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Abstract: The aim of this paper is to evaluate the green, blue and grey water footprint (WF)
of crops in the Duero river basin. For this purpose CWUModel was developed. CWUModel
is able to estimate the green and blue water consumed by crops and the water needed to
assimilate the nitrogen leaching resulting from fertilizer application. The total WF of crops
in the Spanish Duero river basin was simulated as 9473 Mm?®/year (59% green, 20% blue
and 21% grey). Cultivation of crops in rain-fed lands is responsible for 5548 Mm?/year of
the WF (86% green and 14% grey), whereas the irrigated WF accounts for 3924 Mm?/year
(20% green, 47% blue and 33% grey). Barley is the crop with the highest WF, with almost
37% of the total WF for the crops simulated for the basin, followed by wheat (17%).
Although maize makes up 16% of the total WF of the basin, the blue and grey components
comprise the 36% of the total blue and grey WF in the basin. The relevance of green water
goes beyond the rain-fed production, to the extent that in long-cycle irrigated cereals it
accounts for over 40% of the total water consumed. Nonetheless, blue water is a key
component in agriculture, both for production and economically. The sustainability assessment
shows that the current blue water consumption of crops causes a significant or severe water
stress level in 2—5 months of the year. The anticipated expansion of irrigation in the coming
years could hamper water management, despite the Duero being a relatively humid basin.

Keywords: water footprint; water balance; nitrogen leaching; crop evapotranspiration;
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1. Introduction

Water use at a geographical level has traditionally been measured by indicators such as water
withdrawal, which only considers the total freshwater used by a country in its production system. The
use of indicators such as the water footprint (WF) allows us to analyze not only the effects generated at
anational level, but all those associated with the virtual water trade [1,2]. In addition, the WF distinguishes
also between blue water (irrigation from surface and groundwater) and green water (precipitation stored
as soil moisture). It is, therefore, possible to quantify the impact of pollution by calculating the grey
water, which is defined as the total freshwater required to assimilate the load of pollution [1].
Traditionally, this indicator has been calculated in a coarse spatial resolution using the same input values
for the whole area, either on a global [3], national [4] or regional scale [5]. However, recently developed
methods include the use of complex geographical models to estimate crop water use [6—9]. These models
are based on a soil water balance to estimate the amount of water embedded in crops in a certain area
and at a given time.

Water balance models can be developed for different time resolutions and spatial scales, thus they
vary in complexity and input data [10]. There are several models to calculate crop water requirements
on a global scale. Some of the most recent approaches have been implemented by Siebert and D6ll [7],
with a resolution of 5 min and a total of 26 crop classes (for both rain-fed and irrigated conditions). The
model developed by Mekonnen and Hoekstra [6], with the same spatial resolution, was applied to 126
crops, and included grey calculations. Liu et al. [8,11] developed a model to estimate crop water use
with a 30 min resolution. Since consumptive water use is defined as the total evapotranspiration of a
crop during the growing period, disaggregation between blue and green water use should be performed.
Therefore, the usefulness of these models goes beyond the spatial framework and high resolution,
providing useful information about the green component, which is usually neglected when analyzing the
agricultural sector.

The aim of this paper is to evaluate the water footprint of agriculture in the Duero river basin. To do
that, we have developed the CWUModel, a spatially-explicit water balance model to assess the green
and blue water consumed by crops and the water needed to assimilate the leaching of nitrogen applied
as fertilizer. For this purpose, we have evaluated the green, blue and grey WF of the 19 major crops in
the basin. In order to assess whether the WFs are sustainable, the monthly blue water scarcity index and
the apparent water and land productivity were evaluated. The results presented in this work refer to the
average WF values for the period 2003-2007.

Study Area: Duero River Basin

The Duero basin is the largest river basin in the Iberian Peninsula, covering 98,073 km? along
the westward course of the Duero River and its tributaries. The river basin mostly lies in Spain (80%,
78,859 km?), but some 20% of the basin is situated in Portugal (19,214 km?). The basin has a Continental
Mediterranean climate, with an average annual rainfall of 612 mm. There are significant climatic
differences within the river basin. Average precipitation ranges from ca. 1800 mm in the peripheral
mountain ranges to less than 400 mm in continental areas of Castile and Leon [12]. The dry period
coincides with warmer temperatures while precipitation is seasonally dependent. Farmland comprises
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about half of the area mainly spread over the lowlands of the alluvial plains. Most crop areas, 3.5 million ha,
are rain-fed while irrigated production occupies. ca. 480,000 ha. However, the gross added value of
agriculture is 7%, employing 11% of the total population in the area. In any case, crops cultivated in the
basin are mainly low-value-added and largely dependent on subsidies. The water resources from the
basin are mainly used in agriculture (4500 Mm?*/year of blue water of a total of 5000 Mm?*/year used [12]).
The basin is managed by the Duero River Basin Authority (DRBA) and divided into 13 water
management units (WMU), each of which comprises several sub-basins (Figure 1).
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Figure 1. Water management units (WMU) in the Spanish Duero river basin.
2. Materials and Methods
2.1. Modeling Green and Blue Water Consumption

CWUModel was developed to evaluate the green and blue water requirements of crops in the Duero
river basin. The model computes in a spatially explicit way the actual evapotranspiration of the crop in
non-optimal conditions following the method proposed by Allen et al. [13]. The water balance was simulated
with a day-length step based on particular crop and soil features as well as on climatic variables. The
model was developed using Model Builder (ESRI ArcGIS 9.3). CWUModel works on a raster format,
with a high-resolution level —1 km grid size. Subsequently, the structure of the model was exported to
Python in order to iterate and automate the computation. The computation was achieved taking into
account the distribution of the hydrological year (October-September) in concordance with the climate
of the basin [14]. The soil water balance is expressed by the following general equation (Equation (1)):

P+I1=ET+R+Dp+AS (1)

Here P is the rainfall (mm), / is the water input by irrigation (mm), £7 is the crop evapotranspiration
(mm), R is the runoff water (mm), D, is the deep percolation under the effective root zone (mm) and AS
is the change in the soil moisture content within the effective root zone. The soil water balance is used
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to simulate the E7, according to water availability in the soil and the potential evapotranspiration of the
crop (ETc). In our case, we have simulated the crop evapotranspiration under non-standard conditions
(ETcaqj) in line with Allen et al. [13] (Equation (2)):

ETcadj:chstET() (2)

where K. is the crop coefficient and K is the water stress coefficient, both of them specific for each crop,
and ETy is the reference evapotranspiration (mm). K. varies with time, as a function of the plant growth
stage. The parameters needed to produce the daily K¢ curve are obtained from Allen ef al. [13]. Daily K
is computed by linear interpolation between the tabulated values of K. at the different growth stages
(initial, development, mid-season and late-season stages) using the number of days the crop spends in
each period. The planting date and cropping season were obtained from MAPYA [15] and from the
Castile and Leon irrigation department. K. values for the mid and late seasons were subsequently
adjusted to the local climate conditions [13] (Equation (3)):
h 0.3
Ky =Ko+ [0.004 X (1, —2)—0.004 X (RH ;, —45)] x (Ej 3)

where Kcadj 1s the adjusted crop coefficient, Kcras is the tabulated crop coefficient, u2 is the average wind
speed at two meters above ground level (m/s), RHmin is the average daily minimum relative humidity (%)
and 4 is the crop height (m). K. was adjusted for each year throughout the basin using the climate
information from 38 weather stations [16].

K is introduced to account for the effect of water stress on crop transpiration. Ks depends on the
available soil water and is computed according to Allen ef al. [13] (Equation (4)):

1 otherwise
K=y s )
S fS<(-p)XS,,
(I=p)X S,

where S is the actual soil moisture (mm), Smax is the maximum moisture a soil can hold (mm) and p is
the crop depletion factor. Smax is a function of the total available water capacity (TAWC) of a soil (mm/m)
and the respective crop root depth (m). The factor p is specific for each crop and refers to the amount of
water a crop can extract from the soil without suffering water stress. This was computed according to
Allen et al. [13].

TAWC grid-based data at 1 km resolution were obtained from the ESDB database [17]. Across the
soil profile, two horizons are identified: deep and superficial (up to 20 cm deep). Smax Was computed by
multiplying TAWC values by the depth of the crop root. Where the root depth had a higher value than
the maximum soil depth, the latter was used to calculate Smax. In addition, different root depth values
were used for rain-fed and irrigated crops [18].

Monthly E7, and P were obtained from the SIMPA grid database [19], which offers monthly climatic
information at 1 km resolution for the period 1940-2010. SIMPA is a hydrological model where ET5 is
obtained by combining the Thornthwaite and Penman-Monteith methods. Monthly E7, was rescaled to
daily estimates of £7, by means of linear interpolation as suggested by Mekonnen and Hoekstra [6].

Stochastic weather generators are commonly used to obtain daily P. They generate daily data series
avoiding the problems related to the lack of data [20]. Although different global data sets comprise the
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information needed for the generation of daily climatic data, their spatial resolution is usually too high
to apply them directly to a regional analysis. Therefore, we developed a stochastic daily generator based
on a study by Castelvi et al. [21] to generate daily precipitation from the gridded monthly precipitation
data in the SIMPA model. The process of generation of daily data is based on two steps: firstly, the
occurrence of wet days is estimated; then the precipitation volume for each wet day is derived.
The model was calibrated using daily climatic data from 38 agroclimatic stations [16]. A complete
description can be found in De Miguel et al. [22].

Since not all the precipitation infiltrates the soil to become available to the plants, the amount of
rainfall lost through runoft (R) has to be computed. We used the equation proposed by Liden and Harlin [23]
(Equation (5)):

_ sV
R_(P+I)><[S j (5)

max

where / (mm) is irrigation water and the parameter vy, is correlated with the runoff intensity. We used a
fixed value of 2 for rain-fed cultures and 3 for irrigation following Siebert and D6l [7].

The water balance is calculated for irrigated and rain-fed crops separately. For rain-fed crops,
the consumptive use of green water is obtained as the sum of the daily actual evapotranspiration, where
precipitation is the only water supply (Equation (1)). In the case of irrigated crops, blue water
consumption was calculated by performing two different soil water balances scenarios [1]. The first
scenario computes the green water consumption in the same way as for rain-fed crops, but using crop
parameters for irrigated crops. The second one simulates the soil water balance so that the irrigation
requirement is always met (full irrigation). Since not all the irrigation requirements of the crops are
always met in the basin (deficit irrigation), the water supply security factor (WSS), defined as the fraction
of water demand provided by each irrigated area under normal conditions (variable between 0.9—-1), was
used [12]. Therefore the blue water footprint was obtained by multiplying the irrigation requirements of
the crop in a specific area (second scenario) by the WSS of this irrigated area, minus the green water
consumption as estimated in the first scenario. The water balances are computed for the whole year.
A constant K. of 0.3 before the planting date is used in order to define initial soil moisture.

2.2. Modeling the Nitrogen Leaching and Grey Water Footprint

CWUModel is also able to estimate the grey WF of crops, defined as the total freshwater needed to
assimilate the nitrogen leached. The methodology proposed by Hoekstra et al. [1] was used (Equation (6))
to simulate it:

W _ NLeathing

Fgrey - C -C t (6)

where NLeaching 1s the amount of nitrogen leaching from the soil (mg/L), Cmax is the maximum allowed
concentration of nitrogen in the receiving water, established as 50 mg/L of nitrate in groundwater bodies [24]
and Cna 1s the natural nitrogen concentration assumed to be 0.5 mg/L as other authors have proposed [25,26].
NLeaching Was computed according to the model proposed by De Willegen [27] (Equation (7)):
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N

Leaching

= [0.0463 +0.0037 % jx(F +D+NOM ~U) (7)

CxL
where P is the annual precipitation (mm), C is the clay soil content (%) obtained from the ESDB
database [17], and L is the crop root depth (m). F is the nitrogen rate application (kg/ha), D is the annual
decomposition rate, established as 1.6% as recommended by the FAO [28], NOM is the amount of
nitrogen in soil organic matter (kg/ha) and U is the nitrogen uptake by crops (kg/ha). For irrigated crops,
we add the gross irrigation requirement of the crop to the amount of rainfall. The values for the previous
variables in the river basin are within the boundaries of the regression model, established as 40-2000 mm
of rainfall, 3%—-54% clay content and 0.25-2 m layer thickness.

F was obtained from the “Nitrogen balance in Spanish agriculture” [29], where disaggregated values
of organic and mineral N rates could be found for each crop and management system at provincial level.
Following the methodology used in the annual balance, U was also calculated as a function of the crop
yield, using the nitrogen extraction coefficients (Ce). In the case of NOM, the HWSD soil database was
used [30].

2.3. Harvested Areas

Grid-based maps of growing areas for the 5 major cereals in the Duero river basin were developed,
distinguishing between irrigated and rain-fed managements. They were created based on the SIOSE land
use map [31]. SIOSE provides information on land use for the year 2005 and is into 90 categories, of
which 12 belong to arable areas. With a 1:25,000 scale, the crop distribution was extracted and
transformed into a 1 km grid-based data. Major crop categories were distributed into specific crops by
combining crops coverage with two statistical data sources featuring different geographical and temporal
resolution [32,33]. We assumed that each pixel belonging to a crop group in a particular area is
proportionately composed of all those crops listed among the statistical information.

2.4. Sustainability Assessment

To assess whether the WFs relating to crops are sustainable, we identified the monthly blue water
scarcity index (BWS) as proposed by Hoekstra et al. [34]. BWS is defined as the ratio of the total blue
WF to the blue water availability within a certain period, the latter being the natural runoff (Ruar)
minus the environmental flow requirement (EF). BWS is classified into four levels: low (<1), moderate
(1-1.5), significant (1.5-2) and severe (>2) water scarcity, and indicates the number of months the WF
exceeds water availability. Since there is no gauging station at the end of the Spanish river basin, the
BWS was calculated in three different areas covering over 95% of the irrigation areas and with minimal
water transfer infrastructures: A66 (Duero River, total surface of 46,170 km?); A88 (Tormes River, total
surface of 4650 km?); A95 (Esla River, total surface of 14,430 km?) (see Figure S1).

A proper definition of EF is essential to establish how much water is unavailable for use, so two
situations were assumed: (i) we have use the minimal EF defined by the DRBA [12] based on
hydrobiological aspects (EFeco) and (ii) the “presumptive environmental flow standard” as proposed by
Richter et al. [35] established as 80% of the natural runoff (EFs«). Both natural runoff and stream runoff
were also obtained from the DRBA [12].
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Since BWS considers all the blue water consumption in a certain area, the blue WFs of urban areas,
industry and livestock were also considered. For the first, a balance between blue water abstraction and
discharge was developed. For the remainder, we assume a consumption rate of 10% [36]. Evaporation
from reservoirs is another issue. It has been calculated from the ratio between the stored volume and
flooded area established by DRBA [12] for reference dams. As pointed out in the river basin management
plan [12], a drastically increase in the irrigated areas is expected in the comming years, so BWS is also
evaluated for the planning horizons 2015 and 2027.

The sustainability assessment was refined by including an economic analysis, evaluating the apparent
water and land productivity (AWP and ALP respectively) as proposed by Garrido ef al. [37]. The former
is defined as the ratio between the market price of the crop and its WF (green and blue component), and
the latter as the ratio between the market price of the crop and its yield.

3. Results
3.1. The Total Green, Blue and Grey Water Footprint of Crops

With a total harvested area of 2.6 million ha, the WF of crops in the Duero river basin over the
2003-2007 period is established at 9473 Mm?/year (59% green, 19% blue and 21% grey) of which
5548 Mm?®/year (86% green and 14% grey) correspond to the 2.2 million ha cropped in rain-fed, and
3924 Mm?®/year (20% green, 47% blue and 33% grey) in irrigated lands (Table 1).

Table 1. Harvested area, production and WFgreen, WFbiue and WFgrey for the major crops in
the Duero river basin, average values for the period 2003—-2007. Values for all the crops can
be found in Table S1.

Surface Production WFgreen WFblue WFgrey WFrotal
Crops System
(ha) (1000 tons) (1000 m?) (1000 m?) (1000 m?) (1000 m?)
Cereal Rainfed 1,743,425 4720 4,095,732 0 703,999 4,799,731
ereals
Irrigated 290,105 2024 538,545 1,129,254 815,762 2,483,561
Rainfed 174,728 158 280,633 0 3146 283,778
Legumes .
Irrigated 15,963 29 19,278 11,458 741 31,477
Rainfed 1295 26 2236 0 5715 7951
Potatoes .
Irrigated 19,753 779 26,850 94,557 200,513 321,920
. Rainfed 143,233 158 255,214 0 764 255,978
Industrial crops .
Irrigated 63,425 3,714 112,614 356,327 200,308 669,248
F Rainfed 57,618 1045 130,462 0 3093 133,555
orage
& Irrigated 32,125 1730 82,754 222,636 1608 306,998
Rainfed 0 0 0 0 0 0
Vegetables .
Irrigated 8832 302 11,288 36,819 60,747 108,854
. Rainfed 58,558 236 61,007 0 7878 67,211
Vineyards .
Irrigated 2299 15 1145 1315 1205 2921
Rainfed 2,178,857 6342 4,825,285 0 724,594 5,548,205
Total Irrigated 432,502 8593 792,474 1,852,365 1,280,883 3,924,979

Total 2,611,359 14,935 5,617,760 1,852,365 2,005,478 9,473,184
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Cereals are by far the most common crops in the Duero river basin. Cultivation of cereals in rain-fed
lands is responsible for 4799 Mm?/year of WF (85% green and 15% grey), whereas the irrigated WF
comprises 2483 Mm?®/year (22% green, 45% blue and 33% grey). Barley is the cereal with the highest
WEF, with almost 3512 Mm?®/year (76% green, 8% blue and 16% grey), followed by wheat, with a total
WF of 1646 Mm?/year (82% green, 8% blue and 10% grey) and maize, with a total WF of 1626 Mm®/year
(14% green, 41% blue and 45% grey) (see Table S1). Other crops of note are the industrial crops (sugar
beet and sunflower) with a WF of 925 Mm®/year (39% green, 39% blue and 22% grey), forage with a
WF of almost 440 Mm?®/year (48% green, 50% blue and 2% grey) and potatoes with a WF of 329 Mm?/year
(9% green, 29% blue and 62% grey).

The average WF is 3628 m?/ha, although there are large differences between rain-fed and irrigated
areas. The former has an average WF of 2546 m’/ha, whereas the latter has a WF of 9075 m?/ha.
This effect can be clearly seen in Figure 2. The darker areas are those with a more intensive freshwater
appropriation, corresponding generally to crops in an irrigation system. The high blue water
consumption (Figure 2b) is linked to higher impacts due to the use of nitrogen in fertilizer (Figure 2c),
resulting from the intensification of land use. In the case of green water (Figure 2a), irrigated crops with
a poor root system development have the lowest consumption.
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Figure 2. (a) Green; (b) blue; (¢) grey and (d) total WF of cereals in the Spanish Duero river
basin, average values for the period 2003—2007. Data are shown in m>/ha and account for all
the cereals presented in each grid cell. A summary of the water footprint per WMU can be
found in Table S2.

3.2. Blue Water Use, Consumption and Source

The majority of consumed blue water (63%) comes from surface water bodies, being surface
and sprinkler irrigation the prevailing technology in the area. Although the simulated surface water
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consumption of crops is 1163 Mm?®/year, the total water abstracted is computed as 2349 Mm?/year.
A large amount of the water is lost in the application process (46%), while the remaining 54% is lost
during transport and distribution. Groundwater consumption is computed as 688 Mm?>/year whereas
the total groundwater abstracted is simulated as 917 Mm?/year. Water losses are minimized in
groundwater management, since distribution and transport infrastructures are not required. Furthermore,
sprinkler irrigation is the predominant system, since pressure is needed to extract water from the aquifer.
This entails extracting 25% more of water than that consumed by crops when farms are irrigated with
groundwater. This volume is as high as 47% for lands irrigated with surface water (see Table S3).

3.3. Grey Water Footprint of Nitrogen Application as Fertilizer

Due to the 230 thousand tons of nitrogen applied to crops, the estimated grey WF is simulated as
2005 Mm?®/year (Table 2). Crops are able to extract around 84% of the total nitrogen applied, while 10%
is leached. The average nitrogen application is estimated as 94 kg/ha, although large differences can be
found for different crops and management systems. While wheat cropped in irrigated lands is fertilized
with 110 kg/ha, maize receives 423 kg/ha. Despite the large nitrogen requirements of crops managed
under irrigated farming, the water needed to assimilate the leaching of nitrogen is computed as
2962 m>/ha, almost seven times greater than for crops in rain-fed conditions (333 m*/ha). Crops such as
maize, sugar beet and potatoes present a WFgrey per area of 5703 m3/ha, 4362 m*/ha and 10,151 m*/ha
respectively (see Table S4).

Table 2. Application, crop extraction, leaching and WFgey of nitrogen used as fertilizer in
the Duero river basin, average values for the 2003—2007 period.

N Application N Extractby N Leached WPFgrey WPFgaey WPFgrey 10%

Crops System
(tons) Crops (tons) (tons) (1000 m*) (m*ha) (1000 m%)
Cereal Rain-fed 119,946 96,091 7596 703,999 404 1,111,645
rea
erean Irrigated 71,009 42,623 8802 815,762 2812 658,100
Rain-fed 1319 7467 34 3146 18 12,221
Legumes .
Irrigated 815 1236 8 741 46 7553
Rain-fed 293 117 62 5715 4414 2713
Potatoes .
Irrigated 7912 4210 2164 200,513 10,151 73,328
Industrial Rain-fed 1076 5353 8 764 5 9976
crops Irrigated 19,241 15,372 2161 200,308 3158 178,319
Rain-fed 877 4801 33 3093 54 8130
Forage .
Irrigated 1107 9234 17 1608 50 10,261
Rain-fed 0 0 0 0 0
Vegetables .
Irrigated 2567 1736 655 60,747 6878 23,794
. Rain-fed 897 1201 85 7878 135 8313
Vineyards )
Irrigated 182 75 13 1205 524 1687
Rain-fed 124,409 115,030 7818 724,594 333 1,152,999
Total Irrigated 102,833 74,485 13,821 1,280,883 2962 953,042

Total 227,242 189,515 21,639 2,005,478 768 2,106,041
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Furthermore, we have developed a grey WF analysis using the traditional assumption that 10% of the
total nitrogen applied is lost through leaching and or runoff [6,38] (Table 2). We can see that the WFgrey
is estimated at 2106 Mm?/year, 5% higher than the values computed by CWUModel. However, a detailed
analysis shows significant differences between cropping systems. Since data modeled with CWUModel
establishes a WFgrey of 724 Mm®/year for rain-fed crops and 1280 Mm?/year for irrigated crops,
the simulation developed under the assumption of 10% estimate a WFgrey of 1152 Mm?®/year and
953 Mm?®/year respectively. This is because rain-fed crops in the basin present a lower application rate
and high productivity; thus, the total nitrogen leached is limited to 6% of the total nitrogen applied.
In contrast, irrigated cropping, despite the high yields, is unable to extract high application rates, which
combined with high soil moisture and limited rooting depth, increases the leaching of the mobile
nitrogen, totaling in 14% of the overall nitrogen applied (varying from 12%-31% depending on the crop).

3.4. Water Footprint per Ton of Product

With an average yield of 5613 kg/ha, the WF per ton in the Duero river basin is 646 m?/ton
(918 m*/ton in rain-fed and 468 m*/ton in irrigated). This is because the crops commonly planted in the
irrigated areas present a higher yield than those cropped in rainfed areas (maize, sugar beet, potatoes,
forage and vegetables). The sunflower is the crop with the highest WF, with an average value of
2199 m’/ton followed by vetch and ray, with a WF of 2132 and 1129 m?/ton, respectively. Cereals
present relatively homogeneous values, with a WF around 900—1100 m?/ton, except in the case of maize
whose average value is simulated as 688 m?/ton. Other crops such as sugar beet or potatoes present a
WF of 157 and 412 m>/ton respectively (see Table S5).

Nevertheless, some differences were found related to the cropping system. For the majority of the
crops, the values simulated in rain-fed conditions are lower than those in irrigated. For example,
we have computed a WF of 968 m?/ton for wheat in rain-fed while this value rises to 1104 m*/ton in
irrigated. Crop water productivity (CWP) was also evaluated (disregarding WFgrey): a slightly higher
CWP was found for most of the crops in rainfed conditions, especially for winter cereals.

3.5. Sustainability of the Blue Water Footprint

With a WFpiue simulated at 1155 Mm?®/year (92.0% agriculture, 3.5% dam evaporation, 3.8% urban,
0.5% livestock and 0.2% industrial) in A66, 130 Mm?®/year (80.4% agriculture, 13.0% dam evaporation,
6.0% urban, 0.4% livestock and 0.2% industrial) in A88 and 678 Mm?®/year (93.5% agriculture,
4.7% dam evaporation, 1.5% urban, 0.1% livestock and 0.2% industrial) in A95, the number of months
in which the river basin suffers water scarcity varies between 2 and 5 according to the drainage basin
and the EF assumed. Thus, if we consider the EFeco, the number of months with blue water scarcity is
simulated at 3 (1 moderate and 2 severe) for A66, 2 (severe) for A95 and also 2 (moderate) for A8S.
These results vary considerably if we consider the EFiw, with 5 months of blue water scarcity for A66
(1 moderate and 4 severe), 4 months for A95 (1 significant and 3 severe) and 3 for A88 (severe)
(Table 3). The expansion of irrigated areas expected in the coming years translates into an increment in
the number of months with significant and severe water scarcity.
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Table 3. Number of months in which drainage basin suffers blue water stress, average values
for the 2003—-2007 period and for the planning horizons 2015 and 2027. The relation between
Rnar and WFoie 1s also shown.

Blue Water
Moderate Significant Scarcity Index Relation
Drainage Low Stress Severe Stress
. Period Stress Stress Annual Monthly Ruat! WFbiue
Basin Average Value (%)
EFsa EFeco EFsa EFeco EFswi EFeco EFsi EFeco EFu EFeco

Current 8 10 0 0 1 0 3 2 1.56 0.59 14.2%

A95 2015 7 8 0 1 1 1 4 2 2.86 1.08 26.1%
2027 7 8 0 0 1 2 4 2 3.16 1.20 28.8%

Current 7 9 1 1 0 0 4 2 1.91 0.67 25.9%

A66 2015 6 9 2 1 0 0 4 2 222 0.77 30.2%
2027 6 9 1 0 1 0 4 3 2.70 0.94 36.7%

Current 9 10 0 2 0 0 3 0 1.00 0.29 11.8%

A88 2015 7 9 1 1 1 0 3 2 2.19 0.63 26.0%
2027 7 1 1 0 0 4 2 2.81 0.80 33.3%

As we can see in Figure 3, blue water scarcity in A66 occurs during the summer months, where the
blue water demand is highest and R is at its lowest values. In these months the water supply is
guaranteed through reservoirs and groundwater abstraction, allowing WFbie to be higher than Ry for at
least three months per year. However, this results in the stream flow being greatly diminished—in some
periods lower than the EFeco. A similar pattern was found in A88 and A95 (see Figure S2), although in
these cases the stream flow 1s always higher than EFeco. Thus, the average monthly stream flow entailed
54%, 76% and 88% of Rua for A66, A88 and A95, respectively.
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Figure 3. Blue water scarcity index of for drainage basin A66 for the simulated period
(average 2003—-2007) and for the planning horizons 2015 and 2027. Figures for A88 and A95
can be found in Figure S2.
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3.6. Apparent Water and Land Productivity

The LAP for irrigated areas is higher than that obtained for rain-fed conditions, with an average LAP
of 2156 €/ha compared to 425 €/ha. While irrigated agriculture only comprised 16% of the total harvested
area, the value of the crops accounts for 50% of the total. Significant differences were found between
crops: an average LAP above 8000 €/ha for vegetables or potatoes compared to an average LAP below
500 €/ha in the case of cereals. The Duero river basin is characterized by low productivity crops, with
an average APW of 0.24 €/m®. As we can observe in Figure 4, the crops with the lowest AWP are those
with the highest WF per ton, such as legumes, sunflower or cereals. In contrast, those with the lowest
WF present a relatively high economic yield (high AWP and ALP), such as sugar beet (0.48 €/m?),
forages (0.82 €/m?) or potatoes (1.78 €/m*). Vines are also noteworthy, with an average AWP of
2.8 €/m’ and a WF of 261 m*/ton (94% green, 1% blue and 5% grey) as the crop with the highest AWP.
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Figure 4. Water footprint per ton, apparent water productivity (€/m*) and apparent
land productivity (€/ha) for major crops in the Duero river basin, average values for
2003-2007 period.

3.7. Sensitivity Analysis

We tested the effect that changes in four parameters have on green and blue WF values: TAWC,
planting date, ETv and p. The first two were selected as per suggestion of other authors [6,7]. The latter
two were selected in order to test the dependence of the model on the input climatic data. This was
achieved by varying the input values for the WF of wheat and maize: TAWC (£10%, £30% and £50%);
planting date (£10, £20 and +30 days); and E7y» and p (5%, 10% and +15%). We performed the
calculations for the year 2004, distinguishing between rain-fed and irrigated farming in the case of wheat
and irrigated farming for of maize.

For TAWC (Figure 5a,b), major differences were found for rain-fed cereals, where we detected an
increase of 15% in the total crop water consumption when we varied the TAWC by 30%. In the case of
irrigated land, the total crop water use remains relatively constant, with variations in green and blue
water of under 5% with a variation of 30% in the TAWC. In both cases, increments in the soil holding

capacity cause an increase in the green component.
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In terms of planting dates (Figure 5c,d), different patterns were found between wheat and maize,

especially in irrigated farming. Wheat shows a significant increment in blue water demand, up to 50%

higher values when we delay the planting date by 30 days. In the case of maize, the increment in the WF

is negligible. This is because wheat is a long-cycle cereal and therefore a delay in the planting date

causes a significant water demand in the warmer and driest months.

Extensive changes could be detected for irrigated crops in E7y (Figure Se,f). A variation of 15% of

the ETp results in an increment of the blue water demand of around 20%. In contrast, changes in the
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variable p (Figure 5g,h) particularly affect the simulations of crops managed in rain-fed condition. Thus,
a 15% change in p translates into a variation of 10% in the green component.

4. Discussion
4.1. Comparison with Other Regional and Global Studies

The blue water requirement of crops was compared with the net irrigation requirements estimated by
the DRBA [12] for the different agricultural regions. The results correlate well with a R of 0.951 (Figure 6).
Despite similar methodology being used, differences in blue water demand for each cereal could be
noted. These differences result from: (i) the estimation of net irrigation necessities by the DRBA is
calculated as the difference between the ET. and precipitation, assuming negligible runoff; (ii) the coarse
spatial resolution used by the DRBA, with climatic and soil information defined according to a proximity
criterion; (ii1) differences in crop variables for some crops.

The results were also compared with data modeled by Mekonnen and Hoekstra [6] and Siebert and
Doll [7] in their global studies for the same crops and area (only for blue and green WF). While Mekonnen
and Hoekstra [6] reported a total WF of 7369 Mm?/year (91% green and 9% blue) for wheat, barley,
maize, rye, potatoes, sugar beet and sunflower, Siebert and D611 [7] found a WF of 6145 Mm?/year (90%
green and 10% blue). The total WF established by the CWUModel is 6330 Mm?®/year (77% green and
23% blue). If we compare the WF simulated by the three models per WMU, a good correlation could be
found with an R’ of 0.85 for the Mekonnen and Hoekstra [6] values and an R’ of 0.81 for data reported
by Siebert and Dol [7]. This correlation varies significantly if we focus on the components of the WF.
While green water has an R of 0.89 and 0.91 respectively, the concordance with blue water drops to
0.63 and 0.54.
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70 Potatoes === trend line

6000

5000 CWUModel CHD

Crop

Net irrigation requirements simulated by DRBA (m?*/ha)

(m3/ha) (m3/ha)
4000 Wheat 3078 3014 0.92
Barley 2653 3117 0.82
3000 Oat 2449 2399 0.82
Maize 5223 5276 0.80
2000 Potatoes 4892 5318 0.91
Sugar beet 6334 6888 0.76
1000 Alfalfa 4091 4681 0.43
Sunflower 6992 8110 0.56

0
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
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Figure 6. Comparison of the blue water requirements between data simulated by CWUModel
and data provide by the Duero River Basin Authority for the period 2003—2004. Data depicted
represent the average value for each crop in the distinct agricultural region, in m>/ha.
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Due to the use of different geographical scales, time periods, and climatic and soil databases it is
difficult to identify the reason for the different results. For the total harvested area, for example, Siebert
and D611 [7] and Mekonnen and Hoekstra [6] use the MIRCA2000 data set [39] while we have developed
our own data set. Although the total cropped area of the common crops is similar (around 2 million ha),
the total irrigated surface simulated in the CWUModel is almost double than the MIRCA data set. The
reduced scale of the CWUModel, which uses local or regional input values, suggests the estimations are
more reliable. However, as outlined by Zhuo et al. [40], the model outputs are sensitive to £E7o, Kc and
crop calendar. Siebert and D611 [7] consider 74 WC and statistical yield information the most important
sources of uncertainty for the results. We found that moderate changes in the input data, such as soil
hydraulic properties or the planting date, result in a large difference in crop water consumption.
Likewise, the results modeled by CWUModel are affected by the uncertainty of the climatic input data.
Thus, the SIMPA grid database estimates £70 by combining the Thornthwaite and Penman-Monteith
methods. The first was created for humid and semi-humid climates, so applying it to semi-arid climates
tends to underestimate the results [41]. Equally, establishing daily data from monthly data could
introduce several uncertainties. The use of a stochastic generator, based on a first order Markov chain
and a Gamma Distribution, is unable to simulate a long series of days without precipitation or extreme
precipitation events [42]. However, CWUModel assumes that the irrigation water requirement is almost
met, using the WSS of the different irrigated areas as the sole factor for water restriction. Nonetheless,
the accuracy of the results is compromised by farmers’ decisions, as they do not always apply the full
irrigation requirements.

As CWUModel simulated for the period 2003—2007, the CWP in the basin is slightly higher for
rain-fed crops than for irrigated. Other global scale models such as IMPACT [43] have reported an
average CWP 15% higher for rain-fed cereals than irrigated. However, models such as GEPIC [11] or
GCWM [7] simulated just the opposite. In case of Duero river basin, this might be due to the high
productivity of rain-fed cereals in the basin—whose yield has doubled in the last 40 years [32]. However,
as rain-fed productivity is clearly variable year on year, so too is CWP, with a variation of 35% in the
studied period, whereas irrigated CWP remained relatively constant.

4.2. Limitation of the Grey Water Footprint Analysis

Nitrate leaching is the main source of non-point pollution of water resources in the Duero river basin.
Introducing a regression model to estimate the leaching of nitrogen improves the common grey WF
approach, which assumes that 10% of the nitrogen applied as fertilizer, is lost through leaching.
However, the use of a global regression model that is not tested in the study area could introduce several
uncertainties. As Lesschen et al. [44] found out, the regression model is closely correlated with fertilizer
input and nutrient uptake by crops. However, nitrogen leaching is influenced by other factors such as
temporal distribution and intensity of rain events, irrigation and nitrogen management or fertilizer type,
which are not evaluated by the regression model [45]. However, the values computed using the
regression model are in close agreement with results reported by other authors for different irrigated
crops in Spain [46—48], with a nitrogen-leaching rate between 8% and 30% of the total nitrogen
application for maize, 10%—15% for sugar beet and 35%—-59% for potatoes. CWUModel has simulated
a nitrogen-leaching rate of 12%-31%, 11%—17% and 30%—-50% respectively. Furthermore, the estimation
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of the grey WF is affected by other factors such as nitrogen losses through runoff, return flow or
atmospheric deposition [49]. Liu et al. [25] reported that grey WF calculations are largely influenced by
the Cnat and Cmax. We have assumed a constant value of Cnat of 0.5 mg/L and Cmax of 11.29 mg/L of
nitrogen rather than other more restrictive water quality standards proposed by other authors [26].
Therefore, we are maximizing the assimilative capacity of the ecosystem. Further research will be
necessary in order to improve the estimation of the WFgrey for the basin.

4.3. Water Footprint Sustainability Assessment

The calculation of the BWS allows identification of the months when the blue WF is greater than blue
water availability. However, since the basin is highly regulated by dams, the information provided by
the BWS can be misleading [34,50]. The fact that most of the blue WF coincides with the dry season
(typical of Mediterranean climates) makes it necessary to use of reservoirs and groundwater. Thus, if
these are well managed, the release of the required water volume to ensure the environmental
requirement means that blue water scarcity should be avoided. As we have found in the analysis of the
drainage basins A88 and A95 (Figure S2), the BWS for August and September was severe, but the stream
flow is higher than Rua. The comparison between the stream flow and the environmental flow on a
monthly level could provide more accurate information to assess the sustainability of the blue WF. It
should be noted that evaporation from reservoirs is an essential factor to be included in the BWS
calculation, as can be sees in our analysis, where it accounts for 4%—13% of the blue WF in the drainage
basins evaluated.

The sustainability assessment undertaken in this study is limited to assessing the water scarcity and
the economic value of the WF. However, as ISO 14046 [51] states, the analysis of a profile of impact indicators
would provide a comprehensive water footprint assessment and include all the potential environmental
impacts related to water used in agriculture. Water quantity and quality impact assessment [52] could be
completed via the evaluation of green WF sustainability related to land occupation [1,53], the ecological
damage associated to groundwater extraction [54], the inclusion of other fertilizer or pesticides in the
grey WF assessment and the use of other indicators to cover issues such as aquatic acidification or
ecotoxicity. Thus, as Berger and Finkbeiner report [55], it is essential to assess impacts over and above
blue water depletion, including other areas of protection such as other abiotic resources, ecosystems and
human health, as well as other types of water use. This notwithstanding, the green, blue and grey water
footprint simulated by CWUModel provides high-resolution inventory data to assess the sustainability
of agricultural water use on the river basin scale.

4.4. Implications of the Green and Blue Water Consumption

Our calculation shows the importance of green water in the production of crops in the Duero basin.
Its importance is relevant not only for crops produced under rain-fed conditions, but also for irrigated
crops. This is true especially for long-cycle irrigated cereals, where green water comprises nearly 40%
of the total WF. Aside from the lower cost opportunity, the use of green water generally has fewer
negative environmental externalities than the use of blue water [56].

Blue water consumption of crops is supposed to be 15% of the renewable water resources of the basin,
which are estimated at 12,388 Mm?®/year [12]. Although blue water resources are apparently abundant
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in the basin, some local problems could be detected. A total of 10 groundwater bodies have been
identified by the DRBA [12] as in poor quantitative status with piezometric levels in clear or mild
decline. As Gomez-Limoén [57] reported, the over 55,000 ha of irrigated lands are responsible for the
overexploitation of “Los Arenales” aquifer, which is causing a high risk of nitrate pollution. To provide
the 1860 Mm?/year ! of blue water demanded by crops, the abstraction of about 3266 Mm?/year of water
from rivers and aquifers is needed. This means that the stream flow in some sections of the rivers could
be endangered for a few months a year, although most of this water returns to aquifers and rivers as
drainage flow—a valuable source of water for downstream farmers and ecosystems [58].

The future consequences of the modernization of irrigation systems of more than 146,000 ha established
by DRBA [12] are difficult to forecast. Achieving “real” water saving through improved efficiency in
water transport and application is not always accomplished. As some authors have reported [59-61],
improvements in water efficiency could be translated into a change in the crop pattern to a more valuable
but more water-intensive crop. The anticipated increase in the farmer’s income enables traditionally rain-
fed areas to be transformed into new irrigation, increasing water demand on the river basin level (Jevons
Paradox). Moreover, it is expected that the irrigated areas will increase by 35% by 2027 [12], so the
WFbiwe could reach 3100 Mm?/year (25% of the total renewable water resources). This coupled with an
expected increase of 5%—11% of potential evapotranspiration [62] and a reduction of 6%—20% in rainfall
in the next 50 years [12,63], will hinder future water management. The establishment of a standard
environmental flow at river basin scale as a portion of Rna, beyond the minimal stream flow at different
points of the basin, would ensure the long-term sustainability of the water demand.

In the light of the results achieved here, it would be questionable the actual profit of the irrigation
expansion in Duero river basin. Parallel actions should be taken in order to ensure the profitability of
farmers without increasing water demand. Promoting changes in the pattern of irrigated crops to more
valuable and less water intensive crops (vineyard instead of cereals), or promoting green water
consumption should be a feasible option to avoid future conflicts between users.

5. Conclusions

The CWUModel has been developed to estimate the crop water use and nitrate pollution in the Duero
river basin in a spatially explicit way. Naturally the same methodology can be applied to any other river
basin. The CWUModel is designed for regional scale studies. However, as regional information is not
always available, an adequate rescaling of the input data is necessary for obtaining an accurate result.
Detailed knowledge of certain variables such as crop location or harvested area is important to obtain
solid results. Even so, crop calendar and soil hydraulic properties are important sources of uncertainty
in the estimation of crop water use.

Introducing a regression model for the estimation of the nitrogen leaching could improve the accuracy
of the grey WF results. This model improves the traditional grey water assumption that 10% of the
nitrogen applied in fertilizer is lost through leaching. However, the quality of the input data and other
factors not considered in the regression model increase the uncertainties of the results.

The calculation of the WF by spatial water balance models rather than by models with a national or
regional resolution provides more reliable outcomes. The spatial inhomogeneity of the data, such as
climatic or soil variables, is considered. Hence, CWUModel improves the analysis at basin level and
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allow for an interpretation of the results in a spatial context, providing a high-resolution inventory data
to assess the sustainability of the water footprint of agriculture at river basin scale.
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