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COMPARATIVE ASSESSMENT OF QUALITY
OF THE INGULETS AND DNIPRO IRRIGATION WATER
USING THE METHOD OF CLUSTER ANALYSIS

Biliaieva 1. M., Lykhovyd P. V.

INTRODUCTION

Irrigation under the conditions of increasing aridity of the climate is a
decisive measure of intensification of agricultural production in the
Steppe zone of Ukraine. In recent decades, global environmental threats
have intensified on the Earth, including climate change, desertification,
and biodiversity loss, which are destroying natural resources and
endangering mankind existence. In Ukraine, these threats are no less
dangerous, especially climate change, which is manifested by severe
droughts in the south, as well as floods in the western regions. Besides,
an extremely important problem is soil degradation, which affects not
only the yield and quality of crop products, but also causes significant
economic losses on the regional and state levels 2.

Food security, economic and environmental aspects depend to a large
extent on the efficient use and preservation of the irrigated lands. In the
arid regions of the world, including the Southern Steppe of Ukraine, the
most effective and reliable measure to stabilize agriculture is artificial
humidification, which stabilizes crop productivity and prevents a
catastrophic decline in gross crop yields in the years with adverse
WeatshferConditions (no precipitation, high air temperature, dry winds,
etc.)> .
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As an open system, the soil is dynamic and is in constant interaction
with the atmosphere, hydrosphere, biosphere and lithosphere. Depending
on the intensity of these factors’ action, the soil may present
dlfferentlated characteristics that determine their potential for human
exploitation’. Although soil structure is not considered as a factor of
plant growth, it affects the air and water supply of root systems, the
availability of nutrients, the activity of microorganisms and so on. It is
also associated with the loss of agrochemicals due to water and wind
erosion, which has a negative impact on the environment through the use
of intensive technologies for cereals, vegetables and other crops
cultivation. The quality of irrigation water must meet agronomlc
environmental, technical, sanitary and hygienic requirements®.

Mineralization and chemical composition of irrigation water can
create a risk of salinization, alkalization, soda formation in the soil,
adversely affect crop yields and the quality of crop products and the
preservation of irrigation constructions. Therefore, a certain content of
chlorine, sodlum magnesium, and carbonate ions in water is
established®. The main threats to the soil are erosion, mineralization of
organic matter, reduction of biological diversity, pollution,
waterprooflng compactlon salinization, and degrading effects of floods
and landslides™

The resistance of crops to the irrigation water mineralization depends
on the type of plants, the stage of their development, soil moisture. Salt-
resistant crops reduce yields when mineralization is more than 2.5 g/L,
moderately resistant — more than 1.4, slightly resistant — 0.8 g/L. The
most resistant to mineralization are wheat, rye, barley, sugar and fodder
beets, cotton-plant, soybeans; slightly resistant ones are legumes,
potatoes, vegetables, fruits and berries.

Occurrence of salinity, toxicity of soils creates problems in the
reduction of crop yields, and also limits the set of crops in crop rotations.
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Therefore, it is extremely important to support agro-production to
minimize salinization and deterioration of soil physical conditions over
the long term use. This has led to the replacement of conservative
standards for determining water quality through guidelines for specific
areas, to new ones, where the appropriate choice of crops, improved
water management, maintenance of soil structure is necessary*%.

Of the world’s 1.5 billion hectares of arable land, 77 million hectares
(5%) are unable to produce high and qualitative crops due to high salt
content, and 20% of irrigated agricultural land is negatively affected by
excessive salt content. Soil salinization is steadily increasing on all
continents, in particular, in arid and semi-arid areas, which cover more
than 7% of the total land surface on the Earth®,

Salt stress is considered to be a major factor limiting crop
productivity. On saline soils, plant growth sharply decreases, mainly due
to osmotic stress. Low water potential in the roots causes water
deficiency in the plant™*.

Toxic concentrations of Na™ and CI ions in plants affect the functions
of cell membranes. Large amounts of these ions also reduce metabolic
activity in plants and lead to inhibition of growth processes and damage
to leaves. In addition, salt stress causes nutrient imbalances and oxidative
stress in plants, which hinders proper growth and development. The high
content of water-soluble salts in the upper layers of soils causes a
significant decrease in crop yields and crop quality and requires the
development and implementation of methods to improve soil fertility and
prevent their degradation™.

Water is one of the most important and scarce resources for
agricultural production in the arid and semi-arid areas. Improving
productivity in the arid regions strongly depends on the practice of
rational irrigation management, taking into account rainwater and
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groundwater status™®. The lack of sufficient water supplies for irrigated
agriculture at the present stage is becoming a significant problem,
forcing farmers to use water of low quality. However, reckless use of
sodium and salt water poses a danger to the physical, chemical and
biological properties of the soil.

One of the main sources of irrigation of meliorated lands in the south
of Ukraine is the system of irrigation waters from the Ingulets
River, which is characterized by unstable hydrological and
hydrochemical regimes.

Discharge of industrial waters of Kryvbas into the Ingulets River
significantly increases mineralization and worsens the chemical
composition of the water. During the growing season in the area of
Kryvyi Rih Ingulets water is formed exclusively due to unregulated
discharge of wastewater. As a result of these processes, irrigation with
the Ingulets water is almost unsuitable according to irrigation indices
without appropriate amelioration measures™" 8.

The waters of the Dnipro River are no less significant for the southern
agricultural lands of Ukraine. In terms of mineralized composition, it is
more suitable for irrigation, but recently the pollution of the Dnipro
waters with toxicants has increased, the groundwater level has risen far
from the shores, soil salinity has increased, groundwater volume has
increased almost 10 times, and at the same time, especially in the lower
part of the basin, the water-salt regime of the soils in the irrigation zones
has changed, the humus content has decreased”®?. Therefore, research in
the field of analysis and dynamics of the mineralized composition of the
Ingulets and Dnipro irrigation waters for the further use of this
knowledge in agricultural production is relevant today.
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1. Cluster analysis as a method of data sets analysis

The set of methods and algorithms used for automatic grouping of
data is called cluster analysis. Using cluster analysis to solve our
problem is most effective because it is designed to combine some objects
into classes (clusters) so that one class gets as similar as possible, and
objects of different classes differ as much as possible from each other.
Quantitative similarity is calculated in a given way on the basis of data
characterizing the objects®.

Cluster analysis includes a wide range of data analysis methods,
including k-means, hierarchical clustering, and two-way aggregation.
The data can come both in the original form and in the form of a matrix
of distances between the objects. Observations and variables can be
clustered using different measures (Euclidean calculations, Euclidean
square, urban quarters (Manhattan), Chebyshev, static, percentage of
disagreement and 1-Pearson correlation coefficient) and different rules
for combining clusters (single, full weighted, weighted and weighted
pairwise group averages, weighted, weighted distance between centers,
Ward method, etc.). Distance matrices can be stored for further analysis.
When performing cluster analysis by the method of k-means, the user
has full control over the initial location of the centers of the clusters.
Extremely large volumes of analysis can be performed: for example,
with hierarchical (tree-like) bonding, it is possible to work on a matrix of
90 thousand distances®.

In addition to the standard results of cluster analysis, a diverse set of
descriptive statistics and advanced diagnostic methods are also available
(complete scheme of integration with threshold levels in hierarchical
clustering, table of analysis of variance in clustering by k-means).
Information about the affiliation of otzjects to clusters can be added to the
database and used in further analysis®”.

Graphical capabilities of cluster analysis include customizable
dendrograms, two-way association diagrams, graphical representation of
association schemes, diagrams of averages when clustering by the method
of k-means, taking into account the action and interaction of factors.

Cluster analysis includes a set of different classification algorithms.
Also, this analysis allows solving scientific problems in many fields of
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science with the organization of observations of complex systems. The
clustering technique is used in a variety of areas. For example, in the
field of medicine, clustering of diseases, treatment of diseases or
symptoms of diseases makes it possible to carry out taxonomies that are
widely used today?.

The association or method of tree clustering is used in the formation
of clusters of differences or distances between objects. These distances
can be determined in one-dimensional or multidimensional space.
However, the aggregation algorithm does not "care" about whether the
distances provided for this distance are real or some other derivative
measures, which is more significant for the researcher; and the task of
researchers is to choose the right method for specific applications.

Single connection (nearest neighbor method). In this method, the
distance between two clusters is determined by the distance between the
two nearest objects (nearest neighbors) in different clusters. This rule
should, in this sense, string objects together to form clusters, resulting in
clusters tending to be represented by long “chains”. Full communication
(the method of the most distant neighbors). In this method, the distances
between clusters are determined by the greatest distance between any
two objects in different clusters (i.e., the most “distant neighbors”).

This method usually works very well when objects are actually
derived from really different structural elements. If the clusters have
some kind of elongated shape or their natural type is chain, then this
method is not suitable.

There are other methods used depending on the problems of the
study, this is the method of two-way combination, Ward, Wei%hted
centroid method (median), weighted and unweighted pairwise mean®'.

All the cluster algorithms require estimates of distances between
clusters or objects, and it is clear that when calculating distances, it is
necessary to specify the scale of measurements. Because different
measurements use completely different types of scales, the data must be
standardized so that each variable has a mean of O and a standard
deviation of 1. Analysis of statistical data on the cationic-anionic
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composition of irrigation water from the Ingulets and Dnipro rivers using
clustering and correlation-regression analysis allowed to distribute all the
years of the study and the indices of cationic-anionic composition of the
water into cluster groups.

This work allowed to trace with a high level of accuracy the
dynamics of changes and interdependencies in the complex system
"irrigation water — soils — crops”, to characterize the patterns of
mineralized waters over the years and select them by the corresponding
features for further use of this information in scientific work and in
practice.

2. Evaluation of the irrigation water quality
by agronomic criteria from different sources

2.1. The Ingulets irrigation water analysis

Irrigation productivity strongly depends on the quality of irrigation
water, because if artificial humidification is carried out with the water of
low quality (I or I classes), then instead of increasing crop yields it
will provide a negative impact on plants’ productivity. In addition,
irrigation with low quality water will lead to deterioration and loss of soil
fertility due to secondary salinization, degradation processes, crusting,
compaction, etc. According to the results of laboratory analyzes of the
laboratory of analytical research of the Institute of Irrigated Agriculture
of NAAS it is established that irrigation water from the Ingulets
irrigation system has a concentration of toxic ions in chlorine equivalents
in the range of 25-42 meg/dm®, the ratio of sodium to alkaline cations
was 41-47% (Table 1).

Table 1
Evaluation of the irrigation water (2008-2019)
Class of the water by the hazard
. P Na'x (DSTU-2730-94 “Water quality. Agronemic
Date ?r Mincralization, Toxic tons 100 Mg | ¢a® criteria™)
collecting 3 concentration, _227 N
g/dm 3 Sum of a Na . .
the sample meq/dm’ N A caustic bkl toxic
cations salinization | . alkalinization | .
increase impact
TIT ten-day
period of 1.809 42 42 1.4 0.2 11 m il I
May
1 ten-day
period of 1.750 25 41 L6 0.3 I I i II
July
11 ten-day
period of 1.580 25 47 1.8 0.2 I il il I




It should be mentioned that mineralization, concentration of toxic ions
and other indices of irrigation water quality change significantly in different
periods of the irrigation season, and the greatest values are reached in the
initial stages of the irrigation season (Il ten-day period of May) with further
decrease in July and especially in September. Irrigation water quality control
allows to classify it to the second class according to the degree of
salinization and alkalinization hazards of middle-loamy low-buffer soils of
the Ingulets irrigation system — it is limited suitable for irrigation in the
summer-autumn period.

We performed correlation-regression, variance analysis in the Excel
software package, and cluster analysis using the software-information
complex Statistics 6.1 for the quality of the water for irrigation from the
Ingulets and Dnipro rivers. According to the results of generalization of the
experimental data, a number of statistical sample dependences, visual
graphs, diagrams were formed, which allowed to draw a lot of useful
conclusions for the use of the acquired knowledge in agro-ameliorative
practice of crop production.

Statistica 6.1 software and information complex is a product of StatSoft
Russia, an exclusive representative of the American company StatSoft Inc.
(Part of Dell) in Ukraine and other countries. At present, StatSoft is one of
the world’s largest developers of statistical and analytical software, offering
a wide range | of analytlcal and consulting services in various applications for
data analysis®®*°. The input data for calculations in the program Statistica
can be data prepared in various specialized or ut|I|ty programs: Microsoft
Office (Word, Access, Excel) and web-applications *’. We collected material
on the characteristics of the mineralized composition of the Ingulets and
Dnipro water, formed databases, which are presented in the spreadsheets of
Excel (Fig. 1) according to the growing seasons as of 15.05, 15.07 and 15.09
for 1973-2019 years of the research. After importing data from Excel to
Statistica, the information in the tables should be standardized, as shown in
the Figure 2.
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Fig. 1. Copy of the screen of the Excel table with information
on the ionic-cationic composition of the irrigation water from the Ingulets River
as of 15.09 for the period of 1973-2019
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Fig. 2. The standardized data of the table of mineralization indices as of 15.09
for the period from 1973 to 2019



Next, we begin to form a hierarchical classification of cluster analysis
using the interactive mode in Statistica: "Cluster analysis” — menu
"Analysis" — "Multidimensional exploration analysis" to display the start
panel of the module "Cluster analysis™ "Hierarchical classification”.

To form a hierarchical diagram of cluster analysis, we choose the
method of full communication, which determines the distance between
clusters as the largest distance between any two objects in different
clusters (i.e. the most distant positions). At the output we get a
hierarchical tree for analysis (Fig. 3.)
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Fig. 3. Hierarchical model of cluster analysis of the chemical composition
of the Ingulets irrigation water as of 15.09 for the period from 1973 to 2019

Based on the obtained data, clusters are formed, which are created
from top to bottom for the vertical dendrogram. When moving from top
to bottom, the indices that "are in closer contact with each other"
combine and form clusters. Each node of the diagram, presented above,
represents the union of two or more clusters, the position of the nodes on
the vertical axis determines the distance at which the respective clusters
were connected.
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As it has already been noted, the full connection method defines the
distance between clusters as the greatest distance between any two
objects in different clusters (i.e., "most distant neighbors"). The measure
of proximity, which is determined by the Euclidean distance, is the
geometric distance in n-dimensional space and is calculated by the
formula (1):

dxy) = |2, (xi—y)? (1)

Analyzing the hierarchical clustering tree generated by the program,
we can assume that the studied characteristics of the ionic-salt
composition of the water is formed in 4 natural clusters (1 cluster —
mineralization, Ca®*"; 2 cluster — Na*, Mg®, SO,%; 3 cluster — CI;
4 cluster — HCO3, COZ%).

Let us test this assumption by dividing the initial data by the k-means
method into clusters, and check the significance of the differences
between the obtained groups.

In the menu paragraph "Analysis” — "Multidimensional exploration
analysis" of the starting module "Cluster analysis" in the dialog select
"Clustering by the means" and set the necessary parameters for further
formation. The method makes it possible to cluster objects or variables
(in our case, observations) in order to cluster the cationic-anionic
composition of irrigation water.

The initial number of clusters is set at level 4, because the results of
the k-means method depend to some extent on the initial configuration
(i.e. on the means or centers of the clusters). In particular, this
occurs when many small, clearly separated clusters (with multiple
objects) are formed.

As a result of the module operation we obtain the list of items with
already formed data and graphs.

By the means of cluster analysis by the k-means method we can find
intergroup dispersions according to the studied indices of the chemical
composition of the irrigation water, which are compared with intragroup
dispersions to decide whether the means for individual variables in
different aggregates are significantly different. We can consider the
results of the analysis of variance, comparing for each measurement the
average (i.e. measurement of characteristics) between the sums (clusters)

(Fig. 4).
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Intra

CO5* 18.22074
HCO; 11.14581
Ccr 25.41665
SO~ 40.89749
Cca”* 19.44948
Mg** 19.27717
Na* 44.78601

Mineralization,g/L | 42.10275

CcC

4
4
4
4
4
4
4
4

ANOVA (Table_1509.sta)
Inside
24.77926
40.86419
16.58445
11.10251
22.65052
22.72284
7.21499
9.89725

cc
49
49
49
49
49
49
49
49

F Signific.
9.96119 |0.000052
4.69041 |0.006844
19.92459 |0.000000
46.17805 |0.000000
11.10541 1 0.000021
11.02870 |0.000022
62.68642 |0.000000
42.16684 |0.000000

Fig. 4. A copy of the screen with the results of ANOVA of the chemical
composition of the Ingulets water as of 15.09 for the period from 1973 to 2019

Based on the amplitude (and levels of significance) of F-statistics, the
variables Na+, mineralization, SO42- and CI- are the main in solving the
question of the distribution of objects in clusters. The item "Elements of
clusters and distances” deciphers which members (in our case years)

each cluster consists of.

By the results of the ANOVA it is possible to conclude that for the
data on the chemical composition of the irrigation water as of 15.05 the
main variables in solving the question of distribution of objects in
clusters were variables CO5>, mineralization and SO,> (Fig. 5), and for
the data on chemlcal composition of the irrigation water as of 15.07 —

indices of Ca**, SO,* and mineralization (Fig. 6).

Intra
CO/* 26.57292
HCO3" 9.17411
Ccr 16.74214
S0,~ 22.09274
Ca”* 15.55882
Mg* 19.75545
Na* 20.44408

Mineralization,g/L |24.68272

cc

4
4
4
4
4
4
4
4

Inside
15.42708
42.82589
25.25786
19.90727
26.44118
22.24455
21.65692
17.41728

cc
49
49
49
49
49
49
49
49

ANOVA (1505.sta)

F Signific.

22.49241 /0.000000
4.64421 |0.020996
8.61704 |0.000164
14.42716 |0.000002
7.64961 |0.000487
11.54544 /0.000015
12.21144 /0.000009
18.52921 |0.000000

Fig. 5. A copy of the screen with the ANOVA results of the chemical composition
of the Ingulets water as of 15.05 for the period from 1973 to 2019
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CO/
HCO;
cr
S0,
Ca?
M92+
Na*

Mineralization,g/L |29.86498

Intra |cc
21.90194
11.22676
12.89094
41.04442
42.70105
24.64500

4
4
4
4
4
4

27.65270 |4

4

ANOVA (Table_0507.sta)

F Signific.
14.16680 |0.000002
4.74269 0.006484
5.75704 |0.002426
46.78762 |0.000000
45.71640 |0.000000
18.46068 |0.000000
25.05594 |0.000000
41.99004 |0.000000

Inside |cc
20.09806 |49
40.77424 |49
29.10907 |49
10.96658 49
9.29895 |49
17.45500 |49
14.44740 |49
12.14602 |49

Fig. 6. A copy of the screen with the ANOVA results of the chemical composition
of the Ingulets water as of 15.07 for the period from 1973 to 2019

Another way to determine the nature of clusters is to check the means
for each cluster provided by the graph of means. Usually, this graph
gives the best idea of the results (Fig. 7).
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Fig. 7 The graph of the means of the ions content of the Ingulets irrigation water
for the period of 1973-2019 (blue — cluster 1, red — cluster 2, green — cluster 3,
purple — cluster 4)
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Loking at the graph line of the middle cluster 4, it is evident that the
members of this cluster (in some years of the study) have higher rates of
mineralization, anions SO,~, CI, cations Na*, Mg®* compared to the
clusters 1, 2, 3. The cluster 2 components characterized by a higher
content of CO32'; the elements of the cluster 1 have the lowest values of
CO,%, and the cluster 4 has the years with the lowest levels of CI', S0,%,
ca®*, Mg®, Na* and the highest level of HCO5, CO5%. Looking at the
graphs of the means for the data of the mineralized water composition as
of 15.05 and 15.07 of the studied years, we can observe that in different
growing seasons the indices of ionic-salt composition of the water also
behave differently.

For example, the dynamics of the graph for the period of 15th of May is
characterized with sharp rapid fluctuations between the objects (Fig. 8).

2,5

2,0 ¢

15¢

10}

05 ¢

0,0}

05|

-10

15 -

2,0}

——

2,5 . . . . . . e

CO;? cl ca? Na* o
HCO3 5042- Mgz" MwuHepanisauis,r/n .

Fig. 8. Graph of the average chemical composition of the Ingulets water as of

15.05 for the period from 1973 to 2019 (blue — cluster 1, red — cluster 2,
green — cluster 3, purple — cluster 4)

The graph of the means of the 1 cluster differs from the other by the

highest value of CO5?, and the lowest value of Mg?"; the years from the
2" cluster have high CO5* values, the maximum of SO,*, mineralization
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and Na'; the 3™ cluster unites the years with the highest values
of M%” and HCOj3 with the lowest mineralization, CI" and Na* content;
the 4™ cluster embraces the years with the maximum CI” and Ca*".

The graph of the averages as of 15.07 (Fig. 9) is more stable in its
fluctuations: the years included in the cluster 1 have the highest rates of
S0,%, Ca**, mineralization.

2,5

2,0}

15¢

10}

05}

0,0

05¢t

1,0} N

15

—_—

2,0

_—
Co,? cl Ca?* Na* o e
HCO3 5042- Mgz" MwuHepanisauis,r/n .

Fig. 9. Graph of the average chemical composition of the Ingulets water
as of 15.07 for the period from 1973 to 2019

The members of the cluster 2 are characterized by the lowest level of
CO,%; in the cluster 4 there are the elements with the highest indices of
CI, SO.%, Ca®*, Mg”, Na*, mineralization; and the cluster 4 has the
highest CO3* and Na*. In the last step of the method of k-means,
Statistica proposes to safe the classification of the data by clusters. It is
very convenient and appropriate for further use of these data in other
studies within other applications and information systems.

2.2. The Dnipro irrigation water analysis
The ionic-cationic composition of the irrigation water from the
Dnipro River was also classified and analyzed by cluster analysis.
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According to the analysis of the hierarchical clustering tree formed by
the program (Fig. 10), it can be assumed that the studied characteristics
of the ionic-salt composition of the Dnipro water are formed in 5 natural
clusters (1 cluster — HCOs®; ; 2 cluster — Na* + K', Ca?*, COs%;
3 cluster — pH, SO,%; 4 cluster — CI'; 5 cluster — Mg?*, mineralization).
This distribution indicates the highest degree of interaction, a close
relationship between HCO;, Mg”* and mineralization.

12

11}

10

HCO, Na'+K' ca®* co*; pPH  so*, c  wmg* Minep

Fig. 10. The hierarchical model of the cluster analysis of the Dnipro water for
the period of 1973-2019

Then, after clustering the Dnipro water by the method of k-means, we
obtained the results of ANOVA. Based on the amplitude and significance
levels of F-statistics, we can conclude that the variables HCO3 and Mg?*
are the most significant in the distribution of the objects by the clusters
(Fig. 11).
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ANOVA (min_dnipro.sta)
Intra cc Inside cc F Signific.
Miner 22.76751 19.24249 | 48 |11.24615 | 0.000004
CO% 18.72754 24.27247 | 48 7.64472 0.000127
HCO5; 29.72869 12.27141 | 48 |24.01485 | 0.000000
Cr 5.11775 46.88224 | 48 1.41821 0.280747
SO~ 20.69974 21.40027 | 48 9.24216 0.000026
ca® 18.99244 24.00766 | 48 7.84205 0.000104
Mg 29.48208 1251792 | 48 |22.47441 | 0.000000
Na“+ K" | 22.87284 19.12717 | 48 |11.46048 | 0.000004
pH 22.96054 19.04946 | 48 |11.45647 | 0.000004

Al DDA DA DDA

Fig. 11. A copy of the screen with the ANOVA results on the average chemical
composition of the Dnipro irrigation water for the period from 1973 to 2019

3,0
25}
20}
15
10¢
05}
0,0}
0,5}

-
-1,0 b %

15t

20} -5

2,5
MiHep co*, HCO, CI° SO*, Ca®* Mg’ Na'+K" pH .
Fig. 12. Graph of the average chemical composition of the Dnipro irrigation
water during the period of 1973-2019 (blue — cluster 1, red — cluster 2,
green — cluster 3, purple — cluster 4, black — cluster 5)
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Analyzing the graph of the averages for the Dnipro irrigation water
(Fig. 12), we can observe the highest values of CI" in the elements of the
cluster 1; the years of the cluster 2 have the highest levels of
COs%, Mg?*, SO,%, mineralization and Ca*; in the 3rd cluster there are
components with the lowest Mg, pH and the highest Na* + K*; the
cluster 4 includes the years with the highest pH content; and the elements
of the cluster 5 are characterized by the lowest rates of mineralization,
COs%, CI', SO,* and the highest HCOs'.

2.3. Irrigation water quality and climate patterns

The need for water for the yield and the quality of water for irrigation
are two main factors that need to be considered in order to ensure proper
water management to combat salinity. Proper irrigation restores soil
water deficiency and avoids the use of wasteful and potentially harmful
surpluses. Irrigation plus rainfall is required to prevent soil salinization.
Soluble salts contained in irrigation water are concentrated in the soil
solution as a result of soil evaporation and transpiration of plants *'.

Using the information obtained as a result of perennial study, the
tendency of interdependence between moisture supply by the years and
dynamics of mineralization of irrigation water was analyzed.

Statistical analysis of the obtained data was performed using the
capabilities of the modern information system Microsoft Office Excel
using the correlation-regression method, which significantly accelerates
the calculation process, and also allows to significantly increase the
amount of processed data.

During modeling of the water regime of the soil, three main
meteorological indices should be taken into account: air temperature,
relative air humidity, precipitation. Air temperature, relative air humidity
is taken according to the nearest weather station or indices from the
Internet — for example from the site https:/rp5 *. Precipitation should be
measured with rain gauges, which are installed near or directly on the
irrigated fields, then they are taken under consideration in the calculation
of the water use. Air temperature and precipitation for the year are taken
into account in the following order: for January — March and October —

®! KoHueris BiIHOBIECHHS Ta PO3BMTKY 3POIICHHS y MiBICHHOMY PETioHi
VYkpaiHu / 3a HAyKOBOIO penakui€o A.T.H., akagemika M. I. Pomamenxa. K. :
LIT «KomnpunT», 2014. 28 c.

¥ Anos A. C. ®akrops! >ddexrusrocT yrodpernit. Yacts 11 Arpodmsuko-
XUMHUYecKue GpakTopel. M., 1967. 1.
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December as the sums by ten-day periods for each of these three months;
for April — September they are assessed daily for the periods of five
days, ten days and months. During rainfall, not all the precipitation that
falls has time to get into the soil, and a certain part of it is lost on runoff
and evaporation. In this regard, in the practice of irrigated agriculture,
rainfall should be considered by two parameters: first, the total amount
of precipitation, and secondly, their share, which was absorbed by the
soil. Relative air humidity is taken into account for the period April -
September on the daily basis, with the calculation of the average for the
periods of five days, ten days, months — in ascending order.

Water use for past pentads (5 days) is calculated as the difference
between total evaporation E and precipitation P in mm. The difference
"E - P" shows how the moisture reserves in the field have changed under
the influence of weather conditions. When in the calculation period "E"
was greater than "P" - moisture reserves decrease by this value, when "E"
is less than "P", on the contrary, moisture reserves increase. To facilitate
the calculation of total evaporation, we set the calculated values of E; in
the temperature range from 5 to 40°C (every 0.5°C) and relative
humidity — from 30 to 90% (over every 5%). The calculation of the total
evaporation and water use by an individual crop in the rotation is
performed using both biologically optimal and water-saving irrigation
regimes taking into account the levels of groundwater.

Using the obtained results of the calculations throeugh the method of
correlation analysis, graphs were formed that reflect the patterns between
the deficit of evaporation and mineralization of irrigation water in dry
and moderately dry years as of 15.05 (Fig. 13).

The studied indices show a high degree of negative (inverse)
connection. Thus, the correlation coefficient in the first block as of 15.07
ranged from 0.76 to 0.78 (Fig. 14). That is, it allows us to conclude that
the drier the natural weather conditions (dry year) for crops is, the higher
the level of the mineralization of the irrigation water is.

And in humid years, on the contrary, there is no such trend (Fig. 15) -
for the Ingulets water with a correlation coefficient of -0.01, for the
Dnipro irrigation water (Fig. 16) with a correlation coefficient of 0.24.
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Fig. 13. Dependence of the mineralization of the irrigation water from the river

Ingulets on the evaporation deficit in dry and moderately dry years of the study
as of 15.05 for winter wheat (left scale — Evaporation Deficit, mm; right scale —
Mineralization, g/L; blue line — mineralization; red line — evaporation deficit)
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Fig. 14. Dependence of the mineralization of the Ingulets irrigation water on
evaporation deficit in dry and moderately dry years of the study as of 15.07 for
wheat (left scale — Evaporation Deficit, mm; right scale — Mineralization, g/L;
blue line — mineralization; red line — evaporation deficit)
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Fig. 15. Dynamics of the mineralization and deficiency of evaporation
of the irrigation water of the Ingulets River in humid and moderately humid
years of the study as of 15.07 for wheat (left scale — Evaporation Deficit, mm;
right scale — Mineralization, g/L; blue line — mineralization;
red line — evaporation deficit)
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Fig. 16. Dynamics of the mineralization (average values for vegetation periods)
and deficit of evaporation of the irrigation water of the Dnipro River
in the years of the study for winter wheat (left scale — Evaporation Deficit, mm;
right scale — Mineralization, g/L; blue line — mineralization;
red line — evaporation deficit)
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Using the data of cluster analysis of the ionic-salt composition of the
irrigation water generated in the program Statistica, it is possible through
modeling visual graphs, charts, histograms in Excel to track various
dependences on specific variables (indices) both for research and at the
production level — to enhance irrigation productivity.

For example, Figure 17 shows the dynamics of pH and
mineralization of the Dnipro irrigation water in the clusters 1 — (a),
2—(b),3—(c), 4—(d).

Analyzing the data on the hydrogen power of the solution acidity,
which determines the ability of a plant to absorb nutrients, and
mineralization data, it is possible, as well as taking into account the
dynamics of the average chemical composition of the Dnipro irrigation
water by the years of the study, to distribute the pH indices in
dependence on the clusters classification. If the years from the cluster 1
had a pH of neutral water, the maximum pH of the components of the
cluster 4 reached 8.40, of the cluster 2 — 8.44, and of the cluster 3 in
general it was 8.68, which corresponds to an alkaline environment.
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Fig. 17. Dynamics of the pH level and mineralization (average values for

vegetation periods) of the Dnipro irrigation water by the years of the study with
division into clusters (red line — mineralization, pink line — pH index)
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Determination of the pH index for irrigation water is a very important
factor, because it has a very important effect on plants: some plants cannot
withstand acidic soils, others grow and develop well. The pH index affects
the growth of the root system, its permeability to nutrients, shifts the correct
ratio in the plant uptake of cations and anions, reduces soil fertility and the
harmful effects of hydrogen ions on the mineral part of the soil. Deficiency
of absorbed calcium and magnesium in the soil causes a sharp deterioration
of its physical and physicochemical properties.

Analysis of the pH index for the studied years in terms of their
clusters provides more data to decide on the accuracy of the need to
determine chemical reclamation (liming, gypsum application, etc.).

Although there is no correlation between the mineralization and pH
of the irrigation water in this case, the graph curves in each cluster have
similar dynamics, which provides prerequisites for the conclusion of the
interaction between the cationic-anionic composition of the irrigation
water and its pH level.

CONCLUSIONS

1. According to the results of our study and calculations, the
effectiveness of the application of cluster analysis methods implemented
in the modern software and information complex Statistica 6.1 is proved.
Clustering of the cationic-anionic composition of the Ingulets and Dnipro
water for the period from 1973 to 2019 revealed that the irrigation water
from the Ingulets irrigation system has a concentration of toxic ions in
chlorine equivalents in the range of 25-42 meg/dm?, the ratio of sodium
to the sum of alkaline cations was 41-47%. The analysis of the large
series of experimental data provides a wide range of possibilities for the
formation of hierarchical models-dendrograms of cluster analysis with
the classification of the studied years by individual clusters (groups) and
the definition of differentiation between the groups.

2. The method of clustering of k-means provided the opportunity to find
intergroup dispersions by the studied ionic-salt composition of the Ingulets
and Dnipro irrigation water, which are compared with intragroup dispersions
to decide whether the averages for individual variables in different sets are
significantly different for the periods of 15.07, 15.09 for 1973-2019. Based
on the amplitude (levels of significance) of F-statistics, the method of
k-means helped to find the significance of variables of cationic-anionic
composition in solving the question of the distribution of objects in the
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clusters, to form graphs of the averages to determine the nature of clusters
and check averages provides the best idea of the results of mineralization in
terms of growing seasons. According to the results of the calculations, a
hierarchical clustering tree was formed, which allowed to distribute the
indices of ion-salt composition by 4 natural clusters (cluster 1 —
mineralization, Ca?* ; cluster 2 — Na* , Mg®* , SO,* ; cluster 3 — CI;
cluster 4 — HCO3 ,COZ%).

3. According to the analysis of the hierarchical clustering tree formed
by the program, it is found out that the studied characteristics of the
ionic-salt composition of the Dnipro water are distributed among five
natural clusters (cluster 1 — containing hydrocarbons HCO3; cluster 2 —
containing sodium, potassium, calcium and carbonates Na* + K*, Ca?",
CO5?; cluster 3 — containing sulphur oxide SO,* and pH; cluster 4 —
containing CI"; cluster 5 — containing Mg®*, mineralization). This
distribution indicates the highest degree of interaction and the maximum
level of mathematical relationships between the indicators of
hydrocarbons HCO;~, Mg®* and mineralization.

4. The application of the above methods in the experiments,
implemented in Statistica and Excel, allowed us to draw many useful
conclusions for the use of knowledge in agro-ameliorative production
practice of crop production to create a scientific basis for environmental
safety of irrigated water and land in southern Ukraine. Using the
obtained results and correlation analysis, graphs were formed that reflect
the patterns between evaporation deficiency and mineralization of the
irrigation water in dry and moderately dry years. The studied indices
showed a high degree of negative relationship with the correlation
coefficients — minus 0.76-0.78.

5. The developed models should be used for timely management
decisions, including irrigation regime, watering and irrigation rates,
quality of irrigation water, tracking the dynamics of the cationic-anionic
composition of water and its mineralization, the dynamics and degree of
secondary salinization and alkalinization of soils, doses and types of
ameliorants. The dependences of pH level and mineralization of the
Dnipro irrigation water are distributed by four clusters. It should be
mentioned that in the first cluster the pH of the water had a reaction close
to neutral. The maximum pH level of the components of the second
cluster reached 8.40, of the third one — 8.44, and of the fourth one — 8.68,
which corresponds to an alkaline environment.
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SUMMARY

Irrigation is one of the major factors in agricultural production
sustainability, while its efficiency is strongly dependent on the water
quality. The main agronomic criteria for evaluation of water suitability
for irrigation are pH, mineralization, ions content and proportion. There
are two main sources of irrigation water in the South of Ukraine, namely,
the Ingulets and Dnipro river water. We applied cluster analysis
approach to the classification of these waters by the main agronomic
criteria. Cluster analysis of the ionic composition of the Ingulets and
Dnipro water for the historical period of 1973-2019 revealed that the
irrigation water of the Ingulets system has a concentration of toxic ions
in the range of 25-42 meqg/dm?®, the ratio of sodium to the sum of alkaline
cations is 41-47%, making it is limited suitable for irrigation, while the
Dnipro river water is much safer. The analysis of the data set on the
water quality allowed to create hierarchical dendrograms with the
classification of the studied years by individual clusters and the
definition of differentiation between the groups in the irrigation water
from the studied sources. Besides, we have studied the effect of climate
patterns on the water quality. The results of the study testify about
negative strong correlation between evaporation deficiency and
mineralization of the irrigation water in dry and moderately dry years
(R = -0.76-0.78). The developed mathematical models and cluster
analysis results could be used for timely decisions on irrigation
management, irrigation rates, would be helpful in tracking the dynamics
of the ionic composition of the water, the hazards of secondary
salinization and alkalinization of the irrigated lands.
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