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Abstract: We performed a Water Footprint Sustainability Assessment (WFSA) in the Xingu Basin
of Mato Grosso (XBMT), Brazil, with the objectives of (1) tracking blue (as surface water) and
green water (as soil moisture regenerated by precipitation) consumption in recent years (2000, 2014);
and (2) evaluating agricultural intensification options for future years (2030, 2050) considering the
effects of deforestation and climate change on water availability in the basin. The agricultural sector
was the largest consumer of water in the basin despite there being almost no irrigation of cropland or
pastures. In addition to water use by crops and pasture grass, water consumption attributed to cattle
production included evaporation from roughly 9463 ha of small farm reservoirs used to provide
drinking water for cattle in 2014. The WFSA showed that while blue and green water consumptive
uses were within sustainable limits in 2014, deforestation, cattle confinement, and the use of irrigation
to increase cropping frequency could drive water use to unsustainable levels in the future. While land
management policies and practices should strive for protection of the remaining natural vegetation,
increased agricultural production will require reservoir and irrigation water management to reduce
the potential threat of blue water scarcity in the dry season. In addition to providing general guidance
for future water allocation decisions in the basin, our study offers an interpretation of blue and green
water scarcities with changes in land use and climate in a rapidly evolving agricultural frontier.

Keywords: water footprint; water management; soybean; cattle; land use change; Amazon; Cerrado;
Mato Grosso

1. Introduction

Southern Amazonia, Brazil, has experienced significant development since the 1990s, with
agricultural production expanding rapidly through land use change in both the Amazon and Cerrado
(or savanna) biomes [1]. Natural vegetation cover has been gradually replaced by pasture and
soybean land use systems [2], often through a natural vegetation to pasture to cropland transition [3,4].
This increase in agricultural production has had important socio-economic and environmental
implications. Socio-economic indicators suggest a growth in the tertiary sector up- and down-stream
of soybean production, with evidence of local investment and financial returns [5]. At the same time,
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deforestation has been shown to alter local climate and water cycles, thereby pushing the Amazon
towards a tipping point [6] that could significantly alter the biome. Changes to above and belowground
carbon stocks have implications for global climate change [7], while land use change can affect the
water cycle by increasing river discharge [8] and diminishing water vapor supply to the atmosphere
with implications for regional precipitation [3,9,10]. Changes to the water cycle, in particular, affect
economic activity through hydropower generation and agriculture [11-13], but can also affect aquatic
and terrestrial ecosystems [14,15].

Agricultural expansion in the region has been followed by infrastructure development such
as road networks [6], population growth and land use activities that trigger further deforestation.
Between 1991 and 2010, the population of Mato Grosso increased from 2 to 3 million, while the animal
population increased from 22 to 82 million, led mainly by cattle [16]. These increases put additional
pressures on land use and local demand of natural resources, particularly water. Atmospheric
feedbacks could negatively affect agricultural production when considering changes to regional climate
and precipitation regimes [12], but could also trigger infrastructure investment in irrigation with
additional effects on water withdrawals and feedbacks on water resources [15]. Therefore, feedbacks
between agricultural production, land use change, and human and animal population growth need to
be investigated in order to evaluate future development scenarios in Southern Amazonia.

This study aims to quantify these changes by carrying out a Water Footprint (WF) Sustainability
Assessment (WFSA) [17] in the Xingu Basin of Mato Grosso (XBMT) located in Southern Amazonia,
an area that has experienced the land use change dynamics described above. Since 2002, the WF
has been increasingly used to quantify direct and indirect water use of production and consumption
processes as a means to put these activities into a context of regional and global water resources, as well
as potential environmental impacts [18-20]. In a WF context, water resources are typically separated
into blue water (which represents the surface water and groundwater stocks), green water (which
characterizes soil moisture stocks regenerated by precipitation [21]), and grey water (i.e., the amount of
water required to dilute chemical or thermal pollution loads to ambient water quality standards [17]).
When focusing on water quantity in a WESA, the blue and green WF are compared to local water
availability to derive local water scarcity as a step towards formulating a policy recommendation [17].
Many studies have applied WFSAs to derive blue water scarcity at a global scale (e.g., [22,23]), but only
one study to date has attempted to quantify green water scarcity [24]. More studies using the concept
of green water scarcity are thus needed to verify the full extent of WF assessments [17,25].

We build upon previous research results on the water cycle of XBMT to carry out a WFSA for
the 2000-2015 period. We also evaluate scenarios for 2030-2031 and 2050-2051 with the objectives of
formulating responses for water resources management based on past and future land and water use
decisions. The combination of land use change, climate change and agricultural production scenarios
within a blue and green WFSA is informative to both water resources management, and the WF
community seeking to apply this assessment regionally. The XBMT represents a unique basin for
such a study, given its geographic location in the so-called “arc-of-deforestation” and the importance
in future land use change for agricultural production, but also because of agriculture’s reliance on
precipitation in the region. The combination of land use and hydrologic data with information
on domestic and industrial water consumption remains mostly unexplored in Southern Amazonia.
Therefore, there is an opportunity to use such information in a WFSA to provide a greater context for
water resources management and inform decision-making for regional production processes.

Following a description of the XBMT and the details of the required steps for the blue and green
WEFSA (Section 2), we describe our results of past and future blue and green water availabilities
and scarcities (Section 3). Then in Section 4, we discuss our results within the context of regional
agricultural development and the effects of land and water management on water scarcity, prior to
formulating a policy response for land and water resources in the basin.
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2. Materials and Methods

2.1. The Xingu Basin of Mato Grosso

The XBMT (Figure 1) is a 170,000 km? basin located in Southern Amazonia, separated into the
Xingu Headwaters (139,000 km?) that flow North into the Upper Xingu Basin (31,000 km?) [26,27],
through the state of Para and into the Amazon River, to constitute the greater Xingu River Basin
(510,000 km?) [28]. The XBMT is located at the intersection of both the Amazon (80% of the basin) and
Cerrado (20%) biomes and had 50% (85,000 km?) of its forest cover in 2010, of which about 34,000 km?
was contained within conservation areas that include parts of the Xingu Indigenous Reserve [9]
(Figure 1). Between 2001 and 2010, the XBMT lost 18,838 km? of forest to either cropland (3347 km?)
or pasture (15,491 km?) with further evidence of conversion of 4962 km? of pasture into cropland [9].
In 2015, agricultural production for municipalities in the basin consisted of 1.3 Mha of soybean [16],
about 5.4 Mha of pasture [10], and less than 12,000 ha of permanent crops (e.g., papayas, bananas,
rubber trees) [16]. In addition, the XBMT contains close to 10,000 small farm reservoirs mainly used to
supply drinking water for cattle [29]. In 2015, the cattle population reached about 3.5 million heads in
the municipalities of the basin [16].
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Figure 1. The Xingu Basin of Mato Grosso (XBMT) and its sub-basins: the Upper Xingu Basin (yellow)
and the Xingu Headwaters (green) with the main rivers and the location of the discharge measurement
station used for validation [30]. The inset shows the position of XBMT (black) in relation to the Xingu
River Basin (black outline) and the state of Mato Grosso (grey).
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From a total of 199,015 people living in XBMT in 2007, 125,279 made up the urban population
(63%), and 73,736 represented the rural population (37%), with the portion serviced by the general
water network reaching 47% and 49%, respectively [26]. Most of the drinking water for communities
in the Xingu Headwaters is supplied by deep wells (60%), followed by surface water (20%), shallow
wells (10%) and a mix of surface water and deep wells (10%), while 100% of the water in the Upper
Xingu is supplied exclusively by deep wells [26]. Total domestic water demand was estimated at
0.0208 m® s~ ! in the Xingu Headwaters and 0.1814 m> s~! in the Upper Xingu, while industrial
demand (as transformation industry) was 0.0023 m3 s~! and 0.226 m3 s~!, respectively [26]. Given the
importance of the agricultural sector in the region, there is additional water demand for livestock,
aquaculture with about 47.6 ha of fish tanks, and a total irrigation demand of 1.447 m? s~ in 2006 [26].

2.2. Integrated Blosphere Simulator (IBIS)

Hydrology in the XBMT was modeled using the Integrated Blosphere Simulator (IBIS) (v.2.5),
which combines ecological processes related to the water and carbon cycles with vegetation dynamics,
climate, canopy and vegetation physiology, and phenology on a monthly or annual basis [31-33].
IBIS represents the soil-plant-atmosphere continuum to simulate soil moisture and evapotranspiration
(ET) through six soil layers to 8 m depth (and soil temperatures), vegetation structure, stomatal
conductance and photosynthetic pathways, all forced with atmospheric conditions [31,33]. The model
was previously validated by Panday et al. [28] in a study of the water balance of the Xingu River
Basin from 2001 to 2010 using atmospheric forcing with data from the Climate Research Unit (CRU TS
v.3.2.1). Surface runoff was derived as the difference between ET and the balance of soil moisture, with
the latter derived from infiltration (from the Green-Ampt equation) and dynamics in the soil (from the
Richards equation) [28].

Following Panday et al. [28], we combine IBIS results with land use maps to derive the monthly
water balance of the XBMT for 2000-2001, 2014-2015, 2030-2031, and 2050-2051 (0.5° resolution,
and hydrologic years as September to August) following two simulations: (1) considering the basin’s
potential natural vegetation (PNV) as defined by Ramankutty and Foley [34]; (2) considering the
replacement of all natural vegetation by C4 grass (G) as a representation of complete deforestation in
the basin. Hydrology for 2030-2031 and 2050-2051 was obtained from an average of 23 IPCC global
climate models and considering two different Representative Concentration Pathways (RCP) of 4.5
and 85 Wm™2.

We derived total runoff in the basin through linear association of PNV and G IBIS simulations for
the basin in hydrologic year t, defined from September to August of each year [28]

R(t) = Rpnv(t) < Fe(t) + (1 — Fe(t) x Rg(t) @

where R(t) (mm mo ') is the monthly discharge in the basin, Rpny/(t) (mm mo ') is the total runoff
in the basin under a PNV simulation, F¢(t) (dimensionless) is the fraction of forest cover in the
pixel of interest, and Rg(t) (m® mo~1) is the total runoff in the G simulation. The fraction F¢(t) was
obtained from land cover maps derived from Landsat imagery (30-m resolution) [35], while future
land use in 2030 and 2050 was obtained from Soares-Filho et al. [36] based on distinct deforestation
scenarios: a business-as-usual scenario (BAU) in which 1997-2002 deforestation is maintained with
planned transportation infrastructure, and a governance scenario (GOV) which assumes similar
deforestation rates as BAU, but in which a maximum deforested area representing 50% of each
Amazonian sub-region is imposed [36]. When combining climate change with deforestation scenarios,
we obtained four distinct scenarios for 2030 and 2050 (BAUrcps.5, BAURrcPs.5, GOVRrepa5, GOVReps 5)-
Values of R(2000), R(2014), R(2030), R(2050) were obtained for the XBMT, and R(2000) was obtained for
the Xingu Headwaters and validated against monthly mean river discharge measured at Marcelandia,
Mato Grosso (Passagem BR80, station 18430000, 10°46/38” S, 53°5'44” W) [30] with a Pearson correlation
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of 0.83 (see Figure S1 in the Supplemental Material). Values of R(t) were obtained annually and
interannually with three-month averages for the years listed above.

Values of R(t) were then used to derive annual basin ET (ET(t), mm y_l) using the water balance
equation shown in Equation (2), and assuming a change in annual storage close to 0 following findings
from Panday et al. [28],

ETr(t) = P(t) — R(t @

where P(t) (mm y~!) is the precipitation input to the IBIS model. Similarly, we use Equation (2) to
derive ETpny(t), or the annual ET of the basin under PNV, using Rpnv(t) and the IBIS precipitation
input. All values of ET were obtained for 2000, 2014, 2030 and 2050 hydrologic years.

2.3. Water Footprint Sustainability Assessment

2.3.1. Goal and Scope Definition

The goal of this study is to determine changes in blue and green water scarcities from production
processes in the XBMT in recent history, and considering deforestation and climate change scenarios
for 2030 and 2050, to: (1) provide a hotspot analysis of water use in the basin as guidance for future
water allocation decisions; and (2) explore links between blue and green water scarcities in the basin
considering land use change histories. This assessment focuses exclusively on water quantity and
therefore considers blue and green WFs separately, and does not address water quality as expressed by
the grey WE.

2.3.2. Water Footprint Accounting

The accounting step includes the calculation of the blue and green WFs of all processes occurring
in the basin for the 2000, 2014, 2030 and 2050 hydrologic years, representing production in recent years
(2000, 2014) and defined following distinct scenarios for future conditions (2030, 2050, see Section 2.3.4).
The selection of the 2000 and 2014 hydrologic years was based on the intense land use change history in
the basin within this time period, as attested by land use maps [9,28,35]. Long-term runoff observation
in the Xingu River Basin at Marcelandia [30] showed a change in runoff of —14% (February 2001) and
+23% (December 2000) compared to the mean 1975-2005 discharge. We focus exclusively on production
processes, leaving out any local consumption of products that might be produced outside the basin.
This assumption is reasonable given the regional focus on agricultural products for export [37], with a
majority of crops grown in the region supplied as input feed for livestock. Cropland and pasture in
Mato Grosso have been nearly exclusively rainfed [10], and therefore only require green water whose
consumption is estimated by ET.

Green Water Footprint of Agriculture in the Context of Basin Land Use Systems

We obtain the green WF of agriculture by combining top-down and bottom-up approaches to
track changes in the green WF from 2000 to 2050 hydrologic years (top-down approach) and 2000 to
2014 hydrologic years (bottom-up approach). First, we propose that total annual ET of the XBMT is
equal to the sum of contributions from natural vegetation, agricultural land, and a residual term as
described in Equation (3)

ETr(t) = ETnv(t) + ETac(t) + ETg(t) @)

where ETt(t) (m3 y~!) is the annual ET in the basin in hydrologic year t obtained from Equation (2),
ETnv(t) (m3 y’l) is the annual ET from natural vegetation (as tropical humid or savanna forest,
shrubland, etc.) in the basin, ETog(t) (m® yfl) is the annual ET from agricultural land (as cropland
and pasture combined), and ETg(t) (m® y~') is a residual ET term, which accounts for other land use
systems (e.g., forest clearance, urban areas, etc.) and water bodies (e.g., rivers, wetlands) that may or
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may not be included in human consumption activity. In the top-down approach, we extract ETag(t) +
ETR(t) from a calculation of ETny (t) in Equation (4)

ETnv(t) = ZETPNVJ(t)ANV,j(t)FNV,j(t) 4)
j

where ETny(t) (m? y’l) is the natural vegetation ET contribution in the basin, ETpny;(t) (m y’l) is
the ET of the IBIS PNV simulation for each IBIS raster j of area Anv;(t) (3080 10° m?) within the basin,
and considering the fraction of forested land Fyv;(t) (dimensionless). This approach allowed for the
disaggregation of ETt into ETyNy and (ET s + ETR), which we use to analyze the hydrologic years
between 2000 and 2050.

The bottom-up approach was applied for the 2000 and 2014 hydrologic years in which we
used average pasture and cropland ET estimates from Lathuilliere et al. [10,38] together with land
use estimates extracted from Landsat imagery [35]. We considered single- and double-cropped
soybean (with rice or maize) as the main crops in the region (Table S1). This assumption is reasonable
considering that between 2000 and 2014, soybean represented 48-69% of total annual cropland in the
basin, while maize and rice represented 12-23% and 33-3%, respectively [16] with an ever increasing
amount of maize double cropping in Mato Grosso [39]. During the same time period, perennial
crops represented less than 1% of total agricultural land [16] and were therefore not considered
further in this green water accounting step. Residual ET (ETRr) was then derived using Equation (3)
and, in this approach, may include ET that could be allocated to a production activity occurring in
urban areas, or other landscapes with no immediate productive activity (e.g., ET following forest
clearance). Differences in ETR between the top-down and bottom-up approaches may be interpreted
as a systematic error in the allocation of ET to a particular land use systems or human activity.

Blue Water Footprint of Agriculture

The blue WF of agriculture includes irrigation, but also water consumption from livestock
production systems. In 2006, about 770 ha of perennial crops were irrigated within XBMT and therefore
we assume that the majority of irrigation in the XBMT was not applied to soybean or pasture between
2000 and 2015. Blue water use was estimated for livestock production systems in pasture (ruminants),
as well as confined facilities (chicken and swine), and includes drinking water as well as water used
for washing of animal housing. Feed for all livestock production was assumed to be sourced from
within the region, and is therefore already accounted for in the agricultural green WF (see above).
Water consumption for cattle follows the steps described in Lathuilliére et al. [40], who allocated
green and blue water per kg of live weight based on sex, animal development stage and diet. Here,
we consider drinking water sourced from small farm reservoirs in the basin detected by remote
sensing [40]. All other animals were assumed to have their drinking water sourced by the main water
system. As described in Lathuilliere et al. [40], cattle population reported by agricultural production
data [16] is a total animal population which does not consider the annual live population in their
different stages of development. The annual live animal population for municipality i and calendar
year t is the difference between the total herd population (H;) and the number of animals slaughtered
(0.17H; ;). The live annual population L; ; can then be expressed by

Li,t = 0.27H; + (Li,t — 0-27Hi,t - 0~17Hi,t+1) + 0-17Hi,t+1 (5)

where 0.27H; ; is the sum of the calf population (15-18 month duration), L;; — 0.27H;; — 0.17H; 1, is
the sum of the adult population (2427 month duration), and 0.17H; 1, is the animal population in the
finishing stages (to be slaughtered in calendar year t + 1, 6-8 month duration) [40]. Sheep and goat
annual offtake rates were assumed identical to that of cattle (17%), while horses, donkeys, and mules
were not considered to be consumed and therefore their live population was equated to the total herd
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population reported by the Brazilian Institute of Geography and Statistics (IBGE as the Portuguese
acronym) [16].

The swine and chicken development cycles were assumed to be 70 and 42 days respectively [41,42],
from which we derived average swine and chicken populations following Equation (6) [43]

_— Py (t
Py;(t) = days 3%(5)

(6)
where Py ;(t). (animals) is the average population of animal k, in municipality i and calendar year t,
days is the total number of days of the animal’s development cycle, and Py (t) is the population of
animal k reported by national statistics [16]. To reflect animal population information available from
IBGE [16] for calendar years into the hydrologic years used in this study, we take the average of the two
consecutive calendar years that overlap with each hydrologic year. Similar to crops, animal population
for each municipality located inside the basin was scaled based on the percent area located inside
XBMT (Table S2).

vestock water consumption was derived following the National Water Agency (ANA as the
Portuguese acronym) [26] and Food and Agriculture Organization (FAO) [44] which provide water
demand per animal, assuming an average adult consumption. For confined swine and chicken
production we assumed 0.0034 m® animal ~! used to clean animal housing after slaughter following
Palhares [42] for swine, which was also assumed for chicken housing. These volumes are assumed
to be entirely consumed. While our drinking water consumption estimate is based on adult animal
water demand and likely constitutes an overestimation of animal blue water consumption, our water
consumption estimate for cleaning is likely an underestimate given the housing turnaround for both
swine (70 days) and chicken (42 days) production (Table 52). Large and small ruminants were not
allocated any water for cleaning as they were assumed to spend their lifetime in pasture.

Domestic and Industrial Blue Water Footprints

We estimated domestic water consumption based on urban and rural human populations within
the basin and the total population receiving municipal services based on information from ANA [26].
We assumed a constant population growth in the basin at a rate of 3.0% y~! until 2014-2015 [16].
By assuming a total basin population of 199,015 in 2010 (the same as the 2007 information reported
by ANA [26]), we derived total population in the remaining years, maintaining the same proportion
of urban and rural population not serviced by the municipal system (47% and 49%, respectively)
(Table S3). Water consumption was calculated assuming a 50% return flow to surface water, and based
on a rural water demand of 70 1073 m® d~! cap~! and an urban demand of 0.260 m® d ! cap~!.
The 47% of the urban population that was not serviced by the municipalities was assigned a water
demand equal to rural demand [26] (Table S3).

Industrial water consumption was based on the number of industrial workers in both extraction
and transformation industries assuming an industrial demand of 3.5 m3 d~! Cap_1 [26]. In 2010,
the number of industrial workers was 4.1% of the total population within the basin [16], which we
assumed to be of constant proportion between 2000 and 2015. Similar to domestic water consumption,
we assumed a 50% return flow of industrial water (Table S3).

2.3.3. Water Scarcity Calculation

We estimate water scarcity within the XBMT in hydrologic year t following Equation (7) [17]

¥ WE(t)
WS(t) = =——F~— 7
() = =i )
where WS(t) (dimensionless) is the water scarcity, WEF(t) (m® y~1) is the WF of all activities j
(determined in Section 2.3.2), and WA(t) (m? y’l) is the water available in the basin over time t.
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Values of WS(t) are defined for both blue and green water and vary from 0 (no scarcity) to 1 (extreme
scarcity) to gauge how water use has evolved within the basin. For both blue and green water resources,
WA(t) is defined following Equations (8) and (9) [17]

WAg(t) = R(t) — EFR ®)

WAG (’E) =ETt (’E) — ETrny (’E) — ETUN(t) 9)

where WAR(t) (m? y_l) is the blue water availability, R(t) (m3 y‘l) is the natural discharge (or discharge
without human appropriation in the basin, defined in Equation (1)), and EFR (m?® y~!) is the
environmental flow requirement defined for the XBMT. When considering our top-down WF
accounting approach, the value of EFR was defined according to mean annual runoff following
Smakhtin et al. [45] with a value of 45.9 km® y~! to keep natural ecosystems in a “fair” condition
(see Supplemental Material). When considering our bottom-up WF accounting approach, values
of EFR were defined for each 3-month mean discharge between 2000 and 2014 hydrologic years as
0.20R(t) following Richter et al. [46]. Green water availability in hydrologic year t, WAG(t) (m® y~1),
was obtained by subtracting from the ETt(t) (m® y~!) the ET reserved to natural vegetation, as ETrnvy (t)
(m?3 y’l), and the ET of areas agriculturally unproductive, ETyn(t) (m3 y’l). We interpret ETyn(t) as
the amount of small reservoir evaporation for cattle production whose area we consider unavailable for
agricultural expansion. The value of ETrnv(t) is interpreted as a percentage of total basin ET (ETt(t))
as measured in the 2000 hydrologic year and based on the Federal Forest Code minimum requirements
for natural forest cover in both the Amazon (80%), Cerrado (35%), and transition (50%) zones [47].
As a result, WA and WSg were calculated using these three minimum requirements expressed in
ETrnv(t) in Equation (9) and equal to 0.80ETT(2000), 0.35ET(2000) and 0.50ETT(2000).

2.3.4. Interpretation and Response Formulation through Scenarios

Blue and green water scarcities were interpreted following previously defined benchmarks.
Blue water scarcity was “severe” when WSg > 2, “significant” when 1.5 < WSg < 2, “moderate” when
1 <WSg < 1.5, and “low” when WSg < 1 [23]. Green water scarcity was “unsustainable” when WS¢ > 1,
a “threat” when 0.5 < WS¢ <1, “within sustainable limits” when 0.25 < WS¢, < 0.5, and sustainable when
WS < 0.25 [24]. Results were then interpreted following the deforestation (BAU, GOV) and climate
change (RCP 4.5 and 8.5 W m~2) scenarios described above, and onto which we added population
growth and agricultural production scenarios (Table 1).

First, we assumed that human population will continue to grow at current rates, or 3.0% y~! until
2050, and assumed a similar breakdown in rural and urban population as in the 2000s (see Section 2.3.2),
with industrial activity assumed to be proportional to population growth. Primary sector growth was
based on projections made by the Brazilian Ministry of Agriculture for the 2025-2026 period focusing
specifically on soybean, maize, cattle, swine and chicken production [48], assuming continuous growth
in the basin between 2030 and 2050. We assumed a 35% increase in soybean production (or a 30%
increase in soybean area at current yields) from 6.3 Mtons (or 2.1 Mha) in 2015 to 8.5 Mtons (or
2.8 Mha) in 2030 and an additional 35% increase (at current yields) to 11.5 Mtons (3.8 Mha) in 2050.
When considered together, the total surface area for soybean and pasture were well within non-forested
areas in the deforestation scenarios for 2030 and 2050 of 13 Mha and 14 Mha (BAU), and 10 Mha and
11 Mha (GOV), respectively. Cattle, pig and chicken populations were assumed to increase respectively
3.0%y 1, 2.7% y~! and 2.4% y~! until 2050 [48] but with organizational differences in production
systems based on two agricultural production options (Table 1).

We considered two agricultural production options based on increases in green water (the Green
Option) and blue water (the Blue Option) resources appropriation as a means to increase agricultural
output. In the BAU scenario, average livestock density for the XBMT in 2014 (0.87 live cattle ha!)
was maintained to require a 0.4 Mha of additional pasture in 2030 (total of 4.4 Mha) and 3 Mha (total
of 7.0 Mha) in 2050 (the Green Option). Evaporation from small farm reservoirs in 2030 and 2050
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was scaled with cattle population on pasture based on 40 m? cattle™! y~! of evaporation obtained for
2014-2015 [40]. In the GOV scenario, all additional cattle in 2030 were confined on 2014-2015 pasture
area to reach a livestock density of 1.3 cattle ha~! (affecting 5.2 million animals). In 2050, additional
cattle were confined with a total population breakdown of 5.2 million cattle on pasture and 3.1 million
raised in confinement. We assumed that confined cattle did not use small farm reservoirs, but other
sources that do not carry evaporation (e.g., groundwater). At the same time, we assumed that 90 mm
of irrigation was applied in September-October to the entire soybean area (the Blue Option).

Table 1. Description of scenarios for 2030 and 2050 activities in the Xingu Basin of Mato Grosso
following deforestation (business-as-usual (BAU) and governance (GOV) [36]), and climate change
scenarios (Representative Concentration Pathways (RCP) 4.5 and 8.5 W m~2). BAU and GOV scenarios
also illustrate agricultural intensification options focused respectively on green water (BAU) and blue
water (GOV) appropriation.

Human Population;

Scenario Year Industrial Workers Livestock Population Description
Human population increases at
. historic growth rate; Industry grows
BAURcpss5 336,335; 5,233,040 c.attle, proportionally to human settlement;
2030 74,069 pigs; . .
BAUgcrss 211,722 . Soybean production requires 2.8 Mha
792,674 chicken . .
of land; Cattle population requires
4.4 Mha of pasture
Human population increases at
. historic growth rate; Industry grows
BAURgcpas 568,407; 8,372,864 c.attle, proportionally to human settlement;
2050 114,066 pigs; . .
BAURgcpss 357,809 . Soybean production requires 3.8 Mha
1,173,157 chicken . .
of land; Cattle population requires
7.0 Mha of pasture
Human population increases at
. historic growth rate; Industry grows
GOVRcpss 336,335; 5,233,040 c.attle, proportionally to human settlement;
2030 74,069 pigs; . -
GOVrcrss 211,722 . Soybean production requires 2.8 Mha
792,674 chicken AT R
of land; Cattle population is requires
4 Mha of pasture
Human population increases at
historic growth rate; Industry grows
proportionally to human settlement;
GOVirepas 568,407; 8,372,864 cgttle; Soybean production re.qulr.es 3.§ Mha
GOV 2050 357809 114,066 pigs; of land; Cattle population is split
RCP8.5 4 1,173,157 chicken between pasture (5.2 million) and

confinement (3.1 million); soybean is
irrigated 90 mm in
September-October.

2.3.5. Data Processing and Sensitivity Analysis

Data processing was carried out using statistical software R (v.3.4.0) in R Studio (v.1.0.143) [49]
with packages: raster (v.2.5-8) [50], sp [51,52], rgdal (v.1.2-7) [53], maptools (v.0.9-2) [54], and ncdf4
(v.1.16) [55]. Our results are provided using a series of values to highlight the extent of water scarcity
in the basin, such as the use of both bottom-up (2000, 2014) and top-down (2030, 2050) approaches
for allocating ET to vegetation. Our response formulation for green water resources was based on a
suite of restrictions following mandatory natural vegetation cover outlined in the Federal Forest Code
(85%, 50%, and 80%), which served as a sensitivity analysis for green water scarcity (WSg). Blue WF
values were considered to be conservative estimates, particularly for cattle production [40], as well as
the high return flows (50%) attributed to withdrawals.



Water 2018, 10, 349 10 of 22

3. Results

3.1. Past and Future Water Footprints

Between 2000 and 2014, the sum of cropland and pasture areas increased 31% from 4.7 Mha
to 6.2 Mha. Changes in the consumption of blue water expressed by the total blue WF increased
from 0.153 km? y~! in 2000 to 0.218 km? y~! in 2014 (Figure 2). The blue WF was dominated by
agriculture, representing 97% of total water use, followed by domestic and industrial uses (Table S5).
Water evaporation from small farm reservoirs represented 66% of total agricultural blue WF in 2000,
and 67% in 2014, followed by livestock drinking (respectively 32% and 31%) and irrigation (2% of total
consumption in both years) (Figure 2). Between 2000 and 2014, the total area of small farm reservoirs
increased 37% from 6914 ha to 9463 ha of water, leading to a total evaporation of 0.099 km? y~! and
0.141 km?® y~!, respectively. Domestic blue water consumption computed here was similar to values
from ANA [26], which reported 3.47 1072 km? y~! in 2007, while our industrial consumption estimates
were three orders of magnitude smaller than the 3.55 10~2 km3 y~! reported for 2007 [26]. Differences
in industrial uses are primarily attributed to our separation of confined livestock from industry, as well
as our focus on extractive and transformative industries. Combining livestock and industrial water
consumptive uses raised our computed values closer to those reported by ANA [26]. The total blue
WEF increased with larger human and livestock populations in 2030 and 2050. In 2030, agricultural
water use nearly doubled to 0.258 km® y~!, while the combined industrial and domestic uses increased
to 9.90 1073 km? y~! (Table S5). In 2050, agricultural water use increased to 0.517 km3 y~! and
0.391 km? y~! in the BAU and GOV scenarios, respectively. In the case of cattle confinement and early
season soybean irrigation (GOVrcps 5), consumption rose to 3.81 km?3 y’l.

Agricultural expansion resulted in an increase in the total green WF of agriculture (as ET5g) from
40.6 km® y~1 in 2000 to 49.9 km® y~! in 2014 (Table S7). This change was led by cropland ET which
increased from 7 to 29% of ET s, while pasture dropped from 93 to 71% of ET s in the same time
period (Figure 3). The increase in green WF occurred at the expense of the natural vegetation whose
contributions to ET dropped 11% between 2000 and 2014 due to a decrease in forest cover by roughly
1.4 Mha. Changes in ET5g and ETyy obtained through the bottom-up approach were similar to results
from Silvério et al. [9] (Table S7). Further deforestation for agriculture in 2030 and 2050 increased ET
of non-forested areas to 188.6 km® y~! and 209.6 km? y~! for the BAU scenarios in 2030 and 2050
respectively, and 147.2 km3 y~! and 147.3 for the GOV scenarios (average climate change scenarios)
(Figure 54, Table S8).

0.25

3.63 x 103

0.20

3.63 x 103

0.15

0.10

0.05

Total blue WF (km?3 y-)

0.00
2000 2014

BLivestock B Reservoir evaporation Blrrigation

Figure 2. Total blue Water Footprint (WF) of agriculture in the Xingu Basin of Mato Grosso for the 2000
and 2014 hydrologic years.
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Figure 3. Changes in contributions to evapotranspiration (ET) for natural vegetation (ETyyy), pasture
(ETp), cropland (ET¢c) and residual landscapes (ETR) in the Xingu Basin of Mato Grosso in the 2000,
and 2014 hydrologic years (September-August). Values obtained through the bottom-up approach as
described in the text.

3.2. Blue and Green Water Availability and Scarcity

Annual runoff decreased from 74.9 km? y~! to 70.4 km? y~! between 2000 and 2014 (Table S6),
which, when considering environmental flow requirements, left 43.4 km? y~! (in 2000) and
40.8 km® y~! (in 2014) of blue water available in the basin. The decrease in annual runoff followed the
decline in precipitation from 1999 mm y_1 in 2000 to 1934 mm y_1 in 2014 (Table S6). When considering
3-month windows, the decrease in runoff was more prominent in the December—February period where
values decreased from 20.7 km? 3-month ! in 2000-2001 to 14.3 km3 3-month ! in 20142015 (Table S6),
which we relate to a reduction in September-November precipitation from 519 mm 3-months~! in
2001 to 447 mm 3-months ! in 2014.

The combination of deforestation and climate change in the scenarios generally increased runoff
by 2% in 2030 when compared to 2000 (GOVRrcp45), and by 8% in 2050 (BAUrcp4 5) despite a reduction
in precipitation (Table S6). The GOVRcps 5 scenario was the only exception with a decrease in runoff
of 1% in 2050 for a precipitation decline to 1952 mm y~!. Focusing on climate change effects alone,
runoff with potential natural vegetation cover in the basin decreased from 69.8 km?® y~! in 2000 to
64.1 km® y~! in 2014, 67.9-69.1 km® y~1 in 2030 and 65.7-69.0 km® y ! in 2050 (Table S6). Inter-annual
changes in runoff were apparent when considering 3-month windows: runoff generally increased at
the beginning of the wet season (September-November, +13-20%), before decreasing at the end of the
wet season (December—February, -62-71%). Dry season runoff increased between 22% and 52% in the
June to August periods when compared to 2000 (Table S6).

Land contributions to ET in the basin were similar between 2000 (279.0 km?3 y’l) and 2014
(272.0 km? y’l) (Table S8). In 2000, forests represented 50-69% of contributions (bottom-up and
top-down estimates), while agriculture represented 15% (bottom-up estimates) (Tables S7 and S8).
In 2014, these values changed to 46-63% and 18% for forests and agriculture, respectively. Total land
contributions to ET dropped by up to 4% in the GOVgcps 5 scenario in 2030 and both BAUgcps 5 and
GOVRcps 5 scenarios in 2050 (Table S8, Figure S4) with differences in contributions based on forest
cover. Forests in the GOVRcps 5 scenario provided 122.9 km? y_1 and 122.5 km? y_1 of ET in 2030
and 2050, respectively. In contrast, BAUrcps s showed a reduction of natural vegetation ET from
82.1 km® y~! in 2030 to 60.0 km? y~! in 2050 as a result of reduced forest cover (Table S8, Figure S4).
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Annual blue water scarcity values were less than 0.10 (Figure 4) with the largest value recorded
in the GOVRcpg 5 scenario in 2050 (0.09). Inter-annual values increased to 0.65 for the GOVycpg 5
scenario between September and November 2050 due to early soybean planting and irrigation (with
inter-annual blue water scarcity values <0.03 the rest of the year). Annual green water scarcity values
changed according to deforestation scenarios, but also due to restrictions placed on the allocation
of natural vegetation. Between 2000 and 2014, green water scarcity was at least “within sustainable
limits” (WSg < 0.50) when considering the bottom-up approach, moving closer to “threat” conditions
(0.5 < WS¢ < 1) in the top-down approach (Figure 4). In 2030 and 2050, green water scarcity values
increased to 1.1 in the BAU-2050 scenario considering 35% of natural vegetation allocated to the
basin, and beyond 1.2 when allocation increased to 50% and 80%. In the same time period, the GOV
scenario maintained WSg < 1 with a 50% allocation to natural vegetation, but moved to “unsustainable
conditions” in both 2030 and 2050 when allocating 80% of the basin allocated to natural vegetation
(Figure 4).

2050 | 1 GOV

()]
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RCP8.5
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Figure 4. Annual blue (WSg) and green (WSg) water scarcities for the Xingu Basin of Mato Grosso
in 2000 and 2014 hydrologic years, business-as-usual (BAU) and governance (GOV) deforestation
scenarios considering Representative Concentration Pathways (RCP 4.5 and 8.5 W m~2) (Table 1).
Values of WSg were obtained assuming that 35%, 50%, and 80% natural vegetation cover in the basin
was maintained as described in the text.

4. Discussion

4.1. Agricultural Development and Water Resources

Agriculture was found to be the largest contributor to the total blue WF in the basin, with livestock
water consumption for drinking and from reservoir evaporation representing the largest component.
Water allocated to livestock production systems in 2014 was equivalent to the consumption of
2.3 million people connected to the municipal system. Animal population in the basin was historically
led by cattle, but pig and chicken production have increased in recent years [16], effectively increasing
water consumption and the water supply needed for production. Chickens and pigs are typically
raised in confined facilities in Mato Grosso and, therefore, rely on surface or groundwater pumped
for drinking water. In contrast, cattle in Mato Grosso rely on small reservoirs whose evaporation
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constitutes more than half of agricultural blue water consumption. Some of these reservoirs are
constructed from impoundments of small streams, which contribute to stream warming with potential
effects on stream chemistry [29] and hydrologic connectivity [56]. The regional effects of these
reservoirs on hydrology remain relatively unexplored in Southern Amazonia.

The replacement of natural vegetation by cropland and pasture was illustrated by an increase
in green water appropriation in the basin. We report a decline in pasture area in 2014 compared to
2000, which, when combined with increasing cattle population, led to an increase in cattle density
(0.57 cattle ha=! in 2001 to 0.97 cattle ha~! in 2015), following general trends in the state of Mato
Grosso [40]. The replacement of deep rooted natural vegetation with shallow-rooted crops and
pasture affects radiation partitioning by decreasing latent heat and increasing sensible heat fluxes [15].
These changes in radiation partitioning have important consequences on surface temperatures.
Silvério et al. [9] showed that cropland and pasture surface temperatures in the XBMT were 6.4 °C and
4.3 °C greater than forests. As a result, deforestation between 2000 and 2010 led to an average basin
temperature increase of 0.3 °C on top of the 1.7 °C increase that had occurred because of deforestation
prior to 2000 [9]. The Xingu Indigenous Park located in the heart of the basin (Figure 1) showed surface
temperatures 3 °C lower inside the protected area compared to the rest of the basin [57]. Such effects
illustrate the importance of maintaining natural forest cover.

Water consumption in future agricultural production varied substantially based on the conditions
of production, which include land expansion and intensification. Our evaluation of two agricultural
expansion scenarios highlights the extent of future green water appropriation from rain-fed agriculture
which carries consequences for the carbon and water cycles [37]. Agricultural intensification for both
crops and livestock requires either more efficient use of green water on current land, a reallocation of
green water resources for production (e.g., cropland expansion into pasture), additional blue water
consumption from irrigation, or a combination of the above [15]. Under current production practices,
the onset of the wet season dictates when (or if) a second crop (typically maize) could be planted [39,58].
Farmers may plant soybean earlier in the season (e.g., in September) and irrigate fields until the onset
of the wet season (e.g., approximately 16 October 2007 in the basin [58]) to allow for earlier planting
and harvesting of maize, and the potential success of two crops. Under this strategy, farmers could also
add a third irrigated dry season crop (e.g., bean) leading to additional blue water consumption [40].

Similarly, future cattle production may include additional confinement as a strategy to free pasture
for cropland expansion. A larger cattle population means greater appropriation of both green water
(through feed) and blue water (through drinking, small farm reservoirs, cleaning of pens, etc.) [40].
Confinement could also move towards the use of blue water sources other than those stored in small
farm reservoirs (e.g., groundwater), in which case the total blue WF of cattle could drop. However, this
apparent efficiency has to be assessed considering the use of reservoirs in the long term, or their possible
decommissioning or alternative use in other production systems (e.g., as irrigation). Potential water
savings through efficiencies in the cattle production system (e.g., reservoir evaporation management)
could also reduce the blue WF of cattle to allow greater water availability downstream [40,59].

Since 2000, the state of Mato Grosso increased meat production for both domestic consumption
and international exports. The amount of water used for production is therefore virtually transferred
to consumers within and outside of Brazil [60] (80% of Brazilian production is consumed within the
country according to the Bovine Support Fund (FABOV as the Portuguese acronym) [61]). Between 2000
and 2014, Mato Grosso meat exports rose from 27,000 tons to 387,000 tons [62], thereby increasing
the amount of water consumed regionally for foreign export, along with soybean commodities [37].
For instance, 27% of Europe’s virtual water imports between 2006 and 2015 came from soybean
trade [63].

The selection of future production systems proposed through our scenarios can therefore
change the resource appropriation for regional production, which already carries nutrient and
carbon footprints that can be allocated to consumers [37]. This connection between consumption
and production centers has inspired demand-side management of water use through the supply
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chain. For instance, Vanham et al. [64] estimated the WF of different European diets and their
implications for water resources. Supply chain interventions in the region have been motivated by
deforestation and climate change implications though both the “Soybean Moratorium” or the “Cattle
Agreement” [65], but could also include water resources given the close link between land and water
resources management in agricultural production systems [15].

4.2. Changes in Water Scarcity with Land and Water Management

Activities in the basin through present day were found to be within blue water sustainable
limits. Green water resources, however, were within sustainable limits under specific conditions
only. Inter-annual blue water scarcity moved closer to “moderate” under irrigation expansion and
cattle confinement, reflecting the potential vulnerability of the basin to dry season agricultural water
use. A total of 234 irrigation pivots covering almost 28,000 ha were identified in the municipalities
overlapping XBMT [66] and expansion could increase given the 10 Mha irrigation capacity estimated
for Mato Grosso [67]. Similarly, the developed reservoir capacity for cattle is a measure to ensure
continued drinking water in the dry season when animals may need more water due to meteorological
conditions [68]. This water consumed for agricultural production is then unavailable for other human
and ecosystem uses in the greater Xingu River Basin, and may affect wetlands or hydroelectric power
production [14,28]. Water rationing has already taken place as a result of drought (e.g., 2005) and
the lack of infrastructure to cope with low water levels, particularly in the Xingu Headwaters [26].
We therefore expect future water use for irrigation and cattle to also come from additional sources
(e.g., surface and groundwater sources) should water become scarce in the dry season. Consequently,
both intensification of soybean and cattle production should carefully observe the effects on future
water scarcity in the basin in agricultural management plans.

While policies have mostly focused on maintaining forest cover to protect biodiversity and reduce
greenhouse gas emissions, these policies can also play a role in maintaining sustainable water resource
use. The sustainable limits that we calculated relied on our estimate of water availability (WAg, WAG)
which depended in turn on the interaction of land and water management initiatives. We found
that natural runoff (i.e., runoff without any consumption activity, affecting WAg) would change in
2030 and 2050 as a result of deforestation and climate change, while total land ET (affecting WAG)
responded directly to the allocation of land to natural vegetation cover, with a feedback on natural
runoff. Changes in the natural runoff resulting from deforestation and climate change have already
been measured in the region. For example, the 15% forest cover loss between 1971 and 2010 in the
Xingu River Basin led to a 6% increase in runoff, while climate variability led to a 2% decrease in
precipitation and 14% decrease in runoff [28]. Groundwater is known to act as a buffer in the basin,
particularly in the dry season when runoff could diminish due to an extended dry season ET [69].
Changes in water availability can therefore be affected by the amount of deforestation in the basin
represented by the BAU and GOV scenarios also guided by Brazilian Federal law.

The determination of green water scarcity assumed an increasing amount of land allocated to
natural vegetation in the basin based on natural vegetation cover mandated by the Federal Forest
Code [47]. As such, our interpretation of green water scarcity was based on the amount of vegetation
cover lost in the basin in relation to Federal thresholds, which vary by biome from 35% (Cerrado
savanna) to 80% (Amazon forest). For instance, in 2014, green water scarcity was within “threat”
conditions when allocating 80% of the basin to natural vegetation (based on ET in the 2000 hydrologic
year as described in Section 2.3.3). These “threat” conditions mean that from the total amount of
green water available in the XBMT (represented by total ET, ETt), the amount that could be put to
use for agricultural production approached the limits mandated by the retention of natural vegetation
cover (80%). Even in a restrictive deforestation scenario (GOV), green water appropriation would
be unsustainable unless the policy goal for natural vegetation cover were reduced from 80% to 50%,
in which case the basin’s green water scarcity changes from “unsustainable” to “threat” conditions.
The XBMT is located within the Amazon and Cerrado biomes, which have different mandatory levels
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of natural vegetation cover based on whether a property was within the Cerrado (35%), Amazon
(80%), or the transition zone between the two (50%). We therefore conclude, that future green water
appropriation will, at best, remain under “threat” conditions considering both a restrictive deforestation
scenario (GOV) and a 50% natural vegetation cover. This analysis, however, does not include potential
indirect land use change that might occur outside the limits of the basin [2,39,70].

The increase in green water appropriation by cropland and pasture from natural vegetation
through agricultural extensification, was previously observed in the basin [9], at the Mato Grosso
state level [10], and the Cerrado [3]. These studies show that land use change can impact the water
cycle by returning less water vapor to the atmosphere when compared to natural vegetation with a
potential reduction on regional precipitation [71,72]. Regional precipitation is sourced from green water
resources as opposed to ocean evaporation [73], such that land use change may, in turn, affect water
availability within and outside the basin [11-13,74]. This so-called “moisture recycling”, however,
is also expected to be affected by the expansion of irrigation practices which could transfer additional
water vapor to the atmosphere in the dry season when regional recycling is enhanced [75].

4.3. Response Formulation and Study Limitations

Our scenarios represent two possible agricultural production options [15] considering agriculture
remains the largest water consumer in the basin. These options reflected whether agricultural
intensification relied on cropland expansion into pasture (the Green Option), or whether cropping
frequency and livestock confinement becomes more widespread in the future (the Blue Option)
(Table 2). Further appropriation of green water from either natural vegetation or pasture depends on
land use policies and incentives (e.g., Federal Forest Code, Protective Areas, etc.), while blue water
use depends on water management, which has generally focused on human rather than ecosystem
requirements [14]. Both options have consequences for future water availability: continued reduction
in natural vegetation cover, which is accompanied by reduced water vapor supply to the atmosphere
could also affect terrestrial ecosystems that rely on precipitation for ecosystem functioning [15], while
dry season water consumed in intensified livestock and irrigation systems could impact aquatic
ecosystems downstream.

Regional water resources planning requires that connectivity of the water cycle among basins
and biomes be maintained in order to secure future water availability within the basin and beyond.
Water resources management options should consider upstream rain-fed agriculture and small farm
reservoirs and their effects on downstream hydroelectric power. Currently, large hydropower dams
(>10 MW) require environmental licenses and impact assessment studies, while smaller dams do
not [14], suggesting possible conflicts between up- and downstream water uses. As 22% and
48% of evaporation in the Xingu and Amazon Basins, respectively, return to the same basins as
precipitation [76,77], land and water management in a basin should go beyond its physical boundary.
So far, effects of land use change on moisture recycling has been absent in water management, in part,
due to the difficulty to connect precipitation source and sink regions in governance [78].

Water management strategies should also include green and blue water resource use efficiency
gains at the field level. For instance, small farm reservoir management should strive to reduce total
evaporation [15,59], especially when combining livestock confinement with the widespread use of
irrigation for soybean planted at the end of the dry season (as described in our Blue Option). Moreover,
green water use should attempt to improve transpiration over evaporation [15], while irrigation should
be used efficiently. These actions depend on each individual farmer, their production systems, and the
available training for capacity building of such options. For instance, the recent increase of cattle
density on the current pastureland relied on increased pasture productivity with the potential to
reduce the amount of water for feed [40]. However, such an initiative has been difficult to implement
in the region [79], and the financial returns of increased cattle density still depend strongly on price
fluctuations in the beef market [80].
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Our study focused on environmental aspects related to water quantity, not social nor economic
implications of water consumption, nor the effects of water quality on scarcity through the grey WE.
As the largest water consuming sector in the basin, agriculture likely carries the greatest impacts
both socially and economically. Some studies have made strong connections between agricultural
development and human and economic development [5,81]. The effects on water quality resulting
from widespread fertilizer application in the XBMT have been inconclusive thus far with respect to
eutrophication [82], while few studies have investigated the effects of pesticides on water quality in
Southern Amazonia [81]. The increase in livestock confinement for both swine and chicken production
suggest additional on-farm waste management, which could also affect water quality and were not
considered in this study.

Results of this study relied on the accuracy of the IBIS model to represent the water cycle from
land use maps. Our bottom-up approach relied on maps obtained from Landsat imagery which were
used to infer runoff, and ET using average land use system values derived from previously published
results. The derived runoff and ET results were used exclusively for the 2000-2001 and 2014-2015
period and were close to the observations (see Supplemental Material). Our top-down approach used
for the 2030-2031 and 2050-2051 periods relied on the assumption that cropland and pasture ET were
equal. Cropland and pasture ET can differ by almost 100 mm (see Table S1) suggesting a potential
overestimation of agricultural land ET (Figure S4). A reduction in agricultural ET would increase the
estimated runoff and decrease agricultural green water consumption. These changes would have a
small effect on our annual blue water scarcity values, and limited effect on our green water scarcity
values which were more sensitive to the allocation of ET to natural vegetation (ETrnv)-

Table 2. Summary of effects and responses for two agricultural production options focused on
production intensification in the Xingu Basin of Mato Grosso.

. The Green Option The Blue Option
Description
Crops Cattle Crops Cattle
Strate Increase production by Intensify production on Increase crop frequency Intensify production
&Y increasing cropped area  current land (triple cropping) through confinement
. Concentration of cattle . .
Expansion of crops Cropland expansion Increase confinement
Land use R on current and more .
into pastureland . into pastureland of cattle
productive pastureland
Reduce water use for a .
. N Increase small reservoir
more productive pasture; Use irrigation for early capacity: Supplemental
Reallocate water from Feed sourced off-farm soybean planting and p .ty, PP
Water use drinking from surface

cattle to cropland (virtual water transfers);
Increase small

reservoir capacity

include a dry season

A and groundwater in
irrigated crop

confined systems

Effects on blue
water use and
scarcity

Blue water consumption increases with animal
population, reservoir evaporation and groundwater
use, but remains within sustainable limits

Blue water consumption approaches sustainable
limits in the dry season with potential effects on
downstream water availability

Effects on green
water use and
scarcity

Green water use increases for crops and decreases for
pasture keeping green water scarcity constant; Green
water availability may change in the long-term due
to local (land use) and global (CO; emissions) climate
change and additional evaporation from farm
reservoirs increase water vapor flows to the
atmosphere; Changes in precipitation affect blue and
green water availability in- and outside the basin.

Green water use increases for crops and decreases for
pasture keeping green water scarcity constant; Green
water availability may change in the long-term due
to local (land use) and global (CO; emissions) climate
change but additional ET from crop irrigation and
farm reservoirs increase water vapor flows to the
atmosphere; Changes in precipitation affect blue and
green water availability in- and outside the basin.

Water management
considerations

Improve efficiency of blue water use, especially the
reduction of evaporation from farm reservoirs;
Consider effects of land (precipitation and runoff)
beyond the basin; Integrate land and water policies.

Improve efficiencies in blue water use for irrigation
and confined livestock; Groundwater management or
the use of old farm reservoirs could be used without
affecting runoff; Consider effects of land use on water
availability, especially the effects of additional water
vapor supply to the atmosphere.

Our results used IBIS to infer natural runoff under deforestation and climate change scenarios,
which do not include the feedbacks of water consumption activities. First, blue water scarcity values
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were estimated based on the appropriation of runoff as the blue water source. The currently reported
XBMT water use is made up of only 20% of surface water with the remainder coming from deep
and shallow wells [26]. We therefore expect future dry season blue water scarcity limits to take
longer to reach as a result of groundwater extraction in the case of soybean irrigation and cattle
confinement. Groundwater in Southeastern Amazonia is deep and known to also feed streams in
the Xingu Headwaters [83,84]. Therefore, the effects of extensive groundwater extraction could only
partially contribute to blue water scarcity, unlike other regions [85]. Our results, however, are still
expected to represent a general trend towards greater water scarcity given the large contribution of
drinking water for cattle and evaporation from small farm reservoirs which was entirely attributed to
surface water.

In this case we also expect groundwater storage to act as a blue water source available to alleviate
agricultural water demand in cases of domestic, industrial consumption and additional demand from
confined livestock and irrigated agriculture which merit further investigation. It is important to note
that the inter-annual water scarcity values were based on 3-month means of natural runoff obtained
from IBIS, which we found to be close to observed values between September and November when
blue water scarcity was its greatest in 2050.

Moisture recycling feedbacks resulting from reduced vegetation cover and an expanding small
farm reservoir network were not included in our estimate of both long-term green and blue water
availability and, therefore, water scarcity indicators. A reduction in precipitation as a result of land
use change would reduce green water availability in the basin and therefore increase the magnitudes
of our estimates towards more unsustainable limits. Similarly, reduced precipitation in the basin can
further affect runoff at the regional scale [14], thereby increasing blue water scarcity as estimated here.
Both of these limitations, therefore suggest that our results represent mainly a conservative estimate of
the effects described in this study.

5. Conclusions

The application of the WFSA revealed the importance of the agricultural sector for future land
and water management initiatives in the XBMT. Our study has also provided an important case for
estimating blue and green water scarcities in the context of land use change, climate change and
agricultural production scenarios. Agricultural expansion between 2000 and 2015 led to conditions
under which green water scarcity moved towards “threat” conditions, while blue water resources
remained within sustainable limits. The evaluation of two water resource use options for agricultural
intensification confirmed the importance of land use policies in further reducing deforestation as a
driver for intensifying agricultural production in the basin. Future cropland expansion can rely on
further green water appropriation by expanding onto pasture, while cattle confinement and cropland
irrigation for increased cropping frequency have the potential of bringing the basin towards dry season
sustainable limits. Future studies should consider the role of small farm reservoirs and irrigation in
the water cycle to identify their importance for regional groundwater storage, downstream blue water
availability, and also for large scale moisture recycling and the atmospheric water balance.
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Table S3: Urban, rural, industrial worker population and domestic and industrial blue water demand, Table S54:
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