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Abstract: Soil salinity is a growing problem for agricultural production in irrigated areas of arid and semi-arid regions.
The extent of salinity levels has not been fully studied in the Kesem irrigation scheme in Ethiopia’s Afar region. The ob-
jective of the study was to identify the main issues related to soil salinity and their variations and to assess the influence
of environmental variables on soil salinity using multivariate analysis (MVA). The dominant cations in the soil were found
to be soluble Na*, Ca** and K* while SO2~ and CI~ were the dominant anions. These ions are responsible for the salinity
in the scheme. Groundwater table surveys showed that cultivated fields experienced greater fluctuations in groundwater
levels compared to abandoned land due to frequent irrigation. The first two principal components explained approxi-
mately 60% and 63% of the total variation in salinity for the top and bottom layers, respectively. The difference between
the top and bottom layers suggests a management influence. According to redundancy analysis, the groundwater depth
and length of irrigation years were identified as the major environmental factors contributing to 99% and 52% of the
variability in salinity, respectively. These findings highlight the importance of considering the rising groundwater levels
in future land management decisions.
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One of the main barriers to agricultural produc-
tion is the prevalence of the salt problem in arid and
semi-arid regions. Salt damage has been reported
on more than 11 million hectares of Ethiopian land
(Taddesse 2001; Ruff et al. 2007), leading to a com-
plete loss of land value by being abandoned for crop
cultivation as experienced in the Awash River Basin
in the Rift Valley. In the middle Awash River Basin,
one of the new development areas for sugarcane
production is the Kesem irrigation scheme.

Except in a few fields, no comprehensive inves-
tigation was yet conducted to identify conclusive

evidence for causes of soil salinity and its variability
in the Kesem area in the middle Awash River Basin.
The extent to which salinity levels have changed
over time after the introduction of irrigation has not
been fully studied to date. This is because rigorous
investigations of soil property distributions are rare,
and statistical methodologies for soil survey appli-
cations are not commonly utilized (Momtaz et al.
2009). Although classical statistical analysis attempts
to describe the distribution of a measurable property
and determine the reliability of a sample drawn from
a population, they typically fail to explain important
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cause-and-effect relationships between multiple
variables. Moreover, soil chemical variables are af-
fected by multiple factors, and different variables
have different responses to these factors, causing
complicated multivariate relationships between them
(Zhang et al. 2008, 2020). Oftentimes, these data are
also interrelated, and appropriate statistical methods
are needed to fully answer the questions of multiple
variables or observation studies. Various researchers
have been using multivariate analysis techniques
to simplify the issue of the complex nature of soil
quality data assessment.

Multivariate analysis (MVA) is a very useful
technique in soil research because it can simplify
multivariate datasets without a substantial loss of in-
formation (Johansson & Stenberg 2000). It allows for
handling highly collinear variables, as is often the
case in soil studies and accounting for the effects
of environmental factors. Multivariate analysis tech-
niques, mainly principal component analysis (PCA),
redundancy discriminant analysis (RDA) and cluster
analysis (CA), have been widely used in soil survey
and research (Webster & Oliver 1990).

The three analysis methods have always been used
in the study of soil ionic composition (Aguilera et al.
2011). A combined analysis of the MVA tools has not
yet been performed in soil research in the irrigated
schemes of the Awash River basin in Ethiopia and
has proven to be very effective in studying soil salin-
ity. The viability of this combined analysis method
in a large irrigation scheme has not been verified.
To better manage basin salinity issues, a characteri-
zation of the current salt composition and the key
environmental constraints that may affect this issue
is urgently needed. Therefore, the aim of this study

https://doi.org/10.17221/37/2024-SWR

was to characterize soil-soluble salts in the Kesem
irrigation scheme and to describe the relationship
between these salt ions and environmental factors,
including groundwater table, distance from the near-
est water body, and length of irrigation using the
technique of MVA.

MATERIAL AND METHODS

Study area. The study was conducted in the irri-
gated Scheme of Kesem, located in the middle Awash
River Basin (Figure 1) in the Afar region of Ethiopia,
between 9°7'N and 9°12'N, and 39°57'E and 40°5'E
at about 750 to 850 m a.s.l., the area experiences
a typically tropical semi-arid and arid climate with
annual rainfall normally in the range 350 to 600 mm
(mean =470 mm). Annual potential evapotranspira-
tion, estimated by the Penman method, approximates
2 400 mm, ranging from a monthly mean of 170 mm
in August to 252 mm in June. The Kesem River forms
its northern border, while the Deho swamp forms its
southern and eastern boundaries. The total surface
area of the irrigation scheme is 50 km? or 5 000 ha.
Kesem irrigation scheme employs a furrow irrigation
system. This method involves the use of furrows with
blocked ends, which can vary in length, though the
most common lengths are 100 and 200 m.

Most of the soils are predominantly medium tex-
tured: typically silty loams, silty clay loam, very fine
sandy loam and very fine sandy clay loams, with po-
tentially moderate to high water holding capacities
(MacDonald & Partners 1987). The main part of the
state farm, in the western part, is an old scheme that
has been extended over the decades. It was started
in 1905 by a Frenchman whose name is Saboret.
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Since 2007, it has been part of the Kesem irrigation
expansion project. Some areas of the project were
initially affected by problems of salinity and/or sodic-
ity. Most of the abandoned area in the scheme has
been covered with an exotic plant called Prosopis
juliflora, reported as the only fast-growing fuel wood
capable of growing in a wide range of soils, including
problematic sites like degraded lands, salt-affected
soils and waterlogged areas (Basavaraja et al. 2007).

Groundwater table dynamics investigations.
On a grid of almost 1 by 2 km, 20 monitoring loca-
tions for the groundwater table (GWT) at the study
site were selected (Figure 1). Using a hand auger
of 100 mm diameter, various depths were bored
at selected spots up to the water table’s limit. Then,
a prepared 63 mm diameter pipe was carefully placed
inside each excavated pit. The depth of the water
table was determined by lowering the measuring
stick in the pipe (piezometer).

Soil sampling and laboratory analysis. Sampling
was carried out from February 2021 to October
2021. February, March, June, and October had very
low rainfall, around 0-20.5 mm. While, April, May,
August, and September had relatively higher rain-
fall, ranging from 62.2 to 187.6 mm. On the other
hand, evapotranspiration (ET) was consistently high,
ranging from 160 to 231 mm monthly during soil
sampling and groundwater monitoring. There are
active cane and abandoned fields in the south block
of Kesem scheme due to salinity. A field in the scheme
is mostly rectangular in shape and its size ranges
from just 1.5 to 30 ha. A total of 308 composite soil
samples were taken from each field unit systemati-
cally at the depths of 0-30 and 30-60 cm of topsoil.
The intensive data set of salinity by depth and loca-
tion can also be used to assess the adequacy of past
leaching/drainage practices (Rhoades 1992). Five
auger sites were obtained in a cross (X-shape) pattern
to create one composite sample. The sampling sites
were uniformly distributed and had good coverage
of the study area, except for some individual areas
conditioned by their limited accessibility.

The soil samples were air-dried, grinded using
a standard soil sample grinding machine and allowed
to pass through a 2 mm sieve.

A soil-water suspension with a ratio of 1:5 was
prepared following the methods described in Gupta
(2004). All samples were analysed for soluble cations
(Ca?t, Mg2+, K* and Na*) and soluble anions (Cl-,
CO27, HCOj; and SO}") were determined from sus-
pensions of 1:5 soil water ratio. At the same time,

soil pH was measured using a digital pH meter and
electrical conductivity (EC) by a digital conductivity
meter according to the method outlined by Richards
(1954) and Rhoades et al. (1999), respectively. The
value of the salt concentration of each sample (EC 1:5
reading) was converted to saturation paste extract
(ECe) by multiplying it with the conversion factor
as suggested by Yarima (1993).

Water soluble cations (Ca** and Mg?*) were meas-
ured by ethylene diamine tetra acetic acid (ETDA)
(Gupta 2004), while K* and Na* were measured
by flame photometer (FAO 1984).

Carbonate (COZ") and bicarbonate (HCO3) con-
centrations were determined by simple acidimetric
titration using phenolphthalein as an indicator for
CO? (pH > 8.5) and methyl orange for HCO; (pH < 6),
respectively (Hesse 1971). Subsequently, chloride
(Cl7) was determined by titrating the aliquot used
for CO3;™ and HCOj; determinations using silver
nitrate to potassium chromate endpoint. Sulphate
ion was determined gravimetrically by precipitat-
ing as barium sulphate as described by FAO (1984).

Statistical analyses. Descriptive statistical analy-
sis was performed, calculating the mean, median,
maximum, and minimum, and standard deviation,
coefficient of variation, skewness, and kurtosis. The
presence of outliers was checked and removed in the
Excel spreadsheet. The Kolmogorov-Smirnov normality
test was also performed to check the normality of the
data set and whether the dataset is distributed to con-
form to a normal distribution (R Core Team 2022).

A Pearson’s correlation analysis was then performed
to assess the relationships and associations between
variables (Makowski et al. 2020). A multivariate
gradient analysis combining ordination and multiple
regression techniques was performed to integrate the
information on spatial variability and relationships
between soil salinity and environmental factors. The
ordination is aimed at finding canonical axes that
explain the maximum variability in the chemical
properties of the samples. Unconstrained ordination
(i.e., indirect gradient analysis) looks for the variables
that might best explain the composition of the salt
ions and takes them as axes of ordination. On the
other hand, in constrained ordination (i.e. direct
gradient analysis), the variability is limited to being
explained only in terms of the environmental fac-
tors. The two approaches complement each other.

The former indirect method gives the main gra-
dient of variability, while the latter direct involves
only the variability associated with environmental
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factors. According to the gradient length analysis
(Hill & Gauch 1980, cited in Zhang et al. 2020), which
was previously performed on the response data set,
a linear analysis model was selected, and thus, the
two methods, PCA and RDA, were determined for the
indirect and direct gradient analysis used. The PCA
and RDA were conducted with R Studio (Ver. 4.2.1)
(R Core Team 2022). Both PCA and RDA analyses
were performed on the untransformed data, stand-
ardized and based on the correlation matrix. In the
case of PCA, chemical variables were centred and
standardized, while for RDA they were standardized
by error variance. Besides, two different Monte Carlo
permutation tests were performed to evaluate the
signification of ordination axes, one for just the first
axis and the other one for all canonical axes together
(sum of canonical eigenvalues).

RESULTS AND DISCUSSION

Summary of soil ionic composition. A descriptive
analysis of the soluble cation and anion composition
in the top (0-30 ¢m) and bottom (30-60 cm) layers
isincluded in Table S1 in Electronic Supplementary
Material (ESM). The average pH of the soil in both
the 0-30 cm and 30-60 cm layers was measured
to be 8.23, with values ranging from 7.10 to 9.45. This
pH range indicates that the soil is slightly alkaline,
falling within the high (7.0-8.5) to very high (> 8.5)
range as defined by Landon (1991). The study area
revealed a significant variability in soil EC, indicat-
ing variations in the concentration of dissolved salts
within the soil. In the top layer, EC values ranged
from 0.24 to 10.12 dS/m, reflecting a wide range
of salt concentrations. This suggests that certain
areas within the upper layer may have higher salt

Table 1. Characteristics of the first five principal compo-
nents (PC) from the principal component analysis of the
standardized values of ten soil variables

PC1 PC2 PC3 PC4
0-30 cm (top layer)
Eigenvalue (\i) 4.35 1.70 1.12 0.84
Proportion of variance (%) 4349 1698 11.16 8.36
Cumulative variance (%) 43.49 60.48 71.64 80.00
30-60 cm (sub layer)
Eigenvalue (i) 4.50 1.80 1.09 094
Proportion of variance (%) 44.99 18.04 10.93  9.44
Cumulative variance (%)  44.99 63.02 73.95 83.39
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content, leading to higher EC values. In contrast,
the bottom layer exhibited a narrower range of EC
values, ranging from 0.03 to 1.25 dS/m, indicating
relatively lower salt concentrations.

The average concentration of the major soluble
cations in both layers shows a similar order from
highest to lowest as follows: Na* > Ca*?> K* > Mg?*
(Table 1). Soluble anions also followed the same order
as SO > Cl~ > HCO; > CO3™ in both layers. In al-
most all areas, soluble Na*, Ca®>* and K* dominated
among the cations and SO}~ and Cl- among the anions
at specified depth. The carbonate and bicarbonate
concentrations were nearly similar in both layers but
low compared to Zhang et al. (2020) investigations
and comparable to the result of Cui et al. (2019). This
implies that the Na* and Ca?* salts of SO?™ and CI~
are the ions that cause the very high salinity in some
parts of the area. In other studies (Visconti et al. 2009;
Cui et al. 2019; Zhang et al. 2020), sodium, calcium
and magnesium are the first three most abundant
soluble cations in salt-affected soils.

The elevated EC observed in the topsoil layer can
be attributed to a combination of factors. One primary
factor is the presence of a high saline groundwater
table (in abandoned fields) in a low-lying area char-
acterized by an arid climate, where evapotranspira-
tion (ET) exceeds precipitation for at least part of the
year. Inadequate drainage (Zaman et al. 2018) within
certain sections of the study area has also allowed
for the accumulation of soluble salt ions.

In the top and bottom soil layers, there is a notable
right skewness in the distribution of EC and the
majority of anions and cations, except for pH, which
exhibits a moderate skewness due to the occurrence
of high values. This suggests that there is a build-up
of significant ions in the surface soil, either through
natural processes or human activities (Zhang et al.
2008). Additionally, the non-normal distribution
of the raw data is evident from the observed asym-
metry and the high kurtosis coefficients.

Groundwater level and flow direction. The re-
sults of the groundwater level monitoring show both
temporal and spatial fluctuations. This study has
shown that the mean piezometers’ water levels can
change over time in irrigated and abandoned fields,
respectively, by 1.06 to 4.40 m and O to 4.38 m. Ir-
rigated fields revealed more sporadic variations
in groundwater levels than abandoned fields (Fig-
ure 2). This could be a result of the sugar cane fields
receiving frequent irrigation. In arid and semi-arid
regions where the (inevitable) inefficient use of sur-
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Figure 2. Groundwater table fluctuation in irrigated fields (A) and abandoned fields (B)
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face irrigation water has caused groundwater rise
and secondary salinization. Abandoned fields usu-
ally had a shallower water table than irrigated areas.
As aresult, one of the main contributors to the area’s
drainage problems (salinity and waterlogging) is the
increase in groundwater in abandoned areas.

The water table is relatively deeper in the area’s west-
ern and northern parts. Figure 3A shows a ground-
water level contour map based on the piezometer
reading on a static groundwater water level. The
groundwater flow path is thought to proceed from
the west and north to the east (the Awash River) and
southeast (Figure 3B). It is considered the ground-
water flows along the surface gradient /geography.

Correlation among soil ionic compositions. The
results of the Pearson correlation analysis are pre-
sented in Figure 4. The strongest correlation was
observed between Ca*? and Mg*? (r = 0.91), while
Na* and SO} also showed a significant correlation
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(r =0.79). These results are comparable with previ-
ous studies (Pérez-Sirvent et al. 2003; Visconti et al.
2004, 2009). In contrast to the findings of Zhang
et al. (2020) and Visconti et al. (2009), the correla-
tion between the main cations (Ca?*, Mg?*, and Na*)
and Cl~ demonstrated a moderate positive associa-
tion (r > 0.5; P < 0.001). Additionally, in a mixture
of non-saline, alkaline, saline, and saline-sodic points,
higher concentrations of Ca**, Mg?*, and Na* were
found to be more strongly correlated with SO}~ than
with CI".

Relationship between pH value and the other vari-
ables were varied, with weak correlations associated
with K* (» = 0.09) and HCOj; (r = —0.04) with P > 0.05;
while weak positive correlations were observed be-
tween pH value and CO?™ (r = 0.46; P < 0.001). Fur-
thermore, the correlations between pH value and
Ca’*, Mg?*, EC, Cl7, SO?  and Na (r = 0.24-0.77)
were significantly negative (P < 0.01), but slightly
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Figure 3. Groundwater table contour map (A) and groundwater flow direction (B)
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and positively with carbonate, according to the law
of chemical reactions between the three ions when
the pH is between 8 and 10 (Stanley & Wilkinb 2019).

Similarly, HCOj values displayed weak correlations
(r < 0.2; P> 0.05) with all other variables except EC
(r=0.22; P < 0.01). Moreover, CO?~ values demon-
strated poor correlations with all variables except
Ca?*, Mg**, HCO; and EC (r < 0.15; P > 0.05). The
potassium cation shows the lowest correlation with
the other important anions and cations (r < 0.50),
similar to the results of Zhang et al. (2008), who sug-
gest that in highly saline sites dominated by sodium
and calcium.

Principal components analysis. Table 1 shows the
characteristics of the first four principal components
from the PCA of the standardized values of nine soil
variables for both soil layers. It explains over 80%
and 83% of the total variation in the top and bottom
layers, respectively. The first two components explain
about 60% and 63% of the total variation in the top and
bottom layers, respectively. The difference between
top and bottom soil is made through management,
as indicated by the gap. It also revealed that the bot-
tom layer is more homogeneous than the top layer.
The average value of 61.5%, almost similar to the
59% observed by Aguilera et al. (2011) in a wetland
comparable to the 64% in lowland saline soils (Vis-
conti et al. 2009), higher than the 51% in Semi-Humid
irrigated soil (Zhang et al. 2008), but lower than the
69% in an irrigated hilly region (Mora et al. 2017).
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Table S2 in ESM shows the loadings /contributions
of each soil variable on the four principal component
axes. Given the minimal contributions of axis 3 and
axis 4 to the total variance, the subsequent analysis
would focus solely on the first two axes. In PC1, there
is a positive correlation between calcium, magnesium,
EC, and sodium ions, resulting in higher concentra-
tions of sulphate and chloride in both the upper and
lower soil layers. Conversely, PC2 reveals complex
relationships where an increase in potassium leads
to increased levels of carbonate and pH in the top
layer, while an increase in potassium, carbonate, pH,
and sulphate is associated with a decrease in bicar-
bonate in the bottom soil layers.

The top and bottom layers’ first two PCs’ ordina-
tion results are shown in Figure 5. Alkaline soil has
the largest clusters of points, followed by non-saline
non-sodic soil. The pH, CO3™ and HCOj that defined
the alkaline and non-saline non-sodic soils assigned
high positive and negative values on PC1 and PC2.
In contrast, significant cations and anions in saline
and saline-sodic soils characterized by strong posi-
tive values on PC2 and PC1. Additional evidence
of their poor association comes from the separation
of potassium and bicarbonate from the other ions,
which is also seen.

Main factors affecting the soil ionic composition.
The RDA ordination was constrained to the three
environmental and management factors: groundwater
table depth below the surface (GWTD), distance from

SO;~
Na*

HCO;

co?-

oH Figure 4. Pearson correlation coefficients (r) for
soil chemical variables

P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001
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the nearest surface water body and year of irrigation
application/cultivation in the Kesem area. The first
two ordination axes in the RDA for median values
in soil profiles account for 27% of the variance in the
data (Table 2), mainly concentrated in the first axis
(A1 = 2.5681, \2 = 0.16438). The first constrained
axis (RDA1) explains 25.7% of the variance, while the
second (RDA2) explains only 1.6%. It can be noted
that the first unconstrained axis (PC1) represents
25.7% of the total variance, which is slightly less than
the variance explained by the first explanatory vari-
able; the first two unconstrained explain 41%. This
means that the dataset may be structured by some
additional strong environmental variable(s) different
from GWTD, water body and years of cultivation.
The included environmental and management vari-
ables explain 26.77% of the variation in soil chemical
composition across sites. It is higher than the value
(10.1%) observed by Mora et al.(2017). Though it has
low explanatory power for the soil solution compo-
sition (26.77% of the variance explained), our full
model is statistically significant (P < 0.001), and the
test of canonical axes show that RDA1 and RDA2

are statistically significant at P < 0.001 and P < 0.05,
respectively (Table 3). The groundwater table vari-
able included in this model mainly determines the
soil’s chemical composition (P < 0.001). The other
two environmental and management factors (year
of cultivation and distance of water body) were less
relevant or redundant (P > 0.05).

Salt ions tend to accumulate more in areas where
shallow groundwater is present (Table 4). The con-
tribution of groundwater to RDAL1 is significant
(P <0.001), with a negative contribution of (98.9%),
the largest of the three factors. The irrigation prac-
tices are the second most likely contributor to RDA1
(51.7% at P < 0.05). Distance to the nearest water
body contributes the least of all. Similarly, Qian et al.
(2017) noted that groundwater salinity and plant
cover are the key variables affecting soil salinity
in the sparse grassland, with distance to the nearest
irrigation canal being the least significant factor. The
salinity of cropland was, however, most significantly
influenced by the distance to the closest irrigation
canal. Soil salinity increased with distance from the
canal. This is attributed to the effective leaching

Table 2. Eigenvalues, and their contribution to the correlations in redundancy analysis (RDA)

Importance of components RDA1 RDA2 RDA3 PC1 PC2 PC3
Eigenvalue 2.57 0.16 0.03 2.53 1.62 0.98
Proportion explained 0.257 0.016 0.003 0.253 0.162 0.098
Cumulative proportion 0.257 0.273 0.276 0.529 0.691 0.789
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Table 3. Statistical test analysis of redundancy analysis (RDA)

df Variance F P(>F)
Permutation test for RDA under reduced model
Model 3 2.7596 19.057 0.001%**
Residual 150 7.2404
Test of all canonical axes
RDA1 1 2.5681 53.2033 0.001%**
RDA2 1 0.1644 3.4054 0.026*
RDA3 1 0.0272 0.5632 0.725
Residual 150 7.2474
Anova. cca (rda.signif, step = 1 000, by = ,term®)
Groundwater table depth 1 108.006 55.7005 0.001%**
Distance to the water body 1 4.232 2.1826 0.101
Irrigation year 1 2.041 1.0528 0.328
Residual 150 290.857

df — degree of freedom; P — probability; *,***significant at 5%, 0.1% level

Table 4. Biplot scores for constraining variables

Factor RDA1 RDA2 RDA3
GWTD (0.99) (0.06) 0.13

Distance of water body (0.02) 0.94 (0.34)
Irrigation year (0.52) (0.49) (0.70)

RDA - redundancy analysis; GWTD — groundwater table
depth below the surface; () — negative value of the number

of salts from the topsoil due to the use of fresh river
water for irrigation.

Irrigation water in the study area tends to reduce
salt ions through leaching, which in turn is influenced
by other soil physical properties. This result contradicts
the common belief that repeated irrigation tends to in-
duce soil salinization, either by adding salt to the soil
or by transporting weathered soil salt minerals from
the bottom to the surface. This is attributed to the
high-quality irrigation water in terms of salinity as it
originates from the highland areas (Kidia et al. 2019),
which instead plays a leaching role in the study area.

CONCLUSION

The descriptive analysis of the composition of soil-
soluble cations and anions clearly demonstrated the rela-
tive content of the ions and their change in concentration
with soil depth. Pearson’s correlation analysis revealed
the ionic compositions of soil samples have variable
correlation coefficients, with the strongest correlations
being between Ca*®and Mg*?, and sodium and sulphate.
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The study showed that soils of the study area
were laterally varied, where large areas are affected
by salinity in both top and bottom layers. The PCA
made it possible to separate the four primary soil
domains of non-saline non-sodic, alkaline, saline
and saline-sodic.

The use of multivariate analysis in the current
study clarified the role of the studied explanatory
factors in the variation of soil salinity, notwithstand-
ing the moderate explanatory power for the soil
ion composition. This suggests that there are other
environmental and management factors that were
not considered. Future research should include these
factors to improve our understanding of soil salinity.
By using MVA, we can better understand the rela-
tionships between groundwater levels and manage-
ment practices on soil salinity. This highlights the
management strategies that should be used in light
of the major environmental factor affecting the sa-
linity characteristics of the region.
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