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When irrigation is introduced in a region, it adds salts and mobilizes those already present
in the soil, changing the soil-plant-atmosphere continuum. These changes may lead to
higher salt loads in the drainage water which, in turn, can have an impact on waters further
downstream. Knowing the dynamics of these loads at the sub-basin scale is key to
accounting for the possible impact that irrigation may have and to determining what
improvements could be applied. This study aimed to characterise the different salt types
present and to investigate drainage salt loads and their dependence upon irrigation input
and their implications in irrigation management in a new, and well-managed, 8000 ha
irrigation district located in the Ebro basin, NE Spain. In addition, it is relevant to highlight
that the Ebro basin suffered a period of significant drought in 2023. As a result, irrigation
restrictions were applied in many irrigation districts. We sought to investigate how these
reductions influenced irrigation return flows and salt discharges within a selected irrigation
district. The present study was undertaken during the irrigation periods of 2021, 2022, and
2023. We monitored water inputs and outputs in two representative sub-basins belonging
to the Algerri-Balaguer irrigation district (Ebro basin, NE Spain). We also analysed water
inputs and outputs in order to characterise and establish the salt balances in both of the
sub-basins that we studied. Our results showed that during 2023, a reduction in irrigation
delivery of 31% led to a reduction in drainage volume of 73%, resulting in a decrease in salt
exports through drainage of 70%. These data revealed that the application of irrigation
restrictions not only led to an increased availability of downstream water resources, but
also to a decrease in drainage volume and salt load, resulting in an improvement in
irrigation management by farmers. However, it should also be underlined that this drastic
reduction in irrigation was, in turn, responsible for a reduction in yield. Re-utilising drainage
waters and/or improving irrigation management at the field scale may help to find this point
of balance in areas with high water demands.
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INTRODUCTION

The introduction of irrigation in a region has a significant impact
on the natural dynamics of its environment, including its soils
(Murray and Grant, 2007; Hillel et al., 2008; Cox et al., 2018). In
Mediterranean areas, irrigation plays a crucial role in enabling
high crop yields and promoting social and economic
development (FAO, 2002). These areas typically have soils that
are rich in ions, because the dry climate prevents them from being
washed out. The aridity of their climates is characterized by low
levels of precipitation (P) compared to evapotranspiration (ET)
(Soil Survey Staff, 2022). Under dry-land conditions, the balance
between evapotranspiration and precipitation leads to a deficit in
water availability in the soil and there is little possibility of salt
leaching. The application of irrigation water leads to a significant
change in soil water dynamics. Irrigation, which may also contain
high levels of dissolved salts, allows excess water to carry salts
away from the root zone more efficiently. The movement of water
from the soil to lower areas, aided by drainage systems, facilitates
the removal of salts from both the irrigated fields and the entire
irrigated area. This, helps to prevent soil salinisation and water-
logging (Fereres et al., 2011).

Numerous studies have been conducted to address this issue.
In irrigated Mediterranean regions, and specifically in the Ebro
basin, salt removal in irrigated land has been reported to range
from 0.5 (Andrés and Cuchí, 2014) to 14.5 t. ha−1. year−1
(Abrahao et al., 2011; Barros et al., 2015; Causapé et al.,
2004a; García-Garizábal et al., 2009; 2012; Isidoro et al., 2006;
Tedeschi et al., 2001). The variations in these values can primarily
be attributed to the type of irrigation system used (surface or
sprinkler) and the presence of salts in the soils of the area, which
are influenced by geology, geomorphology, and hydrology. A
notable example of such differences was highlighted in a study
conducted by (Jiménez-Aguirre and Isidoro, 2018), who
compared the salinity and volume of the drainage water (that
constitute what will be the salt loads) in an irrigation district
before (with surface irrigation) and after modernization (with
sprinkler). That study revealed a 60% reduction in salt loads, from
16.7 t. ha−1. year−1 to 5.6 t. ha−1. year−1, as a result of reducing the
water input through irrigation by 5,536 m3. ha−1. year−1.

Understanding the quality and quantity of drainage water
within an irrigation district is crucial for determining
opportunities for water reuse, evaluating potential impacts on
water bodies, and assessing the sustainability of irrigation
practices related to soil and water quality.

It is on these questions that this study is focused.We wanted to
investigate how a reduction in irrigation water use affects salinity
and volume of drainage water in new irrigated areas where land
consolidation has been carried out and a drainage network has
been designed to allow for monitoring. To do so, this study
focused on an irrigation district that, due to the drought in the
Ebro basin, suffered a 25% restriction (from a theoretical
maximum allocation of 48 hm3 to 36 hm3) in irrigation in
2023. During the years 2021, 2022, and 2023, we obtained
both qualitative and quantitative data about the irrigation,
precipitation in, and drainage from, the Algerri-Balaguer
irrigation district (Ebro basin, NE Spain) at the sub-basin

scale. Our objective was not only to assess the salt balances
but also to understand how the irrigation-precipitation-
drainage system responds to reduced water inputs during
hydrological drought restrictions. We also conducted a
comprehensive analysis of water quality parameters relating to
the drainage water in order to assess its potential for reuse in
irrigation and any potential downstream impacts.

MATERIAL AND METHODS

Area Studied
Land Use and Irrigation Management in the
Area Studied
The research area is located in the Algerri-Balaguer irrigation
district, which is part of the River Ebro basin in northeastern
Spain. This district was established in 1998 and has a total
irrigable area of 8,000 ha.

The maximum water usage in this district is 48 hm3. year−1.
The irrigation water used in this district is pumped from the River
Noguera Ribagorçana (see Figure 1), on a daily basis, as needed.
Not all land within the irrigation district is irrigated. The total
irrigated area has been ranging from 6,000 to 7,000 ha over the
years, depending on the fallow requirements and water
availability (6,243 ha, 6326 ha, 6345 ha, for 2021, 2022, and
2023, respectively). All of the irrigation facilities in this district are
pressurized, with 70% of irrigation using sprinkler systems and
30% using drip irrigation.

The predominant land use in this district is double cropping,
with winter cereals or peas (to a lesser degree) being grown in
winter, followed by maize in summer. Double cropping accounts
for over 50% of land use in the irrigated area. Orchard crops, such
as apples, almonds and olives, are also grown in this district.

To conduct the study within the irrigation district, four
drainage sub-basins were selected. These were defined using
the “Fill sinks” (Wang and Liu, 2006) algorithm in QGIS
3.24.3 software. The digital elevation model of the study zone
used for this purpose was obtained from Institut Cartogràfic i
Geològic de Catalunya (2020). The “SAGA Terrain Analysis:
Channel Network and Drainage Basins” toolbox was then used to
obtain the final drainage sub-basin areas. The specific drainage
sub-basins can be seen in Figure 1; Table 1.

The extension, land use and acreage of the sub-basins which
were studied are shown in Table 1. Land use data were obtained
from the DUN-SIGPAC data set provided by the Departament
d’Acció Climàtica (2021) and validated, for each study year, using
in situ data provided by technicians working in the Algerri-
Balaguer irrigation district.

Weather and Climate
The study area has a dry, continental Mediterranean climate, with
cold winters and hot, dry summers. Its average air temperature is
14.4°C. Its average annual rainfall and reference
evapotranspiration are 378 mm and 1,072 mm, respectively
(2000–2022), as measured at the agrometeorological station of
Albesa (RuralCat Departament d’Acció Climàtica Alimentació i
Agenda Rural, 2023). Rainfall is predominantly concentrated
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during the spring and autumn seasons. During the study period,
annual rainfall was below average, with values of 333, 298, and
237 mm, for 2021, 2022, and 2023, respectively (Figure 2).

Geology and Soils
From a geological point of view, the study site is located in the
Piedmont zone, between the expansive Pre-Pyrenean Mountain
system, which is characterised by imposing mountain ranges, and
the Tertiary depression, which is dominated by the Ebro Valley.
Serra Llarga marks its northern boundary, corresponding to the
southern slopes of the Barbastro-Balaguer Anticline, with the
Alfarràs plateau connecting it to lower-lying areas through fluvial
deposits and glacis. To the south, the study area is bordered by the
central-eastern depression, which is traversed by the Segre and
Noguera Ribagorçana rivers, which have formed prominent,
stepped terraces.

Geologically, the region’s stratigraphy comprises Tertiary
materials, which progress from a gypsum base and include
two detrital units. The lower unit includes stratified
limestones, marls, flint intercalations, sandstones alternating
with silts and clays, and carbonate levels. Upon this lies the
upper detrital unit, which features paleochannel deposits of
sandstones, silts, and red clays, alternating with sandstone bars
and conglomerates. Quaternary deposits, characterised by
terraces and colluvial deposits have also been identified in the
study area (Gil et al., 1998).

Hydrologically, the study region falls within the basins of the
rivers Segre and Noguera Ribagorçana. In terms of hydrogeology,
the aquifer system of the Ebro’s alluvial terraces, is divided into
two aquifers: the lower alluvial terrace of the River Noguera
Ribagorçana, with its current floodplain, and the last alluvial
terrace of the River Segre. In both cases, the impermeable

FIGURE 1 | The sub-basins studied, main soil mapping units in the study area, and data collection points.

TABLE 1 | Catchment area and land use in the four sub-basins studied within the
Algerri-Balaguer irrigation district.

Land use (ha) AB1 AB2 AB5 AB6 Total

Catchment area 114 2,587 419 2,648 5,768
Irrigated area 94 2,337 374 925 3,731
Double crop 61 1,323 215 319 1918
Orchard trees 17 344 23 97 481
Alfalfa 159 16 79 254
Maize 158 23 97 278
Winter cereal 205 69 294 568
Others 16 147 29 40 232

FIGURE 2 | Monthly rainfall and average air temperature in the study
area during the study period, according to the agrometeorological station
at Albesa.
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substrate consists of tertiary lithologies, such as clays, gypsum,
and silts. Recharge mechanisms encompass direct infiltration
from rivers, rainwater infiltration, limited infiltration from
lateral torrents, and predominant infiltration from irrigation
returns (Mensua et al., 1977).

However, this aquifer system is not extensive in the studied
sub-basins, as it is confined to the terraces of rivers Noguera
Ribagorçana, Farfanya, and Segre (areas limited by Typic
Xerofluvents and Oxyaquic Xerofluvents, in Figure 1). Thus,
there is no interaction with groundwater in the study area.

The soils in the study area have been widely studied. Field
studies dating from 1984–1986; 1990–1991; 1994; and
2017–2018 resulted in a detailed 1:25,000 soil map (Institut
Cartogràfic i Geològic de Catalunya, 2019), which is
available online.

The soils in the Algerri Balaguer irrigation district have pHs
ranging from of 7.6–8.5, with high levels of calcium carbonate
(15%–50%) and low levels of organic matter (0.2%–3%). The soil
textures are mainly loam, clay-loam, silt, and silty-clay-loam. Soil
depths vary, being generally deep (> 120 cm) and well-drained,
and there is no evidence of redox reactions in the first 100 cm of
the soil profile (Boixadera et al., 1989), indicating that there is no
(and has not been) shallow water-table.

Secondary accumulations of calcium carbonate often manifest
as nodules (calcic horizons), and in cases where coarse elements
are abundant, petrocalcic horizons may form. It is also common
to find crystals and secondary accumulations of vermiform
gypsum, which have formed gypsic horizons. This has
occurred in soils that have developed on detrital materials
originating from the residual platforms of alluvial deposits in
the foothills of the Serra Llarga range. According to the parental
material, there are also distinctive sequences of horizons, with the
most common ones being Ap - Bwkn(y)/Bw/Bkm/By - 2C/2R.

The soils in the study area are mainly classified as Gypsic
Haploxerepts, Typic Calcixerepts, Xeric Torriorthents or Xeric
Petrocalcids, among others, according to the Soil Survey Staff
(Soil Survey Staff, 2022). Further information on the different soil
taxonomies present in the area can be found in Figure 1.

Sampling Methodology
Throughout 2021, 2022, and 2023, the volumes of irrigation water
used, precipitation and the amount of water drained were
measured. Complete water analyses were also carried out
periodically in order to determine the main quality parameters.

Irrigation Water
As already mentioned in 2.1.1, the Algerri-Balaguer irrigation
district has a maximum water use of 48 hm3. year−1. This water
comes from the River Noguera Ribagorçana. Demands for water
from the irrigation district are submitted on a daily basis to the
Confederación Hidrográfica del Ebro (CHE), which is the
institution responsible for the management of water in the
River Ebro basin. Once the requested water has been delivered
from the upstream reservoir (Santa Ana dam), it is recorded in
the Ebro Automatic Hydrological Information System (Sistema
Automático de Información Hidrológica – SAIH), whose data are
available online (SAIH, last access 15th December 2023). Once

the water is pumped from the river to the canal, it is stored in a
regulating reservoir and later on distributed throughout the
irrigation district, between different reservoirs, as illustrated
in Figure 3.

The farmers connect their systems to the irrigation district
network of hydrants, which are equipped with flow-measuring
devices. A total of 1,369 hydrants were installed in the Algerri
Balaguer irrigation district during its development. Non-revenue
water (NRW), which is also known as unregistered water, is the
difference between the volume of water pumped into the water
distribution system and that which reaches the hydrant. It has
been estimated as representing 8% in 2021 and 2022 (Olivera-
Guerra et al., 2023) and 7% in 2023.

The Algerri-Balaguer irrigation season starts on 5th March
and ends on 15th October. To monitor yearly water use and
provide a tool for water accounting, each hydrant is checked
before the start and after the end of the irrigation season. This
enables the irrigation district technicians to accurately monitor
the amount of irrigation water used from each hydrant and its
associated field. The irrigation district makes two charges for
supplying water. One is fixed and depends on the total acreage
irrigated and the other is variable and depends on the total
volume of water used.

With this information, and knowing the location of each
hydrant, it is possible to determine the total irrigation water
input for each sub-basin and year. In addition, it is possible to
obtain average values of water consumption for each crop as
recorded at the hydrant.

The total amount of water used per sub-basin and day can be
determined by considering both the daily volume of pumped
water and the yearly use per hydrant. We assume that daily
pattern water consumption is consistent across all the sub-
basins studied.

Monitoring Drainage Volume and Water Quality
During the 2021, 2022, and 2023 irrigation seasons, the water
level and electrical conductivity (EC) at the outlets from the four
sub-basins (Figure 1) were continuously monitored, using a
Hydros21 sensor (METERGroup, USA). This sensor provides
hourly average data about water level (mm), electrical
conductivity (EC, dS·m−1), and water temperature (°C). The
flow data at the drain outlets are obtained from the water level
according to the procedure described in Altés et al. (2023). By
applying this methodology, it is possible to obtain hourly flow
values (e.g., m3·h−1). Technical information regarding the
Hydros21 Sensor can be obtained online in METERGroup.

However, among the four sub-basins, reliable flow estimates
are only available for outlets AB1 and AB2, which were used for
determining the salt and water balances. When characterising the
quality of the drainage water, data from all of the four monitored
sub-basin were used.

Drainage water quality was monitored in two different ways.
On the one hand, continuous hourly EC (dS·m−1) values were
registered using the HYDROS21 sensor; on the other, six-
monthly ion analyses were performed in the laboratory for the
four sub-basin outlets and irrigation water. The latter was done
using the UNE-EN ISO 10304-1, UNE-EN ISO 10304-4 and
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UNE-EN ISO 11885 methodologies. This allowed us to correlate
continuous EC values with values for total dissolved ions (TDI)
(mg·L−1). With this value, combined with the outflows at the
outlets, we were able to know the total salt export during the
period studied.

Salt Balances
A total of six salt balances were carried out. Three were obtained
for sub-basin AB1 and another three for sub-basin AB2. They
were obtained for the irrigation periods in the years 2021, 2022,
and 2023: from 5th March to 15th October in each year.

The salt balance (ΔSB) equation was defined by the difference
between salt inputs (SI) and outputs (SO). This is a common
methodology and has been used in other studies conducted in the
Ebro basin, such as (Andrés and Cuchí, 2014; Causapé et al., 2004a).

In the case of the present study, the main salt inputs were
irrigation (SII) and rainfall (SIR). In the case of irrigation, total
dissolved ions (TDI, mg·L−1) were obtained from the relationship
between EC and the sum of all the ions obtained in the laboratory
analysis. In that of precipitation TDI, there was no locally
available data. To fill this gap, we used average data from
other salt balance studies conducted in the Ebro basin in
recent decades. All of these concluded that the contribution of
rain salts to the total balance was low, and never greater than 5%
[(Andrés and Cuchí, 2014; Causapé et al., 2004b; Quílez, 1985)].

It should be noted that salt exports (SO) correspond
exclusively to the salt load of the drainage water, as other
components of the balance, such as salt removal by crop
uptake, are considered negligible. In the case of groundwater,
there was no evidence of the aquifers in the sub-basins studied
(Agència Catalana de l’Aigua, 2013; Instituto Geológico y Minero

de España and Dirección General del Agua, 2010; Ministerio para
la Transición Ecológica y el Reto Demográfico, 2022). In these
cases, the resulting salt balance would be provided by Equation 1.

ΔSB � SII + SIR − SO (1)
Water and salt balance calculations were conducted for the

entire basin. The results were then divided by the irrigated area,
yielding the average salt balance per field, expressed in kg. ha−1.
year−1. In this way, it was easier to make comparisons between
both of the sub-basins studied and with other similar studies.

We also performed a separate balance calculation for each ion
in order to know which ions were exported through drainage
water and which remained in the soil.

Leaching Fraction
The leaching fraction (LF) represents the depth of water that
leached below the root zone compared to the total depth of water
applied (Ayers andWescot, 1985) and is provided by Equation 2.
In the case of irrigated agriculture, the total volume of water
applied is the sum of irrigation and rainfall. In the present study,
the amount of leached water accounts for drainage water.

LF %( ) � Drainage

Irrigation + Rainfall
·100 (2)

Irrigation adds salts to the soil, which can potentially decrease
crop yields in the medium term. Additionally, in calcareous soils,
irrigation can dissolve existing salts in the soil. To maintain soil
quality, these salts must be removed, a process defined as leaching
requirements (LR) (Rhoades, 1974; Doorenbos and Pruitt, 1977;
Ayers and Wescot, 1985). As long as the leaching fraction (LF) is

FIGURE 3 | Diagram showing the irrigation network of the Algerri Balaguer irrigation district and the points from which the water volume data were collected.
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greater than or equal to the leaching requirement (LR), there will
be no accumulation of salts from the irrigation water, and existing
salts in the soil will be leached away. If this situation persists for
extended periods, salts from irrigation water will accumulate in
the soil, leading to processes known as secondary soil salinisation.
Amongst other things, this will adversely affect the yields of non-
salt-tolerant crops.

In this study, the leaching fractions (LF) were estimated and
compared with the leaching requirements (LR), which can be
calculated using models. We employed the model proposed by
Rhoades (1974) for these estimations, following Equation 3,

LR %( ) � ECi

5. ECe( ) − ECi
·100 (3)

With ECi being the electrical conductivity of irrigation water,
valued at 0.37 dS·m−1 in the study area and ECe the average soil
salinity tolerated by the crop, measured from a soil saturation
extract. This value can be obtained fromAyers andWescot (1985)
for several crops. Given that maize is one of the most sensitive
crops to soil salinity (and the main crop in the area), an electrical
conductivity of the saturated soil-paste extract (ECe) of
1.7 dS·m−1 was used in the Rhoades model.

According to the Rhoades model, the salt leaching
requirement with an irrigation water electrical conductivity of
0.37 dS·m−1 and an ECe of 1.7 dS·m−1 is 4.5%. Consequently, if LF
≥ 4.5%, the LR would be achieved and, in theory, no salt build-up
should occur.

RESULTS AND DISCUSSION

Water Quality Data
Figure 4 presents the Piper diagram (Piper, 1944) for the four
sub-basins studied, along with the irrigation water used in the
Algerri-Balaguer.

The Piper diagram is a graphic procedure for geochemical
interpretation of water analysis. It is useful for observing and
describing possible differences between samples and sources, in
terms of their chemistry. It shows the relative proportions of
cations and anions and their hydrochemical characteristics.

The Piper diagram illustrates the differences in ionic
composition between the irrigation water and the drainage
water. In the case of the cations, the irrigation water exhibited
a predominance of calcium. In the drainage water, there is no
dominant cation type. This discrepancy was primarily due to the
elevated levels of Mg2+ and Na+ in drainage waters and its
absence in irrigation (see Table 2). In the case of anions, it is
clear that different types predominate depending on the water
source. While bicarbonate is the primary ion present in irrigation
water, sulphates predominate in drainage water.

The irrigation water showed characteristics of a calcium-
magnesium bicarbonate type. Conversely, the drainage water
exhibited a composition dominated by calcium, magnesium,
chlorine, and sulfate ions. However, in the case of AB6, there was
amixed type, attributable to the presence of elevated levels of Na+ and
Cl−. These ions are present in the soils classified asXeric Torriorthents
that predominate in this sub-basin (Figure 1).The differences in
composition between the irrigation and drainage waters was a result
of the dissolution of salts present in the soil; this process is intensified
with higher water inputs, such as the application of irrigation.

On the other hand, we established a relationship between the
total dissolved ions −TDI, mg·L−1 (Hart, 1974; McNeil and Cox,
2000)−, and the electrical conductivity (EC, dS·m−1) of the water.
TDI considers the sum of major ions in the water, expressed in
mg. L−1. In most water, these ions correspond to
Ca2+,Mg2+, Na+, Cl−, SO2−

4 and HCO−
3 . This serves as an

initial step for determining the salt input through irrigation
and salt output through drainage. The relationship between
TDI and EC is generally linear, according to Equation 4, with
values of k ranging between 350 and 1,000 in most waters.

FIGURE 4 | Piper diagram of irrigation water and the different drainage water in the sub-basins studied. Template by (Stosch, 2022).
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TDI mg·L−1( ) � k · EC dS·m−1( ) (4)
When assessing most salt balances, it is common to use total

dissolved solids (TDS) for this purpose, establishing the
relationship at 640 mg·L−1 to 1 dS·m−1 (Rhoades et al., 1999;
USSL, 1954) for continental waters, and commonly reaching
values of 890 mg. L−1 (Rusydi, 2018). However, total dissolved
solids (TDS) includes not only ionic dissolved solids but also
organic solids. As our goal was to determine salt inputs and
outputs, we used the TDI-EC relationship. Moreover, in waters
from xeric regions, originating in calcareous soils with a
prevalence of gypsum, it is advisable to establish an in situ
relationship. Applying the relationship proposed by the USSL
may lead to an underestimation of the salt content in drainage
water and its environmental impact.

In Figure 5 we show the TDI-EC relationship for water in the
four sub-basins studied and for the irrigation water.

All the relationships were higher than 640 mg·L−1, ranging
from 804 (irrigation) to 958 (AB2). The relationships for each
site were:

• TDI(AB1) � 926·EC (R2
adj � 0.87, p − value< 0.001)

• TDI(AB2) � 958·EC (R2
adj � 0.91, p − value< 0.001)

• TDI(AB5) � 830·EC (R2
adj � 0.85, p − value< 0.001)

• TDI(AB6) � 842·EC (R2
adj � 0.80, p − value< 0.001)

• TDI(irrigation) � 804 · EC
(R2

adj � 0.79, p − value< 0.001)

In Table 2, we also indicate the SAR (sodium adsorption ratio)
and EC (electrical conductivity) of each sample site. It is
important to note that in AB1, AB,2 and AB5, the SAR values

did not exceed 3, while the TDI values ranged between 1,000 and
4,500 mg·L−1. According to the guidelines proposed by Ayers and
Wescot (1985), reusing this drainage water for irrigation would
not be highly recommended, as they could increase the ECe.
However, as seen in Table 2 and in Figure 4 the majority of these
TDI corresponds to calcium-sulfate (Ca2SO4) and magnesium-
sulfate (Mg2SO4) salts, which are not very soluble and do not
affect the osmotic potential of the water in the soil.

This, combined with the relatively low EC values—especially for
drainage waters—suggests that in certain cases, this water could be
reused for irrigation, with appropriate irrigation management.
However, in the case of AB6, we observed higher SAR values
(6.9) accompanied by slightly higher EC values (4.6 dS·m−1).
Reusing the drainage water from outlet AB6 for irrigation
would lead to further complications. The nature of the dissolved
ions would cause issues related to the effects of sodium on both soil
and plants. This highlights the importance of knowing about the
soil and geological material in a given area. We could putatively
observe striking differences between sub-basins receiving waters of
the same irrigation quality.

These data were compared to a previous study conducted in
the area between 2006 and 2008 by Villar et al. (2015). They
monitored outlets AB1 and AB2 when the irrigated area had been
newly stablished (and covered 4,700 ha in the AB district
compared to the present 7,000 ha). In Table 3 we present
some of the water quality results obtained in their study, and
compared with the present one for sub-basin AB2. In Table 3 we
can observe a reduction in CE and in SAR values, accompanied
with a reduction of concentration in Na+ and Mg2+ ions.
However, Ca2+ concentration remains stable. Similar patterns
were observed for AB1. This suggests that the application of high-
quality irrigation water over the past 15 years has resulted in the
leaching of salts and the improvement of soils in the area.

TABLE 2 | Mean and standard deviation of the main ions analysed in the different sample points. Values for ions, expressed in mmolc. L
−1. SAR accounts for sodium

adsorption ratio and EC for electrical conductivity (dS. m−1 at 25°C). The respective number of samples were n � 12 for AB2, n � 8 for AB1 and AB5 and n � 6 for
AB6 and irrigation.

Sample point Ca2+ Mg2+ Na+ Cl− SO2−
4 HCO−

3 SAR EC

AB1 27.5 ± 3 15.2 ± 1.3 6.6 ± 0.2 4.3 ± 1 35.4 ± 5.8 4.9 ± 1.3 1.4 3.3
AB2 25.3 ± 5.5 18.8 ± 4.9 10.9 ± 3 7.0 ± 2 42.1 ± 10.6 4.6 ± 1.3 2.3 3.7
AB5 15.9 ± 0.8 7.5 ± 0.7 10.1 ± 1.1 5.9 ± 1.1 22.4 ± 2.6 4.5 ± 1 2.9 2.6
AB6 21.6 ± 1.3 11.1 ± 0.7 28.0 ± 1.6 20.2 ± 1.6 33.9 ± 0.7 5.7 ± 0.2 6.9 4.6
Irrigation 3.0 ± 0.2 0.6 ± 0.1 0.5 ± 0.1 0.5 ± 0 1.3 ± 0.1 2.2 ± 0.3 0.4 0.37

FIGURE 5 | Relationship between total dissolved ions (TDI, mg·L−1) and
electrical conductivity (EC, dS·m−1) in the four sub-basins studied and in
irrigation water.

TABLE 3 | Comparison between drainage water quality in the sub-basin AB2 for
the years of the study of Villar et al. (2015) and the present study. Values of
electrical conductivity (EC) in dS. m−1, values of ion concentration in mmolc. L

−1.
Average values ± standard deviation.

2006–08 2021–2023

CE 4.9 ± 0.8 3.7 ± 0.9
Ca2+ 24.5 ± 3.7 25.3 ± 5.5

Na+ 14.6 ± 4.4 10.9 ± 3
Mg2+ 28 ± 5.9 18.8 ± 4.9
SAR 2.8 ± 0.7 2.3 ± 0.5
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Drainage Volumes and Salt Balances
Figure 6 illustrates the daily dynamics of irrigation water inputs,
drainage water amounts, and the estimated salt export from the
irrigable area in the two studied sub-basins (AB1 and AB2). In
2021 and 2022, the impact of irrigation on the quantity of drainage
water and the salts exported is clearly evident. As expected for the
type of crops in the area, the majority of the irrigation water was
used during the summermonths, with average values ranging from
50 to 80 m3·ha−1·day−1. These high irrigation inputs led to an
increase in drainage flow during these months; this was particularly
evident at the AB2 outlet.

A delay was observed between irrigation application and
drainage discharge. Despite the highest irrigation water usage
occurring in July and August, peak drainage and salt discharge
were recorded in September. This suggests that at the onset of the
“second” irrigation period for maize, the soil was initially dry,
resulting in minimal drainage. Over time, as the soil moisture
increased, excessive drainage occurred from July to September,
aligning with the period of peak irrigation demand. This indicates
that irrigation management may have been less effective during
periods of high irrigation demand compared to periods of
lower demand.

Regarding the response to precipitation events, it was observed
(dark blue bars in Figure 6) that the influence in AB1 was much
smaller than in AB2, with the former having a significantly larger
drainage basin (2587 ha vs. 114 ha). In AB2, there was a clear

increase in the salt load in the days leading up to a rainfall event.
In AB2, salt load values ranged from 20 to 30 kg salt·ha−1·day−1,
while in AB1, it was lower, at 15 kg·ha−1·day−1. These values were
consistent with those reported in other earlier salt balance studies
conducted in the River Ebro basin (Abrahao et al., 2011; Andrés
et al., 2020; Causapé et al., 2004a; García-Garizábal et al., 2009;
Isidoro et al., 2006; Merchán et al., 2013; 2018).

The main differences between these studies were related to the
geological and soil types, and also to the irrigation types (surface
or sprinkler). This complicates the comparison of results across
basins beyond salt exports and highlights the importance of
studying each irrigated area individually. It also underscores
the potential for improvements in water management and
their overall impact.

In 2023, there was a noticeable decrease in irrigation water
application compared to 2021: by 40% in AB1 and by 32% in
AB2. The reduction in irrigation water application was
mandated by the basin administrator (Confederación
Hidrográfica del Ebro, CHE) in response to the hydrological
drought experienced in the basin in 2023 Confederación
Hidrográfica del Ebro (2024). Water availability for irrigation
across the entire irrigable area was reduced to 75% compared to
a normal year. However, through optimized water management
at the irrigation district level, the actual irrigation water applied
amounted to 70% of the amount applied in the previous 2 years
(personal communication, 2023).

FIGURE 6 |Daily dynamics of irrigation (I), rainfall (R) drainage discharge (D) and salt loads (SL) for the two outlets studied (AB1, AB2) during the three study periods.
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We observed the effects of reduced irrigation water availability
in both sub-basins. As shown in Figure 6, peak irrigation
application occurred during the summer months in 2021 and
2022 but this level was not reached in 2023. In that year,
maximum average daily irrigation inputs did not exceed
40 m3·ha−1. This shift could primarily be attributed to changes
in irrigation management and land use by farmers. They relied
more on irrigation for barley and left some acreage fallow,
without sowing maize. This change in behavior led to
decreased crop yields. However, the reduction in irrigation
also led to a 66% reduction in drainage in AB1 and a 79%
reduction in AB2, compared to 2021.

Moreover, during the first irrigation period application in
2023 (spring months), which corresponded to the winter cereal
cycle, we observed a lower drainage discharge despite a higher
water input through irrigation compared to 2021 and 2022, as
seen in Figure 6. This suggests that when restrictions were
imposed in the irrigation district, farmers improved their
water management, possibly due to greater concerns about
water usage.

An increase in irrigation during the spring months did not
result in any corresponding increase in drainage during these
months. Furthermore, despite a greater irrigation input, we
observed a reduction in the leaching fraction in AB2 in 2022.
This decrease in drainage was attributed to higher reference
evapotranspiration (ETo) in that year, likely influenced by
higher temperatures compared to 2021 or 2023. This led to
higher crop evapotranspiration (ETc) values and increased
irrigation demand.

At the same time, the reduction observed in 2023 resulted in a
lower LF, with the value approaching the optimal level (LR), with
this being even lower in the case of AB2 (Figure 6). The LF
decreased from 15.6% in AB1 and 14.8% in AB2, to 7.5% and
3.9%. These results suggest that most of the excess drainage
occurred during the summer months, coinciding with peak
irrigation activity.

In has been observed that the salt balances varied across the
3 years analyzed (Table 4), with the amount of irrigation water
applied being the determining factor. During the periods of
unrestricted irrigation in 2021 and 2022, the salt balance
shows that salt outputs through drainage were consistently
high, ranging between 996 kg·ha−1 and 2,193 kg·ha−1. Since
these amounts are less than the salt supplied by irrigation

water, it is conclusive that salts are leaching from soils in the
area. In contrast, in 2023, with irrigation inputs below average,
salt outputs were significantly reduced. The salt balance (the
difference between salts added by irrigation and rainfall and those
removed through drainage, as indicated in Equation 1) was
slightly negative in AB1 and positive in AB2. This outcome
appears to confirm the validity of the Rhoades model (1974)
for leaching requirements, as the only negative balance occurred
in 2023 in the AB2 sub-basin, where the leaching fraction (LF)
was lower than the leaching requirement (LR).

It is important to note that the drainage measures discussed in
this research are those registered exclusively during the irrigation
periods of the three study years. Consequently, references to salt
exports pertain specifically to those occurring within this time-
frame. Although there is reduction in drainage water flow during
the winter period, salt exports still occurred during this season;
however, these are not reflected in this study.

Ion Balance Assessment
Individual assessments of the predominant ions were conducted
for each irrigation period within the two sub-basins studied.
Figure 7 provides a synthesis of the acquired data. The figure
indicates that salt is exported in excess in most cases, except for
sub-basin AB2 in 2023, where salt is retained in the soil. Sulfate
emerged as the primary ion exported in substantial quantities,
averaging −1,200 kg. ha−1·year−1, likely due to the prevalence of
gypsum in the local soils. Additionally, the bicarbonate (HCO−

3 )
supplied by irrigation water exceeded the amount exported by
drainage, suggesting possible reactions with soil calcium to form
carbonate precipitates (as per Equation 5). This process likely
facilitated the sequestration of inorganic carbon.

Considering Equation 5, and based on an average annual
increase of 416 kg·ha−1 of HCO−

3 in the soil, approximately 41 kg
C·ha−1·year−1 would be sequestered in the form of inorganic
carbon via carbonate precipitates.

Ca2+ + 2HCO−
3 → CaCO3 ↓ +H2O + CO2 ↑ (5)

As noted by Entry et al. (2004), irrigation can serve as a tool to
augment the sequestration of carbon within the soil, working in
conjunction with organic C sequestration. Furthermore, this
mechanism provides a valuable means of enhancing carbon
sequestration in semi-arid regions, where soil organic matter

TABLE 4 | Irrigation (I, m3 ·ha−1), rainfall (R, m3 ·ha−1), salt input through irrigation (SII, kg·ha−1) and though rainfall (SIR, kg·ha−1) and outputs as drainage volume (D, m3 · ha−1)
and drainage salt output (SO, kg·ha−1) during the three irrigation seasons studied in the two studied sub-basins.ΔSB and LF respectively accounted for the salt balance
(kg·ha−1) and leaching fraction (%) associated with each case.

Inputs Outputs ΔSB LF

I R SII SIR D SO (kg/ha) (%)

2021 AB1 4,843 1880 1,438 78 1,044 3,415 −1899 15.6
AB2 5,920 1880 1758 78 1,158 3,558 −1722 14.8

2022 AB1 4,143 2,300 1,230 95 1,098 3,518 −2,193 17
AB2 6,641 2,300 1972 95 882 3,063 −996 9.8

2023 AB1 2,878 1810 855 75 352 1,194 −264 7.5
AB2 4,054 1810 1,204 75 233 865 414 3.9
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(SOM) is scarce and challenging to increase. This is particularly
important in arid and semi-arid regions with low soil organic
matter (SOM) levels.

Further research could focus on accounting the total amount
of C sequestrated through irrigation in a certain irrigated area.

Future Recommendations
In view of the results obtained in the present study, some remedial
measures can be carried out in the study area, which are
described below.

From one side, an improvement in irrigation management is
necessary to reduce the existing leaching fraction and reduce the
downstream impact. As shown in Table 4, in years with normal
irrigation (i.e. 2021-2022), leaching fractions between 9.8% and
17% were obtained during the irrigation period. This indicates
that LF during the whole year exceeds these values, being five
times higher than those necessary to maintain soil quality. To
understand the excess LF in the study area, it is necessary to know
the existing irrigation dynamics.

As indicated in Table 1, double crop (barley + maize) is the
main land use in all the studied sub-basins, followed with alfalfa
and maize (as in the whole studied irrigation district as well as in
others irrigation districts in the Ebro basin).

Those crops are usually classified as summer crops, as its
growing cycle occurs mainly during summer months. This fact,
together with the reduced rainfall during this season, makes
irrigation indispensable to obtain profitable productions.

At the same time, Salvador et al. (2011) observed that summer
crops in the Ebro basin are usually over-irrigated. In sprinkler
irrigation, they reported 20% and 25% higher irrigation water use
with respect to the net irrigation requirement values in alfalfa and
maize, respectively. This indicates an irrigation water use that
may be leached on excess.

This results are similar to ones obtained in a previous study
developed in the sub-basin AB5. Altés et al. (2023) found that
maize and double crop fields were being over-irrigated between a
9%–12% with respect to the gross irrigation requirements,
according to Allen et al. (1998).

One of the strategies to reduce LF is to adjust the irrigation
depths to the irrigation requirements of the crops. As can be seen
in Figure 6, September accounts for the highest drainage volume

discharge. It is in this late period of the crop cycle when irrigation
requirements begin to decrease. However, according to Altés et al.
(2024), irrigation depths in the area are not reduced
correspondingly, being responsible for this excess leaching.

On the other hand, water quality parameters indicate that
three sub-basins drainage water can be easily reused (AB1, AB2,
AB5). According to Ayers andWescot (1985), these are medium-
low quality water in therms of EC, but with low sodium content.
This, combined with the use of good quality water (as is currently
being used), can be a tool to reduce the total use of irrigation
water diverted upstream, and in turn reduce the impact of the
irrigable area downstream, without a reduction in the soil quality
of the irrigable area. At the same time, it increases water resources
downstream available for other users.

CONCLUSION

This study focused on monitoring drainage water quality in
various sub-basins within a modern irrigation district located
in the Ebro basin, northeastern Spain, over three consecutive
irrigation periods. Our findings demonstrate distinct variations in
drainage water quality among sites irrigated with identical water
sources. This underscores the need to discern soil types at each
site prior to evaluating potential water reuse and/or its leaching
requirements. While drainage water in three of the sub-basins
which were studied presented suitability for irrigation reuse
without any significant issues, one site exhibited high levels of
electrical conductivity and sodium adsorption ratios, pointing to
its unsuitability. Analyses of salt balances over the study period
also revealed a consistent trend of greater salt outputs than inputs,
with drought years changing this dynamic due to insufficient
water inputs for maintaining the minimum levels required for
leaching. It is significant that in 2023, which was a year
characterised by irrigation restrictions, salt accumulations
occurred in the soil. In the case of ion concentrations, high
sulfate levels in drainage water were primarily attributed to the
abundance of gypsum in the soils in the study area. This altered
the relationship between electrical conductivity and total
dissolved ions. This study also suggest the significance of
accounting for inorganic carbon accumulation in calcareous

FIGURE 7 | Soil ion increase/decrease for each irrigation season in the two sub-basins studied, AB1 subfigure (A) and AB2 subfigure (B). More detailed data are
available in the Supplementary Material.
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soils. This could be attributable to the precipitation of calcium
carbonate resulting from irrigation involving bicarbonate-type
water. Reducing irrigation doses at the end of the vegetative cycle
might lower the leaching fraction reported in this study.
Moreover, the reuse of the drainage water may promote
sustainable water use in the region.
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