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Abstract

:

Soil contamination with such rare heavy metals as silver (Ag), bismuth (Bi), tellurium (Te), and thallium (Tl) leads to disruption of its agricultural and ecological functions. Each of these rare heavy metals has a different level of soil toxicity, which affects the ecological state of the soil and its recovery degree estimated by biological indicators. The work objective is to assess the ecotoxicity of oxides and nitrates of silver, bismuth, tellurium, and thallium by biological indicators of Haplic Chernozem. Under the conditions of a laboratory simulation experiment, silver, bismuth, tellurium, and thallium were introduced into the samples of soil. The ecological state of the soil for each incubation period was assessed by the activity of soil enzymes (catalase and dehydrogenases), the intensity of seed development in polluted soil (the length of shoots and roots of winter wheat), and microbiological indicators (the total number of bacteria and Azotobacter sp. abundance). For 90 days, when contaminated with oxides of silver, bismuth, tellurium, and thallium, the most sensitive biological indicator was the length of wheat roots; when contaminated with nitrates, the total number of bacteria was the most sensitive biological indicator. The most informative biological indicator for contamination with both chemical forms of rare elements (silver, bismuth, tellurium, and thallium) was the Azotobacter sp. abundance. The most ecotoxic elements among those studied were thallium and tellurium, both in the form of oxides and nitrates. The results of the study may be useful for biomonitoring and diagnostics of the state of soils contaminated with silver, bismuth, tellurium, and thallium.
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1. Introduction


Sustainable functioning of natural and anthropogenic ecosystems includes an assessment of the soil ecological state that meets the requirements of FAO [1,2,3]. This balance affects the performance of ecological and agricultural functions by the soil. Such soil functions are particularly sensitive when polluted with heavy metals [4,5]. Sources of soil pollution with heavy metals because of anthropogenic activities are the burning of fossil fuels for electricity production, operation of metallurgical, oil refining, and cement plants, mining and ore processing, the use of bottom sediments as fertilizers, and the use of pesticides. It is because of such activities that such elements as silver (Ag), bismuth (Bi), tellurium (Te), and thallium (Tl) enter the environment [6,7,8]. The result of silver, bismuth, tellurium, and thallium entry into the environment is the accumulation of increased concentrations of elements in soils. At the same time, silver content varies from 8 to 35.9 mg/kg [9,10], and in ore mining sites up to 7000 mg/kg [11]. The range of bismuth concentrations in soil is from 0.15 to 1891 mg/kg [12,13], thallium–7 mg/kg [14,15], 19 mg/kg [16], and near coal mines up to 20,000 mg/kg [17]. The recorded tellurium content is from 0.166 to 11 mg/kg [7,18], and near ore deposits it is up to 290 mg [19].



The presence of high concentrations of silver, bismuth, tellurium, and thallium in the soil has a direct effect on the activity of soil enzymes, the abundance and diversity of soil bacteria, and plant growth and development. The effect of silver soil pollution has been studied on a wide range of biological indicators [20,21]: decrease of soil enzyme activity [22,23], reduction of plant root length [24], reduction of species diversity, and abundance of soil bacteria [25,26]. Under the influence of bismuth soil pollution, the activity of dehydrogenases in soil ecosystems is inhibited [27]. Some studies have noted the accumulation of silver [10], bismuth [28,29], tellurium [30,31], and thallium [32,33] in plants. Higher ecotoxicity of silver and thallium for plants was revealed compared to bismuth [29]. Ecotoxicity of tellurium for microorganisms begins at low concentrations in the order of 1 mg/kg [34], nevertheless, it is tellurium that has been least studied and almost all studies have been conducted in vitro. According to the authors, with sufficiently high antibacterial activity [35], tellurium is less toxic than silver [36]. Separate studies have been conducted to assess silver ecotoxicity [37,38,39], bismuth [40,41], tellurium [42], and thallium [43] on the quantitative content of soil bacteria, changes in the activity of soil enzymes and indicators of the intensity of initial growth and development of seeds. Previously, the activity of seven enzymes was studied in silver, bismuth, tellurium, and thallium contamination [44]. However, a comprehensive study on the comparative assessment of the ecotoxicity of silver, bismuth, tellurium, and thallium based on the spectrum of informative and sensitive biological indicators of soils was conducted for the first time.



Haplic Chernozem is a common type of soil in Europe [45,46,47]. Thermal power plants operating on coal and to some extent on fuel oil. For example, in the south of Russia, Novocherkassk Power Station is a source of pollution of chernozems [48,49]. Emissions from power plants include products from the incomplete combustion of coal including heavy metals like silver, bismuth, tellurium, and thallium. Trace elements bound in coal are released and redistributed into bottom ash, fly ash, and gas phase during combustion [50,51]. Heavy metals (HM) are 0.1–1.0 µm in size; they are adsorbed on large soot particles and transported by air over long distances from the emission source, forming technogenic anomalies. As well as sources of pollution of Haplic Chernozem are storage, processing and disposal of industrial and municipal waste, pesticides, fertilizers, wastewater, operation of road and rail transport, metal, and oil refineries [7,18].



During the scientific research, the following scientific hypothesis was proposed: the ecotoxicity of silver, bismuth, tellurium, and thallium estimated by biological indicators of Haplic Chernozem depends on the form of metal chemical compound (oxide and nitrate), on metal concentration (0.5–30 PPC), and on the duration of contamination (10, 30, 90 days). The lower the concentration of metal in the soil, the faster the restoration of informative and sensitive biological indicators of Haplic Chernozem occurs after 90 days.



The work objective is to assess the ecotoxicity of both chemical forms of silver, bismuth, tellurium, and thallium by biological indicators of Haplic Chernozem. Research objectives for the implementation of the goal are: (1) to assess the effect of pollution with both chemical forms of silver, bismuth, tellurium, and thallium on biological indicators; (2) to study the change in biological indicators of chernozem after contamination after 10, 30, and 90 days; (3) to establish the most sensitive and informative biological indicators for contamination with both chemical forms of silver, bismuth, tellurium, thallium; (4) to rank heavy metals by their ecotoxicity.




2. Materials and Methods


2.1. Study Object


The soil of the research area is Haplic Chernozem [52]. Haplic Chernozem is characterized by a heavy granulometric composition, high humus content (3.7%), and a neutral reaction of the medium (pH 7.8). Chernozems occupy significant areas in Eurasia: Hungary, Bulgaria, Austria, Czech Republic, Slovakia, the Balkan Peninsula, Moldova, Ukraine, Russia, Mongolia, and China [45,46]. In North America, the chernozem zone includes the western part of the United States and southern Canada. In South America, chernozems are observed in the south of Argentina and in the southern foothill regions of Chile. The areas of Russian chernozems make up 52% of the world’s chernozems. The main regions of the distribution of chernozems in Russia are the Central Black Earth region, the Volga region, the North Caucasus, the Southern Urals, and Western Siberia [53,54].




2.2. Heavy Metals


Both chemical forms of silver, bismuth, tellurium, and thallium were used for soil contamination. Silver was introduced into the soil in the form of oxide (Ag2O) and a silver nitrate solution (AgNO3). Bismuth was introduced into the soil in the form of oxide (Bi2O3) and a solution of bismuth nitrate (Bi(NO3)3). Tellurium was introduced into the soil in the form of oxide (TeO2) and a solution of tellurium nitrate (Te2O3(OH)NO3). Thallium was introduced into the soil in the form of oxide (Tl2O3) and a solution of thallium nitrate (Tl(NO3)3). In terms of the derived concentration of the element possible permissible concentrations (PPC) 0.5, 1, 3, 10, and 30 PPC of each element in the form of oxide and nitrate were introduced into the soil.




2.3. Simulation Experiment


Both chemical forms of silver, bismuth, tellurium, and thallium were added to the prepared soil samples in concentrations of 0.5, 1, 3, 10, and 30 PPC and thoroughly mixed. Incubation was carried out under pure soil-led conditions at a constant temperature (24–25 °C) and humidity (30%) for 10, 30, and 90 days. The scheme of the experiment is shown in Figure 1.




2.4. Physical and Chemical Properties


In clean soil (pure soil), before the introduction of silver, bismuth, tellurium, and thallium, the content of organic matter (in %) and the reaction of the soil medium (pH) were determined. The content of total organic matter was determined by the acid oxidation of potassium dichromate with a spectrophotometric finish [55]. Soil pH was measured using an electrode potentiometer in distillate water, in the ratio of 1 part soil to 2.5 parts of water (w/v).




2.5. Methods for Assessing Biological Activity


The biological activity of soils was assessed according to the methods described in Table 1. The use of these biological indicators makes it possible to assess the state of the soil under chemical pollution and determine the most informative and sensitive biological indicators [56,57,58,59].



In addition, given the high level of soil fertility, it is very important to evaluate the phytotoxic properties of the soil for plants growing in the same zone—winter wheat (Triticum aestivum L.) [61,62,63,64]. As a result of the determination of biological indicators, the integral indicator of the biological state (IIBS) was evaluated as an average to show the reflective response of all biological indicators to the state of the soil [4].




2.6. Statistical Processing


Statistical data processing was carried out using ANOVA analysis. Data were analyzed using analysis of variance followed by the determination of the least significant difference (LSD). Variation statistics (mean values, dispersion) were determined, and the reliability of different samples was established using dispersion analysis (Student’s t test). LSD was determined using Equation (1):


     LSD = S   d       ×   t   S   



(1)




where:




	
Sd = significant difference



	
ts = Student’s coefficient








The nonparametric Spearman’s correlation coefficient (for informativeness value) was calculated between the concentration of Ag, Bi, Te and Tl as an average of the biological indicators.





3. Results


3.1. Microbiological Indicators


The total number of bacteria in the soil contaminated with silver oxide varied during the exposure period (Figure 2). At low concentrations (0.5–1 PPC), the number of bacteria decreased by 35, 29, and 20%. With an increase 3–30 PPC, the number of bacteria was inhibited by 44–53%. On the 30th day, an increase in soil toxicity in the number of bacteria was found, with a recovery on the 90th day by 5–11% compared to the 30th day.



Nitrate of silver, compared with oxide, had a more expressed toxic effect on the number of bacteria already at 0.5 PPC–24, 37, and 22% on the 10, 30, and 90th days. With an increase in the concentration of nitrate of silver 1–30 PPC, the decrease of the number of bacteria was 19–73% of the pure soil.



Bismuth oxide at 0.5 PPC on the 10th day had no effect on the number of bacteria. At the same time, on the 30 and 90th days, decrease at 0.5 PPC was 13 and 11%. Within 90 days, bismuth oxide 1–30 PPC inhibited the number of bacteria by 13–40%. Nitrate of bismuth at a concentration of 0.5 PPC was toxic by 30–36% of the pure soil. When the concentration was increased to 30 PPC, the toxicity increased by 44–71% of the pure soil. The toxicity of nitrates compared to oxides was 30–35%.



Thallium oxide at 0.5 PPC on the 30 and 90th days was toxic by 20 and 17%. Increasing the concentration 1–30 PPC increases the toxicity of thallium oxide by 24–69% relative to the pure soil. Nitrate of thallium at 0.5 PPC was very toxic on the 10th and 30th days by 52 and 54% relative to the pure soil. On the 90th day, the number of bacteria was restored by 22% compared to the 30th day.



Tellurium oxide at 0.5 PPC was toxic on the 10th day of the experiment already—18% lower than the pure soil. At the same time, on the 30th and 90th days, the number of bacteria decreased by 20 and 33%. Increasing the concentration of tellurium oxide by 1–30 PPC inhibited the number of bacteria by 14–69% relative to the pure soil. Nitrate of tellurium, as well as thallium nitrate, inhibited the number of bacteria by 54–58% already at 0.5 PPC. With an increase in the concentration of tellurium up to 30 PPC, the decrease of the number reached up to 90%.



The Azotobacter sp. abundance at low concentrations (0.5–3 PPC) of both chemical forms of silver, bismuth, tellurium, and thallium did not differ from the pure soil (Figure 3). Differences in decrease were found at concentrations 10 and 30 PPC. Silver oxide at 10 PPC on the 10 and 30th days inhibited the Azotobacter sp. abundance by 17 and 8%. On the 90th day, the Azotobacter sp. abundance was restored to the level of pure soil. The concentration of 30 PPC also inhibited the value of the indicator only on the 10 and 30th days, by 76 and 39% relative to the pure soil.



Nitrate of silver had a toxic effect on the Azotobacter sp. abundance only by 30 PPC on the 10 and 30th days of the experiment by reducing the indicator by 43 and 39% relative to the pure soil. On the 90th day, the indicator recovered to the level of pure soil.



Bismuth oxide did not have a significant effect on the Azotobacter sp. abundance at any concentration and for any duration of contamination. Nitrate of bismuth at 30 PPC 10–30 days inhibited the Azotobacter sp. abundance by 11 and 10%, relative to the pure soils. On the 90th day, the indicator recovered to the level of pure soil.



The oxides of thallium and tellurium had no effect on the Azotobacter sp. abundance in Haplic Chernozem. Thallium nitrate at 30 PPC on the 30th day inhibited the Azotobacter sp. abundance by 60%, and on the 90th day, 10 and 30 PPC of nitrate of tellurium decreased the Azotobacter sp. abundance by 64 and 74%. Thallium nitrate at 10 and 30 PPC decreased the Azotobacter sp. abundance on the 10th day by 13 and 12%, and at 30 PPC on the 90th day by 66% relative to the pure soil.




3.2. Enzymatic Activity


Silver oxide in small concentrations did not significantly differ from the pure soil (day 10) and caused weak stimulation of catalase activity (days 30 and 90) (Figure 4). With an increase in the concentration of silver oxide to 30 PPC, decrease was established only on the 10th day by 26–45%. On the 30th day, only at a concentration of 10 and 30 PPC, decrease of catalase activity was established by 12 and 16%. On the 90th day, regardless of the concentration of silver, catalase in soil did not differ from the pure soil and was stimulated.



Nitrate of silver on the 10th day caused decrease of enzymatic activity by 21%, and on the 30th and 90th days, it did not differ from the pure soil. On the 10th day, with an increase in the concentration 1–30 PPC of nitrate of silver, activity decrease was 34–51%. After 30 days of the experiment, 1–30 PPC inhibited catalase activity by only 10–16% relative to the pure soil. After another 60 days, catalase activity decreased 3–30 PPC of nitrate of silver by 8–14%.



Bismuth oxide at 0.5 PPC only on the 30th day caused decrease of enzymatic activity by 11%, and on the 90th had a stimulating effect (15% relative to the pure soil). On the 10th day, only in soil with 10 and 30 PPC of bismuth oxide, decrease of activity was found by 37 and 43%. On the 30th day, enzymatic activity at concentrations of 1–30 PPC varied in the range of 13–22% relative to the pure soil. On the 90th day, there were no significant differences from the pure soil.



Starting on the 10th day, nitrate of bismuth had an inhibitory effect on catalase activity 0.5–30 PPC by 27–40%. On the 30th day, activity was restored, and the process of its decrease was established with concentrations of 10 and 30 PPC by 14 and 18%. On the 90th day, activity stimulation at 0.5 and 1 PPC of nitrate of bismuth was established, and at 3–30 PPC, no significant differences from the pure soil were revealed.



Thallium oxide at 0.5 PPC on the 10th day inhibited catalase activity by 16% relative to the pure soil, and on the 30th and 90th days, activity stimulation of soil enzyme was established by 7 and 11%. At concentrations 1–30 PPC of thallium oxide on the 10th day, activity decrease was 39–54% relative to the pure soil. At the same time, on the 30th day, decrease was established in the concentration range 3–30 PPC–12–21%, and on the 90th day only at a concentration of 30 PPC by 10% relative to the pure soil. Nitrate of thallium at 0.5 PPC was highly toxic on the 10th day—30% below the pure soil, as well as with an increase in the nitrate concentration 1–30 PPC by 36–76% relative to the pure soil. On the 30th day, at a concentration of 3–30 PPC of nitrate of thallium, catalase activity was inhibited by 25–69% relative to the pure soil. On the 90th day, activity decrease was established at a concentration of 10 and 30 PPC of nitrate of thallium by 17 and 56%.



Tellurium oxide at 0.5 PPC inhibited catalase activity on the 10th and 30th days by 13 and 11% relative to the pure soil. On the 10th day, with an increase in the concentration 1–30 PPC of tellurium oxide, catalase activity decrease was 20–53%, and on the 30th day at the same concentrations, it was 19–27%. On the 90th day, catalase activity decrease was found only at 30 PPC 9% lower than the pure soil. Nitrate of tellurium at 0.5 PPC on the 10th and 30th days inhibited enzyme activity by 24 and 12%. With an increase in the concentration of nitrate of tellurium on the 10th day 1–30 PPC, catalase activity was inhibited by 25–75% relative to the pure soil, and on the 30th day at concentrations 1–30 PPC, it was inhibited by 19–80% lower than the pure soil. On the 90th day, nitrate of tellurium at 1–30 PPC caused decrease of enzyme activity by 10–57% relative to the pure soil.



The activity of dehydrogenases of soil when contaminated with silver oxide is shown in Figure 5. At low concentrations of silver oxide (0.5 and 1 PPC), dehydrogenases activity was stimulated on the 10th and 30th days by 7 and 13%. With an increase in silver oxide concentration 1–30 PPC, activity decrease was 7–42% relative to the pure soil.



On the 30th day, at a concentration of 3–30 PPC of silver oxide, decrease was 7–64% relative to the pure soil. On the 90th day, activity decrease was established with a concentration of 1–30 PPC by 11–43% relative to the pure soil. Nitrate of silver at 0.5 PPC inhibited dehydrogenases activity by 13% after 10 days. After 30 and 90 days at the same concentration, enzyme activity stimulation was established by 5 and 10%. When the concentration was increased 1–30 PPC after 10 days of the experiment, activity decrease was 18–32% relative to the pure soil. After 30 days, dehydrogenases activity decrease was established at 10 and 30 PPC of nitrate of silver by 11 and 25%. After 90 days, dehydrogenases activity decrease was established only at a maximum concentration of 30 PPC—10% lower than the pure soil.



Bismuth oxide at 0.5 PPC inhibited enzyme activity by 10% after 10 days. After 30 and 90 days, there was no significant difference in enzyme activity from the pure soil. With an increase in the concentration of bismuth oxide 1–30 PPC, activity decrease by 17–26% was established. After 30 days from the moment of contamination, decrease was established at a maximum concentration of bismuth oxide (30 PPC) 10% below the pure soil. After 90 days, decrease of dehydrogenase activity was established at concentrations of 10 and 30 PPC of bismuth oxide by 10 and 12%. Nitrate of bismuth at 0.5 PPC inhibited dehydrogenase activity by 19% after 10 days. After 30 and 90 days, at 0.5 PPC of nitrate of bismuth, dehydrogenase activity did not significantly differ from the pure soil. After 10 days, with an increase in the concentration of nitrate of bismuth 1–30 PPC, enzyme activity decreases by 21–31% were established. After 30 days at any concentration of nitrate of bismuth, there were no significant differences from the pure soil. After 90 days, activity decrease was detected only at 30 PPC of nitrate of bismuth, 11% lower than the pure soil.



Thallium oxide at 0.5 PPC inhibited dehydrogenase activity by 15% after 10 days of contamination. After 30 and 90 days, there was no significant difference in enzyme activity from the pure soil. After 10 days with an increase in the concentration of thallium oxide 1–30 PPC, the activity of dehydrogenases was inhibited by 23–39% relative to the pure soil. After 30 days from the moment of contamination with thallium oxide with concentrations of 1–30 PPC, dehydrogenases activity decrease after 90 days was established only at a concentration of 90 PPC by 9%. Nitrate of thallium at 0.5 PPC after 10 days of the experiment inhibited the activity of dehydrogenases by 22% relative to the pure soil value. After 30 and 90 days at 0.5 PPC of nitrate of thallium, there was no significant difference from the pure soil. With an increase in nitrate of thallium concentration 1–30 PPC, activity decrease was found by 28–65% relative to the pure soil. On the 30th day, decrease was established in the range 3–30 PPC by 34–72% relative to the pure soil. On the 90th day, decrease was established in the range 3–30 PPC by 33–69%, relative to the pure soil.



Tellurium oxide at 0.5 PPC inhibited dehydrogenases activity only on the 10th day: 9% lower than the pure soil; on the 30th and 90th days, there was no significant difference in dehydrogenase activity from the pure soil. After 10 days, activity decrease was established with an increase in tellurium oxide concentration 1–30 PPC by 15–29% relative to the pure soil. On the 30th day, activity decrease was established only at concentrations of 10 and 30 PPC by 13 and 30%. On the 90th day, there were no significant differences in the activity of dehydrogenases from the pure soil. Nitrate of tellurium at 0.5 PPC after 10 and 30 days of the experiment caused activity decrease by 14 and 16%. With an increase in the concentration 1–30 PPC on the 10th day, enzyme activity decrease was 42–68% relative to the pure soil. After 30 days, with an increase in the concentration 1–30 PPC, activity decrease was 34–74%, relative to the pure soil. A similar trend was established after 90 days; with an increase in the concentration 1–30 PPC, dehydrogenases activity decrease was 19–69%, relative to the pure soil.




3.3. Phytotoxic Indicators


Winter wheat (Triticum aestivum L.) germination after contamination with both chemical forms of silver, bismuth, tellurium, and thallium is shown in Figure 6. Silver oxide at 0.5 PPC after 10 and 90 days reduced wheat germination by 12 and 23%. On the 30th day, no significant differences from the pure soil were found.



With an increase in the concentration of silver oxide after 10 days by 1–30 PPC, a decrease in germination by 22–30% relative to the pure soil was observed. On the 30th day, no significant differences from the pure soil were found. On the 90th day, as well as on the 10th day, there was a decrease in germination by 50–65% below pure soil. With nitrate of silver at 0.5 PPC on the 10th, 30th, and 90th days, no significant difference from the pure soil was revealed. With an increase in nitrate of silver concentration for 10 days 1–30 PPC, the decrease in germination was 12–32% relative to the pure soil. After 30 days, a decrease in germination was established with an increase in the concentration 1–30 PPC of nitrate of silver by 20–50% relative to the pure soil. After 90 days, a decrease in germination was observed with the introduction 3–30 PPC of nitrate of silver by 19–35% relative to the pure soil.



Bismuth oxide at a concentration of 0.5 PPC reduced wheat germination by 12%. After 30 and 90 days, there were no significant differences in wheat germination on soil with bismuth oxide from the pure soil. With an increase in the bismuth oxide concentration after 10 days of the experiment, the decrease in germination was 10–35% relative to the pure soil. After 30 days of the experiment, with an increase in concentrations 1–30 PPC, the decrease in germination was 33–57%. After 90 days, germination recovery was again observed compared to previous periods: a decrease in germination of 1–30 PPC was 12–27% relative to the pure soil. Nitrate of bismuth at 0.5 PPC reduced germination on the 10th, 30th, and 90th days by 10, 13, and 12% of the pure soil. With an increase in the concentration of nitrate of bismuth on the 10th day 1–30 PPC, the germination decreased by 5–22%. After 30 days, with an increase in the 1–30 PPC, the decrease in germination was 30–43%. After 90 days with an increase in the concentration 1–30 PPC, the decrease in germination was 8–46% relative to the pure soil.



Thallium oxide at 0.5 PPC reduced wheat germination already on the 10th day by 17%, on the 30th day by 7%, and on the 90th day by 12% relative to the pure soil. With an increase in the 1–30 PPC, 10 days after contamination with thallium oxide, a decrease in germination by 17–55% was found, after 30 days by 13–87%, and after 90 days by 19–35% relative to the pure soil. Nitrate of thallium at 0.5 PPC caused a decrease in wheat germination after 10, 30, 90 days by 12, 17, 12% relative to the pure soil. With an increase in the 1–30 PPC of nitrate of thallium after 10 days, a decrease in germination by 22–77% was found; after 30 days, 20–53% decrease was found; and after 90 days, 27–73% decrease was found relative to the pure soil.



Tellurium oxide at 0.5 PPC caused decrease of wheat germination after 10 and 30 days from contamination by 20 and 13%. After 90 days of the experiment, there was no significant difference from the pure soil. With an increase in the 1–30 PPC of tellurium oxide on the 10th day, the decrease in germination was 27–37%, on the 30th day it was 47–67%, and on the 90th day it was 12–38% relative to the pure soil. Nitrate of tellurium at 0.5 PPC after 10 and 30 days of the experiment reduced wheat germination by 17 and 13% relative to the pure soil. Ninety days after the application of nitrate of tellurium, no significant differences from the pure soil were found. With an increase in the concentration of nitrate of tellurium 1–30 PPC, a decrease in germination on the 10th day by 32–80% and on the 30th by 13–63%, and on the 90th day, at concentrations of 3–30 PPC, a decrease in germination by 58–73% relative to the pure soil was established.



The length of wheat roots after contamination with both chemical forms of silver, bismuth, tellurium, and thallium after 10, 30, and 90 days depended on the duration of contamination and the chemical form of heavy metal (Figure 7). Silver oxide at a concentration of 0.5 PPC only on the 30th day caused a decrease in root length by 23% relative to the pure soil. On the 10th and 90th days at 0.5 PPC of silver oxide, there were no significant differences from the pure soil in the length of wheat roots.



With an increase in the concentration of silver oxide 1–30 PPC after 10 days of the experiment, a decrease in germination by 20–50% was found, after 30 days by 32–48%, and after 90 days by 37–68% relative to the pure soil. Nitrate of silver reduced root length only on the 30th day at concentrations of 0.5 and 1 PPC by 26 and 33%. At the same concentrations after 10 and 90 days, there was no significant difference from the pure soil.



Bismuth oxide at 0.5 PPC reduced root length on the 30 and 90th days by 47 and 32% relative to the pure soil. With an increase in the concentration of bismuth oxide 3–30 PPC on the 10th day, a decrease in root length by 19–35% was found. After 30 days, with an increase in the content of bismuth oxide 1–30 PPC, the reduction in root length was 48–59%, on the 90th day–33–37%. Nitrate of bismuth after 10 days had a toxic effect on the root length only at 10 and 30 PPC–9 and 18% relative to the pure soil. After 30 days, nitrate of bismuth at 1–30 PPC reduced the length of wheat roots by 47–64% of the pure soil. On the 90th day, a decrease in root length was found only at 10 and 30 PPC by 24 and 25% relative to the pure soil.



Thallium oxide at 0.5 PPC reduced root length only on the 10 and 30th days by 14 and 22%. On the 90th day, there was no significant difference in root length when contaminated with thallium oxide from the pure soil. With an increase in thallium oxide 1–30 PPC on the 10th day, a decrease in root length by 27–63% relative to the pure soil was found. On the 30th day, with thallium oxide 1–30 PPC, a decrease in the length of wheat roots by 22–94% relative to the pure soil was found. On the 90th day, the soil recovered from thallium oxide contamination, and a decrease in root length was found for 10 and 30 PPC by 11 and 24% relative to the pure soil. Nitrate of thallium at 0.5 PPC on the 10th and 30th days inhibited root length by 22 and 45% relative to the pure soil. On the 90th day, there was no significant difference in root length when contaminated with nitrate of thallium. With an increase in the concentration 1–30 PPC on the 10th day, a decrease in root length by 22–96% relative to the pure soil was found. On the 30th day, the reduction in root length at a concentration of 1–30 PPC was 56–89%, and on the 90th day it was 7–86% relative to the pure soil.



Tellurium oxide at 0.5 PPC reduced root length only on the 10th and 30th days by 17 and 41% relative to the pure soil. On the 90th day, there was no significant difference in root length when contaminated with tellurium oxide from the pure soil. With an increase in tellurium oxide 1–30 PPC on the 10th day, the reduction in root length was 28–49%, and on the 30th day it was 64–78% relative to the pure soil. On the 90th day, a decrease in root length was found only at a concentration of 10 and 30 PPC by 14 and 32% relative to the pure soil. Nitrate of tellurium at 0.5 PPC on the 10th and 30th days inhibited root length by 22 and 45% relative to the pure soil. On the 90th day, there was no significant difference in root length when contaminated with nitrate of tellurium. With an increase in the 1–30 PPC on the 10th day, a decrease in root length by 37–100% relative to the pure soil was found. On the 30th day, the reduction in root length at a concentration of 1–30 PPC was 45–96%, and on the 90th day at concentrations of 3–30 PPC of nitrate of tellurium, it was 68–96% relative to the pure soil.




3.4. The Change in the Integral Indicator of the Biological State of Haplic Chernozem


The integral indicator of the biological state of chernozem (IIBS) in case of contamination with both chemical forms of silver, bismuth, tellurium, and thallium is shown in Figure 8. Silver during the entire incubation period (10, 30, 90 days) in the form of oxide was more toxic than its nitrate. At low concentrations (0.5–1 PPC), greater toxicity of silver oxide than nitrate was detected. Only on the 90th day, when nitrate of silver was applied, a tendency to restore biological indicators to the level of pure soil was established: 10% lower than in the pure soil.



Bismuth oxide in its toxic effect on biological parameters practically did not differ from nitrate. Only on the 10th day, a smaller decrease was found under the influence of bismuth oxide IIBS–16% compared to the same period of incubation of nitrate of bismuth.



Thallium oxide compared with nitrate of thallium was more toxic for all biological parameters on the 10th, 30th, and 90th days by 28, 20, and 36% relative to the pure soil. Tellurium oxide compared to nitrate of tellurium, as well as thallium, was more toxic for all biological parameters on the 10th, 30th, and 90th days by 46, 28, and 44% relative to the pure soil. Nitrate of tellurium had the most toxic effect on IIBS among all studied compounds of rare metals.



IIBS of soil for 90 days tended to restore biological parameters when contaminated with silver and bismuth oxides and nitrates, and when contaminated with tellurium and thallium oxide and nitrate, it was inhibited or did not differ from 30 days.





4. Discussion


The use of biological indicators to assess the state of contaminated soils before assessing the quantitative content of a pollutant allows an indirect assessment of the resistance of soil microbiota to pollution. At the same time, it is very important to choose among the variety of indicators those that are the most informative (according to the tightness of the relationship with the concentration of the pollutant) and sensitive (according to the largest percentage of the indicator decrease relative to the pure soil) [4]. Sensitivity assessment was carried out based on the response of biological indicators to contamination with both chemical forms of silver, bismuth, tellurium, and thallium (Table 2).



It was found that when contaminated with silver, the sensitivity of biological indicators ranged as follows:




	
oxide of silver: LR = B > G > Adeh> A cat = Az



	
nitrate of silver: B > G = LR > Acat > Adeh > Az








The most sensitive biological indicator for contamination with silver oxide was root length, and for nitrate of silver it was the total number of soil bacteria. The least sensitive indicator for contamination with silver oxide and nitrate was the Azotobacter sp. abundance.



It was found that when contaminated with bismuth, the sensitivity of biological indicators ranged as follows:




	
oxide of bismuth: LR > B = G > Adeh > Acat > Az



	
nitrate of bismuth: B > G = LR > Acat > Adeh > Az








The most sensitive biological indicator for contamination with bismuth oxide was root length, and for nitrate of bismuth it was the total number of soil bacteria. The least sensitive indicator for contamination with bismuth oxide and nitrate was the Azotobacter sp. abundance.



It was found that when contaminated with thallium, the sensitivity of biological indicators ranged as follows:




	
oxide of thallium: B > G > LR > Adeh = Acat > Az



	
nitrate of thallium: B > LR >G > Adeh > Acat > Az








The most sensitive biological indicator for contamination with thallium oxide and nitrate was wheat germination. The least sensitive indicator for contamination with thallium oxide and nitrate was the Azotobacter sp. abundance.



It was found that when contaminated with tellurium, the sensitivity of biological indicators ranged as follows:




	
oxide of tellurium: LR = B > G > Acat >Adeh > Az



	
nitrate of tellurium: B > LR > Adeh > G > Acat > Az








The most sensitive biological indicator for contamination with tellurium oxide was root length, and for nitrate of tellurium it was the total number of soil bacteria. The least sensitive indicator for contamination with tellurium oxide and nitrate was the Azotobacter sp. abundance.



When contaminated with oxides of silver, bismuth, tellurium, and thallium, the most sensitive biological indicator was the length of wheat roots; when contaminated with nitrates, the most sensitive biological indicator was the total number of bacteria. The least sensitive biological indicator for contamination with both chemical forms of silver, bismuth, tellurium, and thallium was the Azotobacter sp. abundance.



The information content was evaluated by Spearman correlation coefficients (R) between the content of heavy metals and the response of biological indicators for 10, 30, and 90 days (Table 3).



It was established that for contamination with silver, the series of informative biological indicators looked as follows:




	
oxide of silver: Az > Adeh > Acat >LR > B > G



	
nitrate of silver: Az > Adeh = LR > G >Acat >B








The most informative biological indicator for contamination with silver oxide and nitrate was the Azotobacter sp. abundance. The least informative indicator for contamination with silver oxide was germination; for nitrate, it was the total number of bacteria.



It was established that for contamination with bismuth, the series of informative biological indicators looked as follows:




	
oxide of bismuth: Az > Acat > G >Adeh > LR > B



	
nitrate of bismuth: Az > G > Adeh >Acat = LR > B








The most informative biological indicator for contamination with bismuth oxide and nitrate was the Azotobacter sp. abundance. The least informative indicator for contamination with bismuth oxide, and for nitrate it was the total number of bacteria.



It was found that when contaminated with thallium, the sensitivity of biological indicators ranged as follows:




	
oxide of thallium: Az > LR> G > B > Acat =Adeh



	
nitrate of thallium: Az > Acat >Adeh > G = LR > B








The most informative biological indicator for contamination with thallium oxide and nitrate was the Azotobacter sp. abundance. The least informative indicator for thallium oxide contamination was the activity of catalase and dehydrogenase; for nitrate of thallium, the least informative indicator was the total number of bacteria.



It was found that when contaminated with tellurium, the sensitivity of biological indicators ranged as follows:




	
oxide of tellurium: Az >Adeh > Acat > B > G = LR



	
nitrate of tellurium: Az > Acat > G >Adeh = LR > B








The most informative biological indicator for contamination with tellurium oxide and nitrate was the Azotobacter sp. abundance. The least informative indicator for contamination with tellurium oxide was root length and germination, and for nitrate of tellurium it was the total number of bacteria.



The most informative biological indicator for contamination with both chemical forms of silver, bismuth, tellurium, and thallium was the Azotobacter sp. abundance. Germination was the least informative for silver oxide; for bismuth, the total number of bacteria was the least informative; for thallium oxide, it was the activity of catalase and dehydrogenases; and for tellurium oxide, it was the root length and germination. The least informative biological indicator for contamination with silver, bismuth, tellurium, and thallium nitrates was the total number of bacteria.



Evaluation of a wide range of enzymes of soil when contaminated with both chemical forms of silver, bismuth, tellurium, and thallium allowed establishing that catalase and phosphatase had the greatest sensitivity, and the most informative enzymes were phosphatase and invertase [44].



According to the ecotoxic effect of heavy metals on the state of the soil after 90 days of the experiment after contamination, a series is presented, % of the pure soil:




	
oxides: bismuth (82) < silver (78) = tellurium (78) < thallium (77)



	
nitrates: silver (80) = bismuth (80) < thallium (60) < tellurium (56)








The most toxic elements among those studied, both in the form of oxides and in the form of nitrates, were thallium and tellurium. According to the integral indicator of soil enzymatic activity (IIEA), thallium contamination was detected at a critical maximum permissible concentration of 0.601 mg/kg, which was two times higher than silver (0.396 mg/kg), but three times less than tellurium (1.475 mg/kg) [44]. Previously, it was found that tellurium (Te), selenium (Se), silver (Ag), and chromium (Cr) had the greatest toxic effect on the biological functions of the soil [5]. Thus, when tellurium and thallium nitrates were introduced into the soil, the maximum decrease of the biological parameters of chernozem was established.



Enzymatic activity, number of bacteria, phytotoxicity of such rare elements as silver, bismuth, tellurium, and thallium have been studied to a different extent. If the change in activity during pollution with silver and bismuth compounds has been studied to some extent [10,22,23,37,39,41,65], then with pollution with thallium and tellurium, these are isolated works [38,42]. This contamination by AgNPs in the total number of bacteria and enzymatic activity was more than that in the Azotobacter sp. abundance [38]. The highest sensitivity for contamination with bismuth was found in terms of the number of bacteria (61%) and the activity of dehydrogenases (77%), and the highest information content in terms of Azotobacter sp. abundance (R = −0.55) and the germination rate (R = −0.68) [41]. In our study, pollution with silver and bismuth has the greatest effect on the sensitivity of the length of the roots and the number of bacteria, and Azotobacter sp. abundance is the most informative. When Haplic Chernozem is contaminated with thallium, the most sensitive indicators are the length of the roots and the number of bacteria, and for tellurium, the most sensitive indicator is germination.




5. Conclusions


After 90 days of the experiment, the ecological state of Haplic Chernozem after contamination with both chemical forms of silver, bismuth, tellurium, and thallium changed in the direction of both the recovery and decrease of biological indicators. When contaminated with oxides of rare elements (silver, bismuth, tellurium, thallium), the most sensitive biological indicator was the length of wheat roots, and when contaminated with nitrates, it was the total number of bacteria. The most informative biological indicator for contamination with both chemical forms of rare elements was the Azotobacter sp. abundance. The most ecotoxic elements among those studied were thallium and tellurium, both in the form of oxides and nitrates. Research results may be used for the biomonitoring and diagnostics of the state of soils contaminated with various chemical compounds of silver, bismuth, tellurium, and thallium.
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Figure 1. Scheme of the model experiment. 
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Figure 2. The total number of bacteria in soil after contamination of silver, bismuth, tellurium, and thallium, % of the pure soil. 
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Figure 3. Azotobacter sp. abundance of soil after contamination of silver, bismuth, tellurium, and thallium, % of the pure soil. 
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Figure 4. Catalase activity in soil after contamination of silver, bismuth, tellurium, and thallium, % of the pure soil. 
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Figure 5. Activity of dehydrogenases in soil after contamination of silver, bismuth, tellurium, and thallium, % of the pure soil. 
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Figure 6. Germination of winter wheat (Triticum aestivum L.) on soil after contamination of silver, bismuth, tellurium, and thallium, % of the pure soil. 
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Figure 7. Root length of winter wheat (Triticum aestivum L.) on soil after contamination of silver, bismuth, tellurium, and thallium, % of the pure soil. 
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Figure 8. Changes in the integral indicator of the biological state of soil after contamination of silver, bismuth, tellurium, and thallium, % of the pure soil. 
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Table 1. Methods for assessing the ecological state of soils.
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	Biological Indicators
	Materials and Conditions
	Reference





	Activity of catalase
	gasometrical method
	[56]



	Activity of dehydrogenases
	PE 5800VI spectrophotometer
	[57]



	The total number of bacteria
	Carl Zeiss Axio Lab A1 microscope
	[59]



	Azotobacter sp. abundance
	abacterial air-box (BAVnp-01—“Laminar-S”).
	[59]



	germination of winter wheat (Triticum aestivum L.)
	Binder KBW-240 climate chamber
	[60]



	root length of winter wheat (Triticum aestivum L.)
	Binder KBW-240 climate chamber
	[60]
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Table 2. Sensitivity of biological indicators of soil after contamination by silver, bismuth, tellurium, and thallium, % of pure soil (averaged PPC), % of pure soil.
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Heavy Metals

	
Chemical Form

	
Biological Indicators




	
Acat

	
Adeh

	
Az

	
B

	
G

	
LR






	
Silver

	
oxide

	
90

	
86

	
90

	
66

	
74

	
65




	
nitrate

	
82

	
90

	
94

	
57

	
79

	
80




	
Bismuth

	
oxide

	
90

	
89

	
98

	
76

	
75

	
66




	
nitrate

	
89

	
91

	
99

	
47

	
78

	
78




	
Thallium

	
oxide

	
83

	
83

	
99

	
64

	
67

	
68




	
nitrate

	
71

	
62

	
86

	
40

	
58

	
44




	
Tellurium

	
oxide

	
82

	
89

	
100

	
65

	
68

	
64




	
nitrate

	
64

	
52

	
93

	
32

	
56

	
38








Note: Acat—activity of catalase; Adeh—activity of dehydrogenases; Az—Azotobacter sp. abundance; B—number of soil bacteria; G—germination; LR—length of roots.













[image: Table] 





Table 3. Informativeness (Spearman’s correlation) of biological indicators after contamination by silver, bismuth, tellurium, and thallium.
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R

	
Chemical Form

	
Biological Indicators




	

	

	
Acat

	
Adeh

	
Az

	
B

	
G

	
LR






	
Silver

	
oxide

	
−0.86

	
−0.96

	
−0.99

	
−0.66

	
−0.61

	
−0.76




	
nitrate

	
−0.72

	
−0.90

	
−0.96

	
−0.71

	
−0.88

	
−0.91




	
Bismuth

	
oxide

	
−0.90

	
−0.72

	
−0.96

	
−0.63

	
−0.79

	
−0.66




	
nitrate

	
−0.81

	
−0.83

	
−0.95

	
−0.78

	
−0.86

	
−0.81




	
Thallium

	
oxide

	
−0.75

	
−0.74

	
−0.99

	
−0.81

	
−0.86

	
−0.89




	
nitrate

	
−0.96

	
−0.82

	
−0.99

	
−0.52

	
−0.79

	
−0.79




	
Tellurium

	
oxide

	
−0.84

	
−0.93

	
−0.99

	
−0.80

	
−0.73

	
−0.74




	
nitrate

	
−0.90

	
−0.74

	
−0.99

	
−0.58

	
−0.77

	
−0.74








Note: Acat—activity of catalase; Adeh—activity of dehydrogenases; Az—Azotobacter sp. abundance; B—number of soil bacteria; G—germination; LR—length of roots.
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