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Received in revised form: 27.03.2021 water of the river Seret and the features of the accumulation of heavy metals by bivalve
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future. Water samples for the study were taken in spring (April) and summer (July) from the
Seret River at two points: above and below Ternopil. It is established that the chemical composition of the water of the river Seret is
formed under the influence of a number of factors, but seasonal and anthropogenic factors play a dominant role. In the spring season, a
number of hydrochemical indicators (pH, water hardness, concentration of NO ,, NH,", Clions and metals) have lower values than in
the summer. In addition, there is an increase in the amount of organic matter, ammonium cations, nitrite ions, chloride ions, phosphate
ions and a decrease in oxygen concentration below Ternopil, especially in the summer season. This is evidence that the Seret River is
under significant anthropogenic impact. An increase in the concentration of metals (Mn, Cu and Pb) in summer below Ternopil was
revealed, which may be due to the discharge of insufficiently treated wastewater. The series of metal concentrations in the water of the
Seret River looks as follows Mn — Zn — Pb — Cd — Cu, and the series of accumulation of metals in the tissues of molluscs Unio
pictorum L. has the form Zn — Mn — Cu — Pb — Cd. On the basis of bioaccumulation coefficients of heavy metals by molluscs, a
prediction of the situation on their content in water for the short term based on the theory of Markov chains was made. This theory allows
us to make forecasts of a factor, taking into account the possibility of accidental influences on the environment, and to investigate the
highest probability of finding a factor in a certain numerical parameter. The possibility of using economic and mathematical modelling
tools and statistical methods based on correlation-regression analysis using modern Matlab information systems to identify correlations
between chemical indicators of water quality and biological molluscs for modelling the environmental situation of the river Seret and
assessing the contribution of the studied indicators in pollution of small rivers is shown.

Keywords: small rivers, heavy metals, bivalve mollusc, prediction of bioaccumulation coefficients of metals, economic and mathematical
modelling.

KommnJiekcHa oiHKAa Ta NPOrHO3U XiMiYHOT0 320pyITHEHHSI MAJIUX PiYOK MeTOJaMU €KOHOMIKO-
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I. B. T'ymentok', B. O. Xomenuyk', H. M. T'apmariii?, I. b. Yens'

! TepHoninbcokuil HayioHAnbHUL nedazo2iyHull yuieepcumem imeri Bonooumupa I'namioka, m. Tepronine, Ykpaina,
e-mail: irynachen35@gmail.com

2 Teproninbcokutl Hayionanivhui mexuiunuil ynieepcumem imeni Isana Iynos, m. Tepruonine, Yrpaina,

e-mail: garmatiy.nat@meta.ua

AHoTanisi. Mai pidky € IO4aTKOBOIO JIAHKOKO PIYKOBOT MEPEeXi, 1 BCl 3MiHH Y iX pexumi, Oe3rnepedHo, Mo3HAYar0ThCsl Ha BChOMY
rigporpadidHoMy raHIEo3i. ToMy akTyaabHOO MPOOIEMOIO CydacHO] TIpoXiMii Ta ripoeKosIorii € OIliHKa aHTPOIIOTeHHOTO HAaBAHTAXKEHHS
Ha MaJi piukn Ykpainu. MeToro poOoTH € BU3HAUUTH TiJpOXiMIuHI TOKa3HUKH BOAHU piuky CepeT Ta 0COOINBOCTI aKyMyIISIIiT BaYKKIX
METaJiB ABOCTYJIKOBUME Moitockamu Unio pictorum L. Juist TpOrHO3yBaHHS XiMIYHOTO 3a0pyAHEHHs BOZOHMH Ha HAWOIKIY HEPCIIEKTUBY.
[IpoaHanizoBaHO Taki ripoxiMiuHi OKa3HUKH: pH, KUCEHb, 3arajibHa TBEPAICTh BOIH, HITPATH, HITPUTH, KaTIOHH aMOHI0, Gocdaru,
XJIOPHU/IH, TEpPMaHraHATHA OKHUCITIOBAHICTh. 3pa3ku BOJM VIS JOCIIDKEHHI BiIOMpaii BeCHOIO (KBiTeHb) Ta JiiToM (Jumens) i3 p. Ceper
y IBOX TOYKAaX: BUILE 1 HIKYE M. TepHOMIIB, 10 A0 MOXKIIUBICTH OIIIHUTH PiBEHb aHTPOIIOTCHHOTO TUCKY Ta XIMIYHOTO 3a0pyaHEHHS
piukn. Y pe3yabTari KOMILIEKCHOTO TipOEKOIOTiYHOTO JOCIIKEHHS T1pOXiMIYHUX TTOKa3HUKIB MPOBECHO OLIHKY SKOCTI BOJH PiYKH
Ceper. Bu3HaueHO KOHIIEHTpAIlii MapraHIio, IUHKY, MiJli, TULTFOMOYMY 1 KaJMit0 Y BOIOWMI Ta 0COOIHMBOCTI TX HAKOTMYECHHS TBOCTYIKOBUMHU
Mommockamu Unio pictorum L. PozpaxoBano koedinieHTH 6i0aKyMyssiil, sSIKi BiJoOpa)aroTh BiIHOIICHHS BMICTY METaJy B OpraHi3mi
rizpo6ioHTa 10 BMICTY HOTO B HAaBKOJHMIIHHOMY CEPEIOBHUINI. BHUSBICHO MO3UTHUBHY KOPEISIiI0 MK BMICTOM METaJiB B IEUiHII
JIBOCTYJIKOBHMX MOJIIOCKIB Ta iX BMicTOM y Bozii. Ha 0cHOBI koedinieHTiB 6i0akyMyIislii BaKKMX METaJIiB MOJIIOCKAMH 3/1iiICHEHO POTHO3
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CHTYaIIil 10 X BMICTY Y BOJIi Ha HAMOIMKIY MepcreKTUBY Ha 6a3i Teopil aHIroris Mapkosa. JlaHa Teopist 103BOIIsIE 31iHCHIOBATH TIPOTHO3U
YUHHHKA, BPaXOBYIOUM MOXKIIUBICTh BUIIAJKOBUX BIUIMBIB HA CEPEIOBHIIIE, Ta JOCIIPKY€E HAO1IbIy HMOBIPHICTB MepeOyBaHHs YNHHHKA
B TIEBHOMY YHCIIOBOMY TapameTpi. [loka3aHO MOXIIMBICTb 3aCTOCYBaHHS IHCTPYMEHTAPil0 €KOHOMIKO-MaTeMaTHYHOTO MOJICITIOBAHHSI
Ta CTAaTUCTUYHUX METOJIB Ha OCHOBI KOPEJSIHHO-PErpeCiitHOTO aHaIli3y 3 BHKOPUCTAHHAM CyYacHUX 1H()OPMALifHIX CHCTEM THUILY
Matlab s BUSBICHHS KOPEIALIHHUX 3B’ A3KIB MiXK XIMIYHHX [TOKa3HUKIB SKOCTI BOJIH Ta O10JOTTYHUMH IMOKa3HUKAMH MOJIOCKIB IS
MOJIEJTIOBAHHSI €KOJIOTIUHOI cuTyarii p. CepeT Ta OLIHKYM BHECKY JOCHTIPKYBaHUX TTOKAa3HHKIB y 3a0py/THEHHS MaInX PidoK.

Knrouoei cnosa: mani piuku, 8axicKi Memanu, MOIIOCKU, NPOSHO3Y8AHHS KOeiyicHmig 010aKyMyiayii Memanie, eKOHOMIKO-Mamemamuyne

MOOENIBAHHS.

Introduction.

Small rivers contain the bulk of Ukraine’s freshwa-
ter reserves and play a huge role in the life of the pop-
ulation. According to experts, they form for 60 % of
Ukraine’s total water resources. 60 % of water resources
of these rivers are concentrated in Polissia and Forest-
steppe, about 25 % in Carpathians and about 12 % in
Steppe (Arsan et al, 2006; Lashko, 2008).

Small rivers are the initial link of the river network,
and any changes in their regime are undoubtedly re-
flected throughout the hydrographic chain. Therefore,
the current problem of modern hydrochemistry and hy-
droecology is the assessment of anthropogenic load on
small rivers of Ukraine (Loucks, 2017).

The main sources of pollution of reservoirs are in-
dustrial and household effluents, with which pesticides,
heavy metal ions, etc. are getting into the reservoirs in
increasing quantities (Arsan et al, 2006). Heavy met-
als belong to the class of conservative contaminants
that are not used or decomposed during migration on
trophic chains, have mutagenic and toxic effect, signif-
icantly reduce the intensity of biochemical processes
in aquatic organisms (Abubakar et al, 2015; Malik et
al, 2014; Manoj et al, 2012; Mur, 1987). Some abiot-
ic factors such as changes in acidity, mineralization or
water temperature are not less dangerous for the life of
hydrobionts (Altenburger, R. et al. 2019; Yan, 2015).

Bivalve molluscs are one of the functional units
of aquatic ecosystems through which trace elements
flow. By the way of nutrition they are referred to as
filter feeders. This helps the molluscs to purify water
and accumulate various metals, including toxic ones,
in soft tissues. The ability of certain species of bivalve
molluscs to accumulate high concentrations of metals,
availability, prevalence and low migration activity,
allows the use the bivalve molluscs as bioindicator
organisms (Chapman,1996; Novikov et al, 1990).

In view of the above, the purpose of this work is to
determine the hydrochemical parameters of the river
Seret water and the features of the accumulation of
heavy metals with bivalve molluscs Unio pictorum L.
to predict the chemical contamination of the reservoir
in the near future.

Material and methods of the research.

Water samples for the study were collected in spring
(April) and summer (July) 2015 from the Seret River at
two points: above and below Ternopil city, which gives
an opportunity to estimate the level of anthropogenic

pressure and chemical pollution of the river. After
sampling, water samples were recorded and transported
to the laboratory for testing. The determination of
hydrochemical parameters and the content of heavy
metals were carried out by conventional methods (Arsan
et al, 2006; Novikov et al, 1990).

For studies of metal content and enzyme activity
in bivalve mollusc Unio pictorum L., we selected the
liver and used standard techniques (Nasrabadi, 2015).

Statistical processing of the obtained data was per-
formed using the “Microsoft Excel” package. Prediction
of metal content for the near future was performed us-
ing a prediction technique based on Markov chain the-
ory and modern information systems such as Matlab
(Prystavka, 2017; Rohatynskyi, 2017).

Results and their analysis. 1. Analysis of general
chemical indicators of water quality.

We analyzed some of the hydrochemical parame-
ters of the Seret River waters above and below Ternopil
city (table 1).

The pH index of the water was the lowest in
spring above Ternopil (pH 6.8) and the highest in
summer below Ternopil (pH 7.5). According to this
indicator, river water can be attributed to neutral
waters characterized by the presence of Ca(HCO,),,
Mg(HCO,),.

The oxygen concentrations in the water of the River
Seret ranged from 4.67 to 7.95 mg / 1. The highest
oxygen content was observed in the spring above
Ternopil city, and the lowest in the formation below
Ternopil city. Probably lower oxygen content in summer
is associated with higher organic matter content, as
evidenced by the permanganate index.

Water hardness is a property of natural waters that
depends on the presence of dissolved salts of calcium
and magnesium in it. The highest indicator of total water
hardness in the Seret River was observed in summer below
Ternopil, the lowest value of total hardness was observed
in spring in the area above the city. The water of the Seret
River can be attributed to waters of medium hardness.

The maximal concentration of nitrates in water was
noted in the spring below Ternopil city. Obviously, NO,
ions get into surface water as a result of the washing of
mineral fertilizers during spring floods. It also should
be noted that their inflow with urban wastewater, as
evidenced by the increase in their concentration in the
stream below Ternopil city.
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Table 1. Separate hydrochemical parameters of the river Seret (M + m, n = 4)

Spring Summer
Indicators Above Below Above Below
Ternopil Ternopil Ternopil Ternopil
pH index 6.80+0.15 7.35+0.10 7.45+0.20 7.50+0.15
Oxygen, mg O, /dm’ 7.95+0.06 5.73+0.19 6.86+0.22 4.67+0.37
Total hardness of water, mmol/l 5.16+0.05 5.58+0.07 6.524+0.04 7.10+0.02
Nitrates (NO,"), mg/! 6.63+0.12 8.82+0.14 2.63+0.42 5.94+0.15
Nitrites (NO,), mg/I 0.03+0.01 0.05+0.02 0.07+0.05 0.14+0.02
Ammonium cations (NH,"), mg/! 0.09+0.01 0.72+0.03 0.23£0.03 0.92+0.03
Phosphates (PO,*), umol/l 0.07+0.02 0.20+0.02 0.04+0.01 0.25+0.03
Chlorides (CI"), mg/I 11.40+0.90 16.55+1.20 28.50+1.60 35.40+0.90
Permanganate oxidation, mmolO/] 5.14+0.07 5.42+0.08 5.58+0.07 8.12+0.09

The highest concentration of nitrite ions (0.14 mg
/1) was observed below Ternopil in summer. This indi-
cates that the river water is contaminated with waste-
water regularly, often municipal wastewater that is not
treated sufficiently.

Concentrations of NH," ions in the water of the
River Seret range from 0.09 to 0.92 mg / dm?. It should
be noted that in the summer season the concentration of
ammonium nitrogen is higher. The study of the content
of phosphate ions shows an increase in their quantity
below Ternopil and emphasizes the fact of the phos-
phates supply with wastewater in Ternopil city.

Concentrations of chloride ions range from 11.4 to
35.4 mg / dm’. The tendency of increasing Cl — ions in
the summer season is noted. In addition, the increase
of the chloride ion fraction from 28.50 mg / dm? in the
Seret River above Ternopil city to 35.4 mg / dm? in
the Seret River — below Ternopil city is clearly visible.

2. Gross metal content in the water of the Seret River.

We have determined the gross concentrations of
manganese, zinc, copper, plumbum and cadmium in
the water of the Seret River above and below Ternopil
(table 2).

Table 2. Total metal content in the Seret River water (M+m, n=5)

Spring Summer
Metal
Above Below Above Below
Ternopil Ternopil Ternopil Ternopil
Zn 0.015+0.006 0.019+0.004 0.020+0.005 0.018+0.002
Mn 0.019+0.003 0.025+0.003 0.023+0.003 0.045+0.003
Cu 0.0008+0.0002 0.0009+0.0002 0.0006+0.002 0.0015+0.001
Pb 0.009+0.002 0.011+0.003 0.009+0.002 0.015+0.002
Cd 0.003+0.001 0.007+0.002 0.007+0.001 0.009+0.002

The level of zinc in water varies within a fairly
narrow water range from 0.025 to 0.030 mg / dm?.
However, there may be a risk of accumulation of metal
by hydrobionts and their chronic poisoning. Its toxicity
is caused by antagonism with other heavy metals.
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The concentration of manganese in the water of
the river Seret varied from 0.019 to 0.045 mg / dm?.
There was a sharp increase in Mn content in the summer
below Ternopil. The high content of manganese can
be caused by the relatively low oxygen content during
this period, which causes the inflow of metal from the
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bottom sediments due to recovery (under conditions
of oxygen deficiency), the good water solubility of
its compounds, their low complexing ability and high
migration capacity.

Manganese can pose a significant danger to
hydrobionts due to the high mobility of the metal and
the relatively high level of "free" ions that have the
greatest toxicity.

There is a noticeable increase in the concentration
of cuprum in the Seret River basin below Ternopil city
during the summer season. Lead content in river water
was in the range 0.009-0.015 mg / dm3. The maximal
concentration of metal was observed in the summer
season in the formation below the city and exceeded
the background level by 1.5 times.

The cadmium concentration in the river Seret var-
ied from 0.003 to 0.009 mg / dm?®. The minimal con-
centration of metal was observed in the spring season
above Ternopil, and the maximal — in the summer in
the river bed below the city.

In general, the series of metals distribution in the
water of the Seret River is as follows Mn — Zn — Pb
— Cd — Cu.

3. Features of metal accumulation by mollusks.

Bivalve mollusks are one of the functional parts
of aquatic ecosystems through which the flows of
microelements pass. According to the method of
feeding they are referred to as filters. The mollusk
20-30 mm long passes 1.5-2.0 1 of water a day. As a
result, mollusks help to purify water and accumulate

various metals in soft tissues, including toxic ones
(Anawar, 2020).

The penetration of heavy metal ions into the body
of aquatic animals and their accumulation depend on
many external and internal factors. The molecular mech-
anisms of this process are still understood poorly. It is
only known that in general the penetration of heavy
metal ions into the body of aquatic organisms includes
the following stages: binding to the mucous epitheli-
um; transport across the apical membrane; penetration
of metal through the basolateral membrane, at the level
of which the regulation of flow takes place; transpor-
tation of metals by blood flow to all parts of the body.
The liver, being one of the main organs involved in
important metabolic processes, and in which there is
a detoxification of a number of harmful substances, is
characterized by a high ability to accumulate metals
(Neiko, 2003; Khochachka, 2002).

The accumulating ability of hydrobionts is usually
expressed by bioaccumulation coefficient (K), which
reflect the ratio of metal content in the body to its
content in the environment (water, soil):

K=Cm/Cw, (1)

where Cm and Cw are the metal concentrations in
the mollusc tissues (mg/kg) and the metal concentrations
in the water, mg/dm’. The obtained data made it possible
to calculate the bioaccumulation rates of heavy metals
by shellfish with respect to water (Nasrabadi, 2015).

Data on the accumulation of individual metals in
the liver of bivalve mollusk Unio pictorum L. caught
in the River Seret are presented in the table 3.

Table 3. The content of metals in the liver of the bivalve mollusks Unio pictorum L. (mg / kg of wet tissue)

Spring Summer
Metal Above Ternopil Below Ternopil Above Ternopil Below Ternopil
Zn 31.5 32.6 33.7 29.9
Mn 11.5 12.6 13.7 31.9
Cu 1.5 1.2 1.7 34
Pb 0.5 0.6 0.7 1.4
Cd 0.55 0.7 0.75 0.8

The analysis of the results indicates a rather high
level of zinc accumulation (29.9-33.7 mg / kg) in the
liver of molluscs and the absence of seasonal features
of the accumulation of this metal in the liver of mol-
luscs. The manganese content was slightly lower com-
pared to zinc. However, a positive correlation should
be noted between the concentration of manganese in
water and the tissues of Unio pictorum L. Thus, the
maximal concentrations of Mn in both water and in
the liver of mollusks were observed in samples taken
from the Seret River below Ternopil.

Our data suggest that increasing the concentration
of copper ions in water leads to an increase in their con-
tent in the liver of bivalve molluscs. Thus, the maximal
amount of metal was accumulated by molluscs caught
in the Seret River in the summer below Ternopil. It is
obvious that there is a positive correlation between
the metal content in water and in the liver of molluscs,
which is confirmed by the bioaccumulation coefficient.

The study found a relatively small amount of ac-
cumulated lead by the mollusc liver. The metal content
ranges from 0.5 to 1.4 mg / kg of wet tissue. It should
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be noted, that the increase in the amount of accumu-
lated metal in the summer in molluscs selected below
Ternopil, which is confirmed by the coefficient of bio-
accumulation (k = 93.3). Obviously, this is due to the
inflow of insufficiently treated wastewater into the river.

The analysis of the obtained results showed that the
amount of cadmium in the liver of Unio pictorum L.
tends to increase slightly in molluscs that were caught
below Ternopil. The metal content in the liver of aquatic
organisms varied in the range of 0.55-0.80 mg / kg, and
the bioaccumulation coefficient ranged from 89 to 183.

In general, the series of metal accumulation in the
tissues of the molluscs of Unio pictorum L. has the
following form Zn — Mn — Cu — Pb — Cd. The
accumulation of heavy metal ions by molluscs is an
active and regulated process, which depends on both
the physicochemical features of the environment and
the physiological and biochemical activity of the body
of the hydrobionts.

The coefficients of heavy metal bioaccumulation
are have the following form Zn> Cu> Mn> Cd> Pb
(table 4).

Table 4. Metal bioaccumulation coefficients by bivalve mollusc Unio pictorum L.

Spring Summer
Metal Above Ternopil Below Ternopil Above Ternopil Below Ternopil
Zn 2100 1716 1685 1661
Mn 605 504 595 709
Cu 1875 1333 1833 2266
Pb 56 59 78 93
Cd 183 100 107 89

Consequently, molluscs accumulate significant
amounts of metals, and bioaccumulation factors can in-
dicate both the contamination of the environment with
these metals and their accessibility to hydrobionts. In
general, a positive correlation can be observed between
the content of metals in the liver of bivalve molluscs
and their content in water.

4. Prediction of bioaccumulation of metals by eco-
nomic and mathematical modelling methods.

On the basis of the input data presented in table 3,
we model the ecological situation based on the theory
of Markov chains for the short term. The calculations
will be made using Matlab.

Incoming data:

Metal Zn Mn

Cu Pb cd

Spring/above Ternopil city 2100 605

1875 56 183

Construct a matrix of metal bioaccumulation
coefficients in Matlab.
>>A =[2100 605 1875 56 183]
A=
2100 605 1875 56 183
Find the sum of the metal bioaccumulation coef-
ficients: 4819
>>C =[4819 4819 4819 4819 4819]
C=
4819 4819 4819 4819 4819
Find the probabilities (the proportion of metal
bioaccumulation coefficients):
>>rdivide(A,C)
ans =
0.4358 0.1255 0.3891 0.0116 0.0380
Form a transition matrix:
>>B =[0.4358 0.1255 0.3891 0.0116 0.0380; 0.1255
0.3891 0.0116 0.0380 0.4358; 0.3891 0.0116 0.0380
0.4358 0.1255; 0.0116 0.0380 0.4358 0.1255 0.3891;
0.0380 0.4358 0.1255 0.3891 0.0116]
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0.4358 0.1255 0.3891 0.0116 0.0380
0.1255 0.3891 0.0116 0.0380 0.4358
0.3891 0.0116 0.0380 0.4358 0.1255
0.0116 0.0380 0.4358 0.1255 0.3891
0.0380 0.4358 0.1255 0.3891 0.0116

We will assume that the starting point of time (2015)
will be found by system in the state S. The probability
of the state p ,, = 1. Write the vector of initial states p;
=(1;0; 0; 0;0).0.0116 0.0380 0.4358 0.1255 0.3891

0.0380 0.4358 0.1255 0.3891 0.0116

We will assume that the starting point of time (2015)
will be found by system in the state S . The probabili-
ty of the state p 0= 1 Write the vector of initial states
P, = (15 0; 0 0; 0).

The implementation of the simulation will be
presented in the Matlab software (Fig. 1).
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Fig.1. Visualization of modeling of metal bioaccumulation coefficients based on Markov processes in Matlab software.

Now we predict the coefficients of bioaccumula-
tion of metals in the near future. The forecasting data be written in the table 5.

Table 5. The results of predicting the bioaccumulation of metals are implemented in Matlab.

implemented in the Matlab software environment will

P, P, P, P, P,
K=1 0.4358 0.1255 0.3891 0.0116 0.0380
K=2 0.3586 0.1250 0.1956 0.1956 0.1250
K=3 0.2551 0.1579 0.2494 0.1674 0.1702
K=4 0.2364 0.1769 0.2049 0.2049 0.1769
K=5 0.2141 0.1858 0.2133 0.1933 0.1936
K=6 0.2002 0.1933 0.2021 0.2021 0.1933
K=7 0.2038 0.1957 0.2037 0.1984 0.1984
K=8 0.2024 0.1981 0.2007 0.2007 0.1981
K=9 0.2010 0.1988 0.2010 0.1996 0.1996
K=10 0.2007 0.1995 0.2002 0.2002 0.1995
K=11 0.2003 0.1997 0.2003 0.1999 0.1999
K=12 0.2002 0.1999 0.2001 0.2001 0.1999
K=13 0.2001 0.1999 0.2001 0.2000 0.2000
K= 14 0.2001 0.2000 0.2000 0.2000 0.2000

The results show that in the simulation of the
ecological situation of metal bioaccumulation by bivalve
mollusc Unio pictorum L. in water with the biggest
probability of 0.44 will be a Zn concentration in the
amount of 2100, but we see that after 9 seasons, samples
of metals in the studied reservoir with a probability of
0.2 will be the Zn concentration and approximately the
same volume will be the concentration of Cu metal in
the reservoir, and metals such as Pb and Cd will have
approximately the same probability of 0.19, according

to the modelling that we presented in the table 5. Next
season, the share of Zn in the reservoir will have a
probability of 0.2007. In the eleventh and twelfth
seasons, the largest share of the metal concentration
in the reservoir will have Zn metal, and the smallest will
be the concentration of Mn metal in the reservoir. The
use of economic and mathematical modelling to predict
the concentration of metals in the studied reservoir will
prolong the dynamics of previous studies to prognose
the results.

465



Humeniuk H. B., Khomenchuk V. O., Harmatiy N. M., Chen L. B. Geol. Geograph. Geoecology, 30(3), 460—469

On the basis of the input data presented in the Table the situation will stabilize. The calculations will be
3, we model the economic situation based on Markov made using Matlab.

chain theory for the short term and how many years Incoming data:
Metal Zn Mn Cu Pb Cd
Summer/above of Ternopil city 1685 595 1833 78 107
Construct a matrix of metal bioaccumulation of the state p 0=1 Write the vector of initial states p
coefficients in Matlab. 0= (1; 0; 0; 0; 0).
>>A =[1685 595 1833 78 107] We now predict the bioaccumulation coefficients
A= of metals until the situation stabilizes.
1685 595 1833 78 107 1 step value:
Form a vector of sums: >>p=[10000]
>>C = [4298 4298 4298 4298 4298] p=
C= 1 0 0 0 0
4298 4298 4298 4298 4298 2 step value:
Find the probabilities (the proportion of metal >>pl = [p*B]
bioaccumulation coefficients): pl =
>>rdivide(A,C) 0.3920 0.1384 0.4265 0.0181 0.0249
ans = 3 step value:
0.3920 0.1384 0.4265 0.0181 0.0249 >>p2 = [p1*B]
Form a transition matrix: p2=
>>B =10.3920 0.1384 0.4265 0.0181 0.0249; 0.3557 0.1312 0.1909 0.1909 0.1312

0.1384 0.4265 0.0181 0.0249 0.3920; 0.4265 0.0181 4 step value:
0.0249 0.3920 0.1384; 0.0181 0.0249 0.3920 0.1384 >>p3 = [p2*B]

0.4265; 0.0249 0.3920 0.1384 0.4265 0.0181] p3=
B= 0.2457 0.1648 0.2518 0.1669 0.1705
0.3920 0.1384 0.4265 0.0181 0.0249 5 step value:
0.1384 0.4265 0.0181 0.0249 0.3920 >>p4 = [p3*B]
0.4265 0.0181 0.0249 0.3920 0.1384
0.0181 0.0249 0.3920 0.1384 0.4265 The fragment of metal bioaccumulation coefficient
0.0249 0.3920 0.1384 0.4265 0.0181 prediction is shown in the Matlab software environment

We will assume that the starting point of time (2015)  (Fig. 2).
will be found by system in the state S;. The probability

4\ MATLAB R2012a - X
I
= New Variable 3 Analyze Code O Preferences % (' Community
E L+ L e L3 FindFies % E = = Lg? l’iJ E % O
Lt} Open Variable ~ {7 Run and Time [ Set Path Request Support
New  MNew  New Open [=|Compare Import Save Favorites. Simulink  Layout Add-Ons  Hep
Script LiveScript v v Data  Workspace | Clear Workspace v [ Clear Commands ~ = [l paratel ~ - ~  [Z] Leam MATLAB
FILE VARIABLE CODE SIMULINK ENVIRONMENT RESOURCES =
€« FHA » C: b ProgramFiles ¥ MATLAB » R2018a » bin » M

Current Folder

Name «

arch ol P =
mairegistry 1 o o 0 o
registry >>pl = [p*B]
util pl =
win32 0.3920 0.1334 0.4265 0.0181 0.0245
winG4 Sop2 = [p1#B]
[%] deploytool.bat o2 =
E :‘:ata"‘";' 0.3557 0.1312 0.1908 0.1909 0.1312
cdataxsi
>>p3 = [p2*B
= Icdata_utfBml 31:_ (p275]
4\ matlab.exe P
] mbuildbat 0.2457 0.1648 0.2518 0.1669 0.1705
[&] mec.bat >>pt = [p3*B]
[&] mex.bat

| 1 mex.nl
Details

>

Workspace

MName « Value

Fig. 2. Visualization of the forecasting fragment of the bioaccumulation metal coefficient states in the Matlab software environment.
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And so we will carry out modeling to level the metal ratio in the reservoir. The simulation results are
probable state of the ecological system, i. e. the optimal presented in table 6.

Table 6. The results of the metal bioaccumulation predicting are implemented in Matlab.

win32

P, P, P, P, Ps
K=1 0.3920 0.1384 0.4265 0.0181 0.0249
K=2 0.3557 0.1312 0.1909 0.1909 0.1312
K=3 0.2457 0.1648 0.2518 0.1669 0.1705
K=4 0.2338 0.1798 0.2031 0.2031 0.1798
K=5 0.2113 0.1883 0.2125 0.1931 0.1943
K=6 0.2079 0.1944 0.2014 0.2014 0.1944
K=7 0.2028 0.1965 0.2030 0.1983 0.1987
K=8 0.2018 0.1984 0.2003 0.2003 0.1984
K=9 0.2006 0.1989 0.2006 0.1994 0.1995
K=10 0.2003 0.1994 0.1999 0.1999 0.1994
K=T1 0.2000 0.1995 0.2000 0.1997 0.1997
K=12 0.1999 0.1997 0.1998 0.1998 0.1997
K=13 0.1998 0.1997 0.1998 0.1997 0.1997
K=14 0.1998 0.1997 0.1997 0.1997 0.1997
K=15 0.1997 0.1997 0.1997 0.1997 0.1997
K=16 0.1997 0.1997 0.1997 0.1997 0.1997
The results of the simulation implemented in the Matlab software are presented in Fig. 3.
4\ MATLAB R2018a - ®
B EmR2ee SEar(h Documentation ,0
Hj—_":‘ ™M (5 o e & E [z, New Variable > | & Analyze Code @ @ {8} Preferences E% @ (% Community
— [+ open variable (i Run and Time [ Set Path = Request Support
New New New Oy @cgme Import Save Favorites Simulink  Layout Add-Ons  Help
Script Live Seript v - Data Viorkspace [/ Clear Workspace ~ ¥ [ Clear Commands v | Paralel = - v [E] Leam MATLAB _
€« HHE ¥ C: b Program Files ¥ I‘\AATLAE ¥ R20182 » bin b ‘ ‘ ‘ -0
Current Folder Command Window &
Name = >> >>p5 = [p4*B] “
arch A ps =
m}\regl:tl} 0.2113 0.1883 0.2125 0.1831 0.1943
registry >>pé = [pS*B]
util pé =

0.2079
»>>p7 = [p&*B]

0.1944 0.2014 0.2014 0.19494

win64

] deploytool.bat p7 =

'i :::::::::' 0.2028  0.1965  0.2030  0.1583  0.1587

=] ledata_utf8.xml 7?PE=[RT*E]

4\ matlab.exe ps =

=] mbuild bat 0.2018  0.1384  0.2003  0.2003  0.1384

[%] meebat >>p9=[pE*B]

|:| mex.bat Bs =

1 meol v 0.2006  0.198%  0.2006  0.1894  0.1395
Details A >>pl0=[p9*B]

plo =

Worignace @ 0.2003  0.1994  0.1999  0.1989  0.1894
Mame ~ Value >>pll=[pl0*B]

pll

0.2000
>>pl2=[pl1*B]
plz =

0.1999
»>>pl3=[pl2*B]
pl3 =

0.19398 0.1337 0.1998 0.1897 0.1897

fe plé=[pl3*B] v

0.1995 0.2000 0.1987 0.1897
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Fig. 3. Visualization of metal bioaccumulation coefficient forecasting in the Matlab software

We compare the results of forecasting the probable
state of metal concentration in the reservoir for the
periods of spring / above Ternopil and summer / above
Ternopil, which are presented in the tables 5 and 6.
The analyzing samples for spring modeling results
indicate that after 9 seasons in the studied reservoir
Zn concentration will more likely to be 0.2 and Cu

concentration will be approximately at the same level,
and metals such as Pb and Cd will approximately
equally amount to 0.19. At the same modelling step
for the summer period, the probable state of metal
bioaccumulation is as follows: Zn — 0.2006, Mn —
0.1989, Cu—0.2006, Pb —0.1994, Cd — 0.1995. Thus,
the reservoir will contain the most metals such as

467



Humeniuk H. B., Khomenchuk V. O., Harmatiy N. M., Chen L. B.

Geol. Geograph. Geoecology, 30(3), 460—469

Zn, Cu with a probability of 0.2206, a slightly lower
Mn concentration, then Cd with a probability of
bioaccumulation of 0.1995 and Pb — 0.1994.

The modelling results of probable state of metal
bioaccumulation in the spring show that in the 10"
season of water sampling, the same trend in the eleventh
and twelfth seasons, the highest metal concentration in
the reservoir will be Zn, and the lowest — Mn. During
the summer, the situation with the probable state of
metals at 10 and 11 steps of the simulation shows the
highest bioaccumulation of metals such as Zn and
Cu with coefficients 0.2003 and 0.1999 respectively,
lower Mn concentration (0.1994) and higher Pb
concentration (0.1999), and Cd at levels of Mn (0.1994).
Comparing the results for spring and summer, it can
be stated that the probability of optimal value of metal
bioaccumulation in spring will be reached at the step
14, and in summer at the step 15 of the study, taking
to account that the heavy metal ion accumulation by
molluscs is an active and regulated process.

Conclusions.

The chemical composition of the river Seret waters
formed by the influence of a number of factors, but
seasonal and anthropogenic factors play a dominant
role. In the spring season, a number of hydrochemical
indicators (pH, water hardness, concentrations of
NO,, NH,", Cl-and ions metals) have lower values than
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