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ABSTRACT

In the coming decades, one of humankind’s main challenges will be to guarantee
food supply for a growing population while managing ever more scarce resources,
and safeguarding the availability of water and land for natural ecosystems. Brazil is
a country with abundance of water and land resources, and has recently become one
of the world’s main exporters of agricultural commodities. The Brazilian agricultural
sector recently went through unprecedented intensification and extensification
processes, which include the expansion of cropland and pasture areas into vulnerable
ecosystems.

This PhD thesis advances the research field on water and land resources assess-
ment by investigating the following processes: i) changes in green water use by
major rainfed crops in Brazil during recent decades ii) potential improvements of
land and green water productivity for Brazilian rainfed crops, with and without
implementation of supplemental irrigation, iii) influences of intensification and
expansion of soybean production in Brazil on green water use, and iv) impacts of
double-cropping on water use intensity.

The process-based biogeophysical crop model EPIC was chosen and applied to
simulate water use and crop growth for Brazilian rainfed crops, under diverse
management conditions. In Chapter 2, I simulated yields, water use and water
productivity for soybeans, maize, cotton and wheat under different scenarios of
agricultural management, for rainfed and irrigated conditions. Chapter 3 focuses on
soybean and maize, and analyzes water use for the production of these crops under
single and double-cropping conditions.

The results show an increase in green water use for the production of maize,
cotton, soybeans and wheat from 145 to 263 km?> per year between 1990 and 2013.
This increase is in large part due to the expansion of harvested area for soybean
production. The analysis of management scenarios shows that improving nutrient
management has a larger potential to improve land and water productivity compared
to supplemental irrigation. Furthermore, supplemental irrigation would lead to a
reduction in water productivity despite marginal improvements in land productivity.
The analysis of double-cropping practices for soybean and maize production systems
finds a greater water appropriation of these systems avoiding cropland expansion
and improving overall water productivity.

This thesis improves the understanding of current and future use of land and
water, the role of intensification and expansion processes, and interactions between
land and water use. The results lead to the main conclusion that harvested area
expansion has been a major driving force in the increase of green water appropriation
in Brazil in the last decades, but that different intensification processes have led to a
more productive use of water and land over time. More importantly, the growth of
double-cropping has allowed a decoupling between the appropriation of water and
land, allowing a great increase of agricultural water use without further expansion
of cropland.
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ZUSAMMENFASSUNG

Eine der grofiten Herausforderungen der Menschheit in den kommenden Jahr-
zehnten wird es sein, die Nahrungsversorgung einer wachsenden Bevolkerung zu
gewahrleisten, gleichzeitig immer knapper werdende Ressourcen zu bewirtschaften
und weiterhin Wasser und Land fiir natiirliche Okosysteme zu erhalten. Brasilien
ist ein Land mit reichen Wasser- und Bodenressourcen und hat sich in jiingster Zeit
zu einem der weltweit grofiten Exporteure von Agrarerzeugnissen entwickelt. Der
brasilianische Agrarsektor durchlief in jlingster Zeit beispiellose Intensivierungs-
und Ausweitungsprozesse, zu denen auch die Ausweitung von Ackerland und Wei-
deflichen in empfindlichen Okosystemen gehorte.

Die vorliegende Dissertation fuhrt das Forschungsfeld der Modellierung von
Wasser und Bodenressourcen weiter, indem sie folgende Prozesse untersucht: i)
Anderungen der Nutzung von griinem Wasser durch brasilianischen Regenfeldbau
in den letzten Jahrzehnten, ii) potentielle Verbesserungen der Land- und Grunwas-
serproduktivitat fir den brasilianischen Regenfeldbau, mit und ohne Durchfithrung
einer zusatzlichen Bewdsserung, iii) Einfliisse von Intensivierung und Ausweitung
der Sojaproduktion in Brasilien auf die Nutzung von griinem Wasser und iv) die
Auswirkungen einer zweimaligen Feldbestellung auf den WasserfufSabdruck.

Das prozessbasierte biogeophysikalische Pflanzenmodell EPIC wurde ausgewahlt
und angewendet, um den Wasserverbrauch und das Pflanzenwachstum fiir bra-
silianischen Regenfeldbau unter verschiedenen Managementbedingungen zu si-
mulieren. In Kapitel 2 werden Ertriage, Wasserverbrauch und Wasserproduktivitat
fir Sojabohnen, Mais, Baumwolle und Weizen unter verschiedenen Szenarien der
landwirtschaftlichen Bewirtschaftung und unter unterschiedlichen Regen- und Be-
wasserungsbedingungen modelliert. Kapitel 3 konzentriert sich auf Anbau von
Soja und Mais und analysiert den unterschiedlichen Wasserverbrauch bei einer
beziehungsweise zwei Ernten im Jahr.

Die Ergebnisse zeigen einen Anstieg des Grunwassereinsatzes fiir die Produktion
von Mais, Baumwolle, Soja und Weizen von 145 auf 263 km?> pro Jahr im Zeitraum
1990 bis 2013. Dieser Anstieg ist zu einem grofien Teil auf die Ausweitung der
Anbaufldche fiir Soja zuriickzufiihren. Die Analyse von Managementszenarien zeigt,
dass die Verbesserung des Nahrstoffmanagements ein grofSeres Potenzial zur Verbes-
serung der Land- und Wasserproduktivitat hat, als eine zusatzliche Bewasserung.
Auflerdem fiihrt eine zusatzliche Bewdsserung zu einer Verringerung der Wasser-
produktivitat trotz leichter Verbesserungen der Bodenproduktivitat. Die Analyse
von zweifacher Ernte pro Jahr in Soja- und Maisproduktionssystemen zeigt zwar
eine hohere Wassernutzung, vermeidet aber die Ausdehnung der Anbauflachen und
verbessert die Gesamtwasserproduktivitat.

Diese Arbeit verbessert das Verstandnis der aktuellen und zukiinftigen Nutzung
von Land- und Wasserressourcen, der Rolle der Intensivierung- und Expansionspro-
zesse, und der Wechselwirkungen zwischen Land und Wasser. Die Ergebnisse dieser
Arbeit zeigen, dass die Ausweitung der Anbaugebiete in den letzten Jahrzehnten eine
wichtige Triebkraft fur die gesteigerte Verwendung von Griinwasser in Brasilien war,
dass aber gleichzeitig verschiedene Intensivierungsprozesse zu einer produktiveren
Nutzung von Wasser und Land gefiihrt haben. Noch wichtiger ist, dass die Zunahme
von zwei Ernten im Jahr eine Entkopplung zwischen der Bereitstellung von Wasser
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und Land ermoglicht hat, was eine starke Zunahme der Wassernutzung ohne weitere
Ausweitung der Anbauflachen ermoglicht.
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ON THE INTERACTION BETWEEN WATER AND LAND USE
IN BRAZIL

When most people think of water, their vision is limited to visible water,
such as a river system or a water supply scheme.

Water flowing through the root zone is thought of as soil,

water in the atmosphere as climate, and water quality as ecology.
Groundwater is seldom understood at all

— Malin Falkenmark (Falkenmark, 1990)

1.1 BACKGROUND
1.1.1  Agriculture at the center of global change

The sustainable management of the resources for sufficient production of food,
feed, bioenergy and livestock will constitute one of the main global challenges to
be faced in the coming decades. Meeting these growing demands for land-based
products has required expansion and intensification of cropland, pastures and
managed forests, as well as expansion of irrigated area (Ramankutty et al., 2018).
Agriculture is at the center of four global future challenges: (i) to meet increasing
demands for food, feed, biomass and bioenergy, (ii) to meet these demands while
coping with scarcity of water and land resources, (iii) to mitigate its impacts
on the biosphere through reduction of land use change and greenhouse gas
emissions, and (iv) to adapt to global change.

One of the main ways agriculture and livestock imprint impacts on the bio-
sphere is through conversion of natural habitat into cropland and grazing land.
It is estimated that 80% of deforestation resulted from conversion to agriculture
and grazing lands between 2000 and 2010, and Indonesia and Brazil only were
responsible for over 50% of this tropical forest loss (Kissinger, Herold, and
Sy, 2012). Both the agriculture-related land use change and the agricultural
production itself are significant contributors of climate change, contributing
to approximately 23% of total greenhouse gas emissions (IPCC, 2019). Land
use change, in large part driven by agricultural expansion, is the source of the
largest relative negative impact on biodiversity since 1970 (IPBES, 2019).

Agriculture and pastures already occupy around 40% of the land surface
(Foley, 2005), and meeting future demands could lead to even greater increases
in deforestation and biodiversity loss. Several thresholds of land occupation for
cropland and pastures have been proposed in order to maintain acceptable bio-
diversity levels; Usubiaga-Liano, Mace, and Ekins (2019) suggest that cropland
and pastures should respectively be limited to 4.6 — 11.2% and 7.9 — 15.7% of



Green water: the soil
water held in the
unsaturated zone, formed
by precipitation and
available to plants.

Blue water: liquid water
in rivers, lakes, wetlands
and aquifers, which can be
withdrawn for irrigation
and other human uses

As defined by Hoff et al.
(2010).
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global land area, much lower levels than the ones seen today, of approximately
15 and 25%.

The replacement of natural vegetation by cultivated and pasture lands also
influences the local and global water cycle. When forests are replaced by crops,
evapotranspiration normally decreases and consequently the local moisture
recycling capacity is reduced; alternatively, irrigation tends to result in higher
evapotranspiration and consequently reduction of surface flow (Gordon et al.,
2005; Rost, Gerten, and Heyder, 2008). These changes can influence the local
hydrological cycle and the regional climate, causing changes in precipitation
in downwind or downstream regions (Keys and Wang-Erlandsson, 2018; Rock-
strom et al., 2014).

Agriculture is also the biggest user of water as a resource (D’Odorico et al.,
2018), as well as the main cause of disturbance to the terrestrial water cycle
(Vorosmarty and Sahagian, 2000). Between 9 and 11% of evapotranspiration
over land originates from cropland areas, of which around 86% - approximately
6.8x10'2 m3 per year - corresponds to green water (D’Odorico et al., 2019). Out
of the total amount of blue (irrigation) water use in agriculture, around 50%
originates from groundwater sources (D’Odorico et al., 2019).

The blue water used in agriculture comes from increasingly unsustainable
sources, either from nonrenewable groundwater, or surface water withdrawals
that compromise environmental flow requirements (Wada and Bierkens, 2014).
Evidence shows that a large share of main watersheds globally have been over-
exploited (Falkenmark and Molden, 2008), and that human demand is close
to reaching the limits for exploration of blue water sources worldwide (Gerten
et al., 2013; Gleick and Palaniappan, 2010).

In this context, alternatives to sustainably increase the efficiency of agricul-
tural production while halting expansion are vital to increase food production
while greatly reducing the environmental impacts of agriculture (Foley et al.,
2011). A rich literature has explored the global potential of intensification
through different strategies, such as for example closing yield gaps (Davis et al.,
2017a; Erb et al.,, 2016; Jagermeyr et al., 2015; Mueller et al., 2012; Rosa et al.,
2018), increasing cropping frequency (Guilpart et al., 2017; Ray and Foley, 2013;
Siebert and D6ll, 2010; Wu et al., 2018) and shifting crops (Davis et al., 2017b).

The growing scarcity of blue water, however, is one of the main obstacles
to intensification of existing cropland through the use of irrigation. Falken-
mark and Rockstrom (2006) estimate that 3000 km? per year of blue water for
agriculture would be necessary to alleviate hunger, while Davis et al. (2017a)
estimate that, to close the crop yield gap globally, an additional 1315 km> per
year of additional irrigation water would be necessary. Rosa et al. (2018), on the
other side, estimate that in order to close the global yield gap while maintaining
sustainable use of blue water resources, an increase of only 408 km?> per year
would be possible.

Other options for overcoming water constraints in food production include
improving water productivity, expanding cropland into non-agricultural areas,
and virtual water trade (Hoff et al., 2010). Global trade has been found to reduce
the net water scarcity globally, as well as to promote water savings, as a result
of trade between countries with different levels of water abundance and water
productivity levels (Chapagain, Hoekstra, and Savenije, 2006; Fader et al., 2011;
Konar et al., 2013).
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Green water is currently the main water resource for agricultural produc-
tion globally, and considering the great limitations of expansion of blue water
use, green water is also considered a main unexplored resource for the future
(Rockstrom et al., 2009). The two ways of expanding green water use is either
by improving green water productivity - by increasing yields or implementing
management options for reducing soil evaporation and harvesting rainwater -
or expanding crop production into areas with availability of green water, appro-
priating water now consumed for plant growth in these systems (Falkenmark
and Rockstrom, 2006; Rost et al., 2009).

Even though green water is responsible for most of the water resources used
in agriculture globally, traditional water resources management has historically
focused almost solely on blue water (Falkenmark and Rockstrom, 2010). The
adoption and development of the blue and green water concepts has helped
re-frame crop water management from the focus on irrigation infrastructure
and surface water flows, to a more general way of looking at trade-offs between
water and land use. On one side, increasing blue water consumption on current
cropland through irrigation reduces blue water availability for other users and
freshwater ecosystems downstream. On the other side, expanding agricultural
land and thus increasing access to green water causes a loss of natural ecosystems.
Overuse of blue water threatens the aquatic ecosystems that depend on them,
while appropriation of green water threatens the terrestrial ecosystems that rely
on green water for their biomass growth (Falkenmark and Rockstrom, 2006).

The sustainable limits to appropriation of green water are determined partly
by local climate, but also the need to safeguard land for biodiversity (Schyns
et al., 2019). The expansion of cropland in areas with high availability of green
water is particularly problematic, as these are often also the areas with high
rates of biodiversity, with water functioning in these landscapes to provide
a numerous amount of ecosystem services. Nevertheless, a large share of the
virtual water trade changes in the recent past have resulted from increased
access to green water in countries with high rates of tropical deforestation, such
as Brazil, Argentina and Indonesia (Carr et al., 2013). Beyond being the main
resource for crop production and the main unexplored resource for the future,
green water is also responsible for a large share of the changes in water use
globally.

One of the aims of this doctoral thesis is to advance the understanding of land
and water use interactions, by investigating rainfed agriculture with higher level
of detail in Brazil. The chosen study area is nowadays one of the world’s main
virtual water exporters (Carr et al., 2013), and a region where the availability
of green water and intensive agriculture is intimately related to expansion of
agricultural land into important ecosystems.

The development of global and regional crop, water and dynamic vegetation
models has promoted more accurate and spatially explicit estimations of water
use in global agriculture, and evaluation of trade-offs between different man-
agement strategies. In Section 1.1.2 I discuss the importance and diversity of
methods for modeling crop water requirements, and in Section 1.1.3 I describe
in further detail the study area, and the current state of the Brazilian agricultural
sector.



Virtual water: amount of
water ‘embodied’ in a
product or service.

Water footprint: the total
amount of water consumed
to produce goods and
services consumed by an
individual or community
(Hoekstra et al., 2011).
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1.1.2  Modeling crop water requirements

The concepts of virtual water content and water footprint were developed to
improve the understanding of how much water is consumed to produce goods
and services used by humankind, and how it moves across scales.

There is a diversity of methods and tools to estimate agricultural water use,
and how water availability and stress influences agricultural production in dif-
ferent scales. The foundations of water balance models were developed already
in the 60s and 7os, and initially focused on evaluating climatic constraints to
agricultural development. Different methods for estimation of reference and
actual evapotranspiration were developed after this, and in 1998 FAO published
their Irrigation and drainage paper 56, providing guidelines and a standard for
computing crop water requirements (Allen et al., 1998).

The CROPWAT tool, developed by FAO, was used in most of the early water
footprint assessments, and also the recommended tool in the Global Footprint
Manual (Chapagain and Hoekstra, 2003; Hoekstra et al., 2011). CROPWAT relies
on the FAO Penman-Monteith evapotranspiration method described by Allen
et al. (1998), a standardized table with crop parameters, the FAO’s ClimWat
database of climate data, and crop yields from the FAOSTAT database (Smith,
1992).

Later on, global water footprint assessments started to rely on a much more
diversified range of global crop and water models. Some examples of these
include Ho8 (Hanasaki et al., 2008), LPJmL (Bondeau et al., 2007), GEPIC (Liu
et al., 2007), WaterGAP2 (Doell, Kaspar, and Lehner, 2003), GCWM (Siebert and
Doll, 2008) and PCR-GLOBWB (Wada and Bierkens, 2014). The use of advanced
global models enabled a more precise consideration of physical processes that
influence agricultural water management, as well as to gain the ability to simu-
late a range of scenarios of climate change, agricultural management, irrigation
application, among others.

Some of the models used for estimating global agricultural water footprints
are classified as crop models (e.g. GEPIC and LPJmL), others as hydrological
models (e.g. Ho8 and PCR-GLOBWB), or dynamic vegetation models (LPJmL)
depending on the model’s most important features (Wartenburger et al., 2018).
Hydrological models routinely have a better representation of the influence of
dams, reservoirs, underground water and river flow variability on the availability
of water for irrigation. On the other side, crop models can better represent the
effects of a range of agricultural management options on yields and water flows.

With the use of these models, global studies have been able to investigate
the impacts on global water use by, for example, climate change (Fader et al.,
2010), improvement of irrigation efficiency (Jagermeyr et al., 2015), population
growth (Gerten et al., 2011), fertilizer and irrigation improvement (Liu and
Yang, 2010), water harvesting (Hanasaki et al., 2010; Wisser et al., 2010), green
water management strategies (Rost et al., 2009).

Unlike statistical, explanatory or empirical crop models, process-based (also
known as mechanistic) crop models have the advantage to simulate diverse
processes dynamically in response to external drivers, and thus compare effects
of alternative decisions on trade-offs among those various responses (Jones et al.,
2017; Siad et al., 2019).

In this PhD thesis, the dynamic process-based EPIC model was chosen to
simulate the effects of different crop and water management options on agricul-
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ture in Brazil. The EPIC model was developed initially to simulate soil erosion
processes, and has been expanded to represent processes related to weather,
crop water use, soil temperature, erosion-sedimentation, nutrient cycling, tillage,
crop management and biomass growth (J. R. Williams et al., 1989; Philip W.
Gassman et al., 2004). EPIC has no spatial component, and therefore cannot
represent hydrological processes on a watershed level. The APEX model was
developed based on the EPIC model, and includes livestock and hydrological
processes on a watershed level (Gassman and Williams, 2009).

Due to the aforementioned lack of a spatial component, however, EPIC is
a very versatile model that can be adapted for application in any scale, from
the farm to the global level. The GIS version of EPIC, named GEPIC, has been
extensively applied to estimate crop water relations globally (Liu, Zehnder, and
Yang, 2008; Liu, 2009; Liu et al., 2007; Liu and Yang, 2010). EPIC has also has
been calibrated and validated on the national and regional scales to simulate
crops, for example, in Europe (Balkovic¢ et al., 2018, 2013), United States (Niu
et al., 2009), and Sub-Saharan Africa (Folberth et al., 2012). The model has been
used as a tool to simulate a wide range of agricultural and environmental-related
processes, from the effect of tillage and crop rotation, to climate change (Philip
W. Gassman et al., 2004).

The implementation, calibration and validation of the EPIC model is riddled
with challenges, in large part due to the great number of model parameters
and input data (Wang et al., 2012). The approach I developed to apply the
EPIC model to simulate crop water relations in Brazil and answer the research
questions that drive this thesis is explained in higher detail in Section 1.2.2.

1.1.3 Brazilian agriculture

Brazilian agriculture is central to the water-land-food nexus described in Sec-
tion 1.1.1, and is the focus of this research work. Brazil is a country with abun-
dant water and land resources, which has become one of the most important
producers and exporters of agricultural commodities globally. The pronounced
changes the Brazilian agricultural sector has undergone in the recent decades
include steep increases in productivity, a rampant expansion of cropland and
pasture areas into vulnerable ecosystems, as well as its establishment as a main
producer in the global bioeconomy.

The accumulated harvested area of the country’s nine main crops — soybeans,
maize, sugarcane, beans, wheat, coffee, rice, cassava and cotton — amounts to
around 92% of the total harvested area, of which soybeans, maize and sugarcane
are responsible for 78% (IBGE (Brazilian Institute of Geography and Statistics),
2018). Between 2000 and 2014, the total cropland area roughly doubled, growing
from 26 to 46.1 10° hectares, and 20% of this expansion came from conversion
of natural vegetation (Zalles et al., 2019). Figure 1.1a shows the increase in
harvested area for the country’s main crops between 1980 and 2018, with a
marked growth in harvested area for soybeans and sugarcane.

Dias et al. (2016) and Rudorff et al. (2010) found that the expansion of sugar-
cane happened mainly over pastures and summer crop areas. The expansion of
soybeans, on the other side, is one of the drivers of conversion of natural habitat
in agricultural frontiers — the expansion of soybean harvested area has been
in part possible through conversion of pastureland, and in part by cropland
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expansion into sensitive ecosystems, namely in the Amazon and Cerrado biomes
(Gibbs et al., 2010).
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Figure 1.1: Harvested area and productivity changes in Brazilian agriculture between
1980 and 2018. Source: (IBGE (Brazilian Institute of Geography and Statis-
tics), 2018)

Even though the harvested area of maize has remained relatively steady
(Figure 1.1a), the cropland area dedicated exclusively to production of maize has
decreased as a result of the growth of maize production as a second crop, mostly
in soybean-maize double-cropping systems. While in 2003 around 25% of the
harvested area of maize in the country corresponded to safrinha maize, in 2018
this share grew to 70%, and thus most of the country’s maize production is of
safrinha' maize. Only in the Brazilian state of Mato Grosso, the double-cropped
area increased from approximately o.5 to 2.9 million ha between 2001 and 2011
(Spera et al., 2014).

Alongside this cropland expansion, the intensification of Brazilian agriculture
led to marked increases in land productivity: between 1990 and 2001, yields
grew from 1.7 to 2.9 and 1.8 to 4.3 tons per hectare for soybeans and maize,
respectively (Dias et al., 2016). Figure 1.1b presents the percentage of yield
increase of Brazilian main crops relative to 1980, demonstrating the changes
in land productivity in the recent decades. These intensification patterns were
observed both in frontier and established agricultural areas, and were driven in
large part by technological improvements such as liming, fertilization, adoption
of no tillage systems, cultivation of cover crops, double-cropping and genetically
modified crops (Barretto et al., 2013).

The Brazilian Water Agency (ANA, in Brazilian Portuguese) estimates that the
agricultural sector is responsible for 67.1% of total blue water use. The irrigated
area has increased from 1.5 to 6.9 10° hectares between 1980 and 20135, and
the main irrigated crops are sugarcane and rice, responsible respectively for 22
and 29% of the total irrigated area in 2015, followed by other crops irrigated in
central pivot systems (20%) (ANA, 2017). The central pivot type of irrigation is
usually applied for the production of grains, among them cotton, beans, maize
and soybeans. The Brazilian Water Agency estimates that irrigation could reach
10.09 million hectares in 2030, with the growth happening mostly in central
pivot systems (ANA, 2017).

Agriculture is both a user of water resources and a driver of changes in the
water cycle. One of the main concerns related to the cropland and pasture

1 The second season crops planted in double-cropping systems are called safrinha crops in Brazil.
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expansion into previously forested areas in Brazil is the reduction of overall
evapotranspiration from land. The biomes with highest rates of deforestation
currently — the Amazon and the Cerrado — have been identified as important
sources of moisture recycling throughout the continent. The replacement of
natural vegetation by pastures and cropland in the Amazon forest area has been
pointed out as a source of changes in the local evapotranspiration cycle that
could lead to the increase of drought conditions in this biome (Nobre, 2014).
Keys, Wang-Erlandsson, and Gordon (2016) found that land use change in Mato
Grosso - a state in the Amazonian frontier with the highest rates of soybean
production - could affect a diffuse region downwind, including the cities of Sao
Paulo and Rio de Janeiro.

Even though the local availability of water is highly heterogeneous, Brazil is
overall abundant in both blue and green water resources (ANA, 2013; Flach et al.,
2016). As a result of the combination between high water resource availability
and agricultural export output, Brazil was identified as the world’s top net
exporter of virtual water in 2010 (Carr et al., 2013). Brazil exports around 54.8
billion m? of virtual water per year, mainly to Europe and China (Silva et al.,
2016b).

Studies that estimate water footprints in Brazilian agriculture are mainly
focused on a local or regional scale (Albuquerque, 2013; Bleninger and Kotsuka,
2015; Carvalho and Menezes, 2014; Lathuilliere, Bulle, and Johnson, 2018; Lath-
uilliere, Coe, and Johnson, 2016; Lathuilliére et al., 2018a; Lathuilliere, Johnson,
and Donner, 2012; Lathuilliere et al., 2014). Flach et al. (2016) analyzed water
footprints and virtual water trade from Brazilian commodities on a national
scale by using the results from previous global water footprint studies (Mekon-
nen and Hoekstra, 2011), while Silva et al. (2016b) used results from FAO’s
CropWat model. The GLOBIOM-Brazil project, one of the main efforts to model
land use change processes in Brazil at a national scale, is based on a global EPIC
model with a spatial-explicitness of 121 thousand simulation units across the
globe, with the base data in a 5 degree resolution.

1.2 INVESTIGATING WATER AND LAND USE IN BRAZILIAN RAINFED AGRI-
CULTURE

One of the challenges in modeling water use in agriculture is to reconcile dif-
ferent scales of analysis and levels of complexity. A great deal of effort has
been devoted in previous literature on one side to model agricultural water use
globally, and on the other side to measure water use in Brazil locally. Neverthe-
less, a deeper understanding of the changes in water and land use within the
country’s boundaries is called for, due to the dominance of Brazilian agricultural
production in the global virtual water trade, and the observed environmental
impacts of water and land use.

This PhD thesis aims to fill this gap by analyzing Brazilian agricultural water
use on a national scale. With further consideration of the relative importance of
green water as a main resource for agriculture presently and in the future, this
research work focuses on modeling water use in rainfed systems. Therefore, I
focused here on the country’s four main rainfed export crops: soybeans, maize,
cotton and wheat. In the second part of this research work, I give further atten-
tion to soybeans and maize, the two crops with the highest share of harvested
area, and which have undergone pronounced changes in the recent decades.
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1.2 INVESTIGATING WATER AND LAND USE IN BRAZILIAN RAINFED AGRICULTURE

The main general objectives addressed throughout this thesis are to under-
stand how water and land use have evolved in the last decades in Brazil, and to
investigate how water and land use could change under different scenarios of
management and irrigation. For this, I developed of a modeling infrastructure
for analyzing scenarios of water and land in Brazilian agriculture on a national
scale, with high spatial-explicitness.

In this section I first describe in detail the research questions that were ad-
dressed in this thesis (Section 1.2.1), and then describe the modeling approach
developed to answer these questions (Section 1.2.2).

1.2.1 Research formulation

The four research questions I describe here are meant to address the aforemen-
tioned objectives of this PhD thesis. The first two questions are addressed in
detail in Chapter 2 and the second two questions in Chapter 3.

How has green water use for Brazilian main rainfed crops changed in the
recent decades?

This thesis comprises one of the first studies to model agricultural water foot-
prints for Brazilian agriculture at a national scale, with high spatial-explicitness
and updated input data. Assuming rainfed conditions, I estimated the water use
in the period 1990-2013 for soybeans, maize, cotton and wheat.

What is the potential for improvement of land and green water productiv-
ity for Brazilian rainfed crops, with and without irrigation?

Besides analyzing land and water interactions for agricultural production for
the recent past, I also investigated scenarios of agricultural management and
irrigation, with the aim to understand not only the recent changes, but also possi-
bilities for the future. Six scenarios of agricultural management were simulated,
of which two included the implementation of supplemental irrigation.

How have intensification and expansion of soybean production in Brazil
influenced green water use?

Both the expansion and intensification of production of soybeans and maize
has had significant impacts on land and water use. I investigate the changes
in water and land use in the recent past, analyzing in greater detail the role of
agricultural management and cropland expansion. Intensification is taken into
consideration with two different approaches, first by accounting only temporal
changes in yields, and then considering also changes in cropping intensity
through the growth of double-cropping.

What is the influence of double-cropping on the land and water footprints
of soybeans and maize?

Multiple cropping is commonly not taken into account in agricultural water
use assessments. Neglecting the effects of cropping frequency in the estimation
of green water use could have implications also on the sustainability of green
water use. I therefore estimated the influence of double-cropping as a type of
intensification in water and land use, and estimated the biases between the
estimation of water use with and without consideration of double-cropping.

1.2.2  Building a modeling framework for Brazilian agriculture

To answer the research questions described above, the biophysical crop model
EPIC was employed to simulate crop water processes. Initially developed to sim-
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ulate soil erosion and soil productivity processes, the EPIC model was expanded
to become a robust tool to address the major environmental processes related to
crop growth. The current version of the EPIC model is documented by Williams,
Izaurralde, and Steglich (2008), and its application documented by Williams
et al. (2015). The model comprises ten different components, which simulate
weather, hydrology, erosion-sedimentation, nutrient, pesticide fate, plant growth,
soil temperature, tillage, economics, and plant environment control.

The EPIC model contains a large number of crop and model parameters, as
well as of input data. The calibration and validation of the model over a large
amount of areas is a challenge, since (i) there are usually no comprehensive
experimental or independent data available that allow testing of the entire set
of variables represented in the model, and (ii) aggregated data from regional
statistics are usually insufficient as they do not represent field-scale conditions
for which the models have been originally developed (Balkovi¢ et al., 2013).
Another challenge of implementing the model on a larger scale is that integrating
data in different scales can lead to aggregation errors, which can influence the
temporal and special accuracy of model predictions (Hansen and Jones, 2000).

One issue commonly found when calibrating models on large-scale simula-
tions is that, by adjusting model parameters to “statistically fit” experimental
data has the potential to reduce the model’s mechanistic structure to an empir-
ical exercise, and hinder its ability to perform beyond the range of data used
for the calibration (Niu et al., 2009). Here I used an approach inspired by the
methodology used in Balkovic et al. (2013), in which (i) the default biophysical
process parameter values in EPIC were accepted (with only minor adjustments),
(ii) reviewed crop parameters based on average cultivar characteristics for the
selected crops were used for the entire study area, (iii) sensitivity analysis and
adjustment for main management parameters, namely sowing dates, length of
growing season, and potential heat units, were performed.

In order to cope with the issue of aggregation errors, I adopted a methodology
of delimitation of homogeneous response units (HRUs), inspired by the approach
developed for the GEOBENE global database for bio-physical modeling (Skalsky
et al., 2008). With the use of soil and elevation maps with a resolution of 1
km, I classified the Brazilian territory in classes of altitude, slope and soil
texture. Every unique combination of these classes was considered a distinct
HRU. These units were further divided, according to land use and political
boundaries (more specific descriptions of this methodology can be found in
Appendix A and Appendix B). In the end of the delimitation process, a number
of simulation units in the order of magnitude of 10* was obtained. The number
of simulation units varies for each crop and simulation, depending on the extent
of the area where each crop is produced, and the land cover product used for
the delimitation of the simulation units.

In Chapter 3, [ used the product developed by Dias et al. (2016), with the
extent of harvested area for soybeans and maize in Brazil through time. Since
this database is only available for soybeans and maize, Chapter 2 required a
different approach in which a combination of the ESA Land Cover product (ESA,
2017), and the database of harvested area per municipality from IBGE (Brazilian
Institute of Geography and Statistics) (2018) were used.

The high spatial-explicitness of the simulations of the research work presented
in this PhD thesis contributed to reduce the aggregation errors in the model
simulations, however increased significantly the processing time necessary. The
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o810 version of the model source code in FORTRAN was compiled and modified
for parallel processing in a Linux environment, to make it capable of parallel
simulations over a large number of simulation units and scenarios.

While developing the modeling general framework, the selection of updated
high-resolution data for soil, weather, elevation, land use and management was
one of the most important steps for improving the model accuracy and repre-
senting the physical diversity of the Brazilian territory. Table 1.1 summarizes
the data sources of physical characteristics used as input to the model.

Table 1.1: Summary of data sources.

Type Source Resolution

[e]

Weather Daily gridded meteorological variables in Brazil o0.25
(1980—2013) (Xavier, King, and Scanlon, 2016).

Soil SoilGrids250: Global gridded soil information 1 km
based on machine learning (Hengl et al., 2014).

Terrain SRTM gom Digital Elevation Database v4.1 (Jarvis 9o m
et al., 2008).

Land Use  Patterns of land use, extensification, and intensifi- 1 km
cation of Brazilian agriculture (Dias et al., 2016).

Land ESA: Land Cover CCI Product (ESA, 2017). 300 m
Cover

The sensitivity analyses performed reaffirmed that the model is particularly
sensitive to the sowing dates and length of the season. The crop calendars used
in Chapter 2 were obtained from the global database developed by Sacks et al.
(2010), and present different sowing and harvesting date ranges for different
zones within the Brazilian territory. In Chapter 3, the database of planting
windows for single and double-cropping soybeans was obtained from Abrahao
and Costa (2018), which provides yearly planting windows with a resolution
of 1 degree. There are a variety of available datasets for global planting and
harvesting dates (e.g. MIRCA2000 (Portmann, Siebert, and Déll, 2010) and
SAGE (Sacks et al., 2010)), as well as methods to determine optimal planting
and harvesting dates (e.g. Waha et al. (2012) and Balkovic¢ et al. (2013)). While
the calendar databases can be unrealistic due to not considering interannual
climate variability, the methods that estimate optimal planting dates assume
that farmers make "perfect decisions" regarding planting and harvesting periods.
My approach constituted a hybrid between these two approaches: based on
the planting windows available in the crop calendar datasets, a variety of crop
calendar options was simulated, and the options with higher overall yields were
selected.

I found that the final model results represented reasonably the response of
crops to changes in fertilization and weather variables, for most crops. The
results did not adequately represent low yields, in part because the model
does not simulate processes that generally induce crop failures such as pests,
land abandonment and economic changes. I also found that maize yields were
slightly overestimated, which has been found previously in EPIC modeling
studies (Balkovic et al., 2013).
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The main limitation and challenge in modeling Brazilian agriculture is to
be able to represent both its temporal and geographical complexities. The ac-
cess to fertilizers has increased significantly in the recent decades, leading to
changes in the distribution and scale of nutrient application rates. Furthermore,
a large range of new seed varieties has been developed, which are suited for
different areas of the country. Despite not capturing some of these intricacies,
our modeling approach contains a much higher level of detail when compared
to other large-scale crop modeling studies that include Brazil as one of their
geographical units, and is one of the first steps towards a better understanding
and modeling of Brazilian agriculture.

1.3 RESULTS AND OUTLOOK

This doctoral thesis makes a step forward in the analysis of changes in green
water use in Brazil, and in the relationship between land and water use change
in this setting. In the following section I will summarize its main results, discuss
their limitations and implications, outline innovative aspects related to the work
presented here, and give recommendations for future work.

1.3.1  Summary of results

Here I summarize and discuss the most important results presented in Chapter 2
and Chapter 3. Having in mind the model and data uncertainties discussed in
Section 1.2.2, the following general conclusions can be drawn:

e During the period between 1990 and 2013, green water used for the production
of maize, cotton, soybeans and wheat increased from 145 km3 to 263 km® per year.

In the same period, the harvested area grew from 26 to 46 million hectares,
and the production from 46 thousand to 171 thousand tons per year (IBGE
(Brazilian Institute of Geography and Statistics), 2018).
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Figure 1.2: Total consumptive water use per crop in the period 1990-2013 (km?), consid-
ering historical harvested area per municipality and estimated green water
use.

As seen in Figure 1.2, these changes are in large part related to growth of
soybean production and harvested area. The water use for maize shown here
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was estimated assuming that all maize was planted as a single crop. According
to Table 2.3, those values would be lower if considering a part of the maize
production as a second crop, i.e. in a double-cropping system.

To put these numbers into perspective, the Brazilian Water Agency estimates
that the current amount of irrigation water used in the entire agricultural sector
corresponded to 23.5 km3 (745 103 1/s) in 2017, with a projection to increase to
33.4 km3 (1,055 103 1/s) in 2050.

e Supplemental irrigation for main rainfed crops (soybeans, maize, cotton and
wheat) would lead to increases in land productivity, albeit with decreases in water
productivity.

Chapter 2 presents results of water productivities and yields for historical
data, and for six scenarios of agricultural management. The subsistence scenario
refers to a model setup with no fertilizer application, while the high-input
scenario refers to a model setup where nutrient stress is minimized by automatic
nutrient application. The mid-input scenario, on the other side, refers to levels
of nutrient application coherent with moderately intensive agriculture (further
detail on scenarios, see Appendix A). The irrigated scenarios assume that water
stress levels above 20% are counteracted by automatic irrigation, and the rainfed
scenarios assume no irrigation application. Here, supplemental irrigation refers
to the automatic irrigation aimed to reduce water stress levels.
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Figure 1.3: Water productivity (above, kg/m?3) and yields (below, ton/ha) statistics per
municipality, related to historical data and management scenarios, for all
crops.
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I define here the yields in the high-input irrigated and the high-input irrigated
scenarios as the ’yield potential’ and 'water-limited yield potential’. Therefore,
‘closing the yield gap’ is defined as the transition from the "historical” to the "high-
input’ scenarios, with implementation of supplemental irrigation (in the case of
"historical’ to "high-input irrigated’) and without (in the case of ’historical” to
‘high-input rainfed’).

Figure 1.3 shows that closing the yield gap with and without irrigation would
lead to increases in water productivity in the order of 0.5-1.5 incremental kilos of
product per cubic meter of water use. It is evident for all crops, however, that the
increases in yield caused by irrigation are not as striking as the ones related to
increase of nutrient input. The opposite is the case for water productivity, as the
scenarios with supplemental irrigation show lower levels of water productivity
for all crops.

The crops with more pronounced response to supplemental irrigation are
cotton and second season maize. The planting of second season maize is usually
done after harvesting of soybeans, and is mainly limited by the length of the
rainy season. The productivity and feasibility of this crop would therefore
benefit greatly from supplemental irrigation. In the case of cotton, a large share
of cotton production happens in the northeast area of Brazil, which is also one
of the driest and water scarce areas of the country (as seen in Figure 2.3¢), and
this region is where most of the benefits from supplemental irrigation of cotton
are seen (regionally detailed results in Appendix A).

The results from the scenarios shows both the potential of agricultural in-
tensification to make better use of already available green water. In the case of
the crops analyzed, the results also show that supplemental irrigation plays a
much less pronounced role in intensification of agricultural production. One
limitation of these results is that the crop calendars are static across the different
scenarios, and in the case of some of these crops, supplemental irrigation could
enable shifting or extending the cropping season.

e Closing yield gaps could lead to green water savings in the order of 20-50%.

In Chapter 2, I calculated the amount of water that would be necessary to
produce the same amount of crop output, considering the increases of water
productivity related to closing yield gaps (Figure 1.3, Table 1.2). Here, water
saving is defined as the difference between the amount of water necessary
to produce under current conditions and under yield gap closure in rainfed
conditions, divided by the amount of water necessary to produce under current
yields. The results are averaged across the territory, and across the 24 years
between 1990 and 2013.

Table 1.2: Potential water savings from yield gap closure (%).

Cotton Maize Soybean Wheat

Water savings (%) 52 29 37 46

The results shown in Table 1.2 assume closing yield gaps without the im-
plementation of irrigation. The amount of water savings in this case would
be tightly connected to the reduction of land requirements driven by higher
productivity. Along with less area, less green water appropriation would be
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necessary for production of these crops. Cotton is the crop which shows the
biggest improvements, followed by wheat. The biggest gaps are observed in the
period between 1990 and 2000, after which the production of wheat and cotton
became more productive (Figure A.5 and Figure A.5).

e Increase in harvested area has been a major driving force in the increase of
green water appropriation in Brazil in the last decades, particularly for production of
soybeans. Improvements in productivity had a less pronounced role, however have led
to an increase in the amount of crop obtained per drop of water used throughout the
country.

In the first part of Chapter 3, I analyzed in further detail the changes in water
use for production of soybeans in Brazil between 1990 and 2013, and analyzed
the different role of expansion and intensification in water use. Figure 1.4 shows
the normalized relative change in production, harvested area, water use and
virtual water content, using 1990 as baseline. In these results, I assume that
soybean production is grown only in single-cropping conditions.

As seen in Figure 1.4, the increase in green water footprints for soybean
production and the increase of harvested area happened mostly as a consequence
of cropland expansion, accompanied with a steady increase in water productivity.
The virtual water content of soybeans in 2013 reached an average of around
2000 m®/ton, a value similar to the ones found in highly productive areas of
soybean production globally (Tuninetti et al., 2015).

It is also possible to note a de-coupling between the increases in harvested
area and water use, and the increase in production. While the output of soybeans
grew 308% during this period, the harvested area and water use increased 143
and 156%, respectively. The virtual water content was reduced by 37%.

= Production (ton)

= Harvested Area (ha)

= Yield (ton/ha)

= Water Use (km®)

1 Virtual Water Content ( m*/ton)
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Years

Figure 1.4: Rate of change for production, harvested area, water use and virtual water
content for soybean production between 1990 and 2013.

The increase in water footprints from 61 to 156 km® during this period is
largely related to the expansion of soybean harvested area. Most of the addi-
tional g5 km> of appropriated green water resource became available to the
international market as virtual water, as a large share of Brazilian soybean pro-
duction is intended for the external markets in the European Union and China
(Godar et al., 2015).

e Double-cropping has played a major role in increasing water appropriation while
avoiding cropland expansion, improving overall water productivity.
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In the second part of Chapter 3, I analyzed the effect of double-cropping
practices on green water use for soybean and maize production in two Brazil-
ian states, the states of Parana and Mato Grosso. The soybean-maize double-
cropping system is the main form of multi-cropping practice in Brazil, and has
spread considerably across the country in the last decades (see Section B.1). The
chosen states are not only solely responsible for about 50% of the country’s
production of soybean and maize, they are also the areas where double-cropping
soybean-maize systems are widespread. Adding a second crop after the harvest
of soybeans is possible due to the development of cultivars with shorter crop-
ping lengths, but it also depends on the yearly length of the rainy season. For
these reasons, the feasibility of double-cropping has been spreading across the
country, but still not all years are considered feasible for implementation of this
practice. Mato Grosso and Parana are also the areas where double-cropping has
been adopted more consistently over time in the period between 2003 and 2013
(Figure B.4).
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Figure 1.5: Comparison of annual evapotranspiration (mm, top) and water footprint
(km3) for crops grown under single-cropping and double-cropping condi-
tions.

I found that the growing season evapotranspiration for double-cropping
crops is in general lower due to a shorter cropping season, and presents higher
interannual variability, as shown in Figure 1.5a. In the double-cropping system,
the yearly crop evapotranspiration in a given area is the sum of the growing
season evapotranspiration for the two crops. As a result, the water use per
unit of area is significantly higher than any of the other single crops on their
own. I estimated that the average annual evapotranspiration of soybeans and
maize production across the territory of the two states would equal to about
560 mm/year, if considering that the two crops were planted independently
as single crops. However, by considering the mixture between single-cropping
systems, and cropland area different than the total harvested area, the average
evapotranspiration would correspond to 685 mm/year.

The increase of water footprints per area (i.e. average annual evapotranspi-
ration) related to double-cropping systems is a sign of a greater appropriation
of green water available across the annual precipitation cycle, as shown also in
Figure 3.5. The nearly linear relationship between expansion of harvested area
and water use observed in the previous results remains, but there is de-coupling
between the increase of actual cropland area and water use. In the same way
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that double-cropping causes a gap between harvested area and actual cropland
area, it also changes the relationship between cropland area and green water
use.

Taking double-cropping also influences total water footprint estimations, as
seen in Figure 1.5b. The total water footprint of soybeans and maize increased
by 40 km3 between 2003 and 2013 in the selected states. Out of this increase in
water footprints, 13 km® (32%) happened in double-cropping systems. In 2013,
26 km> (24% of the total footprint for that year) was dedicated to second season
maize. This means that around a quarter of the additional green water resources
appropriated in this period in the two states required no expansion in cropland
area.

1.3.2 Conclusions

In the following I will present the main conclusions of this doctoral thesis,
discuss on the relevance and limitations of the presented results, and after that,
offer an overview of the innovative aspects included in this work.

Main conclusions

This thesis makes a step forward in the analysis of current and future use
of land and water, the role of intensification and expansion processes, and
interactions between land and water use. It comes to the main conclusion that
harvested area expansion has been a major driving force in the increase of green
water appropriation in Brazil in the last decades, but that different intensification
processes have led to a more productive use of water and land over time. More
importantly, that the growth of double-cropping has allowed the decoupling
between the appropriation of water and land, allowing a great increase of water
use without further expansion of cropland.

Relevance and limitations

Although the aforementioned conclusions might be unsurprising in qualita-
tive terms, the scale of the changes observed and projected in the results is key
to their relevance. That is particularly the case for two main results, which I will
discuss here.

First, the growth in estimated green water use from 145 to 263 km? per year
for the four selected crops from 1990 to 2013 demonstrates the importance
of the changes in land use in rainfed crops not only for availability of water
for agriculture in Brazilian agriculture, but also for the transport of virtual
water resources for the international market. On one side, the total amount
of blue water used in Brazilian agriculture in 2017 estimated by the Brazilian
Water Agency equals to less than 9% of the total amount of green water used
by only the four main rainfed crops in 2013. This shows the greater relative
importance of green water resources, especially the ones appropriated by these
four main crops, when compared to blue water use in irrigated agriculture.
On the other side, Carr et al. (2013) identified that, in 2010, Brazil became
the world’s main virtual water exporter, with about 187 km?> exported in 2010.
This scale of resource re-allocation is only possible with the changes in green
water use described in this thesis. Therefore, the results presented in this thesis
demonstrate how the increased virtual water exports were made possible, and
where and how this increase in resource appropriation happened.

Second, the analysis of water use in double-cropping systems shows how
changes in cropping frequency can change the relationship between green
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water and land use. One of the ways cropping frequency is defined is as the

relationship between harvested area and cropland area (Ray and Foley, 2013).

As green water use is a function of the harvested area, an increase in cropping
frequency through multi-cropping practices leads also to a different relationship
between green water use and cropland area. The results from this thesis show
that, in the case of soy and maize production in two Brazilian states, around
24% of water use in 2013 happened without expansion of cropland, i.e. in
the production of a second crop. Furthermore, out of the increase in water
use between 2003 and 2013, 32% corresponded to increase in water use for
production of second season maize. Therefore, almost a third of the increase
in green water use for soybeans and maize in those two states was not a result
of a corresponding increase in cropland area. This has implications for how we
understand the limits to the availability of green water locally and globally.

The implications of the study results are diverse, but certainly dependent on
a number of factors. Water footprint assessments in their most strict form are
designed to estimate volumetric use of water in production of goods, but they
don’t necessarily elaborate on the environmental impacts or sustainability of
this water use (Lathuilliere et al., 2018b; Quinteiro et al., 2015; Ridoutt and
Pfister, 2010). The scope of the research presented in this thesis is limited to
the estimation of volumetric estimates of water use, and does not attempt to
analyze also impacts and sustainability of resource use, or how the resource use
is transferred across scales through trade.

Another limitation of the research presented here is the fact that the processes
of agricultural intensification and expansion are seen only through the lenses
of their influence on water use. Therefore, in this thesis I do not take into
consideration the potential environmental impacts that are normally connected
to increased use of fertilizers, development of cultivars, deforestation and other
processes related to intensification and expansion of agriculture. The same can
be said regarding related economic and social aspects.

Due to the aforementioned limitations, the results of this thesis can only be
policy informative if they are considered not on their own, but rather as part
of a broader context. Aspects that should be taken into account in conjunction
with the presented results include careful consideration of related social and
environmental impacts, as well as trade-offs across different scales.

Innovative aspects

I would like to highlight two main innovative aspects within this work: (i)
the development of a modeling infrastructure to simulate water use Brazilian
rainfed agriculture on a national scale, with a high level of spatial-explicitness
and up to date input data, (ii) the analysis of the effect of double-cropping
practices on green water use.

Regarding the second aspect, one of the reasons why there are few previous
studies analyzing the effect of cropping frequency on water use is in large
part due to a general lack of data on multi-cropping practices globally. Recent
studies have used satellite data to map and estimate cropping frequency across
different areas (Biradar and Xiao, 2011; Siebert and Do6ll, 2010; Yan et al., 2014;
Zhao et al., 2016). However, sub-national statistics on production and harvested
area dedicated to multiple cropping is more rare. In the case of Brazil, the
data on second season maize production is only available after 2003, and is
not consistently available across the country. The analysis of double-cropping
practices in this thesis focuses in the states of Parana and Mato Grosso, as these
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are the areas where the most reliable data is found. Furthermore, there is a
great diversity of crop combinations that make up different types of rainfed and
irrigated multi-cropping practices around the world (Guilpart et al., 2017). This
diversity makes the consideration of multi-cropping practices a challenge in
larger-scale water footprint assessments.

1.3.3 Outlook

The research presented in this thesis sheds light upon the interactions between
water and land use in agriculture, how these have changed in the recent past, and
potential future changes. The results and methodological approach presented
here could be a relevant starting point to answer other important research ques-
tions. Analyzing the economic mechanisms driving these changes in resource
use, and the impacts of the use of these resources, are some of a number of
opportunities for a potential continuation of this research work.

By coupling the results of this study with trade data, it would be possible to
investigate how much of the observed changes are linked to domestic and foreign
consumption, and which global consumers are connected to them. The modeling
structure developed here could also provide useful input for economic models
that analyze land use and the agricultural sector, such as GLOBIOM-Brazil.

Another very interesting avenue of investigation following the one described
in this thesis would be to analyze not only how water and land resources are
appropriated, but also connect that to the impact of the use of these resources.
For this, it would be required to take into consideration detailed information
on the types of land use transitions that have happened in this period, and
estimation of the water fluxes in the different natural and human-mediated
states.

There are, certainly, many opportunities to build up on the research work
presented here by expanding its scope. This research was dedicated to investigat-
ing green water and land use change processes in Brazil, and therefore focused
on the country’s main rainfed crops. Changes in the scope would naturally
fit different storylines, for example (i) including modeling of sugarcane and
rice would enable analyzing the country’s main water users of both blue and
green water, (ii) analyzing also the expansion of extensive and intensive pastures
would allow an analysis of the country’s main drivers of land use change, and
(iii) including all crops, livestock and forestry would enable modeling the entire
country’s agricultural sector.

Another natural step for continuation of this research work would be to
attempt at reducing the uncertainties in the modeling framework presented.
One of the observations from the simulations performed is that the values of
consumptive water use of crops are very sensitive to the sowing dates and the
length of the growing season, as has been observed before in the literature
(Tuninetti et al., 2015). The studies presented in Chapter 2 and Chapter 3
applied different datasets for planting and harvesting dates. These datasets
were developed with different methodologies, and present different levels of
spatial-explicitness. Future research could elucidate the differences in estimated
yield and water use between different datasets such as MIRCA2000 (Portmann,
Siebert, and Doll, 2010) and SAGE (Sacks et al., 2010), and different methods that
estimate yearly optimal planting and harvesting ranges. The Brazilian Ministry
of Agriculture currently provides annually the Agricultural Climate Risk Zoning
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System (ZARC, in Portuguese), which identifies optimal planting and harvesting
dates across the country for different soil and elevation classes, and recommends
optimal cultivars. Even though this will constitute an invaluable dataset for
future modeling efforts, the data is only available after 2016.

The diversity of crop cultivars is another source of bias that can be addressed
in the future. Even though it would not be possible to implement the particular
characteristics of all crop varieties in a national-scale model, one interesting ap-
proach is to group cultivars by main characteristics. The Brazilian Agricultural
Research Corporation regularly publishes guides with soybeans cultivar suit-
ability for each region of the country, and even though it is not possible to know
exactly where farmers apply each cultivar, these reports are an important guide
on how the main cultivars are adapted to different environmental conditions
across the territory.
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WATER PRODUCTIVITY AND FOOTPRINT OF MAJOR BRAZILIAN
RAINFED CROPS - A SPATIALLY EXPLICIT ANALYSIS OF CROP
MANAGEMENT SCENARIOS

After peer-review, the following chapter has been published with modifications as:

Flach, R., Skalsky, R., Folberth, C., Balkovi¢, J., Jantke, K., Schneider, U.A., 202o0.
“Water productivity and footprint of major Brazilian rainfed crops — A spatially explicit
analysis of crop management scenarios.” Agric. Water Manag. 233, 105996. https://doi.
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The processed input and results related to this paper are available as open data as:
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ABSTRACT

Green water is a central resource for global agricultural production. Therefore,
understanding its role is fundamental to design strategies to increase global food
and feed production, while avoiding further land conversion, and obtaining more
crop per drop. Brazil is a country with high water availability, and a major exporter
of agricultural goods and virtual water. We assess here water use and water pro-
ductivity in Brazil for four major rainfed crops: cotton, maize, soybeans, and wheat.
For this, we used the EPIC crop model to perform a spatially explicit assessment
of consumptive water use and water productivity under crop management scenar-
ios in Brazil between 1990 and 2013. We investigated four different land-water
interactions: (i) water use and productivity for different management scenarios,
(ii) the prospective role of supplemental irrigation for productivity improvement,
(iii) changes in green water use throughout the study period, and finally (iv) land
and water savings related to agricultural intensification. The results show that,
for the studied crops, green water is the main resource for food production, and
intensification can lead to great improvements in green water productivity. The
results also suggest that, despite resulting in higher yields, irrigated intensification
tends to result in lower overall water productivity, compared to fertilizer-based
intensification strategies. This is, however, regionally and crop-specific. Further-
more, closing the yield gap through irrigated or rainfed intensification enables
to reduce resource demand, in the order of 34-58% for cropland, and 29-52% for
water.

Keywords: Green Water; Sustainability; Yield Gap; EPIC; Crop Modeling; Water
Footprint




2.1 INTRODUCTION

2.1 INTRODUCTION

Increasing demands for food, feed, and bioenergy are a major challenge for sustainable
water use in the coming decades. Human activities have already overused blue water
sources (i.e. liquid water in rivers, lakes, wetlands, and aquifers) worldwide (Falkenmark
and Molden, 2008; Vorosmarty and Sahagian, 2000; Wada and Bierkens, 2014). Blue
water scarcity limits the potential productivity of agricultural systems (Davis et al.,
2017a). On the other side, green water use (i.e. soil water formed by precipitation and
available to plants) is about 4 to 5 times higher than blue water use in agriculture
globally (Hoff et al., 2010). While water science has mostly focused on estimating and
managing blue water,understanding how to make better use of green water resources is
fundamental to meet future demands (Falkenmark and Rockstrom, 2006).

Improvement of water productivity, usually defined as the amount of crop obtained
relative to the evapotranspiration sourced from green and blue water during production,
has been identified as a viable strategy to reduce the need for additional resources
in irrigated and rainfed systems (Molden et al., 2010). On a large scale, trade from
areas with high to those of low water productivity levels results in net water savings
(Chapagain, Hoekstra, and Savenije, 2006; Fader et al., 2011). Improving the management
of green water, and increasing green water productivity, is fundamental both in arid
and water-abundant areas (Rockstrom and Barron, 2007). Higher crop yields have the
potential to reduce the impact of agricultural systems by facilitating sparing of lands
with high biodiversity (Phalan et al., 2011). At the same time, obtaining more crop per
drop also has the potential to generate net water savings and reduce pressure in regions
with higher water stress or scarcity (Fader et al., 2011).

Traditionally, water footprint studies have largely focused on impacts of water use on
the location of production, and particularly on water-stressed areas. Brazil has abundant
blue and green water resources, although the local availability of water is highly het-
erogeneous (ANA, 2013; Flach et al., 2016). As a major agricultural producer and net
exporter of agricultural commodities, Brazil exports around 54.8 billion m3 of virtual
water per year, mainly to Europe (Silva et al., 2016a). Brazilian agriculture has undergone
stark changes in the last decades, through horizontal expansion and intensification (Dias
et al., 2016; Zalles et al., 2019). The expansion of Brazilian cropland has been connected
to increasing conversion of natural ecosystems, and negative impacts to biodiversity and
the water cycle (Bondeau et al., 2007; Gibbs et al., 2010; Spera et al., 2016; Zalles et al.,
2019).

Previous virtual water trade analysis of Brazilian agriculture on a national scale relied
on datasets from previous global water footprint assessments, such as the one presented
in the work of Mekonnen and Hoekstra (2011) (Flach et al., 2016; Silva et al., 2016a).
Other water footprint and virtual water trade studies focused on smaller scale, and relied
on local measurements (Albuquerque, 2013; Carvalho and Menezes, 2014; Silva et al.,
2016b) or combined those with satellite data (Lathuilliére et al., 2014; Lathuilliére et al.,
2018b).

This is one of the first studies to model local agricultural water footprints for Brazilian
agriculture at a national scale. Our main contribution is a large-scale and locally relevant
water use analysis with high spatial-explicitness and updated input data. We analyze
land and water interactions for agricultural production in the recent past, and for
scenarios of agricultural management. We aim to understand the recent changes in green
water use in Brazilian agriculture, but also possibilities for the future.

By providing spatially explicit and process-based assessments of green and blue water
in agriculture, advanced crop models have enabled the progress of global water footprints
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and trade studies. These biophysical models applied in global water assessments include
GEPIC (Liu and Yang, 2010; Liu, Zehnder, and Yang, 2009), GCWM (Siebert and Ddll,
2008), Ho8 (Hanasaki et al., 2013; Konar et al., 2016), LPJmL (Fader et al., 2010; Gerten
et al.,, 2011; Rost, Gerten, and Heyder, 2008), and WBMplus (Wisser et al., 2008). With
the use of the EPIC biophysical crop model and high resolution soil, elevation and
climate data, we simulated 24 crop cycles between 1990 and 2013 for four traditionally
rainfed crops: cotton, first and second season maize, soybeans, and wheat.

This paper is structured as follows. We document our modelling approach in section
2, and data in section 3. We present the model results in section 4. First, we analyze
how changes in nutrient input affect yields and water productivity, and investigate how
the intensification of food production in Brazil affects agricultural water use efficiency.
Furthermore, we estimate the geographical distribution of irrigation potential across the
country. Lastly, we analyzed the influence of agricultural intensification scenarios on the
demand for water and land. The results are discussed in the section s5.

2.2 MATERIALS AND METHODS
2.2.1 Study area and simulation units

We focused on four of Brazil’s most important crops regarding consumptive water use
and production: cotton, maize, soybeans, and wheat. These four crops are among the ten
most important crops in terms of harvested area and total production in Brazil. They
covered approximately 70% of the total harvested area in Brazil in 2017 (IBGE (Brazilian
Institute of Geography and Statistics), 2018), and are predominantly produced in rainfed
systems (ANA, 2017). We modeled maize twice, to represent two production systems:
the main maize crop, and second maize crop, called safrinha in Brazil. Brazilian farmers
commonly plant safrinha maize as a second crop after soybeans, and therefore second
season maize has a different calendar from main season maize. Our model setup does
not simulate double-cropping, and instead simulates second season maize separately, as
a fifth crop. The yield of maize, soybeans and wheat correspond to the seed yield, while
the cotton yield corresponds to both the lint and seed yields.

We simulated soil and water processes associated with crop growth in Brazil between
1990 and 2013. The simulated area comprises only areas classified as cropland during
the study period (see Figure 2.1).

For this study, the EPIC model was setup and run for more than 8.10* simulation units.
These units were classified primarily in terms of their biophysical homogeneity, and then
further delimited based on municipality administrative boundaries. The procedure for
delimitation of the simulation units was adapted from the methodology developed for
the GEOBENE global database for bio-physical modeling (Skalsky et al., 2008). First, a
homogeneous response unit (HRU) is considered an area with similar soil, topography
and climate characteristics. For delimitation of the HRUs, we classified the soil and
topography databases based on predetermined thresholds (see detailed description and
thresholds in Section A.1.1). The final boundaries of the simulation units resulted from
the overlap of the climate dataset grid, the municipality boundaries, and the boundaries
of the previously delimited HRUs. The resolution of the datasets used to delimitate the
simulation units ranged from the 30o0m resolution land use maps (ESA, 2017), 1 km
resolution soil and topography datasets (Hengl et al., 2014; Jarvis et al., 2008), and the
0.25 degrees climate grid (Xavier, King, and Scanlon, 2016). The municipal boundary
shapefile divides the Brazilian territory in approximately 60oo municipalities.
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Figure 2.1: Simulation units (shaded area) in the five Brazilian administrative regions (NO: North,
NE: Northeast, SE: Southeast, S: South, CW: Center-West).

2.2.2  General crop model characteristics

The Environmental Policy Integrated Climate (EPIC) model simulates the biological,
physical and chemical processes that occur in the soil-plant-atmosphere-management
system (Williams, Izaurralde, and Steglich, 2008). EPIC operates in daily time steps,
and has no spatial component. The model contains sub-components, which simulate
processes related to weather, hydrology, erosion, nutrients, soil temperature, plant
growth, plant environment control, and tillage. Although originally designed to model
soil erosion, EPIC has been used comprehensively to simulate climate change impacts,
nutrient cycling and loss, soil carbon, pesticide fate, among others (Philip W. Gassman
et al., 2004).

Spatially explicit implementations of the EPIC model have been applied earlier to
study impacts of crop management on yields and externalities across a range of manage-
ment systems ranging from smallholder agriculture (Folberth et al., 2012) to high-input
systems (Balkovic et al., 2014) and has frequently been used to study crop-water relations
(Liu et al., 2007; Liu and Yang, 2010; Liu, Zehnder, and Yang, 2009). The model has been
evaluated positively across scales from the field (e.g. Williams et al., 1995) to continental
(Balkovic¢ et al., 2018; Folberth et al., 2012) and global assessments (Miiller et al., 2017).

Here the o810 version of the model source code in FORTRAN was compiled and
modified for parallel processing in a Linux environment, to make it capable of iterative
simulations over a large number of parameter settings.

2.2.3 Simulation setup

To reduce uncertainties related to the crop calendars, an initial model run is performed
to select optimal calendars, based on planting and harvesting dates available in the
dataset published in Sacks et al. (2010). This dataset includes time windows for the
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planting and harvesting season for different areas around the country. We ran the model
for non-irrigated conditions with minimized nutrient stress, for three different calendar
options - early, mid and late planting and harvesting. The option with higher yields for
each crop and simulation unit was chosen. We calculated the potential heat units (PHU)
for each crop, simulation unit, and planting and harvesting window.

We initialized the model by carrying out spin-up model runs for the period 1980-1990
to equilibrate the nutrient pools in soil, comprising soil organic carbon and total and
organic nitrogen and phosphorous. The spin-up runs generated soil profile values that
were used as inputs to the final transient model runs. Appendix A provides further
detail on the methodology for PHU calculation, model initialization, and spin-up model
runs (Table A.2 to Table A.4).

2.2.4 Crop management scenarios

We simulated six different crop management scenarios depicting different combinations
of fertilizer application and irrigation (see Table 2.1). The first scenario, called “subsis-
tence”, assumes crop management with no additional water or fertilizer input. On the
other side of the spectrum, two scenarios called “high input” are designed to provide
enough fertilizer input to minimize nutrient stress. Other two fertilizer scenarios were
designed based on historical fertilizer application data, called “low input” and “mid
input”, and are intended to mimic the input level of farms with intermediate cropping
intensity. The mid and high input scenarios were simulated both for irrigated and non-
irrigated conditions, while the subsistence and low input scenarios were simulated only
for rainfed conditions.

In the irrigation scenarios, the model supplies irrigation water on each day in which
the water stress factor exceeds 20% (water stress trigger of 0.8), thus reducing while
still allowing a small degree of water stress. For nitrogen application, the model was
set to provide nitrogen when nitrogen stress is above 20% (nitrogen stress trigger of
0.8), with a pre-determined application rate specific to each scenario. When it comes
to phosphorus, the model was set to apply a certain application rate before planting.
The fertilizer levels and stress triggers used to set up each scenario are better detailed in
Table A.2 and Table A.3.

We can assume that the yields estimated in the high-input irrigated and rainfed
scenarios correspond, respectively, to the water-limited potential and potential yields
for the analyzed crops. Therefore, the difference between the reported yields and the
potential yields corresponds in our assumptions to the yield gap.

Table 2.1: Model setup for scenario runs.

Scenario Fertilizer Application Irrigation
Subsistence (S) Off Off
Low-Input (L) Low Off

Mid-Input Rainfed (M1) Medium Off
Mid-Input Irrigated (M2) Medium Unlimited
High-Input Rainfed (P1) Unlimited Off
High-Input Irrigated (P2) Unlimited Unlimited
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2.2.5 Water use and efficiency indicators

The model output of EPIC comprises detailed information on crop growth, water, nutri-
ent, and carbon fluxes in daily, monthly and yearly steps. For this study, we focus on the
estimated annual yield (Yd, ton/ha), the growing season evapotranspiration (GSET, mm),
and the amount of water provided by irrigation annually (IR, mm).

We chose to use the Hargreaves method in the EPIC Model for estimating evapotranspi-
ration (Hargreaves and Samani, 1985). The blue water corresponds to the IR parameter,
and the green water corresponds to the total growing season evapotranspiration (GSET),
minus the water application through irrigation.

GreenWater(mm) = GSET (mm) — IR (mm) (2.1)

The consumptive water use (CWU, m?/yr), crop water productivity (WP, kg/m?>) and
virtual water content (VWC, m3/kg) in a certain area are defined and calculated as
follows.

CWU(m®/yr) =10+ ZGSET(mm/yr) + Areagipy (ha) (2.2)
3 .\ Yd(ton/ha)

WP(kg/m>) =100 GSET(mm) (2.3)

VWC(m®/kg) =10+ GSET (mm) (2.4)

Yd(ton/ha)

Where Yd refers to the crop yield, given in tons per hectare, and AreagimU corre-
sponds to the area of the simulation unit. We aggregated the yields and water produc-
tivities from the simulation unit to the municipal level, by calculating the weighted
averages using the simulation unit area divided by the total simulation unit area in
each municipality as weights. We then aggregated them to the regional level, using
the harvested area per municipality divided by the total harvested area per region as
weights.

To estimate the consumptive water use and water productivity for the historical
scenario, we used the simulated growing season evapotranspiration from the high-input
rainfed scenario aggregated at the municipal level, and the reported yields between
1990 and 2013 (IBGE (Brazilian Institute of Geography and Statistics), 2018). Therefore,
we assume that the water use for production in this period comprises only rainfed
agriculture, and account only for green water use.

We calculated the potential for implementation of irrigation infrastructure (IP) using
two different approaches. First, the potential for irrigation is described as the rate of yield
increase between the irrigated and rainfed high-input scenario (IP1), as an indicator of
the potential of supplemental irrigation to increase local crop productivity.

Ydyy irr(ton/ha) — Ydyy rp(ton/ha)
Ydy rp(ton/ha)

IP1(%) =100+ (2.5)

In a second approach, we assume that the more of blue water is necessary to meet the
crop water requirements, the higher the likelihood that farmers will make the choice
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to implement irrigation systems (IP2). It is common to assume that irrigation systems
will be implemented if the rate between blue and total water use is above a certain
threshold, usually around 10% (Dell’Angelo, Rulli, and D’Odorico, 2018; Rosa et al.,
2018). Accordingly, we further estimate the potential for implementation of irrigation
(IP2) as the rate between blue and total consumptive water use during the cropping
season.

IPZ 0/0 ZGSETHI IRR(WIWI) (26)

We estimated the water and land saving potential of each scenario as the difference
between the water and land required with the simulated water productivity and yield for
each scenario, and the actual water and land requirements to produce the reported crop
production (Preported, kg/year) between 1990 and 2013. We calculated the necessary area
and consumptive water use for each municipality and aggregated it to the national level.

Preported (kg/y?’)
CW Uscenario(m*/yr) = F 2.
Scenario yr) W Psconario (kg /m3) (2.7)
PReported kg/yr)
HA (h E .8
Scenarlo a/yr Ydscenario kg/hﬂ) (2.8)
HA o—HA
Savingsscenario (0/0) =100+ SCEZZ{O Reported (2-9)
Reported
CwWuU o —CWU
— 100+« Scenario Reported (2.10)
CWUReported

Where P refers to the crop production in the referred geographical unit, in kilograms
per year, and HA refers to the harvested area for this specific crop, in the referred
geographical unit.

2.2.6 Data

Soil parameters of soil depth, percent sand, silt and clay, bulk density, pH, and organic
carbon content are obtained from the SoilGrids (Hengl et al., 2014). Soil parameters
are available for five soil layers (o-5, 5-15, 15-30, 30-60, 60-100 cm), with a resolution
of 1 km. The soil hydraulic properties, of saturated water content and saturated water
conductivity, were obtained from the HiHydroSoil Soil Map of Hydraulic Properties
(Boer, 2015), with a resolution of 1 km.

The topography maps for the area were obtained from the NASA Shuttle Radar
Topographic Mission (SRTM) gom Digital Elevation Database (v4.1), available through
the Consortium for Spatial Information (CGIAR-CSI) of the Consultative Group for
International Agricultural Research (CGIAR) (Jarvis et al., 2008). The CGIAR-CSI SRTM
Digital Elevation Models have a resolution of gom at the equator.

Daily climate data on maximum and minimum temperature, precipitation, wind
speed, relative humidity, and solar radiation between 1980 and 2013 for Brazil were
obtained from the database of daily gridded meteorological variables for Brazil (Xavier,
King, and Scanlon, 2016), with a spatial resolution of 15 arcminutes.

The mapping of cropland and harvested areas were obtained from two data sources.
The area delimited for cropland in general was based on the European Space Agency’s
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Climate Change Initiative Land Cover Maps (ESA-CCI LC maps) at the resolution of 1
km (ESA, 2017). The harvested area and crop production per Brazilian municipality were
obtained from the Brazilian Statistics Bureau (IBGE (Brazilian Institute of Geography
and Statistics), 2018) for around 5500 municipalities and all crops of interest, between
1990 and 2015. The crop calendars were based on the publicly available data set of
global planting date patterns developed by Sacks et al. (2010).

We overlaid the datasets with classes of soil texture, cropland area, slope, and altitude
at the 1 km resolution to delimitate the simulation units, which became the spatial unit
on which the model is run. The crop calendars and weather data were used to calculate
the potential heat units necessary for the model setup. The datasets of soil, altitude, crop
calendar, and weather were averaged by simulation unit area in order to produce the
input files for the model.

2.3 RESULTS
2.3.1 Yields and water productivity

The following section describes our results for water footprints, consumptive water use,
and water productivities. A detailed comparison of these results with previous studies
and with reported data are to be found in Appendix A (Table A.6 - Table A.11).

As expected, higher nutrient and water availability resulted in consistently higher
simulated crop yields (Table 2.2). Higher yields related to nutrient application are
connected to higher water productivity values, as more output per area also results
in more crop per drop. However, we observed that the average water productivity of
irrigation scenarios is lower than the water productivity of equivalent rainfed scenarios.
This indicates that the increase in water input does not necessarily result in equivalent
increases in productivity, resulting in higher amount of water per unit of output.
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Table 2.2: Average yields (ton/ha, above) and maximum and minimum regional averages produc-
tivity (kg/m?>, below) estimated in this study, for every crop and scenario.

Average yields (ton/ha), national

Scenario Cotton Maize Second Sea- Soybean Wheat
son maize

S 1.2 1.2 1.0 1.0 0.6
1.9 2.2 1.9 1.9 1.4

M1 3.9 4.7 4.5 3.4 2.7

M2 4.1 4.9 4.8 3.7 2.8

P1 5.1 5.5 5.1 3.6 2.8

P2 5.9 5.8 5.8 3.9 2.9

Water productivity (kg/m?), regional

S 0.09-0.17 0.2-0.49 0.18-0.55 0.15-0.37 0.18-0.29

0.16-0.24 0.38-0.87 0.49-0.79 0.34-0.6 0.39-0.62
M1 0.33-0.53 0.9-1.61 1.34-1.54 0.66-0.74 0.85-1.11
M2 0.32-0.42 0.88-1.34 1.3-1.53 0.66-0.74 0.82-1.13
P1 0.47-0.64 1.12-1.63 1.38-1.71 0.70-0.75 0.85-1.11
P2 0.46-0.62 1.11-1.37 1.39-1.85 0.47-0.63 0.85-1.13

In order to assess opportunities for changes in yields and water productivity by achiev-
ing the potential irrigated and non-irrigated yields, we estimated the water productivities
related to measured yields in Brazil in the period 1990-2013. For this, we used an aver-
age of the modelled growing season evapotranspiration, i.e. water footprint, for rainfed
scenarios. Table 2.3 shows the spatial and temporal average of the growing season evap-
otranspiration for all crops, for irrigated and rainfed scenarios. The water footprint of
the rainfed scenarios consists of only green water, while the irrigated scenario footprints
refer to the sum of the green and blue water.

Table 2.3: Average growing season green water use (mm/yr) for irrigated and non-irrigated
scenarios, for every crop.

Cotton Maize Maize second Soybeans Wheat
season
Rainfed 607 425 323 501 285
Scenarios
Irrigated 713 467 349 551 300
Scenarios

When the crop’s water demands are met by supplementary irrigation, the yield in-
creases are much less pronounced than when meeting the crop nutrient demands (Fig-
ure 2.2). The effect of supplemental irrigation on yields are mostly negligible for maize
and wheat. However, when analyzing the same data regionally, we can observe a more
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pronounced effect in the south and southeast regions for soybeans and in the northeast
region for cotton (see Figure A.4 and Figure A.5). On the other hand, we find that second
season maize shows a great increase in yields between the water-stressed and potential
yields across the territory, which indicates that water availability could be one of the
main limitations for double-cropping expansion (see Figure 2.2 and Figure A.3).

Even though the average water productivities are smaller for irrigated scenarios when
compared to the corresponding rainfed scenario with the same level of fertilization, in
some cases this goes hand in hand with particularly high increases in yields (e.g. cotton,
Figure A.1). When considering regional patterns (Figure A.1 to Figure A.5), we can see
that most of the yield increase observed for cotton is concentrated in the Northeast
region. The Northeast region is also where the steepest decreases in water productivities
are seen for both main and second season maize.
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Figure 2.2: Water productivity (above, kg/m?) and yields (below, ton/ha) statistics per munici-
pality, related to historical data and management scenarios, for all crops.

The full range of scenario results adequately represented the variability of the reported
yields observed during the study period for most crops. This is evident when comparing
crops that present moderate spatial variability such as wheat and cotton, or presents
reported and simulated homogeneous yield values, such as soybeans. On the other hand,
the model does not represent well the great spatial variability found in the reported
values for maize (Figure 2.2). Maize production is dispersed across the country in a much
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larger number of municipalities, in both smallholder and commercial farming, and in
turn shows a wider reported variability.

2.3.2 Feasibility of supplemental irrigation

The results from the scenario analysis indicate that fertilization plays a more dominant
role in influencing overall yields than irrigation. However, the balance between the
benefits of supplemental irrigation and its influence on annual water use largely depends
on the crop, and on local conditions. In this section we analyze which crops and areas of
the country could benefit more from additional blue water, as well as where blue water
would make up a larger share of total water demand.

Figure 2.3 shows the spatial patterns of differences between high-input non-irrigated
and high-input irrigated scenarios. The ratio between blue and total water use demon-
strates the share of irrigation in supplying the necessary water for optimal plant growth
Figure 2.3a, while the potential changes in yields (Figure 2.3b) demonstrates the regions
that would benefit the most from supplemental irrigation, in terms of yield improve-
ments. To illustrate the potential pressure of irrigation on blue water resources, we
included in Figure 2.3c the Brazilian Water Agency map with the blue water stress ratio
(total water demand, divided by total water availability) per micro-basin (ANA, 2013).

(a) Ratio between blue and total wa- (b) Average yield increase in irriga- (c) Blue water stress
ter use tion scenario

Figure 2.3: Ratio between blue and total water use in the irrigation scenarios, averaged for
all crops (%) (a); Average yield increase from water-stressed to irrigation scenario,
averaged for all crops (%) (b); and blue water stress, defined as the total water use in
a basin divided by the total water availability (%), adapted from ANA (2013) (c).

The area where both most blue water use and yield increase because of irrigation
happens is the northeast area of the country, an area known for high levels of water
stress due to its semi-arid climate. While the share of blue water in total water use is
also high in areas in the south of the country, the higher water use does not translate
to higher yields for the crops analyzed in this study. These two areas - northeast and
outmost south - are also areas known for high levels of water stress resulting from low
local water availability (Figure 2.3c¢).

The areas with high blue water ratio in Figure 2.3a, but low yield increase in Fig-
ure 2.3b, are the areas in which there is a sizable increase of consumptive water use by
the addition of irrigation, but without a corresponding increase in productivity. These
are the areas where most of the reduction of water productivity from one scenario to the
other happens. The areas that could benefit the most from irrigation are those with high
yield increase (Figure 2.3b), but low rates of blue water (Figure 2.3b).
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2.3.3 Water and land use under management scenarios

During the period between 1990 and 2013, the production of the four selected crops grew
from 46 thousand to 171 thousand tons per year. In the same period, the corresponding
harvested area grew from 26 to 46 million hectares (IBGE (Brazilian Institute of Geogra-
phy and Statistics), 2018). Assuming rainfed conditions for all crops, we estimated the
water use in the period 1990-2013 for all crops, as shown in Figure 2.4. As the share of
harvested area for main and second season is not known, the total measured harvested
area for maize was multiplied by the consumptive water use estimated for both cropping
seasons. Therefore, the actual water use for maize in the period 1990-2013, which is a
combination of the water use for the two planting modes, is a combination of the two
estimates presented in Figure 2.4.

Soybeans use the highest amount of water because of greatest production, which has
been expanding across the Brazilian territory steadily in the last decades. Lathuilliere
et al. (2014) estimated that the total green water use for soybean production in the state
of Mato Grosso (the state with the highest soybean production in Brazil) in 2004 was
in 28 km3, while we estimate here a close value of 30 km? in the same year, reaching 45
km® in 2013.
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Figure 2.4: Total consumptive water use per crop in the period 1990-2013 (km?3), considering
historical harvested area per municipality and estimated rainfed water footprint.

We estimated the amount of resources necessary to obtain the same crop output
during this period, under the conditions simulated in the rainfed and irrigated high-
input scenarios. The land and water savings are defined as the percentage difference
between the scenario-derived and the actual cropland area and water use. As seen in
Table 2.4, the average percentage of land savings are higher for all crops. However, the
water savings are not necessarily higher in the irrigated scenario.
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Table 2.4: Prospective average land and water savings (%) for production of selected crops for
1990-2013, for rainfed and irrigated potential scenarios.

High-input rainfed High-input irrigated

Land savings (%)

Cotton 52 58
Maize — main season 34 49
Maize — 2" season 38 42
Soybean 36 40
Wheat 45 47

Water savings (%)

Cotton 52 50
Maize — main season 29 41
Maize — 2" season 38 40
Soybean 37 36
Wheat 46 44

We analyzed the cropland and total water use required to produce the historical output
in Brazil for 1990-2013 for the crops simulated in this study. As seen in Figure 2.5, the
gap between the actual and potential land and water use has decreased through the
years, as improved agricultural management and higher crop productivity becomes
widespread in the country.
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Figure 2.5: Annual cropland area (10°ha) and consumptive water use (km?) required for produc-
tion of reported production between 1990-2013, as well as for the high-input rainfed
and irrigated scenarios.

As seen in Table 2.4, the effect of each scenario on water savings is highly dependent
on the crop. When adding up all crops, the high-input rainfed and irrigated scenarios



2.4 DISCUSSION

ultimately result in a very similar level of water requirements, even though the land
requirements are a bit larger for the rainfed scenario.

2.4 DISCUSSION

Our analysis shows a picture of the trade-offs and synergies for land and water use
efficiency, looking into different scenarios of irrigation and fertilization. When it comes
to changes in overall water use, we see that cropland expansion was the main cause
for the general increase of green water use in Brazil, mostly for production of soybeans
(see Figure 2.4). The scenario analysis showed that agricultural intensification has the
potential to enable the production of the same amount of output on a smaller area and
with lower water requirements. The main result of our study is the observed dominance
and importance of green water as a resource for agriculture in Brazil. While cropland
expansion can be seen as the additional appropriation of green water, intensification can
be seen as a strategy for better use of the green water available.

From the results, it can be seen that the implementation of supplemental irrigation
did not always result in comparable increases in productivity. The areas in which our
model showed that the benefits and relative importance of irrigation would be more
pronounced, are also areas known for semi-arid conditions with high-levels of blue water
stress. These are also the regions where most of the current irrigation infrastructure
exists (ANA, 2017).

We have shown that, in the case of water resources, intensification is a pathway for
improving the efficiency of water use, with the consequence of sparing water use in
either water-stressed, or water and biodiversity rich areas. When it comes to greenhouse
gas emissions, Burney, Davis, and Lobell (2010) showed that land sparing due to agricul-
tural intensification outweighs the emissions related to intensification strategies. It is
important to highlight, however, that the focus here is to understand trade-offs related
to land and water use, and therefore discount other possible environmental impacts that
might result from agricultural intensification, such as greenhouse gas emissions and
water quality.

We were able to replicate the range of historical yields and observed water produc-
tivities with our setup of the EPIC model. Our results show that we have sufficient
plasticity in our results to reconstruct a business-as-usual trajectory of yields. We have
also demonstrated (see Appendix A) that the estimated values for water productivity fall
within the range of previously reported values, (Lathuilliere, 2011; Liu and Yang, 2010;
Mekonnen and Hoekstra, 2011); and the same can be said for yields (IBGE (Brazilian
Institute of Geography and Statistics), 2018; Mueller et al., 2012). In the absence of
spatially explicit crop-specific data on fertilizer and irrigation water use, we opted to
explore a full range of possible management options.

Despite the positive evaluation of the model, several shortcomings remain in our
modeling approach. Although intercropping is a common practice, our model setup
reflected only single cropping. The inclusion of second season maize as a monocrop is a
step towards modeling real double cropping systems, yet very simplistic. This approach
can reveal certain aspects of the water consumption out of main season, as we have
witnessed in the results. The modeling of double cropping is not the focus of this study,
yet, it is definitely a very important aspect to be considered in future water consumption
related studies.

The choice farmers make in the planting and harvesting dates, as well as the choice
of which crops will be grown, depends on a series of factors that include weather,
international market prices, and subsidies. We assumed here that crop calendars vary
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in space, but are static from year to year and are the same for all crop intensification
scenarios. The implementation of supplemental irrigation could potentially change the
harvesting season or enable for double cropping in certain areas. We did not consider
these implications here and only focus on how productivity could change within the
current average growing season.

One of the main factors that have allowed the expansion of crop cultivation to different
parts of the territory, and the improvement of land productivity is the development of a
variety of cultivars adapted to different environments, as well as introduction of new
pest control mechanisms. Another possible limitation of our modeling approach is that
our model operates only with average and conservative cultivar parameters, which are
homogeneous for the study area.

2.5 CONCLUSIONS

With our modeling framework, we were able to replicate the range of historical yields
and observed water productivities of cotton, maize, soybean, and wheat in Brazil. Green
water was identified as the main water resource for the crop production. The results
also show that the yield increase related to nutrient stress reduction have the highest
potential to improve green water productivity.

There is potential for irrigation of these crops in Brazil, with yield improvement
resulting from supplemental irrigation. Yet, the highest potential for irrigation mostly
overlaps with areas with high levels of blue water stress. The supplemental irrigation
would result, in several cases, in reduction of the overall water productivity when
compared to rain-fed scenarios. On the other side, fertilizer-related intensification is
shown to result in steep improvements in green water productivity. Closing the yield
gap through optimal fertilization and irrigation have the potential in Brazil to reduce
the demand for land and water, in order of 34-58% of cropland area and 29-52% of total
water requirement for the selected crop production.

In consideration of the overuse of blue water worldwide, water-rich countries like
Brazil act like vast reserves of green water that are available through global trade of
agricultural products. Understanding the role Brazil plays in contributing to global
water use, as well as the potential for water savings, was one of the motivations of this
study. That is particularly important considering the extent of the recent horizontal
expansion of Brazilian agriculture, which resulted in larger land and water resources
use, as well as displacement of natural ecosystems. This is one of the very first studies,
which analyze the land and water use interactions in Brazilian agriculture at national
scale.
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ABSTRACT

Alongside cropland expansion, agricultural intensification practices modify water
consumption and land and water productivity. Particularly, one form of agricul-
tural intensification known as multi-cropping (the cultivation of a piece of land
sequentially more than once a year) results in greater agricultural output per
unit of land, as well as more productive use of the available water throughout
the annual rainfall cycle. We investigate the influence of these two processes —
cropland expansion and agricultural intensification — in agricultural green wa-
ter use in Brazilian agriculture. We applied the biophysical crop model EPIC to
estimate yields and green water use for single and double cropping of soybeans
and maize in Brazil. The first part of our study analyses changes in soybean wa-
ter use and virtual water content nationwide between 1990 and 2013, and in a
second part we look into the effect of double-cropping on water use for soybeans
and maize in the Brazilian states of Parana and Mato Grosso between 2003 and
2013. The results show that cropland expansion plays a more prominent effect in
green water use for production of soybeans than intensification, and harvested
area increase was responsible for the appropriation of an additional 95 km3 of
green water in 2013, when compared to 1990. The yield increase in this period,
however, contributed to a more productive use of water resources throughout the
country. When comparing single and double cropping systems, an even higher
improvement of resource use per unit of output is observed. We estimate that an
additional green water footprint of around 26 km? related to second season maize
was appropriated without expansion of cropland in 2013. We observed that not
accounting for double-cropping practices when estimating water footprints results
in biases, not only in the total amount of water and land used for agriculture,
but also regarding the distribution of water use throughout the annual cycle. We
discuss the importance of considering multi-cropping practices when assessing
green water sustainability, and the limits to green water use.

Keywords: Green Water; Sustainability; EPIC; Crop Modeling; Water Footprint;
Cropping intensity; Brazil
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One of the main limitations for the increase in agricultural production in the future, to
meet increasing demands for food, feed and biomass, is the availability of water and
land resources, which are also needed as inputs for other economic sectors. Furthermore,
cropland expansion has been one of the main drivers of habitat and biodiversity loss
worldwide (Foley, 2005; Gibbs et al., 2010).

The limitations for water availability depend highly on location, and whether the
water use is based on blue (surface or groundwater available for irrigation) or green
(precipitation water available in the soil) water. Global crop production is heavily based
on green water, as it is estimated that food production consumes about 4-5 times more
green than blue water (Hoff et al., 2010). Increasing limitations to expansion of irrigation,
i.e. appropriation of blue water, is evidenced worldwide both by a growing number of
river basin “closures” (Falkenmark and Molden, 2008) and overuse of non-renewable
groundwater resources (Wada and Bierkens, 2014). As any expansion of agricultural land
also increases the appropriation of green water, cropland expansion is instrumental in
re-allocating green water towards agriculture, or towards one certain type of agricultural
production (Quinteiro et al., 2015; Ridoutt and Pfister, 2010; Schyns et al., 2019). The
availability of green water is limited, however, both locally by precipitation regimes,
and limits to cropland expansion for protection of ecosystems and their services (Schyns
etal., 2019).

The way green water is consumed in agricultural land is not only influenced by
cropland expansion, but also by changes in agricultural management and cropping
intensity. Agricultural intensification that results in yield increases changes the water
productivity of agricultural regions, thus reducing the amount of crop obtained for each
drop of green water used (Rockstrom and Barron, 2007). One of the forms of agricultural
intensification is multi-cropping. Even though the multi-cropping concept can refer
to a range of agricultural practices, here we will focus on double-cropping, where two
crops are harvested sequentially in a calendar year (Borchers et al., 2014). The average
number of crops harvested sequentially per year is defined as cropping intensity (Siebert,
Portmann, and Doll, 2010). Globally, the regions where crops are usually harvested
two or more times per year are situated in highly populated, often irrigated tropical or
subtropical lowlands (Siebert, Portmann, and D6ll, 2010). The proportion of cropland
with double-cropping was 2% in the United States between 1999 and 2012 (Borchers
et al., 2014), around 35% in 2005 in India (Biradar and Xiao, 2011), and 34% in 2002 in
China (Yan et al., 2014; Zhao et al., 2016).

In Brazil, the development of soybean varieties with more flexible planting dates and
cycle length options allowed farmers to plant a second crop after soybeans in the same
field (Pires et al., 2016); this second crop, called safrinha, is most of the time maize,
and not so commonly cotton or soybeans itself. The harvested area with second-season
maize reached around 8 million hectares (IBGE (Brazilian Institute of Geography and
Statistics), 2018), and around 58% of Brazilian maize is planted as a second crop in 2015
(Pires et al., 2016). In the state of Mato Grosso, the proportion of the cultivated area
harvesting two successive crops increased from 6% to 30% in only six years (Arvor et al.,
2012).

Between 2000 and 2010, harvested area grew roughly four times faster than cropland
area globally (Ray and Foley, 2013), and global harvest areas could be further expanded
by up to 37.5% of current global cropland by closing cropping frequency gaps (Wu et al.,
2018). Beyond the effects on agricultural production, multiple cropping practices have
different effects on the earth system: satellite data has shown that multiple cropping
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practices were responsible for a large observed increase in leaf area, mainly in India and
China (Chen et al., 2019). Nevertheless, cropping frequency and multiple-cropping prac-
tices are commonly not taken into account in most global water footprint assessments
(Hanasaki et al., 2010; Liu and Yang, 2010; Mekonnen and Hoekstra, 2011), and when
assessing limits to appropriation of green water (Schyns et al., 2019) and its scarcity
(Schyns, Hoekstra, and Booij, 2015).

The objective of our study is to estimate and evaluate the influence of expansion and
intensification in water use associated to soybean production in Brazil, and to analyse
the particular influence of double-cropping in conjunction with maize on water use. For
this, we use a crop model to estimate water use of soybean and maize, and analyse the
results in terms of the yearly total water use, water use per area, and per ton of product.
The first part of the analysis is focused on the effect of expansion and intensification on
soybean production in Brazil from 1990 to 2013. In the second part of this article, we
present a case study of water use of soybean and maize in single and double-cropping
systems in the states of Parana and Mato Grosso.

Although the soy-cotton and soy-soy combinations are also used, the soybean-maize
double-cropping mode as it is by far the most common form of double-cropping in
Brazil (Abrahao and Costa, 2018). We chose the states of Parana and Mato Grosso as
these have the highest soybeans production and rates of double cropping. Around 48%
of the country’s soybeans were produced in these two states, and 65% of their maize
production occurred as a second crop in 2013 (IBGE (Brazilian Institute of Geography
and Statistics), 2018).

In this study we also shed light on the importance of cropping frequency in the
estimation of green water use, and identify the ways in which not considering these man-
agement practices biases the accounting of water footprints, as well as the implications
these biases could have in the assessment of the sustainability of green water use. We
aim to provide insights to the importance of cropland expansion to appropriation of
green water resources, as well as the importance of management for the better use of
these resources.
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3.2.1 Data sources

Table 3.1: Summary of all the data sources used to produce the results presented in this article,
and in which phase of the analysis each dataset was used.

Type Source Application
Weather Daily gridded meteorological variables in Model input
Brazil (1980-2013) (Xavier, King, and Scan-
lon, 2016).
Soil SoilGrids250: Global gridded soil informa- Model input, simula-
tion based on machine learning (Hengl et al., tion unit delimitation
2014).
Terrain SRTM gom Digital Elevation Database v4.1 Model input, simula-
(Jarvis et al., 2008). tion unit delimitation
Land Use Patterns of land use, extensification, and in- Simulation unit delimi-
tensification of Brazilian agriculture (Dias et tation
al., 2016).
Agricultural SIDRA Database (IBGE (Brazilian Institute Simulation unit delimi-
Production of Geography and Statistics), 2018). tation, result analysis

Crop Calen- Planting windows for single- and double- Model input
dars crop soy in Brazil (Abrahao and Costa, 2018).

& Data set of global crop planting and har-

vesting dates (Sacks et al., 2010).

3.2.2  Model setup

3.2.2.1  General modelling approach

We use the crop model Environmental Policy Integrated Climate (EPIC) to simulate
evapotranspiration in soybean and maize production in Brazil for single and double
cropping systems. Albeit the estimation of crop yields is a main purpose of crop models,
the accuracy at large scales is often highly limited due to lack of suitable data for calibra-
tion, lack of spatially explicit management data, and exogenous factors affecting yields
such as pests and diseases, which are typically not represented in crop models. Hence,
we opted to use the crop model for estimating crop water requirements while relying
on reported production statistics. We classified the Brazilian territory in more than 8o
thousand simulation units, and set up the model input based on the assumption that
these units are homogeneous in terms of elevation, slope, soil properties and agricultural
management.

We set up three different model simulation setups, for (i) single-cropping soybeans,
(ii) single-cropping maize, and (iii) soybeans and maize grown in a double-cropping
system. The water use was calculated with the use of the estimated growing season
evapotranspiration (GSET) of the selected crops. As these results are highly dependent
on the start and duration of the cropping season, we analysed the sensitivity of the
model results to these two factors. Within the EPIC model it is possible to choose from
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five different methods for calculating potential evapotranspiration; here we used the
Hargreaves method (Hargreaves and Samani, 1985). We also tested the sensitivity of the
model results to the chosen evapotranspiration estimation method (see Figure B.6 to
Figure B.9).

The crop calendars for soybean and soybean-maize production were obtained from
the dataset of planting windows for single- and double-crop soy in Brazil (Abrahao and
Costa, 2018), while the calendars for maize production were obtained from the dataset
of global crop planting and harvesting dates (Sacks et al., 2010). We set up scenarios of
planting and harvesting dates based on these calendars, performed a sensitivity analysis
of these calendar scenarios, and selected the calendar options that yielded the highest
overall productivity. EPIC uses daily accumulated heat units to regulate crop growth,
and requires an estimation of potential heat units (PHUs, ° C) accumulated by a crop
from sowing to maturity. We calculated the PHUs based on the planting and harvesting
dates, and the available climate data.

Due to the complexity of Brazilian agriculture and Brazil’s geographical heterogeneity,
simplifications were necessary in our EPIC modelling approach. We did not consider
the effect of tillage and pest control, and the cultivar parameters were considered ho-
mogeneous for the entire territory. Here we assumed all single and double-cropping
production to be rainfed. Although there are areas in Brazil where irrigated production
occurs, this is not the case for most of the country’s soybean production (ANA, 2017).
Furthermore, by modelling rainfed conditions we could also investigate the relation-
ship between production, water use, and precipitation variability in these agricultural
production systems.

Section B.2 presents more detailed information on the EPIC model, the data sources
used in this study, the methods used to delimitate the simulation units, the crop calen-
dars, the calculation of the potential heat units, and a flowchart explaining all the stops
in the model simulation.

3.2.2.2  Water use indicators

The model provides the actual growing season evapotranspiration (GSET) for each
simulation unit, crop, and cropping cycle. The GSET per municipality was calculated
as the area-weighted average of the GSET values in the simulation units within the
municipality. The green water use (GWU, also known as water footprint) per year in
each municipality is calculated as the multiplication of the GSET by the harvested area
in that municipality.

GW Uppyn (km®) = 1078 « GSE Ty, (mm) « Harvested Areayg,, (ha) (3.1)

To aggregate the CWU to the state, regional and national levels, we sum up the
crop specific water requirements in m> for each municipality within these spatial units.
Figure B.1 shows the division of the country in states and regions.

To calculate the virtual water content (VWC) on different spatial units, we divided the
GWU in that spatial unit by the total amount of crop produced in that area in that year.

VWC(m®/ton) =10%« CWU (km®)/Production(ton) (3.2)

The average annual crop evapotranspiration (ACET) in a spatial unit corresponds to
the total CWU divided by the total harvested area of that crop in that spatial unit.

ACET (mm) =108« GWU (km>)/Harvested Area(ha) (3-3)
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The data on harvested area and production for each crop and municipality was
obtained from the SIDRA Database of the Brazilian Institute for Geography and Statistics
(IBGE (Brazilian Institute of Geography and Statistics), 2018). The data on harvested area
and production of second season maize is only available after 2003. We assumed here
that all harvested area overlap between soybeans and second season maize corresponds
to harvested area of double-cropping soybeans, and the remaining is considered single-
cropping soybean harvested area.

3.3 RESULTS
3.3.1 Effects of expansion and intensification on soybean water footprints

With the use of the yearly GSET estimations, we evaluated the evolution of the water
footprints and virtual water content for production of soybeans between 1990 and 2013.
In order to analyze solely the effect of expansion and productivity improvements, we as-
sumed all soybeans were grown in single-cropping systems, and analyzed intensification
only through the changes in yields. Figure 3.1 shows the changes in green water use in
km?® for all Brazilian macro-regions, as well as the virtual water content of soybeans in
m3 /ton, between 1990 and 2013.
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Figure 3.1: Time series of total water footprint for production of soybeans (left, km3) and of
virtual water content (right, m3 /ton) between 1990 and 2013.

The overall growth in green water footprints for soybean production happened mostly
as a consequence of cropland expansion, accompanied with a steady increase in water
productivity. The most dramatic changes have happened in the center-west and south
regions of the country, where most of the cropland expansion has happened in the
period of analysis. The reduction in virtual water content — and therefore increase in
water productivity - was observed consistently across all regions, reaching an average
value around 2000 m3/ton, similar to values previously reported for Brazilian soybeans
(Hanasaki et al., 2010; Tuninetti et al., 2017).
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Figure 3.2: Relative change for production, harvested area, water use and virtual water content
for soybean production between 1990 and 2013 using 1990 as the baseline.

In order to further illustrate the differentiated influence of expansion and intensifica-
tion on water use and productivity, Figure 3.2 shows the relative changes in use and use
intensity of land and during this period. The increase in land and water productivity
result in a de-coupling between the increases in harvested area and water use, and the
increase in production. While the output of soybeans grew 308% during this period, the
harvested area and water use increased 143 and 156%, respectively. The virtual water
content was reduced by 37%.

3.3.2  Water use under single and double cropping systems

The results presented in the last session are, however, incomplete if we don’t consider the
existence of double-cropping as a type of agricultural intensification that effects water
and land use. Variability in cropping intensity is one of the causes of mismatch between
global cropland and harvested area. Here we demonstrate also how cropping intensity
can change the accounting of water use and water use intensity in the Brazilian context.

In this section we assess the accounting of water footprints considering the existence
of double-cropping systems in the states of Parana and Mato Grosso between 2003 and
2013. Section 3.3.2.1 demonstrates differences in water use intensity, Section 3.3.2.2
explores the changes in overall water use, and Section 3.3.2.3 shows how the changes in
water use are monthly distributed. The results for the entire country can be found in
Section B.3.3.

3.3.2.1  Water use productivity

Here we evaluate changes in the intensity of water use both in terms of its use of land
and in terms of the amount of crop per drop, and how is affected by analyzing the system
with consideration of double-cropping. This is done by calculating the virtual water
content (m3 per ton of product) and the annual crop evapotranspiration (Figure 3.3).
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Figure 3.3: Virtual water content (m>/ton, left) and annual crop evapotranspiration (mm, right)
for single and double-cropping soybeans and maize.

The growing season evapotranspiration for double-cropping crops are in general lower
due to a shorter cropping season, and presents higher interannual variability (Figure 3.3b,
Figure B.12). The virtual water content, on the other side, is influenced both by the crop
evapotranspiration and land productivity. In the states of Mato Grosso and Parana, the
water productivity of soybeans is rather similar for the two cropping practices, as a result
of both similar yields and similar water requirements. That is not the case in the national
scale, as yields in areas with high rates of double-cropping tend to be higher than the
national average (Figure B.13). In the case of maize, the water requirement per ton of
single-cropping maize is lower due to the fact that single-cropping maize yields in these
states are abnormally high when compared to the yields for dougle-cropping maize, as
well as with the national average (Figure B.2).

3.3.2.2  Evolution of resource use

The total water footprint for soy and maize is the sum of the water footprints of all the
two crops under the two different cropping seasons, as seen in Figure 3.4. The total
water footprint of soybeans and maize increased 40 (from 7o to 110) km> between 2003
and 2013 in the selected states. Out of this increase in water footprints, 13 km> (32%)
happened in double-cropping systems. We estimate that, in 2013, 26 km? of the joint
footprint was dedicated to second season maize. As a consequence, a large share of the
additional green water resources appropriated in this period in the two states required
no expansion in cropland area in this period.

We also observed that the consideration of cropping intensity did not only influence
the relationship between water and land resources, but also influenced the estimation
of water footprints for each of these crops. This is a result of the fact that the growing
season evapotranspiration for crops in multiple-cropping systems tends to be shorter,
in order to fit the rainy season (Figure 3.3b, Figure B.12). The final effect in the water
footprint accounting in this case is to result in a smaller value for overall footprint when
considering double-cropping. In the context of this study, considering double-cropping
systems resulted in values of yearly total water footprint 0.5-20% lower than when
estimating considering only single-cropping calendars
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Figure 3.4: Water footprint (km?) estimates for soybeans and maize in Mato Grosso and Parané
taking into account single- double-cropping conditions.

3.3.2.3 Annual evapotranspiration cycle

The overall result of the two processes observed in the previous section is that, even
though both the total combined cropland and water footprint are smaller, the water use
per area is higher in single cropping systems compared with double cropping systems.
These practices disassociate the linear relationship between cropland area and water
use, while maintaining the relationship between harvested area and water use. By taking
better advantage of the length of the rainy season, double-cropping systems increase the
total evapotranspiration across the yearly cycle. In Figure 3.5, we show how the average
evapotranspiration annual cycle looks like for the states of Mato Grosso and Parana, for
single and double-cropping systems. It is important to highlight that this represents the
evapotranspiration cycle of the two crops during the cropping season, excluding soil
evaporation outside of the cropping season, or cover crops.

M Single-cropping soybeans
M Double-cropping system

State of Mato Grosso State of Parana
150 1501
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) i ‘ ) J I ] |
i L I |
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Figure 3.5: Average monthly evapotranspiration (mm) for single and double cropping systems in
the State of Mato Grosso.
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As a result of the higher use of the water available through precipitation across the
year, the double-cropping systems also present a different ratio between the growing
season evapotranspiration and the total annual evapotranspiration. We found that the
average ratio for single-cropping soybeans and maize are similar and around 0.6, while
the ratio for double-cropping systems is in average around 0.9 (as seen in Figure B.15).

3.4 DISCUSSION
3.4.1  Soybean production: larger water footprints, higher water productivity

Brazil is a world leader in production and export of agricultural products, and one of
the world’s main virtual water exporters (Dalin et al., 2012; Silva et al., 2016b). The
country’s agricultural sector has undergone severe changes in the last decades, at the
same time modernizing and expanding its cropland area (Dias et al., 2016; Zalles et al.,
2019). Soybean production has been at the forefront of these changes, being responsible
not only for a large share of the cropland expansion, but also of the expansion-related
deforestation (Gibbs et al., 2015, 2010) and impacts on the water resources (Hunke et al.,
2015; Spera et al., 2016).

The results presented here demonstrate that the expansion of soybean production
is connected to an increase from 61 to 156 km?> in water footprints during the same
period. The additional appropriation of around g5 km? of green water was enabled by
the increases in harvested area observed in this period Figure 3.1. Most of this additional
resource constitutes green water that became available to the international market, as
a large share of this production is intended for the external markets in the European
Union and China (Flach et al., 2016; Godar et al., 2015).

Our results demonstrate a decrease in the virtual water content from 3045 to 1913
m3 /ton between 1990 and 2013. This result resembles closely the decrease in virtual
water content estimated by Tuninetti et al. (2017) for global soybean production. The
soybean virtual water content of 1918 m3/ton in 2013 is much lower than the previously
reported average global values, of 2107 m?®/ton (Mekonnen and Hoekstra, 2011) and
2046 m3/ton (Siebert and Déll, 2010).

3.4.2 Cropping frequency and improving agricultural water use assessments

Explicitly accounting for double-cropping practices results in more realistic assessments
of water use, the relationship between water and land use, as well as the limits to
availability of water for agriculture. Given the high levels of multi-cropping practices in
the tropics (Biradar and Xiao, 2011; Yan et al., 2014; Zhao et al., 2016) and the growth of
these practices in other regions of the world (Borchers et al., 2014; Estel et al., 2016), it
is important to consider the biases implied in not considering these practices. Here we
identified some of the ways in which overlooking multi-cropping practices can generate
uncertainty or compromise the relevance of water footprint assessments.

One source of uncertainty is derived from the diversity of planting and harvesting
calendars in different cropping practices. As demonstrated in our study, crop water
requirement values are very sensitive to the start and length of the cropping season
(Section B.3.1), which was also identified by Tuninetti et al. (2015). We found that
growing season evapotranspiration values both due to differences in the length or the
start of the cropping season, but also due to interannual variability (Figure 3.3). The
overall error in estimating the total water footprints for the states of Mato Grosso and
Parana ranged between o.5 and 20%, depending on the year.
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Even though for each crop the evapotranspiration corresponds to the evapotranspi-
ration that happens during its growing season, the yearly crop evapotranspiration in a
double-cropping system in a given area is the sum of the growing season evapotranspira-
tion for the two crops. Consequently, the water use per unit of area is significantly higher
than any of the other single crops on their own (Figure 3.3). Had we considered the two
crops here as planted always independently, the average annual evapotranspiration of the
soybeans and maize production across the territory of the two states would total around
560 mm/year. However, by considering the mixture between single-cropping systems,
and cropland area different than the total harvested area, the average evapotranspiration
would correspond to around 685 mm/year.

Another source of bias is how the relationship between crop evapotranspiration
and total evapotranspiration is accounted. When estimating limits to appropriation of
water use, Schyns, Hoekstra, and Booij (2015) considered the ratio between the crop
evapotranspiration based on values previously reported in the literature — 0,6 (Hanasaki
et al., 2010) and 0,8 (Liu and Yang, 2010). We found the values for the single crops to
be very similar, of 0,6 for the single crops, but that in the Brazilian double-cropping
soy-maize system this value can reach much higher values, approaching an average of

0,9.
3.4.3 Implications for green water use sustainability

The results we discussed in the previous sections have implications also for the analysis of
green water use sustainability, and how we estimate the limits to green water availability.
As green water is accessed through land use change, additional cropland area can be seen
as expansion of green water appropriation for a certain activity, either by displacement
of natural ecosystems or by displacement of other land use purposes. Expansion of
agriculture into areas with high green water availability, and closing the cropping
frequency gap are two of the main ways of tapping into unused green water sources
(Schyns et al., 2019; Wu et al., 2018). The changes observed in our results show these
two very different processes in motion.

Our study provided an assessment of the volumetric water use changes in single and
double-cropping systems, but did not further investigate the impacts of the green water
use (Lathuilliere et al., 2018b). Land use change affects the partitioning of blue and
green water and the local moisture recycling capacity, its impacts depend on what type
of potential natural vegetation or previous land use was replaced (Quinteiro et al., 2015).

In Brazil, the replacement of natural vegetation by cropland has caused concern, as
the lower levels of evapotranspiration threaten the moisture transport across the country
(Marengo et al., 2011). Keys, Wang-Erlandsson, and Gordon (2016) identified that the
land moisture originating from the Mato Grosso vegetation not only regulates internal
precipitation, but also benefits a region downwind that includes the La Plata River
basin and the megacities of Sao Paulo and Rio de Janeiro. Spera et al. (2016) found
that, in the Brazilian Cerrado region, double-cropping systems behave more akin to the
natural vegetation, when it comes to moisture flows from land. In this case, a higher
evapotranspiration annual profile can be seen not as an impact, but an ecosystem service
(Keys, Wang-Erlandsson, and Gordon, 2016).

Our results show that, in the states of Mato Grosso and Parana, the annual evapotran-
spiration profile of the double-cropping system provides a nearly-double amount of
moisture to the atmosphere. Further research could provide a deeper understanding
on whether this increase in moisture is sustainable, by analysing the type of vegetation
replaced (pasture, other crops or natural vegetation), and the moisture fluxes of the
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natural vegetation (in the case of Parana the Atlantic Forest, and in the case of Mato
Grosso, Amazon and Cerrado biomes).

3.5 CONCLUSIONS

In this paper we presented an assessment of water use for Brazilian soybean and maize
taking into account the role of expansion and intensification processes, with special
attention to the effects of double-cropping practices. We verified the influence of area
expansion in green water use, observing an increase of 143% and 156% in soybean
harvested area and water use, respectively. During the same period, the virtual water
content was reduced by 37%, demonstrating the role of yield improvements on a more
productive use of water resources throughout the country.

We demonstrate the application of a study case considering the effects of double-
cropping practices on water use, annual evapotranspiration and virtual water content.
Our results show that several biases can be found when not considering multiple-
cropping practices when assessing water footprints, especially regarding the relationship
between land and water use. We make a case for further investigation of the importance
of cropping frequency on the sustainability and on the limits to green water use. Ex-
ploiting the potential for double cropping could be a sustainable option to increase
agricultural production without further land conversion, while taking better advantage
of the available water throughout the year. However, further investigation is necessary
to investigate the locally-specific impacts of these practices on water flows.
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APPENDIX TO CHAPTER 2

A.1 EXTENDED METHODS
A.1.1  Simulation unit delimitation

We first classified the territory in Homogeneous Response Units (HRUs), by classi-
tfying the biophysical properties of soil texture, elevation and slope were based on
the thresholds presented in Table A.1. The HRU delimitation and the thresholds
used in this study are inspired by the methodology used in the development of the
GEOBENE database (Skalsky et al., 2008).

The elevation raster was obtained from the NASA Shuttle Radar Topographic
Mission (SRTM) gom Digital Elevation Database (v4.1), available through the Con-
sortium for Spatial Information (CGIAR-CSI) of the Consultative Group for Inter-
national Agricultural Research (CGIAR) (Jarvis et al., 2008), with a resolution of
gom at the equator. Soil texture was calculated with the use of the R package soil
texture, with granulometry input from the SoilGrids Global Soil Information Based
on Automated Mapping (Hengl et al., 2014).

To achieve the final delimitation of the study’s simulation units, we further divided
the HRUs based on municipal boundaries, land use, and climate patterns. The
polygons with the classes of slope, soil and elevation were overlaid with these three
other polygons.

The municipal delimitation was obtained from the Brazilian Statistics and Geog-
raphy Institute (IBGE), and represents the municipal boundaries in Brazil in 2010.
The climate grid represents the size of the grid cells of the climate database from
Xavier, King, and Scanlon (2016).
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A.1 EXTENDED METHODS

Table A.1: Classes of elevation, slope and soil texture used for delimitation of the homoge-
neous response units in this study.

<300
300-600

. 600-1100
Elevation classes

(m) 1100-1600

1600-2100

>2100

<3
3-6
6-10
Slope classes (%)  10-15
15-30
30-50
>50

Coarse
Soil Texture Medium

Fine

The land use mask was obtained with the use of the European Space Agency’s
Climate Change Initiative Land Cover Maps (ESA-CCI LC maps) (ESA, 2017), and
the data on harvested area per Brazilian municipality from the Brazilian Statistics
Bureau (IBGE) for around all municipalities and all crops of interest, between 1990
and 2013. First, we re-classified the ESA-CCI LC maps between cropland and non-
cropland areas, and we obtained a land use mask in which only pixels with presence
of cropland between 1990 and 2013 were considered in the study. Furthermore,
the IBGE municipal harvested area enabled the identification of the municipalities
where production of each crop happened between 1990 and 2013. Only simulation
units in municipalities where these crops were produced during this period were
included in the model runs.

A.1.2  Calculation of potential heat units

Potential heat units (PHU) correspond to the total number of heat units or growing
degree days needed to bring the plant from emergence to physiological maturity.
Heat units are calculated as the difference between the average of the daily maximum
and minimum temperatures and a certain base temperature, above which the plants
start to grow. This base temperature varies between crops. We calculated the PHUs
per simulation unit as the average of the accumulated heat units from harvesting to
planting, throughout the 24 simulated cropping seasons.

TMax - TMin

HeatUnits = 5 — TRuse (A.1)
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2014 HarvestingDate

PotentialHeatUnits = Z Z HeatUnits; ; | /24 (A.2)
i=1980 j=PlantingDate

A.1.3  Selection of crop calendars and generation of new soil files

Ultimately, the objective of the EPIC model simulations is to provide us with esti-
mation of consumptive water use and yields for different scenarios of agricultural
management — in this case, irrigation and fertilization scenarios. Before the final
model simulations, we designed two preliminary steps to remove some uncertainties
related to the crop calendar options and soil nutrient depletion.

The database available in Sacks et al. (2010) present early and late planting and
harvesting dates for all crops, for different zones in the territory. We ran three model
runs for crop calendars in early, late and mid planting and harvesting seasons, and
selected the calendar option for each simulation unit that resulted in the highest
average yields.

The spin-up runs are supposed to equilibrate the nutrient pools in the soil. We
summarized the general structure of the model setup in Table A.2, and further
described below:

1. Calendar runs. We applied these model runs for selection of optimal crop
calendars for each simulation unit. The setup options are non-irrigated, with
full fertilization, and static soil profile. The average yield for each SimU is
calculated, and the crop calendar option with the highest average yield is
chosen. Run performed between 1990 and 2013.

2. Soil file runs. Are rainfed, with low fertilization input, and dynamic soil profile.
In these runs, we generate new soil files with soil organic carbon and nutrient
pools balanced with low nutrient input management. Run performed between
1980 and 1990.

3. Final scenario runs. The final scenario runs were set up with different fertilizer
and irrigated water application rates. For nitrogen application, the model was
set to provide nitrogen when nitrogen stress is above 20% (nitrogen trigger of
0.8), with a pre-determined application rate specific to each scenario. When
it comes to phosphorus, the model was set to apply a certain application rate
before planting. Table A.3 summarizes the fertilization application rates for
phosphorus and nitrogen used in the model scenarios. The irrigated scenario
was modeled to provide irrigation when the water stress factor, defined by the
soil water stored divided by total plant available water storage) is above 80%,
with the application rate to supply the necessary irrigation to eliminate water
stress, as seen in Table A.4.

75



A.2 MODEL EVALUATION

Table A.2: General structure of the three model setups.

Run Soil Fertilization
Calendar Static High-Input
Spin-Off Soil ~ Dynamic Low-Input
Scenario Static All scenarios (as specified in
Table A.3)
Table A.3: Model setup for fertilization scenarios.
Scenario N  Fertilizer N Application P application P application
trigger rate (kg/ha) rate — Other rate-Soybeans
crops (kg/ha) (kg/ha)
Subsistence o o 0.1 0.1
Low-Input 0.8 25 25 10
Mid-Input 0.8 100 100 30
High-Input 0.8 400 400 400
Table A.4: Model setup for irrigation scenarios.
Scenario Irrigation trigger Irrigation application
rate (mm)
Non-irrigated o o
Irrigated 0.8 2000 (unlimited)

A.2 MODEL EVALUATION

We compared the simulated yields and with the reported yields obtained from the
Brazilian Institute for Geography and Statistics (IBGE, 2019) between 1990 and 2013
(see Figures S1-S5, bottom). The model reproduces the range of possible outcomes
when it comes to agricultural management, for most crops and regions. The model
tends to represent better the values on the higher end of the spectrum, failing in
general to represent historically low reported yields, particularly in the Northeast
region of the country. On the higher end of the spectrum, however, our results seem
to represent the yield potential better than previous estimates; the reported yields in
the five most productive municipalities in 2013 (Table A.5) are more coherent with
the values estimated in this study (Table A.6) than previously reported (Table A.7).

Our model does not reproduce all processes that could explain abnormally low
yields, such as pests, diseases, windstorms, and other factors, which may contribute
to the general over-estimation in the model. The model performs better in crops and
regions with higher homogeneity. Maize is the crop that grows in a larger number
of municipalities across the country and presents a greater range of management
options that are not always parameterized in the model. On the other side, regions
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with low production levels of a certain crop appear to be more divergent due to a
smaller sample size, as the reported yields tend to be less reliable in these cases.
One example of this is the wheat production in the central-west region, which is
responsible for only approximately 4% of the country’s total wheat production (see
Figure A.5).

We observed that the potential yields per crop estimated in this study for the
high-input runs, both under irrigated and water-stressed conditions, are similar
to previously published estimates. However, the average high-input non-irrigated
yields for cotton and soybeans estimated in this study (5.1 and 3.6 ton/ha, respec-
tively) are much higher than the potential yields estimated in Mueller et al. (2012)
(2.8 and 2.9 ton/ha, respectively), which are based on statistics around the year 2000
(Table A.6-Table A.7). When compared to these previous results, our potential yields
for wheat are conservative, while the opposite is true for cotton and soybeans. How-
ever, when considering the cotton and soybean yields measured in Brazil in the year
2013 in the five most productive municipalities (4.65 and 5.4 ton/ha, respectively),
we can argue that our results show a better representation of the potential of these
crops in Brazil (Table A.5-Table A.6).

We also compared the simulated water productivity and consumptive water use
estimated by our model with previously reported results in the water footprint
literature (Table A.8-Table A.11).

The range of water productivity and consumptive water use for each crop esti-
mated in this study is also similar to values found in previous water footprint studies
(Lathuilliere, 2011; Liu and Yang, 2010; Mekonnen and Hoekstra, 2011). The water
footprints assessment for crops worldwide in the period 1996-2005 carried out by
Mekonnen and Hoekstra (2011) obtained values of consumptive water use values for
crops in Brazil that roughly correspond to the values between the low and mid-input
scenarios estimated in this study.

Table A.5: Historical yields in Brazil for the crops analyzed in this study, according to IBGE
(Brazilian Institute of Geography and Statistics) (2018)

Scenario Cotton Maize Soybean Wheat
1990, region range 0.45-1.17 0.3-2.48 0.6-1.87 1.06-1.17
1990, region average 1.17 1.66 1.43 1.11
2010, region range 2.05-3.61 1.7-5.73 2.84-3.04 2.68-2.84
2010, region average 3.14 3.94 2.91 2.63
2013, 5 most productive 4.65 13.33 5.4 5.74

municipalities
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Table A.6: Average yields (ton/ha) estimated in this study, for every crop and scenario.

Scenario Cotton Maize Maize Soybean = Wheat
ond
season
Subsistence 1.2 2.5 2.6 1.0 0.6
Low Input 1.9 3.4 3.4 1.9 1.4
Mid-input 3.9 5.5 5.0 3.43 2.7
Mid-input irrigated 4.1 6.2 5.9 3.7 2.8
High -input 5.1 6.0 5.3 3.6 2.8
High-input irrigated 5.9 6.8 6.4 3.9 2.9

Table A.7: Potential yields estimated in Mueller et al. (2012).

Brazil Cotton Maize Soybean Wheat
year 2000-within climate bins (Mon- 2.25 3.04 2.5 2.32
freda, Ramankutty, and Foley, 2008)

yield gaps closed to 50% AY 2.31 3.35 2.5 2.43
yield gaps closed to 75% AY 2.48 4.01 2.54 3.03
yield gaps closed to 9o% AY 2.71 4.62 2.67 3.6
yield gaps closed to 100% AY 2.92 5.08 2.88 4
attainable yield (t/ha-avg across 2.84 5.06 2.87 4
area of interest)

World

year 2000-within climate bins (Mon- 1.7 4.53 2.24 2.73
freda, Ramankutty, and Foley, 2008)

yield gaps closed to 50% AY 1.84 5.06 2.28 3.04
yield gaps closed to 75% AY 2.16 5.99 2.41 3.72
yield gaps closed to 9go% AY 2.44 6.78 2.6 4.26
yield gaps closed to 100% AY 2.66 7.42 2.81 4.67
attainable yield (t/ha-avg across 2.65 7.39 2.81 4.64

area of interest)




Table A.8: Consumptive water use (m>/ton) and water productivity (kg/m?>) estimated
in this study for every crop and scenario, maximum and minimum values for

regional averages.

A.2 MODEL EVALUATION

Scenario Cotton Maize Maize 2" Soybean Wheat
season

Consumptive water use (m>/ton), regional range

Subsistence 3683-6539 1591-2620 869-166 2682-6538 3398-5429

Low Input  2532-3998 1121-1882 748-1128 1679-2967 1613-2564

Mid-input  1161-1874 803-1082 572-648 1360-1507 903-1181

Mid-input  1481-1926 955-1090 558-650 1348-1508 888-1215

irrigated

High-input 970-1309 800-959 546-644 1341-1428 901-1181

High-input 1006-1338 832-974 508-645 1578-2138 887-1183

irrigated

Water productivity (kg/m?), regional range

Subsistence 0.09-0.17  0.38-0.63 0.6-1.15 0.15-0.37  0.18-0.29

Low Input  0.16-0.24 0.53-0.89 0.89-1.34 0.34-0.6 0.39-0.62

Mid-input  0.33-0.53 0.92-1.24 1.54-1.75 0.66-0.74 0.85-1.11

Mid-input  0.32-0.42 0.92-1.05 1.54-1.79 0.66-0.74 0.82-1.13

irrigated

High-input 0.47-0.64 1.04-1.25 1.55-1.83 0.70-0.75 0.85-1.11

High-input 0.46-0.62 1.03-1.2 1.55-1.97 0.47-0.63 0.85-1.13

irrigated
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Table A.g9: Consumptive water use (m3/ton) and water productivity (kg/m?) values from

Lathuilliere (2011).

Cotton Maize Soybean
Consumptive water use (m>/ton), range
State of Mato Grosso, poten- 1130-1160 720-790 1070-2140
tial values
State of Mato Grosso, actual 610-740 510-670 1530-1750
values
Tropical 2080-2160 940-1460 1250-1960
Global 1670-2500 625-1250 1430-2500
Water productivity (kg/m?), range
State of Mato Grosso, poten- 0.88-0.86 1.39-1.27 0.93-0.47
tial values
State of Mato Grosso, actual 1.64-1.35 1.96-1.49 0.65-0.57
values
Tropical 0.48-0.46 1.06-0.68 0.8-0.51
Global 0.6-0.4 1.6-0.8 0.7-0.4

Table A.10: Values from Mekonnen and Hoekstra (2011).

Cotton Maize Soybeans Wheat
Consumptive water use (m3/ton) (1996-2005)
Global average 2282 947 2037 1277
Brazil, country average 2208 1621 2181 1989
Brazil, range per state 1514-3006  1163-2544 1628-2544 885-4230
Water productivity (kg/m?) (1996-2005)
Global average 0.45 0.62 0.46 0.5
Brazil, country average 0.44 1.06 0.49 0.78
Brazil, range per state 0.66-0.33 0.86-0.39 0.61-0.39 1.13-0.24
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Table A.11: Values estimated in Liu, Zehnder, and Yang (2009).

Maize Wheat
Consumptive water use (m>/ton)
South America 693.96 2518.89
World 701.75 1075.27
Water productivity (kg/m?>)
South America 1.441 0.397
World 1.425 0.93
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Figure A.1: Yields (below, ton/ha) and water productivity (above, kg/m?) statistics per
municipality, related to historical data and management scenarios, for cotton
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Figure A.2: Yields (below, ton/ha) and water productivity (above, kg/m?) statistics per
municipality, related to historical data and management scenarios, for maize
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Figure A.3: Yields (below, ton/ha) and water productivity (above, kg/m?) statistics per
municipality, related to historical data and management scenarios, for maize
second season
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(below).
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Figure A.7: Ratio between Blue and Green water use in the irrigated high-input scenario
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the high-input rainfed and irrigated scenarios.
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Figure A.9: Annual harvested area (10%ha) and consumptive water use (km?3) required for
production of reported production of maize (composite main and second season)
between 1990-2013, as well as for the high-input rainfed and irrigated scenarios.
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Figure A.10: Annual harvested area (10°ha) and consumptive water use (km?3) required for
production of reported production of soybeans between 1990-2013, as well as
for the high-input rainfed and irrigated scenarios.
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APPENDIX TO CHAPTER 3

B.1 BACKGROUND DATA

The changes in water use for the crops analysed in this study are connected to general
changes in land use and productivity. Here we visualize data from the Brazilian
Institute for Geography and Statistics on soybean and maize (from 1990 to 2013)
and main and second season maize (2003 to 2013) for the entire Brazilian territory,
and for the states of Mato Grosso and Parana.

As seen in Figure B.2, in 2013 the two featured states were solely responsible
for around half of the country’s soybean and maize production. They also present
yields higher than the national average, especially for main season maize, as seen
in Figure B.3. As shown in Table B.1, the South and Center-West regions are the
prominent regions for production of these crops, with the two selected states as their
main producers.

Figure B.1: Distribution of Brazilian macro-regions, and the location of the states of Mato
Grosso and Parana.
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Table B.1: Percentage of harvested area of soybeans and maize in different Brazilian macro-
regions (%) and total harvested area (ha). These values correspond to the year
of 2013, and the data was obtained from the SIDRA database (IBGE (Brazilian
Institute of Geography and Statistics), 2018).

Percentage of total harvested area in each

region (%)

Soybeans Maize - sin- Maize — Maize
gle crop double
crop
North 3.3 5.9 1.7 3.5
Northeast 8.3 21.7 6.7 12.9
Center-West 46.3 8.6 63.4 40.8
Southeast 6.3 26.4 4.5 13.5
South 35.8 37.3 23.7 29.3

Total Harvested Area 27,856,702 6,290,498 8,977,925 15,275,225
(ha)
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Figure B.2: Evolution of production (10° ton, left), harvested area (10° ha, center), and yields
(ton/ha, right) for soybean and maize in Brazil (above), and in the states of Parana
and Mato Grosso (below). Source: SIDRA database (IBGE (Brazilian Institute of
Geography and Statistics), 2018).
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Figure B.3: Evolution of production (106 ton, left), harvested area (106 ha, center), and
yields (ton/ha, right) for maize (main and second season) in Brazil (above), and
in the states of Parana and Mato Grosso (below). Source: SIDRA database (IBGE
(Brazilian Institute of Geography and Statistics), 2018).

B.2 EXTENDED METHODS
B.2.1 Model description

EPIC is a biophysical model that simulates biological, physical and chemical pro-
cesses involved in crop growth, operating in daily time steps (Williams, Izaurralde,
and Steglich, 2008). The model has been used comprehensively to simulate differ-
ent aspects related to agriculture and agricultural sustainability, including climate
change impacts, nutrient cycling and loss, soil carbon, pesticide fate, consumptive
water use, among others (Philip W. Gassman et al., 2004).

EPIC has no spatial component: the model runs independently for land use units
that are considered homogeneous for soil, slope, weather, and management. The ma-
jor components in EPIC are weather, water, erosion-sedimentation, nutrient cycling,
pesticide fate, crop growth, soil temperature, tillage, and plant environment control.
The model offers options for simulating several other processes - five potential evap-
otranspiration equations, six erosion/sediment yield equations, two peak runoff rate
equations, etc. EPIC can be used to compare management systems and their effects
on nitrogen, phosphorus, carbon, pesticides and sediment (Williams et al., 2015).

For this study, the FORTRAN source code of the EPIC 0810 version was compiled
and modified for parallel processing in a Linux environment, to make it capable of
faster simulations over a large number of simulation units and scenarios.
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B.2.2 Data

Weather, soil and elevation comprise the set of biophysical data used as input to the
EPIC model. For classification of the homogeneous response units we used maps
of soil texture, elevation and slope. For the delimitation of the model’s simulation
units, we overlaid the homogeneous response units with the maps delimitation of
municipal boundaries, and the cropland area maps for soybeans in Brazil.

Soil parameters of soil depth, percent sand, silt and clay, bulk density, pH, organic
carbon content were obtained from the SoilGrids Global Soil Information Based
on Automated Mapping (Hengl et al., 2014). Soil parameters are available for five
soil layers (o-5, 5-15, 15-30, 30-60, 60-100 cm), with a resolution of 1 km. The soil
hydraulic properties, of saturated water content and saturated water conductivity,
were obtained from the HiHydroSoil Soil Map of Hydraulic Properties (Boer, 2015),
with a resolution of 1 km.

The topography maps for the area were obtained from the NASA Shuttle Radar To-
pographic Mission (SRTM) gom Digital Elevation Database (v4.1), available through
the Consortium for Spatial Information (CGIAR-CSI) of the Consultative Group for
International Agricultural Research (CGIAR) (Jarvis et al., 2008). The CGIAR-CSI
SRTM Digital Elevation Models have a resolution of go meters at the equator.

Six daily meteorological variables were used: maximum temperature, minimum
temperature, precipitation, wind speed, relative humidity, and solar radiation. These
variables were obtained from the database of daily gridded meteorological variables
in Brazil between 1980 and 2013 (Xavier, King, and Scanlon, 2016), with a spatial
resolution of 15 arcminutes.

The land use data was obtained from two different sources. The maps of harvested
area for soybeans and maize between 1990 and 2013, which defined the geographical
distribution of the simulation units, was obtained from the dataset of patterns of land
use, extensification, and intensification of Brazilian agriculture (Dias et al., 2016).
The historical data on reported production and harvested area for soybeans, maize
and second-season maize was obtained from the SIDRA database of the Brazilian
Institute for Geography and Statistics, on a municipal scale (IBGE (Brazilian Institute
of Geography and Statistics), 2018). The data for second season maize was only
available after 2003, while the data for soybeans and maize (aggregated first and
second season) could be obtained from 1990 to 2013.

We determined the planting and harvesting dates based on the dataset of planting
windows for single and double-cropping in Brazil between 1974 and 2012 (Abrahao
and Costa, 2018), which was obtained with the resolution of 1 degree (approximately
110 km at the Equator).

B.2.3 Simulation units

We classified the Brazilian territory in more than 8o thousand simulation units, and
set up the model input based on the assumption that these units are homogeneous
in terms of elevation, slope, soil properties and agricultural management. The
methodology for delimitation of the simulation units was inspired by the procedures
used and developed for the GEOBENE global database for bio-physical modelling
(Skalsky et al., 2008). The areas within the same thresholds of slope, elevation and
soil texture are considered homogeneous response units (HRUs). The thresholds
used for this delimitation are stated in Table B.2. The soil texture was calculated
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data from the SoilGrids global gridded soil database, and the R package Soil Texture
Wizard (Moeys, 2012).

Table B.2: Classes of elevation, slope and soil texture used for delimitation of the homoge-
neous response units in this study.

<300
300 - 600
600 - 1100

Elevation classes

(m) 1100 - 1600

1600 - 2100

>2100

<3
3-6
6-10
Slope classes (%)  10-15
15 - 30
30 - 50
>50

Coarse
Soil Texture Medium

Fine

After the classification of the HRUs, these units were further divided in order
to delimitate the final simulation units, by using the grid from the crop calendar
dataset (Abrahao and Costa, 2018), the grid from the climate dataset (Xavier, King,
and Scanlon, 2016), municipal boundaries, and a land use mask. The land use
mask determined which areas had either soybean or maize production at any point
between 1990 and 2013, according to the cropland area maps produced by Dias et al.
(2016). The simulation units in municipalities or areas with no soybean or maize
production in the period between 1980 and 2013 were not included in their model
simulations, and therefore the number of simulation units used in the model runs
was different for each of the three crop setups - soybeans, maize, double-cropping
soybeans-maize.

B.2.4 Planting and harvesting dates

The dataset of planting windows developed by Abrahao and Costa (2018) contains
yearly initial and final planting dates for soybeans, for single and double-cropping
systems. In the case of single-cropping maize, the crop calendars obtained by Sacks
et al. (2010) present ranges for both the start and the end of the cropping season.
Abrahao and Costa (2018) developed a dataset of Brazilian soy planting-window

yearly estimates for rainfed single and double cropping, during the period 1974-2012.

To estimate the planting windows during this period, the authors took into account
two important historical limitations: photoperiod and precipitation regime.
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To account for changes in photoperiod limitations, the methodology for the devel-
opment of this dataset considered the temporal development of soybean varieties
with cycles that allowed planting in lower latitudes, as well as varieties that allowed
planting a second crop. In this context, it was assumed that in each latitude band
farmers would have planted the soybean crop only after, and as soon as, they had
access to varieties well-adapted to their longest photoperiod dates in their latitude.

To account for limitations related to timing and duration of the rainy season, the
onset and end of the agricultural rainy season was determined each year using a
modified version of the Anomalous Accumulation method, previously used also by
Arvor et al. (2014). In this method, the planting date windows are defined as the
earliest and latest possible planting dates in which the production of one (for single
cropping soybeans) or two (for double cropping soy and maize) is possible within
the rainy season defined by the Anomalous Accumulation method. The dataset is
a 1 degree resolution map with planting windows for single and double-cropping
soybeans in Brazil for each year between 1974 and 2012. Figure B.4 shows the
amount of years between 2003 and 2013 in which double-cropping was considered
feasible, in the available crop calendar database. We also show the amount of years
in which double-cropping happened in municipalities in the states of Mato Grosso
and Parana.

Legend Legend

Double-cropping years 2 Double-cropping years
0 0

1-3 1-3

E3-6 N3-6
E6-9 E6-9
.o-12 -1

Figure B.4: Amount of years when double-cropping was considered viable between 2003
and 2013 according to the dataset of planting dates (Abrahao and Costa, 2018)
(left), and the amount of years where double-cropping maize production was
higher than zero per municipality in Parana and Mato Grosso (right), according
to the SIDRA database (IBGE (Brazilian Institute of Geography and Statistics),
2018).

We set up nine scenarios of planting and harvesting dates, based on these planting
windows for single and double-cropping soybeans. These scenarios comprise three
options for the start of the cropping season — early, mean and late planting — and
three options for the length of the soybean crop cycle — short, medium and long. The
early and late planting options correspond to the start and the end of the planting
windows, and the mean option corresponds to the mean value between them. The
short, medium and long cycles correspond to 110, 125 and 140 days. The second-
season maize cycle starts one day after harvest of the soybean crop, and the length
of the maize cycle corresponds to 120 days. To reduce uncertainties related to the
model’s sensitivity to calendar options, we selected three optimal calendar options
for each simulation unit, based on the highest estimated average yield (for soybean
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in the case of single crop runs, or soybean plus maize in double-cropping runs).

In order to isolate the effect of rainy season length and evapotranspiration on the
crops, we assumed minimal levels of nutrient stress in our modelling approach, and
allowed the model to implement automatic fertilization with a trigger of 20% of
nutrient stress. This methodology was designed to better account for geographical
variability by identifying the most appropriate range of planting and harvesting
dates within the pre-defined planting windows from the input dataset.

In the case of single-cropping maize, the crop calendars obtained by Sacks et

al. (2010) present ranges for both the start and the end of the cropping season.

Therefore, for single-crop maize, we simulated only three scenarios options, for the
start and end of the cropping season — early, mean and late planting. The final values
of water demand correspond to the average of the results of these three scenarios.

B.2.5 Potential heat units

EPIC models the phenological development of the crop based on daily heat unit
accumulation (Sharpley and Williams, 1990). Potential heat units (PHU) correspond
to the total number of heat units or growing degree days needed to bring the plant
from emergence to physiological maturity. We calculated the potential heat units
(PHU) for each crop, simulation unit, and crop calendar scenario. The daily heat unit
accumulated by the crop from planting to harvesting corresponds to the average
between the daily maximum and minimum temperature minus the crop’s base
temperature.

T, — Ty
w — Thuse (B.1)

HeatUnits =

The PHUs per simulation unit were defined as the average of the accumulated
heat units from harvesting to planting, throughout all simulated cropping seasons,
as shown in Equation B.2.

2014 HarvestingDate

PotentialHeatUnits = Z Z HeatUnits; ;| /24 (B.2)
i=1980 j=PlantingDate

Where i is the year, j is the day of the annual cycle, and 24 is the total amount of
years between 1990 and 2013.
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B.2.6 General modelling framework

Elevation Soil Class Slope
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Figure B.5: Flowchart with the main steps in the modelling presented in this article.

B.3 DETAILED RESULTS
B.3.1 Sensitivity to cropping calendar scenarios

As the GSET is highly dependent on the cropping season, the first step in our analysis
was to evaluate the distribution of GSET values for all nine calendar scenarios.
Figure B.6 shows the distribution of the GSET per simulation unit for all calendar
options, for single-cropping soybean, double-cropping soybean, and second season
maize. Longer soybean cropping seasons result in higher total GSET for soybeans,
but it is the opposite for maize. The influence of date of the start of the cropping
season is higher for single-cropping than for double-cropping soybeans. The relative
influence of the length and start of the cropping season is dependent on the region
of the country.
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Figure B.6: Distribution of average growing season evapotranspiration (GSET, mm) by simu-
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lation unit for all crop calendar scenarios, for single-cropping soybeans (left),
and double-cropping soybeans (right). For single-cropping soybeans, the values
correspond to the average for all years; for double-cropping soybeans, the values
correspond to the average for all years when double-cropping was considered
feasible.
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Figure B.7: Distribution of potential yields (ton/hectare) by simulation unit for all crop

calendar scenarios, for single-cropping soybeans (left), and double-cropping
soybeans (right). For single-cropping soybeans, the values correspond to the
average for all years; for double-cropping soybeans, the values correspond to
the average for all years when double-cropping was considered feasible. In the

double-cropping graphs, the labels “long”, “mean” and “short” refer to the
lengths of the cropping season of the main crop (soybeans).
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Figure B.8: Distribution of average growing season evapotranspiration (mm, left) and poten-
tial yields (right, ton/ha) by simulation unit for all crop calendar scenarios, for
single-cropping maize (top), and double-cropping maize (bottom). For single-
cropping maize, the crop calendar scenarios were obtained from Sacks et al.
(2010), with fixed length of the cropping season. For single-cropping soybeans,
the values correspond to the average for all years; for double-cropping soybeans,
the values correspond to the average for all years when double-cropping was con-
sidered feasible. In the double-cropping graphs, the labels “long”, “mean” and
“short” refer to the lengths of the cropping season of the main crop (soybeans).
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Figure B.g: Distribution of average growing season evapotranspiration (mm) by simulation
unit for single-cropping soybeans (left), double-cropping soybeans (middle),
and double-cropping maize (right) for 4 different methods for estimation of
evapotranspiration. PM: Penman-Monteith, P: Penman, PT: Priestley-Taylor, H:

Hargreaves.
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Figure B.10: Standard deviation of growing season evapotranspiration values per simulation
unit across nine calendar options (left) and four potential evapotranspira-
tion methodology options (right) for single-cropping soybeans (upper panel),
double-cropping soybeans (middle panel), and double-cropping maize (bottom
panel).

B.3.2 General model simulation results

After selecting the most viable crop calendar options for every simulation unit, it
was possible to calculate the average growing season evapotranspiration for single
and double-cropping options. Table B.3 shows the temporal average for all crops,
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aggregated for all Brazilian macro-regions (for the geographical division of Brazilian
macro-regions, see Figure B.1). The values for single-cropping maize and soybeans
correspond to the average for all years between 1990 and 2013, while the double-
cropping values correspond to the average for all years in which double-cropping
was considered feasible, both by the historical records, and the evaluation carried
out by Abrahao and Costa (2018) in determining the yearly crop calendars used in
this study.

Table B.3: Average growing season evapotranspiration (mm) for single and double-cropping
soybean, and second season maize for the five Brazilian macro-regions.

. Soybeans - Soybeans - Maize - Maize -
Region
single crop double crop single crop second season

North 602.5 495.2 278.5 498.0
Northeast 535.8 277.4 154.1 244.2
Center-West 613.8 521.6 524.1 444.4
Southeast 569.2 335.2 505.1 245.9
South 505.8 505.0 469.2 379.3

The main determining factor for the differences in growing season evapotranspi-
ration between crops and cropping systems is the start and length of the cropping
season, while the temporal and geographical variability are in great part influenced
by precipitation. That is why the Northeast region, which is dominated by semi-arid
climate, presents evapotranspiration values are much lower in comparison with
the other regions. Since the cropping season for double-cropping soybeans is in
general shorter, the growing season evapotranspiration values are therefore lower.
That is the case for maize as well in most regions, excluding the North and Northeast.
The reason for these anomalies is the fact that the crop calendars obtained from
Sacks et al. (2010) assume an abnormally short cropping season in these regions
for maize. Table B.11 presents the maps with the temporal average growing season
evapotranspiration for each cropping option.

It is important to highlight that the production of soybeans and maize are not
evenly distributed across the different macro-regions, and therefore the producing
regions with the most harvested area contain higher relative importance. As shown
in Table B.1, the Center-West and the South region together are responsible for 82%
and 70% of the total harvested area for soybeans and maize, respectively.
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Figure B.11: Spatial distribution of average growing season evapotranspiration (mm/year)
by simulation unit for single-cropping soybeans (upper left), double-cropping
soybeans (upper right), single-cropping maize (bottom left), double-cropping
maize (bottom right). For the single-cropping results, the values correspond
to the average for all years; for double-cropping, the values correspond to
the average for all years when double-cropping was considered feasible (see
Figure B.4).
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B.3.3 Water footprints

Figure B.12 to Figure B.14 refer to the results for annual crop evapotranspiration,
virtual water content, and water use for the entire Brazilian territory. Figure B.15
refers to the average ratio between crop and total evapotranspiration, and refers to

the national average.
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Figure B.12: Comparison of annual evapotranspiration (mm) for crops grown under single-
cropping practices (left) and double-cropping (right). The annual evapotran-
spiration for the class “double-cropping system” equals to the sum of the
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Figure B.13: Comparison of the virtual water content (m3/ton) for crops grown under single-
cropping practices (left) and double-cropping (right).
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Figure B.14: Total water footprint (km?3) estimates for soybeans and maize taking into ac-
count only single-cropping conditions (left), and differentiating single and
double-cropping conditions (right).
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Figure B.15: Average ratio between growing season evapotranspiration (GSET, mm) and
total annual evapotranspiration (ET, mm). This estimation does not consider
the existence of cover crops.
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