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Abstract: Agriculture is the largest fresh water consuming sector, and maize is the most produced
and consumed crop worldwide. The water footprint (WF) methodology quantifies and evaluates
the water volumes consumed and polluted by a given crop, as well as its impacts. In this work, we
quantified for the first time the green WF (soil water from precipitation that is evapotranspired) and
the green virtual water exports of maize from Buenos Aires province, Argentina, during 20162017,
due to the relevance of this region in the world maize trade. Furthermore, at local level, we quantified
the green, blue (evapotranspired irrigation), and grey (volume of water needed to assimilate a
pollution load) WF of maize in a pilot basin. The green WF of maize in the province of Buenos Aires
ranged between 170 and 730 m?/ton, with the highest values in the south following a pattern of yields.
The contribution of this province in terms of green virtual water to the international maize trade
reached 2213 hm3/year, allowing some water-scarce nations to ensure water and water-dependent
food security and avoid further environmental impacts related to water. At the Napaleofu basin
scale, the total WF of rainfed maize was 358 m3/ton (89% green and 11% grey) and 388 m?/ton (58%
green, 25% blue, and 17% grey) for the irrigated crop, showing that there is not only a green WF
behind the exported maize, but also a Nitrogen-related grey WE.

Keywords: water footprint; virtual water trade; maize; Buenos Aires province; water-use sustainabil-
ity; water quality; water savings

1. Introduction

Agriculture is in continuous expansion and has a central role in food supply both for
human population and for livestock [1-4]. This type of production uses large volumes of
water, about 86% of total global consumption, which comes from two main sources: rainfall
and irrigation [5-7]. In addition, commodity production generates pollution and degra-
dation of both surface and groundwater resources, deforestation, and loss of biodiversity.
Consequently, it leads to a loss of water in producing and exporting countries as the water
consumed is not available for other purposes, such as domestic water use [2,5-8].

In Latin America, agricultural production is responsible for 95% of the consumptive
water use, of which almost three quarters (71%) is used for crop production, and is mostly
consumed (between 90 and 94%) in rainfed conditions, i.e., with green water [2,9,10].

Maize is the most produced, harvested, and consumed crop in the world [11]. In
particular, Argentina is the fifth producer of this cereal, after the United States, China,
Brazil, and the European Union, and exports more than half of its production [12,13]. Both
at a national level and in the province of Buenos Aires, maize is the most relevant crop
after soybean in terms of production and area planted [14,15].

Water 2021, 13, 1769. https:/ /doi.org/10.3390/w13131769

https://www.mdpi.com/journal /water


https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0003-0001-0025
https://orcid.org/0000-0002-5226-0715
https://orcid.org/0000-0001-5596-5035
https://doi.org/10.3390/w13131769
https://doi.org/10.3390/w13131769
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/w13131769
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w13131769?type=check_update&version=2

Water 2021, 13, 1769

20f16

In total, in the 20162017 crop season, Argentina produced 49.5 million tons of maize in
15 provinces, whereof Buenos Aires generated 26% of the national production. In that crop
season, the province of Buenos Aires harvested 13 million tons of maize with an average
yield of 8 tons/ha and exported half of its production [15]. Even though agriculture in
the province of Buenos Aires is mostly rainfed, supplementary irrigation is sometimes
applied to increase yields, as in the case of cultivation of maize, which is very sensitive to
water stress [16,17].

In view of the growing maize production and export carried out by Argentina and the
province of Buenos Aires during the last decade [15], there is a need to promote a model of
sustainable agricultural intensification that contributes to increasing the productivity per
unit of area while reducing the environmental footprint and the negative impacts associated
with agriculture, as well as achieving improvements in the management of water resources.
For this reason, it is important to evaluate the water use of the most relevant crops in the
region, by using indicators such as the water footprint, which quantifies the impacts on
water resources. The water footprint assessment, coupled with the virtual water trade
analysis of maize production in Argentina, will enable to understand the role of the
Argentinean maize production in the global context, as well as the dependence of other
countries on this production.

The water footprint consists of the sum of the quantities of water consumed and
polluted in all stages of the production process of a good [18], and it is expressed in terms
of volume of water per unit of product (m?/ton). The indicator has three components: green
water footprint (water from precipitation that is evapotranspired), blue water footprint
(water applied to the crop by irrigation), and grey water footprint (volume of water needed
to assimilate a pollution load). The first two components refer to the consumptive use
of water, while the grey water footprint refers to pollution. The green and blue water
footprints are differentiated by their hydrological, environmental, and social impacts, as
well as the economic opportunity costs that are higher when using blue rather than green
water for production [19,20].

Several authors have estimated the water footprint of different crops, such as soybean, maize,
and potato, among others, either at the international [5,21-26], Latin American [2,10,27-29],
or Argentinean level [30-33]. However, there is no detailed analysis of the water footprint
of maize production at the provincial and local levels.

The present study aims at assessing the water footprint and virtual-water exports
of maize produced in the province of Buenos Aires (Argentina) and at a pilot basin level
during the 2016-2017 season. The objective of the study is twofold. Firstly, the study
analyses the green water footprint and the virtual water exports of maize in Buenos Aires
province, Argentina. Second, at a local scale, the green, blue, and grey water footprints of
maize are analyzed in a basin located in the southeast region of the province of Buenos
Aires, showing that there is not only a green water footprint, but also a nitrogen-related grey
water footprint. This research represents a step forward to achieve a more comprehensive
knowledge of the appropriation of water resources by one of the main productive activities
of the Buenos Aires province, and shows the contribution of this province in terms of green
water to the international maize trade, allowing some water-scarce countries to reduce the
water demand for domestic food production and reserve their water for high-value uses.

2. Materials and Methods
2.1. Study Area

In the last three decades, an increase in maize production has been observed in
both Argentina and the Buenos Aires province. During 2016, Argentina and Buenos Aires
produced 3.2 times more maize than in the year 2000 (Figure 1). Regarding the international
trade of maize, Argentina increased the amount of maize exports by 2.5 times in only four
years, from 2013 to 2016 [15].
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Figure 1. Maize production in Argentina and Buenos Aires province. Source: Ministry of Agriculture, Livestock and
Fisheries of Argentina, 2020.

The province of Buenos Aires is one of the 23 provinces of Argentina. It is located in
the Pampean region, covering an area of 307,571 km?, and is divided into 135 municipalities
(Figure 2). Due to its extension, population, and the relevance of its economic activities, it
is considered the most important province in the country.

South America Argentina Buenos Aires province

s
T 4 Tandil
- . L7 Upper Napaleoft basin
4 i 0 625 125 20 |
[ e s—

Figure 2. Location of Argentina in South America (left), location of Buenos Aires province in Argentina (middle), and
location of Tandil and Balcarce districts and the upper Napaleofti basin in Buenos Aires province (right).

The climate of this province is humid temperate, with rainfall between 700 and
1200 mm, decreasing from northeast to southwest. The average annual temperatures vary
between 14 and 20 °C, declining towards the south. Alternating periods of drought and
flooding have been identified. Most of the rainfall is concentrated in spring and summer,
presenting a low water deficit in the month of January, which enables rainfed agriculture
in the summer months, while in June, despite the low winter rainfall, there is an excess of
water as the water requirements and temperatures are lower [34,35].
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This province presents a flat, gently undulating relief alternating with depressed plains,
with gentle slopes towards the Atlantic Ocean and drainages towards the main rivers. Low
hills and plains, fossilized dune fields and sand flats, and permanent and temporary
lagoons can also be found. The predominant soils are Molisols, both in extension and in
the variety of large groups, followed by Alfisols, Entisols, and Vertisols. The Molisol order
is made up of agricultural soils with a surface horizon rich in organic matter, with dark
or brownish colors. Within this order, Argiudols, Haplustols, Hapludols, and Natracuols
stand out [34].

At local scale, this study is focused on the upper Napaleoft basin, which is located in
the southeast of the Buenos Aires province, on the border between the municipalities of
Tandil and Balcarce (Figure 2). This region of the province is crossed by the Tandilia Hilly
system in a northwest—east direction. The basin is characterized by a humid to sub-humid
climate with annual rainfall of around 901 mm and an average annual temperature of
13.9 °C during the period 1968-2010 [36,37].

In the Napaleoft basin, maize is the second most relevant crop after soybean, followed
by sunflower and wheat. In total, 779,547 hectares were planted in Tandil and Balcarce
during the 2016-2017 crop season, whereof soybean represented 28%, followed by maize
with 12% [15]. The yield of the latter crop varied between 5.5 and 10.5 tons/ha.

The Napaleofu basin is considered an experimental area due to the change in land
use that has occurred for the last four decades, including the increase in direct seeding and
the decrease in the area covered by livestock farming, along with its intensification [37].
This basin is inserted into a gently undulating flat relief of deep, dark, and nutrient-rich
soils, such as Argiudols and Hapludols [37,38]. Soils are suitable for agriculture with some
limitations in crop choice, or require conservation practices to prevent deterioration [39].

This basin was selected due to the availability of detailed data regarding the maize
production (Figure 3), and also as this crop is produced both under rainfed and irri-
gated conditions.

Napaleofu
village

ey . ~~ Main and tributary streams ® Groundwater sample
; " Upper Napaleofu
stream basin Routes Surface water sample

® Rainfall station

Figure 3. Location of the Napaleofu stream, groundwater, and surface water sampling points and
rainfall station.
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The period 20162017 was selected for several reasons. On the one hand, it was chosen
due to the availability of climatic, production, and trade data. The climatic information
of the province was taken from 19 meteorological stations provided by two national
databases (National Meteorological Service [40] and National Institute of Agricultural
Technology [41]), which do not contain detailed data for long periods along the province in
all cases. Additionally, in the national and international databases on maize production and
trade (Ministry of Treasury [42] and FAOSTAT [43]), the period of 2016-2017 corresponded
to the most recent data available when the study was carried out. At Napaleof basin
level, detailed information about the cultivation of maize is generally recorded neither
by farmers nor by governmental dependences. Therefore, during 2016, the surveys and
interviews to local farmers were developed in the Napaleofu basin in order to acquire
local data. On the other hand, according to the temperature, relative humidity, rainfall,
and windspeed data [40,41], the period 20162017 was similar to the average climatic
conditions. For instance, the average annual rainfall in the province of Buenos Aires was
951 mm for the period 2016-2017, which is similar to the annual average of 876 mm for the
period 2008-2018.

2.2. Green Water Footprint Estimation in the Province of Buenos Aires

The green water footprint of maize in rainfed conditions was estimated at provincial
level for the 2016-2017 crop season following the method of Hoekstra et al. [44]. The
green water footprint (WFgreen, m?/ton) of maize was calculated according to equation
1, where the green water use is related to the yield (Y, tons/ha). The green water use is
calculated as the minimum of crop evapotranspiration (ETc) and effective rainfall (Peff)
both measured in m3/ha. ETc was calculated at 10-day intervals over the entire growing
season using the CROPWAT 8.0 model [45], which is based on the Penman—Monteith
equation to estimate the reference crop evapotranspiration following the method described
in Allen et al. [46]. The climatic data used in modeling ETc included average, maximum,
and minimum monthly temperatures, relative humidity, windspeed, and sunshine hours.
The effective precipitation (Peff) is the part of the total amount of rainfall that is retained
by the soil so that it is potentially available for meeting the water needs of the crop [44].
The method of the USDA Soil Conservation Service was chosen in the CROPWAT model
to calculate Peff, taking into account the monthly rainfall registered in the meteorological
stations distributed in the province of Buenos Aires.

min (ETc, Peff) m?
WFgreen = Y = toin (1)

The climatic variables and rainfall data for each of the municipalities were taken from
the closest meteorological stations provided by the National Meteorological Service [40]
and the National Institute of Agricultural Technology [41]. An allocation of the proportional
area of influence of each meteorological station was carried out to assign the climate data
at municipality level. The maize yield for each municipality was taken from the Ministry
of Agriculture, Livestock, and Fishing of Argentina [15].

In order to estimate the green water, crop data (growth stages, crop coefficients,
root depth and crop height, critical depletion, and yield response factor) were taken from
reference values [45-47]. The total available soil moisture and other soil characteristics were
obtained from a regional study [48]. The planting and harvest dates were 1 November 2016
and 15 April 2017, respectively and were taken from average dates for the province [49].

Green Virtual Water Export Estimation from the Province of Buenos Aires

Based on the tons of maize produced and exported by the province, a weighting
was made based on the municipalities production to determine the tons exported by each
municipality. Then, the share of each one was multiplied by the green water footprint by
municipality, thus obtaining the green virtual water exported in maize by municipality
(hm3). This green virtual water export of maize was analyzed under rainfed conditions
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as most of the maize production in the province of Buenos Aires does not use irrigation.
Furthermore, there is no data on the rainfed and irrigated hectares of this crop production
in the province.

The international virtual water trade related to maize grain exported by the Buenos
Aires province was assessed, taking into account the main destinations of this cereal from
Argentina. Trade data were obtained from national statistical agents and international
databases [15,42,43]. The green virtual water exported by the province of Buenos Aires
in maize grain was distributed according to the percentage of maize acquired by the
main importing countries and by obtain the volume of green virtual water imported by
each nation.

2.3. Water Footprint Estimation at Basin Scale

The water footprint of rainfed and irrigated maize in the upper Napaleoft basin was
estimated by applying the methodology proposed by Hoekstra et al. [44], and considering
locally collected data and background studies in the region. The period was the 2016-2017
season, covering its entire growth cycle from November to March.

Equation (1) was used to calculate the green water footprint, based on basin and
municipal data [44].

Under irrigation conditions, the blue water footprint (WFblue, m3/ton) was calcu-
lated according to equation 2, where the blue water use is related with the crop yield (Y,
tons/ha) [44]. The blue water use is the minimum of the irrigation requirement (Ir) using
the CROPWAT model and the effective irrigation water supply (leff) obtained from local
producers (both measured in m3/ha) (Table 1). The irrigation requirement (Ir) is equal to
the difference between ETt and the green water use [44,50]. The Ieff is the part of irrigation
water supply that is stored as soil moisture and is available for crop evapotranspiration,
and it was calculated considering the percentage of efficiency of the irrigation system [51].
Blue water use is zero if the entire crop evapotranspiration requirement is met by the
effective rainfall [50].
min (Ir, leff) m3

Whiiue = Y ton @
Table 1. Maize production data in the Napaleofu basin.
Components Values
Yield rainfed 7.5 tons/ha
Yield under irrigation 10.5 tons/ha
Effective irrigation water supply (Ieff) 100.5 mm
Fertilizer application rate (Appl) (rainfed) 150 kg/ha
Fertilizer application rate (Appl) (irrigated) 325kg/ ha
Maximum allowed concentration of nitrate in water (Cmax) 0.045 kg NO3 /m?
Natural concentration of nitrate in water (Cnat) 0kg NO3/ m? (No data available)
Actual concentration of nitrate in water (Cact) 0.034 kg NO3 /m?

For the calculation of the green and blue components, the crop data for all growth
stages, their duration, crop coefficients, root depth and crop height, critical depletion,
and yield response factor, were taken from reference values [42,46,47] and adjusted to
the regional conditions [48,52]. In addition, the predominant soils were identified from
the topographic chart N° 3760-30-3 of INTA [38], and the total available humidity was
calculated based on a previous study [53].

The climatic data for the CROPWAT model were taken from the Tandil Aerodrome
meteorological station, except for rainfall, which was recorded at the Napaleofu basin
rainfall station (Figure 3).
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According to the interviews conducted and the data recorded in the basin, the dates of
sowing and harvesting of maize were 11 November 2016 and 15 March 2017, respectively.
The sowing method corresponds to no tillage. The fertilizer application rate with commer-
cial urea was 150 kg /ha in the rainfed crop and 325 kg/ha in irrigated maize. Yields were
7.5 tons/ha in rainfed and 10.5 tons/ha in irrigated conditions (Table 1).

In the cases where supplementary irrigation was applied to maize, the sprinkler
irrigation system was used with pivot type equipment and 150 mm of water was applied,
whereof 67% (leff = 100.5 mm) is available for the crop [51] (Table 1).

The nitrogen-related grey water footprint (WFgrey, m>/ton) was estimated following
the methodology proposed by Franke et al. [54]. The nitrogen was used as a pollution
indicator for commercial urea fertilization. Equation 3 was applied, taking into account
the applied pollutant load (L), the difference between the maximum allowed limit (Cmax)
and the natural concentration of that compound in the water body (Cnat), and the yield of
the crop (Y). The applied pollutant load (L) is calculated by multiplying a dimensionless
factor («), which represents the percentage of nitrogen leached or run off, by the fertilizer
application rate (Appl) by farmers.

L/ (Cmax—Cnat) o xAppl / (Cmax — Cnat)  m3
WE grey = Y - Y " ton ©)

According to Franke et al. [54], the nitrogen leaching factor can vary between 5 and
15 % depending on the different soil characteristics, mainly texture and type of drainage.
For soils such as those in our region, and in the absence of more detailed local data, « is
assumed equal to 10%.

The value of Cmax was taken from the maximum concentration in drinking water
equivalent to 45 mg/L according to current Argentine regulation [55] (Table 1). Ambient
water quality standards are neither available for the basin, nor for Argentina.

Regarding the nitrate concentration in water, two values were considered
(Table 1). On the one hand, when natural concentration is not known, as happens in
this study area, a value of nitrogen Cnat equal to zero was used, as proposed by Franke
et al. [54] and Hoekstra et al. [44]. On the other hand, due to the lack of prior information
on the background water quality in the Napaleofu basin, the actual concentration (Cact) of
nitrate was assessed through quarterly surface water and groundwater sampling carried
out between winter 2015 and winter 2016 for the working group (Figure 3). Then, the
average value of nitrate concentration for the Napaleofu basin of 34 mg/L was used to
calculate the grey water footprint. We considered the seasonal and spatial average as it
represents the actual situation of the whole basin, instead of taking the lowest values,
which can show the recent entry of water into the water bodies. This value did not consider
samples affected by point source pollution located in the basin (i.e., dairy farms) and is
similar to the nitrate concentration in a nearby basin [56]. It should also be noted that in
this study area, agriculture and livestock farming have been developed for years, so the
concentration of nitrogen in the water bodies is not low.

Finally, the calculation of the total water footprint (m3/ton) was performed for maize
grown under rainfed conditions according to equation 4 (WF iz, rainfeq) and for the irrigated
crop according to equation 5 (WF iz, irrigated)-

WF maize, rainfed — WF green + WF grey 4)
WF maize, irrigated — WF green + WEF p1ye + WF grey @)

3. Results
3.1. Green Water Footprint of Maize in the Province of Buenos Aires
In the season 2016-2017, 102 of the 135 municipalities that constitute the Buenos Aires

province planted and harvested maize. The yields (Y) varied between 5.5 and 10.8 tons/ha,
with maximum values at the north and minimum to the south, and average values of
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8 tons/ha (Table 2 and Figure 4). The green water use was, on average, 3134 m?/ha,
reaching its maximum values to the north. The green water footprint ranged between
170 and 730 m?/ton, with an average of 400 m?/ton (Table 2). The highest green water
footprints were mostly found at the south of the province and the lowest at the north,
center, and extreme south (Figure 5).

Table 2. Statistical data of green water use, yield, and green water footprint in the province of
Buenos Aires.

Gree::n\;\f/;t:)r Use ( t()YIiE}l(:a) Green Water Footprint (m3/ton)
Maximum 4240 10.80 731.38
Minimum 1268 5.50 171.35
Average 3134 8.06 396.24
Standard deviation 474 1.45 83.23

Yield of maize in 2016-2017
ton/ha

. 55656

| 656762

P 762868

B s689.74

I 074108

[ Municipalities without maize production

O Km
0 2550 100 150 200

Figure 4. Yield of maize in 20162017 at the municipality level in Buenos Aires province (tons/ha).
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Green WF of maize in 2016-2017
m?/ ton

| | 100-200

[ |200-300

[ 300-400
[ 400-500
I 500-600
I s00-700
I 700-800

|:| Municipalities without maize production

e Km
0 2550 100 150 200

Figure 5. Green water footprint of maize in 20162017 at the municipality level in Buenos Aires
province (m3 /ton).

Virtual Water Export of Maize from the Province of Buenos Aires

During the 2016-2017 season, Argentina produced almost 138 million tons of grains,
where maize represented 37%. During the same period, Argentina exported 24 million
tons of this grain to 120 countries, mainly to the following 10 countries, which add up
to 81%: Vietnam, Egypt, Algeria, Malaysia, South Africa, Korea, Brazil, Saudi Arabia,
Morocco, and Jordan (Figure 6) [43]. This trade route positions Argentina as one of the
main maize exporters, contributing in 2016 to 16% of the international trade. Buenos Aires
is the province with the largest weight in exports in the 2016-2017 season, being responsible
for 25% of the production, equivalent to almost 6 million tons of maize.

The green virtual water export of maize by the province of Buenos Aires was 2213 hm?.
The values for each municipality within the province ranged widely, between 0.02 and
119 hm3/year for the season 2016-2017 (Figure 7). Ninety percent of the municipalities
are below 50 hm? of green water exported per year, while of the remaining 10%, only
one municipality exports the maximum of 119 hm?/year, and the others are between 55
and 71 hm?.



Water 2021, 13, 1769 10 of 16

= Vietnam

= Egypt
= Algeria

= Malaysia
\ = South Africa
; = Korea

= Brazil

Saudi Arabia
= Morocco
= Jordan

= Other countries

Figure 6. International destinations of maize from Argentina in 2016-2017.

Green virtual water exports of maize
hm?/ year

. Jo20

[ 2040

[ 4060

I s0-80

I s0-100

I 100-120

|:| Municipalities without maize production

| e — )]
0 2550 100 150 200

Figure 7. Green virtual water exports of maize in 2016-2017 at the municipality level in Buenos Aires
province (hm3/ year).
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Comparing Figures 5 and 7, it can be observed that the municipalities with the highest
contribution to the green water export were those that had the main productions, and
generally areas with average green water footprints.

Table 3 shows that the top 10 maize-importing countries account for a total volume of
1793 hm? /year which is incorporated into the grain, while the rest of 110 nations import
approximately 420 hm? of water per year.

Table 3. Green virtual water of the province of Buenos Aires related to maize grain imported by the
main trading countries in 2016-2017.

Country Green Virtual Water (hm?)
Vietnam 398.43
Egypt 265.62
Algeria 243.48
Malaysia 177.08
South Africa 154.94
Korea 154.94
Brazil 154.94
Saudi Arabia 88.54
Morocco 88.54
Jordan 66.40
Other countries 420.56
Total 2213.51

3.2. Green, Blue and Grey WF of Maize in the Napaleofii Basin

The green water use for maize in the basin reached 2353 m®/ha. Considering the
yields, the green water footprint amounted to 314 m3/ton and 224 m3/ton for rainfed and
irrigated maize, respectively (Figure 8 and Table 4).

350

300 -

250 -

200

150

100 -

0 ]

Rainfed Irrigated

Water footprint of maize (m3/ton)

m Green WF mBlue WF mGrey WF

Figure 8. Comparison of the water footprint components of rainfed and irrigated maize production in
the Napaleoft basin in 2016-2017 (m3/ton): green water footprint (Green WF), blue water footprint
(Blue WF), and grey water footprint (Grey WF).

The blue water use reached 1005 m?/ha and was determined by the effective irrigation
supply, as not all the irrigation requirement was covered. The blue water footprint of maize
in the basin was 96 m?/ton.

The grey water footprint, using a value of Cnat equal to zero, reached 44 m?/ton and
69 m?/ton in rainfed and irrigated maize, respectively (Figure 8 and Table 4), while the
grey WF using a value of actual concentration (Cact) of 34 mg/L was 182 m?/ton in rainfed
maize and 281 m3/ton in irrigated maize.
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Table 4. Green, blue, and grey water footprint (WF) in rainfed and irrigated maize production, and variations between the

two conditions in the Napaleofti basin.

Production System WF Green WF Blue (VCVrl:a(t;ieg) Total WF
Units m3/ton % m?3/ton % m3/ton % m3/ton %
Rainfed 313.73 87.6 0 - 44.44 124 358.17 100
Irrigated 2241 57.7 95.71 24.6 68.78 17.7 388.59 100
Rainfed/irrigated variations —89.63 -29.9 95.71 24.34 +5.3 30.41 +8.5

The total water footprint of maize (considering a Cnat equal to zero) amounted to
358 m3/ton in rainfed maize and 388 m3/ton in the irrigated crop (Table 4).

4. Discussion
4.1. Relevance of Green Water Exports from the Buenos Aires Province

The green water footprint values throughout the province of Buenos Aires ranged
between 170 m3/ton and 730 m?/ton, with the highest values mostly to the south. This
rise is due simultaneously to an increase in the green water use added to a decrease in
crop yields towards the southern zone of the province, as a result of variations in rainfall
(increasing towards the north) and soil features.

As for the virtual water exported by Buenos Aires province in the form of maize
grain, the highest values correspond to the municipalities that produced and exported
more tons during the analyzed crop season. The largest green water exports correspond
to municipalities with higher water productivity (i.e., commodities with a small water
footprint). Taking into account the water volumes needed to produce maize and the
quantities exported, it is evident that Argentina and, in particular, the province of Buenos
Aires, export not only maize, but also thousands of cubic meters of fresh water incorporated
in the product that are not considered in its market price.

The green water export from Buenos Aires province of 2213 hm? is similar to the total
renewable water resources in Saudi Arabia (2400 hm?/ year) and exceeds the amount of
renewable water resources in Jordan (940 hm3/ year) [57], both countries importing maize
from Argentina.

Green water generally has a lower opportunity cost than blue water. This research
highlights the importance of green water in global water and food security through main-
taining rainfed crop production. The efficient use of green water would allow an increase in
food production in rainfed agriculture systems, and a reduction in agriculture in irrigated
areas highly dependent on blue water [5,58,59].

Argentina is one of the world’s leading producers and exporters of maize, and the
province of Buenos Aires has a relevant role in such production and trade. It can be
observed that maize exports are mainly directed to countries with water or territorial
limitations which, by importing this cereal, externalize their environmental impacts of
pollution of water resources through the application of fertilizers, and generate water
savings. Green water importing countries generate water savings by not producing a
water-intensive crop in their territory through the use of irrigation, but by importing this
from other areas as already pointed out by previous studies [5], and also make their scarce
blue water resources available for other uses.

While Argentina exports half of its production, it is notable that the main utilization
of maize in the importing countries is for animal feed. More than half of the maize is used
for animal feed in Saudi Arabia (89% of total use), Korea (68%), Vietnam (66%), Egypt
(66%), and Brazil (53%). South Africa allocates similar percentages to human food (38%)
and animal feed (41%) [11].
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4.2. Water Footprint at Basin Level

In the Napaleoft basin, the results indicate that the total WF of irrigated maize is 8.5%
higher than under rainfed conditions. The difference is due to the conjunction of irrigation
water and the increase in nitrogen fertilization that each have an impact on the values of
blue and grey water footprints. In both production systems, the main WF component is
green, which means that production is mostly based on rainwater. This situation shows
that not only this basin, but also the province of Buenos Aires has comparative advantages
in maize production, compared to other regions and countries that base their production
on blue water under water scarcity conditions.

The blue component in the irrigated crop harvested in Napaleoft basin accounts for
24.6% of the total WF, while grey water increases due to the application of 2.16 times more
fertilizers in this condition than in rainfed crops. The water footprint indicator shows that
agricultural intensification, caused by the use of irrigation together with the application of
nitrogen fertilizer, determines a rise in cereal productivity at the expense of an increase in
the appropriation of fresh water. This analysis allows recognizing the importance of the
agricultural practices used in each crop modality on its water footprint and demonstrates
the favorable conditions of the entire analyzed area for rainfed maize production.

Using a value of Cnat equal to zero may be leading to an underestimation of the
grey water footprint, and therefore the water assimilation capacity for nitrate would be
overestimated. By using the actual value of nitrogen concentration in water we would be
looking at the remaining assimilative capacity of the water body, and therefore would be
probably overestimating the grey water footprint.

In general terms, the results agree with what has been obtained in other research
developed in Argentina, regarding the green and blue [5] and grey components [31].

The use of local data would reduce the margins of error, and would not lead to
under- or over-estimation of the results. By performing the calculation at basin level, more
specificity can be obtained in the results being able to detect variations of the indicator.

4.3. Contributions to Water Management at Basin Level in the Province of Buenos Aires

The basin has been recognized as a practical hydrological unit for water resources
management. Although the policies for the use and protection of water resources are set
by national governments, when policies are implemented at the basin scale there is the
opportunity to deliver whole basin solutions and to resolve controversies [60].

Argentina’s legal framework establishes that the provinces own the water resources and
have jurisdiction over them. The province of Buenos Aires has the Water Code, from 1999,
which creates the Water Authority as the institution in charge of water resources management.
The Water Code promotes the creation of basin committees and consortia. Although several
basin committees have been created in the province, not all of them are currently working,
and there are information gaps on water management along the province.

Due to this scarcity of information and the great territorial extension of the province,
it is difficult to work in detail on a provincial scale, but it is possible to carry out studies in
the different river or stream basins of the province.

As regards the temporal scale, it is important to consider long periods of time to
evaluate the hydrological conditions of a basin or subbasin, and also consider the fluctua-
tions and temporal variability and trends of water availability and use, moving beyond
average values [61].

In this sense, the water footprint methodology generates the necessary information
to develop policies for sustainability and integrated management of water resources,
as this indicator makes it possible to quantify the volumes of water used, locate them
geographically, and insert them in the context of world trade [9]. Furthermore, it is helpful
to know the water footprints of different crops at a basin-level scale, so that science-based
decisions can be made on which crops to grow and where it makes sense to grow them as
the climate warms and populations rise.
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For this reason, it is important to highlight the relevance of this type of study at
basin level, as it provides precise and specific data, generating water-use information and
highlighting the associated impacts, which makes possible an improved water resources
management in the basin. The study at the local scale allows us to see processes that prevail
and determine patterns that are not visible at larger scales.

5. Conclusions

This study is one of the few studies that assesses the water footprint of maize pro-
duction in Argentina, and the first one in the Buenos Aires province and at the basin level.
Maize production mainly uses green water resources in the study regions.

The trade of virtual water can generate water savings in the importing countries
and at a global level. The province of Buenos Aires has a comparative advantage by
producing maize in rainfed conditions using green water, while countries with blue water
shortages can import this commodity rather than producing it domestically, increasing
water use efficiency on a global scale. However, nitrogen pollution as a byproduct of maize
production needs to be further analyzed.

This shows the relevance as a basis and background to advance in the evaluation of
the water footprint and virtual water trade of maize and other ‘thirsty crops’, whether for
human consumption, livestock feed, oil generation, or bioenergy.

For future studies, it is relevant to deepen the assessment of the water footprint of
different crops at the regional and local levels, and to extend the time scale of analysis, in
order to consider the climate variability and trends.
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