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Abstract: The soil exchange complex consists of colloidal materials on which ion exchange
phenomena occur allowing it to attract, retain, and exchange elements that have opposite electric
charges. Since their mineral constituents (clay) and organic components (humus) are mainly of a
negative nature retained or exchanged ion are predominantly cations. Historically, failing to monitor
parameters like the exchange sodium percentage (ESP) has led to the permanent deterioration
of soils which have become completely unproductive, largely reducing the sustainability of the
agricultural systems. This study assesses how the sodium exchange capacity in irrigated soils differs
from the rainfed ones through a sample survey that was carried out in the 15,031 ha of the Caia
Irrigation Perimeter and adjacent areas, located in the municipalities of Elvas and Campo Maior,
Portalegre District, Portugal where 14,280 georeferenced samples were collected from the top soil
layer (0–20 cm), which were mixed 10 at a time so that each composite sample representing 11.1 ha.
Then the samples were analyzed regarding the most relevant parameters for characterizing the soil
exchange complex including the concentrations of exchanged bases and Cation Exchange Capacity
(CEC). The results were arranged in a georeferenced grid with 1451 entries. Using classical statistical
analysis and Geographic Information Systems (GIS) software, it was possible to relate the individual
soil samples analyzed with the cultural system practiced (irrigated or rainfed) and the present soil
group which permitted us to analyze the influence of the cultural system in the soil exchange complex.
The distribution chart of the exchange sodium and CEC were created. The obtained results confirm
a general decrease of CEC values and an increase of the exchangeable sodium content of irrigated
explored soils when compared to the rainfed ones, putting forward noteworthy ideas not only
regarding the necessary changes towards the sustainability of these irrigated agricultural landscapes,
but also considering the impact of these productive techniques on different agricultural systems.

Keywords: soil exchange complex; CEC; ESP; Mediterranean agricultural soils; Caia; GIS;
geostatistics; georeferencing

1. Introduction

We currently live in a world where near 1500 million hectares of land (nearly 12% of the total
land area of the world) are used to produce crops that feed the more than 7200 million people who
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live in it [1]. The planet’s population will increase, by 2050, to 10,000 million and at the same time
will lose between 150 and 300 million hectares of arable land for food production due to salinization,
erosion, and urban intensification [2–7]. There is then a tendency for an inverse evolution of these
two factors and we may recognize the near future challenge in agriculture: to be able to produce more
with fewer resources.

To address this problem a serious intervention will be required—by governments, stakeholders,
agricultural specialists, farmers, etc.—in order to enable the application of socio-economic policies
to curb the acceleration, and even create an inversion of population growth while simultaneously
implementing other measures as a greater investment in research to improve all the production aspects
of a crop while preventing the deterioration from agricultural soils. More research is needed in various
fields, such as the different cultivation methods in hydroponics and aeroponics [8–13], which appear
to be of great importance but nowadays—due to the production area on soil—have little expression.
We must continue to further study the cultural practices, genetic seeds, fertilizers and, of course, the
main aspect that makes today’s agriculture possible: the soil. Only by thoroughly studying all these
parameters and applying these studies in practice can we achieve the goal of feeding a population of
10.000 million people by the year 2050, with fewer resources than those available today, while ensuring
that the alarming number of people who daily have a “food intake insufficient to meet the energy
requirements of the diet” [1] does not increase.

Today, in the Mediterranean basin, to increase the production of agricultural soils we fall
back on agricultural intensification through irrigation practice because, in this agro-climatic system,
water is the limiting factor [14–16]. Irrigation practice is so important that it represents, 40% of
the total food production worldwide, and is practiced in 20% of all cultivated land [1,17]. It is,
however, very important to monitor the land under irrigation because, historically, in the valley of
Mesopotamia—Syria, Egypt and other areas of the Middle East—there have been cases where poor
management of salinity and drainage resulted in a permanent deterioration of soils which have become
completely unproductive [18–20]. Sodicity is a particular case, and also the most serious, of soil salinity
and is described as the process by which the sodium ions (Na+) gain dominance in the soil exchange
complex, which may cause the loss of one or more functions of it. The Exchange Sodium Percentage
(ESP) measures the ability of the soil solution and the percolation water to exchange sodium with the
soil being a representative calculation of this parameter [21]. It is therefore also important to monitor
the impact that these cultivation systems have over the years in agricultural soils in order to guarantee
the sustainability of the entire system.

Thus, this paper tries to contribute to a better understanding of irrigation impacts on the soil
sodium exchange capacity and may even be an important planning tool in relation to soil conservation,
since it will be known which cultural system mostly affects the productive soil potential. Its results may,
with the necessary care and adaptations, be extrapolated to other regions of similar characteristics in the
Mediterranean basin (e.g., soil, water quality, and temperature, among other edaphic characteristics)
and can be a tool for improving resource management, thus reducing the environmental impact of
irrigation. For this reason, it is crucial to bear in mind not only the number of years in which a specific
property has been irrigated, but also the crop that is being produced (considering that the amount of
water depends directly from the produced crop and from the climate of the region), and the soil type
of the parcel. Water quality is also a very important issue, but, as it will be discussed further in this
paper, the water used in this irrigation perimeter is classified by the FAO as being of very good quality
with low salinity and sodicity.

2. Materials and Methods

2.1. Study Area and Sampling

The study area is located within the administrative townships of Elvas and Campo Maior, at the
confluence of the Rivers Caia and Guadiana, near the Portugal–Spain border [22] (Figure 1) and its
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irrigated area is near 15,031 hectares. The average annual rainfall is approximately 483 mm, most
of which coincides with the coolest temperatures from October to March. The maximum average
monthly temperature corresponds to July with 24.7 ◦C and the minimum to January with 8.8 ◦C.
The Mediterranean region is characterized by its hot dry summers and cool wet winters and it is a
‘Csa’ in the Koppen classification.
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The geology is heterogeneous but mainly consisting of hyper-alkaline and basic rocks. The most
important crops are: olive (Olea europea) (35%), maize (Zea mays) (20%), tomato (Lycopersiconesculentum)
(15%), and garlic (Allium sativum) (15%). The water is classified by the FAO as C1S2 [23], meaning
that it is of very good quality with low salinity and sodicity. This parameter has remained as is over
the years. The soils were classified according to the World Reference Base of the FAO Soil Resource
(WRBSR) [17] and there are six different types in the study area, the Fluvisols (45%), Luvisols (30%),
Calcisols (19%), Cambisols (5%), Regosols (<1%), and Leptosols (<1%). The Regosols and Leptosols
have not returned statistically valid data and, consequently, will not be discussed.

A total of 1451 sites were selected in the Caia Irrigation Perimeter. We started by outlining the
study area on the Portuguese military map, drawing the limits of the 15,031 hectares to analyze.
Then each natural square of the military map, representing 100 hectares, was divided into nine equal
squares and its center georeferenced. With the coordinates on paper and a GPS system we located the
1451 sites and collected, in each, 10 topsoil (0–20 cm) samples with a stainless-steel probe by the star
method. The samples were carefully mixed in place creating a single composite sample per site. Later
all samples were air dried, crushed, sieved to <2 mm, and stored.

2.2. Analytical Methods

The exchange cations and titratable acidity were extracted with a solution of ammonium acetate
buffered to pH 7 [24–26] and were determined for each individual soil. The determination of the
exchange bases (calcium, magnesium, potassium, and sodium) was realized by spectrophotometry of
atomic absorption in a Perkin Elmer Analyst A300, according to the procedures and methods described
by Nunes (2003) [22].

Based on these results, we calculated the CEC and ESP [27].

CEC = [Ca2+] + [Mg2+] + [K+] + [Na+] [H+] + [Al3+] (cmol(+)·Kg−1)

ESP = Na+/CEC × 100 (%)
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Regarding the definition of CEC, the used method is based both on molecular weight and
the valence.

2.3. Statistical Analyses

All statistical analyses were performed using the IBM® SPSS® Statistics 23 software package and
ArcGIS version 10.0 and consisted of an ANOVA followed by a multiple means comparison by Duncan
test (p < 0.05).

3. Results and Discussion

The commonest soil groups in the study area are Fluvisols (45.0%), Luvisols (29.7%), Calcisols
(18.7%), Cambisols (5.4%), Regosols (1.1%), and Leptosols (0.1%) (as seen in Table 1 and Figure 2),
as is usual in Mediterranean ecosystems [22]. In general, according to Nunes (2003), these are
medium-loam and clay-loam soils with a pH close to 7, slightly calcareous, low levels of soil organic
matter (SOM, 1.54%), and total nitrogen (N, 0.1%) [22].

Table 1. Representativity of various soils in the study area.

SOIL Area (ha) %

Fluvisols 6760.7 45.0
Luvisols 4465.3 29.7
Calcisols 2807.7 18.7

Cambisols 818.2 5.4
Regosols 168.9 1.1
Leptosols 11.2 0.1
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To assess the influence of the irrigation practice on the soil exchange complex we compared the
rainfed and irrigated values. The starting point for the analysis that follows is a sample universe
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with the data of 1243 samples belonging to the Caia Irrigation Perimeter and analyzed for this paper.
The sample universe: 647 samples belong to irrigated soils and 596 samples to rainfed soils. While
part of the area under analysis has been irrigated since 1969, when the irrigation perimeter was
established, there are others that were under irrigation for 30 or 20 years [22]. Regarding water quality,
as mentioned before, the irrigation water is considered by the FAO as very good, both with low values
of sodicity and salinity. The amount of water used per hectare, considering main crops, ranges from
3.000 m3 for wheat and 9.000 m3 for corn. Soil texture and permeability were also measured in both
systems and there were not found significant differences among them.

In this context, we begin by making a sample division by water feeding systems and the major soil
groups that make up the perimeter of the Caia irrigation district, as illustrated in Table 2 and Figure 3.

Table 2. Number of sample points by water feeding system and soil type.

Soils Types Water Feeding System

Rainfed Irrigated

Fluvisols 212 372
Luvisols 192 153
Calcisols 138 84

Cambisols 1 0
Regosols 5 2

Cambisols 48 36
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We point out that the sample proportion of rainfed and irrigated is balanced and that there was
no crop in the irrigation system installed in a Leptosol. We justify this fact by the cartographic position
of these soils as, because they are only found in the limits of the study area, its samples were discarded.
We also point out that the soils belonging to the Regosols group does not have a statistically significant
number of samples and, therefore, will not be discussed.

3.1. Exchangeable Sodium

This is a very important parameter as it reflects one of the main environmental impacts of
irrigation: the sodization of the soils. Even with the good quality water of the Caia Irrigation Perimeter,
the amount of exchangeable sodium increases leading to an increase of it in the soil exchange complex.

In the rainfed soils, the content of the exchangeable sodium is, on average, 0.18 cmol(+)·kg−1 and
in the irrigated soils the value rises to 0.19 cmol(+)·kg−1, which though representing an increment of
5.5% is not significant at the agricultural level. The strongest registered value appears in the irrigated
Luvisol soil group with 0.22 cmol(+)·kg−1, and the weakest registered value appears in the rainfed
Leptosol soil group with 0.11 cmol(+)·kg−1 as seen in the Table 3.

Table 3. Variation of the exchangeable sodium content depending on the soil type and water
feeding system.

Soil Type Exchangeable Na+ (cmol(+)·kg−1)

Rainfed Irrigated

Fluvisols 0.19a 0.19a
Luvisols 0.18a 0.22b
Calcisols 0.17a 0.16a
Leptosols 0.11 n/d
Regosols 0.12 0.08

Cambisols 0.17a 0.19b

Note: In any given row, the values followed by the same letter do not differ significantly between them (p < 0.05%).

Performing the same analysis for the ESP values in the Table 4 shows that the trend of variation is
not at all identical to what we had already found for exchangeable sodium content. The explanation
for this result may also be similar, that is, an increase in the amount of sodium content in the soil
motivated by this element introduced by the irrigation water, logically corresponds to an increase of
its proportion in the soil exchange complex.

Table 4. Variation of the exchangeable sodium percentage depending on the soil type and water
feeding system.

Soil Type ESP (%)

Rainfed Irrigated

Fluvisols 0.85a 0.94b
Luvisols 0.67a 0.76b
Calcisols 0.47a 0.46a
Leptosols 0.43 n/d
Regosols 0.78 0.41

Cambisols 0.76a 1.03b

Note: In any given row, the values followed by the same letter do not differ significantly between them (p < 0.05%).

It should be noted that, although we attribute a high importance to the increase in the proportion
of sodium in the soil exchange complex, the degree of saturation of sodium in the soils of the Caia
Irrigation Perimeter is still far from the 15% referenced by the FAO and the USDA as the limit from
which the soil becomes unproductive, or even the 10% referenced by some authors [28–30] as the limit.
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However, the irrigated soils have an Exchange Sodium Percentage (ESP) 17% higher than the rainfed
soils, so this should be a parameter to monitor. Moreover, it is important to notice that the predominant
clay mineral at the study area is a 2:1 montmorillonite, which adsorbs with greater strength the cations
with higher valence and smaller dimensions.

Although the irrigation water used in the irrigation perimeter is considered to be of high quality,
the explanation for these results are attached to the large amounts of sodium that is served by it. Given
the volumes of water utilized for the irrigation of the primary crops and performing the calculation of
the amount of sodium introduced in the soil by this means, one can easily reach the conclusion that,
annually, several kilograms of sodium are added to the ground, leading to the results just noted.

If we analyze the effect of the irrigation practice on the exchangeable sodium content and taking
into account the group to which the studied soils belong, we found that (with the exception of Calcisols)
in all soil groups, the contents of this exchange base increase with irrigation.

3.2. Cation Exchange Capacity

While rainfed soils have a Cation Exchange Capacity (CEC) of 29.20 cmol(+)·kg−1 on average,
the irrigated ones have 25.58 cmol(+)·kg−1. Thus, the CEC of the soil decreases significantly (12%) with
the practice of irrigation. We believe that the explanation for this reduction in the CEC values lies
in the fact that irrigation induces a decrease in the content of the soil’s organic matter by promoting
its mineralization [23], and with this decrease the number of available sites for cation adsorption
decreases, as this is the soil constituent with the greater ability for developing superficial charges.
The decrease in CEC is also related to the increase of the sodium ion content which has a strong
deflocculating effect, destroying the soils mineral colloids. This is very important since the exchange
complex is one of the pillar-base of soil fertility. In this case, we are witnessing an effective decrease in
the soil’s ability to retain cation nutrients, thereby reducing its ability to maintain an approximately
constant concentration of nutrients throughout the agricultural epochs and to retain elements that
otherwise will be free, which can be easily swept away by leaching with serious consequences in terms
of environmental pollution. The only way to counteract this decrease in the CEC is by providing
organic matter to the soil and maintaining the levels of this constituent. Regarding pH, while there was
a significant decrease in its value for Fluvisols and Regosols; for Luvisols, Calcisols, and Cambisols the
obtained results show that there are insignificant changes due to a higher buffer capacity.

If we analyze the effect of irrigation on the CEC of the various soil groups (Table 5), we find that
this decreases significantly in all groups except in Luvisol soils. The explanation for these results is the
same as we have been presenting.

Table 5. Variation of the Cation Exchange Capacity (CEC) depending on the soil type and water
feeding system.

CEC (cmol(+)·kg−1)

Rainfed Irrigated

Fluvisols 24.23a 21.95b
Luvisols 29.19a 30.41a
Calcisols 39.08a 35.45b
Leptosols 24.80 n/d
Regosols 15.68 20.40

Cambisols 24.27a 19.73b

Note: In any given row the values followed by the same letter do not differ significantly between them (p < 0.05%).

3.3. Parametric Maps

From the study, conducted on the chemical characteristics of the surface layer of the soil in the
Caia Irrigation Perimeter and neighboring areas, we obtained a wide georeferenced information that,
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recurring to GIS software, allowed us to develop a set of parametric maps. The starting point for the
following analysis is constituted by a sample universe with 1243 data samples.

3.3.1. Cation Exchange Capacity

The Cation Exchange Capacity (CEC) levels in the soils of the Caia Irrigation Perimeter lie mostly
(93.1%) between the 15 cmol(+)·kg−1 and 30 cmol(+)·kg−1. Only 3.4% of the soil groups have CEC
values below 15 cmol(+)·kg−1 and only 3.5% of the irrigation area of the soil has a CEC higher than
30 cmol(+)·kg−1 (Table 6).

Table 6. Distribution of the study area by different cation exchange capacity content classes.

Cation Exchange Capacity (cmol(+)·kg−1) Área (ha) %

0.0–15.0 508.0 3.4
15.0–20.0 6073.0 40.4
20.0–25.0 3176.3 21.1
25.0–30.0 4746.0 31.6

>30.0 528.7 3.5

The corresponding map for the distribution of Cation Exchange Capacity Perimeter in the Caia
Irrigation Perimeter and surrounding areas—the study area—can be seen in Figure 4.
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3.3.2. Exchange Sodium

The exchange sodium levels in the Caia Irrigation Perimeter soils are predominantly low with
about 98.9% of its soils with 0.40 cmol(+)·kg−1 or below exchange sodium content, whereas only 1.1%
have an exchange sodium content higher than 0.4 cmol(+)·kg−1 (Table 7). High exchangeable sodium
levels are associated with the destruction of soil colloids with the consequent decline in the soil’s
physical characteristics. This increase in the proportion of exchange sodium in the exchange complex is
generally associated with fertilization and especially with irrigation, hence, it is an aspect of particular
importance in the study of an irrigation perimeter.

Table 7. Distribution of the study area by different exchange sodium content classes.

Exchange Sodium (cmol(+)·kg−1) Área (ha) %

0.0–0.1 233.8 1.6
0.1–0.1 9391.1 62.5
0.2–0.1 4310.0 28.7
0.3–0.1 937.1 6.2

>0.4 160 1.1

The corresponding map for the study area can be seen in Figure 5.
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4. Conclusions

As it has been concluded by previous studies [31,32], in general, irrigation leads to significant
decreases in CEC. Still, the analysis performed in this study enabled us to put forward some precise
data regarding the effect of irrigation in different soil groups, the Cambisols being the group where
this decrease is more evident and the Calcisols and Luvisols being the ones where the values of these
parameters undergo a minor change along irrigation practice. Moreover, irrigation also leads to an
increase in exchange sodium content, with the Luvisols soil group being the most affected. The type
of soil least affected by sodization is the Calcisols soil group. Still, it is important to notice that the
present results are preliminary, and the findings need to be extensively studied in future work.

Nonetheless, the performed research enabled us to conclude that even if exchange sodium
values are low, registering values mainly below the 0.30 cmol(+)·kg−1, monitoring this parameter
constitutes a crucial task towards agricultural sustainability, as its values tend to increase where
irrigation is practiced, leading to an increase of the proportion of sodium in the soil exchange complex.
This happens mainly due to the copious volume of water—regardless of water quality—that is used
and the fact that crops absorb it in such small quantities that it accumulates in the soil. The prevalence
of the exchange sodium in the soil exchange complex was determined through the PST equation
and the results show that it is increasing in the overwhelming majority of the CIP group soils so its
monitoring is essential. These numbers are still far from the international reference to consider a soil
wasteland which is found at the 10%–15% mark, depending on the authors.

The performed study enabled us to conclude that continued irrigation contributes to increasing the
content of exchange sodium, since the irrigation water—though of good quality—naturally contains a
certain amount of sodium which is progressively adsorbed on the soil complex.

Additionally, even if the collected data was sufficient to conclude that the Caia Irrigation
Perimeter’s exchangeable sodium content is less than 0.40 cmol(+)·kg−1 in 98.9% of the total area,
further studies are necessary in order to establish a spatial distribution pattern for this parameter.

Finally, it is important to notice that the use of geostatistics through GIS constitutes a powerful
tool to access the sustainability of agricultural landscapes, corroborating with the ideas put forward in
previous studies [33,34].
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