.de/~MDIwork/eddyproc/index.php


corrected latent heat flux (LE) (see Section 3.2.4).

3.2.4 Eddy covariance latent heat flux gap-filling

Missing values of LEmeas were gap-filled with calibrated values of the Priestley-Taylor203 α following

Vourlitis et al.273,274. Gap-filling was performed in three steps: (1) we derived a range of mean Priestley-

Taylor α coefficients (αlow -αhigh) obtained by summing systematic and random errors, respectively from

the variability in mean α and the lack of energy balance closure274, (2) we gap-filled αlow and αhigh

coefficients according to periods of missing data or equipment failure, and (3) we used the range of α

coefficients to gap-fill LEmeas and ET by providing a range of values obtained from the range (αlow -αhigh)

which we interpreted as a confidence interval. First, we derived a range of Priestley-Taylor α coefficients

as the sum of systematic and random errors from the eddy covariance measurements. The Priestley-

Taylor equation relates measurements of LEmeas with those of Rn and G203

LEmes = αmes
Δ

Δ+ γ
(Rn−G) (3.1)

where LEmeas (W m-2) is the measured latent heat flux, Rn (W m-2) is the net radiation, G (W m-2) is the

ground heat flux, Δ (kPa °C-1) is the slope of the saturated vapour pressure versus temperature curve,

γ (kPa °C-1) is the psychrometric constant, and αmeas (dimensionless) is the parameter obtained from

LEmeas (as either αlow or αhigh). Values of the α coefficient typically range from 0.40 to 1.2 based on water

availability, and changes in vegetation surfaces (e.g., canopy conductance and surface roughness)273.

We performed linear regressions of LEmeas against Δ
Δ+γ (Rn−G) on the half-hourly data obtained from

the Soyflux station (combining daytime and nighttime data) over daily (n = 48) and weekly (n = 336)

periods to obtain mean values of αmeas and a corresponding 95% confidence interval (from regression

statistics) for each period by forcing the regressions through the origin (see Figure A.6). Wind direction

was used to obtain separate α coefficients from LEmeas measured in Rainfed-1 and Irrigation fields. Val-

ues of LEmeas obtained during and immediately following rainfall events (up to 1.5 hours) were removed

to prevent bias in the values of αmeas during periods of combined surface saturation and high cloud

cover. Values of αmeas derived from either too little data (n < 5 for daily data), too few daytime values (n

< 3), or poor correlation (R2 < 0.50) were not retained as reliable coefficients. For both daily and weekly

data, single values of mean αmeas missing in the time series were interpolated with values before and

after the gap following Vourlitis et al.274. Greater gaps were filled using weekly data and the relationship

between α and soil volumetric water content (see below).
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The low values of the daily α coefficients (αlow ) were obtained as αmeas minus half of the 95% confi-

dence interval obtained from the linear regressions. The high values of daily α coefficients (αhigh) were

obtained from a sum of a correction to LEmeas for energy balance closure plus half of the 95% confidence

interval. To correct LEmeas for lack of energy balance closure, we followed Barr et al.19

LE∗ =
LEmes(Rn−G)

H+ LEmes
(3.2)

where LE* (Wm-2) is the latent heat flux after forcing energy balance closure. Coefficients obtained from

LE* (as α*) were obtained through linear regression following equation 3.1 and using LE* . The final range

of α coefficients (αlow -αhigh) represents a confidence interval which was used to gap fill missing values

of LEmeas.

Values of daily mean α may be missing in the time series due to either missing values of H, or the

selection process of a reliable daily α when applying equation 3.1. Missing values of daily α were gap-

filled with weekly values of α. In cases where gaps were greater than one week (as in September and

October 2015, and January 2017), we use a relationship of α as a function of daily mean soil volumetric

water content (θ) at 0.30 m to derive the (αlow -αhigh) range during those periods. Linear regressions

were αlow = 2.42θ (R2 = 0.49) and αhigh = 3.95θ + 0.02 (R2 = 0.46) (Table A.4). The remaining 19-point

gap in the Rainfed-1 field (September-October 2015) was filled using daily mean θ at 0.05 m to derive

(αlow -αhigh) (as the only available sensor measurements in that time period) (Table A.4). The above

procedure allowed for a full time series of α in the Rainfed-1 field (Figure A.7). Data in the Irrigated field

could not be fully gap-filled in October 2015 due to differences in soil moisture between the Rainfed-2

and the Irrigated field with irrigation schedules. Gap-filled values of LEmeas were in agreement with the

measurements in both fields (Figure A.8, Table A.5). Gap filled values of LEmeas using αlow and αhigh

were then converted to ET and summed over the day (n = 48) to provide a confidence interval for daily

ET (mm d-1).

3.2.5 Soybean and maize crop coefficients and crop canopy conductance

Daily cropland ET measurements obtained from the Rainfed-1 and Irrigated fields were first used to

obtain crop coefficients, prior to extracting crop canopy conductance in both fields. Crop coefficients

have been used extensively for crop water modeling, and specifically for the calculation of irrigation

requirements following FAO guidelines2 described in equation 3.3 under the conditions that crop water
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requirements are fully met,

KC, =
ETC,

ET0,
(3.3)

where KC,i (dimensionless) is the crop coefficient defined for day i in the crop development cycle, ETC,i

is the crop ET (mm d-1) on day i, and ET0,i (mm d-1) is the reference ET on day i. Values of ET0 were

calculated based on the Penman-Monteith equation2 considering well-watered short grass of 0.12-m

height with an albedo of 0.23, in neutral stability conditions, and a surface conductance of 0.020 m s-1

(or surface resistance of 50 s m-1) and 0.011 m s-1 at night (900 s m-1)3,191 as follows

ET0 =
1
λΔ(Rn−G)+ 18.60 γD

T+273.152

Δ+ γ(1+B2)
(3.4)

where ET0 is expressed in mm per 30-min period, Rn− G are in MJ m-2 30 min-1, λ (MJ kg-1) is the

latent heat of vapourization, T (°C) is the air temperature, u2 (m s-1) is the wind speed measured at the

2-m height, D (kPa) is the vapour pressure deficit, and B (dimensionless) is the ratio of aerodynamic

to surface resistance (0.24 during the day; 0.96 at night)191. Values of ET0 were first calculated on a

half-hourly basis using meteorological data from the Soyflux site, and then summed on a daily basis

(daytime and nighttime). Given that ET0 is meant to represent the theoretical grass crop, the values of

Rn and G cannot be the measured values above and below the crop canopy given the differences in

surface albedo and crop cover throughout the year. We therefore model values of Rn and G following

recommendations of Allen et al.2 through energy balance equations (see Section A.4).

We also calculated canopy conductance from the Penman-Monteith equation as follows102,167

gc = g

�

Δ(Rn−G)+ ρcpDg
γLE

−
Δ

γ
− 1

�−1

(3.5)

where gc (m s-1) is the bulk observed canopy conductance, ρ (kg m-3) is the density of air, cp (J kg-1

°C-1) is the specific heat of air at constant pressure, and ga (m s-1) is the aerodynamic conductance and

is calculated using Malhi et al.151

g =

�



2∗
+

1

k∗

�

ln
�

zoM

zoH

�

+ΨM−ΨH
�

�−1

(3.6)

where u (m s-1) is the wind speed measured by the sonic anemometer, u* (m s-1) is the friction velocity,

k (0.4) is the von Karman constant, zoM and zoH (m) are the roughness lengths for momentum and

heat, respectively, and are equal to 0.1h and 0.02h (with h, the crop height in m), and ΨM and ΨH
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(dimensionless) are the integral diabatic correction factors for momentum and heat, respectively. These

correction factors depend on the atmospheric stability ζ defined as follows35,81

ς=
−0.4g(z− d)H

ρcp (T+ 273.15)3∗
(3.7)

forς < 1,ΨH = ΨM = 6ln(1+ ς) (3.8)

forς > 1,ΨH = −2ln
�

1+
p

1− 16ς

2

�

,ΨM = 0.6ΨH (3.9)

where g (9.81 m s-2) is the gravitational constant, z (m) is the measurement height, and d (m) is the

zero plane displacement. In cases where H was not measured at the site due to equipment failure, we

calculated ga from the first term in equation 3.6 or
�

−2∗

�−1
only. Mean values of gc were obtained

considering mean LE values obtained from gap-filling using the range (αlow -αhigh).

All data filtering and calculation steps were performed using R Statistical Software207 (v.3.4.0) in R

Studio (1.0.143) and packages openair 37, zoo284, Hmisc 101, and graphs generated with ggplot2 276,

grid 207, gridExtra13, and scales277.

3.2.6 Water productivity assessments

Soybean and maize data obtained in the Rainfed-1 field (ET, yield), and the Rainfed-2 field (soil water

content) were used to calibrate FAO’s AquaCrop model v.6.0 (http://www.fao.org/land-water/

databases-and-software/aquacrop/en/) to separate crop evaporation and crop transpiration

(measured together as ET in the field) and to explore changes in crop transpiration and water productivity

(WP) with planting dates and irrigation schedules. Crop WP is defined as the ratio of harvested crop (kg)

to the volume of ET (or grain yield (kg m-2) divided by ET (m)) over the course of the crop development

cycle93, and was calculated for all crops from ET measurements and grain yield reported by the farmer.

Crop modeling through AquaCrop is based on the relationship between water and harvested grain yield

to estimate ET through the crop development cycle using a soil water balance249. Input data required for

AquaCrop include: meteorological data, crop parameters, soil information (e.g., permanent wilting point,

field capacity), and field management practices (Table A.6). The AquaCrop calibration step requires

defining the extent of the canopy cover, the crop development cycle from field observations for major

stages (shoot emergence, flowering, senescence), as well as soil characteristics. The model was then

validated using NDVI (as a proxy for canopy cover), soil water content, ET and yield results to match WP

in Rainfed-1 for both soybean and maize (Table A.7). The validated models were then used to estimate
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Table 3.3: Evapotranspiration (ET) and precipitation in both Rainfed-1 and Irrigated fields. ET results
are provided with a confidence interval obtained using values of Priestley-Taylor α (αlow -αhigh).

Period Rainfed-1 ET Irrigated ET Precipitation
mm period-1 (mm d-1)

18 Sep 2015 - 4 Feb 2017 (all data) 1265 ± 294
(2.50 ± 0.58)

1411 ± 181
(2.79 ± 0.36)

3099

18 Sep 2015 - 17 Sep 2016 (annual) 800 ± 187
(2.19 ± 0.51)

981 ± 119
(2.69 ± 0.33)

1839

1 Nov 2016 - 31 May 2016 (wet) 597 ± 138
(3.88 ± 0.90)

628 ± 83
(4.08 ± 0.54)

1463

1 Jun 2016 - 31 Aug 2016 (dry) 93 ± 23
(1.02 ± 0.25)

243 ± 22a
(2.67 ± 0.24)

111

1 Oct 2015 - 31 Oct 2015 (dry month) 55 ± 15
(1.83 ± 0.50)

NAb 168

aIrrigation estimated at 118 mm; bNot calculated due to unfilled gap in the data

crop transpiration and WP using different soybean planting dates and assuming maize was planted one

week after the soybean harvest: 28 September 2015, 28 October 2015, 1 September 2016, 1 October

2016 and 1 November 2016.

3.3 Results

3.3.1 Cropland evapotranspiration of rain-fed and irrigated fields

Total cropland ET was 1265 ± 294 mm and 1414 ± 181 mm for the Rainfed-1 and Irrigated fields, respec-

tively, considering all crops and short periods between harvests and planting between 18 September

2015 and 4 February 2017 (Table 3.3). During this period, average air temperature was 24.9 °C (sd =

4.4), and total precipitation (P) was 3099 mm leading to values of ET/P equal to 0.41 in the Rainfed-1

field. When considering one full year of cropland in both fields (18 September 2015 to 17 September

2016), total ET was 800 ± 187 mm y-1 and 981 ± 119 mm y-1 in the Rainfed-1 and Irrigated fields, with

1839 mm y-1 of precipitation (Table 3.3). The ET0 for the time period was 1830 ± 493 mm y-1 (Figure

3.2), resulting in an annual ET/ET0 ratio of 0.44 and 0.54 , respectively in the Rainfed-1 and Irrigated

fields.
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Figure 3.2: Evapotranspiration (ET) measurements at the Soyflux site shown with precipitation (P, mm
d-1) (a), 24-hour mean shortwave irradiance (Rs, W m-2) (b), reference evapotranspiration (ET0, mm
d-1) (c), and cropland ET (mm d-1) measured in the Rainfed-1 (d) and Irrigated (e) fields. Values of ET0
and ET are represented by their confidence intervals based on systematic and standard errors.
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We note that ET from Rainfed-1 and Irrigated fields were equal when considering confidence inter-

vals for the entire time series (about 16.5 months), annual and wet season data (Table 3.3). However,

differences in ET measurements for both fields were observed between 1 June 2016 and 31 August

2016 when ET was 93 ± 23 mm (dry season)-1 in the Rainfed-1 field and 243 ± 22 mm (dry season)-1 in

the Irrigated field (Table 3.3, Figure 3.2d and 3.2e). This period corresponded to the dry season when

ET0 almost doubled to 8 mm d-1 when compared to the wet season (November-May) (Figure 3.2c). This

difference between fields was also apparent for the partitioning of available energy in LE (Figure A.9),

and the Priestley-Taylor α whose mean values were 0.36 ± 0.10 in the Rainfed-1 field compared to 0.91

± 0.10 in the Irrigated field (Figure A.7) in the dry months. About 60% of available energy was used

for LE in both fields in the wet season (Figure A.9a and A.9), a level which was maintained in the dry

season in the Irrigated field (68%) but not in the Rainfed-1 field (26%).

The additional ET in the irrigated field coincided with planting of irrigated bean in the dry season

(100-day crop cycle) while the Rainfed-1 field was planted to brachiara over the dry season. Irrigation

was applied to the bean crop at a rate of 6-7 mm every other night before the bean flowering stage

(about 80 days), and 9 mm every other night after flowering (about 20 days) (pers. comm.). From

this irrigation schedule we estimate a total application of irrigation water of 118 mm between June and

August, representing a volume of about 160,000m3 of irrigation over the course of the bean development

cycle (the Irrigated field is 136 ha). A similar comparison could not bemade in October 2015 during which

the farmer applied irrigation to soybean planted in the Irrigated field due to equipment malfunction. In

that month, total precipitation was 168 mm mo-1 (Table 3.3) and contained a two-week period with no

precipitation (Figure 3.2a).

Crop ET (ETC) showed differences due to crop type and development cycle (Table 3.4, Figure 3.3

and 3.4) with soybean ETC being equal or greater than all other crops (Table 3.4). Based on crop yields

for each field, values of soybean WP in the Rainfed-1 field were 1.00-1.66 kg m-3 (2015-2016) and

0.77-1.24 kg m-3 (2016-2017). In the Irrigated field, soybean WP was 0.80-1.08 kg m-3 (2016-2017)

(see Table 3.4 for other crops). Mean daytime canopy conductance was obtained for each crop with the

lowest value observed for maize with 5.08 mm s-1 (sd = 3.87) (Table 3.4).

3.3.2 Water balance of rain-fed cropland

One dry season occurred over the measurement period between April and July 2016 during which

monthly precipitation was < 100 mm mo-1. Given the differences in soil water conditions between wet

and dry seasons and using daily average soil water matric potential (ψ) measurements between −33
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Table 3.4: Crop grain yield, crop evapotranspiration (ETC), reference evapotranspiration (ET0), water
productivity (WP) and mean canopy conductance (gc) in the Rainfed-1 and Irrigated fields. ETC values
are provided with a confidence interval obtained using values of Priestley-Taylor α (αlow -αhigh), and ET0
values are provided with a confidence interval obtained from the propagation of measurement errors

Field Days Crop Grain yielda ETC ET0 WP gc
ton ha-1 mm mm kg m-3 mm s-1 (sd)

(mm d-1) (mm d-1)

Rainfed-1 106 Soybean 4.140 332 ± 82
(3.1 ± 0.8)

505 ± 151
(4.8 ± 1.4)

1.00-1.66 11.2 (22.7)

151 Maize 7.620 313 ± 68
(2.1 ± 0.5)

700 ± 198
(4.6 ± 1.3)

2.00-3.11 5.08 (3.87)

82 Brachiara NAb 141 ± 32
(1.7 ± 0.4)

471 ± 109
(5.7 ± 1.3)

NAb 6.01 (19.8)

122 Soybean 4.020 423 ± 99
(3.5 ± 0.8)

547 ± 162
(4.5 ± 1.3)

0.77-1.24 31.7 (45.1)

Irrigated 106 Soybean 3.714 271 ± 38c
(2.6 ± 0.4)

552 ± 156
(5.2 ± 1.5)

NAd 7.29 (6.01)

89 Rice 3.300 277 ± 37
(3.1 ± 0.4)

416 ± 124
(4.7 ± 1.4)

1.05-1.38 10.9 (12.4)

100 Bean 1.620 272 ± 25
(2.7 ± 0.3)

568 ± 131
(5.7 ± 1.3)

0.55-0.66 10.4 (11.6)

127 Soybean 3.714 404 ± 59
(3.2 ± 0.5)

569 ± 167
(4.5 ± 1.3)

0.80-1.08 17.8 (22.7)

aAt 14% moisture content; bNo yield data available; cIncludes a 13-day gap in October 2015; dNot
calculated due to data gap
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Figure 3.3: Evapotranspiration-related variables over the study period at the Rainfed-1 field including
precipitation (P, mm d-1) (a), 24-hour mean vapour pressure deficit (D, kPa) (b), evapotranspiration (ET,
mm d-1) (c), daytime average canopy conductance (gc, m s-1) (d), and soil water potential (ψ) at the
0.10-m, 0.30-m, and 0.60-m depths (e).
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Figure 3.4: Evapotranspiration-related variables over the study period at the Irrigated field including
precipitation (P, mm d-1) (a), 24-hour mean vapour pressure deficit (D, kPa) (b), evapotranspiration (ET,
mm d-1) (c), and daytime average canopy conductance (gc, m s-1) (d).
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kPa and −10 kPa, we determined field capacities of 0.305 m3 m-3 at the 0.05-m depth (sd = 0.056, n =

292), 0.169 m3 m-3 at the 0.10-m depth (sd = 0.041, n = 326), 0.274 m3 m-3 at the 0.30-m depth (sd =

0.043, n = 319), and 0.206 m3 m-3 at the 0.60-m depth (sd = 0.045, n = 349). Similarly, for ψ < −500

kPa (sensor limit) we determined dry soil (as proxy for permanent wilting points) at 0.154 m3 m-3 for

the 0.05-m depth (sd = 0.040, n = 101), 0.097 m3 m-3 at the 0.10-m depth (sd = 0.003, n = 35), 0.128

m3 m-3 at the 0.30-m (sd = 0.008, n = 92), and 0.125 m3 m-3 at the 0.60-m depth (sd = 0.004, n = 74)

(Table A.8). Based on these values during the soybean and maize development cycles, the soil was at

or above field capacity over 90% of the time for soybean in the 2015-2016 and 2016-2017 cycles, and

over 66% of the time for maize in 2016 (about 60 days into the crop development cycle) (Figure 3.3).

We used linear regression to compare changes in the daily total soil water storage at the 0.60-m

depth with P −ET, assuming no runoff and that capillary rise was negligible compared to P and ET (see

Section A.7, Appendix A). These assumptions were based on several factors: the deep groundwater

level at the site, observed puddling on the field in response to large rain events, and no surficial runoff

observed. Hence, we would expect water inputs to be captured either by the ET or the θ measurement

following infiltration. The relationship between the change in daily soil water storage at the 0.60-m depth

(ΔSWS) and P −ET was expressed by ΔSWS = 0.47(P −ET)−1.75 (R2 = 0.33) (Figure A.10). Drainage

below 0.60 m was derived using equation A.10 (see Appendix A). Average drainage at 0.60-m depth

was 4.85 mm d-1 (sd = 12.1) and 5.73 mm d-1 (sd = 11.9) for soybean in the 2015-2016 and 2016-

2017 seasons respectively. Average drainage during the maize crop cycle was 2.76 mm d-1 (sd = 9.75)

(Figure A.11).

Beyond the April to July 2016 dry season where available water fraction approached 0 (Figure A.11),

a short dry period was experienced at the beginning of the soybean development cycle in November

2015 when the soil’s available water fraction at the 0.60-m depth dropped below 0.30 (Figure A.11) when

precipitation was 127 mm mo-1 and ET was 74 mm mo-1. These values compare to November 2016

when values of θ were close to or above field capacity at the 0.60-m depth when monthly precipitation

and ET were 310 mm mo-1 and 116 mm mo-1, respectively. Unfortunately, without any soil sensors or

information about additional water inputs in the Irrigated field, we were unable to perform a similar water

balance analysis in that field.

3.3.3 Soybean and maize development cycles

The development of soybean and maize in the Rainfed-1 field carefully tracked crop development in

the Rainfed-2 field. This permitted us to utilize ET from the Rainfed-1 field to determine detailed crop
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coefficient values throughout the respective crop cycles (see public videos of crop development in the

Rainfed-2 field for soybean (October 2016 to February 2017, 127 days), https://www.youtube.

com/watch?v=MUFU0k3yek0, and maize (February 2016 to July 2017, 151 days), https://www.

youtube.com/watch?v=96gMCuwbayM). Values of KC were separated into phases defined by the

FAO as initial, development, mid-season, and end, based on observations in the crop development (e.g.,

shoot emergence, flowering, etc.) and changes in crop height250 to which values ofKC were assigned for

crop modeling purposes2. Daily values of KC for soybean and maize crops were obtained considering

values of daily ET/ET0 (Figure A.12) when the soil was at or above field capacity at the 0.30-m depth

for the initial and development phases, and at or above field capacity at 0.60 m for the mid-season and

end-phases (Table 3.5). In 2016, NDVI followed the evolving KC values of soybean starting at 0.19

(initial phase), rising to 0.92 at the end of the development phase and 0.40 at harvest (Table 3.5, Figure

A.12c). Values of NDVI for maize increased from 0.20 at the beginning of the development cycle to 0.87

at the beginning of the mid-season phase before dropping to 0.27 at harvest (Table 3.5, Figure A.12c).

LAI data was restricted to dates for which field visits were made; the highest values of LAI for maize

were 3.80 (16 April 2016) and 3.53 (13 May 2016) before dropping to 0.66 in the senescence phase (30

June 2016).

3.3.4 Changes in crop transpiration and water productivity

AquaCrop simulations indicated that crop transpiration represented about 50% of soybean and maize

ET, with marginal increases in soybean transpiration observed with the application of irrigation require-

ments in the simulations (Table 3.6). The largest irrigation requirement was observed for soybean

planted on 28 September 2015 (94.3 mm (crop cycle)-1), when irrigation increased the modeled yield

from 3.836 ton ha-1 to 4.007 ton ha-1 and transpiration by close to 10 mm (crop cycle)-1 for the season

(Table 3.6). Similar increases in yield were not observed when soybean was planted on 1 September

2016. Values of soybean WP based on transpiration (WPTr ) were lowest in September 2015 (1.50 kg

m-3) and highest in October 2016 (1.80 kg m-3) (Table 3.6). Assuming maize planting in this double-

cropped system occurs one week following soybean harvest, maize planted earlier (28 January 2016,

following soybean planted on 28 September 2015) showed a slightly larger yield (7.620 ton ha-1) than

maize planted one month later (7.587 ton ha-1) despite showing similar transpiration at 188.2 mm and

189.1 mm for the crop cycle, respectively (49% of ET) (Table 3.6).
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Table 3.5: Crop coefficients (KC) obtained for soybean planted in 2015 (October 2015 to January 2016),
and 2016 (October 2016 to February 2017), and maize (February 2016 to July 2016) measured in the
Rainfed-1 field, with Normalized Difference Vegetation Index (NDVI) measured in the Rainfed-2 field.
KC values are presented with a confidence interval obtained from the confidence intervals from both
evapotranspiration (ET) and reference ET (ET0).

Crop Average development cycle mean
NDVI

KC at field capacity
This study

FAO KC
values250

phase days start-end start-end range (days)
(mean)

Soybean Initial (2015) 0-6 NAa 0.75 ± 0.06 - 0.66 ± 0.03
(0.65 ± 0.04)

0.3-0.4
(20-25)

Initial (2016) 0.19-0.17 0.59 ± 0.04 - 0.81 ± 0.02
(0.43 ± 0.02)

Development (2015) 7-60 NAa 0.66 ± 0.43 - 1.47 ± 0.10
(0.60 ± 0.09)

0.7-0.8
(25-35)

Development (2016) 0.20-0.92 0.65 ± 0.16 - 0.81 ± 0.22
(0.79 ± 0.07)

Mid-season (2015) 61-100 NAa 0.97 ± 0.16 - 1.30 ± 0.06
(0.76 ± 0.08)

1-1.15
(45-65)

Mid-season (2016) 0.92-0.47 0.98 ± 0.08 - 0.91 ± 0.11
(0.8 ± 0.07)

End (2015) 101-127 NAa 0.71 ± 0.06 - 0.66 ± 0.04
(0.54 ± 0.04)

0.7-0.8
(20-30)

End (2016) 0.45-0.40 0.95 ± 0.06 - 0.71 ± 0.01
(0.77 ± 0.10)

Harvest (2015) 127 NAa 0.66 ± 0.03 0.4-0.5Harvest (2016) 0.40 0.71 ± 0.01

Maize Initial 0-20 NAa 0.30 ± 0.00 - 0.77 ± 0.01
(0.52 ± 0.05)

0.3-0.5
(15-30)

Development 21-56 0.20-0.86 0.67 ± 0.08 - NAb

(0.71 ± 0.012)

0.7-0.85
(30-45)

Mid-season 57-97 0.87-0.74 0.49 ± 0.21 - NAb

(0.54 ± 0.08)

1.05-1.2
(30-45)

End 98-151 0.70-0.27 NAb 0.8-0.9
(10-30)

Harvest 151 0.27 NAb 0.55-0.6

aNo data available, sensor installation was on 8 March 2016; bNo data available due to ψ < −33 kPa
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Table 3.6: AquaCrop simulations of crop transpiration (Tr, mm (crop cycle)-1), grain yield (ton ha-1) and
water productivity based on transpiration (WPTr, kg m-3) for soybean and maize planting dates. For
each simulation, soybean developed over 127 days with maize planting occurring one week after the
soybean, with a development cycle of 151 days).

Planting date Tr (%ET) Grain yield WPTr Irrigation
(mm (crop
cycle)-1)

(ton ha-1) (kg m-3) (mm (crop
cycle)-1)

Soybean
28 September 2015 256.1 (53) 3.836 1.50 0
28 September 2015 266.8 (55) 4.007 1.50 94.3
28 October 2015 232.8 (50) 4.008 1.72 0
28 October 2015 232.9 (51) 4.009 1.72 19.9
1 September 2016 248.3 (53) 4.054 1.63 0
1 September 2016 250.9 (54) 4.023 1.60 37.4
1 October 2016 223.3 (52) 4.026 1.80 0
1 October 2016 223.3 (52) 4.027 1.80 4.9

Maize
28 January 2016 188.2 (49) 7.620 4.05 0
27 February 2016 189.1 (49) 7.587 4.01 0

3.4 Discussion

3.4.1 Water vapour supply of rain-fed and irrigated cropland to the

atmosphere

Our measurements confirmed a lower rain-fed cropland ET compared to natural vegetation in the region

(Table 3.7). We conclude that even in the case of a farm practicing double cropping with an additional

cover crop in the dry season, a transition from a natural ecosystem to rain-fed cropland is expected

to generate a decrease in landscape ET in SAM. Annual cropland or pasture typically transpire less

than forests due to shorter development cycles (< 150 days in this study), shorter vegetation height

(0.40-2.40 m at the farm) and rooting depth, but also lower LAI and different photosynthetic pathways

which all affect how water is exchanged with the atmosphere during photosynthesis141. Regional stud-

ies have quantified how land use transitions to rain-fed cropland have affected water vapour transfers to

the atmosphere138,238,246, with potential effects on regional precipitation recycling and surface temper-

atures141,238.

As a result of a lower rain-fed cropland ET compared to natural vegetation, we expect greater runoff,

soil water content and/or drainage. Despite our estimate of drainage below the 0.60-m depth, we still
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expect deeper soil water to be taken up by soybean or maize roots which can penetrate beyond one

meter in depth250 and contribute to ET. The values of P −ET accounted for half of the daily change in

soil water storage down to the 0.60-m depth indicating additional losses through deep percolation. Soil

resistivity measurements across a forest-soybean transect confirmed soil water content increasing up

to 7-m depth in SAM173. Thus, soil water can percolate into the water table an increase river discharge,

as observed in SAM where river discharge for soybean dominated catchments was four times greater

than forest catchments104. Regionally, similar dynamics have shown greater discharge of major river

basins in Amazonia as a result of land use change46,52.

In contrast, mean annual irrigated cropland ET was similar to that of other natural ecosystems mea-

sured by eddy covariance in Mato Grosso (Table 3.7). While we observed differences in ET between the

rain-fed and irrigated fields due to crop selection, the main difference in annual ET came from irrigation

of bean between June and September 2016. The 243 ± 22 mm of ET from the irrigated field measured

in the dry season provided additional water vapour transfer to the atmosphere making it similar to other

natural ecosystems in Southern Amazonia that are typically maintained by deep roots that can access

additional sources of water176. Priante-Filho et al.202 reported a June-August ET of 195 ± 8 mm for

rain-fed pasture (derived from mean daily data ± 95% confidence interval) and 375 ± 8 mm for a tran-

sition forest (i.e., a forest within the diffuse Cerrado-Amazon ecotone), while the December-February

period showed ET values of 290 ± 22 mm and 345 ± 33 mm, respectively. Our values were much lower

for rain-fed brachiara, but greater for irrigated bean. Dry season irrigation also maintained the energy

partitioning of cropland into LE observed in the wet season to levels greater than those observed by

Priante-Filho et al.202 at 54% for rain-fed pasture in the dry season. Such differences confirm the impor-

tance of the presence or absence of water in maintaining ET in the dry season, which, once adequately

supplied with water, would mostly depend on radiation77.

3.4.2 Crop evapotranspiration and water productivity

Our results provide measured crop ET and KC values of soybean and maize as well as mean canopy

conductance and NDVI in SAM for future use in regional modeling. Crop coefficients were within ranges

proposed by the FAO250. The FAO KC values are typically used for determining crop water require-

ments assuming perfect water management, a disease-free plant and ideal soil conditions2. Values of

KC reported here were lower than those previously used for calculating cropland ET in Mato Grosso138.

Average Mato Grosso modeled ET for soybean and maize for the 2000-2009 period was 363-540 mm

and 157-312 mm (crop cycle)-1, respectively, based on planting dates138. Dias et al.62 also reported
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Table 3.7: Precipitation (P, mm y-1) and evapotranspiration (ET, mm y-1) measurements in Mato Grosso,
Brazil.

Site
(period) Vegetation Location P ET References

(mm y-1)

Sinop
(2000-2006) Transition forest 11° 24.75’ S 2137 965 Vourlitis et

al.27455° 19.50’ W

Capuaba farm
(2015-2016) Rain-fed cropland 13° 17’ 15” S 1839 801 ± 187 This study56° 05’ 17” W

Capuaba farm
(2015-2016) Irrigated cropland 13° 17’ 15” S 1839a 982 ± 119 This study56° 05’ 17” W

Fazenda Miranda
(2011-2012)

Cerrado
forest-grassland mix

15° 43’ 51” S 1030 927 Rodrigues et
al.22656° 04’17” W

aEstimated 118 mm of irrigation applied in the dry season

a simulated soybean ET in Southern Amazonia of 678.5 mm. These values were greater than what

was measured in this study for soybean, but lower for maize likely due to assumptions in the devel-

opment cycle of each crop (126 days for soybean; 100 days for maize), values of mid-season KC at

1.50 and 1.40, respectively138, as well as precipitation. These differences along with the above aver-

age grain yield reported by the farm (4.1 ton ha-1 for soybean, 7.6 ton ha-1 for maize) compared to the

Mato Grosso-wide average (3.10 ton ha-1 for soybean 5.98 ton ha-1 for maize according to IBGE121),

provide measured values of WP and VWF that could be used as benchmarks for regional WP and VWF

assessment purposes. Such benchmarks have been published for Mato Grosso for soybean (0.52 kg

m-3, or 1923 m3 ton-1, respectively for WP and VWF), maize (0.74 kg m-3, or 1352 m3ton-1), rice (0.49

kg m-3, or 2041 m3 ton-1) and bean (0.34 kg m-3, or 2941 m3 ton-1)156. All reported values of WP were

lower (or VWF higher) than what was found in this study.

The planting of rain-fed rice (Irrigated field) and maize (Rainfed-1 field) as a second crop following

the soybean harvest showed that crops could still be harvested with high yields while taking advantage

of rainfall and residual soil moisture at the end of the rainy season. The rice development cycle took full

advantage of rainfall in 2016 due to earlier planting of soybean with irrigation, while the second half of

the crop development cycle of maize coincided with the end of the rainy season. The use of irrigation

for early planted soybean was beneficial to yield without changing soybean WP, but also favoured maize
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yield produced at a higher WP.

Despite not being widely used in SAM, irrigation is one strategy that could be applied in Brazil to

close the yield gap estimated at as high as 1.6 ton ha-1 due to water deficit in SAM234. In 2006, irrigation

was used on 214,000 ha of cropland in Mato Grosso mostly for soybean (108,080 irrigated ha for 5.8

Mha planted in Mato Grosso), maize (39,445 irrigated ha for 1.1 Mha planted), sugar cane (24,743

irrigated ha for 0.2 Mha planted) and cotton (23,449 irrigated ha for 0.4 Mha planted)121. Irrigation for

soybean is one possible option for farmers to adapt to precipitation variability at the onset of the wet

season when soybean is typically planted as shown with the different strategies adopted at the farm

between the El Niño (2015-2016) and La Niña (2016-2017) cycles. Similarly, irrigation may become

more attractive in a warmer SAM climate whose dry season is expected to increase in duration with

further deforestation51. Finally, irrigation allowed to increase crop frequency through a bean “triple-

crop” that can bring additional income to farmers and represents an extension to the double-cropping

system that is now widely practiced in the region245.

Irrigation expansion, whether for soybean irrigation or for triple-cropping systems, would require ad-

ditional investment in infrastructure. The state of Mato Grosso’s potential irrigation area is 10 Mha with

expansion depending on energy, water supply needs, as well social and environmental constraints76.

Such an expansion would observe the constraints of the National Irrigation Plan which has the objective

of “incentivizing the expansion of irrigated agricultural area and the increase of productivity based on

environmental sustainability”33. For SAM, such an expansion would also require a region-wide assess-

ment of the effects of land and water management for future agricultural production.

3.4.3 Regional implications for land and water management

Water vapour transfers to the atmosphere from irrigated cropland, along with marginal improvements to

yield with irrigation have regional implications for land and water management in SAM. Soybean produc-

tivity could be increased by applying irrigation to soybean crops planted early in El Niño years, controlling

for a larger portion of ET being used productively through transpiration rather than lost through evapo-

ration. While this so-called “vapour shift” is often promoted as a means to improve rain-fed agriculture

through productive water use221, its application with additional irrigation has unknown region-wide ef-

fects on the water cycle (see below). Additionally, the marginal improvement in yield through irrigation as

shown in AquaCrop suggests that there is a limit to maximum yield that can be obtained solely through

irrigation in SAM, but which might be overcome through crop management or breeding to reach potential

yields closer to 4.6 ton ha-1 according to Sentelhas et al.234. However, these potential improvements
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may be negatively affected by future climatic conditions. For instance, an increase of 1 °C of Mato

Grosso temperatures impacts negatively not only maize yields (−2.6%) but also cropping frequency (as

soybean/maize, −3.2%) and cropping area (−4.2%)50. Oliveira et al.184 reported a drop of up to 33%

in future soybean yield in Amazonia based on changes in atmospheric CO2 concentrations, climate

change scenarios, and reduced rainfall related to deforestation. These declines were mostly attributed

to carbon assimilation184, in which case irrigation would only serve to maintain a yield that is already

predicted to decline, and therefore could only provide additional agricultural resilience to precipitation

variability. This effect could potentially limit further intensification of agriculture in SAM, thereby favour-

ing further extensification into Amazon and Cerrado vegetation, or existing pastureland141, as well as

increasing international pressures for additional agricultural land in Africa12.

There are unknown environmental consequences to the widespread expansion of irrigated agricul-

ture and its potential impacts on the water cycle. First, the additional supply of water vapour to the

atmosphere through irrigation, particularly in the dry season, could shift the atmospheric water balance

by re-supplying water vapour previously lost through deforestation in the region141. As deforestation

in Amazonia has been shown to affect regional precipitation recycling15,247, additional water vapour

supply could maintain this cycle and change the regional climate, but these effects have not yet been

accounted for in the literature. Globally, land use change contributed to a 2.8% decrease in ET, while irri-

gation contributed to a 1.9% increase in runoff227, but such effects can change based on regional scales.

Widespread irrigation would likely affect surface and groundwater supplies as well as downstream wa-

ter users. Mato Grosso is located upstream of main river systems (Amazon in the north and Paraguai

in the south) for which upstream (agriculture) and downstream uses (hydroelectric power) as well as

ecosystems (e.g., wetlands in the Amazon and the Pantanal region) should be considered38. Similarly,

while double-cropping has increased in SAM245 with little impact to water quality and erosion174, the

long-term effects of additional fertilizer and pesticides on water quality are still unknown12 and are likely

to be more widespread with triple-cropping systems supported by irrigation expansion. Therefore, future

agricultural production planning, particularly as it relates to the intensification of production by a com-

bined decrease in deforestation and potential use of irrigation, should consider the water quantity and

quality trade-offs in these land and water management options141.
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3.5 Conclusion

This chapter provided insight into cropland ET in both rain-fed and irrigated systems in SAM. This study

also provided context for future water resources trade-offs arising from different land and water manage-

ment options for maintaining or increasing agricultural production. Direct ET measurements confirmed

that a rain-fed soybean-maize rotation as a double crop system in SAM had lower annual ET than that

reported for natural vegetation in the region, in contrast to a soybean-rice-bean rotation receiving irriga-

tion. Irrigation can be used to maintain high WP for soybean planted at the end of the dry season, which,

in turn, allows for an increased cropping frequency through a triple-crop. While the expansion of rain-fed

agriculture in SAM is known to reduce water vapour supply to the atmosphere. This effect could slow

down or be reversed by an increase in water vapour supply to the atmosphere following widespread

irrigation, but not without consequences on surface or groundwater resources. Field measurements

presented in this study generated important parameters that can be used for modeling purposes. Fu-

ture research should explore effects of the widespread use of irrigation and triple-cropping systems on

the water cycle, including quantifying land and water resources trade-offs in the context of agricultural

intensification in SAM.
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Chapter 4

Modeling the Volumetric Water

Footprint of Cattle

4.1 Introduction

South America has been the largest agricultural frontier on the planet for almost two decades. Since

2001, 96.9 Mha of pasture expansion took place on the continent, including large areas in Brazil and

Paraguay100. In 2012, Brazil was the largest producer of cattle globally with a population of 211 million,

13% of which were raised in the central western state of Mato Grosso121. Recently, Mato Grosso’s

cattle production has been under scrutiny, particularly with respect to pasture expansion into both the

Cerrado (or savanna) and Amazon biomes (Figure 1.1). Between 2000 and 2009, total pasture area

in Mato Grosso only varied marginally between 22 Mha and 24 Mha138, similar to the national trend63.

This apparent stagnation masks indirect land use change dynamics that took place during the 2000s,

particularly related to soybean expansion. Between 2000 and 2010, about half of the 5.5 Mha of forest

clearings in Mato Grosso were utilized for pasture, while soybean expanded primarily into previously

established pastures148. The wave of soybean expansion may have displaced pasturelands farther into

the Amazon agricultural frontier, indirectly causing more deforestation.

The agricultural sector’s role in deforestation in both the Amazon and Cerrado biomes has been

the subject of much research18,97,148,175,178, suggesting cattle intensification to avoid additional land

use change. For example, Brazilian pastureland was found to sustain 32-34% of the potential pasture

carrying capacity, which indicates opportunities to increase productivity nationwide252. Under a land

sparing scenario, Strassburg et al.252 determined that the demand for cattle products in 2040 could be

met through a combined increase in pasture productivity (increased cattle density per unit area) and herd

productivity, achieved by an increase in carcass yield through breeding and feed improvements. While

breeding initiatives depend primarily on selection processes, feed quality, or research and development,

further increases in cattle density on current pastureland would rely on a coordinated effort and a suite
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of land use policies and economic factors. A pilot project has already established that investment in

intensification could be financially sound with economic and environmental co-benefits48,253. Successful

intensification, however, is sensitive to price fluctuations in the beef market86,254.

Livestock density in Brazil has been historically low, but increased steadily from 0.31 animal units

(A.U., the equivalent of 450 kg of live weight of cattle) ha-1 in 1970 to 0.81 A.U. ha-1 in 1996209. In

the Amazon and Cerrado, livestock densities at least doubled between 1990 and 201263. In Mato

Grosso, livestock density increased from 0.74 A.U. ha-1 to 1.21 A.U. ha-1 between 1996 and 2006138,

with beef production experiencing a drop post-2006 (along with the price of beef), before fully recovering

in 2012175. The increase in cattle density to 1.23 cattle ha-1 in the 2000s40 followed a drop in statewide

Amazon deforestation. These changes were attributed, in part, to the introduction of economic restric-

tions on farmers living in sensitive southern Amazonian municipalities; development of an initiative in

2009 cattle herded on newly deforested land from the beef supply chain (the Cattle Agreement); and

increased law enforcement through monitoring and property registrations175.

Research has also focused on greenhouse gas emissions of cattle production. One estimate from

22 farms in Mato Grosso determined a range of 4.8-8.2 kg CO2-eq per kg live weight (LW) including

farming operations, agricultural inputs for pasture management, and enteric fermentation from cattle40

(Table B.1, Appendix B). However, these values increase considerably when including greenhouse gas

emissions from land use change (Table B.2). Between 1990 and 2006, a total of 120 Tg CO2-eq accom-

panied exports of beef produced in the Amazon region283. In the Amazon biome of Mato Grosso, total

greenhouse gas emissions attributed to the beef production system from forest or crop conversions into

pasture dropped by almost 50% decreasing from 201-209 Tg CO2-eq y-1 between 2001 and 200561,129

to 115 Tg CO2-eq y-1 between 2006 and 2010129. Nationwide campaigns to reduce deforestation by

80% in the Amazon and 40% in the Cerrado85, and encourage investments in pasture restoration or

livestock-forestry integration (e.g., Low Carbon Emission Agriculture Program known in Portuguese as

plano Agricultura de Baixa Emissão de Carbono)153 are but a few of the carbon-focused initiatives tar-

geting the cattle production system in recent years. However, while an increase in cattle density can

help achieve deforestation targets, Mato Grosso would still need to answer questions regarding water

availability and usage.

Little information is available on water use for cattle in Mato Grosso and should be evaluated along-

side land use and greenhouse gas emissions. Regular monitoring of the VWF, land footprint (LF), and

carbon footprint (CF) would provide amore complete picture of resource appropriation for cattle ranching.

Research on the water consumption of production systems and supply chains has increased consider-
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ably with the development of the VWF117. Many global and regional studies on animal products have

attempted to quantify resource appropriation88,157,267 or environmental impacts of water consumption

through LCAs218,219.

In Mato Grosso, cattle typically drink from small farm impoundments that are either rain-fed or created

from damming (first or second-order) on-farm streams. This water source has to be carefully managed to

guarantee year-long availability to cattle. Reduced precipitation and high evaporation rates can severely

reduce water availability in impoundments during the dry season (May-November), implying vulnerability

of the production system to extended droughts. This study’s objective is to evaluate land and water re-

source appropriation for cattle in Mato Grosso by quantifying the evolution of the LF and VWF from 2001

to 2015, and to provide guidance on future strategies for land and water management. This information

is paramount to understand possible limits to future intensification of cattle in the region.

4.2 Methodology

4.2.1 Cattle production in Mato Grosso

We consider the cattle production system involving the Nelore breed from the species Bos taurus indicus

which represents 90% of the cattle breeds in Mato Grosso70. We assume a state-wide average cradle-

to-gate cattle production system following a 46-51-month cycle according to practices described for Mato

Grosso36,40,70, during which females (cows, heifers) and males (steers, bulls) reach 430 kg and 520 kg,

respectively. Calves are assumed to weigh 30 kg at birth and are weaned at 165 kg following Cardoso

et al.36 (Table 4.1). In this system, cattle spend most of their lives on open pasturelands except in the

finishing stage when they can either remain in pasture or transfer to confinement (Figure 4.1). Pasture

finishing is a continuation of the adult development phase with pasture dry matter intakes continuing until

slaughter. Confinement may occur in the last 6-8 months of the animal’s life when cattle is generally fed

a diet of 70% feed and 30% silage.

We analyzed land use and water consumption at the Mato Grosso municipality level for 2001, 2006,

2011 and 2015. Given the change in size, shape, and number of municipalities in Mato Grosso during

the study period, we combined the municipalities that had changed into greater municipal units (MUs)

that remained constant over the study period, following methods outlined by Lathuillière et al.138. This

combination of political units resulted in 104 MUs for the entire state.
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Table 4.1: Parameters used to model cattle growth in Mato Grosso, Brazil, from Cardoso et al.36.

Stages Male Female
Weight Weight gain Period Weight Weight gain Period

kg kg d-1 months kg kg d-1 months

Birth 30 0 30 0
Calf 30-165 0.30 0-15 30-148 0.24 0-19
Adult 165-380 0.30 16-39 148-360 0.24 20-46
Finishing 380-650 0.60 40-47 360-430 0.48 47-52

Figure 4.1: Process flow for the cattle production system of Mato Grosso, Brazil.
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4.2.2 Volumetric water footprint of cattle production

4.2.2.1 Animal water consumptive use

Water for cattle is sourced from drinking water and moisture content in feed as well as additional water

created by the animal’s digestion system (metabolic water)74. We apply the animal water balance of

Ridoutt et al.218 to derive the amount of water consumed by the animal based on its development cycle

and finishing stage (open pasture and feedlot). The total water consumed by the animal (W, L d-1mo-1)

is expressed as

Wƒeed+Wdrnk+Wmet =Wep+WWG+Wƒeces+Wrne (4.1)

On the water input side of equation 4.1, W feed is the water contained in the feed that depends on dry

matter intake (DMI, kg d-1mo-1), the moisture content of the feed (MC, %), and the amount of milk

consumed by the calf until eight months of age (Wmilk , L d-1mo-1), and the amount of water needed to

mix feed (Wmix), assumed to be 0.5 L (kg DMI)-1 according to Mekonnen and Hoekstra156 (equation

4.2). Wdrink (L d-1mo-1) is the amount of water drunk by the animal, and Wmet is the water resulting

from metabolic production as described in equation 4.3 following Ridoutt et al.218, and is a function

of feed digestibility (Dig, %). The sum W feed and Wdrink represents the total daily water intake of the

animal (W tot). On the water output side of equation 4.1, Wevap is the amount of water lost by the

animal to evaporation, WWG is the amount of water incorporated by the animal, W feces is the water

content in animal feces, whileWurine is the water content in urine218. Following these definitions,W feed ,

Wdrink ,Wmet ,W feces andWurine represent water flows into and out of the animal, whileWWG andWevap

represent water consumptive uses.

Wƒeed =
DM×MC

100−MC
+Wmk+Wm (4.2)

Wmet = 0.6DM
Dg

100
(4.3)

As our study is exclusively focused on water quantity, we assume that water contained in urine and

feces are entirely evaporated; as such we consider the water uses of equation 4.1 as being exclusively

water consumptive uses. This is a slight deviation from Ridoutt et al.218 who considered W feces lost to

evaporation, but Wurine as a flow added to discharge with potential water quality impacts. We believe

our assumptions to be reasonable for Mato Grosso considering the region’s high potential ET. On pas-

tureland, moisture in cattle urine and feces can evaporate rapidly, as opposed to industrially confined
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Table 4.2: Variables used to estimate cattle water consumptive use following the growth model described
in Table 4.1 and shown in Figure 4.1.

Variable Symbol Value Unit Reference

Dry matter intake DMI 1.5% kg
LWa

kg d-1 This study

Water drunk by animal Wdrink 11% kg LW L d-1 This study
Feed moisture content - pasture MCfeed 75 % This study
Feed moisture content - other MCfeed 12 % This study
Feed digestibility Dig 56.3 % Lima et al.144
Milk consumptionb Wmilk 2% kg LW % This study

aLW = cattle live weight; bCalves are assumed to drink milk until 8 months

cattle whose waste is typically collected in pits for subsequent spraying into fields. While the loss of

moisture through evaporation may occur at different stages in the production system, we still consider

total evaporation by accounting for water inputs on the left-hand side of equation 4.1. All parameters

used to calculateW feed , Wdrink andWmet are listed in Table 4.2. We do not include water consumed for

transport between stages of development as the production system is generally confined to one single

property, nor do we include water consumed for the production of minerals, vitamins, and veterinarian

services administered to the herd.

4.2.2.2 Feed water consumptive use

Water consumption from pasture and crops used for feed were considered as additional consumption

indirectly attributed to cattle production. Diets depend on the animal, the production system considered,

and whether confinement is involved at the finishing stage (Figure 4.1). The VWF of pasture was es-

timated for each MU using spatial precipitation data from CHIRPS (v.2.0) from Funk et al.82 input into

the model from Zhang et al.287 (see equation B.1, Appendix B) (Table 4.3). All feed for feedlot finishing

(61% maize, 10% sorghum, 8% soy meal, 8% cottonseed, 8% soybean grain165) was assumed to be

sourced in Mato Grosso, with VWF of crops obtained from previous research114,138 and derived using

crop coefficients following FAO guidelines1 (Table 4.3). Crop modeling resulted in a total feed VWF of

20.4 L (kg LW)-1 d-1, assuming the average feed composition. Given that there was minimal cropland or

pastureland irrigation in Mato Grosso during the study period, all feed water use is exclusively sourced

from green water138.
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Table 4.3: Volumetric water footprint (VWF) of cattle feed in Mato Grosso, Brazil.

Feed VWF (L kg-1) Reference

Maize and maize silage 590 Lathuillière et al.138
Soybean grain 1640 Lathuillière et al.138
Soybean meal 1924 Hoekstra and Mekonnen114

Cottonseed 675 Lathuillière et al.138
Sorghum 2089 Hoekstra and Mekonnen114

4.2.2.3 Water consumption from evaporation of farm impoundments

In Mato Grosso, cattle mostly rely on open water from small reservoirs for drinking. Evaporation from

these small reservoirs thus need to be accounted as a blue water (surface water) consumptive use218.

Little information is available on small farm reservoirs in the region other than a recent estimate of

size and depth by Rodrigues et al.225. We estimated reservoir area using a two-stage automated ma-

chine learning classification procedure. In the first stage, Landsat composites were created using dry

season images from three-year intervals (1999-2001, 2004-2006, 2009-2011, and 2013-2015), cen-

tered on our years of interest. We performed an initial image classification to separate water from

non-water features, using a random forest classifier implemented in Google Earth Engine (https:

//earthengine.google.com/). The resulting water/non-water predictions were then filtered using

image morphological closing (dilation followed by erosion) to eliminate river fragments and reduce noise

from misclassified pixels.

In the second stage, we used an xgboost gradient boosted classifier to separate artificial reservoirs

from natural water bodies (e.g., rivers and lakes) in the water/non-water predictions. We included shape

and spectral predictive features (calculated using Scikit Image264) for each water body which included

water body perimeter, area, image moments, Hu Invariants, and the NDVI values within and around

the water object. The final artificial/natural water body dataset was then filtered to include only smaller

reservoirs (< 1 km2) located within 200 m of pasture areas. We validated our results with reservoir

data from northern Mato Grosso obtained using a similar approach with a 2007 ASTER (15-m) image

mosaic149 (see Appendix B).

We expect a small portion of total reservoir area to be allocated to aquaculture in Mato Grosso as

99% of production occurs in either excavated tanks or impoundments122 (the remainder occurring in

nets within larger reservoirs). IMEA122 found that the largest tanks were 10.2 ha in size in south-central
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Mato Grosso, and 2.6 ha for the rest of the state. Therefore, we expect that aquaculture should largely be

captured at the Landsat scale of 30 m. Data on aquaculture production for Mato Grosso is available from

2008 to 2011 at the state level170,171 and at theMU level from 2013 to 2015 only121. We extrapolated fish

production linearly and back in time for the 2000 to 2007 period assuming a constant annual decrease

in 5000 tons y-1 until a minimum of 5000 tons y-1 was reached. This assumption led to an estimated

5000 tons y-1 of fish in 2001, 15,505 tons y-1 in 2006, with reported values in 2011 of 48,748 tons y-1,

and in 2015 of 47,438 tons y-1. To calculate the area of reservoirs for aquaculture, we assumed above

(7 tons ha-1 water) and below (3.5 tons ha-1 water) average fish yields following values determined for

the state of Mato Grosso122. This production would represent a 6800-13,500 ha of reservoir area in

2015 to be either removed from or shared with the cattle production system.

To obtain the total area of small farm reservoirs within each MU, we calculated shape metrics for

each water body to be allocated to the live cattle population. The total impoundment area was multiplied

by the average ET0 (mm y-1) obtained from Xavier et al.282 to be allocated to the total herd live weight

in each MU. We then obtained an average Mato Grosso small reservoir evaporation (in L (kg LW)-1)

from which we subtracted evaporation from fish tanks considering both the range of possible yields

described above, and average ET0 from all MUs in Mato Grosso. Since the Xavier et al.282 times series

ended in 2013, we assumed that ET0 in 2014/15 was equal to that in 2013. Total animal live weight was

calculated for each MU assuming a 50:50 ratio of males and females in each MU (see Section 4.2.3) and

their average live weight in each of the calf (94.86 kg), mid-life (267.96 kg) and finishing stages (427.93

kg). Lastly, we combined our estimates of impoundment area with data on the number of live animals

to calculate the reservoir cattle density (RCD, cattle per ha of water) per MU for each study year.

4.2.3 Living herd population and annual water consumptive use

Total herd population was estimated in each MU for the 2000-2015 period using agricultural production

data121 combined with information on relative population from Anualpec9 from 2006 to 2015. According

to Anualpec9, the relative cattle offtake rate in Mato Grosso was 17% (sd = 0.3), separated into 29%

for females (sd = 1.6), and 71% for males (sd = 1.65). The calf and milking cow population represented

27% (sd = 1.7%) and 2.8% (sd = 0.3 %) of the total population, respectively. Using this information,

we deduced the living cattle population by applying the relative population information from Anualpec9

to the agricultural production data from IBGE121 assuming constant proportions over the 2000-2015

period. The total living herd Li,t (cattle) in each MU i and year t is the difference between the total herd

H i,t reported by IBGE121 and slaughtered herd 0.17H i,t . Values of Li,t are then separated into each
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animal development stage as described in equation 4.4

L,t = 0.27H,t+ (L,t−0.27H,t−0.17H,t+1)+ 0.17H,t+1 (4.4)

where each individual term represents the average cattle population respectively in the calf (0.27H i,t),

adult and finishing stages (Figure 4.1) (0.17H i,t+1) as the number of animals slaughtered in year t+1.

Given the development cycles for calf (15-19 months), mid-life (24-27 months) and finishing stages

(6-8 months ), the total water consumption of the live herd in each municipality i and year t was then

derived based on the annualized water consumed at each development stage, averaged from cow and

bull development cycles. Total animal live weight was calculated for each MU considering the average

values of Li,t , assuming a 50:50 ratio of cows and bulls in each MU and their average live weight in each

of the calf, mid-life and finishing stages.

4.2.4 Land footprint of cattle production

We combined remote sensing information with inverse yield information to combine direct and indirect

land uses for cattle. First, total pasture area was obtained for each MU using Landsat imagery for

the 1.5-year composites of 2000/01 (January 2000 to August 2001), 2005/06, 2010/11 and 2014/15

obtained fromGraesser and Ramankutty99. We then combined the total pasture area with the live animal

population in each MU to derive the pasture cattle density (PCD, cattle per ha of pasture) assuming that

the pasture area was exclusively used by cattle rather than other animals (e.g., horses, donkeys, lambs,

etc.). MU specific pasture areas obtained from remote sensing images were validated using pasture

area derived from animal population from IBGE121 following the method described in Lathuillière et

al.138. Briefly, total animal livestock densities were derived for 1996 and 2006 from agricultural census

information which provided total animal population and pasture area. A regression of livestock density

versus pasture area was then used to derive pasture area in non-census years between 2000 and 2006.

Validation of remote sensing data (Ap,RS) with the above estimate of pasture area in each of the 104 MUs

of Mato Grosso (Ap,IBGE) gave Ap,RS = 1.41Ap,IBGE −3793 (R2 = 0.77) and Ap,RS = 1.40Ap,IBGE −2926

(R2 = 0.74), respectively for 2000 and 2001, and Ap,RS = 1.36Ap,IBGE −5622 (R2 = 0.82) and Ap,RS =

1.47Ap,IBGE −5934 (R2 = 0.82) respectively for 2005 and 2006 (see Table B.4, Appendix B). The direct

LF is then determined as the inverse of the PCD by allocating all pasture to living cattle. In addition, we

estimated the amount of land required to grow inputs for the feed composition by considering the Mato

Grosso average inverse yields in 2000, 2005 and 2010 for maize (3.08 × 10-4 ha kg-1), soybean (3.36
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× 10-4 ha kg-1), cotton (2.78 × 10-4 ha kg-1), and sorghum (6.01 × 10-4 ha kg-1)121. When considering

the average feed composition, we estimated the indirect LF of feed to be 8.02 × 10-6 ha d-1 (kg LW)-1.

4.2.5 Sensitivity analysis

We performed a sensitivity analysis for the VWF calculation that took into account high and low pasture

productivity scenarios, as well as both male and female cattle development cycles (Table 4.1) in order to

provide a window of possible results considering average conditions in Mato Grosso. Furthermore, we

provide a VWF estimate that removes MUs overlapping the Pantanal wetland, as many impoundments

in that biome may be natural or may not be used by cattle We also considered total reservoir evaporation

with and without the total Mato Grosso fish tank area obtained from fish production (see Section 4.2.2.3).

4.3 Results

4.3.1 Cattle volumetric water, land and carbon footprints

Mato Grosso’s average direct VWF for cattle at farm gate ranged from 236 L (kg LW)-1 to 348 L (kg

LW)-1between 2001 and 2015, considering sex, finishing stage, meteorological conditions affecting

reservoir evaporation (as W res), and the removal of evaporation allocated to fish tanks (Table 4.4). For

pasture finishing, the VWF was divided into 21-23% green water (from W feed ) and 76-80% blue water

(from Wmilk , Wdrink , Wmet , and W res), whereas for feedlot finishing it was 18-20% green water and

80-83% blue water (including Wmix).

Reservoir evaporation was the largest contributor to the VWF representing 40-59% of total water

consumed, followed by drinking (23-34% for Wdrink) and water contained in feed (14-23% for W feed )

(Figure 4.2). When considering total small reservoir evaporation, values of W res varied with location

and meteorological conditions across the state, with values ranging from 6 L (kg LW)-1 to 1806 L (kg

LW)-1 in 2001, and 16 L (kg LW)-1 to 1953 L (kg LW)-1 in 2015 (Figure B.2). The mean RCD (considering

total reservoir area in a MU) decreased from 872 cattle ha-1 (sd = 1352) in 2001 to 706 cattle ha-1 (sd

= 653) in 2015 (Table B.6). Larger changes in RCD were observed between 2001 and 2015, with the

hightest densities occurring in southeastern and northern Mato Grosso in 2015 (Figure B.3). Removal of

the MUs located in the Pantanal wetland did not change the mean W res and RCD (Table B.5), however

allocation of evaporation to fish tanks decreased the value of W res by as much as 46% in 2011 (Table

B.6). In the same time period, the average LF rose steadily from 87 m2 (kg LW)-1 in 2001 to 305 m2
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Figure 4.2: Average animal volumetric water footprint (VWFanimal , L (kg LW)-1), and land footprint (LF,
m2 (kg LW)-1) for the state of Mato Grosso between 2001 and 2015 considering pasture finishing. Values
of VWFanimal are separated into water content of feed (W feed ), animal drinking water (Wdrink), metabolic
water (Wmet) and water evaporated by small farm reservoirs (W res). Values of W res represents total
small farm reservoir evaporationminus evaporation allocated to fish tanks, with fish tank area determined
by mean fish production (3.5-7 ton ha-1 of water).

(kg LW)-1 in 2011 before reaching 299 m2 (kg LW)-1 in 2015 (Figure 4.2). These values were computed

using the statewide average PCD which increased from 0.72 cattle ha-1 to 0.91 cattle ha-1 between 2001

and 2015 (Table 4.5).

Confinement in the finishing stage only slightly decreased the cattle VWF from 132 L (kg LW)-1 to

126 L (kg LW)-1 in males and 156 to 153 L (kg LW)-1 in females due to differences in moisture content

between pasture and feed, with only marginal increases in blue water frommixing water (3-7 L (kg LW)-1,

Table 4.4). The VWF of feed ranged between 2.14 × 104 L (kg LW)-1 and 5.21 × 104 L (kg LW)-1, based

on the typical diet in the finishing stage and pasture productivity as identified within MUs (Table 4.4).

The mean green VWF of pasture between 2001 and 2015 ranged from 1.48 m3 per kg dry matter (DM)-1

to 2.62 m3 (kg DM)-1 for the high and low productivity scenarios, respectively. These values showed

small variability across Mato Grosso between 2001 and 2015 with the lowest VWF estimated at 1.46 m3

(kg DM)-1 (sd = 0.04) in 2015 and the highest at 2.66 m3 (kg DM)-1 (sd = 0.11) in 2006 (Table B.3). The

use of feed in the finishing stage provided an additional 14.1 m2 (kg LW)-1 when considering agricultural

products going in to the feed (14.7 m2 (kg LW)-1 for males and 13.4 m2 (kg LW)-1 for females).

By combining the above information with previously published results on the CF of cattle (Table
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Table 4.4: Water consumption of Nelore (Bos taurus indicus) in Mato Grosso (L (kg LW)-1) represented
by the volumetric water footprint of the animal (VWFanimal), feed (VWF feed ), and small farm reservoir
evaporation (W res). The value of VWFanimal is the sum of the water ingested by the animal through the
feed (W feed ), milk (Wmilk), liquid water drunk (Wdrink), metabolic water (Wmet), and water mixed in the
feed (Wmix) when confined in feedlots in the finishing stage.

Male Female
L (kg LW)-1 Pasture Feedlot Pasture Feedlot

W feed 51 43 61 52

Wmilk 1 1 1 1

Wdrink 74 74 88 88

Wmet 6 6 7 7

Wmix 0 3 0 7

VWFanimal 132 126 156 153

W res 2001
All reservoirs (sd) 197 (267)
without fish tanksa 158-161

W res 2015
All reservoirs (sd) 215 (316)
without fish tanksa 192-217

Pasture productivityb High Low High Low High Low High Low

VWF feed (× 104) 2.49 4.41 2.14 3.45 2.94 5.21 2.66 4.45

aFollowing removal of evaporation of small farm reservoirs allocated to fish tanks based on mean fish
production (3.5-7 ton ha-1 of water); bHigh pasture productivity: 5.3 ton dry matter ha-1, low pasture
productivity: 3 ton dry matter ha-1
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Table 4.5: Pasture and reservoir cattle density, volumetric water, land and carbon footprints (VWF, LF,
CF) for cattle production in Mato Grosso for the 2001-2015 period.

Parameter/Footprint Component Ranges Total Reference

Cattle density (cattle
ha-1)

Pasture 0.72 (0.54) - 0.91 (0.56) NA This study
Reservoir
(total area)

1085 (1543) - 702 (653) NA This study

VWF (L (kg LW)-1)
Animal 143 (15) 339-357 This study
Reservoir 197 (267) - 215 (316) This study
Feed 2.14 × 104 - 5.21 × 104 NA This study

LF (m2 (kg LW)-1) Animal 87-299 100.4-313.7 This study
Feed 13.4-14.7 This study

CF
(kg CO2-eq (kg LW)-1) Animal, inputs 4.8-8.2 1455-1458 Cerri et al.40

Land use
change (2006)

1450b Cederberg
et al.39

aSee total emissions in the Amazon biome of Mato Grosso in Table B.2;
bAssumed that carcass weight equivalent was 50% of live weight

4.5) we obtained ranges of VWF, LF and CF for cattle in Mato Grosso for the time steps considered,

including direct (animal) and indirect (feed) land and water appropriation. Reported values for the CF

include emissions from the animal and inputs into the production system totaling 4.8-8.2 kg CO2-eq (kg

LW)-1 according to Cerri et al.40. Land use change emissions attributed to cattle in 2006 was 1450 kg

CO2-eq (kg LW)-1 according to Cederberg et al.39 (Table 4.5), while total emissions attributed to cattle

production in 2001-2005 were estimated at 200.6-208.9 Tg CO2-eq y-1 following DeFries et al.61 and

Karstensen et al.129, and 114.8 Tg CO2-eq y-1 for the 2006-2010 period129 (Table B.2).

4.3.2 Evolution of land and water for cattle in Mato Grosso

Total pasture area in Mato Grosso increased from 31 Mha to 34 Mha between 2001 and 2011 before

decreasing to 31 Mha in 2015. Total area for small farm impoundments was 47,515 ha (or 46,087-

46,802 ha excluding fish tanks) in 2001 and 70,058 ha (or 56,624-57,401 ha) in 2015 (Table B.6). In

2001 total reservoir evaporation was 6.70 × 1011 L, and increased to 9.15 × 1011 L in 2015 (Table B.5).

When excluding the MUs within the Pantanal wetland (where natural water bodies may be confused

with reservoirs), total evaporation was 5.03 × 1011 L y-1 in 2001 and 7.26 × 1011 L y-1 in 2015 (Table

B.5). Pasture area increased linearly in 43 MUs over the same time period (mean R2 = 0.58, and
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significantly (p ≤ 0.05) in 4 MUs), while reservoir area increased linearly in 96 MUs (mean R2 = 0.59,

and significantly in 5 MUs) (Table 4.6). Dividing the results into two periods (2001-2011 and 2011-2015)

revealed different rates of change over the study period. A total of 64 MUs showed linear increases in

pasture area (mean R2 = 0.76, and significantly in 8 MUs) from 2001 to 2011, but only 10 MUs showed

increases from 2011 to 2015. A total of 72 MUs showed linear increases in total reservoir area (mean

R2 = 0.47, and significantly in 1 MU) from 2001 to 2011, but 92 MUs showed increases from 2011 to

2015 (table 3). In individual MUs, surface area of the reservoirs represented, at most, 1% of pasture

area between 2001 and 2015. We noted a strong correlation between impoundment area and pasture

area in the 104 MUs (R2 = 0.53) and a relationship expressed by logAres = 0.87logAp − 2.25 in 2001

, and logAres 0.93AP − 2.37 in 2015 (R2 = 0.61) (Figure B.7). Changes in pasture and water areas

were accompanied by an increase in live cattle population from 16.5 million in 2001 to 24.3 million in

2011, before stabilizing to 24.4 million in 2015. At the political boundary level, 95 MUs exhibited linear

increases in live cattle population (mean R2 = 0.70, significantly in 29 MUs) between 2001 and 2015,

with about half of MUs showing increases in cattle population between 2011 and 2015 (Table 4.6).

As a result of these changes, the trends for cattle production in Mato Grosso showed an increase

in PCD and a decrease in RCD due to the increase in cattle population, slowdown in pasture area

expansion, and slower increase in reservoir area. In 2015, greater values of PCD were observed in

northern and southwestern Mato Grosso and 6 MUs in the south east (Figure B.5), with values of RCD

following similar geographical trends as PCD (Figure B.3). We grouped individual MUs into 4 groups

according to their values of PCD and RCD between 2001 and 2015 compared to median 2001 values

of 0.54 cattle ha-1 and 510 cattle ha-1, respectively: the “Pasture Dense” group contains MUs with PCD

> 0.54 cattle ha-1 and RCD < 510 cattle ha-1, the “High Density” group has MUs with PCD > 0.54 cattle

ha-1 and RCD > 510 cattle ha-1, the “Low Density” group has MUs with PCD < 0.54 cattle ha-1 and

RCD < 510 cattle ha-1, and the “Water Dense” group has MUs with PCD < 0.54 cattle ha-1 and RCD >

510 cattle ha-1 (Figure 4.3). Between 2001 and 2015, the number of MUs with PCD > 0.54 cattle ha-1

(Pasture Dense and High Density groups) increased from 53 to 70, while the number of MUs with RCD

> 510 cattle ha-1 (Water Dense and High Density groups) increased from 69 to 74. Most changes in

PCD and RCD occurred between 2001 and 2011, with only 2 MUs moving from Low Density to High

Density groups between 2011 and 2015. Values of PCD and RCD that significantly changed between

2001 and 2015 (p ≤ 0.05) are shown in Figures B.6 and B.4, respectively.
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Table 4.6: Summary of changes in the 104 municipal units (MUs) of Mato Grosso related to changes in
pasture area (Ap, ha) and reservoir area (Ares, ha) since 2000. The values of R2 are given to represent
the correlation of Ap and Ares as a function of time (years)

Year 2001-2015 2001-2011 2011-2015a

Total pasture area (Ap) (Mha) 31.3-31.3 31.3-34.2 34.2-31.3

Total reservoir area (Ares) (ha)
excluding fish tanksb

46,444-54,013 46,444-39,287 39,287-54,013

Total change in Ap (ha) −73,778 +2,910,495 –2,984,272

Total change in Ares (ha) +16,663 +2217 +14,446

Total change in Ares excluding fish
tanks (ha)

+4,538 to
+10,600

–10,282 to
–4033

+14,633 to
+14,820

Total live cattle population increase +7,837,714 +7,755,605 +81,609

MU with increasing Ap (R2) 43 (0.58) 64 (0.76) 10

MU with increasing Ap (R2), p ≤ 0.05 4 (0.92) 8 (1.0) 10

MU with decreasing Ap (R2) 61 (0.57) 40 (0.70) 90

MU with decreasing Ap (R2), p ≤ 0.05 9 (0.95) 3 (1.0) 90

MU with increasing Ares (R2) 96 (0.59) 72 (0.47) 92

MU with increasing Ares (R2), p ≤ 0.05 5 (0.97) 1 (1.0) 92

MU with decreasing Ares (R2) 8 (0.21) 22 (0.27) 8

MU with decreasing Ares (R2),
p ≤ 0.05

0 0 8

MU with increasing live cattle
population (R2)

95 (0.70) 96 (0.81) 53

MU with increasing live cattle
population (R2), p ≤ 0.05

29 (0.95) 17 (1.0) 53

MU with decreasing live cattle
population (R2)

9 (0.40) 8 (0.54) 47

MU with decreasing live cattle
population (R2), p ≤ 0.05

1 (0.93) 0 47

aNo R2 values were reported because only 2 years were considered;
bAres values are given as the mean obtained considering the range of mean fish production (3.5-7 ton
ha-1 of water)

67



Figure 4.3: Evolution of pasture (PCD) and reservoir (RCD) cattle densities (considering all small farm
reservoirs) between 2001 and 2015 in Mato Grosso derived using 2001 median values of 0.54 cattle
ha-1 and 510 cattle ha-1, respectively. This evolution is separated into four groups: Pasture Dense (PCD
> 0.54 cattle ha-1, RCD < 510 cattle ha-1), High Density (PCD > 0.54 cattle ha-1 and RCD > 510 cattle
ha-1), Low Density (PCD < 0.54 cattle ha-1 and RCD < 510 cattle ha-1), and Water Dense (PCD < 0.54
cattle ha-1 and RCD > 510 cattle ha-1).

4.4 Discussion

4.4.1 On-farm land and water appropriation for cattle

The VWF, LF and CF are typically studied separately, but together, provide additional insight into on- and

off-farm resource management strategies. Remote sensing information reproduced the general trend

of pasture expansion for Mato Grosso for the 2000-2010 period18,148 with a progression towards inten-

sification of land use for cattle, which is expressed by the LF. The apparent plateau in cattle population

in 2014 together with a drop in pasture area (increase in PCD) suggests a transition into a new phase

of cattle intensification in Mato Grosso after 2011. This assumes that deforestation for pasture was

not displaced into natural vegetation as seen in the 2000s10,18. Previous studies indicate that although

the pasture areas in Mato Grosso remained relatively constant between 2001 and 2015, the landscape

changed dramatically within this time period. Large expanses of forest were converted to pasture at a

rate of 400,000-600,000 ha y-1 between 2000 and 2005, but 800,000 ha of pastures were subsequently

converted into cropland between 2006 and 2010148. In the 2000s, the transition from pasture for crop-

land increased opportunity costs of forested land farther north into the Amazon10,18, but also into the
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Cerrado biome (affecting the price of land). The Cerrado is an area that has undergone significant land

use change resulting from agricultural expansion following a slowdown in deforestation in the Amazon

biome: between 2003 and 2013, cropland area doubled in the Cerrado region from 1.2 to 2.5 Mha with

74% of land use change occurring in natural vegetation246, while in the same period conversions to

pasture affected 3.18 Mha of natural vegetation178.

Land use change activities carry greenhouse gas emissions that are attributable to cattle through

the CF. Emissions from land use change are typically the largest in the production process and can

include legacy emissions (e.g., decomposition) with allocation schemes that extend decades following

deforestation39,129,283. Intensification of cattle production on existing rangelands is a widely proposed

strategy for curbing deforestation and reducing the CF of cattle48,49,92,236. This approach has been met

with some skepticism given difficulties with enforcement and the fact that, according to the Brazilian For-

est Code, large swaths of Cerrado can still be legally deforested for pasture or crop production14,196,241.

Although further intensification on already cleared land (or through confinement) would reduce the CF

attributed from land use change, the general increase in cattle herd would be followed by a rise in direct

contributions from the cattle production system at values as high as 8.2 kg CO2-eq (kg LW)-1 according

to Cerri et al.40, with some variability in estimates48.

Identifying on-farm strategies and incentives to promote intensification has been challenging. Recent

work indicates that individual producers relying on production for income were less likely to implement

new practices to boost productivity, unless the property was part of the Rural Environment Registry

(CAR, Portuguese acronym)137. Latawiec et al.137 report that, despite being considered a source of

water on their property, 70% of farmers interviewed in northern Mato Grosso did not see any financial

benefit to forests, which, along with constraints from access to qualified labour and capacity building,

constitute important barriers to intensifying cattle production. At the state and federal levels, enforcement

of the Forest Code and the Cattle Agreement of 2009 have helped decrease deforestation for cattle92,175,

whereas taxation or subsidies could help further increase cattle density and spare natural vegetation48.

Unlike the LF, the VWF continued to increase past 2011 through the establishment of an additional

20,000 ha of farm reservoirs, with different effects on RCD based on allocation of evaporation to fish

tanks (see Section 4.4.3). Small farm impoundments are a key source of drinking water for cattle in

Mato Grosso and should be considered carefully in on-farm water balances. Reservoir evaporation is

known to be a major loss of water in Australia218, estimated nationally16 at 1.3-2.9 × 1012 L for an

average volumetric density of 0.01 hm3 km-2 (maximum of 0.12 hm3 km-2)152. Small farm dams and

reservoirs are also common in northeastern Brazil, where the area of small reservoirs has increased
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1.95% y-1 between 1970 and 2002152. In Central Brazil, Rodrigues et al.225 used remote sensing to

map 147 small reservoirs at a volumetric capacity of 1.8 × 10-3 hm3 km-2 in the Preto River basin. In

Mato Grosso, small dams are constructed in headwater streams, thereby creating up-stream and down-

stream trade-offs for human and ecosystem water uses141. The increase in surface area created by

these impoundments can increase stream temperatures149 and evaporation141, while reducing runoff

and stream connectivity34, as well as sediment loads168, all of which can alter stream habitats and

negatively impact stream biota. In this study, annual evaporative rates were fully allocated to cattle, but

were also expected to vary over the course of wet and dry seasons, thereby potentially decreasing the

water supply for cattle. Open water evaporation of a small reservoir in northeastern Brazil was 3593 mm

y-1 with a maximum of 8.9 mm d-1 (December) and a minimum of 5.3 mm d-1 (July) with water levels

dropping by 1 m between September and December7. As such, we expect farmers to either supply

additional water (surface or groundwater) to cattle or further concentrate animals near larger reservoirs

when necessary, particularly during drought periods or during the finishing stage when cattle is confined.

From a water management perspective, a strategy focused on reducing reservoir evaporation would

reduce water consumption of cattle from the impoundments. For instance, Baillie16 lists evaporation

mitigation technologies that include floating covers or chemical barriers. Such on-farm water manage-

ment would likely change once a given property no longer supports cattle, but maintains a network of

reservoirs on the property. For instance, the region that is now known as Tanguro ranch in eastern

Mato Grosso104 was dedicated to cattle ranching for about 15 years prior to converting all of its pasture

area to cropland, yet many of its reservoirs remain intact. The fate of impoundments following the re-

moval of cattle on farm properties is an important question for future water resources management and

use, given that these water bodies could be available for other agricultural purposes such as cropland

irrigation or aquaculture production, which has increased dramatically in the state in recent years (see

Section 4.4.3).

4.4.2 Land and water appropriation for feed

Several studies have quantified the water used to produce feed as an indirect contributor to the VWF

associated with animal products88,157,187. Others have examined the competition between the use of

water for crops or feed211, in addition to land resources and greenhouse gas emissions, as metrics of

environmental performance for livestock and animal products73. Since the production of animal feed is

generally the largest contributor to the indirect VWF of cattle, reducing the water required to produce

feed is often presented as a strategy for improving the efficiency of cattle production overall. Both the LF
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and VWF can be reduced by increasing feed productivity while reducing water requirements, a strategy

known as increasing feed water productivity93. Since cropland and pasture in Mato Grosso are almost

entirely rain-fed, reductions in the VWF of feed could be achieved through a water vapour shift favouring

transpiration over evaporation221 with potential savings of nearly 2 × 104 L (kg LW)-1 as shown from our

pasture productivity scenarios.

Feed VWF can vary greatly based on the individual VWF of crops, pasture and roughage, and the

mix used in diets and production systems88,187. For instance, the VWF of Brazilian meat was found

to more than double when moving from a confined to a grazing system88. Similarly, Palhares et al.187

show that the choice of feed composition can dramatically change the VWF based on the inputs used. In

contrast, the LF of cattle in the current system is much larger than the feed currently used in the finishing

stage. Even in the case where cattle were confined their entire life cycle, the LF would reach 51-61 m2

(kg LW)-1. However, with additional greenhouse gas emissions would also need to be considered if feed

were to be sourced from cropland that expanded into previously deforested areas148,246. For instance,

the CF of soybean grown in Mato Grosso, which could be used as feed, was estimated at 12.2 ton

CO2-eq ha-1 y-1 according to Novaes et al.179, equivalent to 4.0 ton CO2-eq ton-1 soybean.

Feed type and efficiency can accelerate the cattle development cycle and reduce the time to slaugh-

ter255. This strategy effectively aims to reduce inputs of the production system by reducing the amount

of total feed VWF, LF and CF per kg LW. It should be noted that such a strategy also aims at increasing

production output which favours an increase in animal population. Unlike direct LF, VWF and CF, which

are linked directly to land and water management practices in Mato Grosso, the use of feed affects in-

dividual animals, which have increased throughout the study period, thereby necessarily increasing the

footprints associated with feed.

4.4.3 Comparison to literature values and research limitations

Our values obtained for the LF and VWFwere comparable to previously published values in the literature.

Our LF values were greater than those reported for cattle species in Australia (< 100 m2 (kg LW)-1),

while our VWF results were comparable to the range of 24.7-234 L (kg LW)-1reported by Ridoutt et

al.218. Moreover, reservoirs and cattle watering represented between 15% and 90% of total direct water

consumption of cattle considering geographic areas218, confirming a strong link between water use and

meteorological conditions similar to this study. Our blue VWF of cattle in the finishing stage (1334-1587

L (kg LW)-1) was within the 1407-1420 L (kg LW)-1 range reported by Palhares et al.187 in the state

of São Paulo. Moreover, our modeled estimates of pasture VWF was within the 20,000-50,000 L (kg
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LW)-1 range reported by Gerbens-Leenes et al.88 for Brazilian grazing systems, while our feed VWF was

greater than the 2000-16,300 L (kg LW)-1 range reported by Palhares et al.187 for the finishing stage.

The largest uncertainty in the VWF value came from the Landsat estimate of reservoir area and the

allocation of reservoirs to aquaculture. Our analysis excluded very large reservoirs (> 1 km2), as they

are unlikely to be used directly for cattle production. The detection of a small reservoir, on the other hand,

was limited by the resolution of the remote sensing product (30-m Landsat; 0.09 ha). Comparison of the

Landsat derived reservoir map with higher resolution data (15-m ASTER; 0.02 ha)149 (see Section B.3.2)

suggests that the Landsat approach underestimates the total number of reservoirs by almost 200%,

and is conservative in its estimate of reservoir area. Furthermore, our Landsat mosaics were biased

towards cloud-free images obtained during the dry season, the time of year with the highest evaporative

demand and lowest reservoir volumes and areas. This effect may also explain the inter-annual changes

in values of reservoir area detected using remote sensing, especially in 2006 and 2011, which followed

two El Niño cycles known to have caused drought in SAM141. Given these factors, our results are likely

to be a conservative estimate of the total reservoir area in Mato Grosso, as well as the changes in the

RCD over our study period. One additional source of uncertainty arises from the change from Landsat

5 to Landsat 8 during the 2011-2015 period. This change in sensors adds to the uncertainty in the area

change estimates from 2011 and 2015, but we expect this effect to be small.

Moreover, our allocation of reservoir evaporation relied on reference ET. Following one year of field

monitoring, Malveira et al.152 measured 3953 mm y-1 of evaporation compared to 2694 mm y-1 of refer-

ence ET in northeastern Brazil suggesting that our allocation underrepresented the actual evaporation

from reservoirs, especially during the driest times of the year. In cases of allocation of pasture VWF to

cattle, studies have either allocated the entire pasture area ET to the cattle herd, or the amount eaten

by each animal210. One could consider allocating reservoir evaporation proportionally to the amount of

water drunk by cattle, which would further decrease the VWF of cattle that we have reported. In sum-

mary, the combination of small reservoir areas detected in the dry season using remote sensing, along

with an underestimation of evaporation using reference ET means that our VWF of cattle were overall

conservative.

4.5 Conclusion

This study combined new estimates of VWF and LF with published estimates of CF for cattle production

to show the evolution of land use, water appropriation, and greenhouse gas emissions in Mato Grosso.
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The animal population grew by 47% between 2000 and 2015, requiring an increasing amount of water

from small farm impoundments and a total pasture area that stabilized at 31 Mha following 15 years of

pasture expansion, deforestation, and associated greenhouse gas emissions. The largest direct water

consumption activity for cattle was from small farm reservoirs, whose evaporative losses should be

considered in on-farm water management. The evolution of cattle production suggests that the demand

for water resources will increase as cattle ranching intensifies. This water will be sourced either through

further development of small farm reservoirs, or by pumping surface or groundwater. Moreover, the use

of feed in future animal confinement will call for greater land and water appropriation with potential water

savings based on more efficient water use for cropland and pasture. Future research should explore

further the details of the water balance of small farm reservoirs such as the inter-annual water availability

and its relationship to cattle production, particularly considering a warmer and drier climate expected for

the region.
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Chapter 5

Volumetric Water Footprint

Sustainability Assessment in the

Xingu Basin

5.1 Introduction

SAM has experienced significant development since the 1990s, with agricultural production expanding

rapidly through land use change in both the Amazon and Cerrado (or savanna) biomes239. Natural

vegetation cover has been gradually replaced by pasture and soybean landscapes18, often through a

natural vegetation -to pasture to- cropland transition148,246. This increase in agricultural production has

had important socio-economic and environmental implications. Socio-economic indicators suggest a

growth in tertiary sector up- and down-stream of soybean production, with evidence of local investment

of financial returns212. At the same time, deforestation has been shown to alter local climate and water

cycles thereby pushing the Amazon towards a tipping point59 that could significantly alter the biome.

Changes to above and belowground carbon stocks have implications for global climate change83, while

land use change can affect the water cycle by increasing river discharge45 and diminishing water vapour

supply to the atmosphere with implications for regional precipitation138,238,246. Changes to the water

cycle, in particular, affect economic activity through hydropower generation and agriculture8,184,251, but

can also affect aquatic and terrestrial ecosystems38,141.

Agricultural expansion in the region has been followed by infrastructure development such as road

networks59, population growth and land activities that trigger further deforestation. Between 1991 and

2010, the population of Mato Grosso increased from 2 to 3 million, while the animal population increased

from 22 to 82 million, led mainly by cattle121. These increases put additional pressures on land use

and local demand of natural resources, particularly water. Atmospheric feedbacks could negatively
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affect agricultural production when considering changes to regional climate and precipitation regimes184,

but could also trigger infrastructure investment in irrigation with additional effects on water withdrawals

and feedbacks on water resources141. Therefore, feedbacks between agricultural production, land use

change, and human and animal population growth need to be evaluated in order to estimate future

development scenarios in SAM.

This study aims to quantify these changes by carrying out a VWFSA in the Xingu Basin of Mato

Grosso (XBMT) located in SAM, an area that has experienced the land use change dynamics described

above. When focusing on water quantity in a VWFSA, the blue and green VWF are compared to local

water availability to derive local water scarcity as a step towards formulating a policy recommendation117.

Many studies have applied VWFSAs to derive blue water scarcity at a global scale114,159, but only one

study to date has attempted to quantify green water scarcity163. More studies using the concept of green

water scarcity are thus needed to verify the full extent of a VWFSA117,233.

We build upon previous research results on the water cycle of XBMT to carry out a VWFSA following

Hoekstra et al.117 for the period of 2000-2015. We also evaluate scenarios for 2030-2031 and 2050-2051

with the objectives of formulating responses for water resources management based on past and future

land and water use decisions. The combination of land use change, climate change and agricultural

production scenarios within a blue and green VWFSA is informative to both water resources manage-

ment, and the WF community seeking to apply this assessment regionally. The XBMT represents a

unique basin for such a study, given its geographic location in the so-called “arc-of-deforestation” and

the importance in future land use change for agricultural production, but also because of agriculture’s

reliance on precipitation in the region. The combination of land use and hydrologic data with information

on domestic and industrial water consumption remains mostly unexplored in SAM. Therefore, there is

an opportunity to use such information in a VWFSA to provide a greater context for water resources

management and inform decision-making for regional production processes.

5.2 Methodology

5.2.1 The Xingu Basin of Mato Grosso

The XBMT (Figure 5.1) is a 170,000 km2 basin located in SAM, separated into the Xingu Headwaters

(139,000 km2) that flow north into the Upper Xingu Basin (31,000 km2)4,269, through the state of Pará

and into the Amazon River, to constitute the greater Xingu River Basin (510,000 km2)188. The XBMT is
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located at the intersection of both Amazon (80% of the basin) and Cerrado (20%) biomes and had 50%

(85,000 km2) of its forest cover in 2010, of which about 34,000 km2 was contained within conservation

areas that include parts of the Xingu Indigenous Reserve238 (Figure 5.1). Between 2001 and 2010,

the XBMT lost 18,838 km2 of forest to either cropland (3347 km2) or pasture (15,491 km2) with further

evidence of conversion of 4962 km2 of pasture into cropland238. In 2015, agricultural production for

municipalities in the basin consisted of 1.3 Mha of soybean121, about 5.4 Mha of pasture138, and less

than 12,000 ha of permanent crops (e.g., papayas, bananas, rubber trees, etc.)121. In addition, the

XBMT contains close to 10,000 small farm reservoirs mainly used to supply drinking water for cattle149.

In 2015, the cattle population reached about 3.5 million in the municipalities of the basin121.

From a total of 199,015 people living in XBMT in 2007, 125,279 made up the urban population

(63%), and 73,736 represented the rural population (37%), with the portion serviced by the general

water network reaching 47% and 49%, respectively4. Most of the drinking water for communities in

the Xingu Headwaters is supplied by deep wells (60%), followed by surface water (20%), shallow wells

(10%) and a mix of surface water and deep wells (10%), while 100% of the water in the Upper Xingu is

supplied exclusively by deep wells4. Total domestic water demand was estimated at 0.0208 m3 s-1 in

the Xingu Headwaters and 0.1814 m3 s-1 in the Upper Xingu, while industrial demand (as transformation

industry) was 0.0023 m3 s-1 and 0.226 m3 s-1, respectively4. Given the importance of the agricultural

sector in the region, there is additional water demand for livestock, aquaculture with about 47.6 ha of

fish tanks, and a total irrigation demand of 1.447 m3 s-1in 20064.

5.2.2 Integrated BIosphere Simulator (IBIS)

Hydrology in the XBMT was modeled using the Integrated BIosphere Simulator (IBIS) (v.2.5) which

combines ecological processes related to the water and carbon cycles with vegetation dynamics, cli-

mate, canopy and vegetation physiology, and phenology on a monthly or annual basis79,80,136. IBIS

represents the soil-plant-atmosphere continuum to simulate soil moisture and evapotranspiration (ET)

through six soil layers to 8 m depth (and soil temperatures), vegetation structure, stomatal conductance

and photosynthetic pathways, all forced with atmospheric conditions80,136. The model was previously

validated by Panday et al.188 in a study of the water balance of the Xingu River Basin from 2001 to 2010

using atmospheric forcing with data from the Climate Research Unit (CRU TS v.3.2.1). Surface runoff

was derived as the difference between ET and the balance of soil moisture, with the latter derived from

infiltration (from the Green-Ampt equation) and dynamics in the soil (from the Richards equation)188.

Following Panday et al.188, we combine IBIS results with land use maps to derive the monthly water
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Figure 5.1: The Xingu Basin of Mato Grosso (XBMT) and its sub-basins: the Upper Xingu Basin (yellow)
and the Xingu Headwaters (green) with the main rivers and the location of the discharge measurement
station used for validation5. The inset shows the position of XBMT (black) in relation to the Xingu River
Basin (black outline) and the state of Mato Grosso (gray).
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balance of the XBMT for 2000-2001, 2014-2015, 2030-2031, and 2050-2051 (0.5° resolution, and hy-

drologic years as September to August) following two simulations: (1) considering the basin’s potential

natural vegetation (PNV) as defined by Ramankutty and Foley208, (2) considering the replacement of

all natural vegetation by C4 grass (G) as a representation of complete deforestation in the basin. Hy-

drology for 2030-2031 and 2050-2051 was obtained from an average of 23 IPCC global climate models

and considering two different Representative Concentration Pathways (RCP) of 4.5 and 8.5 W m-2.

We derived total runoff in the basin by linearly associating runoff from PNV and G IBIS simulations

for the basin in hydrologic year t following Panday et al.188

R(t) = RPNV(t)Fƒ (t)+
�

1− Fƒ (t)
�

RG(t) (5.1)

where R(t) (mm mo-1) is the monthly discharge in the basin, RPNV (t) (mm mo-1) is the total runoff in

the basin under a PNV simulation, F f (dimensionless) is the fraction of forest cover in the pixel of in-

terest, and RG(t) (m3 mo-1) is the total runoff in the G simulation. The fraction F f was obtained from

land cover maps derived from Landsat imagery (30-m resolution)99, while future land use in 2030 and

2050 was obtained by Soares-Filho et al.243 based on distinct deforestation scenarios: a business-as-

usual scenario (BAU) in which 1997-2002 deforestation is maintained with planned transportation in-

frastructure, and a governance scenario (GOV) which assumes similar deforestation rates as BAU, but

in which a maximum deforested area representing 50% of each Amazonian sub-region is imposed243.

When combining climate change with deforestation scenarios, we obtained four distinct scenarios for

2030 and 2050 (BAURCP4.5, BAURCP8.5, GOVRCP4.5, GOVRCP8.5). Values of R(2000), R(2014), R(2030),

R(2050)were obtained for the XBMT, andR(2000)was obtained for the Xingu Headwaters and validated

against monthly mean river discharge measured at Marcelândia, Mato Grosso (Passagem BR80, station

18430000, 10° 46’ 38” S, 53° 5’ 44” W)5 with a Pearson correlation of 0.83 (Figure C.1, Appendix C).

Values of R(t) were obtained annually and interannually with three-month averages for the years listed

above.

Values of R(t) were then used to derive annual basin ET (ETT (t), mm y-1) using the water balance

equation shown in equation 5.2, and assuming a change in annual storage close to 0 following findings

from Panday et al.188,

ETT(t) = P(t)−R(t) (5.2)

where P(t) (mm y-1) is the precipitation input to the IBIS model. Similarly, we use equation 5.2 to derive

ETPNV (t), or the annual ET of the basin under PNV, using RPNV (t) and the IBIS precipitation input. All
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values of ET were obtained for 2000, 2014, 2030 and 2050 hydrologic years.

5.2.3 Volumetric water footprint sustainability assessment

5.2.3.1 Goal and scope definition

The goal of this VWFSA is to determine changes in blue and green water scarcities from production

processes in the XBMT in recent history, and, considering deforestation and climate change scenarios

for 2030 and 2050, to: (1) provide a hotspot analysis of water use in the basin as guidance for future

water allocation decisions, and (2) explore links between blue and green water scarcities in the basin

considering land use change histories. This assessment focuses exclusively on water quantity and

therefore considers blue and green VWF separately, and does not address water quality as expressed

by the gray VWF.

5.2.3.2 Water footprint accounting

The accounting step includes the calculation of the blue and green VWFs of all processes occurring in

the basin for the 2000, 2014, 2030 and 2050 hydrologic years, representing production in recent years

(2000, 2014) and defined following distinct scenarios for future conditions (2030, 2050, see Section

5.2.3.4). The selection of the 2000 and 2014 hydrologic years was based on the intense land use change

history in the basin within this time period as attested by land use maps99,188,238. Long-term runoff

observation in the Xingu River Basin at Marcelândia5 showed a change in runoff of −14% (February

2001) and +23% (December 2000) compared to the mean 1975-2005 discharge. We focus exclusively

on production processes, leaving out any local consumption of products that might be produced outside

the basin. This assumption is reasonable given the regional focus on agricultural products for export139,

with a majority of crops grown in the region supplied as input feed for livestock. Cropland and pasture

in Mato Grosso have been nearly exclusively rain-fed138, and therefore only require green water whose

consumption is estimated by ET.

Green volumetric water footprint of agriculture in the context of the basin’s land use systems

We obtain the green VWF of agriculture by combining top-down and bottom-up approaches to track

changes in the green VWF from 2000 to 2050 hydrologic years (top-down approach) and 2000 to 2014

hydrologic years (bottom-up approach). First, we propose that total annual ET of the XBMT is equal to

the sum of contributions from natural vegetation, agricultural land, and a residual term as described in
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equation 5.3

ETT(t) = ETNV(t)+ ETAG(t)+ ETR(t) (5.3)

where ETT (t) (m3 y-1) in the annual ET in the basin in hydrologic year t obtained from equation 5.2,

ETNV (t) (m3 y-1) is the annual ET from natural vegetation (as tropical humid or savanna forest, shrubland,

etc.) in the basin, ETAG(t) (m3 y-1) is the annual ET from agricultural land (as cropland and pasture

combined), and ETR(t) (m3 y-1) is a residual ET term, which accounts for other land use systems (e.g.,

forest clearance, urban areas) and water bodies (e.g., rivers, wetlands) that may or may not be included

in human consumption activity. In the top-down approach, we extract ETAG(t) + ETR(t) from a calculation

of ETNV (t)

ETNV(t) =
∑

j

ETPNV,j(t)ANV,j(t)FNV,j(t) (5.4)

where ETNV (t) (m3 y-1) is the natural vegetation ET contribution in the basin, ETPNV,j (t)(m y-1) is the ET

of the IBIS PNV simulation for each IBIS raster j of area ANV,j (t) (3080 × 106 m2) within the basin, and

considering the fraction of forested land FNV,j (dimensionless). This approach allowed for the disaggre-

gation of ETT into ETNV and (ETAG + ETR), which we use to analyze the hydrologic years between 2000

and 2050.

The bottom-up approach was applied for the 2000 and 2014 hydrologic years in which we used av-

erage pasture and cropland ET estimates from Lathuillière et al.138,141 together with land use estimates

extracted from Landsat imagery99. We considered single- and double-cropped soybean (with rice or

maize) as the main crops in the region (Table C.1, Appendix C). This assumption is reasonable consid-

ering that between 2000 and 2015, soybean represented 48-69% of total annual cropland in the basin,

while maize and rice represented 12-23% and 33-3%, respectively121 with an ever increasing amount of

maize double cropping in Mato Grosso245. During the same time period, perennial crops represented

less than 1% of total agricultural land121 and were therefore not considered further in this green wa-

ter accounting step. Residual ET (ETR) was then derived using equation 5.3 and, in this approach,

may include ET that could be allocated to a production activity occurring in urban areas, or other land

use systems with no immediate productive activity (e.g., ET following forest clearance). Differences in

ETR between the top-down and bottom-up approaches may be interpreted as a systematic error in the

allocation of ET to a particular landscape or human activity.

Blue volumetric water footprint of agriculture The blue VWF of agriculture includes irrigation, but

also water consumption from livestock production systems. In 2006, about 3200 ha of perennial crops
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were irrigated within XBMT and therefore we assume that the majority of irrigation in the XBMT was

not applied to soybean or pasture between 2000 and 2014. Blue water use was estimated for animal

production systems in pasture (ruminants), as well as confined facilities (chicken and swine), and in-

cludes animal drinking water as well as water used for washing of animal housing. Feed for all animal

production was assumed to be sourced from within the region, and is therefore already accounted for in

the agricultural green VWF (see Section 5.2.3.2). Water consumption for cattle follows steps described

in Chapter 4 to allocate green and blue water per kg of LW based on sex, animal development stage and

diet. Here, we considered drinking water sourced from small farm reservoirs in the basin detected by

remote sensing (see Section 4.2.2.3, Chapter 4). All other animals were assumed to have their drinking

water sourced by the main water system. As described in Section 4.2.3 (Chapter 4), cattle population re-

ported by agricultural production data121 is a total animal population which does not consider the annual

live population in their different stages of development. The annual live animal population for munici-

pality i and calendar year t is the difference between the total herd population (Hi,t) and the number of

animals slaughtered (0.17Hi,t). The live annual population Li,t can then be expressed by equation 4.4

(Chapter 4). Sheep and goat annual offtake rates were assumed identical to that of cattle (17%), while

horses, donkeys, and mules were not considered to be consumed and therefore their live population

was equated to the total herd population reported by IBGE121.

The swine and chicken development cycles were assumed to be 70 and 42 days respectively161,187,

from which we derived average swine and chicken populations following125

Pk,(t) = dys
Pk,(t)

365
(5.5)

where Pk,(t) (animals) is the average population of animal k, in municipality i and calendar year t, days

is the total number of days of the animal’s development cycle, and Pk,i (t) is the population of animal k

reported by national statistics121. To reflect animal population information available from IBGE121 for

calendar years into the hydrologic years used in this study, we take the average of the two consecutive

calendar years that overlap with each hydrologic year. Similar to crops, animal population for each

MU located inside the basin was scaled based on the percent area located inside XBMT (Table C.2,

Appendix C).

Animal water consumption was derived following ANA4 which provides water demand per animal,

assuming an average adult consumption. For confined swine and chicken, production we assumed 3.4

× 10-3 m3 animal-1 used to clean animal housing after slaughter following Palhares186 for swine, which
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was also assumed for chicken housing. These volumes are assumed to be entirely consumed. While

our drinking water consumption estimate is based on adult animal water demand and likely constitutes

an overestimation of animal blue water consumption, our water consumption estimate for cleaning is

likely an underestimate given the housing turnaround for both swine (70 days) and chicken (42 days)

production (Table C.2). Large and small ruminants were not allocated any water for cleaning as they

were assumed to spend their lifetime in pasture.

Domestic and industrial blue volumetric water footprints We estimated domestic water consump-

tion based on urban and rural human populations within the basin and the total population receiving

municipal services based on information from ANA4. We assumed a constant population growth in the

basin at a rate of 3.0% y-1 until 2014-2015 according to IBGE121. By assuming a total basin population

of 199,015 in 2010 (the same as 2007 information reported by ANA4), we derived total population in the

remaining years, maintaining the same proportion of urban and rural population not serviced by the mu-

nicipal system (47% and 49%, respectively) (Table C.3). Water consumption was calculated assuming

a 50% return flow to surface water, and based on a rural water demand of 70 × 10-3 m3 d-1 cap-1 and

an urban demand of 0.260 m3 d-1 cap-1. The 47% of the urban population that was not serviced by the

municipalities was assigned a water demand equal to rural demand4 (Table C.3).

Industrial water consumption was based on the number of industrial workers in both extraction and

transformation industries assuming industrial demand of 3.5 m3 d-1 cap-1 according to ANA4. In 2010,

the number of industrial workers was 4.1% of the total population within the basin121, which we as-

sumed to be of constant proportion between 2000 and 2015. Similar to domestic water consumption,

we assumed a 50% return flow of industrial water (Table C.3).

5.2.3.3 Water scarcity calculation

We estimate water scarcity within the XBMT in hydrologic year t following equation 5.6117

WS(t) =

∑

j
VWFj(t)

WA(t)
(5.6)

where WS(t) (dimensionless) is the water scarcity, VWF j (t) (m3 y-1) is the VWF of all activities j (deter-

mined in Section 5.2.3.2), and WA(t) (m3 y-1) is the water available in the basin over time t. Values of

WS(t) are defined for both blue and green water and vary from 0 (no scarcity) to 1 (extreme scarcity) to

gauge how water use has evolved within the basin. For both blue and green water resources, WA(t) is
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defined following equations 5.7 and 5.8117

WAB(t) = R(t)−EFR (5.7)

WAG(t) = ETT(t)−ETRNV(t)−ETUN(t) (5.8)

where WAB(t) (m3 y-1) is the blue water availability, R(t) (m3 y-1) is the natural discharge (or discharge

without human appropriation in the basin, defined in equation 5.1), and EFR (m3 y-1) is the environmental

flow requirement defined for the XBMT. When considering our top-down VWF accounting approach,

the value of EFR was defined according to mean annual runoff following Smakhtin et al.240 with a

value of 45.9 km3 y-1 to keep natural ecosystems in a “fair” condition (see Section C.3, Appendix C).

When considering the bottom-up VWF accounting approach, values of EFR were defined for each 3-

month mean discharge between 2000 and 2014 hydrologic years as 0.20R(t) following Richter et al.213.

Green water availability in hydrologic year t, WAG(t) (m3 y-1), was obtained by subtracting from the

ETT (t) (m3 y-1) the ET reserve to natural vegetation as ETRNV (t) (m3 y-1) and the ET of areas that are

agriculturally unproductive, ETUN(t) (m3 y-1). We interpret ETUN(t) as the amount of small impoundment

evaporation for cattle production whose area we consider unavailable for agricultural expansion. The

value of ETRNV (t) is interpreted as a percentage of total basin ET (ETT (t)) as measured in the 2000

hydrologic year and based on the Brazilian Federal Forest Codeminimum requirements for natural forest

cover in both the Amazon (80%), Cerrado (35%), and transition (50%) zones201. As a result, WAG and

WSG are calculated using these three minimum requirements expressed in ETRNV (t) of equation 5.8

and equal to 0.80ETT (2000), 0.35ETT (2000) and 0.50ETT (2000).

5.2.3.4 Interpretation and response formulation through scenarios

Blue and green water scarcities were interpreted following previously defined benchmarks. Blue water

scarcity was “severe” when WSB > 2, “significant” when 1.5 < WSB < 2, “moderate” when 1 < WSB <

1.5, and “low” when WSB < 1 following Hoekstra et al.118. Green water scarcity was “unsustainable”

when WSG > 1, a “threat” when 0.5 < WSG <1, “within sustainable limits” when 0.25 < WSG < 0.5, and

sustainable when WSG < 0.25 following Miguel Ayala et al.163. Results were then interpreted following

deforestation (BAU, GOV) and climate change (RCP 4.5 and 8.5 W m-2) scenarios, and onto which we

added population growth and agricultural production scenarios (Table 5.1).

First, we assumed that human population will continue to grow at current rates, or 3.0% y-1 until 2050,

and assumed a similar breakdown in rural and urban population as in the 2000s, with industrial activity
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assumed to be proportional to population growth. Primary sector growth was based on projections made

by the Brazilian Ministry of Agriculture for the 2025-2026 period focusing specifically on soybean, maize,

cattle, swine and chicken production154, assuming continuous growth in the basin between 2030 and

2050. We assumed a 35% increase in soybean production (or a 30% increase soybean area at current

yields) from 6.3 Mtons (or 2.1 Mha) in 2015 to 8.5 Mtons (or 2.8 Mha) in 2030 and an additional 35%

increase (at current yields) to 11.5 Mtons (3.8 Mha) in 2050. When considered together, the total surface

area for soybean and pasture were well within non-forested areas in the deforestation scenarios for 2030

and 2050 of 13 Mha and 14 Mha (BAU), and 10 Mha and 11 Mha (GOV), respectively. Cattle, pig and

chicken populations were assumed to increase respectively 3.0% y-1, 2.7% y-1 and 2.4% y-1 until 2050

but with organizational differences in production systems based on two agricultural production options

(Table 5.1).

We considered two agricultural intensification options linked to increased production, but based on

increases in green water (the Green Option, Figure 1.2, panel A or B) and blue water (the Blue Option 2,

Figure 1.2, panel E) resources appropriation. In the BAU scenario, average PCD for the XBMT in 2014

(0.87 live cattle ha-1) was maintained to require a 0.4 Mha of additional pasture in 2030 (total of 4.4 Mha)

and 3 Mha (total of 7.0 Mha) in 2050 (Green Option). Evaporation from small farm reservoirs in 2030 and

2050 was scaled with cattle population on pasture based on 40 m3 cattle-1 y-1 of evaporation obtained

for 2014-2015. In the GOV scenario, all additional cattle in 2030 were confined on 2014-2015 pasture

area to reach a livestock density of 1.3 cattle ha-1 (affecting 5.2 million animals). In 2050, additional

cattle were confined with a total population breakdown of 5.2 million cattle on pasture and 3.1 million

raised in confinement. We assumed that confined cattle did not use small farm reservoirs, but other

sources that do not carry evaporation (e.g., groundwater). At the same time, we assumed that 90 mm

of irrigation was applied in September-October to the entire soybean area (Blue Option).

5.2.4 Data processing and sensitivity analysis

Data processing was carried out using statistical R Statistical Software207 (v.3.4.0) in RStudio (v.1.0.143)

with packages: raster (v.2.5-8)106, sp26,190, rgdal (v.1.2-7)25,maptools (v.0.9-2)24, and ncdf4 (v.1.16)197.

Our results are provided using a series of values to highlight the extent of water scarcity in the basin

such as the use of both a bottom-up (2000, 2014) and top-down (2030, 2050) approach for allocating

ET to vegetation. Our response formulation for green water resources was based on a suite of restric-

tions following mandatory natural vegetation cover outlined in the Federal Forest Code (35%, 50%, and

80%), which served as a sensitivity analysis for green water scarcity (WSG). Blue VWF values were
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Table 5.1: Description of scenarios for 2030 and 2050 activities in the Xingu Basin of Mato Grosso
(XBMT) following deforestation (business-as-usual (BAU) and governance (GOV)243), and climate
change scenarios (Representative Concentration Pathways (RCP) 4.5 and 8.5 W m-2). BAU and GOV
scenarios also illustrate agricultural intensification options focused respectively on green water (BAU)
and blue water (GOV) appropriation.

Scenario Year Human
population;
industrial
workers

Livestock
population

Description

BAURCP4.5
BAURCP8.5

2030 336,335;
211,722

5,233,040 cattle
74,069 pigs
792,674 chicken

Human population increases at
historic growth rate; industry grows
proportionally to human settlement;
soybean production requires 2.8 Mha
of land; cattle population requires 4.4
Mha of pasture

BAURCP4.5
BAURCP8.5

2050 568,407;
357,809

8,372,864 cattle
114,066 pigs
1,173,157 chicken

Human population increases at
historic growth rate; industry grows
proportionally to human settlement;
soybean production requires 3.8 Mha
of land; cattle population requires 7.0
Mha of pasture

GOVRCP4.5
GOVRCP8.5

2030 336,335;
211.722

5,233,040 cattle
74,069 pigs
792,674 chicken

Human population increases at
historic growth rate; industry grows
proportionally to human settlement;
soybean production requires 2.8 Mha
of land; cattle population is herded on
4 Mha of pasture

GOVRCP4.5
GOVRCP8.5

2050 568,407;
357,809

8,372,864 cattle
114,066 pigs
1,173,157 chicken

Human population increases at
historic growth rate; industry grows
proportionally to human settlement;
soybean production requires 3.8 Mha
of land; cattle population is split
between pasture (5.2 million) and
confinement (3.1 million); soybean is
irrigated 90 mm in September-October
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considered to be conservative estimates, particularly for cattle production (see Chapter 4), as well as

the high return flows (50%) attributed to withdrawals.

5.3 Results

5.3.1 Past and future volumetric water footprints

Between 2000 and 2014, the sum of cropland and pasture areas increased 31% from 4.7Mha to 6.2Mha.

Changes in the consumption of blue water expressed by the total blue VWF increased from 0.153 km3 y-1

in 2000 to 0.218 km3 y-1 in 2014 (Figure 5.2). The blue WF was dominated by agriculture representing

97% of total water use, followed by domestic and industrial uses (Table C.5). Water evaporation from

small farm reservoirs represented 66% of total agricultural blue VWF in 2000, and 67% in 2014, followed

by animal drinking (respectively 32% and 31%) and irrigation (2% of total consumption in both years)

(Figure 5.2). Between 2000 and 2014, the total area of small farm reservoirs increased 37% from 6914

ha to 9463 ha of water, leading to a total evaporation of 0.099 km3 y-1 and 0.141 km3 y-1, respectively.

Domestic blue water consumption computed here was similar to values from ANA4, which reported

3.47 × 10-3 km3 y-1 in 2007, while our industrial consumption estimates were three orders of magnitude

smaller than the 3.55 × 10-2 km3 y-1 reported for 20074. Differences in industrial uses are primarily

attributed to our separation of confined animals from industry, as well as our focus on extractive and

transformative industries. Combining animal and industrial water consumptive uses raised our computed

values closer to those reported by ANA4. The total blue VWF increased with larger human and animal

populations in 2030 and 2050. In 2030, agricultural water use nearly doubled to 0.258 km3 y-1, while the

combined industrial and domestic uses increased to 9.90 × 10-3 km3 y-1 (Table C.5). In 2050, agricultural

water use increased to 0.517 km3 y-1 and 0.391 km3 y-1 in the BAU and GOV scenarios, respectively.

In the case of cattle confinement and early season soybean irrigation (GOVRCP8.5), consumption rose

to 3.81 km3 y-1.

Agricultural expansion resulted in an increase in the total green VWF of agriculture (as ETAG) from

40.6 km3 y-1 in 2000 to 49.9 km3 y-1 in 2014 (Table C.7, Appendix C). This change was led by cropland

ET which increased from 7% to 29% of ETAG, while pasture dropped from 93% to 71% of ETAG in

the same time period (Figure 5.3). The increase in green VWF occurred at the expense of the natural

vegetation whose contributions to ET dropped 11% between 2000 and 2014 due to a decrease in forest

cover by roughly 1.4 Mha. Changes in ETAG and ETNV obtained through the bottom-up approach were
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Figure 5.2: Total blue volumetric water footprint (VWF) of agriculture in the Xingu Basin of Mato Grosso
for the 2000 and 2014 hydrologic years.

similar to results from Silvério et al.238 (Table C.7). Further deforestation for agriculture in 2030 and

2050 increased ET of non-forested areas to 188.6 km3 y-1 and 209.6 km3 y-1 for the BAU scenarios

in 2030 and 2050 respectively, and 147.2 and 147.3 km3 y-1for the GOV scenarios (average climate

change scenarios) (Figure C.4, Table C.8).

5.3.2 Blue and green water availability and scarcity

Annual runoff decreased from 74.9 km3 y-1 to 70.4 km3 y-1 between 2000 and 2014 (Table C.6), which,

when considering environmental flow requirements, left 43.4 km3 y-1 (in 2000) and 40.8 km3 y-1 (in 2014)

of blue water available in the basin. The decrease in annual runoff followed the decline in precipitation

from 1999 mm y-1 in 2000 to 1934 mm y-1 in 2014 (Table C.6). When considering 3-month windows, the

decrease in runoff was more prominent in the December-February period where values decreased from

20.7 km3 3-month-1 in 2000-2001 to 14.3 km3 3-month-1 in 2014-2015 (Table C.6), which we relate to a

reduction in September-November precipitation from 519 mm 3-months-1 in 2001 to 447 mm 3-months-1
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Figure 5.3: Changes in contributions to evapotranspiration (ET) for natural vegetation (ETNV ), pasture
(ETP), cropland (ETC) and residual landscapes (ETR) in the Xingu Basin of Mato Grosso in the 2000
and 2014 hydrologic years (September-August). Values obtained through the bottom-up approach as
described in the text.

in 2014.

The combination of deforestation and climate change in the scenarios generally increased runoff by

2% in 2030 when compared to 2000 (GOVRCP4.5), and by 8% in 2050 (BAURCP4.5) despite a reduction

in precipitation (Table C.6). The GOVRCP8.5 scenario was the only exception with a decrease in runoff of

1% in 2050 for a precipitation decline to 1952 mm y-1. Focusing on climate change effects alone, runoff

with potential natural vegetation cover in the basin decreased from 69.8 km3 y-1 in 2000 to 64.1 km3 y-1

in 2014, 67.9-69.1 km3 y-1 in 2030 and 65.7-69.0 km3 y-1 in 2050 (Table C.6). Inter-annual changes in

runoff were apparent when considering 3-month windows: runoff generally increased at the beginning

of the wet season (September-November, +13 to +20%), before decreasing at the end of the wet season

(December-February, −62 to −71%). Dry season runoff increased between 22% and 52% in the June

to August periods when compared to 2000 (Table C.6).

Land contributions to ET in the basin were similar between 2000 (279.0 km3 y-1) and 2014 (272.0

km3 y-1) (Table C.8). In 2000, forests represented 50-69% of contributions (bottom-up and top-down es-

timates), while agriculture represented 15% (bottom-up estimates) (Table C.7 and C.8). In 2014, these

values changed to 46-63% and 18% for forests and agriculture, respectively. Total land contributions to

ET dropped by up to 4% in the GOVRCP4.5 scenario in 2030 and both BAURCP4.5 and GOVRCP4.5 sce-
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narios in 2050 (Table C.8, Figure C.4) with differences in contributions based on forest cover. Forests

in both GOVRCP4.5 scenario provided 122.9 km3 y-1 and 122.5 km3 y-1 of ET in 2030 and 2050, respec-

tively. In contrast, BAURCP4.5 showed a reduction of natural vegetation ET from 82.1 km3 y-1 in 2030 to

60.0 km3 y-1 in 2050 as a result of reduced forest cover (Table C.8, Figure C.4).

Annual blue water scarcity values were less than 0.10 (Figure 5.4) with the largest value recorded

in the GOVRCP8.5 scenario in 2050 (0.09). Inter-annual values increased to 0.65 for the GOVRCP8.5

scenario between September and November 2050 due to early soybean planting and irrigation (with

inter-annual values ≤ 0.03 the rest of the year). Annual green water scarcity values changed according

to deforestation scenarios, but also due to restrictions placed on the allocation of natural vegetation.

Between 2000 and 2014, green water scarcity was at least “within sustainable limits” (WSG < 0.50)

when considering the bottom-up approach, moving closer to “threat” conditions (0.5 < WSG < 1) in the

top-down approach (Figure 5.4). In 2030 and 2050, green water scarcity values increased closer to 1.1

in the BAU-2050 scenarios considering 35% of natural vegetation allocated to the basin, and beyond 1.2

when allocation increased to 50% and 80%. In the same time period, the GOV scenarios maintained

WSG < 1 with a 50% allocation to natural vegetation, but moved to “unsustainable conditions” in both

2030 and 2050 when allocating 80% of the basin to natural vegetation (Figure 5.4).

5.4 Discussion

5.4.1 Agricultural development and water resources

Agriculture was found to be the largest contributor to the total blue VWF in the basin, with animal water

consumption for drinking and from reservoir evaporation representing the largest component. Water

allocated to animal production systems in 2014 was equivalent to the consumption of 2.3 million people

connected to the municipal system. Animal population in the basin was historically led by cattle, but

pig and chicken production have increased in recent years121, effectively increasing water consumption

and the water supply needed for production. Chickens and pigs are typically raised in confined facilities

in Mato Grosso and, therefore, rely on surface or groundwater pumped for drinking water. In contrast,

cattle in Mato Grosso rely on small reservoirs whose evaporation constitutes more than half of agricul-

tural blue water consumption. Some of these reservoirs are constructed from impoundments of small

streams, which contribute to stream warming with potential effects on stream chemistry149 and hydro-

logic connectivity34. Regional effects of these reservoirs on hydrology remain relatively unexplored in
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Figure 5.4: Annual blue (WSB) and green (WSG) water scarcities for the Xingu Basin of Mato Grosso
in 2000 and 2014 hydrologic years, business-as-usual (BAU) and governance (GOV) deforestation sce-
narios in 2030 and 2050 considering Representative Concentration Pathways (RCP 4.5 and 8.5 W m-2).
Values of WSG were obtained assuming that 35%, 50% and 80% natural vegetation cover in the basin
was maintained (Table 5.1).
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SAM.

The replacement of natural vegetation by cropland and pasture was illustrated by an increase in green

water appropriation in the basin. We report a decline in pasture area in 2014 compared to 2000, which,

when combined with increasing cattle population, led to an increase in cattle density (0.57 cattle ha-1

in 2001 to 0.97 cattle ha-1 in 2015), following general trends in the state of Mato Grosso (see Chapter

4). The replacement of deep rooted natural vegetation with shallow-rooted crops and pasture affects

radiation partitioning by decreasing latent heat and increasing sensible heat fluxes141. These changes in

radiation partitioning have important consequences on surface temperatures. Silvério et al.238 showed

that cropland and pasture surface temperatures in the XBMTwere 6.4 °C and 4.3 °C greater than forests.

As a result, deforestation between 2000 and 2010 led to an average basin temperature increase of 0.3

°C on top of the 1.7 °C increase that had occurred because of deforestation prior to 2000238. The Xingu

Indigenous Park located in the heart of the basin (Figure 5.1) showed surface temperatures 3 °C lower

inside the protected area compared to the rest of the basin47. Such effects illustrate the importance of

maintaining natural forest cover.

Water consumption in future agricultural production varied substantially based on the conditions of

production, which include land expansion and intensification. Our evaluation of two agricultural expan-

sion scenarios highlights the extent of future green water appropriation from rain-fed agriculture which

carries consequences on carbon and water cycles139. Agricultural intensification for both crops and

livestock requires either more efficient use of green water on current land, a reallocation of green water

resources from crops to livestock, additional blue water consumption from irrigation, or a combination

of the above141. Under current production practices, the onset of the wet season dictates when (or if) a

second crop (typically maize) could be planted11,245. Farmers may plant soybean earlier in the season

(e.g., in September) and irrigate fields until the onset of the wet season (e.g., approximately 16 October

2007 in the basin11) to allow for earlier planting and harvesting of maize, and the potential success of

two crops. Under this strategy, farmers could also add a third irrigated dry season crop (e.g., bean)

leading to additional blue water consumption (see Chapter 3).

Similarly, future cattle production may include additional confinement as a strategy to free pasture

for cropland expansion. A larger cattle population means greater appropriation of both green water

(through feed) and blue water (through drinking, small farm reservoirs, cleaning of pens, etc.) (see

Chapter 4). Confinement could also move towards the use of blue water sources other than those

stored in small farm reservoirs (e.g., groundwater), in which case the total blue VWF of cattle could

drop. However, this apparent efficiency has to be assessed considering the use of reservoirs in the
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long term, or their possible decommissioning or alternative use in other production systems (e.g., as

irrigation). Potential water savings through efficiencies in the cattle production system (e.g., reservoir

evaporation management) could also reduce the blue WF of cattle to allow greater water availability

downstream (Chapter 4).

Since 2000, the state of Mato Grosso increased meat production for both domestic consumption

and international exports. The amount of water used for production is therefore virtually transferred to

consumers within and outside of Brazil55 (80% of Brazilian production is consumed within the country

according to FABOV70). Between 2000 and 2014, Mato Grosso meat exports rose from 27,000 tons to

387,000 tons155, thereby increasing the amount of water consumed regionally for foreign export, along

with soybean commodities139. For instance, 27% of Europe’s virtual water imports between 2006 and

2015 came from soybean trade69.

The selection of future production systems proposed through our scenarios can therefore change

the resource appropriation for regional production, which already carries nutrient and carbon footprints

that can be allocated to consumers139. This connection between consumption and production centers

has inspired demand-side management of water use through the supply chain. For instance, Van-

ham et al.267 estimated the VWF of different European diets and their implications for water resources.

Supply chain interventions in the region have been motivated by deforestation and climate change impli-

cations though both the Soybean Moratorium or the Cattle Agreement175, but could also include water

resources given the close link between land and water resources management in agricultural production

systems141.

5.4.2 Changes in water scarcity with land and water management

Activities in the basin through present day found to be within blue water sustainable limits. Green water

resources, however, were within sustainable limits under specific conditions only. Inter-annual blue

water scarcity moved closer to “moderate” under irrigation expansion and cattle confinement, reflecting

the potential vulnerability of the basin to dry season agricultural water use. A total of 234 irrigation pivots

covering almost 28,000 ha were identified in the municipalities overlapping XBMT6 and expansion could

increase given the 10 Mha irrigation capacity estimated for Mato Grosso76. Similarly, the developed

reservoir capacity for cattle is a measure to ensure continued drinking water in the dry season when

animals may need more water due to meteorological conditions187. Water consumed for agricultural

production is then unavailable for other human and ecosystem uses in the greater Xingu River Basin,

and may affect wetlands or hydroelectric power production38,188. Water rationing has already taken
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place as a result of drought (e.g., 2005) and the lack of infrastructure to cope with low water levels,

particularly in the Xingu Headwaters4. We therefore expect future water use for irrigation and cattle

to also come from additional sources (e.g., surface and groundwater sources) should water become

scarce in the dry season. Consequently, both intensification of soybean and cattle production should

carefully observe the effects on future water scarcity in the basin in agricultural management plans.

While policies have mostly focused on maintaining forest cover to protect biodiversity and reduce

greenhouse gas emissions, these policies can also play a role in maintaining sustainable water resource

use. The sustainable limits that we calculated relied on our estimate of water availability (WAB, WAG)

which depended in turn on the interaction of land and water management initiatives. We found that

natural runoff (i.e., runoff without any consumption activity, affecting WAB) would change in 2030 and

2050 as a result of deforestation and climate change, while total land ET (WAG) responded directly to the

allocation of land to natural vegetation cover, with a feedback on natural runoff (see below). Changes

in natural runoff resulting from deforestation and climate change have already been measured in the

region. For example, the 15% forest cover loss between 1971 and 2010 in the Xingu River Basin led to

a 6% increase in runoff, while climate variability led to a 2% decrease in precipitation and 14% decrease

in runoff188. Groundwater is known to act as a buffer in the basin, particularly in the dry season when

runoff could diminish due to an extending dry season ET199. These changes can be exacerbated by

the amount of deforestation in the basin represented by the BAU and GOV scenarios also guided by

Brazilian Federal Law.

The determination of green water scarcity assumed an increasing amount of land allocated to natural

vegetation in the basin based on natural vegetation cover mandated by the Federal Forest Code201. As

such, our interpretation of green water scarcity was based on the amount of vegetation cover lost in

the basin in relation to Federal thresholds, which vary by biome from 35% (Cerrado savanna) to 80%

(Amazon forest). For instance, in 2014, green water scarcity was within “threat” conditions when allo-

cating 80% of the basin to natural vegetation (based on ET in the 2000 hydrologic year as described

in Section 5.2.3.3). These “threat” conditions mean that from the total amount of green water avail-

able in the XBMT (represented by total ET, ETT ), the amount that could be put to use for agricultural

production approached the limits mandated by the retention of natural vegetation cover (80%). Even

in a restrictive deforestation scenario (GOV), green water appropriation would be unsustainable unless

the policy goal for natural vegetation cover were reduced from 80% to 50%, in which case the basin’s

green water scarcity changes from “unsustainable” to “threat” conditions. The XBMT is located within

the Amazon and Cerrado biomes, which have different mandatory levels of natural vegetation cover
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based on whether a property was within the Cerrado (35%), Amazon (80%), or the transition zone be-

tween the two (50%). We therefore conclude, that future green water appropriation will, at best, remain

under “threat” conditions considering both a restrictive deforestation scenario (GOV) and a 50% natural

vegetation cover. This analysis does not include potential indirect land use change that might occur in

other biomes18,178,246.

The increase in green water appropriation by cropland and pasture from natural vegetation through

agricultural extensification, was previously observed in the basin238, at the Mato Grosso state level138,

and the Cerrado246. These studies show that land use change can impact the water cycle by returning

less water vapour to the atmosphere when compared to natural vegetation with a potential reduction on

regional precipitation133,286. Regional precipitation is sourced from greenwater resources as opposed to

ocean evaporation278, such that land use change may, in turn, affect water availability within and outside

the basin8,132,184,251. This so-called “moisture recycling”, however, is also expected to be affected by

the expansion of irrigation practices which could transfer additional water vapour to the atmosphere in

the dry season when regional evaporation recycling is enhanced15.

5.4.3 Response formulation and study limitations

Our scenarios represent two possible agricultural production options141 considering agriculture remains

the largest water consumer in the basin. These options reflected whether agricultural intensification re-

lied on cropland expansion into pasture (the Green Option), or whether cropping frequency and livestock

confinement becomesmore widespread in the future (the Blue Option) (Table 5.2). Further appropriation

of green water from either natural vegetation or pasture depends on land use policies and incentives

(e.g. Federal Forest Code, Protective Areas, etc.), while blue water use depends on water manage-

ment, which has generally focused on human rather than ecosystem requirements38. Both options have

consequences for future water availability: continued reduction in natural vegetation cover, which is ac-

companied by reduced water vapour supply to the atmosphere could also affect terrestrial ecosystems

that rely on precipitation for ecosystem functioning141, while dry season water consumed in intensified

livestock and irrigation systems could harm aquatic ecosystems downstream.

Regional water resources planning requires that connectivity of the water cycle among basins and

biomes be maintained in order to secure future water availability within the basin and beyond. Water

resources management options should consider upstream rain-fed agriculture and small farm reservoirs

and their effects on downstream hydroelectric power. Currently, large hydropower dams (> 10 MW)

require environmental licenses and impact assessment studies, while smaller dams do not38 suggesting
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possible conflicts between up- and downstream water uses. As 22% and 48% of evaporation in the

Xingu and Amazon Basins, respectively, return to the same basins as precipitation23,263, land and water

management in a basin should go beyond its physical boundaries. So far, effects of land use change

on moisture recycling has been absent in water management, in part, due to the difficulty to connect

precipitation source and sink regions in governance131.

Water management strategies should also include green and blue water resource use efficiency

gains at the field level. For instance, small farm reservoir management should strive to reduce total

evaporation (see Section 4.4.1, Chapter 4), especially when combining livestock confinement with the

widespread use of irrigation for soybean planted at the end of the dry season (as described in our Blue

Option). Moreover, green water use should attempt to improve transpiration over evaporation141, while

irrigation should be used efficiently. These actions depend on each individual farmer, their production

systems and the available training for capacity building of such options. For instance, the recent increase

of cattle density on the current pastureland relied on increased pasture productivity with the potential to

reduce the amount of water for feed (see Chapter 4). However, such an initiative has been difficult to

implement in the region137, and the financial returns of increased cattle density still depend strongly on

the price fluctuations in the beef market86.

Our study focused on environmental aspects related to water quantity, not social nor economic im-

plications of water consumption, nor the effects of water quality on scarcity through the gray WF. As the

largest water consuming sector in the basin, agriculture likely carries the greatest impacts both socially

and economically. Some studies have made strong connections between agricultural development and

human and economic development12,212. The effects on water quality resulting from widespread fertil-

izer application in the XBMT have been inconclusive thus far with respect to eutrophication174, while few

studies have investigated the effects of pesticides on water quality in SAM12. The increase in livestock

confinement for both swine and chicken production suggests additional on-farm waste management

which could also affect water quality and were not considered in this study.

Results of this study relied on the accuracy of the IBIS model to represent the water cycle from land

use maps. Our bottom-up approach relied on maps obtained from Landsat imagery which were used

to infer runoff, and ET using average land use system values derived from previously published results.

The derived runoff and ET results were used exclusively for the 2000-2001 and 2014-2015 period and

were close to observations (see Appendix C). Our top-down approach used for the 2030-2031 and

2050-2051 periods relied on the assumption that cropland and pasture ET were equal. Cropland and

pasture ET can differ by almost 100 mm per crop (see Table C.1) suggesting a potential overestimation
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of agricultural land ET (Figure C.4). A reduction in agricultural ET would increase the estimated runoff

and decrease agricultural green water consumption. These changes would have a small effect on our

annual blue water scarcity values, and limited effect on our green water scarcity values which were more

sensitive to the allocation of ET to natural vegetation (ETRNV ).

Our results used IBIS to infer natural runoff under deforestation and climate change scenarios, which

do not include the feedbacks of water consumption activities. First, blue water scarcity values were

estimated based on the appropriation of runoff as the blue water source. The currently reported XBMT

water use is made up of only 20% of surface water with the remainder coming from deep and shallow

wells4. We therefore expect future dry season blue water scarcity limits to take longer to reach as a

result of groundwater extraction in the case of soybean irrigation and cattle confinement. Groundwater

in southeastern Amazonia is deep and known to also feed streams in the Xingu Headwaters104,198.

Therefore, the effects of extensive groundwater extraction could only partially contribute to blue water

scarcity. Our results, however, are still expected to represent a general trend towards greater water

scarcity given the large contribution of drinking water for cattle and evaporation from small farm reservoirs

which was entirely attributed to surface water. In this case we also expect groundwater storage to act

as a blue water source available to alleviate agricultural water demand in cases of domestic, industrial

consumption and additional demand from confined livestock and irrigated agriculture which merit further

investigation. It is important to note that the inter-annual water scarcity values were based on 3-month

means of natural runoff obtained from IBIS, which we found to be close to observed values between

September and November when blue water scarcity was its greatest in 2050.

Moisture recycling feedbacks resulting from reduced vegetation cover and an expanding small farm

reservoir network were not included in our estimate of both long-term green and blue water availability

and, therefore, water scarcity indicators. A reduction in precipitation as a result of land use change

would reduce green water availability in the basin and therefore increase themagnitudes of our estimates

towardsmore unsustainable limits. Similarly, reduced precipitation in the basin can further affect runoff at

the regional scale38, thereby increasing blue water scarcity as estimated here. Both of these limitations,

therefore suggest that our results represent mainly a conservative estimate of the effects described in

this study.
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Table 5.2: Summary of effects and responses for two agricultural production options focused on pro-
duction intensification in the Xingu Basin of Mato Grosso. An illustration of these options is shown in
Figure 1.2.

Option 1 (Green Option) Option 2 (Blue Option)
Description

Crops Cattle Crops Cattle

Strategy Increase
production by
increasing cropped
area

Intensify
production on
current land

Increase crop
frequency (triple
cropping)

Intensify
production through
confinement

Land use
response

Expansion of crops
into pastureland

Cattle
concentration on
current, more
productive
pastures

Cropland
expansion into
pastureland

Increase cattle
confinement

Water use
response

Reallocate green
water from cattle to
cropland

Reduce water use
for more
productive pasture;
feed sourced
off-farm (virtual
water transfer);
Increase small
reservoir capacity

Use irrigation for
early soybean
planting; include a
dry season
irrigated crop

Increase small
reservoir capacity;
supplemental
drinking from
surface and
groundwater in
confined systems

Effects on
blue water
use and
scarcity

Blue water consumption increases
with animal population, reservoir
evaporation and groundwater use, but
remains within sustainable limits

Blue water consumption approaches
sustainable limits in the dry season
with potential effects on downstream
water availability

Effects on
green water
use and
scarcity

Green water use increases for crops
and decreases for pasture (green
water scarcity constant); long-term
green water availability may change
due to local (land use) and global
(CO2 emissions) climate change;
additional evaporation from farm
reservoirs increase water vapour flows
to the atmosphere; changes in rainfall
affect blue and green water availability
in- and out of the basin.

Green water use increases for crops
and decreases for pasture (green
water scarcity constant); long-term
green water availability may change
due to local (land use) and global
(CO2 emissions) climate changes;
additional ET from crop irrigation and
evaporation from farm reservoirs
increase water vapour flows to the
atmosphere; changes in rainfall affect
blue and green water availability in-
and out of the basin.

Water man-
agement
considera-
tions

Improve efficiency of blue water use,
especially the reduction of evaporation
from farm reservoirs; consider effects
of land use on water availability
(precipitation, runoff) beyond the
basin; integrate land and water
policies.

Improve efficiencies in blue water use
for irrigation and confined livestock;
groundwater management or the use
of old farm reservoirs could be used
without affecting runoff; consider
effects of land use on water availability
(e.g. from additional water vapour
supply to the atmosphere).
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5.5 Conclusion

The application of the VWFSA revealed the importance of the agricultural sector for future land and wa-

ter management initiatives in the XBMT. Our study has also provided an important case for estimating

blue and green water scarcities in the context of land use change, climate change and agricultural pro-

duction scenarios. Agricultural expansion between 2000 and 2015 led to conditions under which green

water scarcity moved towards “threat” conditions, while blue water resources remained within sustain-

able limits. The evaluation of two water resource use options for agricultural intensification confirmed

the importance of land use policies in further reducing deforestation activity as a driver for intensifying

agricultural production in the basin. Future cropland expansion can rely on further green water appropri-

ation by expanding onto pasture, while cattle confinement and cropland irrigation for increased cropping

frequency have the potential of bringing the basin towards dry season sustainable limits. Future studies

should consider the role of small farm reservoirs and irrigation in the water cycle to identify their im-

portance for regional groundwater storage, downstream blue water availability, and also for large scale

moisture recycling and the atmospheric water balance.
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Chapter 6

Water Footprint Impact Assessment

of Water Use for Cropland and Cattle

6.1 Introduction

The landscape of Brazil’s central Western region has changed significantly since the 1990s following

a rapid rise in the production of agricultural commodities18,63,148,239. Today, the state of Mato Grosso

(Figure 1.1) is the largest producer of both soybean and beef in Brazil, and has mostly relied on the ex-

pansion of cropland and pasture in both Amazon and Cerrado biomes to reach national and international

production rankings75. The appropriation of natural resources for this expansion has grown together with

land use change139 with noted environmental impacts which include the loss of biodiversity41, changes

in surface238 and stream temperatures149, as well as degradation of terrestrial ecosystems due to a

reduction in regional precipitation capable, in part, of tipping the Amazon biome into a “savannization”

process59,237. Water resources in Amazonia are particularly at risk of further degradation from cropland

and pasture expansion, but also dam construction and mining38. In parallel, additional disruptions to the

water cycle have affected regional evaporation recycling into precipitation141, which may affect future

rain-fed agricultural production and hydropower generation8,184,251.

Lathuillière et al.141 defined five possible expansion options for the region which include agricultural

expansion into natural ecosystems or current pastureland, and agricultural intensification using rainwa-

ter harvesting, irrigation, or by improving water vapour flows through an increase in transpiration over

evaporation (Figure 1.2). Each option carries distinct uses of water resources that closely follow land

management and the resulting partitioning of precipitation into blue and green water141. Differences in

land use for agricultural products in SAM therefore entail different potential environmental impacts as a

result of precipitation partitioning which merits further attention in LCA.

Recent methodological advances focusing on water use in LCA have addressed differences in the

cause and effect impact pathways of the consumption of blue and green water, particularly as they
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relate to ET140,164,180,204,216. Some methods have focused on the effects of water consumption on

scarcity: Ridoutt and Pfister216 assessed changes in blue water flows as a result of changes in ET on

the land, Núñez et al.180 considered a ratio of water consumption to availability similar to what has been

defined by theWFNetwork117 (see equation 5.6 in Chapter 5). Other methods have highlighted potential

problems (or mid-point impacts in LCA terminology) reflecting changes in precipitation partitioning and

the distribution of green and blue water at the land surface (Table 6.1): Quinteiro et al.204 introduced the

Terrestrial Green Water Flows (TGWF) and River Blue Water Production (RBWP) mid-point impacts to

describe changes in the respective flows to the atmosphere and to liquid stocks as a result of land use.

Similar to TGWF, Lathuillière et al.140 proposed the Precipitation Reduction Potential (PRP) impact as

a land transformation and occupation impact following United Nations Environment Life Cycle Initiative

(UN LCI) guidelines135, which could be considered complementary to Groundwater Recharge Potential

(GWRP) described by Saad et al.230 (Table 6.1).

This study focuses on water consumption and land occupation impacts of cropland (which includes

soybean) and cattle production in SAM with the goal of comparing agricultural production options in the

region using current life cycle impact assessment (LCIA) methods. We follow the four phases of a LCA

described in ISO 14044126, and also consider the water scarcity footprint (WSF) following ISO 14046127

to highlight competition over blue water resources31: (1) Goal and scope definition, (2) life cycle/WF

Inventory, (3) life cycle/WF Impact Assessment, (4) interpretation. Results are aimed at providing input

on the environmental performance of the two most common products in the region, while at the same

time comparing and contrasting the available LCIA methods that focus specifically on blue and green

water partitioning on land (Table 6.1).

6.2 Methodology

6.2.1 Goal and scope definition, and functional units

The goal of the study is to compare agricultural production practices in SAM with the methods that focus

specifically on green and blue water partitioning on land (Table 6.1). We compare extensification and

intensification production systems for cropland and cattle based on possible choices of land and water

resources which include the use of irrigation as well as an increase in pasture productivity in both Ama-

zon and Cerrado biomes (Figure 6.1). We focus specifically on water quantity with mid-point impacts

linked to water consumption (defined as a WSF following ISO 14046 terminology127), and land occupa-
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Table 6.1: Summary of mid-point impacts of land occupation that consider the partitioning of precipitation
into blue and green water at the land surface through evapotranspiration (ET) from natural vegetation
(with evapotranspiration ETNV ), current land use (ETLU), and environmental flow requirements (ETEFR)
(see Section 6.2 for further description). Characterization factors for life cycle impact assessment (LCIA)
from Quinteiro et al.204 are subject to conditions.

Mid-point impact Description Life Cycle
Inventory
(LCI)

Characterization
factor for the Life
Cycle Impact
Assessment
(LCIA)

Reference

to atmosphere

Precipitation
Reduction
Potential (PRP)

Reduction in
regional
precipitation
returning to the
same river basin

Area (A)

(ETNV−ETLU)er

Lathuillière et
al.140

Terrestrial Green
Water Flows
(TGWF)

Reduction in ET
not returning to the
river basin;
conditions for
ETLU,eff < ETPNV,eff

Effective net
green water
(NGWeff ) 1−

ETLU,eƒ ƒ

ETNV,eƒ ƒ

Quinteiro et al.204

To land

Groundwater
Recharge Potential
(GWRP)

Change in
groundwater
recharge

Area (A)

GWRNV−GWRLU

Saad et al.230

Runoff Reduction
Potential (RRP)

Reduction in runoff
generated by
regional
precipitation
returning to the
same river basin

Area (A)

(ETNV−ETLU)αer

This study, based
on Berger et al.23

River Blue Water
Production
(RBWP)

Changes in
surface runoff from
increases in land
ET; conditions for
ETPNV,eff < ETLU,eff
< ETEFR,eff

NGWeff

ETLU,eƒ ƒ

ETEFR,eƒ ƒ

Quinteiro et al.204
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tion. According to the ISO 14046 standard127, a WSF is the result of an life cycle assessment focused

on potential impacts due to blue water consumption (see Section 2.3.3), and has been expressed as a

function of the level of water scarcity in a basin31.The geographical scope is limited by the boundaries of

the XBMT (Figure 5.1) while considering production practices averaged for Mato Grosso’s Amazon and

Cerrado biomes (Figure 1.1). The system boundaries are the cradle-to-farm gate production of crops

and cattle in 2014-2015. For crops, we consider soybean in both rain-fed and irrigated systems as two

options of interest for production in the region that respectively represent extensification and intensifi-

cation options (Figure 6.1). These systems are an integral part of soybean production as the primary

crop of interest and the main driver of land use change in Mato Grosso18,63,148,246. We consider two

rotations: a rain-fed soybean-maize rotation, and an irrigated soybean-rice-bean rotation (Chapter 3). In

rain-fed systems, soybean is typically planted at the beginning of the wet season (October-November)

with maize immediately planted following the soybean harvest (February-March). In the irrigated sys-

tem, soybean is planted at the end of the dry season (September) to allow for an earlier harvest to

benefit a rice harvest in the wet season (April), prior to planting a triple crop in the dry season (fully

irrigated, see Chapter 3). These options reflect the commonly used double cropping system245, and an

irrigation option which allows for a crop to be planted in the dry season (bean in this case). For cattle,

we consider the production system of the Nelore species (Bos taurus indicus, most common in Mato

Grosso), focusing on the differences in pasture productivity as an indicator for an increase in pasture

cattle density, and also consider water consumed by animals in small farm reservoirs (see Chapter 4).

The functional units for cropland and cattle are respectively 1 ha of cropland (containing soybean) and

1 kg LW at farm-gate.

6.2.2 Life cycle inventory

We consider three life cycle inventories (LCI) for each production system based blue water consumption,

and changes in blue and green water from land occupation (Table 6.1): one LCI for the WSF (blue water

consumed as described with the WF Inventory), one LCI based on land area (A), and one LCI based

on ET (as effective net green water, NGWeff , described in equation 6.1). Blue water uses for crops and

cattle production are in competition with other human and ecosystem uses in the basin and are therefore

susceptible to deprive these users of water31, and expressed in LCI by theWF inventory. WF inventories

include blue water consumed for irrigation (assuming all irrigation becomes ET), drinking water for cattle

provided by small farm impoundments, and the volume of water evaporated from these reservoirs. Blue

water consumption was based on previous results for both cropland (Chapter 3) and cattle (Chapter 4)
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Figure 6.1: Scenarios for production systems considered in this study for estimating the mid-point envi-
ronmental impacts of cropland and cattle production systems (cradle-to-farm gate). Scenarios include
cropland extensification on natural vegetation (NV) or pasture, and differences in pasture productivity
for cattle. An illustrative example is shown in Figure 1.2 (panels A, B and E).

(see Table 6.2). Blue water was allocated to dry season irrigation of bean (118 mm over the season, see

Chapter 3), as well as water consumption by cattle which was estimated over the course of the animal’s

development cycle in 48 months (Chapter 4) and divided by two to obtain mean annual consumption.

Given the lack of information on small farm reservoir water balances in the region, we assumed that

both cattle drinking and evaporation from the reservoirs diminished streamflow or groundwater recharge

with potential impacts on future water availability. In 2014, the XBMT contained 9463 ha of small farm

impoundments detected using remote sensing (Chapter 5). Drinking water for cattle was based on the

development stage of the animal and averaged 40.5 × 10-3 m3 y-1 (kg LW)-1. There was 0.141 km3

y-1 of small reservoir evaporation in the XBMT in 2014-2015 for a total live cattle population of about

3.5 million (Chapter 5) which we attributed to the total cattle live weight based on mean cattle weight in

respective development phases (95 kg LW cattle-1 for calves, 266 kg LW cattle-1 for mid-life cattle, and

429 kg LW cattle-1at the end-of-life) (Chapter 4). This calculation provided a mean allocation of small

farm reservoir evaporation attributed to the live cattle herd of 0.16 m3 y-1 (kg LW)-1 .

Current impact assessment methods involving water partitioning from land occupation (Table 6.1)

either include land area (A) or ET (as NGWeff , see below) in the LCI calculation. Both methods for

deriving GWRP and PRP use land occupation (A, ha) as the LCI, as well as the Runoff Reduction

Potential (RRP) impact introduced in this study (see Section 6.2.3). Land occupation is based on the
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annual occupation of land from the crop rotations containing soybean in both rain-fed and irrigated

systems (see Chapter 3). We translate pasture consumed by cattle into hectares of land in Mato Grosso

based on an averaged male and female 48-month animal development cycle (divided by two to obtain

annual consumption), and considering low and high pasture productivity scenarios (see Chapter 4)

(Table 6.3). In the case of TGWF and RBWP, Quinteiro et al.204 introduced ET in the LCI as defined by

effective net green water (NGWeff , m3 ha-1 y-1) shown in equation 6.1

NGWeƒ ƒ = ETLU,eƒ ƒ − ETNV,eƒ ƒ (6.1)

where ETLU,eff (m3 ha-1 y-1) is the effective ET of the current land use (cropland or pasture), ETNV,eff (m3

ha-1 y-1) is the effective ET of the natural vegetation (Amazon or Cerrado). Both ETLU,eff and ETNV,eff

are calculated following Quinteiro et al.204 in equation 6.2

ET,eƒ ƒ = ET− ETer (6.2)

where ETi is the ET of a land use i, and er (0.22, dimensionless) is the basin internal evaporation

recycling ratio23 constrained to the Xingu River Basin. The physical meaning of NGWeff is the change in

water vapour returning to the atmosphere that is effectively lost from the basin (considered consumed),

following the change in land occupation from NV to LU. In addition, we consider the possible effects

of small reservoir evaporation on the water cycle by comparing the amount of evaporation from the

impoundments to the NV. We therefore apply equation 6.1 by considering ETLU,eff as mean evaporation

from reservoirs.

6.2.3 Life cycle impact assessment

We follow two frameworks from the UN LCI to determine mid-point impacts of water consumption and

land occupation. Impacts of blue water consumption are assessed by estimating the amount of water

deprived to human and ecosystems in the region using the AWARE method31. Briefly, this method

provides a WSF127 through a characterization factor that represents the degree of competition in a river

basin following equation 6.331. The WSF has also been referred to as a stressed weighted WF112,

WSF= LCCF (6.3)
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where LCIw (m3 ha-1) is the blue WF inventory (or all blue water consumed per ha: e.g., irrigation,

water evaporated from reservoirs, etc.), CFw (dimensionless) is the characterization factor based on

the available water remaining in the basin, taking into account both human and ecosystem blue water

consumption. Values of CFw were obtained following Boulay et al.31

CF =
AMDord

AMD
(6.4)

where AMDworld (0.0136 m3 m-2 mo-1) is a global normalization factor representing global blue water

availability minus demand, and AMDi represents blue water availability minus demand in river basin

i as the difference between available blue water, human and ecosystem consumptions divided by the

area of the basin. For the Xingu River Basin, the annual value of CFw is 1 (no irrigation) and 1.1 (with

irrigation)31.

Secondly, impacts of land occupation on the water cycle were determined following Koellner et al.135

as shown in equation 6.5

occ = ACFjtocc (6.5)

where Iocc is the land occupation impact, calculated using a characterization factors of impact j (CFj ),

area A (ha) and occupation time tocc (years). Characterization factors were calculated for threemid-point

impacts affecting the land and atmospheric water cycles: GWRP following Saad et al.230, PRP following

Lathuillière et al.140, and RRP which we propose in this study, all of which are shown in equations 6.6

to 6.8

CFGWRP =GWRNV−GWRLU (6.6)

CFPRP = (ETNV−ETLU)er (6.7)

CFRRP = (ETNV−ETLU)αer (6.8)

where CFGWRP , CFPRP , and CFRRP (m3 ha-1 y-1) are the respective characterization factors of land

occupation for GWRP, PRP, and RRP,GWR and ET (m3 ha-1 y-1) are respectively groundwater recharge

and ET for natural vegetation (GWRNV , ETNV ) and the land use (GWRLU , ETLU), and αer is the basin

internal evaporation recycling ratio multiplied by a runoff coefficient r which together equal to 0.07 (di-

mensionless), and represent a recycling ratio of water vapour returning to the basin as blue water23.

Values of GWR were obtained following the water balance equation described by Saad et al.230 and
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shown in equation 6.9

GWR=
P− ET

r
(6.9)

where P (mm y-1) is the annual precipitation, and r (dimensionless) is the runoff coefficient, both of which

are defined for NV and LU to derive GWRNV and GWRLU .

Characterization factors for TGWF and RBWP (as CFTGWF and CFRBWP ,dimensionless) were ob-

tained from equations 6.10 and 6.11 following Quinteiro et al.204

CFTGWF = 1−
ETLU,eƒ ƒ

ETNV,eƒ ƒ
(6.10)

when ETLU,eff < ETNV,eff (both of which are obtained with equation 6.2), and

CFRBWP =
ETLU,eƒ ƒ

ETEFR,eƒ ƒ
(6.11)

when ETPNV,eff < ETLU,eff < ETEFR,eff , where ETEFR,eff is the effective ET that maintains environmental

flow requirements in the Xingu River Basin and was defined by equation 6.12 following Quinteiro et al.204

ETEFR,eƒ ƒ = P−χEFR
�

P−ETNV,eƒ ƒ
�

(6.12)

where χEFR (0.42, dimensionless) is the fraction of environmental flow requirements to the long-term

mean discharge of the Xingu River Basin (see Chapter 5). The conditions to apply equations 6.10 and

6.11 are the characterization factors under specific land occupation scenarios described in this study,

in which both characterization factors are mutually exclusive. Therefore, if ETLU,eff < ETPNV,eff , then

CFRBWP = 0, and if ETPNV,eff < ETLU,eff < ETEFR,eff , then CFTGWF = 0 according to Quinteiro et al.204.

All characterization factors were derived using previously published input data from both the Amazon

and Cerrado biomes as described in Lathuillière et al.143 and adapted for rain-fed cropland, irrigated

cropland, and pasture using input parameters shown in Table 6.2.

6.3 Results

Potential impacts of cropland and cattle production obtained following calculations from the LCI (Table

6.3) showed differences with respect to the biome and production system with both positive and negative

impacts based on the impact category considered (Figures 6.2 to 6.4). Land occupation impacts from
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Table 6.2: Input parameters used in this study, following Lathuillière et al.143

Parameter Symbol Amazon Cerrado Unit Reference

Precipitation P 2096 1369 mm y-1 Rodrigues et al.226

ET of natural
vegetation

ETNV 1099 817 mm y-1 Lathuillière et al.138;
Oliveira et al.185

Cropland ET,
rain-fed

ETLU 801 mm y-1 See Chapter 3

Cropland ET,
irrigated

ETLU 982 mm y-1 See Chapter 3

Pasture ET ETLU 794 mm y-1 See Chapter 3

Pasture
productivity (low)

5.3 ton DM ha-1 See Chapter 4

Pasture
productivity (high)

3.0 ton DM ha-1 See Chapter 4

Dry season
irrigation

118 mm y-1 See Chapter 3

Small farm
reservoir
evaporation

1421 mm y-1 See Chapter 5

Runoff coefficient r 2a dimensionless Lathuillière et al.143

Basin internal
evaporation
recycling
coefficient
(precipitation)

er 0.22 dimensionless Berger et al.23

Basin internal
evaporation
recycling
coefficient (blue
water)

αer 0.07 dimensionless Berger et al.23

Filtration distance
to groundwater

0.8-1.5 m Beck et al.21;
Lathuillière et al.143

aAssumption
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cropland replacing NV were greater in the Amazon biome than in the Cerrado with larger differences

in all categories, particularly with rain-fed cropland’s GWRP (−1490 m3 in the Amazon compared to

−690 m3 in the Cerrado), PRP (656 m3 in the Amazon compared to 304 m3 in the Cerrado) and TGWF

(−630 m3 in the Amazon compared to −158 m3 in the Cerrado). A change from irrigated to rain-fed

cropland in both biomes carries a WSF (representing the degree of competition resulting from blue

water consumption at 1298 m3 world equivalents for irrigated cropland), and reductions in impacts to

the atmosphere, and to the land. In the Cerrado, the main difference between rain-fed and irrigated

cropland was the change in sign of the impacts of PRP (304 m3 to −95 m3), GWRP (−690 m3 to 215

m3) or RRP (97 m3 to −30 m3), while the same shift replaced TGWF impacts (−158 m3) by RBWP

impacts (299 m3) (Figures 6.2 and 6.3). The replacement of pasture with cropland in both Amazon and

Cerrado biomes showed much smaller impacts compared to irrigated cropland. Impacts decreased for

PRP (−426 m3) and RRP (−136 m3), and increased for GWRP (968 m3), and RBWP (1346 m3). Cattle

production generally showed lower impacts in the Cerrado biome when compared to the Amazon biome,

and in high productivity pasture when compared to low productivity (Figure 6.4 ). The impact categories

with the largest magnitude were PRP (4.5 m3 (kg LW)-1 for a low productivity pasture system in the

Amazon), GWRP (−5.1 m3 (kg LW)-1), TGWF (−2.2 10-2 m3 (kg LW)-1) and RRP (1.4 m3 (kg LW)-1)

(Figure 6.4).

The above impacts were obtained from the characterization factors shown in Tables 6.4 and 6.5.

Characterization factors for changes in water vapour transfers to the atmosphere with land occupation

(CFPRP, CFTGWF ) ranged from −426 m3 ha-1 y-1 for a pasture-to-irrigated cropland transition (Table

6.5) to 683 m3 ha-1 y-1 from an Amazon NV-to-pasture transition (Table 6.4). These characterization

factors had matching values of CFTGWF of 0 for CFPRP< 0, and up to 0.28 for CFTGWF > 0 (Tables 6.4

and 6.5). Values of CFGWRP were negative when considering NV-to-rain-fed cropland transitions, but

positive in Cerrado NV-to-irrigated cropland (257 m3 ha-1 y-1), pasture-to-rain-fed cropland (63 m3 ha-1

y-1) and pasture-to-irrigated cropland (968 m3 ha-1 y-1). Values of CFRRP were of opposite sign to that

of CFGWRP with values ranging from −136 m3 ha-1 y-1 (pasture-to-irrigated cropland) to 217 m3 ha-1

y-1 (Amazon NV-to-pasture transition). A positive CFGWRP was also matched by a non-zero value of

CFRBWP in Cerrado NV-to-irrigated cropland (0.89), pasture-to-rain-fed cropland (0.73), and pasture-to-

irrigated cropland (0.89) transitions (Table 6.4).
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Table 6.3: Life cycle inventory data for both crop (1 ha) and cattle (1 kg LW) production.

Product
(functional
unit)

Biome Blue (ET) Blue
(drink) Green NGW eff Land use References

m3 y-1 ha y-1

Cropland,
rain-fed
(1 ha)

Amazon 0 0 8010 −2324 1 Chapter 3,
IBGE121Cerrado −1076

Cropland,
irrigated
(1 ha)

Amazon 1180 0 8640 −913 1 Chapter 3,
IBGE121Cerrado 335

Cattle,
low pro-
ductivity
pasture
(1 kg LW)

Amazon 0.16 (2.74
× 10-2)a

20 × 10-3 25.7 −8 3.26 × 10-3 Chapter 4,
IBGE121Cerrado −4

Cattle,
high pro-
ductivity
pasture
(1 kg LW)

Amazon 0.16 (4.09
× 10-2)a

20 × 10-3 2.2 −4
1.85 × 10-3

Chapter 4,
IBGE121Cerrado −2

aValue in brackets is the effective blue water evaporation from reservoirs
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Figure 6.2: Mid-point impacts of water consumption and land occupation of cropland (m3 ha-1) from
Amazon natural vegetation (NV) and pasture. Impacts are Precipitation Reduction Potential (PRP),
Terrestrial Green Water Flows (TGWF), Groundwater Recharge Potential (GWRP), Runoff Reduction
Potential (RRP), River Blue Water Production (RBWP).

Figure 6.3: Mid-point impacts of water consumption and land occupation of cropland (m3 ha-1) from
Cerrado natural vegetation (NV) and pasture. Impacts are Precipitation Reduction Potential (PRP),
Terrestrial Green Water Flows (TGWF), Groundwater Recharge Potential (GWRP), Runoff Reduction
Potential (RRP), River Blue Water Production (RBWP).
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Table 6.4: Characterization factors for the consumption of blue water (CFw ) and the land occupation
impacts for natural vegetation (NV)-to-cropland (rain-fed and irrigated) and NV-to-pasture in both Ama-
zon and Cerrado biomes: Groundwater Recharge Potential (CFGWRP), Precipitation Reduction Potential
(CFPRP), Runoff Reduction Potential (CFRRP), Terrestrial Green Water Flow (CFTGWF ) and River Blue
Water production (CFRBWP).

Characterization
Factor

Cropland, rain-fed Cropland, irrigated Pasture Reservoirs

Amazon Cerrado Amazon Cerrado Amazon Cerrado Amazon Cerrado

to
atmosphere

CFPRP
(m3 ha-1 y-1)

656 304 257 -95 683 331 −715 −1067

CFTGWFa 0.27 0.15 0.11 0 0.28 0.16 0 0

to land

CFw 0 0 1.1 1.1 0 0 1.1 1.1

CFGWRP
(m3 ha-1 y-1)

−1490 −690 −585 215 −1553 −753 NAb NAb

CFRRP
(m3 ha-1 y-1)

209 97 82 −30 217 1025 −228 −340

CFRBWPa 0 0 0 0.89 0 0 0.90 1

aDimensionless; bNot available
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Figure 6.4: Mid-point impacts of water consumption and land occupation for cattle (m3 (kg LW)-1) in both
Amazon and Cerrado biomes. Impacts are Precipitation Reduction Potential (PRP), Terrestrial Green
Water Flows (TGWF), Groundwater Recharge Potential (GWRP), Runoff Reduction Potential (RRP),
River Blue Water Production (RBWP).

Table 6.5: Characterization factors for the consumption of blue water (CFw ) and the land occupation im-
pacts for pasture-to-cropland (rain-fed and irrigated) in both Amazon and Cerrado biomes: Groundwater
Recharge Potential (CFGWRP), Precipitation Reduction Potential (CFPRP), Runoff Reduction Potential
(CFRRP), Terrestrial Green Water Flow (CFTGWF ) and River Blue Water production (CFRBWP).

Characterization factor Cropland, rain-fed Cropland, irrigated

to atmosphere

CFPRP(m3 ha-1 y-1) −27.7 −426

CFTGWFa 0 0

to land

CFw 0 1.1

CFGWRP(m3 ha-1 y-1) 63 968

CFRRP(m3 ha-1 y-1) −8.8 −136

CFRBWPa 0.73 0.89

aDimensionless
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6.4 Discussion

6.4.1 Crop and cattle intensification impacts on water partitioning

The combined LCIA methods were able to provide additional information on the potential effects of cur-

rent intensification at the field level within current trends in the region148,244. In SAM, pasture has histor-

ically replaced NV in both Amazon and Cerrado biomes while cropland has replaced NV but also older

pasturelands, often leading to indirect land use change through additional deforestation of NV for pasture

into the Amazon biome10,18. Such deforestation activity has had noted impacts on biodiversity, above

and belowground carbon as well as erosion as quantified in LCA143, which can be complemented by the

effects described by precipitation partitioning. A NV-to-rain-fed cropland transition was accompanied by

a reduction in water vapour transfer to the atmosphere which translated into a loss of water vapour from

the basin (as quantified with TGWF), a loss of precipitation recycled within the basin (from PRP), or re-

turning to land as blue water (RRP), leading to additional local groundwater recharge (GWRP). Overall,

this transition would increase blue water resources within the basin with a trade-off between upstream

groundwater (expressed in GWRP) and downstream surface water resources (TGWF, RBWP). The loss

of water from the basin (TGWF, RBWP) can affect water availability downstream and, consequently,

increase water scarcity as in the case of cropland irrigation. Moreover, cropland irrigation transferred

blue water resources to the atmosphere through ET, especially land occupation on Cerrado NV or pas-

ture. The amount of precipitation recycled within the basin (PRP) actually increased when considering

impacts of irrigated cropland in the Cerrado which could have potential benefits to ecosystems140.

Impacts of cattle production were affected by low productivity and high productivity pasture mostly

from the amount of dry matter that cattle can consume per hectare of pasture as well as the choice of

NV. The change in land occupation impacts of cattle following a NV-to-pasture transition showed similar

impacts than the NV-to-cropland transitions with losses of water vapour returning to the atmosphere

(PRP), as well as surface and groundwater (RRP, GWRP). Similar to irrigation, small farm impound-

ments constructed for cattle drinking did not carry any losses of water vapour outside of the basin as

expressed through TGWF, rather they potentially reduced the production of blue water downstream.

Indeed, extensive networks of small farm reservoirs can reduce stream connectivity34 and favour addi-

tional evaporation with effects on downstream water availability (see Chapter 5).

Cropland extensification into pasture overall had the lowest land occupation impacts while cattle

intensification in the Cerrado had lower impacts than in the Amazon biome. The Brazilian Federal Forest

Code currently places deforestation limits on properties located in the Amazon and Cerrado biomes
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through the Legal Reserve which requires farmers to respectively maintain 80% and 20% of natural

forest cover (depending on the year of deforestation and farm size)33. This difference has historically

led to more deforestation in the Cerrado compared to the Amazon253 with impacts on biodiversity and

ecosystem services142. There were distinct blue and green water trade-offs expressed in the cropland

extensification and cropland irrigation impact assessments expressed through TGWF and RBWP. Both

impacts quantify the effects of land use change on downstream water availability and could therefore be

linked also to the WSF206 (see Section 6.4.2).

We note uncertainties with the above interpretation of our results which are common in LCA studies

that rely on crop water balances and can affect both LCI and the characterization factors189,205. We

expect uncertainty in our LCI values as a result of geographic differences in water use for crops and

cattle across the basin. Our values of ET came from field measurements in both rain-fed and irrigated

fields and assumed no field runoff, and little information on drainage (Chapter 3) which can change with

field declination and soil conditions. The amount of water consumed by cattle was based primarily on the

total live weight of the animal and represented an average of male and female consumption in the state

of Mato Grosso (Chapter 4). Drinking water for cattle can vary greatly based on climate187,218, while

we also expect geographic differences in the small farm reservoir evaporation across the basin. The

characterization factors used in this study represent regional averages for the state of Mato Grosso in the

case of GWRP143, while all characterization factors related to the internal processes of the basin (e.g.,

PRP, WSF) can also know geographic and temporal variability. While our values of ET for NV in both

Amazon and Cerrado biomes have been estimated through remote sensing138,185, field measurements

have confirmed the difference in magnitude between vegetation spanning from 965 mm y-1 (Cerrado)

to 1384 mm y-1 (Amazon) and follow the precipitation gradient across the two biomes141. This average

difference in ET between the biomes therefore confirms the difference in impacts observed, despite the

geographic uncertainty in landscape ET from cropland and pasture.

Furthermore, this study also focused on attributional LCA by allocating impacts to two products as-

suming that their respective systems are mutually exclusive. In fact, the options proposed for agricultural

intensification overall are interconnected (Chapter 5). For instance, between 2001 and 2010, close to

4962 km2 of pasture was converted to cropland in the XBMT238, while cattle animal population in-

creased, thereby increasing cattle density from 0.57 cattle ha-1 to 0.97 cattle ha-1in the basin (Chapter

5). Therefore, our proposed cropland extensification option could lead to cattle intensification, but also

cattle extensification in- or outside the basin (indirect land use change) which was unaccounted for in

this study.
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6.4.2 Complementarity in mid-point impacts

The mid-point impacts used in this study represent changes in hydrological flows as a result of land

occupation and water consumption which can be synonymous from an ISO 14046 perspective127, but

were considered separately in this study. On the one hand, land occupation can change hydrology

based on precipitation partitioning with consequences on end-point impacts (resulting from mid-point

impacts) to human health, ecosystems or water resources. The mid-point impacts used in this study

could be interpreted as so-called fate factors in LCA, which are used in LCIA to estimate changes in

the water cycle to derive end-point impacts (e.g., impacts to ecosystem quality181). For instance, in

Lathuillière et al.140, PRP represents the precipitation volume not returning to the river basin as a result

of a land occupation or transformation activity with potential impacts to terrestrial ecosystems as a result

of diminished soil moisture. Similarly, other fate factors have been conceptualized in the context of

groundwater extraction265. The long-term effects of these fate factors also affect water availability. For

instance, the land occupation impact GWRP showed increased recharge following a NV-to-cropland

transition, while a reduction in precipitation could also reduce long-term runoff within the basin. These

effects on water resources are also expected to change competition over remaining water resources

which were expressed with the WSF in the case of blue water consumption only. Land use, land use

change and dam operations are known as major contributors to changes in water availability and have

already contributed to moving water scarcity further downstream270, which could also be expressed

more explicitly in LCA.

The WSF as expressed using the AWARE method31 aims to answer the question posed by Boulay

et al.30,31 with a specific focus on water quantity: “What is the potential to deprive another freshwater

user (human or ecosystem) by consuming freshwater in this region?”. The method is based on the

ratio of water demand to availability where availability is defined as the amount of water remaining once

human and ecosystem demands have been met31. In this method, theWSF is considered a “proxy” mid-

point, meaning that it isn’t linked to any particular end-point impact31. A similar “proxy” mid-point was

developed by Berger et al.23 as the water depletion index which was used to evaluate a water depletion

risk with respect to an activity in a basin. The results from these impact indicators are therefore different

than the interpretation of impacts as fate-factors used as a predictive impact assessment expressed

through an end-point impact as seen with PRP, RRP, and GWRP. Impact categories TGWF and RBWP

best represent the changes in water from land occupation that could be considered “consumed” and

could be further represented in a WSF from land occupation206. The water depletion index proposed by

Berger et al.23 was based on a ratio of water consumption to availability which considers the removal of
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evaporative fraction returning to the basin as precipitation from water consumption through er (without

considering ecosystem water demand). If we interpret TGWF and RBWP as water effectively consumed

as a result of land occupation, then we can calculate a WSF using a water depletion of 0.01 m3 depleted

per m3 consumed following Berger et al.23. This would provide a risk of freshwater depletion ranging

from 0.71-13.5 m3 water depleted ha-1 for cropland and 2.4 × 10-4 to 2.2 × 10-2 m3 water depleted

(kg LW)-1 for livestock (considering absolute values of TGWF and RBWP). Similarly, Quinteiro et al.206

propose to use AWARE characterization factors (or CFw as described in this chapter, equation 6.4) as

a means to derive a WSF from a change in river runoff (Figure 6.5).

TheWater use in LCA (WULCA) working group has recommended a framework for including transfers

of freshwater sources and sinks in LCIA by considering hydrological “compartments” in the water cycle,

keeping in mind regional and global scale effects182. In our study’s context, the magnitude of these

transfers depended primarily on the magnitude of er which was used either in the LCI (for TGWF, RBWP,

see equation 6.1), or in the LCIA phase (for PRP and RRP, see equations 6.7 and 6.8). Our value of

er was constrained to the Xingu River Basin, but could be confined to the Amazon biome or even the

continent140,263 as a means to represent differences between local and regional hydrological scales.

For instance, Lathuillière et al.140 calculated PRP of soybean production in Amazonia in a small region

(2.76 × 1010 m2), the Xingu River Basin (5.1 × 1011 m2), and the Amazon biome (7.0 × 1012 m2) and

estimated respective PRP impacts of 86.5 m3 ton-1 soybean, 323 m3 ton-1, and 703 m3 ton-1 following

the corresponding values of er for each area of influence. Similarly, impacts expressed in GWRP could

be complemented with fate factors based on groundwater depletion as derived by van Zelm et al.265.

Moreover, the recognition of impacts to the end-point impact to natural resources could respond to the

long-term effects of land occupation on water availability, rather than expressing the impact purely as a

WSF. Within the development of these indicators in LCA, it is important to maintain focus on avoiding

double counting on both water quantity and quality perspectives181.

6.5 Conclusion

This study aimed to evaluate potential agricultural production options for cropland and cattle in SAM by

observing agricultural extensification and intensification using six distinct impact assessment methods

that focus on the effects of land occupation and water consumption on water quantity. Our cropland

extensification option relying on a pasture-to-cropland land use transition resulted in lower impacts of

production when compared to NV-to-cropland transition, while irrigation showed potential benefits when
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Figure 6.5: Complementarity of mid-point impacts of Groundwater Recharge Potential (GWRP), River
Blue Water Production (RBWP), Terrestrial Green Water Flows (TGWF), Precipitation Reduction Poten-
tial (PRP), and Runoff Reduction Potential (RRP) in a natural vegetation (NV)-to-cropland or pasture-to-
cropland land use transition.

focusing specifically on land occupation impacts due to additional water vapour transfers to the atmo-

sphere. The comparison of high and low productivity pasture for cattle revealed the importance of

pasture management in reducing the impacts of cattle production in the region, but also the effects of

land use on downstream water availability. While five of the impact assessment methods tested were

specifically linked to land occupation, further model integration is needed to assess the full extent of land

occupation on the water cycle. We have suggested a path forward to further integrate the link between

land occupation impacts and the WSF, while future research should also consider longer term impacts

to freshwater resources embodied in a natural resources end-point impact.
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Chapter 7

Conclusions and Outlook

7.1 Overall research significance

TheWF has, so far, provided additional perspective on the importance of water resources for agricultural

production and food consumption with implications on the role of future water management to help feed

the world224,272. The emerging field embodied by the WF, has matured since 2002113 and has reached

a level where the integration of methods and perspectives is necessary for multilevel water resources

decision-making. The overall objective of this thesis was to advance the field of the WF by shedding

more light on the perspectives behind the main WF approaches expressed within the harmonize WF as-

sessment (Chapter 2). Moreover, the application of the individual phases of the harmonized assessment

to agricultural production in SAM (Chapters 3 to 6) has highlighted important strengths and limitations

of the current methods (described further in Section 7.3). In the preceding chapters, I explored the inter-

pretations of the WF as employed by the water resources management community (following guidelines

from the WF Network117), and the LCA community (following ISO14044126 and ISO 14046127), pre-

sented and applied a framework to harmonize existing methods into one assessment that can inform

both micro- and macro-level decisions at the field, product and river basin levels. As such, the proposed

framework can be followed in its entirety (Table 2.2), or considering specific phases of interest based on

the defined goals and scope of the assessment within the domain of interest defined as either Nature or

Production (Figure 2.2).

The harmonized WF assessment was applied to soybean production and cattle ranching in SAM,

considering field measurements, production system modeling, and river basin modeling of both natural

hydrological processes and consumption activities following distinct scenarios and agricultural produc-

tion options for the future (e.g., as shown in Figure 1.2). Information obtained by the individual phases

of the harmonized WF assessment are outlined below and integrated to provide insight into policy de-

cisions for water management in the region. Following the Goal and Scope defined in Chapter 2, the

assessment called for an estimate of volumetric WFs for both soybean and cattle, followed by a VWF
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assessment (Chapters 3, 4, Section 7.2.1), a WFIA (Chapter 6, Section 7.2.2), and a VWFSA (Chapter

5, Section 7.2.3). Results are summarized below, prior to providing additional perspectives on the WF

and future work (Section 7.3).

7.2 Integrating results from the harmonized water footprint

assessment

7.2.1 Volumetric water footprint assessment

There are opportunities to reduce the total volume of water for production in key agricultural products of

SAM, starting with the measurement of the VWF of one tonne of soybean, and cropland more generally

(Chapter 3), as well as the modeling of the VWF of cattle (Chapter 4). The average green VWF was

780-1182 m3 ton-1 soybean for the 2015-2017 period and considering both rain-fed and irrigated fields.

These results were much lower than the modeled results for the 2000-2010 period of 1590 m3 ton-1

soybean estimated by Lathuillière et al.139, and the 1553 m3 ton-1soybean for the best 10th percentile

green-blue VWF obtained globally for the 1996-2005 period158, suggesting only limited opportunity for

further reduction in water use for soybean production in the studied systems. Irrigation at the farm level

was used primarily as a strategy for anticipating the soybean planting date and increasing the cropping

frequency with a triple crop of bean. This strategy is different from other strategies proposed, for in-

stance, in sub-Saharan Africa where water can be a limiting factor in reaching high yields (known as

closing the yield gap)221,222. Further reduction in the VWF would require an increase in yield for the

samewater use, whichmay be achieved by increasing fertilizer and other inputs, technology (breeding or

seed development), while either maintaining or reducing evaporation in favour of crop transpiration141.

These strategies are field specific and therefore should consider local soil and climate conditions. Ad-

ditional fertilizer may contaminate surface and groundwater, although little evidence to date suggests

that soils in soybean-dominated watersheds are leaching considerable N or P in Mato Grosso’s water

bodies173,174,228. While health issues have been reported in nearby states following pesticide use, sim-

ilar evidence on the effects of pesticides is scarce in Mato Grosso12. Similarly, rainwater harvesting or

irrigation could increase water vapour flows to the atmosphere as an additional supply of water for agri-

culture in the dry season (Chapter 3), but also either increase (through percolation) or decrease (through

water abstraction) groundwater recharge93,141. Finally, technological advances that reduce the length

of crop development cycles or improve drought resistance would also contribute to reducing the green
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VWF, assuming similar yields are maintained.

In 2015-2016, average operational costs of soybean production in Mato Grosso amounted to 921.18

USD ha-1or 319 USD ton-1 soybean123 (for a Mato Grosso yield of 2.89 ton ha-1 according to IBGE121),

more than half of which constituted the cost of inputs123. Given that the 2016 Brazilian producer price

of soybean was 343.90 USD ton-1 (or roughly 0.35 USD per m-3 of water)75, producers would have had

to carefully weigh costs and benefits to improve the economic return of soybean production. Maize was

the fastest growing second crop, in terms of area expansion, between 2000 and 2011245, which allows

for additional income in the same annual period and therefore is also an important consideration for

farm-level decision-making. Additional income could come from an irrigated triple cropping system con-

sidering longer-term developments in the production system such as large investments in infrastructure.

The average VWF of cattle for Mato Grosso was 324-373 L (kg LW)-1 of which about 58-59% was

attributed to small farm reservoir evaporation in 2015, with an additional 21,400-52,100 L (kg LW)-1

of green water required for feed (Chapter 4). The VWF of cattle could be reduced through on-farm

water management strategies that reduce evaporation of reservoirs, but also the relationship between

cattle population and reservoir capacity. The large standard deviation in evaporation from small farm

reservoirs suggested that regional benchmarks could be set for comparison of water consumption for

cattle production across Mato Grosso. The VWF of the feed depended primarily on pasture productivity

which is also linked to cattle population and density in relation to pasture area. Together, a decrease in

reservoir evaporation and increase in pasture productivity would reduce the total VWF of cattle, which

could be achieved through cattle intensification. Similarly, breeding and genetics may speed up the

development cycle of cattle252 thereby reducing the amount of resources going into the production

system. There are still many barriers in the region to successfully increase cattle concentration in Mato

Grosso137, some of which are the costs of implementation which were measured in a range of 800-2600

USD ha-1 in a pilot project involving 13 farms in northern Mato Grosso86. While further intensification

of cattle has often been seen as a strategy to reduce greenhouse gas emissions from deforestation, a

continued increase in cattle population252 will require an increasing amount of water which, therefore,

raises questions about the use of natural resources in cattle intensification.

7.2.2 Water footprint impact assessment

One hectare of cropland in the XBMT showed greater impacts to the water cycle in the Amazon when

compared to the Cerrado, expressed, for instance, by changes in groundwater recharge, regional pre-

cipitation and downstream discharge (Chapter 6). These potential impacts can vary with the hydrological
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scale, and accompany a series of additional impacts to biodiversity and ecosystem services that have

also been used for comparison of soybean production through different land uses142,143. In 2010, total

impacts to ecosystem services (which include groundwater recharge) were also greater in the Ama-

zon than the Cerrado biome with the greatest impacts calculated in the Climate Regulation Potential,

Mechanical Water Purification Potential, and Biotic Production Potential impact categories, which, re-

spectively, describe the amount of above and below ground carbon lost to the atmosphere, and the soil’s

ability to filter water and sustain biomass142,143. Land occupation impacts were significantly reduced

when considering cropland produced on land converted from pasture in both the Amazon and Cerrado.

Similarly, impacts of cattle production on the water cycle were greater in the Amazon when com-

pared to the Cerrado with greater impacts estimated for lower productivity pasture. The transformation

of natural vegetation into pasture carries impacts many years after a land use change activity with a con-

ventional 20 years of allocation to the new land use into the future which could include both pasture and

cropland143. Consequently, impacts from land use change can be allocated to cattle and/or cropland

based on the year of deforestation of natural vegetation. Cattle production has the potential to deprive

downstream users of water through its water consumption activities which include drinking water, but

also changes in water availability as a result of land use change, as shown by the WSF and its potential

relationship with land occupation (Figure 6.5).

Both cropland and cattle production impacts on the water cycle point to a more favourable intensifica-

tion of production by avoiding any further regional deforestation. The intensification options also include

cropland irrigation which further increase competition of water resources in the basin. Additionally, ir-

rigation may carry water quality impacts which were not considered here, but whose impact pathways

have been described in LCA189, which can also impact water resources overall. Nevertheless, both

cropland and cattle production are linked by the trajectories of their land use transitions and therefore

need to be considered together to avoid indirect land use change impacts. A minimized impact would be

represented by the combined cropland extensification into pasture and a more intensive use of pasture

for cattle (as opposed to further expansion of pasture into natural vegetation).

7.2.3 Volumetric water footprint sustainability assessment

Both green and blue water scarcity indices obtained through the VWFSA of the XBMT showed land

constraints following two deforestation scenarios, and also highlighted that water is unlikely to be limiting

production unless there is rapid expansion of irrigation for soybean and continued cattle confinement

(Chapter 5). As production is expected to increase in the basin, so is the combined water use for
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cropland and cattle production which was assessed considering extensification (green water focused)

and intensification scenarios, including the use of irrigation for cropland and confinement for cattle (blue

water focused) (see illustration in Figure 1.2, panels A and E). Production was within sustainable limits

in the 2000s, but decisions on how to increase production could affect future water scarcity. On the one

hand, greenwater resources were classified as “threatened” in the XBMT, approaching and going beyond

sustainable limits in 2030 and 2050 scenarios. On the other hand, the widespread use of irrigation could

lead to blue water scarcity at the end of the dry season when water consumption is expected to increase.

While green and blue water resources in Mato Grosso were used within sustainable limits, other foot-

prints need to be considered such as the carbon, land and nutrient footprints. These additional footprints

have been reported for soybean produced in 2010139 when deforestation for soybean was estimated at

97 m2 ton-1 for the 2006-2010 period while total greenhouse gas emissions were 1.55 ton CO2-eq ton-1

and the amount of nutrients remaining in Mato Grosso fields were 3.8-5.8 kg P ton-1 and 0.9 kg K ton-1.

Deforestation for pasture has been carefully tracked in the XBMT as well as the overall greenhouse

gas emissions, including from land use change (Table B.1 and B.2, Appendix B). Intensification options

for cattle will reduce the land use change contribution to greenhouse gas emissions (as the largest

contribution) but may also entail additional environmental consequences related to methane emissions

(herd and manure management) and water quality. These indicators, together, need to be considered

in decision-making with respect to future crop and cattle production and its sustainable production in the

region.

The above effects will also rely on international partners importing both agricultural products and

cattle from the region as Brazil’s total VWF of production represented 41% of all of Latin America and

the Caribbean region’s VWF of national production (1162 km3 y-1)160. Brazil is a net virtual water

exporter (54.8 km3 y-1) with exports concentrated on Europe (as 41% of gross exports) and Asia (32%

of gross exports)55. Mato Grosso is a net exporter of virtual water mostly concentrated on crops and

livestock, with 10.2 km3 exported to China and 4.0 km3 exported to Europe through the soybean crop

alone in 2010139. Reliance on virtual water imports can increase risks to the supply chain due to water

dependency from other countries. Between 2006 and 2015, 27% of the total virtual water flow into

Europe was due to soybean with “very high dependency” on imports and external water resources, but

with low vulnerability with respect to central-western Brazil69.
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7.2.4 Policy decisions

A summary of the harmonized WF assessment results presented for both crops and cattle in this thesis

is shown in Table 7.1 for multi-dimensional decision-making at both micro- and macro-levels, and the

regional scales of the hydrologic cycle (Figure 2.2). Agricultural expansion has already contributed to

greenhouse gas emissions from land use change in SAM, as well as impacts to biodiversity and ecosys-

tem services related to climate regulation and the ability of soil to sustain biomass and filter water143.

While several on-farm decisions have been proposed to maintain carbon stocks below ground following

land use change (e.g., through the Low Carbon Agriculture Credit program153), additional impacts to

the water cycle are expected with growing production. Despite greater groundwater recharge, reduced

precipitation from deforestation can further affect the Amazon biome as well as agricultural production

thereby increasing drought vulnerability of both natural ecosystems and agroecosystems184. As a re-

sult, adaptation measures to maintain agricultural productivity may involve the use of irrigation which

can return water vapour to the atmosphere, increase regional precipitation and deplete groundwater

resources141.

At state and Federal government levels, responses proposed by the harmonized WF assessment

echo previously proposed initiatives, such as continuous enforcement of the Brazilian Federal Forest

Code and land conservation through protective areas which have both evolved since 2000175. Given

the very high dependency of Europe on soybean imports from the region, supply chain decisions have a

role to play in reducing environmental impacts of production, and some have already been implemented

through initiatives such as the Soybean Moratorium91 and incentives to intensify production. At the

field level, water decisions relate to the possible implementation of irrigation technology to raise farm

income through amore favourable double cropping systemwith greater yields attained through additional

inputs. Additional research on practices is required, however, to understand trade-offs in the costs and

benefits of such initiatives. Additional initiatives to provide value to protected forests on private land

should be considered such as payments for ecosystem services242, increases in production of high

value products coming from tropical forests177, as well as the consideration of forests to recycle ET into

regional precipitation65, of which Brazil is a main source in the South American continent131.

Uncertainties still remain following the harmonized WF assessment presented in this thesis, which

has focused exclusively on water quantity. The economic and environmental costs of farming practices

promoting agricultural intensification need to be better understood and compared to the benefits related

to yield improvements through fertilizer application for cropland and pasture. The possible increase in

precipitation as a result of greater water vapour transfers to the atmosphere throughwidespread irrigation
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Table 7.1: Results from the harmonized water footprint (WF) assessment for SAM.
Stage 2. VWF assessment 3. WF impact assessment 4. VWFSA
Results For soybean, 780-1182

m3 ton-1; for cattle,
324-373 L (kg LW)-1 (blue
water), with 58-59%
attributed to reservoir
evaporation (blue water)
and 21,400-52,100 L (kg
LW)-1 for feed (green
water)

Cropland and cattle affect
the water cycle due to land
occupation from PRP
(257-656 m3 ha-1, 2.5-4.5
m3 (kg LW)-1), or GWRP
(−1490 to −585 m3 ha-1,
−5.1 to −2.9 m3 (kg LW)-1),
in the Amazon; WSF were
1298 m3-eq ha-1 (irrigated
cropland) and 0.20 m3-eq
(kg LW)-1

In 2014, WSB was 0.01
(annual), and WSG was
0.42-0.84 when considering
80% of natural forest cover
retained in the basin;
irrigation expansion and
deforestation increase WSB
to 0.65 in the dry season
(2050), and WSG to 1.25 in a
restrictive deforestation
scenario

Comparative
assertion

Global benchmark 1553
m3 ton-1 soybean of best
10% global VWF158;
large standard deviation
for reservoir evaporation
suggesting geographic
differences in VWF

Potential impacts were
greater in the Amazon than
in the Cerrado, and lowest
when cropland replaced
pasture, and for greater
pasture productivity for
cattle; irrigation and cattle
drinking carry a WSF with
additional potential scarcity
from land occupation

Comparison of water use
with availability; WSB within
sustainable limits and WSG
approaching “threat”
conditions (2014); basin
approached sustainable
limits due to irrigation
expansion and deforestation,
even in restrictive
deforestation scenario

Short term
actions

Increase fertilizer use to
increase yields; on- and
off-farm water
management focused on
reservoir evaporation and
feed

Promote cropland
intensification and
extensification on current
pasture with further
intensification of cattle on
current pasture

Increase efficiency of
agricultural water use;
trade-off in green water use
for pasture to cropland with
agricultural intensification

Long term
actions

Shorten crop cycle
through technology;
invest in irrigation for
early soybean planting
and triple crop; shorten
cattle cycle through
genetics; seek reservoir
evaporation reduction
initiatives

Reduce deforestation in
Amazon and Cerrado;
allocate indirect land use
change to cattle

Reduce deforestation in
Amazon and Cerrado;
highlight connections
between up- and
downstream, and in- and
out-of-basin green and blue
water use and availability
(reservoir evaporation,
precipitation recycling)

Uncertainty Costs and benefits of
additional inputs
compared to
improvements (e.g.
yield); costs of increased
pasture productivity with
current land and water

Effects of agricultural
intensification on water
quality; irrigation trade-offs
on precipitation recycling;
water quality implications

Effects of livestock
intensification on water
quality; demand of soybean
from trade partners; water
scarcity due to infrastructure
and climate; groundwater
availability

Actors in the
water cycle

Farmers Farmers, state and Federal
governments, supply chain
initiatives

State and Federal
governments, supply chain
initiatives
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has, to date, not been considered in modeling studies141, and therefore represents an important gap

in knowledge for future land and water planning for agricultural production with regional implications.

Similarly, the effect of the extensive network of farm impoundments on the water cycle needs to be

quantified to better understand the aggregated effects of percolation and evaporation, respectively on

river runoff and regional precipitation. Such information could better guide the recommendations to

maintain or reduce evaporation in the region. While agriculture was the sector consuming the largest

volume of water in the XBMT, it was not, however, through the consumption of blue water for irrigation,

rather for animal production which is likely to increase in the future. The VWFSA showed that blue

water resources were used within limits on an annual basis, while official reports describe occasional

physical scarcity as a result of infrastructure4 in the basin. Furthermore, little information is available

on groundwater extraction and availability, as well as future foreign demand for regional commodities,

which may all increase pressure on water resources in the region.

7.3 Perspectives of the water footprint and future work

The harmonized WF assessment was proposed as a step to integrate the different approaches and

methods currently used in the academic literature. Perhaps the most important contribution of the WF

literature has been the application of life cycle thinking to water resources which has shed greater light

on the role of indirect water uses (or supply chain uses) on production and consumption processes.

This consideration remains an important challenge to the implementation of policy responses for con-

sumers and producers, particularly considering today’s complex global supply chains44. This challenge

was highlighted in this thesis with a primary focus on SAM as a production center with decisions mostly

centered on farmers, state and Federal governments, and only loose directives with respect to supply

chain interventions based on other studies focused on consumption centers (e.g., Europe as described

in Ercin et al.69). So far in SAM, supply chain interventions have been more apparent in the manage-

ment of land rather than water through the Soybean Moratorium and the Cattle Agreement175. These

experiences may serve as an example for future supply chain initiatives in relation to water management.

The use of a single indicator such as the VWF has been criticized in the literature, and it gener-

ally has been recognized that it should not form the sole basis of decision-making113. In addition,

WF assessments also typically separate water resources into green, blue, and sometimes gray water

as a means to highlight different responses based on different hydrological cycles and water quality.

This work has demonstrated that overall decision-making for agricultural production in SAM can change
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based on the consideration of the individual water resource “colours” (water quality through gray water

was not considered in this thesis), while water resources on their own, can only provide one element for

decision-making. While the separation of green and blue water resources in WF assessments has been

criticized192, this work has shown that the inclusion of green water and green water scarcity enabled

the joint consideration of land and water resources together, which has not been apparent in other WF

assessments (e.g. the VWFSA from Hoekstra et al.118). Both green and blue water perspectives pro-

vided additional information about potential changes in precipitation recycling with deforestation, thereby

giving additional roles to trees for fixing carbon, regulating local climate, while returning water vapour to

the atmosphere66. Global freshwater is one of several Planetary Boundaries which also include climate

change, biodiversity, chemical pollution, among others223, and while each boundary is set individually,

they should be observed together44. This limitation was apparent in this work not only because of the

close relationship between land and water management in SAM, but also due to other effects discussed

with respect to carbon and nutrients evaluated for the region in previous studies.

This work showed great value in combining micro- and macro-level decisions with strengths and

limitations identified at each individual phase of the harmonized WF assessment (Table 7.2). The VWF

assessment focused on micro, or field decisions based on the volume of freshwater used in agricultural

production and offered solutions that could potentially improve efficiency of water use in production

systems. Such an initiative has been part of a more general objective geared towards resource use

efficiency which, in agriculture, is also known as water productivity93. The actors on water resources

are those that interact with the production system either directly (producers) or indirectly (suppliers).

As mentioned above, a clear connection about action between producers and consumers needs to be

made as a way to highlight additional steps that can improve water efficiency. For instance, a European

dairy farmer importing feed made from the soybean grown at the farm described in Chapter 3 could

favour conditions that reduce indirect VWF provided precise information on water use at the field level.

Such initiatives would need to be based on large databases combining trade information with water use

on individual farms (e.g., as detailed by Godar et al.96). Finally, responses are linked to a functional

unit that is generally directly linked to a freshwater volume and might promote a decision that could be

contradicted by others related to resources and emissions44.

The aggregation of VWF into the VWFSA to determine blue and green water scarcity in the XBMTwas

similar to what has been called a Water Productivity Analysis93 with the main difference coming from the

recognition of indirect water uses from consumption which can enter and exit a basin through virtual water

trade117. The VWFSA had the merit to compare water consumption to local boundaries defined from the
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basin’s hydrological cycle, while linking both land and water management objectives together through

the green VWF. This link, however, could be considered a special case in the context of land use change

in SAM in which deforestation scenarios were tested and related to green water availability, based on the

fraction of natural vegetation cover mandated by Brazilian Federal law201. In the context of the WF and

the VWFSA, green water availability has been defined as the “part of the green water flow available for

biomass production for human purposes”233 and relies on estimates of the amount of land reserved for

Nature (also known as the “environmental green water requirement”233). Additional difficulties arose with

the differences between “bottom-up” and “top-down” approaches, which have already been highlighted

in the literature42. These differences, particularly in the XBMT which has limited available data, can

prove to be an important caveat in carrying out such an assessment. Making the clear link between

producers (Mato Grosso) and consumers (e.g., Europe) complicates the potential policy decisions apart

from the evaluation of the dependency of a consumer on foreign resources69. While some supply chain

initiatives have shown to be successful in Mato Grosso in the case of deforestation175, a similar case for

water resources alone might be more difficult to make and therefore should likely be seen as a land use

issue with multiple benefits (e.g., CO2 emissions, biodiversity, ecosystem services, etc.)66. As such, it

is imperative to associate the WF with other footprints in the VWFSA. Similarly, the lack of information

and inclusion of groundwater in such an assessment constitutes a major limitation to the decisions as

limits to this resource are still difficult to estimate44.

Finally, the WFIA, and more generally water use in LCA, is still in its infancy with a number of impact

pathways that remain to be developed, particularly in the end-point impact categories affecting ecosys-

tems and natural resources. In itself, LCA allows for a comprehensive assessment that can include a

wide variety of impacts linked to the Planetary Boundaries (climate change, impacts of chemical pollu-

tion, etc.)223. However, decisions that may result from LCA are only as good as the comparisons that

are tested in the study. For instance, our comparison of production systems in Amazon and Cerrado

biomes might mislead decision-makers to favour production in the Cerrado over the Amazon biome.

To this effect, for a study to be comprehensive, it should be able to analyze all available options in the

production system, including potential effects of indirect land use change within Brazil, or across interna-

tional borders12. Similar to the VWF assessment, LCA is influenced by “the efficiency mindset”87 which,

following the findings of this research, consistently promotes the use of fewer resources as a means to

reduce environmental impacts (i.e., reduce the LCI values). Furthermore, these impacts are linked to

a specific functional unit which may not only influence decisions, but whose connections to sustainable

limits are difficult to express in one single functional unit. The application of LCA goes beyond products
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Table 7.2: Strengths and limitations identified in the individual steps of the harmonized water foot-
print (WF) assessment: the volumetric water footprint (VWF) assessment, the WF impact assessment
(WFIA), and the VWF sustainability assessment (VWFSA) as shown in Table 2.2.

Step Strengths Limitations

VWF assessment
(Chapters 3, 4)

Micro-level decisions are identified;
decisions are made at the producer
level with potential influence from
consumers (unclear at this time)

Resources other than water
influence decision-making; findings
are based on comparative assertions
mostly focused on water volumes

VWFSA
(Chapter 5)

Assessment considers local
boundaries with local data; land and
water linked through green VWF and
green water availability

Assessment of green water scarcity
depends on interpretation of
environmental green water
requirements; top-down and
bottom-up approaches carry different
water scarcity results; resources
other than water influence
decision-making; lack of
groundwater boundary due to limited
data44

WFIA
(Chapter 6)

Assessments are typically
comprehensive (water quantity and
quality); impact assessment fully
integrated into the production
system; decisions are made at the
producer level with potential
influence from consumers (unclear
at this time)

Methodological advances are still
needed to integrate changes in water
flows from land use, and the
interaction between land use and
water scarcity; decisions may be
affected by the defined functional
unit which is rarely comprehensive;
findings are based on comparative
assertions which carry value choices

and may include organizations or lifestyles105. There are still limited studies that have applied LCA to a

territory, and this discrepancy is likely due to the translation of a multifunctional system into one single

functional unit147.

WF assessments can greatly benefit from the combined analysis proposed by the harmonized WF

assessment as each individual phase of the assessment can potentially be limited in scope, and has

specific strengths and limitations (Table 7.2). Aside from increasing the number of pilot studies apply-

ing individual components of the harmonized WF assessment, greater emphasis should be placed on

linking producers and consumers to make apparent decisions that affect the global supply chain in re-

lation to water resources as well as for other important resources and emissions linked to the Planetary

Boundaries223.
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Appendices

Appendix A

Chapter 3 supporting information

A.1 The Soyflux station

Equipment described in Table 3.2 is shown in Figure A.1 during the soybean and maize crop develop-

ment cycle of the Rainfed-1 and Rainfed-2 fields.

A.2 Crop height monitoring

Crop height was monitored using field measurements performed during site visits as well as an auto-

mated camera taking hourly pictures of the soybean and maize development cycles in Rainfed-2 as

described in Section 3.2.2. First, crop height was plotted as a function of time to derive models used to

adjust the daily displacement height for flux calculation in EddyPro® shown in Tables A.1 and A.2. In ad-

dition, camera pictures of the soybean and maize development cycles allowed for a detailed description

of the development cycle of both crops (Figures A.2 and A.3).

Pictures taken in the Rainfed-2 field during the soybean and maize development cycles were used

to make two separate movies showing the different stages of Figures A.2 and A.3. The soybean devel-

opment cycle from October 2016 to February 2017 is publicly available at https://www.youtube.

com/watch?v=MUFU0k3yek0, while the maize development cycle from February 2016 to July 2016

is available at https://www.youtube.com/watch?v=96gMCuwbayM (please apply high definition

viewing for best quality).
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Figure A.1: The Soyflux station described in Chapter 3 following soybean (top) and maize (bottom)
crop development cycles between September 2015 and June 2016. Note the location of the Rainfed-1
field (background, right) and Rainfed-2 field (foreground, left) shown in Figure 3.1. The additional tower
structure in the Rainfed-2 field contains the net radiometer and NDVI sensor described in Table 3.2.
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Table A.1: Models used to infer daily crop height following measurements made in the Rainfed-1 field
and inferred from camera pictures. The soybean crop growth period of 2015-2016 did not benefit from
the automatic camera installation.

Crop/year Height (cm) Start date End date

Soybean/2015

0 28 October 2015 2 November 2015
4 3 November 2015 3 November 2015

1.49days−9.13 (R2= 0.99) 4 November 2015 28 December 2015
80 29 December 2015 11 January 2016

−1.13days + 165a 12 January 2016 11 February 2016

Maize/2016

0 13 February 2016 19 February 2016
5 20 February 2016 25 February 2016

3.42days−38.9 (R2=0.97) 26 February 2016 1 May 2016
230 2 May 2016 18 July 2016

Brachiara/2016 50 19 July 2016 16 September 2016
30 17 September 2016 4 October 2016

Soybean/2016

0 5 October 2016 11 October 2016
1.62days−11.1 (R2=0.96) 14 October 2016 21 December 2016

115 22 December 2016 3 January 2017
−0.86days + 192a 4 January 2017 16 January 2017

103 17 January 2017 4 February 2017

aCurve determined from straight line between the end of the mid-season and the crop height at
harvest (2 points)
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Table A.2: Models used to infer daily crop height following measurements made in the Irrigated field.
The Irrigated field did not benefit from the automatic camera installation.

Crop/year Height (cm) Start date End date

Soybean/2015

0 29 September 2015 4 October 2015
1.13days−4.79 (R2=0.94) 5 October 2015 29 November 2015

65 30 November 2015 3 December 2015
−0.76days + 114a 4 December 2015 13 Jan 2016

Rice/2016
0 1 February 2016 5 Feb 2016

2.90exp(0.06days) (R2=0.94) 6 February 2016 19 March 2016
58 20 March 2016 30 April 2016

Bean/2016
0 14 June 2016 14 June 2016

0.50days + 2.30 (R2=0.98) 15 June 2016 16 September 2016
50 17 September 2016 22 September 2016

Stubble/2016 10 23 September 2016 29 September 2016

Soybean/2016

0 30 September 2016 4 October 2016
3 5 October 2016 7 October 2016
5 8 October 2016 10 October 2016

1.59days−12.3 (R2=0.92) 11 October 2016 29 November 2016
90 30 November 2016 4 February 2017

aCurve determined from straight line between the end of the mid-season and the crop height at
harvest (2 points)
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Figure A.2: Soybean crop height measurements taken in 2015 and 2016 in the Rainfed-1 and Rainfed-2
fields and separated into initial (4-6 days), development (7-60 days), mid-season (61-100 days), and
final phase (101-127 days). Only the Rainfed-2 measurements made in 2016 took advantage of the
automatic camera setup for height measurements.

Figure A.3: Maize crop height measurements taken in 2016 in Rainfed-1 and Rainfed-2 and separated
into initial (0-20 days), development (21-56 days), mid-season (57-97 days), and final phase (98-151
days). Only the Rainfed-2 measurements took advantage of the automatic camera setup for height
measurements.
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Figure A.4: Energy balance closure as the sum of latent heat (LEmeas) and sensible heat (H) fluxes
measured by eddy covariance in the Rainfed-1 field as a function of the difference between net radiation
(Rn) and ground heat flux (G) measured in the Rainfed-2 field. The equation for the regression line (blue
line) is also shown.

A.3 Quality control of eddy covariance data

A.3.1 Energy balance closure

Energy balance closure was assessed for all half-hour measurements made between 18 September

2015 and 4 February 2017 through linear regression of the sum of latent (LE) and sensible heat fluxes

(H) obtained from the Soyflux station (separated using wind direction 0-150° for the Rainfed-1 field and

150-320° for the Irrigated field, as described in Section 3.2.3), with the difference between net radiation

(Rn) and ground heat flux (G) measured in the Rainfed-2 field. The energy balance closure was 61%

(LEmeas + H = 0.61(Rn−G) + 32.14, R2 = 0.75) for Rainfed-1 (Figure A.4), and 82% (LEmeas + H =

0.82(Rn−G) + 17.16, R2 = 0.87) for the Irrigated field (Figure A.5).

Differences in the energy balance closure were attributed to possible advection from nearby fields

with different crops than the Irrigated and Rainfed-1 fields, but also differences in atmospheric stability

based on the conditions of each field. The atmospheric stability ζ (dimensionless) is given by equation

3.7 (Chapter 3). Results of values of ζ were classified following ranges defined by Franssen et al.81 who

studied 26 European FLUXNET sites (Table A.3).

There were more measurements made in the Irrigated field (n = 4460) than in the Rainfed-1 field (n

= 4211) with an overall greater occurrence of slightly unstable ζ in the Irrigated field. Energy balance
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Figure A.5: Energy balance closure as the sum of latent heat (LEmeas) and sensible heat (H) fluxes
measured by eddy covariance in the Irrigated field as a function of the difference between net radiation
(Rn) and ground heat flux (G) measured in the Rainfed-2 field. The equation for the regression line (blue
line) is also shown.

Table A.3: Occurrence of the half-hourly value of the atmospheric stability parameter (ζ) in the Rainfed-1
and Irrigated fields classified following Franssen et al.81.

Field ζ ≥ 0.1 −0.1 < ζ < 0.1 −0.5 < ζ < −0.1 ζ < −0.5

stable neutral slightly unstable very unstable
Rainfed-1 (n = 4211) 1269 (30%) 1576 (37%) 943 (22%) 423 (10%)
Irrigated (n = 4460) 1164 (26%) 1591 (36%) 1194 (27%) 511 (11%)
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Figure A.6: Example of calculation of the Priestley-Taylor α obtained through linear regression for the
Rainfed-1 field on 9 December 2016 (a) and between 25 November 2016 and 1 December 2016 (b). All
plotted data represents half-hourly measurements.

closure was found to be affected by atmospheric stability conditions with worse closures reported when

ζ ≥ 0.1 compared to ζ < −0.1 and a sharp drop in energy balance closure when ζ > 0 (from roughly

80% closure to 55% closure)81 which corresponds to our 20% differences in closure between the two

fields. Analysis on a monthly basis showed slight differences in stability between fields. The Rainfed-1

field showed greater occurrence of a stable ζ in December 2015, April, June, July and October 2016.

The Irrigated field showed greater occurrence of a neutral ζ in May, and August to November 2016 and

a prevalence of slightly unstable conditions in September and October 2016.

A.3.2 Eddy covariance latent heat flux gap filling

Gap filling was performed using calibrated values of α obtained from the Priestley-Taylor equation203

over daily and weekly periods as described in equation 3.1 (Chapter 3). Values of α were obtained by

plotting linear regressions of LEmeas obtained from eddy covariance data against Δ
Δ+γ (Rn−G) on the

half-hourly measurements forced through the origin (Figure A.6). Values of α were derived as a range

(αlow -αhigh) based on systematic and random errors as described in the main document.

Daily values of αlow and αhigh obtained in Rainfed-1 were plotted as a function of soil volumetric water

content (θ) at 0.05-m, 0.10-m, 0.30-m, and 0.60-m depths (measured in the Rainfed-2 field) to derive

linear regressions used to gap-fill values of α for gaps greater than one week (Table A.4). Following the

gap filling steps described in Section 3.2.4, we obtained a full time series of calibrated daily Priestley-
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Table A.4: Linear regression table of Priestley-Taylor α values measured in the Rainfed-1 field (αlow and
αhigh) as a function of daily mean soil volumetric water content (θ) measured at different soil depths in
the Rainfed-2 field.

Soil depth
(m)

0.05 0.10 0.30 0.60

αlow
2.36θ −0.06 3.62θ + 0.03 2.42θ 2.99θ −0.02
R2=0.47 R2=0.38 R2=0.49 R2=0.33

αhigh
3.81θ −0.07 5.93θ + 0.06 3.95θ + 0.02 4.61θ + 0.06
R2=0.44 R2=0.36 R2=0.46 R2=0.30

Figure A.7: Daily mean Priestley-Taylor α values calculated for the Rainfed-1 and Irrigated fields between
18 September 2015 and 4 February 2017.

Taylor α values (Figures A.7).

Mean values of α (obtained from αlow and αhigh) ranged from 0.16 to 1.97 (Rainfed-1) and 0.19 to 1.58

(Irrigated) throughout the year according to the meteorological conditions and canopy development in

both Rainfed-1 and Irrigated fields (Figure A.7). Clear differences were observed between the Rainfed-1

and Irrigated fields: the value of α typically increased with the crop development to 0.5-1.0 in the wet

season when soybean (October-February) and maize (February-July) were planted, and dropped to

about 0.20 in the dry season. In the Irrigated field, values of α were typically greater (Figure A.7) and

increased in the dry season with the prevalence of irrigation for bean (June-September) to values closer

to 1.2. Both time series were similar to those described for natural vegetation in Sinop, Mato Grosso
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Figure A.8: Comparison of gap-filled values of LE (LE modeled) using the daily mean Priestley-Taylor α
values with measurements of LE (LE measured, or LEmeas) obtained from eddy covariance in both the
Rainfed-1 (left) and Irrigated (right) fields. The blue lines represent the regression lines.

Table A.5: Linear regression results of modeled LE (LEmod ) using calibrated Priestley-Taylor α values
(αlow -αhigh) as a function of measured LE (LEmeas) by eddy covariance.

Gap-filling Rainfed-1 Irrigated

with αlow
LEmod = 0.91LEmeas−3.20 LEmod = 0.87LEmeas−2.19
R2= 0.92 R2= 0.78

with αhigh
LEmod = 1.46LEmeas−3.62 LEmod = 1.11LEmeas−2.56
R2= 0.92 R2= 0.79

(about 200 km north of the Soyflux tower) reported by Vourlitis et al.274 where a seven-year average

was lowest in the dry season (0.5-0.6 in September) and highest near the end of the wet season (near

1.0 in May).

Values of LE, gap-filled using the calibrated values of the Priestley-Taylor α, were then compared

to measurements of LE (LEmeas) (Figure A.8). Values of LE obtained from αhigh and αlow (Table A.5)

show how the range of Priestley-Taylor α values provides a range of LE values that contain the LE

measurements.
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A.4 Calculation of reference evapotranspiration

Reference ET (ET0) represents ET from a theoretical grass crop and was calculated following equation

3.42 in the main document. Given that the surface considered is theoretical, we model half-hourly values

of Rn andG following the steps and assumptions below. Net radiation was calculated following equation

A.12

Rn,grss = (1−0.23)Rs−Rn (A.1)

where Rn,grass (MJ m-2 30-min-1) is the net radiation above the theoretical grass surface, Rs (MJ m-2

30-min-1) is the incoming shortwave radiation measured at the Soyflux site, and Rnl (MJ m-2 30-min-1)

is the net outgoing longwave radiation. The value of 0.23 in equation A.1 is the albedo of the theoretical

grass reference crop2. The values of Rnl are calculated as per Allen et al.2

Rn = σ (T+ 273.13)
�

0.34−0.14
p

e
�

�

1.35
Rs

Rso
− 0.35

�

(A.2)

where σv is the Stefan-Bolzmann constant (4.903 MJ K-4 m-2 30-min-1), T (°C) is the air temperature,

ea (kPa) is the actual vapour pressure, and Rso (MJ m-2 30-min-1) is the clear-sky incoming shortwave

radiation. We estimatedRso as a function of extraterrestrial radiation (Ra) which was calculated for every

half-hour in the day following equation A.32, while the nighttime ratio of Rs
Rso

was assumed to be 0.5

R = 12
60

π
Gscdr [(ω2−ω1)sin(φ)sin(δ)+ cos(φ)cos(δ)(sin(ω2)− sin(ω1))] (A.3)

where Gsc is the solar constant (0.0820 MJ m-2 min-1), dr is the inverse relative distance between Earth

and the Sun and calculated in equation A.42, ω1 and ω2 (rad) are the solar time angles, respectively at

the beginning and the end of each half-hourly estimate and are obtained by equations A.5 to A.7 below

following Allen et al.2, φ (rad) is the Soyflux’s station latitude, and δ (rad) is the solar declination obtained

from equation A.8 below2

dr = 1+ 0.033cos
�

2πj

365

�

(A.4)

ω=
π

2
[(t+ 0.06667(Lz− Lm)+ Sc)− 12] (A.5)

ω1 =ω−
0.5π

24
(A.6)

ω2 =ω+
0.5π

24
(A.7)
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δ= 0.409sin
�

2πj

365
−1.39

�

(A.8)

where j is the day of the year, ω is the solar time angle at the mid-point of the time windows (at 0.25

and 0.75 hours), t is the clock time at the mid-point of the time window, Lz is the longitude of the center

of the time zone under consideration (60° for Amazon Standard Time), and Lm is the longitude of the

Soyflux site, and Sc is the solar time seasonal correction obtained following Allen et al.2

Sc = 0.1645sin(2b)−0.1255cos(b)−0.025sin(b) (A.9)

where b is equal to 2π(j−81)
364 according to Allen et al.2.

From the above steps we obtain Rso as a mean function of Ra with Rso = 0.77R (sd = 0.16)

on half-hour intervals when Rn > 500 W m-2 as an indication of clear sky conditions. Moreover, soil

heat flux of the grass surface (Ggrass) is assumed to equal 0.1Rn,grass during the day and 0.5Rn,grass

at night according to Allen et al.2. All computations were carried out with R Statistical Software207

(v.3.4.0) in R Studio (v. 1.0.143) with the openair package37. The source code is available online at

https://github.com/mlathuilliere/ReferenceET.git.

A.5 AquaCrop settings used for crop modeling

We explored differences in evaporation, crop transpiration and crop water productivity (WP) as a function

of planting dates and irrigation practices using AquaCrop (v.6.0) from Steduto et al.249. Details on the

input data used are shown in Table A.6. The model validation step involved fine tuning the model

parameters to best represent the crop development cycle using NDVI measured in Rainfed-2 as a proxy

(Figure A.12), and crop ET (Table 3.4) before increasing the crop’s harvest index to meet the yield

reported by the farmer in the Rainfed-1 field (Table 3.4). When running the soybean and maize models

for 2016 we obtained the results shown in Table A.7.

A.6 Energy partitioning in Rainfed-1 and Irrigated fields

We plotted the mean LE (gap-filled values) as a function of the difference Rn−G in both wet (September-

May) and dry (June-August) seasons for the Rainfed-1 and Irrigated fields (Figure A.9). A large portion of

available energy was used for LE in the wet season as shown by the high correlations between available

energy and LE with slopes of 0.62 and 0.63 in both the Rainfed-1 and Irrigated fields (Figure A.9a and
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Table A.6: Input data and parameters used in AquaCrop for both soybean and maize.

Input data Parameters Values changed Default values

Climate Rainfall, temperature,
ET0

Field measurements from
the meteorological
station; ET0 calculated
following equation 3.4.

Atmospheric CO2
concentration (403
ppm)

Crop Canopy cover and
development, crop
coefficients from soybean
and maize planted in
2016

NDVI measurements
used as a proxy for
canopy cover; crop
coefficients (KC) from
Table 3.5

Crop water
productivity,
rooting depth,
responses to
stress

Management Irrigation Irrigation
requirement

Soil profile Field capacity, permanent
wilting point, hydraulic
conductivity at saturation
(KS)

Soil volumetric water
content measurements
from Table A.8, curve
number was set to lowest
(10), KS assumed 65 mm
d-1

Conductivity of 0
dS m-1, runoff is
0.5 mm

Groundwater Deep groundwater
(no capillary rise)

Soil initial conditions Volumetric water content Based on measurements
made in Rainfed-2 on the
chosen planting date

Conductivity of 0
dS m-1

Table A.7: Comparison of measured evapotranspiration (ET), yield and water productivity (WP) of soy-
bean and maize in Rainfed-1 compared to modeled values obtained from AquaCrop after validation.

Crop (planting date) ET (mm) Yield (ton ha-1) WP (kg m-3)

Soybean (5 October 2016)
measured 423 ± 99 4.020 0.77-1.24
modeled 431.6 4.026 1.20

Maize (13 February 2016)
measured 314 ± 67 7.620 2.00-3.09
modeled 386.2 7.598 2.52

170



Table A.8: Soil field capacity (θfc) and dry soil (θds) determined for 0.05-m, 0.10-m, 0.30-m, and 0.60-m
depths in the Rainfed-2 field.

Depth (m) θfc (m3 m-3) θds (m3 m-3)
(sd, n) (sd, n)

0.05 0.305 0.154
(0.056, 292) (0.040, 101)

0.10 0.169 0.097
(0.041, 326) (0.003, 35)

0.30 0.274 0.128
(0.043, 319) (0.008, 92)

0.60 0.206 0.125
(0.045, 349) (0.004, 74)

A.9b). However, in the dry season, energy partitioning depended on whether the field was supplied

with irrigation. In the Irrigated field, the relationship between available energy and LE was maintained

to similar levels as those in the wet seasons (Figure A.9d), but changed without irrigation (Figure A.9b)

with a drop in the slope relating available energy to LE from 0.68 to 0.26. The above slopes for the

Rainfed-1 field were similar to those observed for pasture in Sinop at 0.54 in the wet season, but much

lower than in the dry season (0.41 observed) from Priante-Filho et al.202.

A.7 Water potential, soil volumetric water content and

percolation

We combined the soil volumetric water content (θ) and water potential (ψ) measurements to provide an

estimate of field capacity (−33 kPa < ψ < −10 kPa) and dry soil as a proxy for permanent wilting point (ψ

< −500 kPa) (Table A.8).

The soil water balance equation for the Rainfed-1 field can be defined by equation A.102, assuming

no runoff or sub-surface flow

ΔSWS= L(VWCt+1−VWCt) = Pt−ETt−ϵt (A.10)

where ΔSWS (mm) is the change in soil water storage, L (mm) is the soil depth considered, VWCt+1 −
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Figure A.9: Radiation partitioning described by linear regression of latent heat flux (LE, W m-2) as a
function of the difference between net radiation (Rn, W m-2) and ground heat flux (G, W m-2) for Rainfed-
1 in the wet (a) and dry (b) season, and the Irrigated field in the wet (c) and dry (d) seasons. Blue lines
are the regression lines (equations also shown).
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VWCt (m3 m-3) is the difference in daily mean soil water storage between day t and day t+1, Pt (mm)

is the daily total precipitation on day t, ETt (mm) is the daily total ET of the Rainfed-1 field on day t,

and εt (mm) is the daily average drainage beyond depth L. Total soil water content VWC was calculated

following equation A.11

VWC= 0.07θ0.05+ 0.07θ0.10+ 0.25θ0.30+ 0.45θ0.60 (A.11)

where VWC (m3 m-3) was obtained up to the 0.60-m depth considering representative layers: θ0.05 ,

for the 0-0.07 m layer, θ0.10 for the 0.07-0.13 m layer, θ0.30 for the 0.20-0.45 m layer, and θ0.60 for the

0.45-0.60 m layer. Drainage beyond the 0.60-m depth was obtained using equation A.10 and solving

for εt. Finally, we obtained the average daily soil available water fraction (Awf )35

Aƒ =
θ− θds
θƒ c− θds

(A.12)

where θ (m3 m-3) is the average daily soil volumetric water content, θfc (m3 m-3) is the field capacity,

and θds (m3 m-3) is the proxy for permanent wilting point.

The daily water balance was plotted using linear regression (Figure A.10) without considering εt. The

daily change in soil water storage up to 0.60-m depth as a function of P − ET was described by ΔSWS

= 0.47(P −ET) −1.75 (R2 = 0.33) suggesting deeper drainage, beyond the 0.60-m depth.

A.8 NDVI measurements in the Rainfed-1 field

NDVI wasmeasured in the Rainfed-1 field over the course of the maize and soybean development cycles

(Figure A.12c)
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Figure A.10: Daily changes in soil water storage down to the 0.60-m depth (ΔSWS, mm d-1) in the
Rainfed-2 field, as a function of daily available water (P −ET, mm d-1) in the Rainfed-1 field. The blue
line is the regression line (equation also shown).
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Figure A.11: Soil water balance derived from measurements of daily precipitation (P, mm d-1) (a), evap-
otranspiration (ET, mm d-1), changes in daily average soil water storage (ΔSWS, mm d-1) (c), daily
average drainage below the 0.60-m depth (ε, mm d-1) (d), and soil available water fraction (Awf, dimen-
sionless) in the root zone (e) .
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Figure A.12: Environmental and crop characteristics in the Rainfed-1 field: precipitation (P, mm d-1)
(a), 24-hour mean net radiation (Rn, W m-2) (b), Normalized Difference Vegetation Index (NDVI, dimen-
sionless), evapotranspiration (ET, mm d-1), and the ratio of ET to reference ET (ET/ET0, dimensionless)
(e).
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Appendix B

Chapter 4 supporting information

B.1 Carbon footprint of Brazilian cattle production

Although many studies have been published on the carbon footprint (CF) of Brazilian cattle (Table B.1),

most do not include land use change in the calculation of the final result. For completeness, we in-

clude recent results of greenhouse gas emissions from land use change that were attributed to cattle

production in Mato Grosso (Table B.2).

B.2 Volumetric water footprint of pasture

The VWF of pasture was determined by estimating pasture ET in each municipal unit (MU) of Mato

Grosso before relating it to high and low pasture productivity scenarios. Pasture ET was estimated from

precipitation following Zhang et al.287

ETP =
1+ 0.51100P

1+ 0.51100P + P
1100

P (B.1)

where ETP (mm y-1) is the pasture ET, and P (mm y-1) is the annual precipitation. Pasture ET was

estimated for each MU from spatial daily precipitation data in Mato Grosso using CHIRPS (v.2.0) from

Funk et al.82 available online (ftp://ftp.chg.ucsb.edu/pub/org/chg/products/CHIRPS-2.

0). Precipitation was obtained annually from 2000 to 2015 using statistical software R (v.3.4.0)207 in R

Studio (v.1.0.143) equipped with the packages raster (v.2.5-8)106, sp26,190, rgdal (v.1.2-7)27, maptools

(v.0.9-2)25, and ncdf4 (v.1.16)197. Annual values of ETP were then combined into two pasture produc-

tivity scenarios. The high pasture productivity scenario assumed a production of 5.3 tons of dry matter

(DM) per hectare based on a three year estimate from Thiago and Silva256 of 1.5 animal units (A.U.)

ha-1 y-1 with a 300 kg ha-1 15-15-15 N-P-K fertilizer application. The low productivity pasture scenario

assumed production of 3 tons DM ha-1 y-1. The combination of the values of ETP with pasture produc-
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Table B.1: Recent greenhouse gas emissions estimates for cattle herds in Brazil. None of these studies
considered land use change in their estimates.

Brazilian
state

Species Description and method Greenhouse gas
emissions

(kg CO2-eq (kg
LW)-1)

Reference

Mato Grosso No mention
(likely
Nelore)a

Detailed farm and herd
information; cattle herd <
2000 heads; includes tier
2 emissions (field, diesel,
agricultural inputs, etc.)

4.8-8.2 Cerri et al.40

Mato Grosso No mention
(likely
Nelore)a

Detailed farm and herd
information; cattle herd >
2000 heads; includes tier
2 emissions

5.0-7.2 Cerri et al.40

Brazil Nelore or
Nelore
crosses

Detailed herd information
following five distinct
scenarios of increased
confinement; includes tier
2 emissions

59.0-117a Cardoso et al.36

Rio Grande
do Sul

no mention
(likely
Angus)a

Farm and database
information, extensive
system

22.52 Dick et al.64

Rio Grande
do Sul

no mention
(likely
Angus)a

Farm and database
information intensive
system

9.16 Dick et al.64

Rio Grande
do Sul

Angus Rye and sorghum
pasture; includes tier 2
emissions

18.3 Ruviaro et al.229

Rio Grande
do Sul

Angus Natural grass system;
includes tier 2 emissions

42.6 Ruviaro et al.229

aCould not obtain confirmation from authors at the time of writing
bResults were reported in kg CO2-eq (carcass weight)-1 and converted here into CO2-eq (kg LW)-1
assuming a 50% carcass weight
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Table B.2: Greenhouse gas emissions from land use change for cattle production in the Amazon biome
of Mato Grosso, Brazil.

Land use
change Description and method Years

Greenhouse
gas emissions
(Tg CO2-eq y-1)

Reference

Forest-to-
pasture
transition

Carbon losses from land
use change and annual
pasture maintenance

2001-2005 200.6 DeFries et al.61

Forest- and
cropland-to-
pasture
transition

Includes emissions from
decomposition 2001-2005 208.9 Karstensen et al.129

Forest- and
cropland-to-
pasture
transition

Includes emissions from
decomposition 2006-2010 114.8 Karstensen et al.129

tivity assumptions led to pasture VWF of 2610 L (kg DM)-1 (sd = 56) and 1480 L (kg DM)-1 (sd = 32) for

low and high pasture productivity respectively. Average results are shown in Table B.3.

B.3 Validation of remote sensing information

B.3.1 Validation of pasture area

Pasture area obtained from remote sensing as described in the main document, was compared to pas-

ture area predicted from animal population, following the steps described in Lathuillière et al.18,138.

Briefly, total livestock units (TLU, A.U.) were determined following equation B.2

TLU(t, ) =
∑

k

N(, t,k)ƒAU(t,k) (B.2)

where values of TLU were calculated for year t and MU i following the total animal population (N) of

animal k, and the respective animal unit factor fAU (A.U. animal-1)209. We then derive the livestock

density (LSD, A.U. ha-1) for year t and municipal unit i as

LSD(t, ) =
TLU(t, )

AP(t, )
(B.3)
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Table B.3: Volumetric water footprint (m3 (kg DM)-1) of feed from pasture following two productivity
scenarios: 3 tons DM ha-1 (low productivity), and 5.3 tons DM ha-1 (high productivity).

Year Pasture productivity

Low High
(m3 (kg DM)-1)

2001 2.61 (0.13) 1.47 (0.07)

2006 2.77 (0.11) 1.50 (0.07)

2011 2.64 (0.14) 1.50 (0.08)

2015 2.57 (0.13) 1.46 (0.07)

where Ap (ha) is the pasture area for year t and municipal unit i. Values of Ap are known for 1996

and 2006 (years when an agricultural census was carried out121), which allows for the construction of

a two-point regression curves for each MU i relating LSD(1996, i) and LSD(2006, i) with Ap(1996, i)

and Ap(2006, i). These regressions were then used to derive Ap for each MU i in non-census years

when TLU(t, i) can be derived from agricultural production information121. For the 2007-2015 period,

when no agricultural census information was available, we estimatedAp assuming a continuous increase

in LSD(t, i) following the increase between 1996 and 2006, and assuming a constant LSD(t, i) equal

to LSD(2006, i). Values of Ap obtained from the method above were then compared to pasture area

determined using Landsat imagery99 for all 104 MUs of Mato Grosso. Given that Landsat imagery

was derived from images spanning 1.5 years, we validated pasture areas using agricultural production

areas for two consecutive years and found good agreement between the estimates (Table B.4). We

found better agreement between the two datasets when we assumed a constant LSD for the IBGE121

estimate, confirming a change in the statewide LSD following the 2006 agricultural census. The total

Mato Grosso pasture areas estimated from the animal population and from Landsat imagery were lower

than previous estimates using MODIS when including and excluding protected areas148, but still greater

than the average 14 Mha estimated in 2008 and 2010 by Almeida et al.60 (Figure B.1).

B.3.2 Validation of small farm impoundment area

Reservoir area was calculated using a two-stage automated machine learning classification procedure.

First, water pixels were identified. Second, water bodies were classified as reservoir or non-reservoir
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Table B.4: Correlation coefficients (m and b) when comparing pasture area estimates obtained using
animal population from IBGE121 (Ap,IBGE), and remote sensing (Ap,RS)99. Comparisons were made for
all 104 municipal units.

Validation: Ap,RS = mAp,IBGE + b (R2)

Year of pasture area for
remote sensing (Ap,RS)

Year of pasture area of
IBGE121 (Ap,IBGE )

m b R2

2000/01 2000 1.41 −3793 0.77

2000/01 2001 1.40 −2926 0.74

2005/06 2005 1.36 5622 0.82

2005/06 2006 1.47 5934 0.82

2010/11 2010
increasing LSDa

1.54 15120 0.80

2010/11 2011
increasing LSDa

1.55 21490 0.78

2010/11 2010
constant LSDb

1.38 8064 0.82

2010/11 2011
constant LSDb

1.22 2634 0.77

2014/15 2014
increasing LSDa

1.62 18542 0.78

2014/15 2015
increasing LSDa

1.78 11741 0.83

2014/15 2014
constant LSDb

1.40 13074 0.82

2014/15 2015
constant LSDb

1.41 9574 0.86

aAssumes an increase in livestock density following the trend between 1996 and 2006
bAssumes a steady livestock density after 2006 equal to LSD(2006, i)
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Figure B.1: Comparison of estimates of total pasture area in Mato Grosso from IBGE121 (this study)
following Lathuillière et al.138, and remote sensing including MODIS148 and Landsat99. Estimates from
MODIS are provided with and without the consideration of protected areas (PA).

(e.g., natural stream or lake). Training data for reservoir locations was gathered by manually classifying

points as land, reservoir water, or natural water using very high-resolution imagery available on Google

Earth. In each stage of the reservoir classification, 20% of the training data was set aside to be used

for testing. The independent test accuracy for reservoir locations ranged from 97.1-98.0% for the first

stage and 86.4-92.4% for the second. We compared our 2010 Landsat-based estimate of reservoir area

(30-m resolution) for the Xingu Basin of Mato Grosso to a previously published estimate based on 2007

ASTER data (15-m resolution)149. Results from this study identified a total of 3985 reservoirs covering

an estimated area of 7260 ha, compared with 9994 reservoirs and 20,760 ha identified by the ASTER

data. The discrepancy in the total number of reservoirs detected suggests that many reservoirs in the

landscape are smaller than the detection limit of Landsat data, which was 3 Landsat pixels (0.27 ha) for

our classification. These very small reservoirs are widespread in the landscape and likely account for

most of the nearly three-fold difference in reservoir area seen between the two datasets. Even in cases

where reservoirs were detected by both datasets, the ASTER-based area estimates were consistently

higher than Landsat-based ones. In addition to differences in spatial resolution, this pattern could be

attributed to differences in spectral resolution, object-oriented classification methodologies, or precipi-

tation across the two study years. In all cases, the Landsat-based estimates were more conservative
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Figure B.2: Distribution of water evaporated from reservoirs (W res, L (kg LW)-1) in 2015 in the 104
municipal units of Mato Grosso.

than ASTER, suggesting that the results presented here may be an underestimate of the total reservoir

area in Mato Grosso state.

B.4 Distribution of small farm impoundments and reservoir

cattle density

We compared average values of W res and reservoir cattle density by removing the MUs which contain

the Pantanal (Caceres, Mirassol d’Oeste, Lambari d’Oeste, Curvelândia, Barão do Melgaço, Itiquira,

Nossa Senhora do Livramento, Poconé, and Santo Antonio do Leverger) shown in Table B.5. There

were no major differences between the means. By allocation a portion of small farm impoundment

evaporation to fish tanks, the average values of W res dropped by as much as 46% (Table B.6).
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Figure B.3: Distribution of reservoir cattle density (RCD, cattle ha-1) in 2015 in the 104 municipal units
of Mato Grosso.

Figure B.4: Significant increases and decreases (p ≤ 0.05) in reservoir cattle density (RCD, cattle ha-1)
between 2001 and 2015.
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Table B.5: Comparison of reservoir evaporation (W res) with reservoir cattle density (RCD) considering all
Mato Grosso municipal units (MUs), and all MUs without those within the limits of the Pantanal wetland.

Year W res (L (kg LW)-1) (sd) RCD (cattle ha-1) (sd) Total reservoir
evaporation (L y-1)

All MUs without
Pantanal

All MUs without
Pantanal

All MUs without
Pantanal

2001 197 (267) 188 (262) 872 (1352) 874 (1350) 6.70 × 1011 5.03 × 1011

2006 157 (206) 149 (203) 1156 (1784) 1202 (1826) 6.00 × 1011 4.46 × 1011

2011 178 (245) 171 (247) 860 (922) 884 (935) 7.22 × 1011 5.67 × 1011

2015 215 (316) 2210 (318) 706 (653) 727 (664) 9.15 × 1011 7.26 × 1011

Table B.6: Reservoir cattle density (RCD, cattle ha-1), and changes in values of small farm reservoir
evaporation allocated to cattle production (W res, L (kg LW)-1) considering all farm impoundments, and
removing evaporation allocated to fish tanks. Values of RCD excluding fish tanks are provided as a
range based on fish production yields (3.5 ton ha-1 and 7 ton ha-1).

2001 2006 2011 2015

Total farm reservoir area
(ha)

47,516 41,184 49,733 70,058

Farm reservoir areas
excluding fish tanks (ha)

46,087–46,802 36,754–38,969 35,805–42,769 56,624–57,401

RCD (sd) (cattle ha-1) All
farm reservoirs

872 (1352) 1156 (1784) 860 (922) 706 (653)

W res (sd) (L (kg LW)-1)
All farm reservoirs

197 (267) 157 (206) 178 (245) 215 (316)

W res (L (kg LW)-1)
Excluding fish tanks

158-161 101-108 88-105 192-217

Decrease in W res based
on allocation

−19% −33% −46% −5%
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Figure B.5: Distribution of pasture cattle density (PCD, cattle ha-1) in 2015 in the 104 municipal units of
Mato Grosso.

B.5 Changes in pasture cattle density in Mato Grosso

Mato Grosso’s pasture cattle density (PCD) increased from 0.75 cattle ha-1 (sd = 0.54) in 2001 to 0.93

cattle ha-1 (sd = 0.56) in 2015. In 2015, the largest PCD values appeared along the Amazon biome divide

in northern and southeastern Mato Grosso, as well as 6 MUs in the southwest (Figure B.5). MU specific

values ranged from 0.05 to 2.64 cattle ha-1 in 2000/01 to 0.11 to 2.52 cattle ha-1 in 2015. Significant

changes in PCD between 2001 and 2015 (p ≤ 0.05) affected 25 of the 104 MUs (or 24%) with 23 MUs

showing positive correlations and 2 negative correlations (Alta Floresta, Marcelândia) in northern Mato

Grosso (Figure B.6). The majority of MUs that experienced significant increases in PCD in the time

period, showed density < 1.0 cattle ha-1 in 2001 with the exception of Figeiropolis D’oeste (1.32 cattle

ha-1), and São José do Povo (1.46 cattle ha-1), while the twoMUs that experienced significant decreases

in PCD had 1.96 cattle ha-1 (Alta Floresta) and 0.88 cattle ha-1 (Marcelândia) in 2001 (Table B.7).

The majority of the MUs with significant increases in PCD over time (n = 18) experienced slight

declines in pasture area along with increases in animal population. In contrast, the two MUs that showed

significant decreases in PCD over time experienced a combined increase in both pasture area and

animal population: Alta Floresta went from 0.23 Mha of pasture in 2001 to 0.37 Mha of pasture in 2015
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Figure B.6: Significant increases and decreases (p ≤ 0.05) in pasture cattle density (PCD, cattle ha-1)
between 2001 and 2015.

to sustain respectively 447,931 and 594,644 animals; Marcelândia went from 0.12 Mha of pasture in

2001 to 0.20 Mha of pasture in 2015 to sustain respectively 106,338 and 156,579 animals.
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Table B.7: Summary of changes in pasture cattle density (PCD, cattle ha-1) over time.

Description MU (n) 2000/01 PCD
(cattle ha-1) (sd)

2014/15 PCD
(cattle ha-1) (sd)

All data 104 0.75 (0.54) 0.93 (0.56)

Significant increase in
PCD between 2001 and
2015

23 0.51 (0.36) 0.84 (0.55)

Significant decrease in
PCD between 2001 and
2015

2 1.42 (0.77) 1.21 (0.52)

No significant change in
PCD over time

79 0.80 (0.56) 0.94 (0.56)

B.6 Relationship between reservoir and pasture area

Figure B.7: Relationship between small farm reservoir area (Ares) and pasture area (Ap) in the 104 MUs
of Mato Grosso in 2001 and 2015.
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Appendix C

Chapter 5 supporting information

C.1 Integrated BIosphere Simulator (IBIS) model validation of

discharge

Despite successful validation of the IBIS model outputs (discharge, evapotranspiration (ET), total water

storage) of the Xingu River Basin as per Panday et al.188, we validated the IBIS modeled runoff for a

small area of the Xingu Basin of Mato Grosso (XBMT) encompassing the Xingu Headwaters. River

discharge R(t) for the 2000 and 2005 hydrologic years were obtained following equation 5.1 compared

to station 18430000 located in Marcelândia (10° 46” 38’ S, 53° 5’ 44” W) (Figure 5.1) with data available

from 1975 to 2005 from ANA5. Monthly values of R(2000) (n = 12) and R(2005) (n = 4) compared well

to publicly available data (Figure C.1) showing a Pearson correlation value of r = 0.83 (compared to 0.89

in the 2000s for the Xingu River Basin in Panday et al.188).

We observed larger discrepancies between modeled and observed R(t) in the November-January

period and therefore analyzed interannual R(t) using 3-month averages to provide a magnitude of water

availability in both dry and wet seasons (Figure C.2). The linear regression of modeled versus measured

3-month average discharge for R(2000) (n = 4) gave R(t) modeled = 1.18R(t) measured – 561 (R2 =

0.88).

189



Figure C.1: Validation of the monthly discharge (R(t)) for the Xingu Headwaters in the 2000 (n = 12) and
2005 (n = 4) hydrologic years at station 18430000 located in Marcelândia (Mato Grosso)5 (Figure 5.1).

Figure C.2: Modeled compared to observed 3-month mean discharge at station 18430000 located in
Marcelândia (Mato Grosso)5 for the Xingu Headwaters in the 2000 (n = 12) and 2005 (n = 4) hydrologic
years, and for the 1975-2005 (n = 120) period (Figure 5.1).
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C.2 Input data used for the volumetric water footprint accounting

Table C.1: Cropland and pasture evapotranspiration (ET) according to Lathuillière et al.138,141 and their
respective areas estimated from agricultural production information121, and Landsat imagery99 (bottom-
up approach) to determine total ET for agriculture (ETAG).

Land use ET Areaa: 2001, 2015121 Area: 2000, 201499

mm y-1 Mha Mha

Forest 1099 NA 12.8, 11.4

Pasture 822-889 3.4, 2.3 4.4, 4.2

Soybean + fallow 608-688 0.020, 2.2

Soybean + maize + fallow
717-808

0.095, 0.73
0.32, 2.1

Soybean + rice + fallow 0.26, 0.081

aAs data is available by municipal unit, these areas represent a percent of total production based on
the percent area of the political unit contained with the Xingu Basin of Mato Grosso. Maize and rice are
assumed as double crops following soybean planting/harvest and are assumed to have similar total
crop ET
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Table C.2: Average live animal population in 2000 and 2014 hydrologic years with animal water demand
and living condition assumptions. Populations were obtained from IBGE121, include both males and
females and were allocated to the Xingu Basin of Mato Grosso based on area of municipalities contained
within the basin. Chicken and swine populations were recalculated based on life expectancy described
in equation 5.5.

Animal Conditions Population Blue water
consumption

total live animals m3 d-1 animal-1

Hydrologic year 2000 2014

Cattle Pasture 2,534,975 3,535,838 50 × 10-3

Horsesa Pasture 28,954 47,766 50 × 10-3

Buffaloesa Pasture 4467 2781 50 × 10-3

Donkeysa,b Pasture 578 633 50 × 10-3

Mulesa,b Pasture 9124 12,908 50 × 10-3

Swine Confined 16,358 51,724 0.125 × 10-3

Goats Pasture 2388 2973 54.0 × 10-3

Sheep Pasture 16,691 38,544 54.0 × 10-3

Chicken/Roosters Confined 72,303 572,741 0.284 × 10-3

aNo data available for 2015, the population was assumed constant in 2013 and 2014; bANA4
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Table C.3: Urban, rural, industrial worker population and domestic and industrial blue water demand in
the Xingu Basin of Mato Grosso. Note that blue water consumption was assumed to be 50% of blue
water demand. Data derived from IBGE121 and ANA4.

Connected to the water system? Population Blue water demand

m3 d-1 cap-1

Hydrologic year 2000 2014

Total population 141,301 222,101

domestic-urban Yes 41,806 65,711 260 × 10-3

domestic-urban No 47,142 74,100 70 × 10-3

domestic-rural Yes 25,653 40,322 70 × 10-3

domestic-rural No 26,700 41,968 70 × 10-3

industrial workers 88,948 139,811 3.5

C.3 Determination of environmental flow requirements

We followed the procedure described in Smakhtin et al.240 to derive annual environmental flow require-

ments (EFR) to maintain ecosystems in “fair” conditions. From an ecological management perspective,

these conditions are described as: “the dynamics of the biota have been disturbed. Some sensitive

species are lost and/or reduced in extent. Alien species may occur”240 which is defined from the val-

ues of Q50 and Q90 obtained from the long-term discharge data of the Xingu Headwaters observed

between 1975 and 2005 at Marcelândia (Passagem BR80, station 18430000, 10° 46’ 38” S, 53° 5’ 44”

W)5 (Figure C.3). Mean annual runoff (MAR) of the Xingu Headwaters was 1921 m3 s-1 mo-1 with a

Q50 of 1455 m3 s-1 mo-1 (76% MAR) and a Q90 of 810 m3 s-1 mo-1 (42% MAR). Smakhtin et al.240

then define EFR as the sum of low flow (Q50) and high flow (Q90) with the low flow set to zero in cases

where Q90 exceeds 40% MAR (which is the case for the Xingu Headwaters). Our estimate of annual

EFR was therefore 42% MAR which is slightly greater than the Amazon basin average of 31% MAR and

the average EFR for the Xingu Basin of 20-25% MAR from Smakhtin et al.240.
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Figure C.3: Exceedance probability curve for the Xingu Headwaters obtained frommonthly observations
at Marcelândia, Mato Grosso (Passagem BR80, station 18430000, 10° 46’ 38” S, 53° 5’ 44” W)5 for the
1975-2005 period (n = 363).

C.4 Land use cover for deforestation scenarios

Following deforestationmaps obtained fromSoares-Filho et al.243 we extracted forest cover from business-

as-usual (BAU) and governance (GOV) scenarios (see Table 5.1) for 2030 and 2050 in the XBMT (Table

C.4). The deforestation scenario maps were obtained at 1 km2 resolution and estimate a total XBMT

surface area of 159,256 km2 according to Soares-Filho et al.243 compared to 177,000 km2 obtained

from Landsat imagery from Graesser and Ramankutty99.

C.5 Total blue volumetric water footprints and hydrologic

conditions

We obtained the total annual blue water consumed in the XBMT according to steps described in Sections

5.2.3.2 (Table C.5) and compare to the annual estimated runoff in the basin (Table C.6) to obtain blue

water scarcity for 2000 and 2014, as well as the deforestation and climate scenarios described in Table

5.1. We also divided annual runoff into 3-month sums to account for seasonal variability (Table C.6).
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Table C.4: Total forest cover as described by land use maps obtained by Soares-Filho et al.243 in the
Xingu Basin of Mato Grosso for business-as-usual (BAU) and governance (GOV) deforestation scenar-
ios.

Deforestation scenario Total forest cover (km2) Total forest cover (% basin)

BAU-2030 45,114 28.33

BAU-2050 32,619 20.48

GOV-2030 68,462 42.99

GOV-2050 67,096 42.13

Table C.5: Total blue volumetric water footprint for agricultural, industrial and domestic uses in the Xingu
Basin of Mato Grosso in 2000 and 2014 hydrologic years, as well as scenarios for 2030 and 2050 (see
Table C.2 and C.3 for input data, as well as Table 5.1 for the description of scenarios).

Year Scenario Agricultural Industrial Domestic

km3 y-1

2000-01 0.153 1.60 × 10-5 4.09 × 10-3

2014-15 0.218 2.56 × 10-5 6.54 × 10-3

2030-31 BAURCP4.5 0.255 3.86 × 10-5 9.86 × 10-3

BAURCP8.5 0.255 3.86 × 10-5 9.86 × 10-3

GOVRCP4.5 0.255 3.86 × 10-5 9.86 × 10-3

GOVRCP8.5 0.255 3.86 × 10-5 9.86 × 10-3

2050-51 BAURCP4.5 0.517 6.53 × 10-5 1.67 × 10-2

BAURCP8.5 0.517 6.53 × 10-5 1.67 × 10-2

GOVRCP4.5 0.391 6.53 × 10-5 1.67 × 10-2

GOVRCP8.5 3.81 6.53 × 10-5 1.67 × 10-2
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Table C.6: Total annual and 3-month mean runoff in the Xingu Basin of Mato Grosso obtained from IBIS
simulations and land use (equation 5.1).

Year Scenario Precipitation PNVa Annual Sep-Nov Dec-Feb Mar-May Jun-Aug

mm y-1 km3 y-1 km3 3-months-1 (% change from 2000)

2000-01 1999 69.8 74.9 5.8 20.7 36.9 11.5

2014-15 1934 64.1 70.4 5.9 14.3 38.3 12.0

2030-31 BAURCP4.5 1966 67.9 78.6 (+5) 6.9 (+20) 7.1 (–66) 47.1 (+28) 17.4 (+52)

BAURCP8.5 1971 69.1 80.0 (+7) 6.6 (+14) 6.1 (–69) 49.5 (+34) 17.5 (+52)

GOVRCP4.5 1966 67.9 76.3 (+2) 6.9 (+19) 6.6 (–68) 45.6 (+24) 17.3 (+50)

GOVRCP8.5 1971 69.1 77.8 (+4) 6.5 (+13) 6.0 (–71) 47.9 (+30) 17.4 (+51)

2050-51 BAURCP4.5 1969 69.0 80.8 (+8) 6.9 (+19) 8.0 (–62) 49.1 (+33) 16.9 (+47)

BAURCP8.5 1952 65.7 77.7 (+4) 6.8 (+18) 6.3 (–69) 47.6 (+29) 17.0 (+48)

GOVRCP4.5 1969 69.0 77.4 (+3) 6.8 (+18) 7.2 (–65) 46.8 (+27) 16.6 (+45)

GOVRCP8.5 1952 65.7 74.3 (–1) 6.8 (+17) 5.9 (–71) 44.9 (+22) 16.7 (+45)

aPotential Natural Vegetation following Ramankutty and Foley208
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Table C.7: Individual land use contributions to evapotranspiration (ET) obtained in this study using the
bottom-up approach between 2000 and 2010 compared to values obtained by Silvério et al.238 using
the MODIS ET product172.

Land use Study 2000 2005 2010 2014

Forest, shrubland This study 141 129 125
Forest, Cerrado Silvério et al.238 142 142 138

Pasture This study 37.8 41.2 35.6
Silvério et al.238 34.7 47.7 50.7

Cropland This study 2.8 10.2 14.3
Silvério et al.238 1.6 6.2 8.9

Agriculture (Pasture +
Cropland)

This study 40.6 51.5 49.9

Silvério et al.238 36.3 53.9 59.6

Total ET This study 181 180 175
Silvério et al.238 179 195 198

Deviations in total ET Comparison
between this study
and
Silvério et al.238

+1% –8%

C.6 Land use evapotranspiration contributions

We used both top-down and bottom-up approaches to estimate the changes in land contributions to

ET. First, the bottom-up approach was used following steps described in the main document in order to

devise changes between 2000 and 2014. Results were compared to land ET estimates derived by Sil-

vério et al.238 using MODerate resolution Imaging Spectroradiometer ET product172 in the XBMT (Table

C.7). Our results were close to those of Silvério et al.238 who report a decrease in ET of approximately

35 km3 in the 2000s (considering land use transitions affecting natural vegetation). Silvério et al.238

report that 12% of forests in the basin (18,838 km2) were either converted to cropland (3347 km2) or

pasture (15,491 km2) between 2000 and 2010. The difference between our values obtained through the

bottom-up approach and those of Silvério et al.238 was attributed to differences in resolution between the

products used (1 km for MODIS compared to 30 m for IBIS) as well as the model steps used to obtain

ET with the Penman-Monteith equation in MOD16 from Mu et al.172 and our procedure (see Section

5.2.3.2).
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Table C.8: Values of total evapotranspiration (ETT ), evapotranspiration of the natural vegetation (ETNV ),
potential natural vegetation (ETPNV ), and the combined ET of agriculture and residual landscapes
(ETAG + ETR) in the Xingu Basin of Mato Grosso between 2000 and 2050 hydrologic years consider-
ing business-as-usual (BAU) and governance (GOV) deforestation, and Representative Concentration
Pathways (RCP 4.5 and 8.5 W m-2). All values were obtained using the top-down approach (Figure
C.4).

Year Scenario ETT ETNV ETPNV ETAG + ETR

km3 y-1

2000-01 279.0 191.2 284.1 87.8

2014-15 272.0 172.2 278.4 99.8

2030-31 BAURCP4.5 269.6 82.1 280.3 187.5

BAURCP8.5 271.8 82.0 279.7 189.8

GOVRCP4.5 268.9 122.9 280.3 146.0

GOVRCP8.5 271.1 122.7 279.7 148.4

2050-51 BAURCP4.5 267.9 60.0 279.9 207.9

BAURCP8.5 271.3 60.0 280.0 211.3

GOVRCP4.5 268.0 122.5 279.9 145.5

GOVRCP8.5 271.4 122.3 280.0 149.1

We then used the top-down approach using IBIS simulations to describe changes in ET land contri-

butions following deforestation scenarios and RCPs (Figure C.4, Table C.8).
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Figure C.4: Land contributions to evapotranspiration (ET) in the Xingu Basin of Mato Grosso between
2000 and 2050 using the top-down approach and following business-as-usual (BAU) and governance
(GOV) deforestation scenarios, and Representative Concentration Pathways (RCP 4.5 and 8.5 W m-2)
as described in Table 5.1.
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