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Abstract: In the current context of climate change, there is growing interest in the optimization of
water management in irrigated areas, in semi-arid environments. The design of adequate adaptation
and mitigation measures requires specific data at different scales of the water management
hierarchy, up to basin level. In this work, the irrigation and drainage system of San Pedro de
Castelflorite Irrigation Community (Huesca province, NE Spain), first set up as a flood irrigation
system around 1970 and then modernized to sprinkler irrigation around 2008, was studied over two
irrigation seasons. The land in this basin, with a surface of 11,450 ha, is affected by severe sodicity
problems, which impedes cultivation in large areas. Most of the drainage water discharges into
Clamor Vieja ravine, in which the quantity and quality of drainage, using water, salt, and nitrogen
balances, were monitored. The water regime was found to be essentially regulated by irrigation.
From the water balance, the consumed and the recoverable fractions were estimated at 76% and
23%, respectively, and the depleted beneficial fraction for the irrigated area at 73%. A predominance
of salt dissolution processes over precipitation processes was found, with salt exports of
approximately 2000 kg-ha'-year?. The nitrogen exported by the drainage water was 7 kg
N-ha--year. This value, remarkably lower than those reported for nearby basins in the central Ebro
valley, can be attributed to the flooding of rice fields and to the low permeability of the soils present
in this basin, which would hamper nitrate washing through the soil profile.
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1. Introduction

In arid and semi-arid areas, irrigation is essential to profitable agriculture, in such a way that
irrigated agriculture is generally the main user of fresh water. Spain currently has ca. 3.5 million
hectares of irrigated land, which account for approximately 20% of the cultivated territory. 22% of
that irrigated surface is in the Ebro basin (NE Spain), where irrigation uses 80% of the water collected
in a semi-arid environment. In the future, an increase in the irrigated acreage is expected, together
with an increase in the demand for quality water for non-agricultural uses. In this context, the
optimization of the use of irrigation water is a priority objective, as well as making irrigated
agriculture more sustainable from an environmental perspective [1].

In semi-arid environments, irrigation represents an important modification of the hydrological
cycle [2]. One of the problems that derive from such modification refers to drainage waters, through
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which various natural salts, fertilizers, and other phytochemicals are exported. In this context, the
management of the irrigated agricultural areas can be assessed through basin-wide studies on water
use efficiency and on the release of aforementioned salts and nutrients from the irrigated area.

In the central Ebro valley, several of those basin-wide studies have been conducted for Bardenas
irrigation district (including, for instance, the Lerma and Arba basins [3-10]) and for Riegos del Alto
Aragoén irrigation district, RAAID (which includes the Irrigation Community of LASESA—an
acronym formed by the addition of the first two letters of the three villages LAstanosa, SEna and
SArifiena where the irrigated district is located [11-13], Del Reguero basin [14], Flumen basin [15],
Valcuerna gully [16,17] and La Violada, discussed below). In these studies, different values of
irrigation efficiency and water drainage chemistry have been reported under diverse irrigation
systems.

It is worth noting that the amounts of exported salts and nitrogen depend on the volume of
percolation and on the amount of salts and nitrogen available for washing. To reduce this export, an
increase in irrigation efficiency program has been put forward. The recent modernization of irrigation
in Spain has generally consisted of a transformation of the water distribution system from surface
irrigation to sprinkler irrigation. Based on the higher efficiency of sprinkler irrigation, one would
expect an improvement in the quantity and quality of water in the rivers [18,19].

Newly modernized irrigation communities offer a suitable scenario to evaluate the impact of
aforementioned transformation on the use of water and to assess its effects on the quantity and
quality of water. An example of a long-term monitoring of one of those irrigation communities, that
of La Violada, has been reported in [20-27].

However, there are cases of failure in the sustainability of irrigation in some cultivated areas,
and a common reason for such failures is soil salinity or/and sodicity, either natural or induced by
irrigation transformation [27]. Although salinity problems have been reported in the case of La
Violada and other areas of RAAID, a very serious case of saline-sodic soils occurs in the San Pedro
de Castelflorite Irrigation Community, chosen for the study presented herein. This area, in the
Clamor Vieja (CV) basin (a small tributary of Cinca River), covers an extension of 11,450 ha, out of
which 46% is non-irrigated land. This basin was initially set up as a flood irrigation system between
1972 and 1976. The levelling of plots, and the argillaceous geology, led to major problems of hydraulic
conductivity and sodicity [28]. To face them, a complex and gradual process of transformation to
sprinkler irrigation was initiated in 2008. The aim of this article was to analyze the use of water and
to determine the quantity and quality of drainage after the transformation. A balance of water and a
study of the salts and nitrogen exported in drainage water was carried out during two irrigation
seasons, between April 2009 and September 2010.

2. Materials and Methods

2.1. Location

San Pedro de Castelflorite Irrigation Community (CRSPC) comprises part of the municipalities
of Alcolea de Cinca, Castelflorite, Peralta de Alcolea, San Miguel de Cinca, and Sarifiena (Huesca, NE
Spain). It is located on the right bank of the middle section of Cinca River and manages an area of
almost 5000 ha, corresponding to hydraulic sectors XVII, XVIII, XIX, XX, and XXI of the Cinca
irrigation canal, in RAAID (Figure 1).
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Figure 1. (Top left) Ebro River basin location and (top right) Clamor Vieja basin location. RAAID
stands for Riegos del Alto Aragén Irrigation District. (Bottom) Hydraulic sectors in the Clamor Vieja
irrigation district.

The CV ravine drains a basin of 11,450 ha, out of which approximately 54% of the surface is
irrigated. Of that irrigated area, 92% belongs to CRSPC and the rest to Santa Cruz Irrigation
Community. The return flow of irrigation essentially comes from CRSPC. In the 70s, flood irrigation
was set up in this area and, 40 years later, the distribution network was changed, replacing the
irrigation ditches with pressure pipes. Farmers have mostly switched to sprinkler irrigation, except
for the lower section of sectors XVII, XVIII and XIX, in which flood irrigation for rice was still
predominant at the time of the present study.

The climate in this area is characterized by a cold period of five months and a warm period of
three months. The average temperature and annual rainfall are 14 °C and 370 mm, respectively.
Rainfall concentrates in spring and autumn, with a dry period of 9 months, from February to mid-
October (excluding storms). The annual baseline evapotranspiration (ETo) is estimated at 1132 mm.
The average relative humidity varies from 54% (July) to 78% (December), and wind speed ranges
from 1.2 to 2 m-s.

The geological context (Figure 2) consists of horizontal clay-loam strata interspersed with
continental Miocene sandstone from the Ebro valley. The high areas are covered by Plio-Quaternary
gravel, and the rest is a flat-bottomed valley that flows into the alluvial terraces of the Cinca. Three
soil types, according to United States Department of Agriculture (USDA) Soil Taxonomy [29], have
been described: Typic Xerorthent, Typic Xerofluvent, and Typic Calcixerept. The granulometry is
heterogeneous, with representation of almost all textural classes including silty and argillaceous. The
silt is predominantly fine, especially in the loam and clay-loam textures, in which the fine silt
constitutes about 50% of the total granulometry [30,31]. A significant part of the soil in this basin is
affected by salinity and sodicity problems, and therefore it is either barren land or it is used to grow
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rice. Its hydraulic conductivity is generally low (0.05 to 0.3 m-day™) or very low (less than 0.05
m-day™) except for soils with coarse textures, in which it is medium (0.3 to 1 m-day™) [28].
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Figure 2. Geomorphology of Clamor Vieja basin.

2.2. Land, Water, and Nitrogen Use

SIGPAC (Spanish geographic information system of agricultural plots) was chosen as the
cartographic base. The data of crops grown on each plot was obtained from farmers” EU Common
Agricultural Policy (CAP) reports, and crop maps were generated by aggregation. Potential
evapotranspiration (ETP) was calculated using Penman-Monteith equation [32]. Total water volume
usage data were obtained from the records of the Irrigation Community. Irrigation data per crop
were estimated from surveys to local farmers, as in Jiménez-Aguirre et al. [26]. These surveys (1 = 36)
also helped to determine agronomic practices, fertilization, type of fertilizers and dates of application,
and to estimate crop yields. Nitrogen extraction by crops (Nu) was obtained as the product of yield
by the N content in the crop. The N content in each 1000 kg of harvested dry matter was estimated at
22 kg for rice, 24 kg for barley, 17.3 kg for maize grain (14% moisture), 29 kg for alfalfa, 22 kg for other
fodder and 12.5 kg for peas [33,34]. Extractions of N contained in maize crop residues were not
considered because incorporating crop residues into the soil it is common practice in the area of
study. Irrigation management was analyzed using the annual relative irrigation supply index (ARIS),
i.e.,, the amount of irrigation water applied (IWA) divided by the seasonal net irrigation requirements
(IRn) [35]. Nitrogen fertilizer management was assessed as the ratio between mineral nitrogen
fertilization and crop nitrogen extraction (Nwmr/Nu).

2.3. Drainage Volume and Composition

The drainage was gauged using an OTT-C2 mini current meter (OTT Hydromet GmbH,
Kempten, Germany), using the sections method [36]. It was sampled on a weekly basis during the
irrigation seasons and every two weeks during the rest of the year. Temperature and electrical
conductivity (EC) were measured in situ with a WTW 315i handheld meter (Xylem Analytics-WTW,
Weilheim, Germany). The nitrate concentration was spectrophotometrically determined at 220 and
275 nm with an ATI Unicam 5625 UV/Vis spectrometer (Thermo Scientific, Cambridge, MA, USA) in
a quartz cell with a 1 cm light path, by acidification with HCl 1N.
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2.4. Water Balance

Water balance calculations were carried out at two different scales and using different
methodologies. The basic level, commonly used in agriculture, uses the crop as the only management
unit; the second level, widely used in hydrology, is the basin. The water balance per crop allows
estimation of the volume of water used by all crops through evapotranspiration (ET) and the volume
of water drained by the soil (Ds). Using irrigation data, a monthly soil water balance was calculated
for each of the crops cultivated in the basin between April 2009 and September 2010. The balance
followed the methodology explained in [37], considering rainfall (R) and irrigation (I) inputs and
evapotranspiration (ET), wind drift and evaporation losses in the sprinkler irrigation system (WDEL)
and Ds outputs. WDEL were estimated according to Playan et al. [38]. As the water stored in the soil
was unknown at the beginning of the period of study (April 1, 2009), it was assumed that the water
content on this date was half of the available water holding capacity (AWHC), as in other studies
conducted in irrigated areas of the Ebro valley [39].

In a second stage, the hydrological balance of the whole basin was calculated, which required
adding the data of the plots included in the basin to those of the unirrigated area in order to know the
total values of R, I, ET, and WDEL. To do this, two more parameters had to be determined: the excess
water discharged into the ravine by Terreu irrigation canal (C), supplied by the Ebro Basin Water
Authority, and the actual drainage to CV ravine (D). Hence, the water balance was determined as the
difference between water inputs (R + I+ C) and outputs (ET + D + WDEL) in the basin system. These
volumes were grouped into six-month periods with irrigation (April to September) and six-month
periods without irrigation (October to March). The error balance (%) was calculated as 200 x [(inputs —
outputs)/(inputs + outputs)], not admitting errors higher than 10% for the hydrological balance.

To evaluate water use according to a water accounting model, it is necessary to determine the
different uses of the system’s outputs [40]. Therefore, each of the outputs was assigned to its
corresponding use: crops’ ET was considered beneficial evapotranspiration (ETs); ET in uncultivated
areas and in the cultivated areas during those months in which there was no crop (or in which the
crop was dry), and WDEL were considered non-beneficial evapotranspiration (ETns); and
runoff/percolation would correspond to drainage. It can be recoverable (RPr) or non-recoverable
(RPnr), depending on the scale and quality of the drainage water. If the scale of the Ebro basin is
considered, the drainage water from CV returns to Cinca River and can be reused. Therefore, it was
considered to be reusable.

The hydrological indicators relate the volumes of water used to each other by means of the
following equations proposed by Willardson et al. [41], Molden et al. [42] and Perry et al. [43]:

CF = (ETs + ETxg)/WU, 1)
NCF = RPr/WU, )
DBF = ETs/(ETs + ETns + RPxr), 3)

In these equations, CF is the consumed fraction (%), NCF is the non-consumed fraction (%) and
DBF is the depleted beneficial fraction (%). ETs is the volume of beneficial evapotranspiration, ETns
is the volume of non-beneficial evapotranspiration, RPr is the volume of recoverable
runoff/percolation, RPnr is the volume of non-recoverable runoff/percolation and total water use
(WU =R +1+ Q) is the total available water volume.

2.5. Salt Balance

The salt balance provides the salt mass in each component of the water balance. This corresponds
to the product of the volume of water and its salinity (product of the EC of the water in dS-m™ by a
conversion factor of 640 mg-L) [44]. Evapotranspiration and losses due to evaporation and wind
drift in sprinkler irrigation were the two components of the water balance that were not taken into
account as they are considered free of ions. It was also assumed that the export of salts by crops was
negligible, according to [45]. Thus, the salt balance had the following components: salt input by
irrigation (51) and rainfall (Sr) and salt output by drainage (Sp). The increase in salts in the system due
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to irrigation (AS) would be the difference between the inputs (St and Sr) and the output (Sp). If this
AS is positive, it is interpreted as a salt accumulation process and, if it is negative, as a reduction in
the amount of salt.

Sk was calculated from the EC of 22 rainwater samples from the rain gauge of the University of
Zaragoza at Huesca, 40 km from the area of study, multiplied by the annual rainfall. St was estimated
from EC data from station #441 of the CEMAS (Control del Estado de las Masas de Agua, tr. Water
Status Control) network, supplied by the Ebro Basin Water Authority.

2.6. Nitrogen Loads

The nitrogen loads were calculated between November 2008 and October 2010, taking into
consideration the most important inputs and outputs of N into/from the system. The losses to the
atmosphere due to volatilization and denitrification were not taken into account, due to the lack of
data. The inputs considered were the nitrogen in irrigation water (Ni), in rainfall (Ng) and in the
discharge of excess water from the Terreu canal to the ravine (Nc). In addition, nitrogen applied as
mineral fertilizer (Nme), nitrogen applied as organic fertilizer (Nor), and symbiotic fixation by legumes
(Sex) were considered. The outputs considered were the mass of nitrogen in the drainage water (Nb)
and nitrogen extraction by crops (Nu). The difference between inputs and outputs was the nitrogen
variation in the system (AN).

Nwmr was obtained by multiplying the fertilizer doses by the richness in N of the fertilizers used.
In the irrigated area, fertilizer doses were estimated from the surveys conducted among the local
farmers. For non-surveyed crops, such as rainfed barley, fodder, olive grove, sunflower, and other
minority crops, fertilization data for the Alcanadre basin, presented in San Romén [46], were used.
However, given that the water balance in the soil showed that no drainage was generated in the
rainfed area, nitrogen fertilization in the rainfed area could be safely excluded from the basin-level
balance, since leaching would not occur and it would not affect the water quality of the CV ravine. It
is also worth noting that alfalfa can cover its N needs thanks to symbiotic fixation, but if nitrogen
fertilizer is added, the plant prefers the fertilizer, stops producing nodules and fixing atmospheric
nitrogen through bacteria. Farmers usually supply N in mineral form, although not covering all the
needs (about 400 kg N-ha™), in such a way that symbiotic fixation covers the rest of alfalfa’s N
requirements. In addition, when an alfalfa field is harvested, the amount of N remaining in the soil,
in the crowns and roots left in the field, accounts for at least 150 kg N-ha™. The release of nitrogen
from crowns, roots and crop residues is slow and occurs within three to four years after it has been
buried [47]. To quantify this contribution of N associated with mineralization, a value of 37.5 kg
N-ha! was chosen and multiplied by the area in which alfalfa had been harvested.

The nitrogen provided by organic fertilization (Nor) was calculated from the livestock census in
the area: 26,270 pigs, 5701 sheep, and 570 calves. The net value of N reaching the ground by type of
animal and year was estimated at 8.7 kg/pig; 18.9 kg/sheep and 77 kg/calf [48]. It was assumed that
manure was applied homogeneously over the entire cultivated area of the basin with an average
annual value of 41 kg N-ha™. The nitrogen input of rainwater (Nr) was established as the product of
the rainfall volume by the nitrate concentration, determined by sample analysis in the laboratories of
the Escuela Politécnica Superior using the equipment described in Section 2.3. The nitrogen input of
irrigation water (N1) was obtained from nitrogen concentration data, supplied by the Ebro Basin
Water Authority, multiplied by the total water irrigation volume. The mass of nitrogen discharged
through the ravine (Npb) was calculated as the product of the volume of gauged water by its
concentration of nitric nitrogen, assuming that most of the N present in water was in the form of
nitrate. Finally, the increase in N in the basin (AN) was calculated as the inputs (Nmr+ Nor+ Sen+ N1
+ Nr+ Nc) minus the outputs (Nu+ Nb).

3. Results and Discussion

3.1. Crops
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The maps in Figure 3 show the different crops grown in the 2009 and 2010 seasons. Unirrigated
crops, mainly barley (2086 ha in 2009 and 2273 ha in 2010), took up 46% of the basin.
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Figure 3. Maps of crops grown in (left) 2009 and (right) 2010 in the Clamor Vieja basin.

The main crops grown in the irrigated plots were rice, maize, barley, and alfalfa. The distribution
was similar in 2009 and 2010, although there was a slight decrease in rice and maize (by 13% and 9%,
respectively) and an increase in barley and alfalfa (by 25% and 31%, respectively).

Rice was the main crop, accounting for 22% of the irrigated area. It is cultivated in saline-sodium
soils of low permeability, given that it is the only crop that can withstand flooding, which allows a
temporary displacement of salts from the root zone. In the cultivation of rice, the practice of
“fangueo” is carried out in this region, which consists of the tilling of the flooded land with an iron
wheeled tractor, so that the straw and the remains of the previous crop are incorporated into the soil
in anaerobic conditions. Through this technique, a soil that already had a very low conductivity is
compacted, obtaining a practically impermeable layer that reduces losses by deep percolation [49]. In
November, the remains of the previous year’s crop were rotavated into the soil, which was then
chisel-ploughed and fertilized in March and then rotavated again. In May, it was flooded and sown
(200 kg seed-ha™'). Those farmers who chose not to rotavate the remains back into the earth only
rotavated in February. In June, herbicide was applied, and the crops were top-dressed. Crops were
harvested in October, with a return of about 6000 kg-ha'. It is worth noting that during part of the
crop cycle, rice paddies were subject to continuous overflow. The irrigation in this area varied
between 900 and 1400 mm-year. Rice was the most irrigated crop in both seasons, with an average
of 1080 mm-year-'.

Maize was grown on 17% of the irrigated land. It was sown at the beginning of May, after the
stover had been broken down, the fields had been chisel-ploughed and rotavated, and basal dressing
had been applied. On average, 85,000 plants were sown per hectare. Then, a pre-emergence herbicide
was applied. The crops were irrigated from July to September, with an average annual irrigation of
735 mm. Crops were fertilized twice through the irrigation water and received a post-emergence
herbicide treatment. In November, around 14,000 kg-ha™' were harvested. Second harvests, after peas
and barley, had slightly different tasks and dates, and were sown later in the year. After peas, 13,000
kg-ha™ were obtained, while after barley the yield was 11,000 kg-ha™.

Barley took up 16% of the irrigated surface. When it was planted after maize, the maize stover
was broken down, the field was chisel-ploughed, and then subsoiled, and basal dressing was applied.
In November, 200 kg-ha™ were sown. In March, herbicide, fungicide and top dressing were applied.
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Barley received around 165 mm of irrigation water-year-!, making it the least irrigated crop. In June,
around 5000 to 7000 kg-ha! were harvested, in contrast with the 2500 kg-ha™ of non-irrigated fields.

Alfalfa accounted for 13% of the irrigated land. It was most commonly sown in autumn, but also
in spring. Before sowing, the field was subsoiled, cultivated, rolled, and basal dressing was applied
and rotavated. After the harvest, the field was rolled again. Once the alfalfa was set, from the second
year onwards, it received two to three top dressings in April, June, and August, with low nitrogen
doses. In this area, alfalfa is usually kept in fields for five years and is cut five or six times a year,
from April to October, with 35 days between cuttings. The average irrigation was 680 mm-ha. The
annual alfalfa returns were about 15,000 kg-ha.

3.2. Water and Nitrogen Use

Table 1 summarizes values for the surface, IWA, seasonal net irrigation requirements (IRn), ARIS
index, mineral nitrogen fertilizer (Nwme), nitrogen theoretically taken up by crops (Nu) and their ratio
(Nwmr/Nu) for the most important crops in the basin under study.

Table 1. Surface, irrigation water applied (IWA), seasonal net irrigation requirements (IRn), annual
relative irrigation supply index (ARIS), mineral nitrogen fertilizer (Nwr), crop nitrogen uptake (Nu)
and relationship between applied mineral nitrogen and that used by the crops (Mnr/Nu) for the main
irrigated crops in the Clamor Vieja basin in 2009 and 2010.

Surface IWA IRn Nmr  Nu
Crops (ha) (mm) (mm) ARIS (kg ha?) Nuar/Nv
2009 2010 2009 2010 2009 2010 2009 2010 2009-2010
Rice 1034 89 980 1180 700 773 14 15 165 132 12
Barley 622 777 120 210 79 144 15 15 163 144 1.1
Maize 770 701 670 800 428 533 1.6 1.5 263 242 1.1
Alfalfa 485 633 620 740 495 601 1.3 1.2 142 435 0.3

According to the ARIS index, the excess irrigation for rice, maize and barley was 50%, and 20% for
alfalfa. The results presented in this study showed a higher ARIS index for rice, maize and barley —and a
similar value in the case of alfalfa— than those reported in previous works in the Ebro basin [12,17,50-53].
Average ARIS index values of 0.87, 1.2, 1.21 and 1.25 for barley, maize, rice, and alfalfa, respectively,
were reported by Salvador et al. [53] for the entire Ebro basin (compared to 1.5, 1.55, 1.5 and 1.25 in the
CV basin, respectively). However, if one takes into account the standard deviations reported by [53],
the results for CV basin would only be significantly higher in the case of maize.

The highest Nwmr figure corresponded to maize (263 kg-ha), and was similar to those reported in
other sprinkler irrigation areas [54]. Nwvr values for rice (165 kg-ha) and irrigated barley (163 kg-ha™)
were very similar to each other, and the later was similar to those reported for other flood [55] and
sprinkler [17] irrigated areas in the Ebro valley.

The relationship between applied mineral nitrogen and that used by the crops (Nmr/Nu) varied
from 0.3 for alfalfa to 1.2 for rice. Alfalfa’s value would be explained by the fact that it received 30%
of its needs through fertilizers, while the rest was symbiotically fixed. In contrast, rice crops received
20% more Nwr than they needed. Flooding of the soil in the rice fields favors denitrification [56], so
the proportions of the different forms of nitrogen are modified, making NH4* the dominant and most
stable form of nitrogen. Unlike NOs, NHa* is not leached, so while the soil is flooded, excess fertilizer
that is in the form of NH4+* will not be washed. In the dry season of rice fields, nitrification will make
NOs the dominant form, but its leaching will be limited by the low hydraulic conductivity soil layer.
The ca. 20% fertilizer excess that rice does not extract stays in the soil for the next season [57]. In
contrast, in the cases of maize and barley, excessive irrigation would wash away nitrogen, which then
enters the water cycle, polluting underground water and superficial drainage collectors. Thus, maize
and barley fields were identified as the main source of nitrogen pollution caused by excessive
fertilization and irrigation [13,17].
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3.3. Quantity and Quality of Drained Water

Figure 4 shows the evolution of discharge (Q), EC and nitrate concentration [NOs] in the CV
ravine between April 2009 and November 2010. During the two irrigation seasons, the drainage
discharge increased, in such a way that the volume of water drained was six times higher than that
outside the irrigation season. Hence, the water regime of the basin would essentially be regulated by
irrigation, as it occurs in many other semi-arid areas [58,59]. The highest drainage peak was registered
in August 2009, when high rainfall was also recorded, and the EC of the drainage water ranged from
0.48 to 3.47 dS'm™. In general, the highest nitrate concentration values were observed during the
winter months of lower discharge, remaining below 30 mg-L-1. During the irrigation season, these
values were reduced by half in the case of [NOs] and by 60% in the case of the EC due to the dilution
effect produced by the irrigation returns.
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Figure 4. Evolution of discharge (Q), electric conductivity (EC) and nitrate concentration [NOs] in the
Clamor Vieja ravine between April 2009 and October 2010.

3.4. Water Balance

The monthly evolution of the water balance in the basin showed that during the irrigation
seasons the values of inputs and outputs doubled, considering the whole basin. If only irrigation is
factored in, they tripled (Figure 5). Irrigation (I) was the main water input to the basin during the
irrigation season, from April to October. Logically, irrigation varied throughout the irrigation season,
reaching its highest monthly values in July and August (around 150 mm). In terms of outputs, the
most important contribution was evapotranspiration (ET), with an average value of 650 mm for the
irrigated sectors during the irrigation seasons.

The water drained from the basin during the irrigation seasons was on average 157 mm, which
accounted for 30% of the outputs. The evolution of drainage was the same during the two irrigation
campaigns, with peaks in May and August. If one considers that the drainage water would come only
from the irrigated area, the volume drained during the irrigation season would exceed 400 mm. Such
high value is typical of surface-irrigated areas [3,60].
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Figure 5. Monthly evolution of inputs (rainfall, R; irrigation, I; Terreu irrigation canal discharge, C)
and outputs (evapotranspiration, ET; drainage, D; wind drift and evaporation losses in the sprinkler
irrigation system, WDEL) of water in the basin (a) and in the irrigated area (b) between April 2009

and October 2010.

The water balance of the basin is presented in Table 2. The bottom line of the water balance
during the two irrigation campaigns had errors slightly above 10%, but the accumulated error over
the 18 months was only 1.1% (in favor of the inputs), so the water balance estimation could be
considered to be adequate. Rainfall (R) was the main water input to the basin during all periods
except in the 2010 irrigation campaign, in which irrigation (I) was the main contribution, followed by
the discharge of water from the Terreu irrigation canal (C). Evapotranspiration (ET) constituted 72%
of the water output, followed by drainage (D) with 26% and the WDEL with 2%. Drainage was six
times higher during the irrigation season than at other times of the year.

Table 2. Inputs (rainfall, R; irrigation, I; and Terreu irrigation canal discharge, C), outputs

(evapotranspiration, ET; drainage, D; and wind drift and evaporation losses in the sprinkler irrigation
system, WDEL), and estimated errors in the Clamor Vieja basin water balance between April 2009

and September 2010.
. October 2009/March April/September April 2009/September
April/September 2009 2010 P » 05 0 P 2010 P
hm3
R 33.5 22.8 159 722
Inputs I 24.4 0.9 28.1 53.5
C 0 5.3 20.8 26.2
58.0 29.0 64.8 151.8
ET" 43.5 25.5 38.5 107.5
Outputs WDEL 1.6 0.1 2.0 3.6
D 19.0 3.1 17.0 391
64.2 28.6 57.5 150.2
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Balance Error (%) -10.2 1.5 12.1 1.1
Accumulated Balance Error (%) -10.2 -6.4 1.1 1.1

* Includes both ETs and ETns.

The average annual water input to the basin was 790 mm, out of which 415 was associated with
rainfall, 237 mm with irrigation, and 138 mm with Terreu irrigation canal discharge. Figure 6 shows
the distribution of the available water by the Irrigation Community members among the possible
uses, following an accounting model. In the basin under study, an average of 597 mm of water would
be consumed per year, out of which 371 mm would correspond to crop evapotranspiration. The CV
ravine would discharge 184 mm of water to the Cinca River. In other words, the CF would be 76%
and the NCF would be 23% of the total water input. Due to the balance error, the calculated fractions
would add up to 99% instead of 100%. The DBF would be 62% and the non-beneficial depleted
fraction would be 38%.

1200

1000 Consumed water B Canal Discharge
800 |
£ o001 @ Non-consumptive
g Use
2 400
=
5
Z 200 4
= ONon-productive
0 4 . . Consumptive Use
-200 A .
Drained water
400 OProductive
Rice Barley Maize Alfalfa Irrigated Fields ~ Non-irrigated Basin Consumptive Use

fields

Figure 6. Water use in the Clamor Vieja basin between April 2009 and October 2010.

In the irrigation area, I and R added up to 1033 mm, out of which 925 mm would be consumed
by ET, although only 671 mm would correspond to direct crop evapotranspiration. According to the
water balance in the soil, 10% of the inputs would leave the root zone and become drainage (Ds), with
values of 20% for rice, 2% for barley, 12% for maize and 0% for alfalfa. The whole basin’s Ds may be
estimated at 41 mm. This value is close to 47 mm, i.e., the difference between the direct contribution
of the Terreu irrigation canal (C, 138 mm) and the actual drainage (D, 184 mm). In other words, the
CF in the irrigated area was 90% of the total water use. This CF was higher than that of surface-
irrigated areas (0.66) and lower than that of sprinkler-irrigated areas in RAAID (0.94) [19]. The
beneficial or crop evapotranspiration represented 65% of total water use (59% in the surface-irrigated
plots with rice, and 60, 73 and 70% in the sprinkler-irrigated plots with maize, alfalfa and barley), and
the DBF for CRSPC reached 0.73, lower than those of other sprinkler- (0.83) and surface-irrigated
(0.95) districts of RAAID.

3.5. Salt Balance

According to the water balance, there would be no drainage in the non-irrigated land. Thus, for
the salt balance, all the drained water would be assigned to the irrigation system. The mass of salt
was calculated using the EC of some of the elements of the water balance. Table 3 summarizes the
salt balance and the values of salt inputs and outputs into/from the basin. For each hectare of
irrigation, an annual average of 1187 kg of salt would enter through the irrigation water. This would
represent 62% of the inputs, even though the irrigation water has a low concentration of salts. The
water discharged directly from the irrigation canal into the ravine was also considered. As
evaporation and evapotranspiration do not export salts, the only output would be drainage, with an
average annual value estimated at 3878 kg-hal. This value of exported salts would be similar to that
recorded in the irrigated lands of Bardenas [3,61,62], and would be between two and six times lower
than those recorded in the irrigated lands of Violada [20,24,55] and Valcuerna [16] basins. This
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difference may be ascribed to the absence of gypsum in the subsoil and to the low hydraulic
conductivity of the soils in the CV basin.

Table 3. Salt balance: salt input [in rainfall (Sr), irrigation (S1), and in water from Terreu canal
discharge (Sc)], salt output [in drainage (Sp),] and increase in salt (AS) in the irrigated lands in Clamor
Vieja basin between April 2009 and September 2010.

April/September 2009  October 2009/March 2010  April/September 2010  April 2009/September 2010

kg-ha
Input Sk 63 43 30 136
S1 1158 37 1141 2337
Sc 1 220 843 1065
Output Sp 2805 1192 2566 6563
AS -1582 -892 -551 -3026

Of the salts exported by drainage, 51% came from the washing of soil salts and dissolution of
geological materials; another 31% originated from salts introduced with irrigation water; and only
2% corresponded to salts contained in rainwater. The remaining 17% of the salts present in the
drainage water would originate from the discharge of excess water from the Terreu irrigation canal
into the CV ravine. The difference between salt inputs and outputs in the irrigated area of the CV was
negative. This means that the salts would be washed away at around 2000 kg-ha™, which would
imply a predominance of salt dissolution processes over precipitation processes.

3.6. Nitrogen Loads

The nitrogen loads were also based on the water balance between April 2009 and September
2010. Its calculation is more complex than that of the salt balance because the main inputs and
outputs, such as fertilization and harvest, depend on each individual farmer’s actions. Table 4 shows
the main components of the nitrogen loads. Rainfall and irrigation contributed an annual average of
5 and 2 kg N-ha™, respectively. The average mineral and organic fertilization doses were 191 and 41
kg N-ha™. Mineralization of the roots and crowns of previous alfalfa crops were estimated to produce
a symbiotic N fixation value of 1 kg N-ha™. Mineral fertilization represented the main N input into
the irrigation system (80%). The next most important input would be organic fertilization, which
represented 17% of the inputs.

Table 4. Nitrogen loads. Total nitrogen input and output (in kg/ha) in the basin.

April/September October 2009/September April 2009/September April 2009/September

2009 2010 2010 2010
kg-ha! %
Nr 37 43 8.0 17
Nt 2.8 17 45 0.9
nputs N 193 190 383 80
Nor 43 39 82 17
Nrs 09 1.1 1.9 0.4
Ne 0.0 16 1.6 03
Nu 197 200 397 97
Outputs ) 6 6 11 3
AN 40.8 314 722

Nr: nitrogen in rainfall; Nr: nitrogen in irrigation water; Nmr: nitrogen applied as mineral fertilizer;
Nor: nitrogen applied as organic fertilizer; Nrs: nitrogen symbiotic fixation by legumes; Nc: nitrogen
in the discharge of excess water from the Terreu canal to the ravine; Nb: nitrogen in the drainage
water; Nu: nitrogen extraction by crops.

Nitrogen extracted by irrigated crops (Nu) accounted for 97% of the outputs, with an average
value of 199 kg N-ha.. The nitrogen exported by the drainage water would be the other output, with
an annual average value of 7 kg N-ha1. This value would be much lower than that recorded in other
basins with sprinkler irrigation in the Ebro valley [17]. According to the proposed water balance,
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over-fertilized and over-irrigated crops, mainly maize, would be responsible for most nitrogen
exports. However, the N exported by drainage would only represent 2.4% of the organic and mineral
fertilization. This percentage would be very low in comparison with other studies, which may be
ascribed to the flooding of the rice fields, which makes NHa4* the predominant N form [57,63], and to
the low permeability of the soils present in this basin, which would hamper nitrate washing through
the soil profile and aquifers. In addition, part of the N would be captured by algae growth in ponded
water. An alternative explanation that should also be considered is that part of the N may be lost as
NHy, in particular since—as noted above—the rice paddies in the area were subject to continuous
overflow during part of the crop cycle. In addition, N-NHs* cannot be easily measured in the drainage
water by chemical procedures. This could be an interesting issue to ascertain in future studies, in line
with Moreno-Garcia et al. [64].

The total amount of nitrogen exported by the crops was estimated at about 199 kg N-ha. Since
the mineral fertilizer dose was 191 kg N-ha™, a figure that would match the extractions, it appears
that nitrogen from organic fertilization (41 kg N-ha') would not be taken into account by farmers as
an effective nitrogen input.

4. Conclusions

The Clamor Vieja basin hydrological unit, basically clayey, was chosen to study the effects of the
transformation from flood irrigation to sprinkler irrigation in soils with sodicity problems. The main
crops grown in the irrigated plots during the period of study were rice (22%), maize (17%), barley
(16%) and alfalfa (13%). The drainage of the basin was found to be directly related to irrigation,
without the presence of buffer aquifers, in such a way that during the irrigation seasons the drainage
flow considerably increased, with volumes of drained water six times higher than those at other times
of the year.

From the basin water balance, the CF and the recoverable fraction were estimated at 76 and 23% with
respect to the total input water, respectively. If only the irrigated area was considered, the CF represented
90% of total water use. The beneficial or crop evapotranspiration represented 65% of total water use, while
the DBF reached 0.73.

The dilution effect produced by the irrigation returns resulted in remarkable decreases in the EC
(by 60%) and in nitrates (by 50%) during the irrigation seasons. The highest nitrate concentrations,
registered in winter months, remained below 30 mg-L. The drainage water exported 3878 kg
salts-ha™-year™. The difference between salt inputs and outputs in the irrigated area was negative
(i.e., salts would be washed away at around 2000 kg-ha-year™), indicating a predominance of salt
dissolution processes over precipitation processes.

The N-NOs exported by the drainage water value was very low (7 kg N-ha'lyear?) in
comparison with other studies. This may be due to the flooding of the rice fields, which makes NH4*
the predominant N form, and to the low permeability of the soils present in this basin, which would
hamper nitrates washing. Further research is needed to ascertain this issue.
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