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Abstract 
 
The availability and distribution of an element are determined by soil conditions and 

the geochemical fractions. In this study, canonical correlation (CCA) was used to 

examine the associations between the soil parameters (X set) of the Amik plain and 

the fractions of selenium (Se) (Y set). A statistically significant correlation (P < 0.01) of 

0.391 ± 0.06 was observed between the first canonical variable pair (FCVP). The clay, 

sand, and silt variables exhibited the greatest standardized canonical coefficients, 

with values of 74.55, 75.83, and 94.77, respectively. Additionally, the B3 percent had 

a standardized canonical coefficient of 1.029. The analysis of the FCVP showed that 

the original variables of the X set and/or its canonical variable (U1) had the strongest 

linear connection (0.770) with organic matter (OM) and the B3 percentage in the Y 

set (0.603). The OM (0.3012) exhibited the most substantial linear structural 

correlations between the canonical variables of the Y set and the original variables of 

the X set. However, the canonical redundancy analysis revealed that in the FCVP, the 

variance of the X set was described by its canonical variables to the extent of 20.97%, 

whereas the Y set was explained by 21.96%. Hence, it can be inferred that the use of 

canonical correlation is effective in elucidating the relationship between soil 

parameters and various components of plant nutrition. 

 Introduction 
 

Selenium (Se) is one of the trace elements that 
are absolutely needed for humans and animals 
(Rayman, 2000), owing to its key roles in the defence 
system as an antioxidant (Tapiero et al., 2003) and its 
crucial functions in cancer prevention (Reid et al., 
2008). Hence, it is imperative for both animals and 
humans to consume sufficient quantities of this 
essential element for the maintenance of good health. 
Nevertheless, it is worth noting that in several nations, 
the average daily selenium consumption per person 

falls below the World Health Organization's suggested 
threshold of 40 µg (Navarro-Alarcon and Cabrera-
Vique, 2008). One of the primary factors contributing 
to this circumstance is the inadequate uptake of this 
element by plants, which fails to satisfy the dietary 
needs of animals and people via consumption. The 
extent of this phenomenon is contingent upon the 
aggregate quantity of selenium (Se) present in the soil, 
as well as the chemical and geochemical proportions of 
various selenium species. However, it is important to 
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note that the characteristics, accessibility, conversions, 
and absorption of selenium (Se) by plants exhibit 
variability in response to both biotic and abiotic 
variables during the process of soil development, 
therefore being influenced by soil qualities and 
agricultural methodologies.  

The bioavailability and geochemical fractionation 
of selenium in soils are influenced by many continuous 
processes, including sorption/desorption, precipitation-
dissolution, and ligand synthesis (Alfthan et al., 2015). 
The overall concentration of selenium (Se) in a given 
soil is also influenced by the various transport 
mechanisms taking place inside the solid or solution 
phase. The transformations between different 
geochemical fractions in the field of interest are 
primarily influenced by factors such as pH and redox 
potential (Nakamaru and Altansuvd, 2014; Xing et al., 
2015; Fan et al., 2018), organic matter (Xing et al., 
2015), soil texture and mineralogy (Antoniadis et al., 
2017; Munier-Lamy et al., 2007), Fe/Al oxides 
extractable with dithionite-citrate-bicarbonate (Araujo 
et al., 2019; Fan and Zhao, 2018; Hyun et al., 2006), 
microbial characteristics (Munier-Lamy et al., 2007), Se 
content (Winkel et al., 2015; Saha et al., 2017), 
topographic features (Xu et al., 2018), and the presence 
of competitive anions such as sulphates and 
phosphates (Lee et al., 2011). The impact of 
competitive anions is particularly apparent in soils that 
receive excessive amounts of fertilizer, particularly 
phosphorus. In the soil environment, the presence of 
inorganic Se is seen in several forms, including selenite 
(Se-2), elemental selenium [Se (0)], and selenate (Se4, 

6+), which are determined by factors such as pH and 
redox potential. Selenium is present in well-drained 
soils in the forms of SeO4

-2, SeO3
-2, and HSeO3-. In soils 

with neutral and alkaline pH levels, the major species of 
Se is Se6+. This particular form of Se is often highly 
soluble, mobile, and readily available to plants 
(Mikkelsen et al., 1989). In contrast, previous studies 
have shown that the application of humic acid and the 
presence of inadequate drainage in neutral soils might 
induce inter-fractional transitions (Fan et al., 2019). 
According to many studies (Tolu et al., 2014; Eswayah 
et al., 2017; Li et al., 2017; Wang et al., 2019), it has 
been shown that the presence of organic matter in 
soils, either naturally rich or organically amended, leads 
to the reduction of hazardous Se-oxyanions into the 
elemental fraction that exhibits limited bioavailability. 
In contrast, the adsorption characteristics of Se are 
influenced by several factors such as the presence of 
different iron/aluminum oxides, organic matter, and pH 
levels. Nevertheless, the allocation of Se across 
different fractions is subject to variation, which is 
contingent upon the elemental form of Se and the 
duration of time that Se ion has been adsorbed, as 
shown by Fan and Zhao (2018). 

The comprehension of Se concentration and 
geochemical fractions in the soil system cannot be 

achieved by simplistic one-dimensional interactions 
between dependent and independent variables. The 
lack of clear differentiation between dependent and 
independent variables is typically seen while analysing 
the connections between nutrient availability, soil 
fractions, and soil attributes within the soil system. 
Hence, in order to conduct a more comprehensive 
analysis of the connections, it is advisable to use 
multivariate statistical methods that do not 
differentiate between dependent and independent 
variables (Shin, 1996).  

Canonical correlation analysis (CCA) is a statistical 
technique that assesses the degree of association 
between two groups of variables, which may be either 
dependent or independent (Sharma, 1996; Ozsoy, 
2019). Canonical correlation analysis is a multivariate 
statistical approach that has similarities with principal 
component analysis (PCA) and factor analysis. 
However, CCA distinguishes itself as the most suitable 
and robust method in situations when there are several 
sets of dependent and/or independent variables.  

The objective of this research was to examine the 
impact of soil characteristics on the alterations in 
selenium (Se) fractions in soils within the Amik plain 
region. Since Amik plain has key properties for 
accumulation/leaching of Se and partitioning to 
different Se fraction it may be regarded as good data 
sets to test the relations by multivariate statistical 
approach. This investigation, therefore, used canonical 
correlation analysis, using two distinct sets of variables: 
soil properties and Se fractions to extract the 
coherence between assigned two data set. 
 

Materials and Methods 
 
Sampling and descriptive analysis: A total of 179 

soil samples were collected from the Amik plain, 
specifically at the intersections of designated transects 
of 2 x 2 kilometres. Assigned sampling coordinates and 
the drainage-web map were merged in ArcMAP 
environment (Figure 1). The soil parameters examined 
in this study included textural components by 
hydrometer method (sand, silt, and clay), pH and 
electrical conductivity (EC) in 1:2.5 soil: distilled water 
suspension, organic matter content by wet oxidation 
method of Walkley-Black, and calcium carbonate 
equivalent by a manometric method. These parameters 
were analysed using the conventional procedures 
commonly used in Türkiye, as described by Kacar 
(2009) and site properties of the Amik plain were given 
elsewhere (Özkan et al., 2022). Table 1 presents the 
descriptive statistics for the aforementioned attributes.  

Selenium fractionation method: The sequential 
extraction technique is a method used to separate and 
isolate different components or fractions of a sample in 
a step-by-step manner. Martens and Suarez (1997) 
conducted sequential extraction, which was described 
in the following manner.  
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Figure 1. Sampling nodes with drainage-web, former Amik Lake and related swamp areas 

 
 
Table 1. Descriptive statistics for measured soil properties and selenium fractions 

 

Parameters Min. Max. Mean Std. err. Std. dev. Variance Skewness* Kurtosis** 

OM (%) 0.10 4.035 1.509 0.062 0.824 0.679 0.610 0.138 

pH (1:2.5) 7.02 8.930 7.935 0.020 0.274 0.075 0.187 0.843 

EC (dS cm-1) 78.00 1189 274.0 12.23 163.6 26774 2.154 6.641 

CCE (%) 0.00 43.95 19.31 0.738 9.87 97.51 -0.025 -0.649 

Clay (%) 0.00 58.85 13.56 0.912 12.20 148.9 1.263 1.009 

Sand (%) 4.58 70.88 26.49 0.932 12.47 155.4 1.210 1.518 

Silt (%) 15.58 88.76 59.95 1.164 15.57 242.3 -0.653 -0.168 

Se1 (µg kg-1) 6.43 177.3 62.68 2.370 31.70 1005 1.185 1.584 

Se2 (µg kg-1) 13.10 3591 246.8 21.32 285.3 81372 9.320 107.2 

Se3 (µg kg-1) 34.80 1226 189.4 12.39 165.7 27461 3.211 13.58 

ΣSe (µg kg-1) 150.5 3802 498.9 27.22 364.2 132670 5.134 39.47 

*Standard error of skewness 0.182, ** Standard error of kurtosis 0.361 (N= 179), ΣSe is the total of Se1-3 
fractions. CCE calcium carbonate equivalent. 
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The extraction of phosphate buffer, Se1, involves 
the determination of the combined presence of 
exchangeable and soluble ionic species of selenium, 
including Se4+, Se6+, and Se2-. A soil sample weighing 1 
gram was passed through a sieve with a mesh size of 
150 µm. The resulting sieved soil sample was then 
subjected to an extraction process using 25 mL of a 
phosphate buffer solution with a concentration of 0.1 
M and a pH value of 7. The extraction was carried out 
by shaking the mixture at a speed of 130 revolutions 
per minute at room temperature for a duration of 1 
hour. The liquid phase was prepared for examination 
by centrifugation and filtering techniques. The sample 
was maintained at a temperature of +4℃ until it was 
subjected to analysis. In this work, the total 
concentration of distinct ion species of Se was used, 
despite the fact that they were analyzed individually.  

Persulfate oxidation involving the proportion of 
Se2 that is either bound or adsorbed to organic matter 
was conducted as follows: Following a first stage 
whereby soil samples were subjected to the addition of 
25 mL of a 0.1 M persulfate solution, the mixture was 
heated in a sand bath at a temperature of 90℃ for a 
duration of 2 hours. Subsequently, the liquid phase was 
separated and subjected to analysis using the same 
procedure as outlined in Step 1. The introduction of 
persulfate resulted in the oxidation of Se (II-) present in 
the medium to Se (VI). Next, a volume of 0.5-2 mL of 
the extract was selected and supplemented with 6 M 
HCl until the total volume reached 25 mL. The resulting 
mixture was then subjected to heating in a sand bath at 
a temperature of 90℃ for a duration of 30 minutes. 
This process aimed to facilitate the reduction of Se (VI) 
to Se (IV). The quantification of the Se4+ ion species in 
the solution phase was conducted. 

The process of oxidation of nitric acid on Se3, 
refers to the residual selenium fraction associated with 
the mineral structure. A volume of 2.5 mL of 
concentrated HNO3 was introduced to the remaining 
samples obtained from step 2 and then subjected to 
heating using a sand bath.  

The sample was subjected to a temperature of 
90℃ for a duration of 30 minutes. Subsequently, it was 
allowed to cool down before adding 20 mL of distilled 
water. The resulting mixture was then placed in a sand 
bath and maintained at a temperature of 90℃ for a 
period of 1.5 hours. After routinely separating the 
liquid phase, the Se (0) concentration in the solution 
was measured by HRC-AAS. Ozkan et al. (2022) 
provided a comprehensive account of the analytical 
techniques involved in verifying the analysis using 
reference material (BCR-176 fly ash, the Sigma-Aldrich, 
Belgium) and optimizing High-Resolution Continuum 
Source Atomic Absorption Spectrometer, HRC-AAS 
(Analytic Jena ConrtAA 700). Table 1 displays the 
descriptive data according to the fractions and total Se 
parameters. 

 

Statistical analysis: In the context of statistical 
analysis, the observation vector Y represents the 
observed characteristics. The symbol µ denotes the 
overall mean, while a represents the random additive 
genetic influence of the individual soil. Additionally, e 
represents the random error connected with the 
observation vector Y. Fixed effects were not included in 
the analysis due to the inherent difficulty in discerning 
and quantifying the precise impact of soil forming 
elements at individual sample locations, even if these 
components do vary. The estimation of variance 
components and genetic factors arising from soil 
formation was conducted using the constrained 
maximum likelihood method (Madsen and Jenson, 
2010). Canonical correlations were computed using 
genetic correlations resulting from the soil formation 
processes. The study used canonical correlation 
analysis to elucidate and quantify the association 
between two qualities, using the SAS 9.0 PROC 
CANCORR software package (SAS Institute, 2002). 

Canonical correlation analysis is based on the 
correlation of the linear combination between two sets 
of variables (Xp) (Yq) (Johnson and Wichern, 1986). In 
this case, linear combinations of variables’ sets can be 
defined as follows: 

 
   𝑈𝑖 = 𝑎𝑖1𝑋1 + 𝑎𝑖2𝑋2 + ⋯ + 𝑎𝑖𝑝𝑋𝑝 

𝑉𝑖 = 𝑏𝑖1𝑌1 + 𝑏𝑖2𝑌2 + ⋯ + 𝑏𝑖𝑝𝑌𝑝 

 
Where 𝑎𝑖2 and 𝑏𝑖2 are the canonical coefficients, 

𝑈𝑖  and 𝑉𝑖  , i are the ith pair of canonical variables. 
𝑈𝑖  and 𝑉𝑖  are the first pair of canonical variables 
associated with the first canonical correlation that is 
formed as follows: 

𝑟𝑖 =
𝐶ô𝑣(𝑈1, 𝑉1)

√𝑉â𝑟(𝑈1)𝑉â𝑟(𝑉1)
 

 
The percentage of variance explained by the first 

canonical variables 𝑈𝑥𝑖
2 and 𝑉𝑤𝑖

2  was calculated as follow: 

 

𝑈𝑥𝑖
2 =

∑ 𝑎𝑖𝑗
2𝑝

𝑗=1

𝑝
 and 𝑉𝑤𝑖

2 =
∑ 𝑏𝑖𝑗

2𝑞
𝑗=1

𝑞
 

 
p and q are the variable numbers of X and Y, 

respectively. The smallest value between p and q 
defines the number of pairs of canonical variables. 

Two sets of features were established: The first 
included the descriptive soil properties, and the second 
consisted of Se fractions, including total Se. 

 

Results and Discussion 
 

The examination of correlation coefficients within 
the soil characteristics dataset may provide insights 
into the collective impact of soil-forming variables and 
agricultural activities within the designated research 
region. The variables included in the analysis of soil 
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Table 2. Correlations within and between sets of variables for soil properties and selenium content 

Correlation coefficients for within soil properties set 

 OM pH EC CCE Clay Sand 

pH -0.406**      
EC -0.249** 0.174*     
CCE -0.033 0.061 -0.275**    
Clay -0.004 0.150* -0.144* 0.149*   
Sand -0.058 -0.033 0.358** -0.387** -0.211**  
Silt 0.068 -0.114 -0.173* 0.201** -0.554** -0.600** 

Correlation coefficients for within selenium fractions set 

 Se1 Se2 Se3 

Se2 -0.086   
Se3 0.441** 0.397**  
ΣSe -0.299** -0.818** -0.811** 

Correlation coefficients for between the sets 

 Se1 Se2 Se3 ΣSe 

OM -0.116 0.299** 0.139 -0.238** 

pH 0.187* -0.095 -0.116 0.087 
EC -0.117 -0.225** -0.266** 0.305** 

CCE -0.051 0.121 0.172* -0.189* 

Clay 0.026 0.149* 0.137 -0.164 
Sand 0.008 -0.214** -0.218** 0.269** 

Silt -0.059 0.083 0.082 -0.110 

OM organic matter, CCE calcium carbonate equivalent 

attributes show a strong negative association between 
silt content and clay and sand content, with correlation 
coefficients of -0.554 and -0.600, respectively. This 
relationship is derived from the meticulous 
measurement of textural fractions and the underlying 
processes of soil formation. The inverse correlation 
between EC and CCE suggests that the soil has 
developed from lime-based parent material or is mostly 
composed of secondary lime formations (Usta, 1995), 
with deposition playing a minor role. According to Usta 
(1995), the presence of clay is associated with a 
negative association, suggesting that the adsorption 
process effectively decreases the concentration of 
soluble salts when adequate drainage conditions are 
present. In contrast, it has been shown that soils 
containing a significant proportion of sand exhibit 
elevated electrical conductivity (EC) values when 
subjected to comparable environmental circumstances. 
This phenomenon might be attributed to the existence 
of a clay barrier located near the surface within the 
plain, particularly in areas of low elevation or former 
lake beds (Akis, 2015). The inverse correlation between 
lime and sand is characterized by the absence of lime 
buildup in areas with high sand content, often seen in 
the elevated regions of the research area. This lack of 
lime accumulation may be attributed to the limited 
water retention capacity of sandy soils, resulting in 
rapid drainage of incoming water from the soil profile. 
However, it is important to note that due to the bowl-
shaped physiography of the plain, these particular 

places also serve as the primary locations for the 
deposition of coarse materials that have been eroded 
from higher elevations. The inclusion of the former lake 
bottom within the research area suggests that the clay 
fraction, which is transported by erosion, tends to 
collect more prominently in this particular region. This 
accumulation signifies the potential development of 
secondary carbonate formations over time at the 
bottom of the lake. 

The presence of selenium (Se) in the Amik plain 
exhibits a significant and inverse correlation with the 
organic-bound (Se2) and residual-Se (Se3) fractions, 
while demonstrating a comparatively weaker 
association with the available-Se fraction, as shown in 
Table 2. These findings suggest that the distribution of 
selenium in the region may be influenced by the 
processes of solute and solid transport. This method is 
substantiated by the observed positive relationship 
between the sum of selenium (ΣSe) and sand content, 
which represents the indigenous fraction in water with 
moderate erosion, as well as the electrical conductivity 
(EC), which is indicative of solute transport as 
influenced by the physiography of the plain. 
Nevertheless, the proportion of accessible selenium 
(Se1) was dependent on the concentration of S3, which 
is likewise closely associated with the levels of S2 
components. Hence, organic matter plays a pivotal part 
in this process. The aforementioned findings were 
substantiated by the statistically significant correlations 
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Table 3. Canonical correlations and their significance test 

Canonical 
variables 

Canonical 
correlations 

Adjusted 
canonical 

correlations 

St. 
error 

Squared 
canonical 

correlations 

Eigen 
values 

Differences 
Percentage 

(%) 

Cumulative 
percentage 

(%) 

1 0.466 0.418 0.059 0.217 0.279 0.180 63.0 63.0 
2 0.300 0.232 0.068 0.090 0.099 0.053 22.4 85.4 
3 0.211 0.159 0.072 0.045 0.047 0.029 10.5 95.9 
4 0.133 0.110 0.074 0.018 0.018  4.1 100.0 

 

Canonical variables 
Probability ratio F values DF Pr > F 

Wilks-Lamda 
value 

1 0.668 2.57 28 <0.001 <0.0001 
2 0.854 1.53 18 0.076 - 
3 0.939 1.10 10 0.365 - 
4 0.982 0.77 4 0.544 - 

 

 

 

 

 

 

 

 

 

canonical correlation that is substantiated by the Wilks-
Lambda test statistic. 

 
According to Keskin and Ozsoy (2004), when the 

variables in the data sets have different units of 
measurement and unequal variances, it is more 
appropriate to interpret standardised canonical 
correlation coefficients rather than canonical 
correlations in research. Standardized coefficients have 
significance due to their ability to demonstrate the 
magnitudes of the effects of the original variables 
within a given set on the occurrence of a canonical 
variable within the same set (Keskin and Ozsoy, 2004). 
Hence, Table 4 presents the standardized canonical 

observed between organic matter and S2 (r = 0.299, p < 
0.01) as well as ΣSe (r = -0.238, p < 0.01). The pH 
(0.186*) most likely had an impact on the regulation of 
the Se1 fraction in the soils. According to Usta (1995), 
there is a positive correlation between the Se2 
percentage and the presence of organic matter and 
clay content. This relationship is attributed to the 
ability of organic matter and clay to protect organic 
matter from degradation by generating organo-mineral 
complexes. In contrast, it has been shown that sand (-
0.214**) and electrical conductivity (EC) (-0.225**) 
exhibit a negative correlation with the ability of organic 
matter (OM) content to grow. The observed strong 
association between Se3, sand, and EC underscores the 
importance of solute and solid transport mechanisms. 
The lithological composition of the studied region 
mostly consists of Quaternary alluvium and colluvium, 
as shown by Korkmaz et al. (2011). However, it is 
possible to interpret the positive correlation of CCE as 
the result of primary and/or secondary carbonate 
minerals playing a role in enhancing this percentage via 
adsorption processes. Another notable observation is 
that carbonated rocks have a greater Se concentration 
(0.8 mg/kg) compared to metamorphic and 

correlation coefficients pertaining to the first pair of 
canonical variables that has been shown to possess 
statistical significance. 

The critical questions for Se in soils are related to 
i) soil properties can be responsible for the total Se, 
and ii) the availability of Se as a function of soil 
properties and Se fractions. Using the standardised 
canonical coefficients given in Table 4, the equations 
for the first canonical variable pair of soil properties 
(Soil-1) and Se fractions (Se1-1) can be calculated as 
follows:  

 
Soil-1 = 0.438 OM- 0.352 pH – 0.063 EC + 0.349 CCE + 

sedimentary rocks (0.6 mg/kg) as well as igneous rocks 
(0.5 mg/kg) (Aubert and Pinta, 1977), providing an 
explanation for the correlation. 

Table 3 presents the results of the canonical 
correlations, adjusted canonical correlations, standard 
errors, and squared canonical correlations computed 
between the variable sets of soil characteristics and Se 
fractions. The statistical results for evaluating the 
hypothesis of the canonical structure are also shown in 
Table 3. The first canonical correlation, which 
represents the correlation between the first pair of 
canonical variables, for soil characteristics and Se 
fractions sets is reported to be 0.466 ± 0.059 (Table 3). 
The first canonical correlation has statistical 
significance and is distinguishable from the next three 
canonical correlations. The observed significance of the 
first canonical correlation suggests a strong link 
between linear combinations of soil characteristics 
variables and linear combinations of Se fractions 
variables. In this particular instance, hypothesis H1 is 
deemed valid, hence refuting the null hypothesis H0 
which posits that all canonical correlations derived 
from the study are equal to zero (Pr>F; 0.001). 
Nevertheless, this assertion holds true just for the first 
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0.565 clay – 0.020 sand + 0.481 silt 
Sel-1 =-0.733 Se1- 0.263 Se2 + 0.213 Se3 – 0.950 ΣSe 
 
Table 4. Standardized coefficients of the first canonical 
variable 

Soil properties set Se fractions set 
 Soil-1  Sel-1 

OM 0.438 Se1 -0.733 
pH -0.352 Se2 -0.263 
EC -0.063 Se3  0.213 
CCE 0.349 ΣSe -0.950 
Clay 0.565   
Sand -0.020   
Silt 0.481   

 
The loadings for the organic matter (OM), cation 
exchange capacity (CCE), clay, and silt variables are 
0.438, 0.349, 0.565, and 0.481, respectively. These 
loadings exhibit a positive relationship in the formation 
of the Soil-1 canonical variable. The clay variable 
exhibits the greatest loading (0.565) among the given 
variables. In contrast, the variables of pH, EC, and sand 
exhibit negative and minor contributions, with 
corresponding coefficients of -0.352, -0.063, and -
0.020, except for pH. The presence of selenium (Se) in a 
particular soil is influenced by several factors, including 
the parent material, adsorption, and desorption 
processes, precipitation, and dissolution processes, as 
well as solute and solid deposition processes. The 
susceptibility of these processes is influenced by 
various soil properties, including pH, redox potential 
(Fang and Zhao, 2018; Xing et al., 2015; Nakamaru et 
al., 2014), organic matter (Smazikova et al., 2019; Xing 
et al., 2015), soil texture and mineralogy (Antoniadis et 
al., 2017; Munier-Lamy et al., 2007), sesquioxide 
content (Araujo et al., 2020; Fan et al., 2019), and 
topographic parameters (Xu et al., 2018). The role of 
topography may be considered a significant factor 
influencing the occurrence of short and long-range 
transport phenomena. The presence of organic matter 
(OM), clay, silt, and sand are strongly influenced by 
topography under certain climatic circumstances at a 
localized level, as shown in this research. In a similar 
vein, Xu et al (2018) found that the concentration of 
selenium (Se) in soil is predominantly influenced by 
topography and the presence of iron oxide (Fe2O3). On 
the other hand, the availability of Se in soil is strongly 
correlated with factors such as pH, weathering 
processes, and eluviation. The drainage processes of 
the old Amik Lake likely had a significant effect on the 
transport phenomena that led to the buildup of 
substances before drainage and facilitated their 
leaching during the post-drainage era. The 
accumulation of organic debris, clay, silt, and secondary 
carbonate has been seen in the shallow ex-lake. In their 
study, Fan et al. (2019) documented the movement of 
selenium (Se) in soils as a result of humic acid and 
waterlogging. The waterlogging phase is associated 
with a fall in pH, as shown by Oren et al. (2018). In 

contrast, Lindsay (2001) found that a rise in pH 
characterizes the post-drainage period. This is 
supported by the negative impact of pH (-0.352) on the 
Soil-1 function. In the derivation of the canonical 
variable for the Se fraction (Sel-1), it was seen that the 
variables Se1, Se2, and ΣSe had negative contributions 
(-0.733, -0.263, and -0.950, respectively), but the 
variable B3 had a positive contribution (+0.213). The 
ΣSe variable has the greatest effect on the 
establishment of the canonical correlation of Se 
fractions. Hence, the rationale provided for the 
function of Soil-1 might similarly apply in this context. 
Furthermore, within the research region, there is a 
process of organic matter decomposition after drainage 
as well as intermittent occurrences of waterlogging, 
particularly in the lake-bed. These factors together 
contribute to the accelerated depletion of Se. In 
general, it can be said that leaching processes are 
active inside the research region. 

Another correlation that is derived from the 
canonical correlation analysis is the correlation 
between the pairs of canonical variables and the 
original variables in both their own set and the counter 
set. Table 5 presents the multiple correlation 
coefficients between the initial canonical variables 
derived from both sets, as well as the original variables 
inside their respective sets and the counter set. The 
significance of these correlation coefficients is in their 
ability to quantify the amount of variation accounted 
for by the canonical variable in both the original 
variables within its own set and the complementary 
set. This is often referred to as the coefficient of 
determination (R2). Among these correlations given in 
Table 5, the highest correlation (+0.617) between the 
first canonical variable (Soil-1) of the soil properties set 
and the original variables in its own set is between 
organic matter content. Conversely, the canonical 
variable (Sel-1) representing the initial fraction of 
selenium (Se) had the strongest connection (-0.795) 
with the aggregate sum of Se across all original 
variables. Furthermore, the other correlations that 
were identified exhibited statistical significance and 
were determined to be in close proximity to the 
aforementioned values. This observation indicates that 
the initial set of canonical variables, namely Soil-1 and 
Sel-1, effectively capture the variability within their 
respective variable sets. Nevertheless, the first pair of 
canonical variables exhibits a lesser degree of 
effectiveness compared to their respective variable sets 
in elucidating the variability inside the opposing 
variable set. The strongest association (r = +0.288) is 
seen between the first canonical variable of selenium 
fractionation (Sel-1) and the original variables 
representing soil characteristics, namely organic 
matter. Simultaneously, it is seen that 28.8% of the 
variance in the organic matter variable can be 
accounted for by the first canonical variable of Se 
fractions. Similarly, the Soil-1 canonical variable 
explains 37.1% and 35.0% of the variances in the ΣSe 
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Table 5. Correlations between canonical variables of soil properties and selenium fractions sets and the variables in 
these sets  
 

Variables Soil-1 Sel-1 Variables Sel-1 Soil-1 

OM  0.617  0.288 Se1 -0.301 -0.141 
pH -0.489 -0.228 Se2  0.749 0.350 
EC -0.501 -0.234 Se3  0.642 0.300 

CCE  0.518  0.242 ΣSe -0.795 -0.371 
Clay  0.310  0.145    
Sand -0.599 -0.280    
Silt  0.331  0.154    

OM organic matter, CCE calcium carbonate equivalent 

 

 

 

 

 

 

Table 6. Explained percentages of standardised variance in the set of soil properties and selenium fractions by 

canonical variables  

Amounts of total variance in the set of soil properties explained by 

their canonical variables 

Amounts of total variance in the set of 

selenium fractions by their canonical 

variables 

Canonical 

variable Percentage 

Cumulative  

percentage 

Canonical  

R2 Percentage 

Cumulative  

percentage 

1 24.3 24.3 0.218 9.2 9.2 

2 11.8 36.1 0.090 2.9 12.1 

3 17.5 53.4 0.045 0.6 12.7 

4 12.5 66.0 0.018 0.2 12.9 

 

 

 

 

 

 

 

 

 

 

 

 

and Se2 variables, respectively. This suggests a strong 
correlation between Se's overall quantities and 
proportions and soil formation processes. 

The redundancy analysis assesses the degree to 
which the standardized variances of the canonical 
variable pairs explain the variability in both their own 
set and the counter set. Table 6 presents the 
proportion of the overall standardized variation in the 
soil characteristics dataset that is accounted for by its 
respective canonical factors, as well as the proportion 

explained by the canonical variables of the Se fractions 
dataset. The first canonical variable in the soil 
characteristics set accounts for 24.3% of the overall 
variation. The explanatory percentages for the second 
and subsequent canonical variables were 11.8%, 17.5%, 
and 12.5%, respectively. The first canonical variable 
had the greatest coefficient of determination (R2) at 
21.8%. The cumulative proportions of the canonical 
variables were determined to be 66% in the end. The 
first canonical variable in the soil characteristics set 
accounted for 9.2% of the standardized variation in the 

Se fractions set. The aggregate proportion of four 
canonical variables within this dataset was found to be 
12.9%. 

 

Conclusions 
 

In recent decades, there has been a significant 
increase in the availability of research data, facilitated 
by the advancement and cost reduction of current 
technology. The use of multivariate analysis 
methodologies enables the extraction of novel and 
valuable insights while assessing the interconnections 
across extensive data sets. The present work effectively 
employs canonical correlation, a multivariate statistical 
method that provides a fresh viewpoint on elucidating 
the interrelationship between Se fractions and soil 
parameters. This research investigates the distribution 
of Se fractions in the soils of Amik Plain. The first 
canonical correlation demonstrates a substantial link 
between the soil characteristics and Se fraction data 
sets. The findings indicated that soil characteristics and 

the transit of soluble and solid fractions of Se had a 
significant influence. The contributions of organic 
matter, clay, and silt characteristics to the fractionation 
of Se and its overall concentration were shown to be 
statistically significant among the various soil 
parameters. The data presented indicates that the first 
canonical variable has a significant capability for 
accurately predicting the occurrence of Se. In this 
regard, the soil parameters may be regarded as the 
independent variables used to elucidate the variability 
in the Se fractions, which serve as the dependent 
variables. The assessment of the associations between 
created data sets via the use of multivariate analytic 
techniques, such as canonical correlation analysis, 
yields novel and valuable insights. Nevertheless, it is 
important to highlight that the suitability of the 
canonical correlation technique for various ecosystems 
characterized by varying scales and plant nutrient 
compositions has to be empirically evaluated. Another 
factor to consider is the heterogeneity of the research 
region, which may provide limitations on the ability to 
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extract more information. Hence, it is essential to 
thoroughly evaluate the whole process in order to 
address the constraints associated with data screening 
methodologies. 
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