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 Abstract 

Article Info 
The present study was performed for the ecotoxicity assessment of the bismuth 
(Bi) effect on the biological indicators of soil condition: total number of soil 
bacteria, catalase activity, dehydrogenases activity and germination of Radish 
seeds and length of the Radish roots. Three soil types with significantly 
different resistance ability to heavy metal pollution were studied: Haplic 
Chernozems Calcic, Haplic Arenosols Eutric and Haplic Cambisols Eutric.Soil 
contamination of Bi was simulated in the lab (3, 30 and 300 mg kg-1 dry weight). 
Changes in the biological parameters of the soil were assessed at 10 day 
treatment. The data obtained showed that the soils contaminated with Bi in 
South Russia generally characterized by oppression of the biological properties. 
The total number of bacteria and enzymatic activity (catalase and 
dehydrogenases) decreased over the Bi contamination. The indicators of 
phytotoxicity (germination of radish seeds) increase when bismuth 3 and 30 
mg kg-1 is added to the soil. The degree of deterioration in biological properties 
depends on the concentration of Bi in the soil and the period of time after the 
onset of pollution. Resistance of soil types to Bi pollution can be described by 
the following decreasing series: Haplic Chernozem Calcic > Haplic Arenosols 
Eutric > Haplic Cambisols Eutric. The following regional maximum permissible 
concentrations (rMPC) of Bi have been proposed: Haplic Chernozem Calcic – 8.5 
mg kg-1, Haplic Arenosols Eutric – 2.2 mg kg-1 and Haplic Cambisols Eutric – 1.8 
mg kg-1. 
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Introduction 
Soil pollution with heavy metals is a serious problem in all countries of the world (Zhang et al., 2011a; 
Murtić et al., 2020). Bismuth (Bi) is characterized by a low content in the Earth's crust (Kabata Pendias and 
Pendias, 2010). Bi is used along with nitrogen, carbon and chlorine (Kasimov and Vlasov, 2012). The use of 
Bi leads to an increased content of Bi in all environmental components (Meyer et al., 2007; Soriano et al., 
2012). The main sources of pollution of the environment and soil with Bi are the metalworking industry 
(Cortada et al., 2012) and cars (Xiong et al., 2015). Ore deposits containing Bi increase its background 
content in the soil cover up to 300 times (Yurgenson and Gorban, 2017). The increased content of Bi in soil 
leads to its accumulation in plants (Wei et al., 2011) and in the human body, causing many pathological 
conditions (Li et al., 2014). 

A number of ongoing studies reveal more and more evidence of the negative effects of Bi on soil enzymatic 
activity and soil bacteria (Murata, 2006), plants (Zhang et al., 2011b), earthworms (Omouri et al., 2018), and 
humans (Liu et al., 2011). However, several studies have found a stimulating effect of Bi nanoparticles on 
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plant length (Nagata, 2015). The effect of Bi on the biological properties of soils remains insufficiently 
studied. 

The main objective of this study was to estimate of ecotoxicity of the bismuth by biological indicators of soil 
condition: total number of soil bacteria, catalase activity, dehydrogenases activity and germination of Radish 
seeds and length of the Radish roots. 

Material and Methods 
Soil sampling 

A variety of soils found in the South of Russia with considerably different properties as to their resistance to 
heavy metal contamination were selected as study objects: Haplic Chernozem Calcic, Haplic Arenosols Eutric 
and Haplic Cambisols Eutric (WRB, 2015). Soil samples were taken from the upper soil layer (0-0.10 m) 
because of the most intensive heavy metals accumulation in the upper soil layer from the territory of the 
southern Russia located far from potential contamination sources by Bi (Figure 1) (Kabata Pendias and 
Pendias, 2010). The map of sample The data provides on the particular places of soil sampling and a brief 
analysis of their basic physical and chemical soil indicators (Table 1). 

 

Figure 1. Soil sampling map 

Table 1. Description of soil sampling areas 

Soil type Sampling area 
Geographical 
coordinates 

Land type 
Humus 

content, % 
рН 

Particle size 
distribution 

Haplic Chernozem 
Calcic 

The Botanical Garden,  
Southern Federal 
University,  
Rostov-on-Don 

47°14'17.54"N  
39°38'33.22"E 

Arable land 3.70±0.10 7.80±0.30 Heavy loam 

Haplic Arenosols 
Eutric 

Rostov Region, 
Ust’-Donetskiy district 

47°21'02.36"N  
40°09'34.40"E 

Grass and cereal 
steppe 

2.30±0.08 6.80±0.20 
Sandy  
loam 

Haplic Cambisols 
Eutric 

Republic of Adygea, 
Nickel settlement 

44°10'38.94"N   
40°09'28.14"E 

Horn beam and 
beech forest 

1.80±0.06 5.80±0.03 Heavy loam 

Modelling experiments 

A model experiment on soil contamination with bismuth was carried out in triplicate. Bi values are 
expressed in conditionally permissible concentrations (CPCs). This is due to the detection of toxicity of heavy 
metals and metalloids at three background concentrations of elements in the soil (Kolesnikov et al., 2020). 
The average background content of Bi in the soil is 1 mg kg-1 (Alekseenko and Alekseenko, 2013). The effect 
of various concentrations of Bi 1, 10 and 100 CPC (3, 30 and 300 mg kg-1, respectively) was studied. Our 
interest in studying extremely high concentrations of Bi in soil is determined by its significant values in the 
area of highways up to 930–1891 mg kg-1 (Elekes and Busuioc, 2010). 

Bi was added to the soil in the form of nitrate. The amount of nitrate ion entering the soil at the maximum 
dose of Bi in the experiment was 0.06% of the content in Bi(NO3)3. In addition, unlike other Bi3+compounds, 
the nitrate ion is rapidly absorbed by the soil biota (Egorysheva et al., 2015). Bi nitrate, dissolved in water, 
was introduced into the soil (1 kg) and incubated at optimal moisture content (60% of the field moisture 
capacity) and a temperature of 20-22°C in growth chamber Binder KBW 240 (GOST RISO 22030-2009, 
2009). 

http://ejss.fesss.org/10.18393/ejss.926759
https://www.multitran.com/m.exe?s=growth+chamber&l1=1&l2=2
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Analysis of biological properties 

Our attention was focused on the study of the biological properties of the soil, since they are the most 
sensitive to chemical attack (Kolesnikov et al., 2019). The determination of the biological properties of soils 
was carried out 10 days after contamination. A longer incubation period increases the difference in the state 
of the soil incubated in the laboratory from its state in natural conditions (Kolesnikov et al., 2020; Kızılkaya 
et al., 2021). Biological indicators were studied by methods of soil science and ecology (Table 2).  

Table 2. Characteristics of biological indicators of soil condition 

Biological indicators Measure unit Methods 
Total number of bacteria 109 in 1g of soil luminescent microscopy 
Catalase activity ml О2 g-1 soil 1 min-1 by the rate of decomposition of H2O2 
Dehydrogenases activity mg of TPF 10 g-1 soil 24 h-1 according to the rate of conversion of TTC  to TPF 
The germination of radish 
seeds  

% of control 
to change germinationof radish (Raphanus sativus L.) 
after 7 days of the experiment 

The length of the radish roots % of control 
to change of length of the roots in radish (Raphanus 
sativus L.) after 7 days of the experiment 

According to the above biological indicators, the integral indicator of the biological state (IIBS) of the soil 
was determined (Kolesnikov et al., 2019). For the calculation of IIBS, the value of each of the above 
indicators on the control (in unpolluted soil) was taken as 100% and relative to it, the percentages in other 
experimental variants (in polluted soil) were expressed as a percentage. For the IIBS condition maximum 
value of each index (100%) is chosen from array data and was expressed for other variants of experiments 
by Equation 1:  

𝐵1 =
𝐵х

𝐵𝑚𝑎𝑥
× 100% 

(1) 

where B1 — is the relative score of the indicator; Bх — the actual value of the indicator; Bmax — is the 
maximum value of the indicator. 

Then relative values of several mostly informative indices of soil biological condition such as activity of 
catalase and dehydrogenases, total number of bacteria, length of roots, germination of radish seeds were 
summed. Thereafter, average assessment point of studied indices was calculated for each variant by 
Equation 2: 

𝐵 =
𝐵1 + 𝐵2+.. . . +𝐵𝑛

𝑁
 

(2) 

where B — average estimated score of indicators; B1….Bn — the relative score of the indicator; N — is the 
number of indicators. 

The integral index of the soil biological condition is calculated by Equation 3: 

𝐼𝐼𝐵𝑆 =
𝐵

𝐵𝑚𝑎𝑥
× 100% 

(3) 

where B — is the average estimated score of all indicators; Bmах — is the maximum estimated score of all 
indicators. 

During diagnostics of contamination value of each index in non-contaminated soil is taken as 100% and with 
reference to it value of the same index in the contaminated soil is expressed in percent. Then determined the 
average value of five selected indicators for each experiment. The obtained value IIBS is expressed as a 
percentage concerning the control (to 100%). The methodology used allows you to integrate the relative 
values of different indicators, the absolute values of which cannot be integrated since they have different 
units of measurement. 

Statistical Analyses 

To check the reliability of the results, an analysis of variance was carried out followed by the determination 
of the least significant difference (LSD). Data are means of three replicate biological samples. Error bars 
show least significant difference (LSD) at p ≤ 0.05 level. Variation statistics (mean values, dispersion) was 
determined, reliability of different samples was established by using dispersion analysis (Student’s t test) 
and the correlation analysis (Pearson correlation coefficient) was conducted. Statistical data processing was 
carried out using Statistica 12.0 and Python 3.6.5 Matpolib package. 

http://ejss.fesss.org/10.18393/ejss.926759
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Results and Discussion 
Variation of biological indicators in soils after bismuth contamination 

It has been established that contamination with Bi generally leads to deterioration in the biological 
properties of soils in the South of Russia (Figure 2, Figure 3). 

 

 
Figure 2. Soil biological properties in the Bi contaminated soil 

 
Figure 3. Total number of bacteria in the Bi contaminated soil 

For Haplic Chernozem Calcic, when using Bi 10 and 100 CPC, there was a decrease in catalase activity by 
11% and 15% of control, significant dehydrogenases activity– by 29% and 49% of control, radish root 
length– by 15% and 21% of control (Figure 4). The total number of bacteria decreased with the introduction 
of all investigated concentrations by 20%, 37% and 39%, respectively, of the control (Figure 3). IIBS Haplic 
Chernozem Calcic with the introduction of Bi 10 and 100 CPC decreased by 18% and 26%, respectively. For 
Haplic Cambisols Eutric, the toxic effect was already observed with 1 CPC Bi nitrate. The maximum toxic 
effect was observed for the total number of bacteria – 65% of the control, catalase activity – 39% of the 
control and dehydrogenases - 62% of the control. IIBS Haplic Cambisols Eutric decreased with the 
introduction of 1, 10 and 100 CPC Bi by 18, 27 and 40%, respectively. Murata (2006) established the degree 
of suppression of the total number of bacteria and activity of dehydrogenases when Bi compounds were 
introduced into Haplic Cambisols Eutric. 

http://ejss.fesss.org/10.18393/ejss.926759
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Figure 4. Morpho-biometric characteristics of the radish in the Bi contaminated soil 

In Haplic Arenosols Eutric with Bi 10 and 100 CPC, inhibition of activity of dehydrogenases was also 
observed by 33 and 58% of the control were contaminated. There is a dose-effect relationship. The 
maximum toxic effect in the soil of Bi 10 and 100 CPC was determined for the total number of bacteria – 43% 
and 46%, respectively. A 29% decrease in catalase activity from control was recorded when 100 CPC Bi was 
added to Haplic Arenosols Eutric. By adding 10 and 100 CPC Bi to Haplic Arenosols Eutric, radish roots are 
inhibited by 25% and 40% of control. IIBS Haplic Arenosols Eutric with Bi 10 and 100 CPC decreased by 
21% and 39%, respectively. 

A low dose (1 CPC) of Bi nitrate resulted in unreliable stimulation of radish seed germination when applied 
to all types of soils. Nagata (2015), studying the effect of Bi nitrate on the root length of Arabidopsis thaliana, 
found that high concentrations inhibit root growth, while low concentrations, on the contrary, stimulate. The 
total number of bacteria was significantly reduced when applied to all types of soils, regardless of the dose of 
Bi. The largest decrease in the total number of bacteria was recorded at a dose of 100 CPC for Haplic 
Cambisols Eutric at 65% of the control. In the overwhelming majority of cases, a decrease in the total 
number of bacteria, catalase and dehydrogenase activity, as well as the length of radish roots was observed 
(Figure 4). When comparing soil resistance to Bi pollution, the following series was obtained: Haplic 
Chernozem Calcic (84) > Haplic Arenosols Eutric (78) > Haplic Cambisols Eutric (72). 

The light particle size distribution of Haplic Arenosols Eutric and the acidic reaction of the Haplic Cambisols 
Eutric medium (pH = 5.8), as well as the low organic matter content (1.8 and 2.3%, respectively), contribute 
to the high mobility and, therefore, the high ecotoxicity of Bi in these soils. 

Calculate and assessment of bismuth contaminated soils by the environmental regional maximum 
permissible concentration (rMPCs) 

Previously, it was found that soil contamination with chemicals causes a violation of its ecosystem functions 
in a strict sequence: information functions, biochemical, physicochemical, chemical and integral functions 
and physical (Kolesnikov et al., 2019). When developing environmental standards for soil contamination, we 
used this sequence. IIBS soil is an objective indicator of dysfunction of a particular ecosystem. Prevention of 
degradation of soil ecosystem functions is an important task in the development of environmental standards. 
Thus, a drop in IIBS of more than 10% indicates a serious deterioration in soil functioning. It is proposed to 
call this value for each type of soil the regional maximum permissible concentration (rMPCs) for a specific 
pollutant in the soil (Kolesnikov et al., 2019). To determine the rMPCs of pollutants, we used a regression 
equation describing the dependence of the IIBC fall on the proportion of pollutants in the soil. 

According to Table 3, the concentration of 8.5 mg kg-1 Bi in Haplic Chernozem Calcic corresponds to a 10% 
decrease in soil IIBS. Biconcentration of 8.5 mg kg-1 should be considered the MPC for Bi in Chernozem. 
Thus, the rMPC of Bi for Haplic Chernozem Calcic is 8.5 mg · kg-1, Haplic Arenosols Eutric– 2.2 mg kg-1, and 
Haplic Cambisols Eutric– 1.8 mg kg-1. 

http://ejss.fesss.org/10.18393/ejss.926759
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Table 3. Scheme of environmental standards for bismuth contaminated soils in the South of Russia related to a degree 
of failure of ecosystem functions 

Soil Not polluted 
Little degree of 

pollution 
Average degree of 

pollution 
Strong degree of 

pollution 
Degree of soil IIBS decline* < 5 % 5 – 10 % 10 – 25 % > 25 % 
Disturbed ecosystem 
functions** 

– Informational value 
Chemical, physical and 

chemical, biochemical, holistic 
Physical 

Soil Bismuth concentration in soil, mg kg-1 
Haplic Chernozem Calcic <2.5 2.5–8.5 8.5–350 >350 
Haplic Arenosols Eutric <0.9 0.9–2.2 2.2–30 >30 
Haplic Cambisols Eutric < 0.8 0.8–1.8 1.8–20 > 20 

Soil remediation techniques Non-required 
Phyto remediation, 

washings 
Chemical                         

reclamation 
Full removal of 

contaminated layer 
* IIBS evaluation according to Kolesnikov et al. (2019).  
**Classification of soil ecosystem functions according to Dobrovolskiy and Nikitin (2006). 

In addition, Table 3 presents the most effective soil remediation methods when the soil is contaminated with 
a specific concentration of Bi. The higher the Bi concentration in the soil, the more necessary chemical 
remediation and removal of the topsoil. The proposed rMPCs should be used in the implementation of 
various environmental protection measures, such as: environmental impact assessment (EIA), selection of 
methods for remediation of contaminated soils, etc. rMPCs should be used to assess soils not only in the 
South of Russia, but also similar soils around the world. 

Conclusion 
The results obtained showed that the soils contaminated with bismuth in the studied soils generally lose 
their biological properties: the total number of bacteria and the enzymatic activity (catalase and 
dehydrogenases) are reduced. The indicators of phytotoxicity (germination of radish seeds) increase when 
bismuth 3 and 30 mg kg-1 is added to the soil. The degree of deterioration of biological properties depends 
on two factors: the concentration of bismuth in the soil and the period of time after the start of 
contamination. The calculation and assessment of soil bismuth contamination by ecological regional 
maximum permissible concentrations (MPC) showed that, bismuth rMPCs for Haplic Chernozem Calcic is 8.5 
mg kg-1, Haplic Arenosols Eutric – 2.2 mg kg-1 and Haplic Cambisols Eutrics – 1.8 mg kg-1. The established 
rMPCs should be referred to when implementing various environmental activities such as: environmental 
impact assessment (EIA), soil and ecosystem monitoring practices, choice of polluted soil reclamation 
techniques, risk assessment of technogenic disasters, soil certification, etc. The suggested rMPCs can be 
referred to for soil assessment not only in the South of Russia but also in similar soils worldwide. 
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