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Abstract: Management practices reputed to be the best are being introduced widely in the agricultural
sector. The identification of what these best management practices are for a given cultivation area
requires thorough assessment, using indicators that reduce the risk of unintended impacts and that
help manage environmental and economic trade-offs. We propose an integrated assessment that
includes two indicators in water footprint sustainability assessment: water apparent productivity and
ecosystem services value, thereby considering the trade-offs in the two ecosystem services of water
provisioning and erosion potential. The approach was tested in Mogí-Guaçú Pardo (Brazil), a basin
that has been subjected to intensive land-use changes through the expansion of sugarcane plantations.
Here, regulatory changes have also promoted the introduction of the new management practice of
mechanised harvesting, thereby phasing out the practice of burning the fields before manual harvest.
A probabilistic approach was applied to account for uncertainty in model parameters. The results
reveal that sugarcane has a comparably high economic value but is a less efficient land-use type from
a water-use perspective. The total green and blue water footprint in the basin increased by 12% from
2000 to 2012, mainly due to the increase in sugarcane area (+36%). The intensification in sugarcane
harvesting practices led to improved economic water-use efficiency and also lowered erosion costs.
Adding the new indicators and considering trade-offs linked to new management practices and/or
land-use changes allow for more robust decision making.

Keywords: agricultural management; land-use change; water apparent productivity; economic
efficiency; ecosystem services; water footprint; sugarcane; Brazil

1. Introduction

Growth in food and agricultural production has been achieved mainly by extending
and improving irrigation, increasing agricultural inputs, land expansion, and productivity
increases through improved crop varieties [1,2]. However, in many regions the potential
for irrigation expansion without threatening environmental sustainability is limited [1]. As
the planetary boundary for land-system change is in the ‘increasing risk zone’ [3], further
extensions of rainfed agriculture may also be limited. Therefore, further improving land
and water productivity is required to increase agricultural production without exceeding
natural limits and to curb the ability of ecosystems to support human activities by affecting
the water system [2,4]. There is a growing consensus regarding the need to create land
systems that increase the value of the services provided [5].

In support of addressing these challenges, Hoekstra and Hung [6] introduced the
water footprint concept, which provides a means to evaluate the appropriation of water
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resources for human activities. Next to assessments of water use for different sectors
and at different spatial scales [7–11], or to specifically contrast water use and surface and
groundwater availability [12–15], this indicator has also been used to evaluate the physical
and economic productivity of water use, to both assess the efficiency of water usage
in specific production systems [16,17] and to inform the discussion on water allocation
between different uses [10,18–20].

Agriculture and forestry are multifunctional activities with direct and indirect effects on
natural processes and various social groups. These processes and effects often lead to trade-offs
between provision and regulation or to supporting ecosystem services (ES) [5,21]. Therefore,
a valuation of water resources is more complete if these relations are considered [22]. Both
the developments in crop management practices and land-use changes have implications
for the hydrological cycle, as they lead to different partitioning between infiltration and
runoff or to decreased/increased soil moisture [23]. Related to these variables, natural
processes such as erosion and sediment transport, nutrient leaching, and accumulation
of agrochemicals may be altered. Such effects aggregated over a river basin can modify
peak and low flow levels and water quality [24,25], thereby not only potentially affecting
blue water resources but also green water availability. Green water is defined as the
water stored in the soil and used by vegetation, in particular natural vegetation and
rainfed crop production [26]. It is connected to the rest of the hydrological cycle through
surface/subsurface runoff and groundwater recharge. Agricultural water management
and productivity evaluations need to take this resource into account (ibid.). The economic
value of green water is closely linked to existing land use, and in this regard its opportunity
cost is at least that of the land use [18,27].

The concept of ecosystem services, defined as “benefits people obtain from ecosys-
tems” [5,28], has been applied to land uses such as agriculture [29,30]. Ecosystem services
valuation is a measure of the economic benefits obtained by human beings through the
environmental functions linked to an activity, and it has been proposed as a tool for the
recognition and inclusion of these benefits into the economic system and decision mak-
ing [31]. This allows for the inclusion and valuation of unaccounted effects of land use
change [29,32]. Grizetti et al. [33] make a case for use of the ES valuation and the in-
clusion of all hidden benefits of aquatic ecosystems in river basin management plans.
Ellison et al. [34] encourage setting the analysis of the hydrological functions of forests as
a priority in conservation policy and decision making. Tadeu [35] carried out an analysis
of the growth of eucalyptus plantations over pastures and compared both uses to natural
areas in terms of water balance, water footprint, and ecosystem services. Tadeu found that
evapotranspiration (ET) and water provisioning services were similar among the three
uses, and the pressure on the water quality of eucalyptus led to potential negative effects
in the basin in the case of the substitution of natural areas by eucalyptus. In the work by
Quinteiro et al. [36], the impacts on both green water flows and on reductions in blue water
production caused by green water deficits due to land-use change were investigated. These
authors conclude that different impacts on green water flows and on blue water production
are obtained, depending on the alternative reference land use.

The review paper by Bordonal et al. [37] provides a comprehensive summary of state-
of-the-art and main advances made in the sugarcane sector in Brazil. It addresses major
environmental impacts and calls for the best management practices as a research priority.
However, it lacks an assessment from an economic point of view. El Chami et al. [38], in
their review of the impacts of sugarcane production on ecosystem services and human
well-being, point out that the literature that was studied failed to include inter-linkage in
the effects of sugarcane production and therefore failed to evaluate ecosystem services and
account for existing trade-offs. We hypothesise that there is a clear necessity to not only
include physical efficiency and water economic valuation in the evaluation of water use
in a river basin but also to analyse the ES provided by them. This allows for a broader
perspective on the social gains from land and water use for different land uses. We
therefore add two indicators, water apparent productivity and ecosystem services value,
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to the water footprint concept. To demonstrate the use of the additional information that
these indicators provide, this paper addresses the effects of past sugarcane developments
in Brazil, specifically mechanisation and land-use changes that occurred at the river basin
scale, on the efficiency of water use. The analysis is performed in a case study in the Mogí-
Guaçú Pardo river basin in São Paulo in the state of Brazil, for the period 2000–2012. This
period reflects strong transitions in land use and land management as well as regulatory
changes in the region. This is a situation in which the economic value of agricultural
production can increase, but at the same time, the ecosystem service value can decrease, or
vice versa.

The Water Footprint Assessment (WFA) framework developed by Hoekstra et al. [39]
provides the conceptual basis for the developments introduced here. In terms of economic
sustainability, the WFA framework states that “water needs to be allocated and used in
an economically efficient way. The benefits of a (green, blue or grey) water footprint that
results from using water for a certain purpose should outweigh the full cost associated
with this water footprint, including externalities, opportunity costs and a scarcity rent. If
this is not the case, the water footprint is unsustainable”. The aim of this study is to use
additional indicators—water provisioning and erosion costs—to evaluate sugarcane water
productivity in relation to the main land uses in terms of economic value and ecosystem
services generated, calculated as a function of vegetation evapotranspiration and its green
and blue water footprint. The goal is to provide decision makers with an option to further
increase the robustness of the decision-making process by employing integrated water
footprints, ecosystem services, and economic assessments.

2. Methods and Data
2.1. Case Study Area

The study region is the São Paulo (SP) state segment of the Mogí-Guaçú Pardo (MGP)
river basin in Brazil (see Figure 1). In the last few decades, sugarcane production in
SP underwent a process of intensification. Fields were traditionally set on fire to ease
manual harvesting. This raised concerns about medical, toxicological, and environmental
impacts [40,41]. The alternative is mechanical harvesting, which leaves crop straw on the
field. The sugarcane sector implemented a state regulation on sugarcane burning (Etanol
verde, [42]), and even committed to move beyond the proposed goals [43]. Through this
commitment, the sugar–ethanol sector pledged to gradually phase out burning by 2014
in more suitable areas for mechanical harvesting and by 2017 in the remaining areas. As
part of its commitment, the sector also pledged to protect natural riparian areas, and
to introduce measures to reduce erosion. Rudorff et al. [43] regarded the commitment
as successful by the year 2008, when over 50% of the areas suitable for mechanisation
had already abandoned burning practices. Based on CANASAT data, in 2012, 72.6% of
sugarcane harvested area in the SP state was mechanically harvested (CANASAT project,
see [44]).

The change in sugarcane harvesting from straw burning to mechanical harvesting has
effects on the amount of straw left on the field [45] and consequently on the soil’s chemi-
cal [40] and physical properties. This results in lower erosion rates and higher infiltration
rates [46,47]. The degree of straw cover after a harvest is one of the determining factors in
preventing erosion. Reported values of sugarcane erosion rates show great variability [48].
The literature reports average values from 2 t ha−1 [49] to 20 t ha−1 [50] for mechanical
harvesting, and erosion rates of 4 t ha−1 [49] to 279 t ha−1 [50]. Andrade et al. [46], in a
study carried out in the Araras municipality in the Mogí-Guaçú Pardo (MGP) river basin,
report average values of 4 t ha−1 for mechanical harvesting and 14 t ha−1 for manual
harvesting with burning.
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Figure 1. Mogí-Guaçú Pardo (MGP) river basin and average sugarcane area in percent per 
municipality for the time period 2000–2012 (Data source [51]). 

Data on area per land use as well as on crop and animal production per municipality 
were obtained from the database of the Institute of Agricultural Economy (IEA) of the São 
Paulo State Agriculture Secretariat database [51]. Figure 2 shows the average areas per 
land use in the MGP river basin for the years 2000 and 2012. Sugarcane is the main land 
use in the MGP river basin, followed by pastures, annual crops, and, to a lesser extent, 
natural areas (Figure 2). Agriculture is concentrated mostly in the northern part of the 
basin, where municipalities dedicate 60–80% of their area to sugarcane, the remaining area 
being devoted to annual crops (corn, soybeans, beans, and sorghum, including a small 
share of irrigated area), orange orchards, and pastures. Other minor land uses have not 
been considered. In the study period (2000–2012), sugarcane area has grown 36% at the 
basin level, whereas pasture areas have diminished by 23% and annual crops (corn, 
sorghum, soybeans, and groundnuts) have diminished by 33%. This transition has been 
the main land use change in the MGP between 2000 and 2012. 

 
Figure 2. Main cultivated areas per land-use type for the years 2000 and 2012 in the MGP river basin 
(Data source [51]). Other minor land uses in the area not considered. 

Figure 1. Mogí-Guaçú Pardo (MGP) river basin and average sugarcane area in percent per municipal-
ity for the time period 2000–2012 (Data source [51]).

Data on area per land use as well as on crop and animal production per municipality
were obtained from the database of the Institute of Agricultural Economy (IEA) of the São
Paulo State Agriculture Secretariat database [51]. Figure 2 shows the average areas per
land use in the MGP river basin for the years 2000 and 2012. Sugarcane is the main land
use in the MGP river basin, followed by pastures, annual crops, and, to a lesser extent,
natural areas (Figure 2). Agriculture is concentrated mostly in the northern part of the basin,
where municipalities dedicate 60–80% of their area to sugarcane, the remaining area being
devoted to annual crops (corn, soybeans, beans, and sorghum, including a small share
of irrigated area), orange orchards, and pastures. Other minor land uses have not been
considered. In the study period (2000–2012), sugarcane area has grown 36% at the basin
level, whereas pasture areas have diminished by 23% and annual crops (corn, sorghum,
soybeans, and groundnuts) have diminished by 33%. This transition has been the main
land use change in the MGP between 2000 and 2012.
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With respect to annual crops, in this region two harvests per year can be achieved,
but over the period of investigation, second harvests have decreased from 50% to 38%.
More steep areas to the east of the basin present a varied mosaic of pastures, natural
areas, eucalyptus, and coffee plantations. Eucalyptus and coffee plantations have slightly
grown in area by 6% and 7%, respectively. Orange orchards have declined at the basin
level by 22%. The share of natural land has increased, growing from 187,237 ha in 2000
to 277,008 ha in 2012 (7.7% to 10.6%, respectively) [51]. The basin encompasses the two
most relevant biomes of southeastern Brazil: the tropical humid forest (the Mata atlántica)
and the savannah-like areas with a marked dry season (locally called Cerrado), which in
some places are substituted by semi-deciduous dry land forests (also called Cerradão).
The growth in the natural land in Mata atlántica areas was up to 86%, whereas Cerrado
areas have remained stable, and Cerradão increased from 50,205 ha to 56,690 ha from 2000
to 2012.

As for the development of sugarcane mechanical harvesting, in the MGP river basin, a
total of 881,529 ha was manually harvested in the year 2000—93% of the total sugarcane
area—whereas in the year 2012 this number had decreased to 394,674 ha, or 30%. Data
for the municipal share of manual or mechanical harvesting were obtained from the
CANASAT project [44]. The change is not distributed homogeneously throughout the
basin. Areas where mechanisation is difficult (i.e., the steeper areas in the southwest of the
river basin) show lower productivities, thereby affecting farm profitability and investment
in mechanisation and subsequently leading to land abandonment and restoration of natural
areas [43].

2.2. Methodology

We introduce two additional elements, water apparent productivity and ecosystem
services valuation, into the sustainability assessment phase of WFA to further increase the
robustness of the assessment of the efficient use of water.

In the accounting phase and focusing on the water consumption in production, the
green and blue water footprints of the selected land uses in the basin are calculated as well
as the value of the ES generated for each land-use type. In the sustainability assessment
phase, the efficiency of water use for sugarcane production is assessed by comparing the
economic and ES value generated and by relating it to the main land uses of the basin.
This is achieved through the evaluation of the water apparent productivity (USD m−3) and
complementing it with the results of the ES valuation per unit of land and water (Figure 3).
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It must be noted that this study covers the period 2000–2012, (a time period reflective
of a strong transition in land use and management, and regulatory change) specifically
chosen to demonstrate the usefulness of the added sustainability assessment indicators.

In the water footprint accounting phase, the water footprint per unit of land use is
calculated by estimating green (i.e., rainfall stored in the soil matrix) and blue (i.e., surface
and groundwater) water consumption per unit of area of each land use (m3 ha−1). Data to
determine blue and green water consumption per crop according to Allen et al. [52] were
assembled from various sources. Data on crop coefficient values (Kc) were obtained from
Allen et al. [52]. Climate data at the municipal level were obtained from Rolim et al. [53]
and Sentelhas et al. [54]. Sugarcane is partly irrigated, whereby fertigation is practised.
Fertigation was estimated based on the plant’s K2O needs of 135 kg/ha [55]. It was assumed
that 33% of the cultivated area was fertigated with vinasse [55], according to the potassium
fertilisation needs of sugarcane.

In the case of eucalyptus, tropical areas, or savannah-like Cerrados, the method
of Allen et al. [52] is not applicable. The literature provides a varied range of water
consumption relative to precipitation and reference evapotranspiration (ETo) for these
land uses. In the case of pastures, there is high uncertainty in the estimation of the
water consumption using values from [52]. For this reason, we used the semi-empirical
approach proposed by Zhang et al. [56] to estimate the water consumption of these land
uses (Equation (1)).

ETi,m = Pm ×

 1 + ωi ×
ETo,m

Pm(
1 + ωi ×

ETo,m
Pm

)
+
(

Pm
ETo,m

)
, (1)

where ETi,m is evapotranspiration (mm year−1) per land use i and municipality m; Pm is the
annual precipitation (mm year−1) per municipality m; ETo,m is the reference evapotranspi-
ration per land use i and municipality m (mm year−1); and ωi is the non-dimensional water
availability factor per land use i, which is equivalent to the crop water coefficient proposed
by Allen et al. [52] and whose value varies from one plant species to another depending on
its physiology and plant architecture [56].

The result of the evapotranspiration thus calculated is largely dependent on the
selection of the water availability coefficient ω, a non-dimensional factor describing the
ability of each type of vegetation to use water available in the soil. In this work we
considered the high variability and uncertainty in the estimation of water consumption in
pastures, eucalyptus plantations, and natural areas by using a probabilistic approach for
this factor, which allows the building of a continuous probability distribution for ET.

In the sustainability assessment phase, we introduced two indicators. The first indica-
tor is the economic sustainability component of sugarcane, which is measured in relative
terms, comparing the sugarcane economic value of water to other land uses in the river
basin. The economic value of water is reflected here by the water apparent productivity
(WAP), estimated as the market price of production (USD t−1) divided by the total green
and blue water footprint per land use.

WAPi, y,m =
Prodi,y × Pri,y

WFi,y,m
, (2)

where WAPi,y,m is the water apparent productivity (USD m−3) per land use i, municipality
m, and year y; Prodi,y is the annual production (t ha−1) per land use i and year y; Pri,y is
the price per product; and WFi,y,m is the water consumption (green plus blue) per land
use i, municipality m, (m3 ha−1 year−1) and year y. The economic value of the production
with respect to the different land uses is calculated by multiplying the production per ha
(t ha−1) with the market price of production (USD t−1). Eucalyptus plantations were valued
based on prices given by the National Statistics Institute [57] on wood as well as on wood
for cellulose production. To estimate eucalyptus wood productivity, the national average
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data (2008–2011) provided by the Brazilian Association of Forestry Sector Producers for
eucalyptus plantations were used and projected to the remaining years [58]. Pasture areas
were assessed by dividing the value of bovine meat and milk per municipality, among
the natural and managed pastures and fodder crop areas. Data on prices for animal and
crop products were obtained from the IEA price database [51]. No economic value was
associated with natural areas.

The second indicator is ecosystem services valuation, which is a two-step procedure:
estimation of the biophysical dimension (the amount of service provided) and a valuation
thereof. In the present study we quantified, in biophysical and economic terms, the capacity
of the different land uses of the MGP to supply two key water-related services: water
provisioning and soil erosion. Among the range of ES that agricultural areas, forests, and
natural areas contribute to the water cycle and water management, the ones prioritised in
this work are those that more directly affect water management for downstream users, and
in particular the water supply for people and production.

Water provisioning by land use is estimated as a measure of the potential for runoff
generation. Following the InVEST methodology [59], the economic value of water provi-
sioning is determined as

WPSi,m,y = (1 −
WFi,m,y

Pm,y
)× Pm,y × Ai,m,y × Pw, (3)

where WPSi,m,y is the economic value of water provisioning per land use i, year y, and munici-
pality m (USD year−1); WFi,m,y is the WF (either green or blue plus green) (m3 ha−1 year−1)
and Pm is the annual precipitation (mm year−1); Ai,m,y is the area per land use, municipality,
and year (ha); and Pw is the price of water. Pw is represented as a random variable as well in
order to cover the full range of water prices as provided by the São Paulo state, an average
of 0.01–0.033 USD/m3, which is the range of water prices indicated in the legislation for
water abstraction and consumption.

The effect of erosion is analysed both in terms of the economic cost treatment of
suspended solids in water supply plants and of sediment dredging to prevent reservoir
silting up downstream, following [60].

ECi,m,y =
(
Cturbi,m,y + Cdredi,m,y

)
× Ai,m,y, (4)

where ECi,m,y are the erosion costs per land use i, year y, and municipality m (USD year−1);
Cturbi,m,y is the cost of the treatment of water turbidity associated to erosion; and Cdredi,m,y

the cost of sediment removal per land use i, year y, and municipality m (USD year−1).
The costs associated with the generation of turbidity are estimated according to de Sousa
Jr. [60] and are based on the calculation of the fraction of eroded material that is carried by
surface waters as suspended solids and on the costs of treating the resulting river turbidity
to reach drinking water standards, using a series of empirical models from Teixeira and
Senhorelo [61]. Potential suspended solid generation is defined as a function of soil loss,
sediment generation fraction, and potential runoff. Potential runoff per land use and
municipality was estimated with Equation (3). Soil loss was estimated as the erosion rate.
Sediment generation rate is a parameter reflecting the amount of sediment in water flows
generated from soil erosion in a river basin. A range of values from 0.12 to 0.75 with an
average of 0.13, as reported by Chaves [62], was used in the present study.

In a similar way, the costs of sediment dredging in downstream reservoirs are a
function of soil loss, sediment generation rate, and unit costs of sediment removal. The
costs of sediment dredging that was used follow the indication of de Sousa Jr. [60] of a
range from 6.7 to 20 USD t−1 of sediment with an average of 16.7 USD t−1.

Erosion rates per land use (t ha−1) were obtained from the literature review performed
by Anache et al. [63] for all the land uses except for sugarcane. For sugarcane, a literature
review of potential erosion rates per harvesting method was performed. Data on the



Water 2022, 14, 1072 8 of 18

percentage of sugarcane harvested mechanically per municipality was obtained from
Aguiar et al. [44].

To show the results of the ES value generated in terms of water use, we employed the
concept of ES value per unit of water as the relation between ES value generated to the
water footprint, which has been calculated as

ESWPi,m,y, c =
WPSi,m,y − ECi,m,y, c

WFi,y,m
, (5)

where ESWPi,m,y is the ES value per unit of water per land use i, year y, and municipality m
as well as the erosion rate level in the case of sugarcane (USD m−3). Since erosion effects
are considered a cost instead of a benefit, their valuation is negative.

We randomised selected variables by defining a continuous probability distribution,
fitting the literature’s values per land use, and then we modelled the results in a Monte
Carlo analysis. A summary of the probabilistic variables used is shown in Table A1
in Appendix A. Water availability factor (ω) distributions were considered normal and
parametrised, and therefore the resulting ET values fit the literature’s values. In the case of
pasture areas, we distinguished between managed and natural pastures and adjusted ω,
and therefore the average could be fit the ET modelled by following Allen et al. [64] and
using the Kc values from the same publication. In the case of eucalyptus plantations and
tropical rainforest, the resulting ET followed the values reported by Salemi et al. [23] and
Almeida and Soares [65], which were 52% to 96% of precipitation. For savannah-like areas,
(Cerrado and Cerradão; open and closed savannah) the resulting ET in mm day−1 followed
the results from Giambelluca et al. [66] and Olivera et al. [67]. The best fit for erosion rates
reported by Anache et al. [63] was found to be the exponential distribution.

3. Results
3.1. Sugarcane Economic and Water Productivity

Table 1 summarises the total economic value, WF, value of water provisioning, cost
associated with erosion, and ES value per land use class in the years 2000 and 2012. Between
2000 and 2012 the total economic value generated by sugarcane production increased by
410%, from 865 to 4412 million USD. This is related to the increase in price from 13 USD t−1

to 48 USD t−1 in the period studied. As a result, WAP has increased from 0.09 USD m−3

to 0.25 USD m−3. The total blue and green WF of sugarcane also increased in parallel to
the increase in cultivated area. Although yield is another factor that can condition the WF
results and hence the WAP of crops, in this case sugarcane yields in the basin, on average
72.03 t ha−1, have shown little growth, with an average annual increase of 0.5% throughout
the period assessed.

The total ES value generated is the sum of the value of water provisioning service
and erosion costs, whereby the latter are a negative contribution. At the basin level, for
sugarcane the average value of water provisioning increased by 35%, which is linked to the
increase in cultivated area from 39.02 to 52.53 million USD year−1. The average of erosion
costs, however, has decreased by 13%, from 5.31 to 4.64 million USD year−1. As a result, the
value of ES generated in sugarcane areas has increased, both in absolute and relative terms,
throughout the period under consideration. This change is associated with a decrease in
the share of sugarcane area using burning practices and manual harvesting.

Figure 4 shows the probability distribution of the sugarcane ES value generated per
unit of water consumption considering the distribution of erosion rates. The greatest
improvement occurs in the lower end of the range. The uncertainty of the estimation
of erosion costs, understood as the difference between the 5th and 95th percentiles, has
decreased throughout the period. Average erosion rates in manual harvesting are not
only higher but also more variable than average erosion rates in mechanically harvested
sugarcane. As a result, as more area shifts from manual to mechanical harvesting, average
erosion costs tend to diminish, and the estimation shows less variability.
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Table 1. Total economic value (EV), WF, value of water provisioning (WPS), cost associated with
erosion (EC), and ES value per land use class in the years 2000 and 2012.

Land Use Class Year
Total EV Total WF Total WPS Total EC Total ES

(106 USD year−1) (106 m3 year−1) (106 USD year−1) (106 USD year−1) (106 USD year−1)

Annual crops 2000 159.35 1407 11.49 1.93 9.56
2012 496.76 516 7.95 0.90 7.05

Sugarcane 2000 864.85 9713 39.02 5.31 33.71
2012 4412.24 17,403 52.53 4.64 47.89

Coffee
2000 114.05 596 2.7 0.08 2.62
2012 515.31 823 3.39 0.09 3.30

Orange Orchards 2000 120.23 1397 9.59 0.24 9.35
2012 365.29 1481 7.43 0.18 7.25

Eucalyptus plantations 2000 24.19 934 6.42 0.05 6.37
2012 89.36 1337 7.01 0.05 6.96

Pastures
2000 176.86 5259 42.29 0.61 41.68
2012 542.07 4392 32.35 0.47 31.88

Natural Vegetation 2000 0 1620 11.59 0.01 11.58
2012 0 2939 16.95 0.01 16.94

TOTAL 2000 2000 1459.53 20,926 123.10 8.22 114.87

TOTAL 2012 2012 6421.03 28,891 127.61 6.35 121.27
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3.2. Water Productivity in the MGP River Basin

In order to understand what these developments imply for the economic impacts of
water and land-use management at the river basin level, we evaluated land uses in the
basin using the different indicators per unit of land and unit of water. Average values of
water consumption (m3 ha−1), economic value (USD ha−1), water apparent productivity
(USD ha−1), value of water provisioning (USD ha−1), erosion costs (USD ha−1), and total
value of ES (USD ha−1) per land use in the river basin for the time period 2000–2012 are
shown in Table 2.
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Table 2. The percentage share of the total land area per land use and average values of water
consumption (WF) (m3 ha−1), economic value (EV) (USD ha−1), water apparent productivity (WAP)
(USD ha−1), value of water provisioning (WPS) (USD ha−1), erosion costs (EC) (USD ha−1), and total
ES value (USD ha−1) per land use.

Land Use Class
Share of Total Area WF EV WAP WPS EC Total ES Value

(%) (m3 ha−1) (USD ha−1) (USD m−3] (USD ha−1) (USD ha−1) (USD ha−1)

Annual crops 9.4 4176 1060 0.25 36.2 4.98 31.2

Sugarcane 45.6 10,207 2047 0.20 40.7 4.93 35.8

Coffee 2.7 10,389 3326 0.32 48.9 1.37 47.5

Orange orchards 5.9 8468 1403 0.17 58.6 1.92 56.7

Eucalyptus plantations 4.4 8864 452 0.05 61.1 0.44 60.7

Pastures 22.5 8395 506 0.06 67.5 0.96 66.5

Natural vegetation 9.4 8697 0 0.00 61.5 0 61.5

The relative benefits, from a water resource perspective, in terms of economic value or
ecosystem services can be assessed using the indicators WAP and total ecosystem service
value. Coffee plantations have the highest WAP of 0.32 USD m−3 averaged over 2000–2012,
followed by annual crops (0.25 USD m−3), sugarcane (0.20 USD m−3), and orange orchards
(0.17 USD m−3). In strict economic terms, the highest returns on water consumption for the
time period 2000–2012 are linked to coffee plantations. However, WAP increased during
this time period for all land uses in line with changes in cultivated area per land use, related
water footprint, and the growth in prices (Figure 5).
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The total ES value averaged over 2000–2012 was the highest for pastures with
66.5 USD ha−1, whereas sugarcane had a value of 35.8 USD ha−1. In terms of ES value
per unit of water, pastures, natural areas, and eucalyptus plantations provide the highest
values, with an average of 0.0079 USD m−3, 0.0071 USD m−3, and 0.0069 USD m−3, re-
spectively. Despite the differences in the average values, the variability in the results does
not allow the ability to define sharp differences among these three land uses (Figure 6).
Orange orchards and annual crops have lower values than these land uses, with values
of 0.0068 USD m−3 and 0.0075 USD m−3 on average. Relative to their water consumption,
sugarcane and coffee plantations are not efficient water uses in terms of ES generation,
with 0.0035 and 0.0046 USD m−3 of ES value generated during 2000–2012, despite their
improvement over the years.
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In the case of annual crops, this result differs from the provision of ES per unit of
land in which they performed worse than all the other land uses. As modelled in the
present study, the main harvest of annual crops (mostly corn) takes place throughout the
summer, the rainy season. The second harvest (mainly soybean) happens during spring
and winter, which are drier months than the summer. Therefore, the water provisioning
service generation linked to the main crops is higher than that linked to the secondary
crops, both in terms of ES value per area and per unit of water consumed. Hence, as the
area with secondary crops decreases, the result is that, on average, annual crops show
higher water productivity values.

3.3. Economic and Environmental Consequences of Land-Use Changes in the MGP River Basin

Comparing the basin situation in the years 2000 and 2012, it can be seen that the total
economic value, WF, and the value of ES per land use class are correlated with cultivated
area development (Table 1). In addition to this, in the case of sugarcane the value of ES
per land use class is also strongly influenced by management practices. The total water
footprint for all land uses in the basin increased by 38%, from 20,926 Mm3 year−1 to
28,891 Mm3 year−1 (96% and 97% green water footprint, respectively) from 2000 to 2012
as a result of land-use changes. Key reasons for the change are the decrease in pastures
(−24%) and annual crops (−33%) together with the increase in sugarcane area (+36%).

At the river basin level, pasture areas are the main land-use type providing ES, which
is related to water provision and their low potential erosion rates. However, pasture
areas have decreased by 24%, which is reflected in the lower value of ES provided in 2012
compared to 2000. The decrease in area has been higher than the decrease in ES provisioning,
implying that this land use became more efficient in the provision of these services.

Despite the small share of the area that the natural areas represent at the river basin
level, their growth contributes to higher provisions of ES diminishing erosion problems and
its effect on water quality at the basin level. As a result of their limited relevance in terms
of area, orange orchards do not appear to be an influential land use class at the basin level.

Sugarcane is the dominant land use in the MGP river basin. Its cropping area is
increasing mostly over pasture and field crop areas. However, although sugarcane is more
profitable, it has a lower WAP than other land uses in the river basin, i.e., coffee orchards
and field crops, and all other land uses in terms of ES value per unit of water. The results
show that sugarcane is a less efficient land-use type from a water resources perspective,
despite its sharp relative improvement in terms of ES over time.

In addition to the land-use substitution effect, at the field level there have been two rel-
evant developments in the study period: the change of sugarcane to mechanised harvesting
and the decrease in annual crops’ second harvest. Although both developments represent
an improvement in ES generation per unit of water (USD m−3) and area (USD ha−1), only
the change in sugarcane mechanisation has had an effect at the basin level. The mecha-
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nisation of sugarcane harvesting has lowered the erosion potential of this crop and thus
has helped to balance the negative effects of its expansion in terms of area cultivated over
pastures. The evolution of the annual crops’ second harvest, though relevant at the field
level, has had little effect on the basin average results due to their smaller significance in
area terms.

4. Discussion

In Brazil the combination of policies promoting demand, as well as institutional
arrangements promoting supply, have resulted in continuous cultivation area and pro-
ductivity increases over the last few decades [48,68]. The State of São Paulo is one of the
country’s most important agricultural regions and the largest sugarcane producer in Brazil.
State production has continued to grow from 189.04 million tons in 2000 to 370.96 million
tons in 2018, with sugarcane covering 62% of the state’s cultivated area in 2018 [69].

Although this development has brought socio-economic benefits [48], it has also
led to environmental and social challenges [40,70]. Until recently, the focus of research
in this area has been placed on the direct and indirect effects of sugarcane expansion
during the 1990s and early 2000s, when sugarcane was pushing pasture areas beyond the
agricultural frontier and leading to deforestation in the biodiversity-rich savannah, the
Cerrado [37,41]. According to Sparovek et al. [71], in the SP state sugarcane expanded
mostly over existing pastures and annual crops, without causing any direct deforestation on
natural areas. There are signs that the land-use succession, from deforestation, to large-scale
cattle ranching, extensive crop production, and finally to crop intensification of the more
profitable productions with reforestation processes, is advanced in the state [72,73].

Numerous studies have assessed the effects of land-use changes and crop management
in the context of Brazilian agricultural production, thereby focusing on individual indicators
such as the water use [74–76], soil greenhouse gas emissions associated with sugarcane
production [77–79], or soil erosion [80–83]. Multiple pressures due to land-use change have
also been studied [84]. Here, we combine ES with WF assessment for the evaluation of
water productivity in economic terms. Specifically, we have embedded water apparent
productivity and ES valuation in WFA. The focus is on consumptive water use (green and
blue water footprint) linked to different land uses, rather than on the amount of fresh
water required to assimilate pollutants to meet specific water quality standards (grey water
footprint). The indicators that were added to the sustainability assessment phase of WFA
are complementary. Whereas economic water productivity provides an overview of water
efficiency in its contribution to the economic system and to farmers’ livelihoods, the ES
approach allows us to provide, through its valuation, a dimension of the contribution to
natural processes that bring a value to society. It is a way of considering the synergies
and trade-offs between sometimes opposed and sometimes aligned societal benefits of
an economic activity. The objective of this assessment is to include a valuation of the
externalities linked to land use, water use, and land-use change. We contend that a range
of factors needs to be assessed in a combined manner to identify the most efficient and
sustainable land use, which should then be incentivised by government policy.

Sartori et al. [85] applied a global biophysical model to estimate soil erosion rates,
which are converted into land productivity losses and subsequently were inserted into a
global market simulation model. Soil erosion by water is estimated to incur a global annual
cost of eight billion US dollars to the global GDP, with a concomitant reduction in global
agri-food production and accompanied by a rise in agri-food world prices, depending on the
food product category. Furthermore, Sartori et al. [85] conclude that pressure is to increase
in order to use more marginal land, which in turn is to drive abstracted water volumes
upward. Gomes et al. [83] stress that agricultural expansion in the Brazilian Cerrado is
increasing the area of severe erosion, creating agricultural productivity decline and soil
nutrient depletion. Bordonal et al. [37], also studying the issues in the Brazilian context and
focusing on sugarcane production, report that sugarcane plantations did not contribute to
direct deforestation, and its expansion on degraded pastures with the attendant increased
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yields of food crops and livestock intensification decreased land competition between food
and sugarcane. Our current study provides an evaluation of economic sustainability for the
Brazilian context in relative terms between dominant land uses in an area, including natural
areas and considering the impacts of evolving management practices. This is a further step
in the development of assessment tools to support the selection of agricultural production
practices that lead to the most efficient land uses in the basin from an environmental, social,
and economic point of view, and to manage the trade-offs linked to intensification and
land-use change. Gomes et al. [83] point out that government policy should be directed to
ensure the sustainable use of soils. The implementation of the best management practices
is key due to potential increases in soil erosion resulting from cropland expansion [81,86].

In the current study it has been shown that for sugarcane the value of water provi-
sioning increased by 35%, due to an increase in cultivated area from 39.0 to 52.5 million
USD year−1. On the other hand, the average erosion cost has decreased by 13%, from 5.3
to 4.6 million USD year−1. These results suggest that sugarcane substitution of pastures
and annual crops may affect the provision of the selected ecosystem services linked to the
hydrological cycle. The results clearly point to the need to contextualise the evaluation of
water and land-use efficiency of crop production, thereby considering associated land-use
changes. The resulting ES values per unit of water are two orders of magnitude lower than
the resulting water-apparent productivities. This implies that, given the selection of ES used
in this work, water consumption for the sole purpose of ES generation is significantly less
productive than water consumption for the purpose of direct economic revenues. However,
both evaluations are complementary and address different spheres for water valuation.

The results vary significantly due to the wide range of erosion rates accounted for in
sugarcane (both in manual and mechanical harvesting) and the other uses considered in this
study. However, in general our findings are supported by the work by Bordonal et al. [37],
who state that non-burning sugarcane harvesting is a win-win strategy because of its bene-
fits involving agronomic and environmental aspects, but they caution that soil compaction
is among the main issues in sugarcane cropping systems. The Monte Carlo analysis applied
in the current work serves to assess the variability in the results and test their robustness to
the wide range of erosion rates extracted from the literature. This approach allows for the
consideration of uncertainty in the model parameters in the absence of spatially explicit
information, and at the same time it avoids the use of single case study values to extract
conclusions. This argument applies also to the estimation of water consumption from
eucalyptus, pastures, and natural areas, reflecting the uncertainty in the estimation of water
consumption for these land uses.

Selection of the best policy choice is not the scope of the present work. It is rec-
ommended to apply the integrated approach used here to assess both the time period
since 2012 to characterise changes since the transition, and potential land-use and land-
management scenarios to support future planning. Furthermore, additional indicators
to assess environmental and social consequences should be included. Aspects such as
biodiversity loss or ‘jobs per drop’ are key to arriving at the optimal solution. Our focus
in the current work is to further refine the sustainability assessment phase of WFA and to
demonstrate its usefulness by way of a specifically well-suited case that includes both a
change in land use and management practices.

In future work, the approach applied here can be further expanded. One important
service that should be considered is the regulation of the hydrological cycle that can affect
baseflow regimes and flood risk. Moreover, in the current study cultural services have not
been considered. Lastly, the social-ecological component requires attention. An example
is the financial hardship that farmers on marginal land, in particular, may face due to
the implementation of new legislation and associated implementation costs. In order to
monitor implications of land-use and land-management changes, scenario analysis should
be carried out.
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5. Conclusions

Applying the two indicators that were embedded in WFA, water apparent productivity
and ecosystem services value, revealed a number of results that past studies were not able
to consider. The land-use changes that occurred in the basin from 2000–2012, overall led to
greater economic revenues from water use and to an increase in the value of the services
provided per unit of water consumed. The net effect of changes in sugarcane production,
both in management practices and expansion, is shown to depend also on the relative
substitution of the crop over other land uses. The resulting effect at the basin level from
the land-use changes is dependent on the relative performance between land uses, which
in turn is conditioned by predominating crop management practices. The evolution from
pastures or annual crops to sugarcane areas can improve the economic returns on water use
in the first case or decrease them in the latter, but the effects on the provision of ES linked
to the hydrological cycle are projected to be negative and very dependent on sugarcane
erosion rates. Changes in the management practices for the other land uses, such as the
decrease in annual crops’ second harvest or the increase in the share of managed pastures
over natural ones, also contribute to the overall water-use efficiency and ES provision in the
basin. These findings contribute to the discussions over land-use change and the relation
between conservation of natural areas and agricultural intensification. The combined
approach employed here (water footprint, ecosystem services, and economic) allows for an
assessment of the trade-offs or unintended consequences that may be linked to introducing
land-use change and/or agricultural management practices. Hence, the approach can be
used as a planning tool. The importance of considering the uncertainty in the calculations
is also demonstrated.
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Appendix A

Table A1. Parameters used in the estimation of water consumption per land use.

Variable Land-Use Type Land Use Distribution Functions

Water availability factor
(ω)

Pasture
Natural pastures Crop ω~Normal (1, 0.55)

Managed pastures ω~Normal (1.9, 0.5)

Eucalyptus Eucalyptus ω~Normal (1.9, 1.75)

Natural vegetation

Tropical humid forest (Mata atlántica) ω~Normal (2, 2)

Open savannah (Cerrado) ω~Normal (0.9, 1.3)

Wooded savannah (Cerradão) ω~Normal (1.5, 1.65)

http://www.iea.agricultura.sp.gov.br
www.ibge.gov
http://www.ipef.br
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Table A1. Cont.

Variable Land-Use Type Land Use Distribution Functions

Erosion rates (t ha−1)

Annual crops

Maize, main harvest, second harvest Erosion rate~Exponential (6.2)

Beans, main harvest, second harvest Erosion rate~Exponential (13.3)

Soybeans, second harvest Erosion rate~Exponential (26.7)

Peanuts, main harvest, second harvest Erosion rate~Exponential (8.2)

Sorghum, main harvest, second harvest Erosion rate~Exponential (10.21)

Coffee plantations Coffee plantations Erosion rate~Exponential (2.8)

Orange orchards Orange orchards, irrigated orange orchards Erosion rate~Exponential (2.94)

Sugarcane
Manual harvesting Erosion rate~Exponential (11.901)

Mechanical harvesting Erosion rate~Exponential (5.332)

Pasture Natural pastures, managed pastures Erosion rate~Exponential (1.181)

Eucalyptus Eucalyptus Erosion rate~Exponential (0.0903)

Natural vegetation Tropical humid forest (Mata atlántica) Erosion rate~Exponential (0.096)

Natural vegetation Open savannah (Cerrado), Wooded
savannah (Cerradão) Erosion rate~Exponential (0.038)

Sediment generation rate - - Sediment generation rate~Normal
(0.13, 0.013)

Water cost (USD m−3) - - Water cost~
Uniform (0.01–0.013)

Unit cost of sediment
dredging (USD t−1) - - Unit cost sediment dredging~

Normal (16.7–1.67)
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