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Abstract—The main directions of using biotesting to assess the environmental risk of pollution—(a) predictive
(predicting possible effects of chemicals and determining safe levels of their use) and (b) diagnostic, allowing
one to assess the real hazard or damage at the moment—are considered. The historical stages of ecotoxicology
development are analyzed. An idea is given about the variety of test systems and methods for assessing eco-
toxicity and criteria for selecting test species in biotest batteries. Examples of the use of OMICS technologies,
molecular biomarkers, nanoecotoxicology, and ecotoxicogenomics in the assessment of soil toxicity are pre-
sented. In world practice, in order to compare the results of standard tests, reference (standard, artificial) soil
recommended as a reference sample according to the ISO11268 protocol. Attention is focused on the rele-
vance of soil assessment based on the biotic concept of modern environmental control. The advantages and
disadvantages of some methods and indices of the ecological state of soils based on the use of reactions of liv-
ing systems to environmental pollution (in particular, the so called integral indicator of the biological state of
the soil (IIBS), the functional diversity of the microbiome (FDM), and the state index according to the
TRIAD methodology) are characterized. At the present stage, the best way to integrate the results of biotest-
ing into the overall assessment of soils is an interdisciplinary TRIAD methodology, which implies a set of
chemical, bioindication (in situ) and toxicological (ex situ) studies.
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INTRODUCTION

In the past 30 years, the assessment of soil ecotox-
icity has received a reliable methodological justifica-
tion in the quality control of terrestrial ecosystems.
The biotic concept has become dominant in the eco-
logical control of natural media [10]. The widespread
use of biological diagnostics, along with bioindication
observations in situ, involves laboratory assessment of
the ecotoxicity of samples during ex situ biotesting.
Biotesting is a recognized ecotoxicological approach
aimed at protecting ecosystems from anthropogenic
impact. Over the past few decades, biotesting has been
used to assess the quality of natural environments and
human-made objects, such as industrial waste and
industrial preparations applied in various sectors of
the national economy, including chemical, bacterial,
and humate-composite materials and sorbents for the
rehabilitation of disturbed soils.

Soil quality is defined as one of the most complex
components of environmental quality [40]. The quality
of water and air implies mainly the purity of substances,
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which directly affects the consumption and health of
humans and animals or natural ecosystems [42, 48].
The definition of soil quality involves more complex
concepts. It is not limited only to the degree of con-
tamination [33]. In a broad sense, soil quality is usu-
ally defined as “the capacity of soil to function as a
vital living system, within ecosystem and land-use
boundaries, to sustain plant and animal productivity,
maintain or enhance water and air quality, and pro-
mote plant and animal health,” while the concept of
“animal health” includes human health [49]. Soil
quality can be assessed both for agroecosystems,
where productivity is the main, but not exclusive, eco-
system service, and for natural ecosystems. Chemical
pollution by traditional (heavy metals, pesticides,
petroleum products, PAHs) [2, 6, 8, 48] or relatively
new (pharmaceuticals and antibiotics, nanomaterials,
microplastics) [64, 65] toxicants pose a great hazard to
the sustainable functioning of soil ecosystems and the
quality of the environment as a whole. The character-
istic of the ecological quality of all three environmen-
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tal components (water, air, soil), according to a num-
ber of regulatory documents, includes an assessment
of toxicity [9, 25—29, 59—63, 76—81].

Historical aspects of ecotoxicology. The beginning
of the development of soil ecotoxicology is associated
with observations of the effects of pesticides on soil
invertebrates in the 1960s [51, 53]. That period was
characterized by great attention to the effects of chem-
icals in general on the environmental objects. In this
regard, the American journalist Rachel Carson is
often brought to mind, who first attracted attention to
the negative consequences of the increasing use of
synthetic pesticides in the postwar years with the pub-
lication of her book Silent Spring in 1962. This book
warned that the struggle battle for the harvest by
chemical means inevitably leads

to a threat to human health, and the first signals
should already be seen in the effects of pesticides,
especially DDT, on birds—singing birds fall silent
because of the uncontrolled spread of chlorinated pes-
ticides accumulating in the food chain. The publica-
tion of this book was a bright event and an important
trigger for the birth of a new science, ecotoxicology. In
1969, a significant impetus to its development was
given by Rene Truhart, who combined elements of a
number of natural sciences (chemistry, biochemistry,
physiology, population genetics, etc.) and defined the
key concepts, subject, and methods of research of the
new science.

R. Carson’s book attracted universal attention to
environmental pollution and turned out to be an
important, but not the only impetus for the develop-
ment of toxicological research. This was facilitated by
the mass introduction of technologies and the use of
chemical products in various fields since the begin-
ning of the 19th century, which necessitated the need
to assess the consequences of such anthropogenic
impacts. For the first time at the legislative level, bio-
testing was included in the operational control of water
pollution in the United States, where the United
States Environmental Protection Agency (US EPA)
was created to protect the environment and human
health. Subsequently, such organizations designed to
develop standards and monitor their implementation,
began to legislatively stimulate the introduction of bio-
tests into practice in other countries.

In the 1980s and 1990s, the issues of methodologi-
cal support for ecotoxicological studies to assess the
risk of chemicals were successfully solved. During this
period, many ecotoxicity tests were developed using
individual species of living organisms. They were
based, first of all, on an integral characteristic—the
survival rate of beings.

A great contribution to the introduction of biotests
into the environmental practice of our country was
made by the Russian school of hydrobiology under the
leadership of Professor Stroganov from the Lomonosov
Moscow State University [15]. In 1990, the USSR State
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Committee for the Environmental Protection approved
the first regulatory document in the field of ecotoxico-
logical assessment of water bodies Methodological Guide
Jor Water Biotesting (RD 118-02-90) providing for the
use of a small set of hydrobionts: algae (Scenedesmus
quadricauda, Chlorella vulgaris), invertebrates (Daphnia
magna, Ceriodaphnia affinis), fish (Poecilia reticulatus).
In 1991 The Rules for the Protection of Surface Waters
regulating the treatment and discharge of wastewater
into water bodies with the use of toxicological control by
biotesting methods were approved [12]. The principles
developed in this methodological document are cur-
rently used in legislative acts in order to protect not only
water but also soil resources.

Diversity of test systems and methods for assessing
ecotoxicity. An indicator of ecotoxicity is the degree of
change in certain parameters of a living system at var-
ious levels of organization, which is recorded by vari-
ous methods. These can be biochemical, biophysical
methods, visual counting, various types of microscopy.
Thus, during the study of response of mycobiota repre-
sentatives to the chemical pollution using light micros-
copy, changes in the germination of spores under the
impact of heavy metal salts and oil products were iden-
tified for a number of micromycetes (Phoma spp.,
Fusarium oxysporum, Stemphylium sp., Trichoderma
garcian, Penicillium frequentans, Mucor racemosum) [18,
21]. The transformation of the morphobiological struc-
ture of the biomass of microscopic fungi under the
impact of waste from the production of mineral fertiliz-
ers has been established by the method of luminescent
microscopy using a specific dye [17]. By seeding on
solid media, the presence of pollutants can be recorded
by changes in the radial growth rate of colonies of
micromycetes (species of the Phoma, Fusarium, and
Thielaviopsis genera) [17, 21]. The effect of toxic sub-
stances is controlled by the accumulation of biomass
during the cultivation in liquid media [16, 17, 21, 52].

In the late 1990s and early 2000s, biotests standard-
ized by international organizations (OECD—Organi-
zation for Economic Cooperation and Development
and ISO—International Organization for Standard-
ization) appeared in soil ecotoxicology; they were
based on accounting for mortality and reproduction
rates of enchytraeids [79], earthworms [78, 80] and
collembolas [77]. Later, behavioral tests (avoidance)
were approved for the same organisms [62], and a bio-
accumulation test was also approved for earthworms
and enchytraeids [100]. A series of regulatory docu-
ments regulating the use of higher plants appeared [76,
81, 84, 86] and microorganisms [60, 85] appeared.

Test organisms transferred from the environment
to controlled conditions of laboratory cultivation must
meet a number of requirements. As a rule, it is indi-
cated that they should be represented by species widely
distributed in natural conditions, easily available in
large quantities throughout the year, represent the
most genetically homogeneous population, and be
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free from pathogens and parasites. The most import-
ant thing is that standardized test-organisms should
have a high sensitivity to toxicants, which, according
to the requirements of standard methods of toxicity
measurements, should be regularly monitored in the
laboratory for reactions to model toxicants. Ideally,
they should be sensitive to a wide range of toxins (or to
a group of compounds) for the purposes of their iden-
tification in media, and the observed reaction should
be reproducible.

Batteries of biotests. Eventually, the so-called biotest
batteries—series of test systems based on the reactions
of different types of living organisms to the same target
area—are becoming more and more popular [38, 54,
94, 101]. More complicated complex modular systems
focused on measuring structural and functional indica-
tors characterizing bioavailability and accumulation of
toxicants have also become popular [4, 5].

Biotest batteries are considered particularly effi-
cient for the analysis of mixed environmental pollu-
tion. They allow us to combine test responses into one
assessment, which makes it possible to classify plots
according to their degree of contamination and com-
pare the effects of various commercial products when
detecting toxicity in samples with mixed contamina-
tion [57]. This period is associated with the emergence
of integrative multi-marker concepts: Multi-Marked
Bioindication Concept (MMBC). For example, a
modern experimental assessment of the hazard class of
waste is based on the use of a battery of two test sys-
tems with the participation of organisms of different
taxonomic affiliation according to the current Criteria
Jor Assigning Waste to Hazard Classes I-V according to
the Degree of Negative Impact on the Environment
(approved by the Order of the Ministry of Natural
Resources of the Russian Federation No. 536 of
December 4, 2014) [9].

At the same time, discussions about the size of the
battery of biotests, the validity of the inclusion of certain
tests, and the significance of the sensitivity of individual
test species are still in progress. The results of the
response of one test species with high and wide sensitiv-
ity within a battery are given decisive importance: if at
least one species has detected toxicity, then the sample
is usually classified as toxic. Other approaches show the
possibility of using a limited number of test species cho-
sen with due account for their specific sensitivity to pol-
lutants participating in the contamination of the plot.
This is justified by an increase in the profitability of the
battery composition [72, 73].

In recent years, the need for the concept of specific
tests, the so-called “site-specific ecotoxicological
tests,” the results of which can be combined into one

integrated index, has been experimentally substanti-
ated [16, 102].

In order to improve both discrimination and a full-
fledged conclusion about the contamination degree of
plots, it is advisable to use a larger number of test spe-

EURASIAN SOIL SCIENCE  Vol. 55

No.5 2022

603

cies in biotests integrated into batteries, including
those that are highly sensitive to certain types of pollu-
tion [54, 73]. For example, the US Environmental
Protection Agency recommends screening using
CALUX ® analysis (Chemically Activated LUciferase
eXpression) to detect dioxins and dioxin-like com-
pounds in soils and sediments (https://www.epa.gov/
sites/default/files/2015-12/documents/4435.pdf ).

Our twenty-year experience of ecotoxicological
research indicates the need to adapt the measurement
methods existing in the register of the Federal Infor-
mation Fund for Assuring the Measurements’ Unifor-
mity of Russian Federation to specific types of soil
pollution, since the sensitivity of test crops differs sig-
nificantly [16, 23].

The criteria for selecting test types in the battery
include, inter alia, practicality, determined by the fea-
sibility and cost-effectiveness of the test; acceptability,
including aspects such as standardization, reproduc-
ibility, and statistical reliability of the test method; and
environmental significance, including sensitivity.
Van Gestel et al. [102] believe that in order to obtain a
balanced battery of tests, it is necessary to ensure the
representativeness of the ecosystem or biotopes under
study, namely, to include organisms representing dif-
ferent functional groups, different taxonomic groups,
and different ways of exposure, on one hand, and the
representativeness of the responses of test species,
which means their actual relevance for the normal
functioning of populations and communities (survival,
reproduction), on the other hand [102].

The inclusion of representatives of the main trophic
groups (producers, consumers, and reducers) in the
battery of biotests to a certain extent reflects the ecosys-
tem approach to assessing the risk of pollution and
increases the reliability of biodiagnostics of the quality
and sustainable functioning of ecosystems [ 16]. Such an
approach, certainly, cannot replace field tests in natural
ecosystems, but it complements it, and allows us to
obtain signals of trouble in the advanced mode [2].

Molecular biomarkers. In 1990, the need to assess
the effects of chemicals on living organisms, the inter-
est in studying the bioavailability of pollutants and the
need to assess it accelerated the development of new
methods in which sensitive and potential early warning
tools for negative effects were biochemical test func-
tions (biomarkers) [66, 96]. Such early biomarker
effects are observed in many species of soil inverte-
brates (isopods) [50], as well as in microorganisms. In
particular, various targets of the toxic effect of organic
and inorganic pollutants on fungal cells are known:
(1) inhibition of enzymatic activity; (2) oxidative stress
or interaction with systems, which usually protect
from the harmful effects of free radicals; (3) toxic met-
als displacing or replacing metal ions in metal
enzymes, which become inactivated; and (4) distur-
bance of the integrity of membranes [3, 34, 41].
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Chemicals acting on the membranes of fungi—the
first physicochemical barrier that meets them—are
able to cause quantitative and qualitative changes in
their lipid composition [14]. In particular, the analysis
of lipid profiles of fungi showed that heavy metals (Ni,
Cu, Zn ions) affect the composition of lipid compo-
nents and change the flowability of Curvularia lunata
membranes [82, 83]. Pb ions cause significant damage
to the cytoplasmic membrane, reducing the propor-
tion of phosphatidylcholines and unsaturated fatty
acids in the composition of phospholipids of the
mycelium of Paecilomyces marquandi [95].

Such biomarkers can act as a sensitive indicator of
early warning of possible effects at higher levels of bio-
logical organization, and can also provide information
about the mode of action of a chemical.

Advances in molecular biology contribute to the
development of new biosensors for the study of bio-
availability and (eco)toxicity of both heavy metals and
nanoparticles. In nanoecotoxicology, metal-specific
bacterial biosensors based on recombinant microor-
ganisms are already used in combination with a set of
multitrophic biotests on invertebrates, algae, and bac-
teria [65].

Scientific interest is attracted to the combination of
various stress factors, and not only to the interaction
between various chemicals (toxicity of mixtures) but
also to the toxicity caused by the combined action of
chemical agents and other stress factors [99, 103].

Ecotoxicogenomics. OMICS technologies are of
increasing interest as tools in assessing the environ-
mental significance of the effects of chemical stress,
environmental vulnerability of living systems at the
genetic level.

When comparing various biochemical test parame-
ters [96], it was shown that responses at the gene level
(DNA damage) are most sensitive to cadmium.
Genomics, proteomics, and transcriptomics signifi-
cantly increase the set of ecotoxicology tools. Cur-
rently, ecotoxicogenomics is considered as a tool to
better understand the molecular mechanisms of
action of chemicals and the mechanisms of resistance
to pollution forming, in particular, resistance to metals
or pesticides [103].

Ecotoxicogenomics can also help to reveal the
mechanisms of the impact of various particles on
organisms, as was shown by the example of metal
nanoparticles [65] or microplastic particles [64].
Ecotoxicogenomics tools can be useful in econano-
toxicology, but it still requires significant efforts and
further research before they can be applied in the
practice of assessing the ecotoxicological risk of soil
contamination.

Approaches to the assessment of ecotoxicity of soils.
The impact in test systems is measured via imitation of
possible routes of entry of harmful substances into
organisms, so that water is the main media for the
tested objects. Hence, hydrobionts—protozoa, algae,
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crustaceans, and other organisms or their elements—
are mainly used as sensitive biological sensors.

The study of the toxicity of solid components of the
environment (soils, bottom sediments, soils, waste,
etc.) by the reactions of hydrobionts is considered an
indirect way of affecting biosensors [17]. This approach
has been called eluate, since its implementation uses
aqueous extracts (leaching extracts, eluates of solid
objects). Unfortunately, some types of pollutants
exhibit hydrophobic properties, accumulating in soil or
sediments. In such cases, biotesting in test systems
based on the reactions of hydrobionts and the analysis
of water extracts may not always reflect the toxicity of a
given soil or sediment sample.

It is obvious that soil studies, as well as other solid
substrates, should be carried out with the help of
native test species. This approach, in which the solid
mass is analyzed in direct contact with soil-dwelling
organisms, has been called application, or contact
(sometimes called substrate), biotesting [ 16].

To assess the quality and toxicity of bulk soil sam-
ples, the most informative approaches are based on
the use of invertebrates [59, 77—80] and higher plants,
among which there are many traditionally applied spe-
cies of monocotyledonous and dicotyledonous plants
[75, 76, 81, 84, 86, 88].

Reference soil. In an effort to standardize the
method and facilitate comparison of the results of
standard tests, a reference sample is used—standard
soil (Reference/Standard/Artificial soil) according to
the ISO 11268-2 protocol. It consists of peat (10%),
kaolin clay (20%), and quartz sand (70%) with the
addition of some CaCO; (pH 6.0). According to its
properties, this soil resembles loamy sand. Some man-
uals allow the use of 5% peat [101].

The use of reference soil is important for compar-
ing the toxicity of different preparations and predicting
their impact on natural soils. At the same time, the
idea that soil type is important in determining the tox-
icity of chemicals has been accompanied by a growing
understanding of the concept of bioavailability: only a
part of the total amount of a chemical in the soil is
available for absorption by organisms and, therefore, is
an active agent relevant for risk assessment. This has
been demonstrated more than once in experimental
works [11, 16, 19, 89].

In soils that differ in acidity and the contents of clay
and organic substances affecting the availability of
lead, the same dose of lead (2000 mg Pb/kg soil)
proved to be differently harmful to earthworms Eisenia
andrei [39]. After 28 days of exposure, all earthworms
died in some samples, whereas earthworm mortality
was not observed in other soils, and only a part of
earthworms died in the third group of soils. In a soddy-
podzolic soil from two fields differing in the organic
carbon content, and with the same level of polymetal-
lic contamination with a complex of lead, copper, and
zinc salts, the test plants of white mustard Sinapis alba
EURASIAN SOIL SCIENCE  Vol. 55
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differed sharply in growth indicators and biomass
accumulation [19].

Heavy metals have different effects on the accumu-
lation of biomass of fungi and bacteria, as well as the
structure of micromycete communities in soils of the
same type differing in their humus contents. Under the
impact of heavy metals, the proportion of melanized
forms of fungi that are, as a rule, resistant to adverse
impacts [107] increased by 25.9% in the humus-rich
soil and by 45.7% in the humus-poor soil [20].

Biotesting of ecotoxicological risk. In the demand
for biotests for environmental control and pollution
risk, two directions can be highlighted: prognostic and
biodiagnostics (assessment of soils at the moment).

The prognostic approach is aimed at predicting the
possible effects of chemicals in order to regulate their use
and control their appearance on the market. For this
purpose, laboratory bioassays are conducted to deter-
mine the safe levels of specific chemicals (usually, new
preparations) entering soils and other natural media.

The second approach is diagnostic; it allows us to
assess the real environmental risk or damage and, in
the case of detection of toxic pollution, make manage-
ment decisions to restore disturbed soils and reduce
the risk of chemical pollution.

The prognostic approach is almost entirely based on
the principles of human toxicology and assumes that
the potential effect of a chemical on ecosystems can be
assessed by its toxicity relative to standardized test cul-
tures of sensitive species under controlled laboratory
conditions. In order to get a correct idea of the poten-
tial hazard of the chemical to the ecosystem, the test-
ing is carried out in a series of tests with a set of species.
When determining safe levels of chemicals, acute and
chronic toxicity assessments are carried out. In the
variants of acute toxicity assessment, survival is
assessed in short-term experiments, while chronic
toxicity is assessed in long-term experiments; as a rule,
fertility rate is assessed.

A set of toxicometric indicators have been deter-
mined, with the help of which the toxicity is quanti-
fied, reflecting the concentrations of the active sub-
stance that cause mortality or deviation from the con-
trol of the values of any other test functions by a certain
amount for a certain period of exposure of test organ-
isms in the sample of the object under study. Toxicity
is quantified using concentration parameters such as
LC,, and LC; (concentrations causing the death of
10% and 50% of test organisms in the exposed sam-
ples, respectively), EC,, and ECs, (concentrations
causing a decrease by 10% and 50%, respectively, of
any test functions, for example, growth or the number
of young individuals produced), as well as NOEC and
LOEC (concentrations, respectively, not causing
observed effects and causing minimal observed effects)
[25—29, 59—63].

Thus, with a predictive approach, the results of tox-
icity tests are used to establish thresholds or safe levels of
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chemicals in the soil. If it is possible to obtain data on
toxicity in several test systems based on responses of dif-
ferent species (ideally >8) then a statistical method of
species sensitivity distribution (SSD) is used [22, 87].

Earlier in our work, critical values of a number of
soil pollution indicators (Co, Cr, Zn, U, Ra) were
obtained from the dumps of uranium mines (village of
Kajy-Say, Kyrgyzstan), providing a given permissible
probability of environmental risk based on the SSD
method applied to the toxicity of elements detected in
the soil for certain types of soil micromycetes [22].

The diagnostic approach when using biotesting pro-
vides an effective tool for assessing the degree of toxic-
ity and the ecological quality of soils monitoring.
These assessments are critical to the planning and suc-
cessful implementation of rehabilitation activities.

Thus, both to predict the effects of the use of spe-
cific substances and to diagnose the quality of soils,
toxicity tests are used; in both cases, not one, but a
series of tests is recommended.

Ways to integrate biotesting results into environmen-
tal assessment. Depending on the type of impact on
ecosystems, the toxicity, microbiological, other bio-
logical, and physicochemical parameters of the soil
changes to varying degrees. There are many indices
and assessment systems that offer one or another
degree of integration of different ecosystem parame-
ters [6, 7, 13, 30, 45]. Recently, within the framework
of the concept of soil quality (or soil health, SH), a
holistic approach was developed. It gives an idea of the
interaction between the main components of the soil
system [40]. However, the authors themselves state
that it is not easy to implement a holistic approach,
since the soil is a complex system in which physical,
chemical, and biological characteristics and processes
are involved and interact. The approach within the
framework of the SH concept can be considered as a
desirable, but unrealistic tool for practical use at this
stage [40].

The use of biotic indicators in the integrated assess-
ment of soils has been progressing markedly in recent
decade; a number of proposals for the generalization
of various indices fine have found their practical appli-
cation.

Integral indicator of the biological state of the soil.
One example of a comprehensive assessment is the
integral indicator of the biological state of the soil
(IIBSS), proposed as a criterion for the degree of dis-
turbance of the ecological functions of the soil [6]. It
is based on a point assessment of individual indicators
of the state of the biota for a particular sample (or vari-
ant of the experiment) relative to the maximum
observed value in a series of samples (or variants of the
experiment), then the average assessment score of a
number of studied indicators is calculated from the
sum of the relative values of the indicators (points).
The integral indicator of the ecological and biological
state of a particular soil is calculated by the formula:
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Fig. 1. Graphical representation of the integral index (IS) of soil state (left) and the studied indicators of urban soils (urbanozems)
at different plots in Kirov (right) (according to [13]). Legend: Control, ISc, ISb, and ISt are the indices of soil state calculated
according to the chemical, bioindication, and toxicological indicators, respectively.

IBSS = s¢>< 100%.

avmax

where S,, is the average assessment score of all indica-
tors, and S, .x 1S the maximum assessment score of
all indicators [6].

In addition to the indicators, the IBSS may also
include the assessment of toxicity based on the results
of biotesting. When diagnosing pollution, the authors
suggest taking the value of each of the indicators in
uncontaminated soil for 100% and expressing the val-
ues of the same indicator in polluted soil as a percent-
age in relation to it. It is considered that if the values of
the IBSS decrease by less than 5%, then the soil per-
forms its ecological functions normally; a decrease in
the IBSS by 5—10% attests to the disturbance of infor-
mation ecofunctions; by 10—25%, biochemical, phys-
icochemical, chemical, and holistic ecofunctions; by
more than 25%, physical ecofunctions. The disadvan-
tages of this approach include the lack of consider-
ation for real changes in the chemical and physical
properties of disturbed soils.

Integral index of the ecological state of the ecosystem.
The original methodology is used to assess the ecolog-
ical state of freshwater ecosystems [1], which can be
applied to soil assessment. The Integral Index of the
Ecological State of an Ecosystem (IIESE) is a combi-
nation of two components reflecting the ecological
state by chemical and biological indicators. IIESE is

defined as
1ESE = 2B+ H

where B; and H; are the analyzed biotic and hydro-
chemical indicators expressed in relative units (scores)

and N, and N, are the numbers of the biotic and
hydrochemical indicator, respectively [1].

This technique is also based on the analysis of
dimensionless values (scores), which are established
on the basis of expert assessments. The curve of
dependence between the anthropogenic load and the
IIESE is a typical S-shaped dose—response function
with a characteristic inflection point characterizing
the critical level of anthropogenic load [2, 22].

Index of functional biodiversity of the microbiome.
An original method of assessing the activity of the soil
microbiome is presented in the literature by an integral
indicator of “soil health” based on the functional bio-
diversity (FBD) indicators of the soil microbial com-
munity. These indicators are calculated on the basis of
the consumption spectra of substrates in multisub-
strate testing [4, 5].

TRIAD methodology. A comprehensive assessment
of the state of natural media involves the so-called
TRIAD methodology. In 2017, it was included in the
system of international standards—ISO 19204:2017
Soil quality— Procedure for Site-Specific Ecological Risk
Assessment of Soil Quality (Soil Quality TRIAD
Approach) [43, 61]. The TRIAD paradigm was formu-
lated by Peter Chapman in relation to the assessment
of sediment pollution as an algorithm that allows
assessing potential harmful effects on the ecosystem
taking into account simultaneously the concentrations
of chemicals, bioavailability of pollutants, and ecotox-
icological parameters of the observed ecosystems [43,
44]. It is based on the methodology of the interdisci-
plinary level and takes into account the data of chem-
ical (ISc), bioindication (ISb) and toxicological (ISt)
studies [43, 47, 89—91] ( Fig. 1).

The calculation of the state indices (ISc, ISt, and
ISb) takes place in several stages by comparing the
EURASIAN SOIL SCIENCE  Vol. 55
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Table 1. Correspondence of the integral index of the soil state determined on the basis of the TRIAD methodology to the

categories of soil quality state of load

IS values Soil quality category Load Soil state
IS=0 I Permissible Background
0<IS<0.30 11 Low Slightly disturbed
0.30<1S<0.50 111 Moderate Moderately disturbed
0.50<1S<0.79 v High Strongly disturbed
0.79<1IS<1 \'% Very high Irreversibly disturbed

obtained values for the sample with background data
or the maximum permissible concentrations (MPC)
[47, 93].

When calculating the soil condition index by bioin-
dicators, the ISb in each test sample is compared with
that in the background sample. Similarly, the assess-
ment of toxicological indicators for the ISt index is car-
ried out. The indices of the state of toxicological and
bioindication parameters are calculated on the basis of
arithmetic averages of all measured indicators. For all
components, functions of a certain type are used to
convert to a normalized scale (from 0 to 1) [13, 93].

As biotic (toxicological and bioindication) indica-
tors are most informative from the point of view of
maintaining a stable state of ecosystems and perform-
ing ecological functions by soils, such as habitat for
living organisms [16], when calculating the integral
state indices according to the triad of indicators—
chemical, toxicological, and bioindication (ISc, ISt
and ISb, respectively)— it is proposed to use weighting
coefficients equal to 1.5 and 2.0 [47]. Then, the for-
mula for calculating the integral state index (IS) has
the form:

_ ISc +1.5ISt +2.0ISb
1.0+1.5+2.0

In the work of Pukalchik et al. [13], gradations of IS
are proposed, the ranges of values of which correspond
to a five-level scale and characterize the correspond-
ing degree of anthropogenic load on soils and the eco-
logical state of soils [2, 30] (Table 1).

As can be seen from this table, the polar values (0
and 1) correspond to the gradations “good” and
“bad”;i.e., the higher the index, the greater the differ-
ence from the background and, therefore, the soil suf-
fers from the greater chemical load.

IS

The results of the biotesting processed according to
the algorithm of the TRIAD methodology are included
in the integral index for assessing the state of soils in
polluted and background areas of urbanozems in
Kirov and in mountainous ecosystems of Kyrgyzstan
near the storage place of radioactive waste [98], for
determining the degree of soil recovery after the use of
remediation preparations [89, 90], for substantiating
the need for remediation of soils contaminated with
heavy metals at six areas within a radius of 2 km from
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an abandoned mine in North Korea, where gold (Au),
lead (Pb), and zinc (Zn) were mined [58]. In the
absence of background territories, similar criteria and
tests were applied to assess soils and compare the envi-
ronmental risk of contamination of two plots near a
landfill in Northern Spain, studied upstream and
downstream the river relative to the landfill site [55],
as well as in many other works [11, 32, 67, 70].

CONCLUSIONS

Biotesting is a classic experimental methodological
assessment of the toxicometric parameters of living
systems (wWhole organisms or their parts) after expo-
sure to the analyzed objects. The methodological basis
of biological testing developed in the field of medical
toxicology has provided a tool for laboratory assess-
ment of toxicity not only in medicine and veterinary
medicine. The use of biotesting methods has long
spread beyond the boundaries of the area defined as
the sphere of development of standards for the content
of chemicals in the environment and the initial assess-
ment of the properties of new substances. Biotesting is
used all over the world to analyze the ecological state
of natural media subjected to the harmful impact of
human-made factors, as well as to determine the
degree of danger of production and consumption
waste [9, 2529, 45].

Biotesting provides information on the danger to
stable functioning of ecosystems in advance, before
the appearance of visible changes in biota, whereas
bioindication is aimed at recording changes in the
state of biocenoses under the impact of harmful fac-
tors in the natural environment.

Since the publication of the first schemes and tools
for assessing and monitoring soil quality in the 1990s,
more than 60 national and regional approaches have
appeared; they have mainly been developed in North
America, Europe, and China. The main attention in
these approaches is paid to the characteristics of soil
fertility, which is considered as their capacity to pro-
vide nutrients and water to plants, as well as to the
absence of toxic substances (www.fao.org ). In this
regard, some authors consider it necessary to supple-
ment the characteristics of soil quality optimal for crop
growth with indicators of biodiversity and functional
activity of the soil microbiota [7, 20]. Thus, the micro-
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bial biomass of the soil and its respiratory activity can
serve as indicators of its change under different
impacts [36, 60] and thus characterize the soil health.
These indicators are included in the environmental
monitoring programs of soils and terrestrial ecosys-
tems in a number of European countries [7, 36].

The practical relevance of biotesting methods is
reflected in the modern regulatory documentation of
the relevant regulatory authorities. Certification of the
methods for measuring toxicity, which ensures the
established accuracy indicators, has become possible
largely due to the introduction of a strict procedure for
standardization of the assessment methods and test
organisms (GOST R 8.563—2009). In Russia, in vari-
ous fields of economic activity (agricultural, medical,
and environmental), sets of biotests are used in accor-
dance with methodological guidelines, manuals, and
corresponding orders for soil quality assessment by
relevant ministries.

To create a standard biotesting technique, it is nec-
essary to go through a strict procedure that includes
regulation of the species of test organisms, which
should ensure a certain level of sensitivity of the test
culture and creating optimum conditions for the test
regulated by the methodology. Although the first bio-
testing methods were certified relatively recently (in
the 1990s), w a significant number of standard biotests
have already been entered into the federal Register
(FR) as recommended for practical environmental
control. One can learn more about them on the web-
site (https://fgis.gost.ru/fundmetrology/registry/16).
These documents are practical guidelines aimed at
introducing ecotoxicological control methods into
laboratory research.

Toxicity assessment is an important but not the
only component of an integrated assessment of the
ecological quality of soils. The optimal way to inte-
grate the results of biotesting into the integral assess-
ment of soils is the TRIAD methodology that takes
into account the results of quantitative chemical anal-
ysis of the content of pollutants and bioindication, i.e.,
observations of the state of representatives of biota in
natural conditions (in situ) and indicators of soil tox-
icity in relation to standardized test cultures in labora-
tory conditions (ex situ). This interdisciplinary variant
of data integration is not free from controversial points
in the calculation algorithm (in particular, at the stage
of assigning the so-called weighting coefficients to biotic
indicators [47]). However, the TRIAD methodology has
been widely tested in many countries on soils with differ-
ent contamination levels and nature of the contaminants
for two decades since Chapman’s work [44]. Its imple-
mentation in the form of the international standard
ISO 19204-2017 [61] provides an efficient tool for
assessing and comparing the ecological quality of soils
and predicting the effects of chemicals intentionally or
unintentionally entering the soil.
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