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“The detailed coverage of diverse topics indicates an impressive breadth of knowledge on 
this subject. Provides an overview of both new data and divergent views of specialists in 
different fields of biological and ecological knowledge on interrelation between abiotic 
environment and living organisms.”
— Nikolai V. Glotov, DSc, Professor, Dept. of Biology, Mari State University, 
Yoshkar-Ola, Russia)

This important volume presents an abundance of research focusing on the distribution of heavy 
metals in soils and rocks of natural habitats, farmlands, and urbanized areas along with the 
factors influencing their bioavailability. The authors evaluate such factors as the content of 
organic matter, levels of soil acidity, content of mineral fertilizers, and more. Developed for 
ecologists and specialists in the field of environmental protection and the conservation of 
biological diversity, the book presents the problems of reducing the anthropogenic load on the 
surrounding countryside and focuses on sustainable agricultural development. 
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LIST OF ABBREVIATIONS

AAC	 approximately allowable concentrations
AgNO3	 silver nitrate
Al	 aluminum, is a chemical element in the boron group 

with atomic number 13
Al+++ 	 ion of aluminum
ALT	 alanin aminotransferase
As	 arsenic
AST	 aspartat aminotransferase
ATP-ase	 adenosine 5’-triphosphatase (ATP hydrolase)
B	 subsoil horizon: subsurface layer reflecting chemical 

or physical alteration of parent material
Bq/kg	 the indicator of the specific activity of natural 

radionuclides in Becquerel’s per 1 kg of dry mass
C-mitosis	 metaphase
c/ha	 center/hectare
Ca++	 ion of calcium
CAT	 catalase
Cd	 cadmium is a chemical element with atomic number 48.
CDNB	 1-chloro-2,4-dinitrobenzene
CINAO	 Pryanishnikov All-Russian Scientific Research 

Institute of Agrochemistry
CL	 cardiolipin
Clab 	 labile part of total carbon
cm	 centimeter
CO	 carbon monoxide
Co	 cobalt
CO2	 carbon dioxide
Cr	 chromium, chrome
Cs	 cesium
Ctot	 total organic carbon
Cu	 copper
DAG	 diacylglycerol
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DNA	 deoxyribonucleic acid
Ea	 activation energy of ion transport
EAC	 eluvial accumulative coefficient
EC	 enzyme commission number
EDTA	 ethylenediaminetetraacetate
ETC	 electron transport chain
Fe	 iron
g/ha	 gram/hectare
GPx	 glutathione peroxidase
GR	 glutathione reductase
GSH	 reduced glutathione
GST	 glutathione-S-transferase
Н+	 hydrogen ion
HCl	 hydrogen chloride
Hg	 mercury, quicksilver
HM	 heavy metals
IARC	 International Agency for Research on Cancer
IChL	 inducible chemiluminescence
K	 potassium
K3Fe(CN)6	 potassium ferricyanide, potassium geksatsianoferriat, 

Gmelin salt, red blood salt
KCl	 potassium chloride
KH2PO4	 potassium dihydrogen phosphate
Km	 Michaelis (Michaelis-Menten) constant
LPC	 lysoforms of phospholipids
LPL	 lysophospholipids
LPO	 lipid peroxidation
LSD	 Least Significant Difference
lx–(lux)	 the SI unit of illuminance and luminous emittance, 

measuring luminous flux per unit area
MAC	 maximum allowable concentration
mg/kg	 milligram/kilogram
MI	 mitotic index
mm	 millimeter
MMCs	 melanomacrophage centers
Mn	 manganese
Mo	 molybdenum
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MPC	 maximum permissible concentration
N	 nitrogen
NADPH	 nicotinamide adenine dinucleotide phosphate
NADPH-GDH	 nicotinamide adenine dinucleotide phosphate-

glutamate dehydrogenase
NaOCl	 sodium hypochlorite
NaS2CN(C2H5)2	 sodium diethyldithiocarbamate
NaSO3	 sodium sulfite
NBT	 nitroblue tetrasolium
NEFA	 nonetherified fatty acids
NH4NO3	 ammonium nitrate
Ni	 nickel
Nis	 network information services
NLMK	 Novolipetsk metallurgical complex
NPK	 complex fertilizer: nitrogen-phosphorus-potassium
P	 phosphorus
PA	 phosphatidic acid
Pb	 lead
PC	 phosphatidylcholine
PE	 phosphatidylethanolamine
PER	 peroxidase
pHkcl	 the negative logarithm of the hydrogen ion in KCl extract
PI	 phosphatidylinositol
PL	 phospholipid and/or phospholipids
PM	 pathological mitoses
PMS	 phenazine methosulfate
PN	 persistent nucleoli
PS	 phosphatidylserine
r	 coefficient of pair correlation
ROS	 reactive oxygen species
rpm	 revolution per minute
SanReg	 Sanitary Regulations and Norms
SChL	 spontaneous hemiluminescence
SDH	 succinate dehydrogenase
Se	 selenium
SM	 sphingomyelin
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SOD	 superoxide dismutase
Sr	 strontium
STRAZ	 Software program
t/ha	 ton/hectare
TAG	 triacylglycerol
TBA	 tiobarbituric acid
TBA-RS	 TBA-reactive substances
TCA	 trichloroacetic acid
U.S. EPA	 United States Environmental Protection Agency
UFA	 unesterified fatty acids
Vmax	 maximum speed of penetration
Zn	 zinc
ΣEOPL/ΣPOPL	 ratio of the sums of the more easily to the more poorly 

oxidizable fractions of phospholipids
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The commonly known triad of global civilization development joins 
global historical processes into three consequent stages: traditional civili-
zation with traditional culture of unconscious use of the complex of natural 
resources; industrial civilization with conscious but merciless exploita-
tion of atmospheric, water, soil, mineral resources, as well as of flora and 
fauna; and information civilization of the “third wave,” when the exploita-
tion of natural resources, almost as merciless as before, is accompanied by 
the meaningful analysis of possible risky consequences of anthropogenic 
activity and by the resistance of civil society.

The stage of traditional civilization is rooted in the periods of Paleo-
lithic and Mesolithic ages (early and middle stone ages) with their low 
population density, nomadic and/or semi-nomadic life style, absence of 
mechanisms or any other tools of radical environment destruction, when 
the transition from barbarity to civilization indeed happened. Localities, 
disturbed by the relatively limited anthropogenic load, naturally restored 
themselves during few decades, sometimes during two or three centuries. 
Further developing of new territories by humans and their more effective 
use are known in the history under the name of “Neolithic revolution,” 
when plant cultivation started. Anthropogenic load on the environment 
increased with permanently accelerating rate, but it did not reach globally 
alarming proportions.

The stage of industrial civilization, which started since the end of 
XVIII century, promised to the humankind the overcoming of the depen-
dence on the forces of the nature and of the permanent threat of famine. 
During further centuries the massive introduction of science in indus-
trial production and agriculture took place, which led to the use of steam 
engine; creation of a series of engines (water and steam turbines, com-
bustion engine); development of railways and sea shipping; invention of 
radio, telegraph, telephone; creation of automobile and airplane; devel-
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xxii	 Preface

opment of electric energy. The technical progress evoked new branches 
of production, namely chemical, electrical industry, etc. Computing and 
industrial automation, creation of artificial materials, technology of use 
of atom properties originated from this period. Consequently destructive 
loads on the environment increased, and by the end of XXth century they 
began to acquire globally-threatening character. The understanding of 
risks of technogenic activity of humans by the public in developed coun-
tries radically differs from the aspirations of the population of developing 
countries, as well as from USSR and other states with totalitarian regimes, 
with their chronic deficit of food. The civil society of most of European 
countries considers the environmental pollution by industrial, in particu-
lar radioactive, waste, as well as the contravention of the status of nature 
reserves, disappearance of any biological species, from ethic point of view, 
mainly negatively, and it effectively oppose the government. However the 
majority of the population of developing countries approves the deforesta-
tion aimed to free the territory for “intensive” agriculture or for industrial 
or housing construction, because they relate it with their eternal aspirations 
to well-being.

The stage of information civilization of so-called “third wave” started 
in seventies of the last century, when technologically advanced sectors of 
the world community started the transition to the post-industrial economy. 
The economic activity in the agrarian sector is now, as well as always 
before, related with the production of sufficient amount of food. However, 
now the limited accessibility of natural resources, in particular of agri-
cultural land, becomes the limiting factor. In the industrial economy the 
economical activity is mainly aimed to produce goods. However, there the 
capital remains the main limiting factor, both for investments in the produc-
tion itself, as well as for ensuring the purchasing power of the population. 
As for information economy, economical activity there consists mainly 
in the objective analysis of situation, forecasting of development trends, 
preparing of reliable information and its application aimed to increase 
effectiveness of all other production forms and thus create more material 
economical activity. The inexhaustibility of information resources creates 
unique possibility to apply information for the service of the whole world. 
There are following limiting factors there: availability of knowledge in the 
world information space, professional level of information consumers and 
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the position of state, on which the possibilities of information exchange, as 
well the effectiveness of the use of obtained information depend.

With all the variety of views on the historical development of human-
kind, the considerable contribution of Soviet scientists in the world sci-
ence is recognized by all researchers independently on their political 
position. The question, which scientific achievements took place “due to” 
and which ones “in spite of” the totalitarian regime of this time, requires 
separate analysis.

Without going into details of commonly known achievements of the 
Soviet science, let’s notice that under conditions of totalitarian regime and 
strictly controlled mass media ecological consequences of ambitious plans 
of “nature transformation” under loud populist slogan «all for a person, all 
in the name of a person!» did not become a topic of basic research. More-
over, even ecological disasters, which happened, remained unknown to the 
population of the former USSR, as well as, in many cases, for the world 
public. The world knew about them only in the cases of pollutants emis-
sion out of the territory of the communist state, as, e.g., under the accident 
at Chernobyl nuclear power plant. As a result of the Chernobyl disaster, 
considerable pollution affected not only the Gomel and Mogilev regions 
of Belarus, Kiev and Zhitomir regions of Ukraine, Briansk region of Rus-
sia, but also a series of European countries. Samizdat (as underground 
publication of the literature forbidden in USSR was called) informed also 
about many pre-Chernobyl accidents with emissions of high amounts of 
radioactive substances, including accidents at Leningrad NPP (1975), 
Beloyarsk (1978, Sverdlovsk region), Armenian (1982, Medzamor), 
Zaporozhe (1984, Energodar town, Ukraine) and other nuclear power 
plants. Progressive Soviet scientists and writers warned about the ecologi-
cal impact of flooding of enormous territories due to the construction of 
hydro plants, of the pollution of agricultural lands by untreated wastes of 
giant industrial factories, and of the contamination of water resources by 
sewages of these factories including unique freshwater Russian Lake of 
Baikal. They informed about the danger of the transformation of the Aral 
Sea, which was sometime the fourth lake in the world by area, into a salted 
desert because of the use of the Amudaria and Syrdaria rivers, which dis-
embogue into it, for the irrigation of cotton and rice fields in the arid lands 
of Kazakhstan and Uzbekistan, as well as about many other consequences 
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xxiv	 Preface

of ignoring ecological safety issues in USSR. However, in those times the 
ignoring of ecological inspections requirements was always justified by 
“public interest” of accomplishing plans at any cost.

After all, an opportunity appeared to demand the owner of a private 
company provide the ecological safety without infringement of the public 
interest, to force him to invest in the construction treatment plants of in 
order to protect atmospheric, water, soil resources, as well as flora and 
fauna. Indeed, these resources condition the well-being of mankind and 
finally the survival of the Homo sapiens species itself.

The ecological expertise and the forecasting of industrial activities 
impacts on the environment are performed for the projects related with 
the creation of new enterprises, as well as with the reconstruction of exist-
ing ones. However, the owners of ecologically dangerous enterprises, the 
same as in former times directors of Soviet plants and factories, continue 
to ignore any ecological measures, which require investments. The real 
brake of environment protecting measures, which was masked in the 
Soviet period by the “public interest”, now developed even more under 
the patronage of corrupted officials from one side and because of enor-
mous possibilities for the owner from other side. The last one can “buy” 
the approval of an official by spending only a small part of excess profit 
that he gets. Attempts of blocking of environmentally hazardous enter-
prises, attempted by social activists, are often stopped by law enforcement 
authorities and even—often are punished by corrupted courts.

In connection with the above, theoretical and applied studies performed 
by Russian specialists and their colleagues from some other post-Soviet 
countries concerning the questions of occurrence, distribution, ecological 
risk assessment and behavior of heavy metals and other pollutants in the 
system soil-plant-human, as well as results of the environment monitor-
ing, represent considerable interest not only to scientists in biology, ecol-
ogy and agriculture, but also for businessmen searching for objects for 
investment in the industrial or agrarian sectors of economy in the post-
Soviet space.

—Anatoly I. Opalko
Larissa I. Weisfeld
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The proposed book Heavy Metal Pollutants and Other Pollutants in the 
Environment: Biological Aspects is dedicated to the questions of occur-
rence and behavior of heavy metals in the complex system soil–plant–ani-
mal–human.

“Heavy metals” is the most widely recognized term for the large group 
of chemical elements with an atomic density above 6 g/cm3. They are 
often called “trace elements” because their concentrations in the parent 
rocks of the earth’s crust are less than 100 mg/kg. All heavy metals are 
toxic for living organisms when present in excess, but some of them are 
essential for the normal growth in small concentrations. So sometimes 
they are referred as “potentially toxic elements.” Heavy metals could be 
important constituents of living organisms and many nonliving substances 
in the environment.

Heavy metals represent one of the most widespread type of pollutants. 
The problems connected with their negative influence on living systems 
and, in particular, on the person, have arisen with the beginning of tech-
nical revolution though till 1950–1960 their scales were not realized by 
the public. For example, in the USA the Federal law on a state policy in 
the field of environment has been accepted in 1970. With acceptance of 
similar laws an ecological situation has changed sharply for the better; 
reduction of impurity of biosphere by heavy metals has begun on a global 
scale. Reduction of aerial emissions from stationary sources and means of 
transportation has occurred by especially high rates.

However, in many countries of the world there were the places strongly 
polluted as a result of the previous human activity. So, the large amounts of 
metal pollutants has got to soils of the Western Europe from second half of 
XIX century; for example, in France by 1996 some hundreds places have 
been revealed strongly polluted by heavy metals. Such soils, for many 
years incorporated considerable amounts of pollutants, demand studying 
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and land improvement. It concerns both Russia and other countries of the 
former Soviet Union.

Modern and most active pollution of soils goes by a hydrogenous way, 
especially in agriculture sphere. For example, if by means of the filters 
established at the enterprises, it is possible to detain up to 95% of aerial 
pollutants than sewage are cleared much worse—three quarters of them is 
not cleared completely. Thus impure sewage is widely used for irrigation 
in the droughty countries, one of which is China.

One more serious source of heavy metals is sediment of sewage of city 
water drains. Sediments of sewage are considered perspective for fertilizer 
of agricultural and wood soils as sources of organic substance, phosphorus 
and nitrogen.

It is important to realize that the soil is both a sink of metal and also its 
natural source. Studies of heavy metals content within whole ecosystems 
have indicated that many areas contain anomalously high concentrations 
of these elements. The factors controlling total content of heavy metals 
and their bioavailability in soils are of great importance for estimation of 
its damage level both for human toxicology and agricultural productiv-
ity. By acting as a sink for metal the soil own to properties of its some 
compounds (like organic matter) also functions as a filter protecting the 
vegetation from inputs of potentially harmful metals.

It is important to emphasis that in many part of the world agricultural 
production is limited by deficiencies of such “essential” heavy metals as 
Zn, Cu, Mn, and Co. Iodine, boron and iron are also important deficit 
micronutrients but are not defined as heavy metals. Their absence limits 
growth of microorganisms, plants and animals. Human health has been 
seriously affected by deficiencies of these heavy metal micronutrients. So, 
it is desirable to measure and control concentrations of these elements in 
the environment.

This book, Heavy Metal Pollutants and Other Pollutants in the Envi-
ronment: Biological Aspects, covers the important results in research of 
heavy metals in soils, microorganisms, plants, and foodstuff.

Special efforts were made to invite experts to contribute chapters in 
their own areas of expertise. Since the discussed area is very broad, no one 
can claim to be an expert in all discussed questions; collective contribu-
tions in solving of this problem are better than a single author’s presenta-
tion for a book.

xxvi	 Introduction
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In Part 1 (Heavy Metals in Soils: The Factors Influencing Their Accu-
mulations in Plants) the data showing distribution of heavy metals in soils 
and parent rocks of natural and farmlands is cited, and also the factors 
influencing their bioavailability, such as the content of organic matter, 
soil acidity, entering of mineral fertilizers and sewage are considered. 
Researchers from the North-East Agricultural Research Institute (Kirov, 
Russia) have shown that in the north of the European Russia background 
levels of the heavy metals content do not exceed level of maximum allow-
able concentration, but are above level world clark. This data testifies to 
the raised regional geochemical background of these elements. Statisti-
cally significant seasonal variability of the content of mobile forms of 
these elements in 1.5–10 times is shown by the same authors. The system 
of organic matter of arable soil is unstable and is more dynamical, than in 
soils of forest biocenoses. The minimal values are characteristic to begin-
ning of a growing season, and maximum for its second half.

Authors from Mari State University (Yoshkar-Ola, Russia) present the 
data about pollution by heavy metals of soils of the urbanized territories, 
its influence on assimilation apparatus of wood plants and specify in the 
important role of root systems as barriers on uptake of soil pollutants by 
aboveground parts of plants. In many countries of the world considerable 
attention have received heavy metals in sewage sludge and agricultural 
fertilizers both mineral and organic.

Scientists from the All-Russia Institute of Agrochemistry (Moscow, 
Russia) on the basis of the long-term researches recommend to observe 
regulations of sewage application under agricultural crops including doses 
and periodicity of entering into soil in order to avoid contamination of 
environment and agricultural production with heavy metals containing in 
many kinds of sediments.

The cleaning of soil from oil contamination is nowadays a global 
problem. The application of chemical substances for the neutralization of 
hydrocarbons brought more harm than good. Hydrocarbons disturb gas 
exchange, air temperature, kill living organisms, disturb ecology not only 
in the soil, but also in surrounding atmosphere. The article wrote by sci-
entists from Gorsky State Agrarian University (Vladikavkaz, Republic 
of North Ossetia – Alania) and N.M. Emanuel Institute of Biochemical 
Chemistry (Moscow, Russia) presents an overview of the current state of 
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pollution and attempts of soil restoration, avoidance of chemicals applica-
tion, and soil environment enrichment by biological methods using plants, 
biological preparations, and mineral fossils. The concrete experiment of 
living systems application is presented.

Influence of soil heavy metals on growth and development of wild-
growing plants is shown in Part 2 (Impact of Heavy Metals on Vegetation). 
Researchers of Gorsky State Agrarian University and the North Ossetia 
State University (Vladikavkaz) for definition of toxicity of soils carried 
out an estimation of level of their pollution by means of the plants-indi-
cators possessing ability to absorb heavy metals. They show intensity of 
accumulation of heavy metals by different species and varieties of plants 
during growing season. Scientists have found out that level of accumula-
tion of heavy metals in plants of legume grasses is specific not only to 
species, but also varieties. Depending on degree of accumulation of lead, 
cadmium, copper, zinc, and nickel in different phases of development of 
the plants, the conclusion is made about toxicity of soils and actions are 
planned for its decrease.

On the basis of long-term research researchers of the North-East Agri-
cultural Research Institute and All-Russian Institute of Game and Fur 
Farming (Kirov, Russia) have noted a considerable divergence between 
standard and observed confinedness of species of wild-growing plants to 
soils with various acidity levels and the content of heavy metals. Authors 
explain this fact by a poor studying of species biology on all extent of their 
areal. Their data is also according to conclusions of authors from Vladi-
kaukaz about essential distinction in specific accumulation of toxicants, 
adding them with indications on threshold levels of the content of various 
metals in soil. At the same time grain crops (oats and barley) feel toxic 
effect of heavy metals only at their concentration considerably exceeding 
level of maximum allowable concentration.

Authors from the Botanical garden of the Voronezh State University 
(Voronezh, Russia) have presented results of cytologic studying of wood 
plants from the areas pure and polluted by heavy metals. Results of cyto-
logical study show genome instability of Betula pendula and Rhododen-
dron ledebourii seed progeny, collected in the ecologically polluted areas. 
Cytogenetic responses of indigenous and introduced species are similar in 
nature, which is shown as the increase of mitotic index due to the increase 
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of the proportion of cells at prophase, the presence of cells with mitotic 
pathologies and similar disturbances of mitosis.

In Kola Scientific Centre of the Russian Academy of Sciences (Apatity, 
Russia) the comparative characteristic of effects of interaction of some 
heavy metals (Pb, As, Hg, Cd, Ni, Cr, and V) with cellular structures is 
reported. Ions of heavy metals may induce some mutations in living organ-
isms. It is noticed that the more widely is the spectrum of the infringements 
caused by action of metal at cellular level, the more plural character has 
pathology on organism level, that is the original projection of microlevel 
on macrolevel and on the contrary takes place. Therefore width of a spec-
trum of infringements at one level of the organization makes it possible to 
judge infringements at other level of the organization. These phenomena 
support toxic and carcinogenic activity of metals, which could take the 
role of initiators, as well as promoters of carcinogenesis.

Especially interesting are investigations on influence of various heavy 
metals on soil microorganism activity. Part 3 (Effects of Different Pol-
lutants on Algae, Fungi, and Soil Microorganisms) of the offered book 
is devoted disclosing of these questions. Researchers from Ternopоl 
National Pedagogical University (Ternopol, Ukraine) and National Medi-
cal University (Kiev, Ukraine) have shown that accumulation of ions of 
Mn2+, Zn2+, Cu2+ and Pb2+ by the cells of Chlorella vulgaris Beij is fluctuat-
ing and is determined by the concentration of ions in the environment and 
duration of its action on the cells. There are four stages: the stage of pro-
tective self-isolation of cells as a result of the primary stress response; the 
stage of the active accumulation as a result of decrease in resistance and 
destruction of outer membrane; the stage of inhibition of the accumulation 
as a result of formation of the secondary concentric membrane; the stage 
of uncontrolled accumulation as a result of destruction of the secondary 
concentric membrane. The process of a concentric double membrane sys-
tem formation is universal and does not depend on the nature of the toxi-
cant (biogenic Mn2+, Zn2+ and Cu2+, toxic Pb2+).

In work with algae Chlorella spent by authors from Ternopоl National 
Pedagogical University (Ternopol, Ukraine) it is shown that increased 
content of selenium and zinc in Chlorella cells by adding them as selenite 
10.0 mg/dm3 and zinc ions 5.0 mg/dm3 within 7 days modified cell metab-
olism through activation of photosynthetic systems, adaptive adjustment 
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of energy metabolism, and antioxidant protection that increased physi-
ological and biochemical status of cells with simultaneous accumulation 
of selenium and zinc in macromolecules, mostly in lipids.

Scientists from Institute of Microbiology, National Academy of Sci-
ences (Minsk, Belarus) present results of researches on the selection of 
Rhizobium galegae strains resistant against disinfectants, herbicides, and 
oil pollution. Their mutant forms keeping symbiotic properties at joint 
application with disinfectants, herbicides and providing effective symbio-
sis with a host plant under extreme conditions are selected.

Biosorption of hexavalent heavy metals (chromium and uranium) 
by using such types of microorganisms as bacteria, algae, and fungi is 
reviewed in study of Moldavian and Russian microbiologists (Institute of 
Chemistry, Chisinau, Republic of Moldova, Institute of Physical Chemis-
try and Electrochemistry, Moscow, Russia and Winogradsky Institute of 
Microbiology, Moscow, Russia). Authors show that microorganisms are an 
efficient and potential class of bio-sorbents for the removal of hexavalent 
chromium and uranium from industrial wastewater. The microorganisms 
contain a variety of functional groups responsible for metal adsorption, 
which allows producing cheap and effective bio-sorbents for large-scale 
application.

At last in Part 4 (Risks of Environment Pollution by Heavy Metals for 
Animals and Possibility of Foodstuff Protection From Pollutants) there are 
two research papers deal with effect of heavy metals on higher organisms 
– fish and animals. In mutual research of scientists from Komi Scientific 
Centre (Syktyvkar, Russia) and N.M. Emanuel Institute of Biochemical 
Chemistry (Moscow, Russia) comparative analysis of the early and long-
term biological consequences under the low-intensity γ-radiation action 
at low dose and combined action of γ-radiation and lead nitrate at dif-
ferent concentrations was performed by using of the morpho-physiolog-
ical parameters and the separate indices of the lipid peroxidation in the 
functionally distinct tissues of mice. They found that the direction and 
scale of changes of studied parameters in studied tissue or organ differ 
significantly. Such changes have complex nonlinear character, depending 
on dose and time duration after the radiation action.

In second article reactions of sea fishes’ liver to environment pollu-
tion was studied by biologists from A.O. Kovalevsky Institute of Marine 
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Biological Research (Sevastopol, Russia) and Institute of Biology of Taras 
Shevchenko National University (Kyiv, Ukraine). They found out that 
influence of anthropogenic pollution of environment on fishes is shown in 
development of histopathological deviations and oxidizing stress. These 
damages promote strengthening of activity of immune and anti-oxidation 
protective systems. The same reactions underlie organism adaptations to 
unfavorable living conditions and can serve as informative indicators for 
working out of monitoring programs.

The authors hope that this book, Heavy Metal Pollutants and Other 
Pollutants in the Environment: Biological Aspects, is to be used as a refer-
ence book for the environmental professional. Professors, students, and 
researchers in environmental, chemical, and public health and science will 
find valuable educational materials here.

Eugene M. Lisitsyn, DSc,
Assistant Professor at the N.V. Rudnitsky North-East  

Agricultural Research Institute,
Russian Academy of Sciences (Kirov, Russia),

as well as Professor of Cathedra of Ecology and Zoology
at Vyatka State Agricultural Academy

(Kirov, Russia)
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PART I

HEAVY METALS IN SOILS: 
THE FACTORS INFLUENCING THEIR 

ACCUMULATIONS IN PLANTS

A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



CHAPTER 1

HEAVY METALS IN SOILS AND 
PARENT ROCKS OF NATURAL LANDS 
IN NORTH-EAST OF EUROPEAN 
RUSSIA

LYUDMILA N. SHIKHOVA

Vyatka State Agricultural Academy, 133 Oktyabrsky Prospect, Kirov, 
610017, Russia, E-mail: shikhova-l@mail.ru

CONTENTS

Abstract...................................................................................................... 3
1.1  Introduction....................................................................................... 4
1.2  Materials and Methodology.............................................................. 5
1.3  Results and Discussion..................................................................... 6
1.4  Conclusions..................................................................................... 26
Keywords................................................................................................. 27
References................................................................................................ 27

ABSTRACT

The data on the content and profile distribution of total and mobile forms 
of heavy metals (HM) (Mn, Fe, Cu, and Ni) in the basic types of soils 
and parent rocks of the Kirov region is presented in the article. It is estab-
lished that background levels of content of the elements do not exceed 
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4	 Heavy Metals and Other Pollutants in the Environment Biological Aspects

their critical volume; however as a whole they are some above than in 
soils of the central and western regions of Russia. Profile distribution of 
total forms of HM conforms to well-known laws. Distribution of mobile 
forms of HM has no accurate regularity.

1.1  INTRODUCTION

Heavy metals – widespread components of emissions of many enterprises 
of different industries and transport concern to the most dangerous pollut-
ants of atmospheric air, soil, waters, vegetation, and further – animals and 
human. The Kirov region is included into first ten subjects of the Russian 
Federation on a ratio of agricultural areas with excess of maximum allow-
able concentration on heavy metals [1]. Existing researches on problem 
of HM in soils of the Kirov region do not give complete representation 
about the contents and features of distribution of some chemical elements. 
Frequently they are received by different methods. Therefore, researches 
on the given theme are extremely relevant.

The important problem at realization of monitoring of soils pollu-
tion by heavy metals is definition of criterion of comparison of pollu-
tion degree. As a rule, soil pollution by that or other element is judged 
by comparing its content to value of maximum allowable concentra-
tion (MAC). However, it is not always justified. Geochemical and geo-
morphological features of soils of exact regions lead to situation when 
background concentration of some elements in soils and plants of these 
regions exceed MAC values [2]. Besides, at studying of their pollution 
by heavy metals there is a question on values of the MAC itself. In 
references and statutory acts rather essential differences in values of 
MAC for many elements take place [3, 4]. Biogeochemical features of 
territories impose sometimes restrictions on use of this indicator, and 
existing norms of MAC consider not all the factors influencing behav-
ior of HM.

Determination of MAC for mobile forms of elements is even more 
difficult. Comparing of obtained data on them is very difficult because of 
use of different methods of extraction and estimation of mobile fractions 
of HM by different researchers. But the content of mobile fractions of 
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Heavy Metals in Soils and Parent Rocks of Natural Lands 	 5

HM can give the first information on the beginning of negative processes 
in soil. We agree with opinion of some researchers that in this situation 
regional background concentration of HM, especially of their mobile 
forms, can represent itself as criterion of comparison [5–7].

Therefore, a main aim of the given work was definition of levels of 
background content of HM in soils and parent rocks of the Kirov region.

1.2  MATERIALS AND METHODOLOGY

The Kirov region is in a northeast part of the European Russia and borders 
on PredUral. The basic part of its territory belongs to South taiga subband 
of a taiga zone. The most northern part concerns a subband of middle taiga, 
and a southern part – to a zone of mixed coniferous-broad-leafed forest.

The most widespread soils in region – podzolic, sod-podzolic, 
gray wood and alluvial soddy soils, basically of heavy granulomet-
ric composition [8] were investigated. Soil samples were selected in 
background territories. The territories removed from the nearest large 
settlements and asphalted roads not less than on 3–5 km were con-
sidered as background. The great part of samples is selected from top 
organogenic horizons. For the characteristic of the profile content and 
distribution of heavy metals soil samples were selected from soil pro-
files by genetic horizons to 70–150 cm depth. Estimation of soil fea-
tures was conducted with widespread methodic: exchangeable acidity 
– after Sokolov, pHKCl – potentiometrically, content of organic carbon 
– after Tjurin [9].

Description of soil horizons see Appendices in article Lyudmila N. Shi-
khova, Olga A. Zubkova, and Eugene M. Lisitsyn “Dynamics of Organic 
Matter Content in Sod-Podzolic Soils Differ in Degree of Cultivation” in 
this book.

Definition of total content of HM in soils is spent in small number of 
samples. Mobile fractions of HM defined in acetic-ammonia buffer solu-
tion, рН 4.8. Content of HM was estimated after corresponding processing 
by a method of atomic-absorption spectrophotometry [10, 11].

Statistical data processing is spent on personal computer with use of 
software package “STATGRAPHICS Plus for Windows 5.1.”
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6	 Heavy Metals and Other Pollutants in the Environment Biological Aspects

1.3  RESULTS AND DISCUSSION

1.3.1  LEAD (PB)

Lead content in lithosphere is about 16 mg/kg of soil. Lead is concentrated 
in acid magmatic rocks and clay deposits where its concentration fluctu-
ates within 10–40 mg/kg [12].

In blanket loams from different areas of the Kirov region the amount 
of total Pb varies from 5.0 to 43.0 mg/kg with average level equal to 25.9 
mg/kg (Table 1.1). Eluvium-deluvium of Perm deposits has the least con-
tent of total lead (in Kotelnitch and Orlov districts of Kirov region – 7.8 
and 9.0 mg/kg, accordingly) as well as light granulometric mother rocks. 
Mobile forms of Pb are predominant in loamy soils (0.45–3.16 mg/kg) 
then in sandy soils (0.45–2.22 mg/kg). As a whole, levels of content of 
total and mobile Pb in basic mother rocks of the region can be character-
ized as moderate lying within the limits of concentration characteristic for 
sedimentary rocks.

The lead content in soils is inherited from mother rocks. Concentration 
of Pb in top horizons of different types of soil varied within 3–189 mg/kg. 

TABLE 1.1  Content of Some Heavy Metals in Basic Mother Rocks of Kirov Region  
(mg/kg)

Soils
Pb Cd Zn Cr
Total Mobile Total Mobile Total Mobile Total Mobile 

Blanket loams 25.9 1.49 0.92 0.12 55.0 1.70 140.6 1.59
Eluvia-delu-
vium of Perm 
deposits

8.4 7.1 — 2.4 — 1.0 — 1.8

Eluvia-
deluvium of 
Cretaceous 
deposits

— 0.84 — 0.15 — 3.50 — 0.95

Fluvio-glacial 
and old-elu-
vium deposits 

2.66 1.04 — 0.11 15.7 2.64 6.7 0.86

Modern eluvia 
deposits

— 1.15 — 0.20 — 3.13 — 0.78

Note: “-” total content of element is not determined
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Heavy Metals in Soils and Parent Rocks of Natural Lands 	 7

Average values on types of soil make 32 mg/kg. On a global scale average 
concentration of Pb in topsoil is estimated in 25 mg/kg [12]. In soils of 
Russian Plain the background content of an element varied from 2.6 to 43 
mg/kg [13]. Content of total lead in investigated soils of Kirov region is 
close to that values (Table 1.2).

Arable horizons of loamy agricultural soil content about 26–30 mg/
kg of lead. In literature [14] there are some lower values: regional natural 
background of Pb content was 12.0 mg/kg and in arable soils – 14 mg/kg. 
This clash of opinions is explained with the fact that we paid much atten-
tion to soils of heavy granulometric content. In top part of soil profile there 
is biogenic accumulation of Pb. Sometimes in eluvial horizons content of 
the element is higher. Such a character of profile distribution of Pb is noted 
by other investigators [15–20].

Mobile forms of Pb consists only little part of total content of an ele-
ment. The greater part of lead complexes has low or very low solubility. 
But in acid soils essential part of Pb (II) up to 10–70% exists in exchange-
able state basically as organic-mineral complexes [21].

On data of [22] acetic-ammonia solution with pH 4.8 extracts only 
little amounts of Pb from background sod-podzolic soils – about 5–7% 
of total Pb. In our investigations ratio of mobile Pb in total lead content 
varied in high degree. In top humгы-accumulated part of soil profile it is 
the greatest (4–23%) as well as in lowest horizons adjoining to mother 
rocks (12–22%).

In horizons of forest ground litter on podzolic and sod-podzolic soils of 
Kirov region content of mobile Pb is about 1 mg/kg (Table 1.3).

Ground litters of loamy soils content significantly more lead than 
ground litters of sandy-loam soils. There is not any regularity in distribu-
tion of lead on profile of forest soils because in acid and strong acid media 
Pb migrates actively within soil profile and could be transferred beyond its 
bounds as chelate composition.

Maximum of Pb content within soil profile is not always noted in 
organogenic horizons. Eluvial accumulative coefficient (EAC) in ground 
litter horizon varies from 0.2 till 13.4. Loamy forest soils content signifi-
cantly more mobile forms of lead than sandy-loam soils.

Content of mobile forms of lead in humus horizons of arable and 
meadow sod-podzolic soils are not differ significantly and consists on 
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Heavy Metals in Soils and Parent Rocks of Natural Lands 	 9

TABLE 1.3  Content of Mobile Forms of Heavy Metals (mg/kg) in Organogenic Soil 
Horizons in Kirov Region of Russia

Types of soils Pb Cd Zn Cr
Ground litters of 
forest podzolic and 
sod-podzolic soils

Sandy-loam 
soils

0.87±0.07 0.15±0.02 3.53±0.20 1.26±0.10

Loamy soils 1.22±0.16 0.09±0.01 4.78±0.37 1.57±0.29
Sod-podzolic soils Arable soils 2.04±0.16 0.11±0.02 3.36±0.24 3.12±0.49

Meadows, 
fallows

1.67±0.34 0.14±0.02 3.79±0.45 1.42±0.21

Gray forest soils 1,56±0,18 0.10±0.01 2.82±0.25 2.69±0.53
Eluvia-sod soils Sod hori-

zons
1.52±0.23 0.15±0.03 4.50±0.41 0.95±0.21

Humus 
horizons

0.96±0.18 0.18±0.05 3.87±0.30 1.49±0.25

average 1.95±0.14 mg/kg (see Table 1.3). Profile distribution of an element 
in arable and meadow soils has weakly expressed biogenic-accumulating 
character. In some cases top part of soil profiles is depleted in mobile lead 
in compare with lower horizons. In mother rock increasing of content of 
mobile forms of Pb is expressed more clearly. Minimum content of Pb is 
noted in eluvium horizons.

Content of Pb and regularity of its profile distribution in gray forest 
soils is the same as in sod-podzolic soils. But humus horizons of gray 
forest soils content significantly less mobile Pb – 1.56±0.18 mg/kg (see 
Table 1.3).

Eluvia-sod soils had less mobile Pb than sod-podzolic and gray forest 
soils – 1.16±0.15 mg/kg on average. Its maximum content is characteristic 
for top part of soil profiles. In lower sandy deposits content of mobile Pb 
is minimum. In such soils EAC for lead is higher than 1 as a rule.

1.3.2  CADMIUM (CD)

Average concentration of cadmium in lithosphere varies about 0.10 mg/
kg; in sedimentary rocks – about 0.30 mg/kg [12, 23].
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10	 Heavy Metals and Other Pollutants in the Environment Biological Aspects

Content of total cadmium in mother rocks of Kirov region is some 
higher than world clark of the element and it’s known concentrations in 
sedimentary rocks (see Table 1.1). In investigated samples of loamy rocks 
variability of a concentration of the element is 0.71–1.09 mg/kg.

Content of mobile Cd in mother rocks is little and loamy rocks are 
differing insignificantly from sandy rocks. The highest concentrations of 
mobile Cd are noted in alluvia sediments.

Content of Cd in soil are determined by soil type in great degree. More 
often limits of variability of total Cd content in un-pollinated soils are 
about 0.01–0.70 mg/kg; in podzolic and sod-podzolic soils – 0.70–2.31 
mg/kg; in gray forest soils – 0.65 mg/kg [15, 24]. Concentration of the 
metal in humus horizon of sod-podzolic loamy soils of European Russia 
is near 0.14 mg/kg [23].

Content of total cadmium in soils of investigated territory of Euro-
pean North-East is near its content in soils of neighbor regions but some 
higher than in Russia as a whole (see Table 1.2). In different horizons of 
sod-podzolic and podzolic loamy soils cadmium content varies from 0.66 
till 1.11 mg/kg. Distribution of total Cd within soil profile has biogenic-
accumulating character as a rule [18–20]. However, biogenic accumula-
tion of total Cd in investigated soil profiles is noted not always or weakly 
expressed; some authors explain that fact by significantly migration of Cd 
downstream along profile in soils of humid landscapes [12]. Content of 
total Cd as well as its mobile forms is lowering with depth [5, 25]. So it is 
eluvial-illuvial re-distribution of total Cd in soil profiles.

It is known that high concentration of organic matter of humate compo-
sition, silty fractions, hydroxides of iron and aluminum, neutral or alkaline 
pH of medium promote fixing and accumulating of Cd in soil in slow-
moving state. Perhaps complexes of secondary minerals with organic mat-
ter and hydroxides of Fe and Al play important role in Cd accumulation 
[26]. Cd has highest mobility and availability to plants in acid soils with 
low pH level, low base exchange capacity, fulvatic type of humus, and 
flushing water regime [18, 27]. In acid soils Cd forms soluble organic-
mineral complexes with organic matter and so is highly mobile [12, 28].

In different horizons of soils of Kirov region content of mobile cad-
mium varies from 0.01 till 0.30 mg/kg. The highest one is in accumulat-
ing-eluvial part of soil profile and in mother rock. The lowest content was 
in illuvial horizons.
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Heavy Metals in Soils and Parent Rocks of Natural Lands 	 11

As a rule ratio of mobile Cd in total Cd content is not more than 10% 
[19, 22]. In our case it varies in wide limits. Its maximum is character-
istic for upper part of profile (from 10 up to 40%) that is linked with 
existence of organic matter of fulvatic type. In illuvial part of profile 
ratio of mobile cadmium decreased to 1–11%, and increased again near 
mother rock.

Content of mobile Cd in organogenic horizons of investigated podzolic 
and sod-podzolic soils is very little (see Table 1.3). Forest ground litters of 
sandy soils content significantly higher amounts of mobile Cd than loamy 
soils. Heightened content of the element is noted in lowest accumulat-
ing-eluvial and eluvial horizons. As a rule the highest amounts of EAC 
in upper horizons are characteristic for loamy soils. In illuvial horizons 
increasing in content of mobile fractions of Cd is not noted.

Sod-podzolic soils of the region have lowest content of mobile cad-
mium (see Table 1.3). Its content in humus horizons of meadow and 
fallows soils is some higher than in arable soils. Similar lower content 
of mobile Cd in plow horizons of sod-podzolic soils (0.09–0.28 mg/kg) 
was noted earlier by other researchers [29, 30]. The lowest content of 
mobile Cd had plow horizons of soils in eastern and north-eastern dis-
tricts of the region (Afanasevo, Zuevka, and Falenki districts) – 0.05–
0.07 mg/kg that is explained by heavy granulometric soil composition 
and higher content of sesquialteral oxides in mother rocks that decrease 
Cd mobility.

Maximum concentration of mobile Cd in arable soils is in eluvial 
horizons (EAC is about 4–6 units), and illuvial part of soil profile has 
minimum content of the element almost always. In meadow soils humus 
horizons have maximum mobile Cd, but illuvial horizons – minimum one.

In humus horizons of gray forest soils Cd content does not differ from 
sod-podzolic soils (see Table 1.3). Profile distribution of the element and 
EAC values are similar to that in sod-podzolic soils too.

The highest content of mobile Cd is characteristic to sod and humus 
horizons of floodplain soils (see Table 1.3). In middle part of its profiles 
content of the element is decreased but increased again near mother rock – 
alluvial deposits. In rare cases it is noted increasing of mobile Cd content 
in illuvial horizons.
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12	 Heavy Metals and Other Pollutants in the Environment Biological Aspects

1.3.3  ZINC (ZN)

Average clark of Zn in lithosphere is about 50 mg/kg. According to our 
data content of total Zn in loamy mother rocks of Kirov region varies 
from 43 to 68 mg/kg (see Table 1.1). These levels are close to data [29] 
for sedimentary rocks. The highest content of total zinc among the inves-
tigated rocks is characteristic for surface loamy soils of Murashi, Afana-
sevo, and Falenki districts of Kirov region (59.2; 56.9; and 67.9 mg/kg, 
respectively).

High content of total Zn is not mean high content of mobile forms of 
the element. Correlation coefficient between content of total and mobile 
forms of the element in loamy mother rocks is insignificant (r = 0.16). 
These rocks have only little amount of mobile Zn.

Water-glacial and ancient-alluvial sediments have the lowest content 
of total Zn [31]. However, they have some time more mobile forms of the 
element than loamy sediments. Perhaps this fact is linked with minimum 
content of silty fractions and of organic matter, which are basic absorbent 
of zinc [12]. Considerable amount of mobile zinc is noted in modern allu-
vial deposits.

Arable soils of Russia content near 34.4 mg/kg of total Zn as a whole. 
In central regions of Non-Chernozem Zone of Russia content of mobile Zn 
reaches 1.6 mg/kg [32].

Total zinc content in sod-podzolic soils of Kirov region may be char-
acterized as heightened (see Table 1.2). Its content within investigated soil 
profiles is not less than 40 mg/kg according to soil horizon. Zn is sharply 
expressed element of soil biogenesis. Its biogenic accumulation in upper 
parts of soil profile is very characteristic as well as its depletion in pod-
zolized horizons. Second significant maximum of its content is noted in 
illuvial parts of profiles.

Mobile zinc consists 0.24–9.46% of total Zn content in investigated 
sod-podzolic soils of Kirov region (see Table 1.2). Ratio of mobile Zn may 
increases with soil depth as well as decreases. There is not any regularity 
in change of ratio of mobile zinc within soil profile.

Analysis of content of mobile Zn within some types and sub-types of 
soil has shown that degree of leaching or podzolizing of soil has significant 
effect on mobility of the element. Amount of mobile zinc in sod-podzolic 
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and gray forest soils is increased naturally in accordance with increasing 
of their degree of podzolizing; in sod-carbonate soils – with increasing of 
their leaching degree [31]. There are some evidences about increasing of 
Zn mobility in over-moistened soils [33]. Mineral colloids and organic 
matter especially complex compounds play important role in migration or 
fixing of zinc in soils.

Zinc is biophyle element; its maximum content is in upper soil hori-
zons. However, content of mobile zinc in organogenic horizons of most 
spread soils of Kirov region is rather low (see Table 1.3). Forest ground 
litters have only 3.93±0.19 mg/kg of mobile zinc; ground litters of loamy 
forest soils have significantly more Zn than sandy soils that is linked with 
originally high content of Zn in their mother rocks. Distribution of mobile 
zinc within profiles of forest soils has accumulating character as a rule. 
Zn has highest EAC values among all investigated elements but seasonal 
dynamics of Zn content may disturbs this regularity. Eluvial horizons of 
podzolic soils are depleted with Zn.

Organogenic horizons of arable and meadow soils have significantly 
more mobile zinc than forest ground litters (see Table 1.3). Soil of east-
ern, north-eastern, and southern districts of Kirov region have insignifi-
cantly more mobile zinc. There is biogenic accumulation of the element in 
upper horizons that is testified with high values of EAC. Eluvial-illuvial 
re-distribution is noted not always because of significant seasonal dynam-
ics and periodical anthropogenic influence on arable soils. Total regularity 
of profile distribution of zinc in meadows and arable soils is the same as 
in forest soils.

Content of mobile Zn in humus horizons of gray forest soils is lower 
than in sod-podzolic soils. Profile distribution of the element has also bio-
genic-accumulating character; depletion of podzolic horizons with zinc 
is not noted. EAC values in humus horizons of gray forest soils is higher 
than 1.

Floodplain soils have high content of mobile zinc not only in organo-
genic horizons but in whole soil profile (see Table 1.3). But its distribution 
within profile has not any regularity. EAC values in humus horizons vary 
within wide limits.

Basic soils of Kirov region have low Zn content especially of mobile 
compounds as a whole.
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14	 Heavy Metals and Other Pollutants in the Environment Biological Aspects

1.3.4  CHROMIUM (CR)

Clarke of chromium in Earth crust is about 83–100 mg/kg. Soils have 
near 20 mg/kg of the element in average. Chromium content in mother 
rocks of investigated region of Russia lays within limits characteristic for 
sedimentary rocks (see Table 1.1). Content of total form of the element in 
loamy deposits varies from 102 to 166 mg/kg. Water-glacial deposits (in 
Orichi district of Kirov region) contain 6.7 mg/kg Cr. Highest amount of 
total chromium is noted for surface loamy soils in Afanasevo, Falenki, and 
Zuevka districts of Kirov region. This fact may be connected with their 
participation in forming of Perm rocks as well as glacial deposits brought 
from Ural Mountains. Glacial deposits formed at the expense of mother 
rocks of different regions keep geochemical specificity of original terri-
tory after transition into Kirov region. Material brought into Russian Plain 
from Ural Mountains has some higher concentration of Cr in compare 
with soils brought from Baltic Shield [34].

There is a little mobile form of Cr in loamy soils: its amount varies 
from 0.56 to 4.8 mg/kg, i.e., about 0.5–3 5 of total Cr content. Light soil-
forming rocks contain significantly lower amount of mobile Cr than soils 
of heavy granulometric composition. There is not significant correlation 
between content of total and mobile forms of the element. Heightened 
amount of mobile chromium is estimated in mother rocks of Afanasevo 
and Malmyzh districts that may be explained by the same reasons as for 
total Cr. Concentration of mobile Cr in alluvial deposits of floodplain soils 
does not differ from other types of soil.

Most part of chromium is in form Cr3+; its compounds in soils are con-
sidered highly stable. But form Cr6+ is highly unstable and mobilized easy 
in acid as well as alkali soil. Behavior of Cr is determined by soil pH and 
redox potential. It is known that concentration of Cr in soil is depended 
from its content in mother rocks [12]. However, variability of concentra-
tion of the element in arable and eluvial horizons is governed with soil-
forming processes [35]. Cr content in soils is depended first of all with 
granulometric composition, mineralogical composition, and degree of 
humification. It increases at heightened of content of humus and silty frac-
tion. Cr concentration has positive correlation with silt content [34, 36].
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Biogenic accumulation with organic matter is characteristic for Cr dis-
tribution in humus horizons. Second maximum of total Cr content is noted 
in illuvial horizons [25]. Podzolic process leads to depletion of upper hori-
zons with the element.

Data on the chromium content in soils of Russia is rather diverse. Soils 
of an arable land of the Russian Federation as a whole contain less than 50 
mg/kg of total trivalent Cr.

The content of mobile chromium in soils is insignificant. For exam-
ple, in sod-podzolic light-clay arable soils of the Ramensky agrochemi-
cal experimental station (Moscow Region) contains 0.41–0.85 mg/kg Cr 
(1M НСl-solution). At weighting of granulometric structure the amount 
of mobile Cr increases to 0.36–4.8 mg/kg [37]. Sod-podzolic gley and 
gleyey soils of the Smolensk-Moscow Height contain nearby 40–50 mg/
kg of total chromium and 0.4–2.7% of the mobile Cr. The element content 
varies considerably on years [38].

In sod-podzolic soils of the Kirov region the amount of total chromium 
fluctuates within 71–171 mg/kg in various soil horizons. Biogenic accu-
mulation of an element in organogenic horizons and eluvial-illuvial dif-
ferentiation of its content in a profile is accurately shown. The presented 
means of concentration of total chromium are close to the data resulted 
on an ecological-geochemical card of soils of the Kirov region (1996). 
Proceeding from it, the natural regional background makes 84 mg/kg of 
soil; in arable horizons of agricultural soils there is about 111 mg/kg Сr; in 
technogenic landscapes – near 95 mg/kg.

Under our data mobile chromium makes 0.5–7.0% of total for different 
horizons. The amount of mobile Сr is maximum in the top part of a profile 
and is minimum in eluvial part. However, accurate laws in its distribution 
on profiles are not observed. Raised concentrations of Cr are often marked 
in other horizons (see Table 1.2). The greatest share of mobile chromium 
from total is also observed in the top part of a profile.

Organogenic horizons of soils of region are characterized by the low 
content of mobile forms of an element (see Table 1.3). In forest ground 
litter contains nearby 1.36±0.11 mg/kg Cr on the average. Ground litters 
of forest loamy soils contain more mobile chromium than ground litters of 
sandy soils though it is doubtful.
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16	 Heavy Metals and Other Pollutants in the Environment Biological Aspects

In profiles of heavy soils the element content is considerably above 
than in easy soils. Both for granulometrically light and for heavy soils 
maximal contents are marked in different horizons. But more often the 
highest concentration are characteristic for humus-accumulative and illu-
vial parts of profiles. It confirms that Cr accumulates basically in silty 
fraction and in complexes with organic matter. EAC in the top horizons of 
forest soils seldom falls below 1 but fluctuates within 0.1–6.2 units.

Sod-podzolic arable soils contain in arable horizon significantly more 
mobile chromium than forest ground litters (see Table 1.3). Element dis-
tribution in soil profiles of arable soils is more uniform frequently without 
clearly expressed maximum in illuvial horizons. In arable horizons the 
maximum content of mobile chromium is marked. EAC is within lim-
its 0.1–5.7. The same features can be noted in sod-podzolic soils under 
meadow vegetation.

Grey forest soils on the content of mobile chromium in organogenic 
horizons do not differ from sod-podzolic one (see Table 1.3). The maxi-
mum content of an element in a profile is on humus horizons. EAC is 
practically always more than 1 and fluctuates from 0.8 to 4.9. Illuvial 
accumulation is absent practically.

Floodplain soils contain a minimum amount of mobile chromium in 
humus horizons among the studied soils. EAC in humus horizons fluctu-
ates from 0.2 to 4.5. Illuvial chromium accumulation is most characteristic 
for floodplain soils.

1.3.5  MANGANESE (MN)

Manganese is one of the most widespread microelement. Average clark of 
total Mn in lithosphere makes about 850–900 mg/kg [12].

Among loamy mother rocks of the Kirov region the least amount of 
total Mn contains in blanked loams of the western and northwest districts 
of the region (Podosinovets, Murashi, Darovskoy districts) (Table 1.4). 
Acid aluminosilicate moraine of Scandinavia and Kola Peninsula rather 
poor with microelements took considerable participation in formation of 
these rocks [39].
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In blanked loams of east, northeast and central districts of the region 
(Afanasevo, Uni, Zuevka districts) content of Mn is higher – about 860–
890 mg/kg of total and 50–60 mg/kg of mobile Mn. Acid magmatic rocks 
of Northern Ural Mountains, New Land Isla and the Timansky range con-
taining higher amounts of total manganese have served as an initial mate-
rial for formation of glacial deposits in these parts of the region. Besides, 
Paleozoic bed-rocks rather rich in microelements and leaving close to a 
day surface near Vyatsky Uvaly and the Verkhnekamsky Height took part 
in formation of mother rocks of PredUralje [34, 40]. Raised content of 
Mn is noted in Nizhny Novgorod region, in Tatarstan, in Chuvashiya, and 
Udmurtiya in rocks relative on genesis [31].

In light rocks there are significantly less amounts of mobile Mn. The 
high average content of mobile manganese is characteristic for alluvial sed-
iments. Soils substantially inherit level of the total content of an element in 
mother rocks. Fluctuations in Mn content in soils can reach from several 
tens to 2000 and more mg/kg [12]. Maximum allowable concentrations for 
total manganese make 1000–1500 mg/kg, for mobile – 60–80 mg/kg [41].

The greatest means of content of total manganese are characteristic for 
acid soils. Researchers mark exclusively high biogenic accumulation of an 
element in eluvial landscapes [19, 31, 42].

The maximum levels of total Mn content in soils are also characteristic 
for east and northeast districts of the region. For mobile fractions of Mn 
such law is not observed (Table 1.5). Mobile Mn makes very small part 
from the total. Its share as a rule is above in the top and bottom parts of a 
profile.

For all studied soils biogenic-accumulative accumulation of an element 
and eluvial-illuvial differentiation of a profile in Mn content is character-
istic. Apparently, character of this redistribution depends on degree of soil 
podzolization. More accurate laws of profile distribution of an element are 
shown for total Mn. For mobile forms they are rather conditional: maximal 
contents are observed in eluvial horizons as well. Possibly, at change of 
oxidizing conditions to reducing one in podzolic horizon the element can 
segregate in numerous small complexes which give high level of content 
at the analysis [40].

As a whole, average values of the content of mobile manganese in 
organogenic horizons of the studied soils can be characterized as raised 
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TABLE 1.5  Content of Heavy Metals (mg/kg of soil) in Different Horizons of Sod-
Podzolic and Loamy Podzolic Soils in Kirov Region 

Soil 
horizon

Mn Fe* Cu Ni
Total Mobile Total (%) Mobile Total Mobile Total Mobile 

Arable soil
Ар 1137 28.8 3.33 185.0 60.0 2.79 52.3 0.22
Ahe 1015 15.1 4.80 177.5 41.9 2.78 64.0 0.65
АВ 756.3 18.3 5.00 170.9 33.1 2.43 67.7 0.92
В 883.3 17.5 5.66 167.0 51.9 3.40 73.7 1.01
ВС 762.3 22.4 5.79 169.6 41.8 3.37 77.0 0.90
С 897.7 54.5 6.16 166.9 44.8 2.89 77.3 1.29
Meadow
Oe — 17.9 — 280.2 — 1.43 — 1.16
Ah 804 17.8 4.58 280.1 38.9 1.58 63 0.72
Ahe 442 17.9 3.79 282.0 39.8 1.60 49 0.51
АВ 518 26.8 4.43 270.0 34.5 1.59 51 0.70
В 796 27.0 4.36 201.5 31.5 1.61 63 0.72
Forest
Oi — 54.5 — 131.1 — 2.68 — 0.66
Ahe 824 26.7 3.85 148.9 30.7 2.88 41.7 0.65
АВ 672 20.6 4.93 149.7 25.5 2.39 48.0 0.69
В 772 27.7 5.33 145.3 32.6 2.34 84.7 1.09
ВС 660 39.2 5.57 126.9 29.1 3.06 64.0 0.95

Note: * – for total Fe means are in % not in mg/kg; “-” total content of element is not 
determined

(Table 1.6). The maximum values of the content are received for forest 
ground litters. And ground litters of light soils accumulate significantly 
more mobile Mn than heavy soils. Organogenic horizons of floodplain 
soils differ with the high content of Mn too. The least content of mobile 
manganese is characteristic for arable sod-podzolic soils. In meadow and 
fallow sod-podzolic soils significantly more Mn collects in humus hori-
zons than on an arable land. Grey forest soils are intermediate. The cor-
relation analysis has shown low frequently not significant coefficients of 
correlation between the content of mobile forms of manganese and degree 
of soil acidity as well as with content of organic carbon (r = 0.3–0.4).
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1.3.6  IRON (FE) 

Iron takes the second place among metals on the content in earth crust 
after aluminum. Its clark is made by 4.65% [12]. The iron content as heavy 
metal in mother rocks is great up to the whole percent. According to Ref. 
[43] content of Fe2O3 in moraine loams and sandy loams from different 
districts of the Kirov region fluctuates within 3.82–6.77% (2.61–4.63 for 
Fe); in fluvio-glacial sand and sandy loams – 1.16–3.96% (0.79–2.71 for 
Fe); in blanked carbonate-free loams and clays of different districts of 
the region – 3.13–9.87% (2.14–6.75 for Fe); in eluvia of the Perm bed-
rocks depending on granulometric structure – 1.74–9.68% (1.19–6.62 for 
Fe). Similar values of total Fe content for similar rocks in some districts 
of the region are resulted in works of other authors [29, 44]. These val-
ues are some higher than resulted in Ref. [24] for soils and mother rocks 
as a whole. High values of the total content of iron are received in our 
researches (see Table 1.4). The highest values – 7.21 and 7.14% Fe are 
noted in rocks of east districts (Afanasevo and Zuevka). In northwest 
Murashi district blanked loams contain less iron (4.52%).

TABLE 1.6  Content of Mobile Forms of Heavy Metals (mg/kg) in Organogenic Soil 
Horizons in Kirov Region of Russia 

Types of soil Mn Fe Cu Ni
Ground litters of 
forest podzolic 
and sod-podzolic 
soils

Sandy-
loam soils

74.80±5.90 200.4±10.0 1.63±0.13 0.59±0.03

Loamy 
soils

58.15±5.80 174.5±12.6 1.72±0.21 0.67±0.07

Sod-podzolic 
soils

Arable 
soils

38.32±3.55 180.9±11.0 2.42±0.19 0.41±0.07

Meadows, 
fallows

66.51±10.25 174.0±22.5 2.15±0.32 0.68±0.24

Gray forest soils 56.09±4.04 277.8±21.8 2.17±0.23 0.26±0.03

Eluvia-sod soils Sod hori-
zons

86.77±11.55 224.3±49.2 2.05±0.35 0.40±0.07

Humus 
horizons

48.39±5.66 235.8±24.8 2.18±0.30 0.65±0.14
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Thus, all researchers in the given region mark the greatest content of 
Fe in eluvia and eluvia-deluvium of Perm carbonate rocks or in sediments 
in which formation the given rocks took part. The Perm rocks are charac-
terized by heavy granulometric structure and the considerable content of 
non-silicate forms of iron. Total content of Fe2O3 makes up to 12%, in silty 
fraction – up to 14% [43].

The content of mobile iron in mother rocks has no accurate geographical 
laws. Significantly higher amount of an element is noted only in blanked 
loess loams in zone of mixed coniferous-broad leaved forests in a southern 
part of the region. As well as for manganese, significantly higher values of 
the content of mobile Fe are characteristic for fluvio-glacial and old-eluvium 
deposits. But the highest values are noted in modern alluvial sediments.

The iron content in soils is substantially inherited from mother rocks; 
and its distribution on a soil profile and within one horizon reflects a 
direction and features of soil-forming process. Eluvial-illuvial and accu-
mulating-eluvial types of distribution are presented in podzolic and sod-
podzolic soils. For iron it is characteristic formation of congestions or new 
formations. As a part of these new formations there is a considerable part 
of other heavy metals [24].

The behavior of iron in soils in high degree depends on an oxidation-
reduction mode of soil. Behavior of oxidic and protoxidic iron essentially 
differ depending on soil рН. Complexes of trivalent iron (Fe3 +) are inac-
tive. In reduction conditions oxidic iron passes in protoxidic with forma-
tion of soluble complexes. Fe2 + is most movably at рН < 8–8.5 [24]. Real 
solubility of Fe3 + in a soil solution is considerably higher than theoretical 
that is caused by accompanying reactions. Iron forms easily complexes 
with many organic compounds. Stability of these complexes is various 
essentially depend on рН value. Sharp increase of the content of mobile 
forms of iron sometimes toxic for plants causes development of anaerobic 
conditions. Acid organic matter raises mobility of iron too [12, 24].

The content of total iron in the studied soils essentially does not dif-
fer from other regions of the European part of Russia (see Table 1.5). The 
minimum amount of total Fe in the top part of a profile and increase of its 
content is characteristic at approach to mother rocks. The eluvial-accumu-
lative coefficient (EAC), as a rule, is less than 1 in the top part of a profile 
especially in eluvia horizons and increases in illuvial horizons.
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The opposite tendency is traced in the content of mobile iron; its 
amount is higher in the top horizons. The share of mobile iron from the 
total is insignificant: no more than 1% in the top horizons and decreases at 
approach to mother rocks.

Organogenic horizons of soils of the region contain significant 
amounts of mobile iron (see Table 1.6). The lowest values of the content 
of an element are noted in forest ground litters and humus horizons of 
sod-podzolic soils.

In soil profiles maxima and minima of the content of mobile iron are 
observed in different horizons. EAC fluctuates in considerable limits from 
0.3 up to 3.3. In loamy soils dynamics of the profile content is smoother 
than in the sandy soils. EAC in the majority of horizons is close to 1. Its 
insignificant increase is marked in eluvial parts of profiles.

Smoother distribution of the content of mobile iron on depth of a pro-
file in comparison with meadow and fallow soils is characteristic for ara-
ble sod-podzolic soils.

Humus horizons of gray forest soils differ from organogenic horizons 
of other soils with the greatest content of mobile Fe (see Table 1.6). Profile 
distribution of an element is more uniform. Rather weak accumulation of 
mobile iron is marked in humus and illuvial horizons.

Element distribution in profiles of floodplain soils is non-uniform (see 
Table 1.6). In a great number of cases maxima are marked in the top parts 
of profiles. EAC fluctuates in different horizons from 0.2 up to 5.3.

1.3.7  COPPER (CU)

Average clark of copper in lithosphere makes 100 mg/kg. For the copper 
content in rocks the same laws are characteristic as for manganese. In 
mother rocks it depends basically on quantity of silty fraction [20, 45]. 
Eluvia of Perm both Triassic clay and loams differ with the high content 
of copper (about 50 mg/kg). The content of mobile forms of an element 
in these rocks on the contrary is the least. The amount of mobile forms of 
copper fluctuates from 10 to 33%. Its content is highest in loess loams; 
much less – in eluvia of Perm clays and loams. In process of movement on 
the east of the European Russia the total content of copper increases; the 
amount of mobile copper increases also up to 5–7 mg/kg [40].
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According to our data, mother rocks of east, northeast and southern dis-
tricts of the region contain more total copper than western and northwest 
districts. There is not any accurate law in the content of mobile copper. It is 
possible to note only raised content of Cu in blanked loams of Afanasevo 
district. As a whole total amount of copper in the studied loamy rocks are 
close to the element content in similar rocks of surrounding regions; but in 
sand and sandy loams it is slightly less.

Clark of copper in soils is about 20 mg/kg [40]. The average back-
ground content of copper in soils fluctuates within 6–100 mg/kg. High 
content of clay fraction and organic matter concerns to the factors increas-
ing the content of copper in soil [12].

Mobility of copper in soil as well as its availability to plants depends 
on many reasons. Water-soluble salts of copper mainly with low-molec-
ular organic matters as well as absorbed by colloids’ surface copper are 
mobile [12, 46]. Mobility of copper especially in the form of complex with 
organic acids increases in anaerobic media [33, 45].

On an ecological-geochemical map of soils of the Kirov region [14] 
background values of the content of total forms of copper in soils are esti-
mated within limits of 50 mg/kg; on the average about 28 mg/kg and for 
arable horizons of farmlands – 37 mg/kg. It is higher than for the western 
and central regions of Russia. The data of our researches is close to these 
values also (see Table 1.5). They are higher than world clark of a metal. 
The high content of total Cu exceeding MAC (66 mg/kg) in some organo-
genic and illuvial horizons and rocks is noted in Afanasevo and Zuevka 
districts. In the studied soils the eluvial-illuvial differentiation of profiles 
on the content of total copper and dependence on biogenic factors is well 
traced. Usually the copper content increases considerably in the top hori-
zons of soils following the content of humus [5]. However, in soils with a 
washing mode relation between content of humus and Cu within a profile 
is not always found out [20].

The content of mobile copper does not exceed 4–5 mg/kg with fluctua-
tions from trace amount up to 5 mg/kg. Mobile copper makes a small part 
from the total. The greatest share of mobile copper from the total content, 
as a rule, is dated to eluvia parts of profile – from 4 to 20% in different 
soils (see Table 1.5). In mother rocks there is near 1.5–7%; in organogenic 
horizons – 3–4%. The share of mobile copper in gleyey horizons is raised.
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In organogenic horizons of soils of the Kirov region the average con-
tent of mobile forms of copper is low (see Table 1.6). In forest ground 
litter it makes about 1.5 mg/kg. Arable sod-podzolic soils differ slightly 
from forest and meadow soils on content of total copper (see Table 1.6). 
However, there are significantly more mobile fractions of an element in 
organogenic horizons of arable soils (see Table 1.5).

As a whole, distribution of total copper on profiles has biogenic-accu-
mulative character. Carrying out of copper from podzolic horizons and 
accumulation in illuvial is marked [47]. However, accumulation of its 
mobile forms in forest ground litters can be absent. The eluvial-accumula-
tive coefficient is often less than 1. There is no any law in distribution of 
an element on profiles. Copper content is much higher in samples of soils 
from east and northeast districts (Falenki, Zuevka, and Afanasevo) both in 
heavy and in easy on granulometric structure.

Grey forest soils do not differ significantly from sod-podzolic soils on 
amount of mobile forms of an element (see Table 1.6). Element distribu-
tion in profiles has more expressed biogenic-accumulative character. In all 
studied profiles EAC for humus horizons is more than 1.

The majority of authors mark the high content of microelements, espe-
cially their mobile fraction, in floodplain soils [19, 40]. According to our 
data, floodplain soils are not distinguished significantly with higher con-
tent of mobile fractions of copper in organogenic horizons (see Table 1.6). 
Copper distribution in a profile has poorly expressed biogenic-accumula-
tive character. Eluvial-illuvial redistribution of copper is marked seldom.

1.3.8  NICKEL (NI)

The average content of nickel in lithosphere is about 80 mg/kg, in soils – 
40 mg/kg. Loamy mother rocks of the Kirov region contains nearby 50–80 
mg/kg total Ni (see Table 1.4) that is close to the element content in loamy 
rocks of other regions of the European Russia. In granulometrically light 
deposits the nickel content is essentially lower (10–45 mg/kg). The high-
est content of total nickel is marked in blanked loams of the northeast of 
the Kirov region (Afanasevo district) – 81.3 mg/kg. The content of mobile 
nickel is in limits 0.29–1.10 mg/kg for loamy rocks, and 0.28–1.11 mg/kg 
for easy rocks that is does not depend on granulometric structure unlike 

A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



Heavy Metals in Soils and Parent Rocks of Natural Lands 	 25

the total content. Modern alluvial sediments do not differ practically from 
other rocks by the content of mobile forms of nickel.

The nickel content in soils depends in many respects on its content 
in mother rocks. However, level of its concentration in the top layer of 
soils depends on soil-forming processes and technogenic pollution. In the 
top horizons of soils nickel is basically in connection with organic matter 
including as a part of easily soluble chelates [45, 48]. However, Ni con-
nected with oxides of iron and manganese also makes a considerable part 
of the total content of an element [49].

Element distribution on a soil profile depends on the content of organic 
matter, amorphous oxides, and clay fraction [12, 45].

The content of total Ni in the studied soils of the region is in limits of 
30–106 mg/kg for different soil horizons (see Table 1.5). Close values are 
resulted on an ecological-geochemical map of the Kirov region: a natural 
regional background is 33 mg/kg; in arable lands – 47 mg/kg; in tech-
nogenic landscapes – 42 mg/kg. Much more total Ni contains in soils of 
Zuevka and Afanasevo districts. Practically in all studied profiles element 
accumulation in illuvial horizons and depletion of podzolic parts with it 
is traced accurately. Arable horizons often contain an element in smaller 
amounts than eluvial horizons.

The content of mobile Ni fractions in the studied soils is insignificant. 
The eluvial-illuvial differentiation of a profile on the content of mobile 
nickel is marked. The share of mobile nickel makes 0.3–4.29% of the total 
content and, as a rule, increases with depth. Increase of a share of mobile 
nickel of total is sometimes marked in humus horizons.

As a whole, the content of mobile nickel in organogenic horizons of 
soils of region is low (see Table 1.6). The greatest content of an element is 
noted in forest ground litter. And its content in ground litter of loamy and 
sandy soils does not differ significantly. Sod-podzolic arable and meadow 
soils of the region contain less mobile nickel in organogenic horizons.

Studying of distribution of mobile Ni on a profile of sod-podzolic soils 
testifies to its weak enough accumulation in humus and arable horizons. 
EAC fluctuates from 0.1 to 2.7. However, sometimes the coefficient rises 
up to 20 that occur, obviously, as a result of anthropogenous pollution. 
More essential accumulation of an element is marked in illuvial horizons 
of the majority of soils.
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Grey forest soils contain significantly less mobile nickel in humus 
horizons than sod-podzolic soils. Increase in the content of an element in 
illuvial parts is also characteristic for profile distribution at weak enough 
accumulation in humus horizons. EAC in humus horizons is in limits 0.2–
1.8 without exceeding 1.0 more often.

Floodplain soils of the region contain significantly more mobile Ni 
in organogenic horizons in comparison with sod-podzolic and gray forest 
soils. EAC in humus horizons varies from 0.5 to 2.8. It is not established 
any laws in profile distribution.

1.4  CONCLUSIONS

The content of total and mobile forms of heavy metals in soils and mother 
rocks of the Kirov region does not exceed critical sizes; but as a whole it 
is above than values of world clarks both the content in soils and rocks of 
the western and central regions of Russia.

Content of heavy metals increases at direction from the West by the 
East as increase of participation of Paleozoic deposit rocks in process of 
soil formation. In certain cases in background territories in east part of 
the region high concentration of total and mobile Cu, Mn, Ni are revealed 
exceeding MAC that testifies to the raised regional geochemical back-
ground of these elements.

Distribution of total forms of elements in soil profiles submits to the 
laws known for similar soils of other regions. For mobile forms of heavy 
metals owing to their mobility and seasonal dynamics biogenic accumula-
tion and eluvial-illuvial differentiation in profiles are expressed poorly.

Correlation dependences between content of heavy metals and soil 
properties (acidity, content of organic carbon) are mostly insignificant and 
doubtful probably as a result of a high spatial and seasonal variation of the 
content of elements.

For similar regions with lithologic variability of mother rocks more 
detailed working out is necessary of MAC levels depending on their geo-
chemical features.
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ABSTRACT

Research of seasonal variability of the content of mobile forms of heavy 
metals (Cd, Pb, and Cr) and microelements (Cu, Zn, and Mo) in arable soils 

CHAPTER 2
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of a taiga zone of the Kirov region of Russia is conducted. For research 
podzolic and sod-podzolic soils on various rocks have been chosen: on 
eluvia-deluvium of Perm clays; on blanket carbonate-free loams; on blan-
ket loams of middle taiga subband. In each geographical place two vari-
ants of use of soil in agriculture were investigated – without entering of 
ameliorants and fertilizers and at long-term entering of mineral fertilizers. 
Results of research have shown that studied arable horizons of sod-pod-
zolic loamy soils of the Kirov region contain 2.04±0.16 mg/kg of mobile 
lead at fluctuations from 0.75 to 5.8 mg/kg that does not exceed maximum 
allowable concentration (MAC) for this element. Levels of fluctuation of 
the content of lead in soils during a growth season is a lot of below MAC 
and do not differ essentially depending on studied geographical locations. 
Arable horizons of sod-podzolic loamy soils contain 0.11±0.02 mg/kg of 
mobile Cd at fluctuations from 0.02 to 0.81 mg/kg. During the separate 
periods of a growth season its content can exceed MAC. In variants with 
application of fertilizers level of the content of an element is higher that 
can be connected with acidifying action of high doses of mineral fertiliz-
ers. The average content of mobile chrome in arable horizons is 3.12±0.49 
mg/kg at fluctuations from 0.18 to 11.10 mg/kg; in some arable soils of 
the region excess of MAC is observed. Dynamics of the content of mobile 
chrome in arable soils of the region has similar character not only on dif-
ferent locations but also in different soil horizons. The maximum con-
tent of chrome is marked in the beginning of a season (May–June). The 
minimum is at the end of plant growth. Distinctions in soils on degree of 
cultivation do not influence significantly character of its dynamics. The 
content of mobile copper makes 2.42±0.19 mg/kg at scope of a variation 
of 0.70–4.80 mg/kg. A variation of the content during a growth season is 
from 0.5 to 5.0 mg/kg. Arable horizons of loamy sod-podsolic soils con-
tain 3.36±0.24 mg/kg of mobile Zn at fluctuations from 0.85 to 8.11 mg/
kg. Seasonal fluctuations of the content of zinc are essential; at entering of 
high doses of fertilizers the content of mobile zinc in a profile decreases. 
During a season supplying of soil with zinc available to plants can vary 
from low to high level. The average content of mobile Mo in arable hori-
zons makes 0.28±0.02 mg/kg at fluctuations from 0.11 to 0.56 mg/kg that 
testifies to average and high degree of supply of soils with the microele-
ment. Scope of fluctuations Scope of fluctuations of the contents of one 
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or another element during a season reaches 1.5–2 times. The minimum of 
its content in arable horizons is observed in summer months at relative 
maxima in the spring and in the fall.

2.1  INTRODUCTION

Microelements play the important role in obtaining of a high and qualita-
tive yield of agricultural crops. Being in plants in trace amounts microele-
ments carry out the important functions as a part of enzymes, hormones, 
and vitamins. For example, it is known that Cu is essential element yet it 
may be toxic to both humans and animals when its concentration exceeds 
the safe limits and its concentration in some human tissues such as thyroid 
can be change dependent on the tissue state including cancerous or non-
cancerous [1, 2].

The content of microelements in soil is studied for a long time. How-
ever, mechanisms of their behavior are studied insufficiently. In the major-
ity of researches total content of microelements are considered though 
only their mobile forms can give authentic representation about amount of 
microelements accessible to plants. Works devoted to studying of change 
of the content of microelements in soils during a growth season are not 
enough. However, such researches can give more exact picture of security 
of soils by microelements in concrete phases of development of plants and 
also supervise their ecological safety.

As well as the majority of microelements heavy metals (HM) presented 
in plants in small amounts can also carry out the important functions in 
organisms, being a part of biologically active substances. However, excess 
of these concentrations specific to each chemical element and/or a plant 
species causes negative consequences for live organisms. Pollution of 
agricultural soils in Europe by heavy metals is highly important ecological 
problem. Heavy metals are one of the most prevalent agents causing public 
health problems, as crops grown on heavy metal contaminated soils are 
used for human diet. Moreover some soil organisms, vitally important for 
soil health and fertility, are sensitive to heavy metal stress and biological 
diversity of soil is reduced by heavy metal contamination [3, 4]. On the 
other hand some ubiquitous heavy metals, especially Pb, have limited 
availability for plant uptake due to complexation with solid soil fractions [5]. 
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For example, in every contaminated soil examined by Leštan and Grčman 
[6], no or a very small fraction of total soil Pb was present in a form directly 
available to plants. Therefore, labile (exchange) forms of HM represent the 
greatest danger as are characterized by high biochemical activity. By their 
toxicity action such metals as lead, cadmium, and chromium are belong to 
first (Pb, Cd) and second (Cr) class of danger according to All-Union State 
Standard [7].

The numerous facts of environmental contamination by heavy metals as 
a result of dispersion of industrial emissions through atmosphere or in the 
form of a waste (slags, sludge) and the polluted process waters are described 
in the literature [8–12]. The Kirov region is included into first ten subjects of 
the Russian Federation on a quota of farmland with excess of MAC (maxi-
mum allowable concentration) on heavy metals [13]. The great number of the 
large industrial enterprises of metallurgical, chemical and building branches 
operates now and operated in the recent past in territory of the Kirov region. 
HM make a considerable share of emissions of these enterprises [14]. For 
example, annual receipt of lead and cadmium into environment, according 
to Ref. [15] makes 451.64 and 4.05 tons, accordingly.

Mostly, chemical pollutions are found in the form of combinations and 
mixtures of some contaminants in the environment and in between soil 
pollution is a multielements problem in many areas, which are caused by 
heavy metals [16]. Environmental contamination with HM has as a rule not 
continuous, but local character, concentrating basically rounds big cities, 
settlements, railway stations, and highways [17]. It is especially dangerous 
that the great bulk of the population lives here and the considerable part of 
agricultural production are made here too. Arable soils are subject to high 
risk of pollution with HM. Long-term application of mineral fertilizers 
leads to accumulation of metals in soil [18–21]. Cadmium input is 2 times 
more than its carrying out by cultural plants. It leads to excess of MAC of 
metals in soils and plants. In production of plant industry of some regions 
concentration of cadmium, nickel, lead and chrome is already above their 
maximum concentration limit [22]. Use of technics for soil processing can 
also promote enrichment of arable soils with HM. Reduction of volumes 
of liming has led to acidity increase on the considerable areas of arable 
soils and, as consequence, to increase in HM mobility [23].
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Many researchers studying toxicity of heavy metals for agricul-
tural crops list them in a following order on toxicity: Cd>Zn>Cu>Pb or 
Cd>Ni>Cu>Zn>Cr>Pb [24, 25]. Soil pollution with HM cannot be shown 
long time owing to high buffer ability of soils [26]. The content of mobile 
fraction of HM in this case can give the first information on the beginning 
of negative processes [17].

At studying of degree of pollution of object it is accepted to compare 
concentration of pollutants in it to values of MAC. However, values of 
MAC are rather conditional. Biogeochemical features of territories impose 
sometimes restrictions on use of this indicator; and existing norms of 
MAC consider not all the factors influencing behavior of HM. Therefore, 
at studying of ТМ content use of indicators of their background content 
would be more correct. Besides, it will allow to note the initial stages of 
negative processes of HM accumulation in soils.

HM content as well as other properties of soil essentially varies dur-
ing a growth season. Therefore, complex studying of the content mobile 
fraction of HM in soils as well as seasonal dynamics of their content will 
allow to supervise reliably an ecological condition of soil during the vari-
ous periods of a growth season.

2.2  MATERIALS AND METHODOLOGY

Studying of seasonal dynamics of chemical elements (Pb, Cd, Cr, Cu, 
Zn, and Mo) was spent in 2010–2014 in territory of the Kirov region 
of the Russian Federation. The Kirov region locates in a northeast part 
of the European Russia. The basic part of territory of the region enters 
into a South taiga subband. The most northern part concerns a subband 
of a middle taiga, and a southern part – to a zone of mixed coniferous-
broad-leafed forest. Objects of research: (i) Sod-podzolic loamy soil on 
eluvia-deluvium of Perm sediments (an experiment field of North-East 
Agricultural Research Institute (NEARI), 10 km from Kirov city). There 
are two variants of soil treatment – without application of fertilizers and 
ameliorants (control) and at long entering of N100P100K100 (test). (ii) sod-
podzolic loamy soil on blanket carbonate-free loams (Falenki district of 
the Kirov region, 130 km on the east from Kirov). There are two variants 
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of soil – poor-cultivated strongly acid soil and well-cultivated soil under 
grain-grass crop rotation. (iii) Podzolic loamy soil on blanket loams of 
middle taiga subbands (Podosinovets district of the Kirov region, 180 km 
on the northwest from Kirov). Soil samples from three top horizons (Ар, 
Ahe, AB) were selected 5 times per growth season. The soils were place 
in the labeled plastic bags. They were air dried, mechanically ground and 
sieved through 2 mm sieve. Estimation of mobile forms of studied chemi-
cal elements is spent with 1.0 M acetate-ammonia extract with рН 4.8 by 
method of atom-absorption spectrophotometry [27, 28].

2.3  RESULTS AND DISCUSSION

2.3.1  LEAD (PB)

Recently lead involves a great attention as one of the main components 
of chemical pollution of environment and as an element toxic for plants 
and human. Though there is no data that lead is vital for plants there are 
indications on stimulating action on the last of some salts of lead at low 
concentration.

The most part of compounds of lead differs with low or very low solu-
bility. In sod-podzolic soils mobile lead makes no more than 5–7% of total 
[29]. In acid and strongly acid media lead actively migrates within a soil 
profile in connection with organic matter.

In arable horizons of sod-podzolic soils of the Kirov region the share 
of mobile Pb in the total makes 4–10% [30]. As whole, arable horizons 
of sod-podzolic loamy soils of the region contains 2.04±0.16 mg/kg of 
mobile lead at fluctuations from 0.75 to 5.80 mg/kg. Thus, in agricul-
tural soils of natural territories level of the content of an element does not 
exceed MAC for this element – 6 mg/kg [31].

Levels of fluctuation of lead content in soils during a growth season is 
also a lot of below MAC and do not differ essentially depending on loca-
tions (Figure 2.1).

The lowest concentrations of Pb are characteristic for all studied vari-
ants at the end of a growth season. Maximum content as a rule is more 
strongly pronounced in the beginning of a season. Most plausible rea-
son of spring maxima of the content of an element is occurrence of time 
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reducing conditions which promote increase in mobility of iron, manga-
nese, and, hence, lead as its considerable part in soil is connected with 
these elements. Increase of Pb mobility can be caused also by strengthen-
ing of a mineralization of organic matter in the beginning of a season. The 
most part of this element is also connected with organic matter in soil. For 
example, high negative coefficients of correlation between the content of 
mobile Pb and the content of total organic carbon in soils of Podosinovets 
and Falenki districts testify to increase in Pb mobility at reduction of 
amounts of organic carbon.

Thus, the obtained data testifies that in arable soils there are significant 
seasonal fluctuations of Pb content, which do not exceed critical level and 
do not represent danger from the ecological point of view.

2.3.2  CADMIUM (CD)

Cadmium is not a necessary element for a plant metabolism. For human 
and animals cadmium represents cumulative poison. Researchers notice 
that Cd is 2–20 times more toxic than other metals.

Cadmium has the greatest mobility and availability to plants in acid 
soils with low рН level, low capacity of absorption, fulvatic structure of 

FIGURE 2.1  Seasonal dynamics of mobile Pb in arable horizons of sod-podzolic 
soils in Kirov region of Russian Federation. 1 – Control soil, Kirov; 2 – test soil, Kirov, 
N100P100K100; 3 – poor-cultivated soil, Falenki district; 4 – well-cultivated soil, Falenki 
district; 5 – podzolic loamy soil, Podosinovets district.
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humus, and washing water mode [32, 33]. Thus, in podzolic and sod-pod-
zolic soils the share of mobile cadmium in total, as a rule, does not exceed 
10% [29, 34].

In our researches the content of mobile Cd in total in arable horizons 
of sod-podzolic soils of the region fluctuates within 4–15%. On the aver-
age, arable horizons of sod-podzolic loamy soils contain 0.11±0.02 mg/kg 
of mobile Cd at fluctuations from 0.02 to 0.81 mg/kg. Levels of MAC for 
mobile forms of cadmium are not defined accurately. In different sources 
it is possible to meet levels of MAC from 0.2 to 0.6 mg/kg. In some arable 
soils the content of mobile Cd in arable horizons exceeds all known speci-
fications [30].

High mobility of an element in soils of podzolic type causes by absence 
of accurate laws of an element behavior in seasonal dynamics (Figure 2.2).

Dynamics of the content of mobile Cd is various in soils from different 
districts of Kirov region. The least amplitudes of fluctuation are character-
istic for soils on eluvia-deluvium of the Perm sediments near Kirov city. 
Thus in a variant with entering of high doses of fertilizers level of the con-
tent of an element is higher than in the control that is probably connected 
with acidifying action of high doses of mineral fertilizers. The signifi-
cantly high positive coefficient of correlation between value of exchange 
acidity and Cd content (r = 0.81) testifies to it. Character of dynamics in 

FIGURE 2.2  Seasonal dynamics of mobile Cd in arable horizons of sod-podzolic 
soils in Kirov region of Russian Federation. 1 – Control soil, Kirov; 2 – test soil, Kirov, 
N100P100K100; 3 – poor-cultivated soil, Falenki district; 4 – well-cultivated soil, Falenki 
district; 5 – podzolic loamy soil, Podosinovets district
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soils on blanket carbonate-free loams of Falenki district differs for poor-
cultivated and well-cultivated soils. At relative increase in the content in 
arable horizons of both soils at the beginning of a season and a minimum 
in the middle of a season, on poor-cultivated field the sharp increase in 
the content is observed in the fall; on the well-cultivated field it is not 
observed. In podzolic soil on blanket loams under clover crops (Podosin-
ovets district) the cadmium content is minimum in the beginning and the 
middle of a season and sharply rises in the fall to the values exceeding 
all known specifications of MAC. Probably, it is connected with plow-
ing of clover after-grass in the end of summer and increase in the content 
of labile humus. In the bottom horizons of the studied soils character of 
dynamics and levels of fluctuation of the content of an element are almost 
identical to that in arable soils.

Thus, the content of mobile cadmium in arable podzolic and sod-pod-
zolic soils fluctuates considerably during a growth season that is caused by 
presence in them of the whole complex of the factors promoting increase 
of Cd mobility. The constant control of its content in soil is necessary as 
during the separate periods of a growth season the content of this HM can 
exceed MAC values.

2.3.3  CHROME (CR)

Chrome is considered a toxic element for plants and animals. However, 
there is some data about positive influence of its small concentration on 
growth of some plants, about its participation in a glucose and cholesterol 
metabolism.

The behavior of chrome in soils depends on its content in mother rocks, 
content of humus and silt, рН, oxidation-reduction potential. The mobile 
form of Cr makes under the different data from 0.5 to 4% of total amount. 
Its content depends on a hydrothermal mode and varies essentially on 
years [35].

In arable sod-podzolic loamy soils of the Kirov region the share of 
mobile Cr makes 1.3–7.0% of the total content. The average content of 
mobile chrome in arable horizons is about 3.12±0.49 mg/kg at fluctuations 
from 0.18 to 11.10 mg/kg. Level of MAC for mobile Cr makes 6.0 mg/kg 
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[31]. That is, in some arable soils especially from east and northeast dis-
tricts of the region MAC excess is observed. In our opinion it is connected 
with participation in formation of soils of sedimentary mother rocks of 
Paleozoic which in these districts leave close to a surface [30]. In the bulk 
arable soils the content of mobile Cr is insignificant.

Dynamics of the content of mobile chrome in sod-podzolic loamy 
arable soils of the region has similar character not only on different loca-
tions but also in different horizons of the same soil profile. The maximum 
content of chrome is marked in the beginning of a season (May-June). The 
minimum is noted at the end of growth season. Distinctions in soils on 
degree of cultivation do not influence essentially character of dynamics 
(Figure 2.3).

Exception is the variant of podzolic soil of the most northern district 
– Podosinovets. Here gradual increase of the content of an element from 
the beginning by end of the growth season was marked. Obviously, such 
behavior of an element is connected with concrete soil conditions. For 
example, for the cultivated soils of Podosinovets and Falenki districts sig-
nificant negative correlations with рН values (–0.89–(–0.50)) are received. 
That is mobility of an element increases at soil acidification. Reduction of 

FIGURE 2.3  Seasonal dynamics of mobile Cr in arable horizons of sod-podzolic 
soils in Kirov region of Russian Federation. 1 – Control soil, Kirov; 2 – test soil, Kirov, 
N100P100K100; 3 – poor-cultivated soil, Falenki district; 4 – well-cultivated soil, Falenki 
district; 5 – podzolic loamy soil, Podosinovets district.
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the content of humus carbon promotes clearing of chrome from organo-
mineral complexes and to increase in its mobility to what the high negative 
coefficient of correlation (–0.92) between these parameters in podzolic 
soil testifies (Podosinovets district).

The total level of the content of an element is higher in the soil formed 
on eluvia-deluvium of the Perm mother rocks (fields near Kirov city) that 
is caused by higher content of chrome in these rocks.

Thus, arable soils of the Kirov region as a whole are characterized 
by the low content of mobile chrome. The raised content of an element 
is characteristic for the soils generated on the Perm rocks or with their 
participation. For seasonal dynamics of an element presence of a spring 
maximum is characteristic. The increase in acidity and reduction of the 
content of organic matter promote strengthening of mobility of chrome.

2.3.4  COPPER (CU)

Copper compounds play the important physiological role participating in 
photosynthesis, breath, a metabolism of carbohydrates, nitrogen, and pro-
teins. The content of mobile copper in soil fluctuates largely from 2 to 
33% of the total content. The share of mobile copper in eluvial horizons is 
raised. In arable horizons it is less and makes 3–15% [30].

In arable horizons of sod-podzolic soils in the northeast of the Euro-
pean Russia the amount of mobile copper consist about 2.42±0.19 mg/kg 
in average at scope of a variation of 0.70–4.80 mg/kg. The variation of 
the content during a growth season in investigated soils makes from 0.5 
to 5.0 mg/kg.

The raised content of mobile copper is characteristic for sod-podzolic 
soils on eluvia-deluvium of the Perm sediments (Figure 2.4) – about 3–5 
mg/kg. The raised content of not only total, but also mobile copper in 
the soils generated on rocks of the Perm age or at their participation was 
marked by researchers in other regions of east part of the European Russia 
also [36].

Character of dynamics of the content of mobile copper differs in differ-
ent types of arable soils. Sharp reduction of Cu content during a season is 
observed in soil of a control variant on eluvia-deluvium of Perm rocks. A 
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spring maximum of the content is above CAM level for mobile copper –  
3 mg/kg [31]. In loamy soils it is possible to explain such fact by increase 
in mobility of an element in anaerobic conditions created by spring over-
wetting of an arable layer. The increase in mobility of copper in anaerobic 
conditions is noted by other researchers also [37]. In a variant with input 
of high doses of fertilizers the content of copper during a season is raised 
and is rather stable.

Arable soils on blanket carbonate-free loams of Falenki district are 
characterized by the low content of mobile copper – less than 2 mg/kg. 
Depending on level of cultivation character of dynamics of Cu content is 
distinguished. In arable horizon of poor-cultivated soils rather uniform 
low amounts of copper is observed in first half of growth season; but is 
sharp (almost in 2 times) raises in the fall. On the well-cultivated field 
the maximum amount of an element is marked in the beginning of a sea-
son with sharp reduction in the middle and in the end. Such dynamics is 
characteristic for all horizons of both fields. Spring top dressing of a win-
ter rye by ammoniac saltpeter and gradual dissolution of fertilizer leads 
to increase of the content of copper in the end of a season. It is known 
that entering of ammoniac and nitrate fertilizers promotes increase of Cu 

FIGURE 2.4  Seasonal dynamics of mobile Cu in arable horizons of sod-podzolic 
soils in Kirov region of Russian Federation. 1 – Control soil, Kirov; 2 – test soil, Kirov, 
N100P100K100; 3 – poor-cultivated soil, Falenki district; 4 – well-cultivated soil, Falenki 
district; 5 – podzolic loamy soil, Podosinovets district.
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mobility [38, 39]. However, acid conditions brake processes of nitrifica-
tion in the beginning of season on poor-cultivated field and they develop 
enough only by the end of season. Besides, in the end of a season con-
sumption of an element by plants is sharply reduced after harvesting. On 
the well-cultivated field at light acidic conditions entering of ammoniac 
saltpeter in the spring makes active these processes at once as leads to 
increase of mobility of copper in the beginning of a season. The spring 
maximum on the well-cultivated field can be caused by anaerobic con-
ditions at over-wetting of an arable layer by spring precipitations and 
thawed snow. Entering of lime and phosphoric fertilizers at cultivating 
of sod-podzolic soil as well as essential carrying out of copper with a 
crop reduce amount of an element on the well-cultivated field during the 
summer-fall period [40].

Sod-podzolic arable soil on blanket loams from Podosinovets district 
contains also the insignificant amount of mobile fractions of copper. Rela-
tive maxima are noted in the spring and in the fall. During the summer 
period perhaps as a result of intensive consumption by a clover the ele-
ment content is minimum (about 0.5 mg/kg) that can testify to its lack.

Thus, the content of copper accessible to plants in arable soils essen-
tially varies during a growth season. Character of dynamics depends from 
both the concrete soil-climatic conditions and amount of inputted fertil-
izers and from an element consumption level in different crops.

2.3.5  ZINC (ZN)

Zinc compounds in certain concentration are necessary for processes of 
a metabolism of carbohydrates and proteins in plants. They are a part of 
some many enzymes.

The content of mobile zinc in the region soils is insignificant and makes 
1.2–9.7% of the total content. Arable horizons of sod-podzolic loamy soils 
contain 3.36±0.24 mg/kg of mobile Zn at fluctuations from 0.85 to 8.11 
mg/kg.

The most important factors governing solubility of zinc in soil solution 
are the content of clay minerals, hydroxides of Fe and Al, рН value, degree 
of alkalinity and podzolizity [32].
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Seasonal fluctuations of the content of zinc are essential (Figure 2.5). 
In arable horizons of soils of a South taiga subband (Kirov, Falenki dis-
trict) the element content is maximum in spring and the beginning of sum-
mer and decreases by the end of a season; especially sharp it is in soil on 
eluvia-deluvium of Perm rocks (fields near Kirov city). On this site it is 
accurately visible that at entering of the high doses of fertilizers in com-
parison with the control the content of mobile zinc in a profile decreases 
obviously as a result of carrying out with the high crop.

At the same time arable horizons of poor-cultivated and well-cultivated 
fields on blanket sediments (Falenki district) do not differ significantly on 
amount of mobile zinc and character of its dynamics. Dynamics of the 
content of an element in arable horizon of the most northern variant of 
arable soils on blanket loams (Podosinovets district) differs sharply. The 
maximum of the content of mobile Zn forms is observed in the beginning 
of summer. After summer recession the amount of zinc increases again in 
the fall. Absolute values of the content of an element is higher than in other 
studied soils and according to the specifications accepted in the Russian 
Federation given soil can be characterized [41] as highly supplied with the 
given microelement. The reasons of the high content of zinc are possibly 
connected with climatic features of year of research and with physiologi-
cal features of grown crop – a clover. It is known that a clover absorbing 

FIGURE 2.5  Seasonal dynamics of mobile Zn in arable horizons of sod-podzolic 
soils in Kirov region of Russian Federation. 1 – Control soil, Kirov; 2 – test soil, Kirov, 
N100P100K100; 3 – poor-cultivated soil, Falenki district; 4 – well-cultivated soil, Falenki 
district; 5 – podzolic loamy soil, Podosinovets district.
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considerable amount of the bases during its growth promotes acidification 
of soils. It can lead to increase of mobility of many elements including 
zinc. In this soil significant correlation between the content of mobile zinc 
and the content of labile organic carbon (r = 0.82) is noted.

Thus, the content and dynamics of mobile zinc during a growth season 
is influenced by primary riches an element of rocks on which the soil is 
formed as well as climatic features of a season and physiological features 
of grown agricultural crop. During a season supply of soil by zinc acces-
sible to plants can vary from low to the high level.

2.3.6  MOLYBDENUM (MO)

Molybdenum is a vital microelement for plants. It is a part of enzyme 
systems of nitrogenase and nitrate-reductase, oxidases and Mo-ferrodoxin, 
which accelerate various reactions untied among them.

On the average soils of the European Russia contain about 0.16 mg/
kg of mobile Mo. In northeast and east regions of the European Russia 
values of content fluctuate largely but, as a rule, do not exceed 0.25 mg/
kg (Figure 2.6). The average content of mobile Mo in arable horizons of 

FIGURE 2.6  Seasonal dynamics of mobile Mo in arable horizons of sod-podzolic 
soils in Kirov region of Russian Federation. 1 – Control soil, Kirov; 2 – test soil, Kirov, 
N100P100K100; 3 – poor-cultivated soil, Falenki district; 4 – well-cultivated soil, Falenki 
district; 5 – podzolic loamy soil, Podosinovets district.
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sod-podzolic soils of the Kirov region makes 0.28±0.02 mg/kg at fluctua-
tions from 0.11 to 0.56 mg/kg that testifies to average and high degree of 
supplying of soils with a microelement. Mobile forms of an element make 
from 4 to 33% of the total. Their share is highest in the top horizons and 
in mother rocks [30].

The factors increasing mobility of molybdenum in soil are: increase in 
concentration of anions OH–, PO4

3–, and COO– in a soil solution, entering 
into soil of calcium ions, a mineralization of organic matter. The factors 
reducing mobility of molybdenum in soil and its availability to plants are: 
increase in concentration of cation Н+, enrichment of soil with Al(OH)3 
and Fe(OH)3, presence of exchange Al3+, surplus of cations Fe3+, Mn2+, 
entering of physiologically acid mineral fertilizers without liming, molyb-
denum fixing by acid humus forms containing sesquioxides [38].

Scope of fluctuations in the content of an element during a growth 
season reaches 1.5–2 times. The minimum content in arable horizons is 
observed in summer months at relative maxima in the spring and in the fall 
(see Figure 2.6). Such fluctuations in the content are caused by intensive 
absorption of Mo by plants in active growth period and by soil processes. 
High level of the content of an element during all season is marked in 
sod-podzolic soil on eluvia-deluvium of the Perm rocks. In a variant with 
entering of high doses of fertilizers level of the content of Mo is lower 
than in the control variant that is caused as entering of physiologically acid 
fertilizers reducing availability of Mo and with higher carrying out of an 
element with a crop. Increase in degree of cultivation of soils on blanket 
carbonate-free loams initially poor in the given element leads to decrease 
in level of its content as a result of carrying out of an element with a crop.

2.4  CONCLUSIONS

1.	 Content of mobile fractions of microelements in arable soils of a 
taiga zone varies significantly (by several times) during a growth 
season. The minimum content of mobile microelements is charac-
teristic in most cases for the middle of a growth season – the period 
of their intensive consumption by plants.

2.	 Raised contents of mobile Cu, Zn, and Mo despite fluctuations dur-
ing a season are characteristic for the soils generated on eluvia-
deluvium of the Perm sediments.
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3.	 For the soils generated on blanket carbonate-free loams lower 
degree of supply by microelements is characteristic; their addi-
tional entering especially during the periods of intensive growth 
and formation of a crop of agricultural crops is necessary.

4.	 Content and character of seasonal dynamics of microelements in 
arable soils is influenced by soil-climatic conditions a concrete 
growth season and by physiological conditions of grown crop.

5.	 Non-polluted loamy arable soils of the Kirov region contain on the 
average insignificant amounts of mobile Pb, Cd, and Cr. In some 
cases in arable horizons of soils essential excess of MAC on these 
metals connected with geochemical features of territories (Cr) and, 
possibly, with technogenic influence (Pb, Cd) is revealed.

6.	 Content of mobile HM varies significantly during a growth season 
by 1.5–10 times.

7.	 Maximum content of all studied elements is characteristic with rare 
exception to beginning of a growth season. The minimum is on the 
middle or the end of growth.

8.	 During the separate periods of a growth season (spring, fall) the 
content of mobile HM can increase sharply coming nearer to levels 
of MAC and above that can represent danger to agricultural plants.

9.	 The control over level of the content of mobile fractions of HM is 
necessary in agricultural soils especially during the spring period.
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ABSTRACT

Data of two-year observation over seasonal dynamics of the content and 
reserves of the total and labile carbon of humus substances of an arable 

CHAPTER 3
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variant of podzolic soils of a southern taiga are presented. It is revealed 
that arable soils contain insignificant amount of humus carbon; its content 
and reserves essentially vary not only on depth of a soil profile but also 
during a growth season. The content and reserves of humus organic carbon 
essentially vary in a profile of arable soils during all term of observation 
within 0.58–1.11% (of soil weight) and 31.49–45.58 t/ha accordingly. In 
transitive eluvial horizon АВ the content and reserves of the total carbon 
is much less (from 0.17 to 0.66%). The horizon B contains insignificant 
amount of carbon – from 0.15 to 0.30%. The maximum content of labile 
carbon is characteristic for arable horizon (from 0.010 to 0.222%). In hori-
zon АВ the content fluctuates from 0.016 to 0.160%. Character of dynam-
ics of labile carbon in horizon АВ is close to that in arable horizon. The 
content maximum is marked in the beginning of a season, a minimum – in 
the end. In horizon B it is noted sharp fluctuations of labile carbon content. 
As a whole the carbon content in this horizon is minimal (from 0.030 to 
0.094%) and varies rather smoothly during a season. The top layers of soil 
are characterized by rather constant reserves of carbon with small ampli-
tudes of fluctuation during a season. The thicker is considered layer, the 
higher amplitude of fluctuation of the content of carbon during a season. 
The general tendency of change of reserves of labile compounds of car-
bon in both years of research is decrease in reserves from the beginning 
of the growth period up to the end with different in amplitude fluctua-
tions of the content. In horizon of a forest ground litter (0–5 cm) of forest 
biogeocenosis reserves stocks of organic matter have made 42.94–50.25 
t/ha on the average for a season. During the various periods of a growth 
season significant wavy fluctuations of carbon reserves are observed. In 
the beginning of a growth season, carbon reserves of a ground litter made 
38.81 t/ha. To end of a season reserves have increased by 20.1% and have 
made 45.76–48.68 t/ha. The maximum value of reserves of organic matter 
in a ground litter is noted in the second 10-day period of June (55.64 t/ha). 
The minimum has been noted in the end of May and has made 26.47 t/ha. 
The system of organic matter in a forest ground litter is stable and pos-
sesses dynamic balance. In the beginning of the growth period the mini-
mum reserves of carbon in horizon Oi of forest soil – 6.52 t/ha are noted. 
The maximum value of reserves of organic carbon in the given horizon 
(21.86–25.15 t/ha) has been noted in the second 10-day period of June. In 
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the end of the period of observation reserves of organic carbon have made 
12.57–15.35 t/ha that significantly exceeds values in the season begin-
ning. Horizon Аhe differs by the greatest amplitude of fluctuation of carbon 
reserves. In the beginning of a season it was equal to 13.15–23.03 t/ha, in 
the end – 18.24–29.41 t/ha. The maximum value of reserves is noted in 
the middle of September, it has made 52.21 t/ha whereas the minimum 
reserve is noted in the third 10-day period of May and has made 16.64 t/ha. 
In the heaviest horizon B the greatest reserves of organic carbon of humus 
substances are contained. In the beginning of a season of researches they 
made 36.27–43.71 t/ha, in the end – 31.62–33.48 t/ha. Reserves of the total 
carbon in this horizon in the end of a season were significantly reduced 
by 23.4%. The minimum values of reserves of organic carbon of humus 
are characteristic as a rule to beginning of a growth season, maximum 
– for second half of growth season. Despite considerable fluctuations of 
carbon reserves during the growth periods, in the beginning and the end 
of seasons of research its values did not differ statistically that can be a 
sign of stability of all system of soil organic substance. Stability of system 
remains in annual dynamics too.

3.1  INTRODUCTION

Threat of global ecological crisis dictates necessity of studying of laws 
of chemical elements circulations in natural and anthropogenic disturbed 
ecosystems. The climate change problem is connected with damage of a 
global carbon cycle. For last century there was a strengthened increasing 
of a greenhouse effect in atmosphere.

The natural non-anthropogenic-disturbed ecosystems are characterized 
by the balanced, almost closed circulation of chemical elements. Anthro-
pogenous transformation of natural ecosystems leads to breakdown of bio-
geochemical cycles of elements. A carbon cycle is one of the major for 
Earth’s biosphere. Its breakdown as a result of human activity will lead to 
global environmental problems, climate change, and degradation or reor-
ganization of whole biosphere.

Soil organic carbon is one of key links of a global carbon cycle [1]. 
Organic carbon can define as property of soils, modes, content of compounds 
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of nutritive elements available for plants, and as a whole stability of whole 
ecosystem. Organic carbon of a soil component is the enormous geochemical 
accumulator, the store and the keeper of a solar energy and information on a 
terrestrial surface.

Availability of heavy metal for plants is determined not only by heavy 
metal contents in soil but also by soil pH value, organic matter and clay 
contents, and use of different fertilizers [2, 3]. These soil parameters can 
significantly change mobile fraction of heavy metals at the same level of 
their total amount [4–6]. Besides soil pH, which is a key parameter, the 
content and mainly the quality of soil organic matter can influence the 
availability of heavy metals in soil. Some researchers showed that amend-
ment of contaminated soils with organic matter reduced bioavailability of 
heavy metals [7]. High organic matter content was reported to decrease 
concentrations of Cd and Ni in soil solution [8]. Soil organic matter has 
been of interest in studies of heavy metal sorption by soils because organic 
ligands are known to form stable complexes with heavy metals [9, 10]. 
The content of organic matter affects speciation of heavy metals in soil 
[11]. Dissolved organic-matter molecules contain functional groups (e.g., 
COOH and phenol-OH) capable of complexion metals [12, 13]. The 
metal–organic matter interaction has various and complex consequences 
both on the solubility, mobility and bioavailability of metals [14] and on 
soil organic matter turnover [15]. Humic substances represent a significant 
proportion of total organic carbon. The predominant fraction of humus 
substances is humic acids that are very active in interacting with inor-
ganic contaminants [16]. Excellent sorption properties of humic acids that 
depend on their chemical structure were reported by many authors [17, 
18]. Thus high content of organic matter in soil can serves as the ways to 
exclude heavy metals from the trophic chain.

It is considered that the major suppliers of carbon in atmosphere 
are natural forest ecosystems, in particular boreal, and agriculture. For-
est ecosystems in the course of photosynthesis absorb carbon dioxide of 
atmosphere, which is one of the basic greenhouse gases. Boreal forests 
of Eurasia play the important role in accumulation of atmospheric car-
bon. It is known that boreal forests owing to climatic features of territo-
ries of their growth are capable to deposit carbon not only in a live and 
dead biomass, but also in wood and vegetative detritus, humus, and soil. 
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Hence, the estimation of reserves of carbon in forest ecosystems causes 
a particular interest and demands careful studying. During our long-term 
researches individual questions of dynamics of the content and reserves of 
carbon in South taiga forest and arable podzolic soils have been studied 
[19–21]. Logic continuation of these works is studying of dynamics of 
reserves of various forms of carbon in soils of a sub-band of a south-
ern taiga, especially in a forest ground litter, which is the basic source of 
organic carbon in soil of forest biogeocenoses. In the scientific literature 
there is not enough data on the similar problems. Meanwhile, in biological 
circulation of carbon, nitrogen and ash elements, and also in soil formation 
processes in forest ecosystems the forest ground litter has important value. 
It is known that entry of the vegetative rests on a soil surface in forest eco-
systems occurs non-uniformly and their specific accessory varies strongly 
on months. Amount of inputting tree waste, its structure and intensity of 
decomposition substantially define character of formation of a ground lit-
ter, morphology and properties of soil.

At organization and development of farming agriculture and cattle 
breeding large areas of natural ecosystems are collapsed. The artificial 
agricultural systems created on their place are characterized by incom-
pleteness of biogeochemical cycles, notable losses of elements, including 
carbon. The soil is the major and integral element of any land ecosys-
tem; serves as a habitat of soil flora and fauna; is enriched by nutritious 
elements for plants; and, as a whole, provides stability of ecosystems. 
Ploughing up of soils leads to strengthening of a mineralization of soil 
organic substance; and alienation of vegetative mass with a crop inter-
feres with entry in soil and humification of the fresh vegetative rests [22]. 
Soils lose carbon that, in turn, conducts to strengthening of greenhouse 
effect.

Despite presence of the data about carbon reserves in soils of various 
ecosystems there is not full picture of the process [23]. Data on carbon 
reserves in soil and their dynamics during a season are fragmentary.

The work purposes are: (i) the estimation of the content and reserves 
of organic carbon in arable soil, as well as in horizon of ground litter and 
in soil component of a forest ecosystem of a sub-band of a southern taiga 
of the Kirov region; and (ii) studying of their dynamics during a growth 
season.
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3.2  MATERIALS AND METHODOLOGY

3.2.1 � DYNAMICS OF THE CONTENT AND RESERVES OF 
HUMUS CARBON IN ARABLE PODZOLIC SOILS

Object of research is the arable variant of podzolic soil. The object is in a 
South taiga sub-band, in territory of the Kirov region in 15 km to the south 
of a Kirov city. The key site where soil samples were collected is located 
in an average part of a slope to a brook (1–2о) of a southeast exposition. 
Researches were spent during seasons 2009 and 2010 from April till Octo-
ber inclusive. Soil type is arable sandy podzolic, on fluvio-glacial sandy 
sediments spread by loamy sediments.

Soil samples were collected from three top horizons of Аp (0–20 cm), 
AB (20–40 cm), B (40–80 cm) with a soil drill in five repeats. For study-
ing of dynamics of carbon compounds soil samples were collected in the 
beginning of season – once a week, further – once in 2–4 weeks, depend-
ing on weather conditions. Soil samples were prepared for the analysis by 
standard methods.

Next parameters of soil were defined: humidity (a thermostat-weight 
method); volume density and content of the total carbon of humus – by 
Tyurin’s method stated in [24]; content of labile organic carbon – accord-
ing to [25].

3.2.2 � DYNAMICS OF RESERVES OF ORGANIC MATTER IN 
A FOREST GROUND LITTER AND SOIL LAYER OF 
A FOREST TAIGA ECOSYSTEM OF SOUTH TAIGA 
BIOGEOCENOSIS

Object of research is the soil component of forest biogeocenosis presented 
by a 60–80 year-old wood sorrel spruce forest which is in a South taiga 
sub-band in territory of the Kirov region. Dominating species is European 
spruce (Picea abies L.). Soil is sandy podzolic on fluvio-glacial sandy 
sediments spread by loamy sediments. A water supply is mixed; a mode of 
humidifying – washing.

Three registration sites 10×10 meters each have been put in 2009–2012 
for studying of dynamics of carbon reserves. Samples of a forest ground 
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litter were collected in five repeats in the beginning of season – once a 
week, further – once in 2–4 weeks depending on weather conditions. Next 
parameters were defined in samples of ground litter prepared by the stan-
dard methods: field humidity and losses at burning [24].

In a soil layer from three top horizons Oi (0–5 cm), Аhe (5–20 cm), and 
B (20–80 cm) soil samples were collected in five repeats by means of a 
soil drill. Soil samples were prepared for the analysis by standard methods. 
Next parameters were defined: humidity (a thermostat-weight method), 
volume density, content of total organic carbon on Tyurin’s method [24]; 
content of labile organic carbon [25].

The obtained primary data was processed by means of methods of dis-
persive and correlation analyzes with application of a package of standard 
programs Excel and Statistica 10. On the basis of received data reserves 
of the total and labile carbon were counted up on horizons and layers of a 
soil profile.

3.3  RESULTS AND DISCUSSION

3.3.1 � DYNAMICS OF CONTENT AND RESERVES OF HUMUS 
CARBON IN ARABLE PODZOLIC SOILS

The soil organic matter plays the important role not only in fertility of ara-
ble soils, but also in circulation of carbon and other chemical elements in 
agro-biocenoses. It is rather difficult to estimate the content and reserves 
of organic carbon in soils as they vary essentially during a growth season 
and depend not only on soil factors, but also on climatic features of year, 
features of cultivated crops, agricultural technicians, etc.

As our researches have shown the content and, accordingly, reserves 
of humus organic carbon (Ctot) vary essentially in a profile of arable soils 
during all term of observation.

In a profile of arable soil the greatest content and reserves of Ctot are 
characteristic for arable horizon.

During a season of 2009 the content and reserves of humus carbon 
varied in limits 0.76±0.15 – 1.10±0.07% (from soil weight) which is cor-
respond to 31.49–45.58 t/ha.
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The minimum content is noticed in spring that is connected with 
absence of coming of fresh organic matter for humification, and weak 
humification of available organic remains because of low soil temperature 
(Figure 3.1). The carbon content rises in summer, especially in the begin-
ning, and in an early autumn when optimum hydrothermal conditions for 
humification are created.

In transitive eluvial horizon АВ the content and reserves of Ctot is much 
less (from 0.17±0.02 to 0.66±0.03%). Dynamics of the content of carbon 
during a growth season is significant; character of dynamics is complex 
(see Figure 3.1). But, as the basic source of organic carbon in this horizon 
is its coming from overlying arable horizon during the separate periods 
of a growth season then negative correlation (minus 0.77 at Р = 0.95) is 
marked between Ctot contents in horizons Ap and АВ. In other words, after 
snow thawing Ctot coming in horizon АВ from arable horizon with snow-
melt runoff and atmospheric precipitations.

The horizon B contains insignificant amount of carbon – from 0.15±0.01 
to 0.30±0.06%. Change of its content during all season as a whole is insig-
nificant statistically; amplitudes of fluctuations are insignificant too.

It is possible to consider 2009 as an average on weather parameters. 
2010 was characterized by abnormal weather conditions during the sum-
mer period, high air temperatures and absence of precipitations.

FIGURE 3.1  Dynamics of Ctot content in genetic horizons of arable podzolic soil, 2009 
(%) (Note: here and hereinafter abscissa axis – data of sampling).
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The humus carbon content and its reserves in arable horizon of soil in 
2010 is less, than in previous – from 0.58±0.04 to 1.11±0.06%. Changes of 
the content during a growth season are significant. Character of dynamics 
differs from previous year. The maximum content and its greatest fluctua-
tions were in spring period (Figure 3.2). In a period of summer drought 
fluctuation of humus Ctot content are not significant, and the content per se 
is slightly also. The minimum of the content of humus carbon is noted on 
an early autumn.

Such character of dynamics is caused by features of transformation of 
organic matter under extreme weather conditions. At the minimum soil 
humidity and high air temperature there is a braking of humification pro-
cesses and the content of organic carbon varies slightly. Obviously, in such 
conditions organic carbon is presented by compounds strongly connected 
with a mineral part of soil or poorly decayed organic rests [26].

Underlying horizons of a soil profile contain insignificant amounts of 
Ctot and its fluctuation are absent practically (are not statistically signifi-
cant) during all 2010 growth season except for the spring period.

The system of soil organic matter is very complex. There are com-
pounds of different structure, complexity and functional activity. It is con-
ditionally accepted to divide soils organic matter into stable and labile 
parts [27, 28]. The border between them is rather conditional and depends 

FIGURE 3.2  Dynamics of content of Ctot in genetic horizons of arable podzolic soil, 
2010 (%).
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on methods of extraction and studying of these parts. If the stable “conser-
vative” component of organic matter is rather well studied, the labile part 
is studied poorly and the uniform standardized techniques of its extraction 
and studying do not exist.

Labile components play the important role in soil processes; they define 
and correct many major soil modes – oxidation-reduction, acid-alkaline 
and others. Labile components are the most accessible source of nutri-
tive elements for microorganisms and plants. Besides, labile compounds 
participate in creation and maintenance of balance of system of specific 
humic matters of soil.

In parallel with definition of the content and reserves of the humus total 
carbon the content and reserves of labile components of soil organic mat-
ter (Clab) have been defined.

During two growth seasons significant fluctuations of the content and 
reserves of labile carbon in all three-soil horizons are observed.

In 2009 the maximum content of Clab was characteristic for arable hori-
zon (from 0.010±0.004 to 0.189±0.021%). During a season statistically sig-
nificant fluctuations of the content and reserves of labile carbon are noted 
(Figure 3.3). The maximum values of the content are observed in the begin-
ning of season (in spring and in the beginning of summer) that is caused 
by increase of microbiological activity at occurrence of favorable levels of 
temperature and soil humidity and active processing of organic matter.

FIGURE 3.3  Dynamics of Clab content in genetic horizons of arable podzolic soil, 2009 
(%).
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In the presence of considerable fluctuations during a growth season the 
tendency of reduction of the Clab content is observed to the end of a season 
of observing. It, obviously, is connected also with active microbiological 
destruction of labile fractions of humus and with active transformation of 
labile compounds in more conservative, poorly mobile compounds.

In underlying horizons АВ and B the content of labile compounds of 
carbon is lower. In horizon АВ the content fluctuates from 0.050±0.009 
to 0.160±0.007%. Character of dynamics of Clab in horizon АВ is close to 
that in arable horizon. The content maximum is marked in the beginning 
of a season, a minimum – in the end. In horizon B it is noted sharp fluc-
tuations of the content of labile carbon. As a whole the carbon content in 
this horizon is minimal (from 0.030±0.004 to 0.094±0.007%) and varies 
during a season rather smoothly.

During a season of 2010, despite climatic anomalies, a maximum of 
Clab content is marked in arable horizon also (Figure 3.4). In this horizon 
the maintenance of Clab fluctuates from 0.059±0.003 to 0.222±0.025%. 
Thus amplitudes of fluctuation on sampling terms are higher than in 2009. 
The maximum of the content and the maximum amplitudes of fluctuations 
are observed in the beginning of a growth season.

At relative decreasing of the content of humus total carbon in compari-
son with previous year, the increase in Clab content is probably explained 

FIGURE 3.4  Dynamics of Clab content in genetic horizons of arable podzolic soil, 2010 
(%).
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by chemical destruction of more composite conservative part of humus 
under extreme weather conditions.

The content of Clab in horizons АВ and B is much lower (from 
0.016±0.005 to 0.126±0.018% and from 0.015±0.003 to 0.073±0.022%, 
accordingly). Dynamics of its content during a growth season is expressed 
distinctly and close to character of its dynamics in arable horizon.

For all surveyed soil horizons the general trend of reduction of Clab 
content from the beginning of a season by the end is swept up.

Unfortunately, for two years of researches it was not possible to reveal 
accurate significant dependences between the content of different forms 
of humus carbon during a season and some soil parameters. Such soil 
parameters as a mode of humidity, acidities, a temperature mode per se 
are dynamical in time too and also depend from weather and biocenotic 
factors. In a real environment joint action of many factors as a result does 
not give an accurate picture of their influence on system of soil organic 
matters.

On the basis of studying of the content of carbon in arable soil, its 
reserves have been counted up on horizons and on profile layers (Tables 
3.1 and 3.2).

According to the content, the greatest reserves of humus carbon are 
intrinsic in arable horizon. Change of reserves during a season repeats 
dynamics of the carbon content.

If to consider dynamics of reserves on soil layers than the top layers 
are characterized by rather constant reserves of carbon with small ampli-
tudes of fluctuation during a season (Figures 3.5 and 3.6). The thicker is a 
considered layer the higher amplitude of fluctuation of the carbon content 
during a season.

The general tendency of change of labile carbon compounds reserves in 
both years of research – decrease in reserves from the beginning of growth 
period up to the end with fluctuations of content different in amplitude. 
Abnormal on weather conditions 2010 year differs by smaller reserves of 
labile carbon of humus.

Dynamics of reserves of the total humus carbon on soil layers differs 
in 2009 and 2010. If in 2009 from the beginning by the end of a growth 
season, despite fluctuations, the carbon content grows gradually, in 2010 
the content falls. It is especially appreciable at higher capacity of a layer.
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FIGURE 3.5  Dynamics of reserves of total (a) and labile (b) humus carbon on soil layers, 
2009 (t/ha).

3.3.2 � DYNAMICS OF RESERVES OF ORGANIC MATTER 
IN A FOREST GROUND LITTER OF SOUTH TAIGA 
BIOGEOCENOSIS

The general scheme of formation of an organic part of aboveground cover 
inseparably linked with biological circulation of matters and soil forma-
tion for which the most essential unit is a decomposition of dead organic 
rests accompanied by simultaneously going processes: accumulation of a 
primary organic material, decomposition, microbial synthesis, humifica-
tion, and mineralization [29]. Such unit in South taiga biocenosis is forest 
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ground litter. Really, ground litter is characterized as organogenic horizon 
in which there is a transformation of the plant’s rests and of all organic 
material arriving on a surface of soil.

Formation of tree waste is a process dynamical in time and differenti-
ated within the forest ecosystems space. Accumulation of organic carbon 
on a surface of a soil component depends first of all on a relation between 
size of its annual incoming and size of expense. It is known that incoming 
of the vegetative rests on a soil surface in forest ecosystems occurs non-
uniformly and their specific accessory varies strongly on months.

Tree waste transformation process is influenced by biotic and abiotic 
factors. Mechanical destruction of tree waste is caused by cycles of freez-
ing – thawing, drying – humidifying that leads to fixing of organic carbon. 

FIGURE 3.6  Dynamics of reserves of total (a) and labile (b) humus carbon on soil layers, 
2010 (t/ha).
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During the spring and autumn periods destruction of tree waste at rather 
weak microbiological activity there are maximum losses and the subse-
quent migration of various elements out of ground litter.

At tree waste incoming in the generated ground litter it includes in a 
cycle of transformation of organic matter. Along with incoming tree waste 
the ground litter transformed also. A consecutive line of transformations 
is caused by action of some factors: changing and concerning constants. 
Among the first are character of the vegetative rests and a hydrological 
mode of soils. It is possible to ascribe to the second next factors: environ-
mental conditions of location (microclimate), granulometric and miner-
alogical structure of soils, position in system of geochemical landscapes.

The constancy of structure of the incoming vegetative rests leads to 
stabilization of processes of decomposition and formation of a profile of 
ground litter with other things being equal [30].

For an estimation of speed and intensity of circulation of organic mat-
ter in forest biogeocenoses it is necessary to know reserves of ground litter.

Considering questions of spatial variability of carbon reserves in com-
ponents of boreal ecosystems, it is possible to notice that under conditions 
of a southern taiga the data of last years are absent on reserves of organic 
carbon in ground litter, including annual tree waste.

According to some researches carbon reserves of ground litter horizon 
of forest soils of a taiga zone can give various values, essentially different 
from each other. For example, by results of the researches spent in forest 
biogeocenoses of a sub-band of a southern taiga of the Zvenigorodsky bio-
logical research station of the Moscow State University (Moscow Region, 
Russia), reserves of carbon of ground litter in spruce forests vary within 
limits 7.1–29.5 t/ha (0.71–2.95 kg/m2) [31]. On researches of the same 
authors, in 2010 carbon reserves in ground litter of spruce ecosystems of 
the Kostroma region made 4–19 t/ha (0.4–1.9 kg/m2). In spruce biogeoce-
noses in Moscow Region carbon reserves have been estimated in 2–71 t/
ha (0.2–7.1 kg/m2).

Such essential divergences in an estimation of reserves of an organic 
matter of a ground litter are obviously connected with use of various 
approaches and estimation techniques, with different terms of carrying out 
of researches. At the same time, one of the prospective reasons can be also 
various features of a forest-vegetation cover, a considerable variation on 
climatic conditions and zone differences of formation of ecosystems.
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Organic matter of forest ground litter transformed during destruction 
process migrates on a soil profile and is fixed in lower lying horizons. The 
transformed organic material in a considerable amount is observed in the 
top horizon of soil.

In horizon of a forest ground litter (0–5 cm) of investigated South taiga 
biogeocenosis reserves of organic matter on the average for a 2009 season 
of supervision have made 42.94±2.10 t/ha. The received value is quite co-
ordinated with not numerous data of other researchers. By results of the 
researches spent in birch-spruce young growth in Komi Republic reserves 
of a ground litter are estimated in 46.1 t/ha, with accumulation for a growth 
season on 37% [32]. In a mature spruce forest of Komi Republic reserves 
of a ground litter vary within limits from 26 to 77 t/ha [33].

Analyzing results of studying of dynamics of organic matter reserves 
in ground litter it is necessary to note the following (Figure 3.7). During 
the various periods of a growth season significant wavy fluctuations of 
carbon reserves are observed.

In the beginning of a growth season reserves of carbon of a ground litter 
made 38.81±11.38 t/ha. To the end of a season of observation reserves have 
increased by 20.1% and have made 48.68±9.20 t/ha. The maximum value 
of reserves of organic matter of a ground litter is noted in the second 10-day 
period of June (55.64±3.04 t/ha). The minimum has been fixed in the end 
of May and has made 26.47±4.37 t/ha. On the diagram (see Figure 3.7) the 
tendency of increase in reserves of an organic material from the beginning 
of the period of observation to its end is well appreciable.

FIGURE 3.7  Dynamics of reserves of organic matter in ground litter horizon of forest 
taiga biogeocenosis, 2009 (t/ha).
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The possible reason of such variation of parameter of organic material 
reserves is, on the one hand, increase of destructive activity of soil micro-
organisms in connection with favorable weather-climatic conditions, as a 
result of it reserves decrease. But on the other hand – adverse physical fac-
tors of environment with an insufficient mode of humidifying which brake 
destructive activity soil biota that leads to sharp increase in reserves of 
organics. Despite considerable significant fluctuations of size of reserves 
during a season, values in the beginning and in the end of a season differ 
doubtfully that indicates relative resistance and stability of system of soil 
organic matter.

The second season of observation (2010) was characterized by the 
abnormal weather phenomena, a combination of a drought and high air 
temperatures in the middle of summer. Average value of reserves during 
observation upon forest biogeocenosis of a southern taiga was established 
on a mark 48.64±3.06 t/ha that is 11.72% higher than in 2009. However, 
the difference though is significant, but is not so essential.

In the beginning of a 2010 season reserves made 50.25±12.15 t/ha 
(Figure 3.8). The minimum value of reserves of organic matter of a ground 
litter makes 33.42±7.12 t/ha. At the same time low values of reserves have 
been noted in the first and second 10-day periods of May and have made 
38.14±11.61 t/ha and 37.24±3.25 t/ha accordingly. The maximum of car-
bon reserves has been noted in the end of a growth season in the first 
10-day period of August which has made 65.07±4.24 t/ha. In the end of a 

FIGURE 3.8  Dynamics of reserves of organic matter in ground litter horizon of forest 
taiga biogeocenosis, 2010 (t/ha).
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season of measurements reserves of organic matter of a ground litter have 
made 45.76±9.02 t/ha.

The received data testify that for a 2010 season of observation reserves 
of the total organic matter of ground litter horizon have decreased by 
8.94%. Considerable deviations both towards increase of reserves of 
organic matter, and towards fall are observed. It is obvious that abnormal 
high air temperatures in a combination to unstable mode of humidifying 
during a 2010 season of researches have affected processes of transforma-
tion of organic compounds.

2009 and 2010 growth seasons differ on character of fluctuations of 
values of carbon reserves. Fluctuations of values of reserves during the 
investigated periods substantially depended on climatic factors of year of 
researches.

Weather-climatic conditions and moisture provision influence micro-
biological activity, and also promote destruction processes, redistribution 
and accumulation of organic compounds in a soil profile [22].

Destruction and mineralization of an organic material of ground litter, 
and accordingly organic carbon compounds as a whole on a profile has 
dynamical character: the maximum is marked during the summer period, 
and decrease in the content of carbon from spring to the middle of summer 
and increase by the autumn is observed.

The 2009 season of observation, as a whole, was characterized by val-
ues of air temperatures and precipitations close to average long-term val-
ues (Figure 3.9). The temperature maximum of the investigated period 

FIGURE 3.9  Air temperature and amount of precipitations in 2009 growth season on 
10-day periods of each month.

A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



Dynamics of Organic Matter Content in Sod-Podzolic Soils	 71

has had for July, and a temperature minimum – for the second 10-day 
period of September. The greatest amount of precipitations has been fixed 
in the first 10-day periods of June, July, and the third 10-day periods of 
July and August. The least amount of precipitation has been noted in first 
two 10-day periods of May (4 and 6 mm accordingly), the second 10-day 
period of July (6 mm) and first two 10-day periods of September (7 and 2 
mm accordingly). There are periods where high airs temperatures are com-
bined with a small amount of precipitations are observed. The droughty 
period with high temperatures is pointed for the second 10-day period of 
July and the first 10-day period of September.

Comparing and analyzing diagrams of dynamics of change of organic 
matter reserves in ground litter in a combination with weather-climatic 
conditions of growth period accurate dependence of parameters of a car-
bon reserve on considered factors of environment is traced. Favorable 
temperatures and an optimum amount of precipitation promoted activation 
of activity of soil microorganisms; in this connection there was a decrease 
in reserves of organic matter (see Figure 3.7). And on the contrary, the 
periods with low temperatures, or too high, and insufficient humidifying 
promoted decreasing of activity of soil destructors, hence, conducted to 
increase in reserves of carbon.

However it is necessary to remember that processes of destruction and 
transformations occur not at once, but are differentiated and shifted in time 
and space, i.e., after approach of favorable conditions for decomposition 
of carbon compounds decrease will be observed in its reserves with some 
delay. In a soil profile favorable conditions for increase in carbon reserves 
will remain still some time.

Forest ground litter as soil horizon which is on a surface is most sensi-
tive to influence of climatic factors in comparison with underlying hori-
zons [34].

In an abnormal climatic season of 2010 dynamics of organic matter 
reserves of a litter differ considerably from previous year (Figures 3.8 and 
3.10).

The maximum temperatures for a 2010 growth season were observed 
from third 10-day period of June till the second 10-day period of August 
and have made 20.9°С and 27.2°С, and precipitations were absent almost 
completely. For three summer months the temperature maximum had for 
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July and has made 23.1°С, at a minimum of precipitations – 9 mm for a 
month. The droughty period of summer months with high air temperatures 
and a minimum amount of precipitation has made sufficient strong impact 
on a condition of ecosystems, their productivity, and also on dynamics of 
organic matter reserves in a soil component of an ecosystem.

Reserves of the total organic matter decrease in the second and third 
10-day periods of May, 2010 at rise in temperature and amount of mois-
ture. Activation of destructive activity of soil biota can be one of possible 
explanations of such phenomenon.

It is known that within the usual temperatures observed on a terres-
trial surface, speed of decomposition of organic matter raises with rise 
in temperature. However, during a summer drought the opposite picture 
is observed. Parameters of reserves of organic matter in ground litter 
increase stably and reach the maximum value in the first 10-day period of 
August and then decrease slowly. Temperature parameters also increase 
but thus precipitations are absent practically. In the first 10-day period of 
August there were not precipitations at all (0 mm). It is obvious that in 
litter horizon, owing to adverse weather factors, the considerable amount 
of tree waste income, which is not transformed under conditions of sharp 
deficiency of moisture.

Thus, change of organic matter reserves of soil is a result of interac-
tion of the complex and various factors crossed in biogeocenosis. There-
fore, character and the reasons of fluctuation of organic carbon reserves in 
boreal biogeocenoses demand the further studying.

FIGURE 3.10  Air temperature and amount of precipitations in 2010 growth season on 
10-day periods of each month.
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3.3.3 � DYNAMICS OF RESERVES OF CARBON IN A SOIL 
LAYER OF A FOREST TAIGA ECOSYSTEM

At studying of reserves and circulation of organic carbon in ecosystems 
most usually it is considered only aboveground biomass and organic mat-
ter of ground litter. However, underlying horizons of soils contain sig-
nificant amount of organic matter actively participating in circulation of 
carbon and other elements.

It is known that reserves of soil carbon increase from equator to poles 
and reach a maximum in boreal zone. Boreal forests accumulate (in live 
and dead phytomass) considerable much amount of carbon in a year gain 
of wood than rainforests. In the conditions of a hot and humid climate 
tropic ecosystems spend almost 100% of annual primary production on 
autotrophic and heterotrophic nutrition. In boreal forests essential amounts 
of carbon collects in a dead biomass (a dead wood, wind fallen trees, soil 
humus) whereas in tropical forests dead phytomass and soil carbon com-
pounds are quickly processed by microorganisms and carbon is lost with 
CO2 excretion at respiration [35]. Thus, soils of boreal forests are charac-
terized by the greatest reserves of soil carbon.

In the course of vital activity of forest ecosystems considerable amount 
of organic carbon which migrates on a profile penetrating into thickness 
of soil collects in a soil component. Quantitative distribution of organic 
carbon on soil horizons varies. Non-uniform distribution can be defined 
as various capacities of horizons, features of structure and properties of 
horizons, and substantially fluctuation of environment factors.

It is known that forest ground litter accumulates the greatest amount of 
organic matter in the form of organic rests of different degree of decompo-
sition. However, reserves of humus compounds per se in soil are small in 
comparison with other horizons (Figure 3.11).

It is connected with low capacity of the given horizon and high mobil-
ity of specific humic compounds formed in it in boreal zone. The greatest 
amount of organic carbon of humic compounds contains in illuvial hori-
zon that is caused by its high capacity.

Studying and estimation of reserves of soil organic carbon becomes 
complicated by dynamical character of this soil component. In soils of the 
investigated key sites within two years of observation significant seasonal 
dynamics of the content of organic matter is revealed.
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In the beginning of the 2009 growth period the minimum reserves of 
carbon in horizon Oi – 6.52±1.2 t/ha are fixed. The maximum value of 
reserves of organic carbon in the given horizon (21.86±0.82 t/ha) has been 
noted in the second 10-day period of June. In the end of the growth period 
reserves of organic carbon have made – 12.57±1.08 t/ha that significantly 
exceeds values in the beginning of a season.

Horizon Ahe differs by the greatest amplitude of fluctuation of carbon 
reserves. In the beginning of a season they were 23.03±6.77 t/ha, in the 
end – 29.41±6.21 t/ha. The maximum value of reserves is fixed in the 
middle of September, it has made 43.32 t/ha whereas the minimum reserve 
is noted in the third 10-day period of May and has made 16.64±1.4 t/ha.

In the heaviest horizon B there are the greatest reserves of organic 
carbon of humic matter. In the beginning of a growth season they made 
43.71±6.04 t/ha, in the end – 33.48±2.66 t/ha. Reserves of the total carbon 
in this horizon in the end of a season were significantly reduced by 23.4%.

The received values of reserves of the total carbon in soil horizons of a 
South taiga spruce forest have appeared close to results of the researches 
spent in territory of an middle taiga (Republic of Komi, Russia) where car-
bon reserves on horizons have made: Oi (0–5 cm) – 14.62±2.69 t/ha, Аhe 
(5–20 cm) – 16.36±0.27 t/ha, B (20–80 cm) – 41.71±1.2 t/ha [36].

Recalculation of reserves of carbon by soil horizons has been made for 
an estimation of reserves of the total carbon and their dynamics in a soil 
profile as a whole (Figure 3.12).

FIGURE 3.11  Dynamics of reserves of humus total carbon on soil horizons, 2009 (t/ha).
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The obtained data is close to non-numerous observations of other research-
ers. On materials of the State Government of Forest Fund for January, 1st, 
1998 average reserves of organic carbon on soil layers 0–30 cm, 0–50 cm, 
and 0–100 cm are defined as 64±8, 75±9 and 91±10 t/ha accordingly [37]. 
There is data on carbon deposition in soils of spruce forests in middle taiga 
zone where its content makes from 84.85±4.30 to 96.5±34.8 t/ha [36].

In some publications [35, 38] the opinion on the admitted statistical 
errors and low reliability of the data on carbon reserves in soils is expressed. 
Discrepancy in definition of carbon reserves is connected, obviously, with 
high dynamism of this parameter, which varies essentially depending on 
terms of carrying out of observation. Presented figures shown that carbon 
reserves vary essentially in all soil layers during a season.

Analyzing results, it is possible to note the following. Some soil hori-
zons are characterized by considerable fluctuations of reserves during a 
season and in this case it is difficult to established the general laws of 
behavior of system of soil carbon.

Considering reserves on layers it is possible to note some laws. The 
more considerably thickness of a soil layer the higher scope of fluctuations 
of reserves of the total carbon during a season. However, it appears that the 
more considerably a thickness of a layer, the more stably is a system in an 
annual cycle. Reserves of the total carbon in a layer 0–80 cm in the begin-
ning (70.44±14.31 t/ha) and the end (70.63±12.04 t/ha) of growth season 
do not differ significantly.

FIGURE 3.12  Dynamics of reserves of total carbon on soil layers, 2009 (t/ha).
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The maximum values of carbon reserves in different soil layers were 
on the end of July–September and vary within 96.86–111.94 t/ha. The 
minimum reserves of the total carbon have been fixed in the end of spring 
and have made 53.00±3.95 t/ha.

If the carbon content in a layer 0–10 cm by the end of season has 
increased significantly by 36.55% than in a layer 0–80 cm for the same 
period increase in reserves have made 0.27% only. Such indicators show 
that the soil component represents self-regulated, stable system where all 
parameters are in dynamic balance. According to some information, val-
ues of deposition of carbon depend on age of forest planting. Young grow-
ing plantings actively increase carbon reserves in phytomass; there is a 
replenishment of pools of a ground litter and soil. In process of aging of a 
forest stand deposition decreases up to full stabilization of carbon reserves 
at formation of resistant mature forests [39]. Average age of forest stand in 
investigated biocenosis makes 60–80 years and many processes, such as 
an exchange of matter, energy, and the information within system, specific 
and trophic structure were generated and have plastic and dynamical char-
acter that promotes stability of system of soil carbon.

The 2010 growth season was characterized by abnormal high air tem-
peratures and a minimum amount of precipitations than sharply differed 
from previous year.

The maximum values of carbon reserves in all horizons (Oi, Аhe, and 
B) have been noted in the first 10-day period of August and have made 
25.15±2.84, 52.21±1.7, and 60.45±3.67 t/ha accordingly (Figure 3.13).

In ground litter horizon the minimum values of reserves are noted 
in the beginning of a growth season. In the season beginning in horizon 
Oi reserves of the total carbon have made 13.15±3.54 t/ha, on its end – 
15.35±3.14 t/ha. The increase in reserves in horizon has made 14.32%. 
In horizons Аhe and B reserves in the beginning of season have made 
29.41±6.13 and 36.27±9.55 t/ha accordingly, in the end of a season – 
18.24±8.66 and 31.62±3.87 t/ha accordingly. In horizons Аhe and B there 
was a decrease in reserves by 37.98% and 12.82% accordingly. However, 
in each separately taken horizon change of reserves in the end of season is 
doubtful in comparison with the beginning of a season.

In a layer 0–80 cm carbon reserves in the season beginning have made 
74.10±12.80 t/ha, and in its end – 62.76±10.49 t/ha, carbon reserves have 

A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



Dynamics of Organic Matter Content in Sod-Podzolic Soils	 77

decreased on 15.3% (Figure 3.14). However, because of the large scope 
of fluctuations of a parameter decrease is doubtful. The maximum val-
ues of carbon reserves had for the first 10-day period of August and have 
made 129.19±9.63 t/ha. The minimum reserves of the total carbon have 
been noted in the second 10-day period of September and have made 
62.76±10.49 t/ha.

Observable dynamics of reserves of the total carbon in horizons of 
a soil component during seasons 2009 and 2010 (see Figures 3.11 and 
3.13) has shown that in horizon Oi for two seasons of observation carbon 

FIGURE 3.13  Dynamics of reserves of total carbon on soil horizons, 2010 (t/ha).

FIGURE 3.14  Dynamics of reserves of total carbon on soil layers, 2010 (t/ha).

A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



78	 Heavy Metals and Other Pollutants in the Environment Biological Aspects

reserves have increased, and in 2009 reserves have increased more than by 
2 times. Other situation is observed in horizon Аhe. For a growth season of 
2009 reserves of the total carbon increased, as well as in horizon Oi, but in 
2010 when there was an abnormal high air temperatures in territory of the 
European part of Russia reserves of carbon of this horizon have decreased 
practically twice. Character of dynamics of carbon reserves is rather close 
in both years of research. In the end of the period of observation carbon 
reserves in soil horizons are restored practically to initial values.

The greatest reserves of the total carbon of humus are contained in 
horizon B that is caused by its high capacity in comparison with other 
horizons.

By consideration of carbon reserves in soil layers similar character 
of their dynamics during growth seasons differ on climatic parameters is 
revealed. In the beginning and in the end of seasons carbon reserves both 
on horizons, and as a whole in a soil layer, are close. In the beginning 
of a growth season carbon reserves in a soil layer 0–80 cm have made 
70.44±14.31 and 74.10±12.80 t/ha in 2009 and 2010 according to, and in 
the end – 70.63±12.04 and 62.76±10.49 t/ha. The greatest amplitude of 
fluctuation of carbon reserves is noted during the growth period of 2010. 
Carbon reserves in a layer 0–80 cm vary especially strongly that, certainly, 
is connected with abnormal hydrothermal conditions and decrease in inten-
sity of processes of photosynthesis depending on them, and microbiologi-
cal activity. As a result of over-drying humification of organic mass and 
carbon migration on a profile of soils is complicated. At approach of favor-
able conditions, processes of microbiological transformation of organic 
matter that leads to increase of the content of soil carbon start to amplify.

The structure of soil organic matter is complex. Except conservative con-
cerning stable part of soil organic matter there are also labile components.

Abundant actual material is collected till now many-sided character-
izing a conservative part of organic matter of soil (the total carbon). It can-
not be refer to labile (mobile) carbon – data on it and its reserves in a soil 
component of an ecosystem are absent practically in the literature.

It is considered that labile components of humus, which are, on the 
one hand, a source of nutrients accessible to plants and microorganisms, 
and with another – actively replenish neogenic humic substances are more 
subject to seasonal dynamics. Character of transformation of humus is 
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thus defined by balance between receipt of organic rests and processes 
of their humification and mineralization. V.M. Volodin with co-authors 
[40] considers that character of seasonal dynamics of humus labile forms 
depends on activity of biocenosis. When it is highest, the content of humus 
decreases. After biocenosis activity decreases the content of humus raises 
again. The labile part of humus in this case serves as though as “buffer” 
between the live population and a steady part of soil humus.

Besides definition of reserves of the total carbon of humus components 
during researches reserves and dynamics of labile carbon for both seasons 
of observation (Figures 3.15 and 3.17) have been defined.

For two seasons significant essential fluctuations of reserves of labile 
carbon both on horizons and on layers of soils are observed.

In the beginning of a 2009 season in horizon Oi reserves of labile 
carbon have made 1.90±0.40 t/ha. To end of a season reserves of com-
pounds of labile carbon have made 2.92±0.71 t/ha. The maximum value 
of reserves (6.44±1.13 t/ha) is noted in the third 10-day period of June; the 
minimum of carbon reserves has made 1.90±0.40 t/ha in the beginning of 
a season of researches. In horizon Аhe the least value of reserves of labile 
carbon has made 3.97±0.8 t/ha in the beginning of the period (the second 
10-day period of May). Further the increase in reserves of labile carbon 
was observed and on end of a season they made 7.75±1.36 t/ha. The maxi-
mum reserves have been noted in the second 10-day period of September 
(11.63±2.06 t/ha).

FIGURE 3.15  Dynamics of reserves of labile carbon on soil horizons, 2009 (t/ha).
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If in the beginning of a season in horizon B carbon reserves have made 
19.16±2.45 t/ha than in its end – 15.81±1.53 t/ha. The maximum reserve 
of carbon, which has made 24.55±4.86 t/ha is noted in the third 10-day 
period of May; minimum – 13.02±5.34 t/ha is noted in the first 10-day 
period of August.

Reduction of amount of labile humus components in the end of vegeta-
tion is caused, obviously, by synthesis of more stable substances. So, for 
example, in soils of Western Siberia in August the amount of labile humus 
substances was minimal [41].

Reserves of labile carbon in the end of a season in a layer (0–80 cm) 
have made 25.64±5.13 t/ha. The maximum values of carbon have been 
noted in September, minimum in May (Figure 3.16).

Reserves of labile carbon in a layer (0–10 cm) by the season end have 
increased twice. Also the positive tendency is traced in a layer 0–50 cm 
where the increase in reserves has made 11.89%. Though in the top hori-
zons reserves have increased in the end of a season in comparison with the 
beginning, in a layer 0–80 cm the value of reserves remained stable. That 
is, as a whole the system of labile organic matter of soils is stable enough 
and, despite seasonal fluctuations, is resistant.

During the 2010 growth season having high air temperatures and a 
minimum amount of precipitations values of reserves of labile carbon in 
horizons Oi and Аhe have appeared minimal. Reserves of labile fractions of 

FIGURE 3.16  Dynamics of reserves of labile carbon on soil layers, 2009 (t/ha).
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carbon in horizon Oi in the beginning of the period of researches were up 
to standard 1.75±0.36 t/ha, in season end have made 1.52±0.32 t/ha. The 
minimum reserve of labile carbon in horizon Oi has made 1.36±0.14 t/ha 
in the second 10-day period of May; the maximum value 2.66±0.59 t/ha 
has been noted in the first 10-day period of May (Figure 3.17).

In horizon Аhe the maximum value of carbon reserves has made 
11.86±2.73 t/ha in the first 10-day period of May; the minimum reserve of 
labile carbon has had for the second 10-day period of September. Reserves 
of labile compounds of carbon to end of the growth period have made 
2.76±1.42 t/ha. As a whole for a season the amount of organic carbon has 
decreased by 62.19%.

In horizon B the maximum value of reserves of labile compounds of 
carbon has made 51.52±4.14 t/ha in second half of July; the minimum 
value makes 16.74±2.11 t/ha in the end of a season.

Carbon reserves in a layer of a soil profile 0–80 cm in the end of a 
season have decreased in comparison with the beginning of the growth 
period (Figure 3.18).

The maximum of carbon reserves is noted in the second 10-day 
period of July and has made 64.40 t/ha; then there is a sharp decrease 
to the end of a season. Reserves of labile carbon in a layer 0–80 cm to 
season end make 21.33±4.98 t/ha whereas in the beginning of a growth 
season made 26.54±3.27 t/ha. The general decrease in reserves makes 

FIGURE 3.17  Dynamics of reserves of labile carbon on soil horizons, 2010 (t/ha).
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18.84%. However, decrease in reserves of labile carbon by the season 
end is insignificant that also indicated relative stability of the system 
despite adverse climatic factors.

Dynamics of reserves of labile carbon both on horizons and on lay-
ers of a soil component distinctly shows considerable influence of envi-
ronmental factors such as air temperature and amount of precipitation. 
Fluctuations of reserves in illuvial horizon (horizon B) are especially 
great.

The analysis of dynamics of reserves of labile carbon during the 
2009 growth period has shown that the significant increase in reserves 
by the season end occurs only in horizons Oi (0–5 cm) and Аhe (5–20 
cm). In horizon of a forest ground litter and eluvial horizon reserves 
have increased by 1.5 times during 2009 growth season. Insignificant 
decrease has occurred only in illuvial layer of a soil profile. In 2010 in 
all horizons there was a decrease in reserves of labile forms of carbon in 
the end of a season. The most considerable falling was in eluvial horizon 
more than by 2.5 times.

As a whole the amplitude of fluctuations of reserves of humus organic 
carbon increases at increase in capacity of a considered layer, however, 
thus the heavier is soil thickness the more stably is carbon system as a 
whole. Even during seasons extreme on climatic parameters the soil com-
ponent of an ecosystem is rather stable that promotes stability of all eco-
system as a whole.

FIGURE 3.18  Dynamics of reserves of labile carbon on soil layers, 2010 (t/ha).
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3.4  CONCLUSIONS

In arable podzolic soil statistically significant dynamics of the content and 
reserves of the humus total carbon as well as its labile part is observed. 
Character of this dynamics is distinguished in different years. The mini-
mum value of reserves in 2009 is noted in first half of growth season, 
maximum – in second half of growth season. In 2010 character of dynam-
ics is opposite. The greatest amplitudes of fluctuation of the carbon con-
tent are characteristic for arable horizon. For carbon of labile compounds 
the general trend of reduction of the content from the beginning by the 
end of season is noted. The system of organic matter of arable soil is more 
dynamical and unstable than in soil of forest biogeocenosis. In different 
years various values of carbon reserves in the end and in the beginning of 
seasons are marked.

Forest ground litter is the major component of taiga forest biogeo-
cenoses through which there is a flow of organic carbon from the top 
layer into soil horizons. Processes of transformation of organic matter of 
a ground litter influence essentially character and speed of circulation of 
carbon in forest biogeocenoses. The system of organic matter of a forest 
ground litter is stable and possesses dynamic balance. Even abnormal 
hydrothermal conditions of 2010 have not discomposed the system. Dis-
tinctions in average reserves of organic matter of a ground litter in 2009 
and 2010 were insignificant though character of dynamics of reserves 
during seasons differs.

In a soil layer of South taiga forest biogeocenoses significant dynam-
ics of reserves of the humus total carbon and its labile part is observed. 
Character of dynamics of carbon reserves is rather close in both years of 
researches. The minimum values of reserves of humus organic carbon are 
characteristic as a rule for beginning of a growth season, maximum – for 
second half of growth season. Despite considerable fluctuations of carbon 
reserves during the growth periods, in the beginning and the end of sea-
sons of research parameters did not differ significantly that can be a sign 
of stability of all system of soil organic matter. Stability of system remains 
in annual dynamics too.
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ABSTRACT

Studies have shown that municipal wastewater sludge can, with appropri-
ate training be used as fertilizer. In order to avoid environmental and 
production pollution with heavy metals found in many types of precipitation 

CHAPTER 4
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you must comply with the relevant regulations of their use for agricultural 
crops, including rates and frequency of the application in soil.

4.1  INTRODUCTION

Urbanization of the population is accompanied by the accumulation 
of huge masses of organic wastes in the form of sewage sludge, which 
because of the possible content of pollutants, especially heavy metals, 
are not widely applied in agricultural production and thereby practically 
excluded from the biological cycle of substances in agriculture [1–3]. 
At the same time, municipal wastewater sludge contains more than 50% 
organic matter, macro- and microelements, which are useful for plants. 
The problem of bioutilization of sewage sludge can be successfully solved 
by the creation on their basis of valuable fertilizing means, such as com-
posts, organic-mineral fertilizers, including pelleted ones. During the pro-
cessing pathogenic microflora and other pathogenic organisms in them are 
destroyed, and by reducing humidity and granulation one can transport 
them over long distances.

4.2  MATERIALS AND METHODOLOGY

In the experience laid out in the climatic conditions of the North-West 
region of Russia (Vologda region), we studied the effect and aftereffect 
of fertilizers on the basis of sewage sludge on heavy metal content in the 
system soil-plant. The research was conducted in the crop rotation link: 
fiber flax (cultivar Zaryanka), potato (cultivar Elizabeth). In the scheme 
of our experiment we included a control without fertilization (variant 1) 
and six variants with fertilizers, including variants 2–4 – organic fertiliza-
tion system with increasing doses of compost, variant 5 – with mineral 
fertilization system, variant 6 – with organic-mineral fertilization system, 
version 7 – with pelleted organic-mineral fertilizer (Table 4.1). Variants 5 
and 6 had nutrient content equivalent to variant 3. Experiment had three 
replications. Siting of variants was systematic. The area of the experimen-
tal plots was 10 m2 (4 x 2 m2). Experiment was laid out on three fields of 
crop rotations, entered sequentially by year (2010–2012).
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The soil of the experimental plot was sod-low podzol medium loamy, 
by agrochemical properties – medium reclaimed. In the layer 0–20 cm it 
had the high content of humus – 3.9% and mobile phosphorus (P2O5) – 
230 mg/kg, the medium content of potassium (K2O) – 113 mg/kg, slightly 
acidic reaction of medium – pHKCl 5.3. The content of total forms of heavy 
metals and arsenic before laying experience was (mg/kg): Cu – 5, Zn – 25, 
Mn – 277, Co – 6, Pb – 9, Cd – 0.5, Ni – 10, Cr – 11, Hg – 0.02, As – 1.

The compost was made from peat and sewage sludge of the city 
Vologda. Pelleted organic-mineral fertilizer was produced by the firm 
CJSC (Closed Joint Stock Company) “Twin Trading Company” from 
dewatered sewage sludge with the addition of mineral nitrogen and potas-
sium to 5% by weight, with the size of granules 14x20 mm2. The fertil-
izer was applied into the soil before sowing of fiber flax in the years of 
laying-out. The aftereffect of fertilizers was studied in the cultivation of 
the second culture of field crop rotation link – potato. The chemical com-
position of the applied fertilizers (see Table 4.1) indicates their high value. 
The content of heavy metals and arsenic in fertilizers (Table 4.2) below the 
standards adopted in Russia.

Applied fertilizers were no danger in sanitary-bacteriological respect, 
as there were not detected pathogenic enterobacteria, and the group index 
of Escherichia coli was within acceptable values [4]. Effective specific 
activity of natural radionuclides in fertilizers amounted to no more than 10 
Bq/kg at an acceptable value 300 Bq/kg [5].

All field and laboratory research experiences were conducted by 
standard methods [6]. Statistical processing of experimental data was 

TABLE 4.1  The Chemical Composition of Organic Fertilizers, on Average, Over Years 
of Research

Fertilizer
Ash con-
tent, % pH

Mass fraction, % of dry matter
Organic 
matter N P2O5 K2O

Compost 33.2 6.3 66.8 1.95 0.8 0.3
Pelleted organic- 
mineral fertilizer

77.5 7.5 22.5 2.8 3.1 2.5

The standard of Russia 
[4]

Not rated 5.5–8.5 No less 
than 20

No less 
than 0.6

No less 
than 1.5

Not 
rated
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implemented by the dispersion method according to Dospekhov [7] using 
program STRAZ.

4.3  RESULTS AND DISCUSSION

According to the obtained results, applied fertilizers had a positive impact 
on the yield increase of the studied cultures of the field crop rotation link. 
When applying compost in increasing doses from 2 to 6 t/ha we observed 
consistently increase of flax straw yields (Figure 4.1), but its greatest val-
ues in the 3-year average were obtained in the variant applying 4 t/ha of 
organic fertilizer (29.8 C/ha). The highest seed yield of fiber flax (3.3 C/
ha) was also achieved in the variant of granulated organic-mineral fertil-
izer, and the dose of compost 6 t/ha (Figure 4.2). Fertilizers from sewage 
sludge and pelleted organic-mineral fertilizer positive influence on mor-
phological signs of flax straw, increasing technical flax length by 1.8–6.7 
cm compared to control.

Fertilizers from sewage sludge has not had any significant impact on 
the content of heavy metals and arsenic in fiber flax (Tables 4.3 and 4.4), 
although applying compost at a dose of 6 t/ha resulted in a slight increase 
in the content of lead and arsenic.

The existing variation of values was due to the diversity of soil fertility, 
and unaccounted random factors and, as a rule, did not go beyond the 
permissible values, provided by the SanReg (Sanitary regulations and 
norms) 2.3.2.1078–01 [9] and Maximum Allowable Concentrations 
(MAC) [10].

TABLE 4.2  The Content of Toxic Elements (Total Forms) in Fertilizers, in Average 
Years of the Research

Fertilizer
Content, mg/kg of dry matter
Cu Zn Pb Cd Ni Cr Mn Co Hg As

Compost 45 140 14 1.1 13 12 217 4.3 0.11 1.2
Pelleted organic-
mineral fertilizer

406 1584 70 14.6 34 236 701 6.7 1.40 2.6

The standard of 
Russia [4], no less 
than

750 1750 250 15 200 500 - - 7.5 10
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FIGURE 4.1  The flax straw yield in the 3-year average (LSD0.5 = 1.5).

FIGURE 4.2  The flax seed yield in the 3-year average (LSD0.5 = 0.2).
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The application of organic and mineral fertilizers had no significant 
influence on the content of macroelements in the straw and seeds of 
flax. Some of the increase in nitrogen content relative to the control was 
observed when analyzing the straw only in the variant of mineral fertiliz-
ers and applying 6 t/ha of compost. The content of phosphorus and potas-
sium in straw and seeds of flax, for different versions varied slightly.

The results of the potato tuber yield depending on the effectiveness of 
fertilizers are presented in Figure 4.3.

On the control (without fertilizers) yield of the tubers in the 3-year 
average amounted to 187 C/ha. Higher yields are obtained in variants with 
the introduction of pelleted organic-mineral fertilizer (224 C/ha) and com-
post at a dose of 6 t/ha (213 C/ha) and also in the case of application of 
organic-mineral system (201 C/ha), where we found the resulting signifi-
cant increase in the crop yield, formed respectively 19.8; 13.9 and 7.5% in 
relation to the control.

TABLE 4.3  Influence of Fertilizers on the Content of Heavy Metals and Arsenic in the 
Straw of Flax (Average for the Years of Research), mg/kg Dry Weight 

Vari-
ant Fertilizer Cu Zn Pb Cd Ni Cr Mn Co Hg As
1 Control 1.9 18 0.5 0.28 0.5 0.6 19 0.1 0.01 0.08

2 Compost, 
2 t/ha

1.7 18 0.6 0.26 0.4 0.5 18 0.1 0.01 0.13

3 Compost, 
4 t/ha

1.8 16 0.5 0.23 0.5 0.5 17 0.1 0.01 0.07

4 Compost, 
6 t/ha

1.7 15 0.7 0.24 0.6 0.6 16 0.1 0.01 0.13

5 NPK 1.7 15 0.6 0.25 0.4 0.5 17 0.1 0.01 0.08
6 Compost+ 

NPK
1.5 13 0.6 0.20 0.4 0.7 16 0.1 0.01 0.11

7 Pelleted 
organic-
mineral 
fertilizer, 
4 t/ha

1.7 14 0.5 0.25 0.4 0.8 18 0.2 0.01 0.06

Normal content [8] 2– 
12

15– 
150

0.1–
5.0

0.05–
0.2

0.4–
3.0

0.2–
1.0

0.005–
0.01

0.1–
1.0

Note: Variant 5: NPK equivalent to variant 3.
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TABLE 4.4  Influence of Fertilizers on the Content of Heavy Metals and Arsenic in the 
Seeds of Flax (Average for the Years of Research), mg/kg Dry Weight 

Variant Fertilizer Cu Zn Pb Cd Ni Cr Mn Co Hg As
1 Control 9.2 42 0.9 0.13 0.8 0.4 15 0.2 0.01 0.05
2 Compost, 

2 t/ha
6.4 36 0.7 0.09 0.6 0.3 13 0.1 0.01 0.07

3 Compost, 
4 t/ha

10.6 44 0,9 0.11 0.7 0.3 14 0.2 0.01 0.06

4 Compost, 
6 t/ha

10.0 48 1.1 0,13 0.9 0.4 21 0.1 0.01 0.05

5 NPK 7.1 48 0.9 0.14 1.0 0.4 17 0.1 0.01 0.1
6 Compost 

+ NPK
5.6 35 0.7 0.10 0.8 0.2 18 0.2 0.01 0.05

7 Pelleted 
organic-
mineral 
fertilizer, 
4 t/ha

8.9 42 0.7 0.13 1.1 0.3 15 0.1 0.01 0.04

SanReg 2.3.2.1078–01 (seeds) 0.5 0.1 0.02 0.2

Note: Variant 5: NPK equivalent to variant 3.

FIGURE 4.3  The yield of potato tubers, 3-year average (LSD05= 8.3 C/ha).
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94	 Heavy Metals and Other Pollutants in the Environment Biological Aspects

The content of heavy metals and arsenic in potato tubers varied for 
different variants, but clear patterns of their accumulation in relation to 
unfertilized control were observed (Table 4.5).

When comparing the content of heavy metals and arsenic in potato 
tubers with the allowable concentrations adopted in Russia by SanReg and 
MAC exceeding the latter was not installed.

The study of the chemical composition of potato tubers depending on 
the applied fertilizers showed that the nitrogen content, phosphorus and 
potassium by variants have changed slightly. However, in all variants of 
fertilizers starch content in the tubers increased. Higher starch content 
obtained in the variants with compost, where this figure was more the 
control for 2.3–2.9%.

According to the analysis of productivity of crop rotation link flax – 
potato, it has increased under the influence of applied fertilizers. The most 
productive link – 41.8 and 38.8 kg/ha of fodder units is obtained at applica-
tion of pelleted organic-mineral fertilizer and 6 t/ha of compost. It was 22 
and 13% higher than the control without fertilizers. Thus, according to the 
research results it can be concluded that compost based on sewage sludge 
of Vologda treatment facilities with peat and pelleted organic-mineral fertil-
izer was provided in the years of their introduction (2010, 2011 and 2012) 
a significant increase in the yield of production of flax and in the years of 
aftereffect (2011, 2012 and 2013) – potato tubers. At the same time, the use 
of mineral system was effective only in the year of fertilizers application.

For objective environmental assessment of agrocenoses it is important 
determining the heavy metal balance. When calculating the balance in an 
article of receipt we were taken into account intake of nutrients with compost 
on the basis of sewage sludge and with mineral fertilizers (Tables 4.6–4.8).

Among the studied crops the biggest removal of elements with the 
harvest, especially zinc and manganese, demonstrated potato. Moreover, 
the higher removal of elements we observed when applying compost at a 
dose of 6 t/ha and pelleted organic-mineral fertilizer at a dose of 4 t/ha. 
Removal of elements with the harvest of flax had the same tendencies.

The calculations showed that during a rotation of crop rotation there was 
a positive economic balance of heavy metals: copper, cadmium, chromium, 
manganese, mercury in variants with application of compost at doses of 4 and 
6 t/ha and pelleted organic fertilizer; about lead, nickel, cobalt and arsenic – 
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in variants with application of increasing doses of compost from 2 to 4 t/ha 
and pelleted organic fertilizer; as for zinc – only variant of granulated organic 
fertilizer. However, many elements are necessary for the growth and develop-
ment of plants, thus, normalized application of fertilizers on the basis of the 
sludge improves the nutrient regime of the soil.

Balance calculations showed that the danger of soil contamination with 
heavy metals through the application of compost on the basis of sewage 
sludge was not observed.

To characterize the overall potential contamination of soil by pollutants 
one can use such factor as total soil pollution – Zc, defined by the formula:

	 Zс = Σ Kс – (n – 1), 	 (1)

where Kc is the ratio of the concentration of the ingredient in the con-
taminated soil to background concentrations; n is the number of defined 
ingredients.

When the amount of the total pollution Zc less than 16, soil belongs to 
category 1 (the weakest of pollution), 16–32 – to 2 category, 32–128 – to 

TABLE 4.6  The Application of Heavy Metals and Arsenic with Organic and Mineral 
Fertilizers, g/ha

No. of 
variant Fertilizer Cu Zn Pb Cd Ni Cr Mn Co Hg As
1 Control — — — — — — — — — —

2 Compost, 
2t/ha

90 280 29 2.1 27 24 434 9 0.2 2.4

3 Compost, 
4t/ha

180 560 57 4.2 54 48 868 17 0.4 4.8

4 Compost, 
6t/ha

270 840 86 6.4 80 72 1302 26 0.7 7.2

5 NPK 1.4 5.7 7.5 0.4 4.4 — — — — —
6 Compost 

+ NPK
91 283 32 2.3 29 24 434 9 0.2 2.4

7 Pelleted 
organic-
mineral 
fertilizer, 
4 t/ha

1624 6336 279 58.4 136 944 2804 27 5.6 10.4

Note: Variant 5: NPK equivalent to variant 3.
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TABLE 4.7  Influence of Organic and Mineral Fertilizers on the Economic Removal of 
Heavy Metals and Arsenic Through Years of Research, g/ha

No. of 
variant Fertilizer Cu Zn Pb Cd Ni Cr Mn Co Hg As
Fiber-flax

1 Control 6.2 49.2 1.3 0.6 13 1.3 45 0.3 0.01 0.2

2 Compost, 2 
t/ha

5.6 50.1 1.5 0.6 1.0 1.3 45 0.3 0.02 0.3

3 Compost, 4 
t/ha

7.6 53.9 1.5 0.6 1.4 1.4 46 0.2 0.02 0.2

4 Compost, 6 
t/ha

8.0 55.5 2.1 0.7 1.8 1.6 49 0.3 0.02 0.4

5 NPK 6.1 49.2 1.6 0.6 1.3 1.3 46 0.3 0.02 0.2

6 Compost + 
NPK

5.9 46.6 1.7 0.6 1.3 1.9 48 0.2 0.02 0.3

7 Pelleted 
organic-min-
eral fertilizer, 
4 t/ha

8.0 55.5 1.8 0.8 1.5 2.4 60 0.8 0.02 0.2

Potato

1 Control 85 640 27 2.5 26 30 720 4.3 0.3 1.1

2 Compost, 2 
t/ha

104 636 27 2.8 28 30 820 5.3 0.3 1.8

3 Compost, 4 
t/ha

92 771 27 2.2 31 32 452 4.1 0.4 1.1

4 Compost, 6 
t/ha

109 951 30 2.8 41 31 859 5.1 0.4 1.5

5 NPK 
equivalent to 
variant 3

141 637 24 7.4 43 30 416 3.1 0.3 1.6

6 Compost, 
NPK

98 1073 32 7.2 42 37 878 4.7 0.4 1.4

7 Pelleted

organic-min-
eral fertilizer, 
4 t/ha

173 987 37 10.8 49 41 668 6.0 0.5 2.1

Note: Variant 5: NPK equivalent to variant 3.
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3 category, more than 128 – to 4 category (the most severe pollution) [11]. 
In the conditions of ongoing field experience Zc, calculated with respect to 
the content of heavy metals and arsenic in the control variant (background 
concentration), ranged from 0.34 to 0.90 (Table 4.9), that means insignifi-
cant level of pollution.

Thus, the normalized fertilizer application on the basis of sewage 
sludge did not significantly increase content of heavy metals and arsenic 
in the production of flax and potatoes. Increasing doses of compost on the 
basis of sewage sludge did not reveal clear patterns in the change of the 
content of toxic elements in soil and plant products. The content of heavy 
metals and arsenic in the soil and production of flax and potatoes when 
fertilizing compost met hygienic standards adopted in Russia.

4.4  CONCLUSIONS

1.	 The application of sewage sludge as pelleted organic fertilizer or 
composts is an effective method of increasing the yield of agricul-
tural crops in the conditions of sod-podzol soils.

2.	 The application of such fertilizers in rates of 4–6 t/ha (calculated 
on the dry matter) provided a significant increase in the yield of 
straw and seed fiber flax, seed potato tubers.

3.	 The resulting vegetable production was consistent with the basic 
technological requirements and the content of heavy metals and 
arsenic met acceptable health standards.

4.	 We did not observe a significant contamination with heavy metals 
and arsenic sod-podzol medium loamy soil fertilized with compost 
and pelleted organic-mineral fertilizer.

KEYWORDS

•• bioutilization

•• compost

•• fiber flax

•• municipal wastewater

•• potato
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ABSTRACT

In long-term field experiments the use of potassic fertilizers in the first 
rotations of crop rotations increases the content of exchange potassium in 

CHAPTER 5
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soils with its subsequent stabilization or even decrease due to the transfor-
mation of mobile forms of the element in less mobile forms. Due to the 
inverse transition of non-exchangeable forms of soil potassium content of 
its exchangeable forms can be maintained at a relatively stable level even 
when there is negative economic balance of this element. 

5.1  INTRODUCTION

Potassium is one of the most important indicators of soil fertility, as along 
with nitrogen and phosphorus it refers to the basic elements of plant nutri-
tion [1–3]. In 70–80 years of the last century, i.e., in the period of inten-
sive chemicalization of agriculture, the content of exchange potassium in 
the soils of Russia was gradually increased. In recent decades, a dramatic 
reduction in the use of mineral fertilizers up to 5–10 kg/ha and organic 
to 0.4–0.5 t/ha leads to a noticeable depletion of exchange potassium in 
soils [4]. The productivity of agricultural crops, in particular grain harvest, 
in recent decades, despite a negative balance of major nutrients in soils, 
remains almost at the same level [5]. So for example in 1986–1990, grain 
yield from the entire harvested area in Russia was 17.4 c/ha, whereas in 
2001–2004 – 18.0 c/ha [6, 7]. This may be due to the fact that, firstly, 
in recent decades from use in agriculture was eliminated marginal lands, 
and, secondly, agricultural plants at the present time are provided with 
nutrients, including potassium, which come from soil reserves, developed 
in years of intensive chemicalization. Thus in some regions (Lipetsk, 
Tambov, Moscow regions) is still not revealed a certain regularity in the 
decrease of exchange potassium in the arable layer of soils [8]. Features of 
dynamics of exchange potassium in different soils more clearly expressed 
in a controlled environment of long-term field experiments that are subject 
to review in this article.

5.2  MATERIALS AND METHODOLOGY

Study of the dynamics of exchange potassium was conducted in long-term 
field experiments on soils significantly differing in their genetic charac-
teristics: sod-gleyic heavy loamy drained (Lithuanian Scientific Research 
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Institute of Agriculture, years of research: 1961–1974) [9], sod-podzolic 
heavy loamy (Central Experimental Station of All-Russian Scientific 
Research Institute of Agrochemistry, Moscow region, years of research: 
1964–1992) [10], sod-podzolic light loamy soils (branch of All-Russian 
Scientific Research Institute of Agrochemistry, Smolensk region, years 
of research: 1979–2008), sod-podzolic loamy sand (Grodno Experimen-
tal Station, Belarus, years of research: 1964–1979) [11] and common 
chernozem (Stavropol Scientific Research Institute of Agriculture, years 
of research: 1962–1992) [12]. The content of the exchange forms of the 
element was determined by the method of Egner–Rim in Lithuania, the 
method of Maslova or Kirsanov in the nonchernozem zone, the method of 
Machigin – in the Stavropol region [13]. The purpose of this article is to 
justify the trends of the potassium dynamics in different soils.

5.3  RESULTS AND DISCUSSION

The study of the dynamics of exchange potassium showed that if there is 
the positive economic balance its content in the soil generally increases, 
but not proportionally to the intensity of balance. This, in particular, is 
confirmed by the data obtained in long-term experience of Central Experi-
mental Station of All-Russian Scientific Research Institute of Agrochem-
istry conducted on loamy sod-podzolic soil (Moscow region). On average 
over the seven rotations of field rotation in the variant with the annual 
application of N175P103K247 (natrium-phosphorus-kalium) + 122.5 t/ha 
of manure by increasing the content of exchange potassium (method of 
Maslova) in the topsoil at 76 mg/kg (milligram/kilogram) to improve the 
content of exchange potassium at 10 mg/kg was spent 474 kg/ha of fertil-
izer deposited in excess removal, while it would have required, accord-
ing to the calculations, applying about 30 kg/ha. Unrecorded amounts of 
potassium over 3 t/ha are moved to an inactive form and may partially 
migrate to subsurface horizons.

From Figure 5.1 it also follows that the content of exchange potassium 
in the topsoil increased only in the first three rotations of field rotation, 
but by the end of the seventh rotation the content of exchange potassium 
decreased to 227 mg/kg due to a more intensive transition of exchangeable 
forms of an element in non-exchangeable. The tendency of transition of 
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exchange potassium in non-exchangeable form is confirmed and analyzed 
in other experiments.

In a field experiment on sod-podzolic light loamy soil (Smolensk 
region) in the variant of organic-mineral system of fertilizers (N75P75K75 
+ manure of 9.6 t/ha) with a positive balance of the element over 30 years 
in the amount of 1280 kg/ha, the exchange potassium content (Kirsanov’s 
method) in the topsoil not only not increased but even decreased from 146 
to 115 mg/kg (Figure 5.2).

In the subsurface soil (20–100 cm) exchange potassium content in 
the end of the last (fourth) rotation compared with the first rotation also 
decreased to 76 kg/ha. Therefore, in one-meter soil layer researchers 
marked an intense transition of fertilizer potassium deposited in excess 
of the removal in non-exchangeable state. However, during the three 
aftereffect years in this variant, the exchange potassium content in the 
topsoil increased from 115 to 181 mg/kg due to reverse change of soil 
potassium from non-exchangeable forms in exchangeable. Average yield 
of the crops of the field crop rotation for the first 30 years from the start of 

FIGURE 5.1  Dynamics of exchange potassium content in the sod-podzolic heavy loamy 
soil (Moscow region).
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the experiment when applying fertilizers in organic-mineral variant was 3 
t g.u./ha (grain unit/hectare). In the subsequent 3-year period of aftereffect 
it was 3.1 t g.u./ha, i.e., remained almost at the same level.

In the experience with using modern chernozem (Stavropol region) the 
exchange potassium content (according to the method of Machigin) in the 
topsoil in the variant N120P120K150 with positive balance of potassium in 
the first three rotations of the 6-field crop rotation increased. At a negative 
balance, when in the fourth and fifth rotations one applied only nitrogen-
phosphorus fertilizer, its content is almost unchanged (Figure 5.3). So when 
applying potassic fertilizers in excess of the removal in the amount of 896 
kg/ha for 18 years (the first three rotations), the exchange potassium content 
increased by 87 mg/kg, and increase of the exchange potassium content by 
10 mg/kg required beyond the removal 103 kg/ha a.s. (active substance) of 
potassic fertilizers. With a deficit balance of potassium in the last 12 years 
(4th and 5th rotations) in the amount of 789 kg/ha, the exchange potassium 
content in the topsoil was within the measurement accuracy. This means 
that the removal of potassium by crops of crop rotation for the last two 
rotations was compensated for soil reserves of non-exchangeable forms 
of the element. At the same time the exchange potassium storage in the 

FIGURE 5.2  Dynamics of exchange potassium content in the sod-podzolic light loamy 
soil (Smolensk region).
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subsurface soil (20–100 cm) not only not decreased, but even increased 
by 260 kg/ha. The productivity of field rotation for the first three rotations 
amounted to 4.1 t g.u./ha, and for the last two rotations – 3.6 t g.u./ha. In 
other words, the productivity of crops without the use of potassic fertilizers 
in this variant decreased by only 14%.

In sod-gleyic drained clay loam (Lithuania), medium provided with 
exchange potassium (according to Egner-Rim), its content in the topsoil 
when applying N225P324K350 for rotation increased in the second rotation com-
pared with the first even if the total deficit of potassium was more than 500 
kg/ha (Figure 5.4). In the control variant, where fertilizer was not applied, 
there was a regular decline in the availability of soil with the element.

In Belarus when using sod-medium podzol loamy sand soil with an 
annual negative balance of this element exchange potassium content 
(according to Kirsanov) in the first three rotations of field rotation slightly 
increased also due to the non-exchangeable forms, but then by the end of 
the fourth rotation, with the depletion of their soil storage, a clear tendency 
has developed to the decline of the exchangeable form, due to the low 
availability of loamy sand soils with potassium (Figure 5.5).

FIGURE 5.3  Balance and exchange potassium content in the common heavy loamy 
chernozem soil in the variant NPK (Stavropol region).
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FIGURE 5.4  Balance and content of exchange potassium in the sod-gleyic heavy loamy 
drained soil in the variant NPK (Lithuania).

FIGURE 5.5  Dynamics of exchange potassium content in the sod-podzolic loamy sand 
soil (Belarus).
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5.4  CONCLUSIONS

1.	 Long-term dynamics of potassium mobile forms in prolonged use 
of fertilizers show its transformation as in plow horizons and sub-
surface layers of different soils. 

2.	 The intensity of the transformation processes usually increases 
during the time of interaction of potassium with soil.

3.	 The authors observed not only the transition of mobile forms in 
sedentary, but also the reverse, i.e., the replenishing in topsoil and 
subsurface layers the mobile form content from soil storage, espe-
cially distinct with a negative balance of elements.

4.	 The above process provides a certain aftereffect of fertilizers, 
expressed in comparative stability of potassium regime of the soil 
and maintaining crop productivity of crop rotations.

5.	 The results of long-term field experiments are generally consistent 
with the processes inherent in arable soils; that explains the relative 
stability of crop yields.

6.	 The transformation of mobile potassium in different soils can serve 
as a basis to predict the provision of soils and plants with this ele-
ment and the expediency of potassic fertilizer application, which 
based on the identified patterns.

7.	 However, according to other studies, the excess potassium fertiliz-
ers can have a negative impact on soil and plants, and their effects 
can be compared to the action of pollutants.
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ABSTRACT

The chapter describes and analyzes the problem of soil pollution by heavy 
metals in urban areas (evidence from Yoshkar-Ola). Accumulation of the 

CHAPTER 6
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112	 Heavy Metals and Other Pollutants in the Environment Biological Aspects

most common and hazardous heavy metals – lead, copper, zinc and cad-
mium in soils of different functional zones of the city is examined in the 
work. It has been revealed that in the city of Yoshkar-Ola soils are contam-
inated by heavy metals in comparison with background concentrations; 
relatively high concentrations of heavy metals are found in the industrial 
zone of the city and in some streets of the residential zone. The excess of 
the maximum permissible concentration of copper and in most areas – of 
zinc is recorded in soils of the studied areas. This affected woody plants 
growing in the urban environment; accumulation of heavy metals in their 
assimilation apparatus is higher than in plants growing in the background 
territory. However, the maximum permissible concentration in the leaves 
(needles) of woody plants has not been identified, it indicates the barrier 
function of the root system of the test plants.

6.1  INTRODUCTION

Human impact on the environment is becoming a major force of the evolu-
tion of urban ecosystems, especially through the impact on soil and plants. 
Plant censes is able to maintain the ecological potential of cities to prevent 
rapid degradation of their ecosystems if they have stable composition bal-
ance and high potential productivity [1] The anthropogenic impact on the 
components of urban ecosystems is manifested both directly (air pollution 
by emissions of motor vehicles, industries and enterprises; soil contami-
nation by consumer, construction and industrial wastes, heavy metals, ash 
from thermal power plants, deterioration of soil fertility due to its con-
tamination by toxic substances, salinization, compaction, the use of acidic 
soil mixtures and waterlogging of the area; surface and ground water pol-
lution by wastes of domestic character; the deterioration of habitat due 
to the destruction of system links by pathogens and pests) and indirectly 
(changes in the composition and the conditions of existence of natural 
phytocenoses) [2, 3].

Currently, one of the most important environmental problems is pol-
lution by heavy metals [4]. They enter the atmosphere with gaseous com-
pounds, as well as technological dust. With rainwater they enter the soil 
which holds positively charged metal ions due to its good absorption 
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capacity. Their systematic entry into the soil even in small amounts can 
lead to permanent accumulation of metals in soil [5, 6].

In soil, metals are firmly bonded to the humic substances forming a 
poorly soluble compound, part of the absorbed bases, clay minerals, and 
migrate in the soil solution in the profile. The concentration of heavy met-
als in the soil solution is the most important environmental characteristics 
of the soil, as it determines the migration of heavy metals in the profile and 
their absorption by plants. Mobile forms of heavy metals are concentrated 
mainly in the upper layers of soil, which contain a lot of organic matter 
and where biochemical processes are active [7].

Although many heavy metals are not necessary for normal functioning 
of plants, they can be actively absorbed by them and preserve toxic prop-
erties, affecting negatively the plant. Their direct impact on plant starts 
with the contact and sorption by above-ground organs, mainly by leaves. 
In the urban environment, woody plants can act as an important barrier to 
the spread of heavy metals. Their assimilation organs (leaves) with well-
developed exchange surface absorb and precipitate the highest number of 
air pollutants, but they are affected much more than other organs [2, 8].

The objectives of the study were to examine the content of heavy met-
als (copper, lead, cadmium, zinc) in the soil of recreational, residential 
and industrial zones of Yoshkar-Ola, as well as to reveal the peculiarities 
of accumulation and transformation of heavy metal ions in the tissues of 
some woody plant species growing in various functional zones of the city.

The study was conducted in Yoshkar-Ola, the capital city of the Repub-
lic of Mari El. The city is situated on the Mari lowlands, in the eastern part 
of the East European Plain, 50 kilometers north of the Volga River, on its 
left tributary – the River Malaya Kokshaga.

The soil cover of the Republic of Mari El refers to taiga forest soils. 
The main background of the soil cover is soddy-podzolic loamy, sandy 
soils, which are characterized by the development of the humus horizon 
connected with the sod-forming process. The soil cover of the Mari low-
lands is mosaic. The extensive development of deposits of sand and sandy 
loam, weak dissected relief enhance the effect of meso- and microforms 
of relief and poorly mineralized ground water on the soil formation. The 
main background of the soil cover of interfluvial plains is soddy, heavy 
and medium podzolic soils of zone type. They have low fertility, high 
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acidity, a small amount of humus, nitrogen and other nutrient elements for 
plants.

In the city, soil is under the influence of the same factors of soil for-
mation as natural undisturbed soil, but in the city anthropogenic factors 
of formation of soil prevail over natural factors, and so-called “cultural 
layer” is formed which is the upper layer of the ground with the imprints 
of human activity. The accumulation of this layer is due to landslides in the 
process of earthworks, soil bedding, and accumulation of various wastes. 
Thickness of cultural layer varies from a few centimeters in towns to sev-
eral tens of meters in cities [9].

6.2  MATERIALS AND METHODOLOGY

To assess the degree of contamination of the urban environment by heavy 
metals, twelve test areas within Yoshkar-Ola were selected (Figure 6.1). 
Two of them are in the recreational zone of the city (Forest park “Pine 
Wood” and Park of Culture and Leisure named after 30th anniversary of 
the Komsomol). Five of them are in the residential zone (Nekrasov, Podol-
skikh Kursantov Street, Pushkin, Ryabinin, Eshpaj Streets), located in the 
central part of the city where there are main areas of residential buildings. 
Five of them are in the industrial zone (Lermontov, University, Solovyov, 
Karl Marx, Stroiteley Streets), where such big industrial enterprises as 
joint-stock companies “Marbiopharm,” “Contact,” “Chromatec” and 
some other engineering, metalworking, building materials, chemical and 
food manufacturing companies are concentrated. In the city of Yoshkar-
Ola road transport causes significant pollution of the environment. In the 
industrial zone, traffic flow is almost 2 times higher than in the residential 
zone [10].

Soil sampling for analysis was carried out in accordance with the State 
Standard of Russia – 17.4.4.02–82 [11]. Spot soil samples were taken in 
layers from depths of 0–20 cm with the envelope method; then five spot 
soil samples from one test area were mixed.

The objects of the study were middle-aged woody plants of three spe-
cies Betula pendula Roth., Tilia cordata Mill., Pinus sylvestris L. These 
plants grew in the same functional zones where soils were studied. The 
Forest park “Pine Wood” was studied as a recreational zone of the city, 
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Ryabinin Street – as a residential zone, Stroiteley Street – as an indus-
trial zone. Studied leaves (needles) were collected in July 2014. Sampling 
and preparation for ultimate analysis were carried out with standard meth-
ods [12]. To analyze the content of elements in soils and plants, selected 
samples were air-dried, then the content of mobile forms of heavy metals 
in soil and plant samples was determined with atomic absorption method 
in the accredited laboratory of the Chemistry Department of Volga State 
Technological University [13, 14].

Standard list of chemical soil research included determination of the 
content of heavy metals of Hazard classes 1 and 2. Earlier studies showed 
us the content of only copper, lead, zinc and cadmium in the soils of Yosh-
kar-Ola. Assessment of chemical contamination of soils was carried out 
according to parameters developed during joint geochemical and hygienic 
studies of the urban environment. The concentration coefficient of the 
chemical was calculated, which is determined by the allocation of its real 
content in the soil (C) to the background content (Сb):

Kc = C/Cb.

FIGURE 6.1  The studied areas in the city of Yoshkar-Ola. Note. 1 – Forest park “Pine 
Wood,” 2 – Park of Culture and Leisure named after 30th anniversary of the Komsomol, 
3 – Nekrasov Street, 4 – Podolskikh Kursantov Street, 5 – Pushkin Street, 6 – Ryabinin 
Street, 7 – Eshpaj Street; 8 – Lermontov Street, 9 – University Street, 10 – Solovyov Street, 
11 – Karl Marx Street, 12 – Stroiteley street.
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Concentration of heavy metals in soils of Forest park “Pine Wood” 
was taken as background. The soil contamination by metals was assessed 
according to total pollution index ZC:

 

where n – total number of elements [15].
The mathematical processing of the data was performed with standard 

methods of statistics with the use of Microsoft Excel and Stastica 6.0.

6.3  RESULTS AND DISCUSSION

6.3.1  DISTRIBUTION OF COPPER

According to the results of our study (Figure 6.2), the content of mobile 
forms of copper in all soil samples was high enough, even in the soil 
samples from the recreational zone of the city, which is characterized by 
minimal anthropogenic impact. The lowest concentration of this heavy 
metal – about 2.8 mg/kg was found in the soil of the Forest park “Pine 
Wood,” only in this area of research copper concentration did not exceed 
maximum permissible concentration (3 mg/kg), in the soil of the Park of 
Culture and Leisure named after 30th anniversary of the Komsomol, the 
concentration of copper ions was 1.6 times higher and reached 4.5 mg/kg. 
In this case, a high background content of mobile forms of copper may 
be due to slight soil texture of soil horizons, the action of the soil water 
regime, as well as increasing amount of absorbed bases and base satura-
tion, usually seen in soddy-podzolic soils [5, 16].

In the residential zone of Yoshkar-Ola mobile forms of copper concen-
tration in soil varied from 7.6–7.7 mg/kg in Nekrasov and Podolskikh Kur-
santov Streets to 14.1 mg/kg in Ryabinin Street. Soils of the residential 
zone of the city were characterized by the excess of MPC by 2.5–4.7 times. 
In the industrial zone of the city all the studied soil samples were character-
ized by the excess of MPC of copper concentration, the maximum content 
of this heavy metal was in Karl Marx and Stroiteley Streets (where the cop-
per content exceeded MPC by 8.7 and 11.4 times, respectively).
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In the urban environment, soil contamination by copper compounds is 
the result of the work of industrial enterprises and the use of copper-con-
taining substances: municipal waste, solutions for spraying plants from 
pests, fertilizers, etc. Some local anomalies in soils can be the result of 
corrosion of construction materials containing copper alloys (e.g., electri-
cal wires, pipes). Abrasion of the contact wires of trams and trolley buses 
also causes pollution by copper in urban areas. The most important factor 
in the soil pollution by copper is the capability of the surface layer of soil 
to accumulate copper, therefore the content of the metals in the soil can be 
very high in some cases [6, 7].

6.3.2  THE LEAD CONTENT

Lead is one the most common metals in the surface layer of soil. Lead 
content is usually examined to estimate the impact of transport on soil. 

FIGURE 6.2  The content of mobile forms of copper in soils of the city of Yoshkar-
Ola. Note. 1 – Forest park “Pine Wood,” 2 – Park of Culture and Leisure named after 
30th anniversary of the Komsomol, 3 – Nekrasov Street, 4 – Podolskikh Kursantov Street, 
5 – Pushkin Street, 6 – Ryabinin Street, 7 – Eshpaj Street; 8 – Lermontov Street, 9 – 
University Street, 10 – Solovyov Street, 11 – Karl Marx Street, 12 – Stroiteley Street, MPC 
– maximum permissible concentration.
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According to the results of our study (Figure 6.3), the lead content in the 
soil of the recreational zone of the city was low and reached 2.5–3 mg/kg. 
In soil samples collected in the residential zone the lead content varied 
from 2.6 (Nekrasov, Podolskikh Kursantov, Pushkin Streets) to 8.1 mg/kg 
(Eshpaj Street), where MPC was exceeded by 1.3 times (6 mg/kg).

In soils of the industrial zone the lead content exceeded MPC in almost 
all areas of the study, but the maximum accumulation of the element was 
recorded in soils in Karl Marx and Stroiteley Streets (MPC was exceeded 
by 3.7–4 times).

Lead enters the urban environment in different ways: most of the lead 
(70%) goes into the air with the exhaust gases of vehicles, which use 
leaded petrol as fuel. Currently, leaded petrol is not used as a fuel in the 
city. High level of lead content is found in the sediments of urban waste 
water; Pb is found in consumer and industrial wastes, which include car 
batteries, cans with lead solder, paint and other lead-containing materials. 

FIGURE 6.3  The content of mobile forms of lead in the soil of Yoshkar-Ola. Note. 1 – 
Forest park “Pine Wood,” 2 – Park of Culture and Leisure named after 30th anniversary 
of the Komsomol, 3 – Nekrasov Street, 4 – Podolskikh Kursantov Street, 5 – Pushkin 
Street, 6 – Ryabinin Street, 7 – Eshpaj Street; 8 – Lermontov Street, 9 – University Street, 
10 – Solovyov Street, 11 – Karl Marx Street, 12 – Stroiteley Street; MPC – maximum 
permissible concentration.
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Another way of lead entry into the environment is its use in construction 
and for decorative purposes due to high resistance of its oxides to corro-
sion in the atmosphere; lead compounds are widely used in a coating of all 
surfaces, however, these coatings are easily decomposed under the effect 
of acid rains [6, 9]. Progressive increase in the percentage abundance of Pb 
in soils is due to technogenic lead [17].

6.3.3  THE ZINC CONTENT

Zinc is not only a nutrient element for plants, but also a soil pollutant. As 
shown in Figure 6.4, the zinc content in the soil of the recreational zone of 
the city (both in the Forest park “Pine Wood” and in the Park of Culture 
and Leisure named after 30th anniversary of the Komsomol) was low – 
about 10 mg/kg, which is significantly lower than MPC.

FIGURE 6.4  The content of mobile forms of zinc in soils of Yoshkar-Ola. Note. 1 – 
Forest park “Pine Wood,” 2 – Park of Culture and Leisure named after 30th anniversary 
of the Komsomol, 3 – Nekrasov Street, 4 – Podolskikh Kursantov Street, 5 – Pushkin 
Street, 6 – Ryabinin Street, 7 – Eshpaj Street; 8 – Lermontov Street, 9 – University Street, 
10 – Solovyov Street, 11 – Karl Marx Street, 12 – Stroiteley Street; MPC – maximum 
permissible concentration.
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In the residential zone of Yoshkar-Ola, zinc content slightly exceeded 
MPC only in the soil in Ryabinin Street (23.6 mg/kg). In all soil samples 
of the industrial zone of the city zinc content exceeded MPC by 2.7–3.9 
times, maximum excess was in the soils of Lomonosov and Stroiteley 
Streets.

In town zinc enters the roadside area due to abrasion of different com-
ponents, erosion of galvanized surfaces, the tire wear, the use of addi-
tives in oils containing this metal. Anthropogenic sources of zinc include 
nonferrous metal companies, agrotechnical activities. Observations show 
that soil contamination by zinc in some areas has led to an extremely high 
accumulation of it in the surface soil now. Increase in the concentration 
of zinc in the soil cover can occur as a result of continuous use of sewage 
sludge of cities as organic matter, as well as the combustion of rubber, 
which contains this element [18].

6.3.4  CADMIUM CONTENT

Cadmium is generally found in soil in relatively low concentrations, but 
soil contamination by this metal can pose a serious risk to health. In the 
studied areas of Yoshkar-Ola mobile forms of cadmium were found in 
two samples of soil of the industrial zone – Stroiteley Street (1.2 mg/kg), 
Karl Marx Street (0.6 mg/kg). The concentration of the heavy metal in soil 
samples did not exceed MPC.

Cadmium enters urban ecosystems due to some reasons. It goes into 
the atmosphere from motor vehicles, as rubber tires and lubricating oils 
contain cadmium. In some cases, cadmium can be found in fertilizers 
(superphosphate, potassium phosphate, etc.). However, the level of envi-
ronmental pollution by cadmium in Yoshkar-Ola is very low.

To assess intensity and hazard of soil pollution by heavy metals in the 
studied areas, the coefficient of concentration of elements (KС) was calcu-
lated as it is an indicator that is used to identify local technogenic anoma-
lies connected with gas and dust emissions of vehicles and industries, their 
accumulation in urban areas (Table 6.1).

According to the degree of soil contamination by mobile forms of 
copper, studied areas in Yoshkar-Ola form the following increasing 
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sequence: Forest park “Pine Wood” < Park of Culture and Leisure named 
after 30th anniversary of the Komsomol < Nekrasov Street < Podolskikh 
Kursantov Street < Lermontov Street < Eshpaj Street < University Street 
< Pushkin Street < Ryabinin Street < Solovyov Street < Karl Marx Street 
< Stroiteley Street.

According to the degree of soil contamination by mobile forms of lead, 
studied areas form the following increasing sequence: Forest park “Pine 
Wood” < Park of Culture and Leisure named after 30th anniversary of the 
Komsomol = Nekrasov Street = Podolskikh Kursantov Street = Pushkin 
Street < Ryabinin Street < Lomonosov Street < Eshpaj Street < Lermontov 
Street < Solovyov Street < Karl Marx Street < Stroiteley Street.

According to the degree of soil contamination by mobile forms of zinc, 
studied areas form the following increasing sequence: Forest park “Pine 
Wood” < Podolskikh Kursantov Street < Nekrasov Street < Park of Cul-
ture and Leisure named after 30th anniversary of the Komsomol < Pushkin 

TABLE 6.1  The Coefficient of Concentration of Heavy Metals and Total Pollution 
Index (Zc) of Soil of the City of Yoshkar-Ola

Studied areas
KС Zc

Cu Pb Zn Cd
Recreational zone

Forest park “Pine Wood” 1.00 1.00 1.00 – 0
Park of Culture and Leisure named after 
30th anniversary of the Komsomol

1.5 1.04 1.67 – 0

Residential zone
Nekrasov Street 2.53 1.04 1.15 – 1.72
Podolskikh Kursantov Street 2.57 1.04 1.02 – 1.63
Pushkin Street 3.97 1.04 1.68 – 3.69
Ryabinin Street 4.7 2.32 2.25 – 6.27
Eshpaj Street 3.37 3.24 2.05 – 5.66

Industrial zone
Lermontov Street 2.6 4.00 8.45 – 12.05
University Street 3.87 2.44 6.09 – 9.40
Solovyov Street 5.73 6.08 8.82 – 17.63
Karl Marx Street 8.73 8.76 7.96 0.6 22.45
Stroiteley Street 11.4 9.60 8.32 1.2 26.32
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Street < Eshpaj Street < Ryabinin Street < Lomonosov Street <Karl Marx 
Street < Stroiteley Street < Lermontov Street < Solovyov Street.

“The Guidelines for assessing the degree of soil pollution by chemi-
cals” [15] gives the assessment scale of the danger level of soil contamina-
tion by the total pollution index (Table 6.2). It was found that the degree 
of soil pollution in the recreational and residential zones of Yoshkar-Ola is 
permissible. In the industrial zone the total index was considerably higher, 
but it indicates “moderately hazardous” degree of soil contamination only 
in two areas – in Karl Marx and Stroiteley Streets. Such living conditions 
can affect human health and cause increase in the total incidence of people.

Due to the wide spread of heavy metals, control activity of their accu-
mulation in ecosystems has increased significantly. Research on peculiari-
ties of heavy metal accumulation by woody plants is connected with the 
need to estimate biosphere and environment stabilizing functions of plants 
which act as a phytofilter to the spread of pollutants in the environment. 
Heavy metals can be dangerous not only to humans but also to plants, 
causing premature aging and reducing efficiency of their health-related 
functions [19].

Our study was aimed at identifying the relationship between the con-
tent of heavy metals in soil and their accumulation in assimilation tissues 
of plants.

TABLE 6.2  Assessment Scale of the Danger Level of Soil Contamination by the Total 
Pollution Index (Zc)

Level of pollution Zc
Changes in public health indicators  
in polluted areas

Permissible less than 
16

The lowest level of morbidity in children and mini-
mal frequency of functional abnormalities

Moderately haz-
ardous

16–32 The increase in the total incidence of people

Hazardous 32–128 The increase in the total incidence of people, fre-
quently and chronically ill children, children with 
cardiovascular system disorders 

Extremely hazard-
ous

more than 
128

The increase in the incidence of children, women’s 
reproductive function disorder (increase in toxicosis 
of pregnancy, premature births, mortinatality, small 
for gestational age babies)
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When studying the copper content in leaves (needles) of woody plants, 
it was found (Table 6.3) that copper content in T. cordata and B. pendula 
was almost twice as much as in P. sylvestris. However, the copper content 
in the needles of P. sylvestris was minimal and varied from 1.1 to 2.5 mg/
kg. Maximum concentration of copper was in all studied plants growing 
in the industrial zone of Yoshkar-Ola; it was 6.2 mg/kg in B. pendula and 
4.9 mg/kg in T. cordata. The results of the analysis of variance showed 
that plants growing in the industrial zone had statistically significant dif-
ferences in the accumulation of copper in comparison with the plants 
growing in residential and recreational zones (p = 0.0017). Significant dif-
ferences in the accumulation of copper by different plant species were also 
revealed (p < 10–4).

Despite the fact that copper in plants is actively involved in photo-
synthesis, respiration, recovery, nitrogen fixation, biochemical processes 
as part of enzymes, which perform the substrate oxidation by molecular 
oxygen, copper in high concentrations can have significant toxic effects 
[20]. Normal metal content in plants is up to 20 mg/kg. In high concentra-
tion the element affects negatively, causing growth inhibition and slow 
metabolic processes.

TABLE 6.3  Heavy Metal Content in the Leaves of Woody Plants (mg/kg)

Species
Heavy 
metals

Recreational 
zone

Residential 
zone

Industrial 
zone

Scots pine (P. sylvestris) Cu 1.10 ± 0.100 2.40 ± 0.102 2.50 ± 0.102
Pb 0.23 ± 0.012 0.43 ± 0.020 0.49 ± 0.024
Zn 6.60 ± 0.640 10.60 ± 0.401 12.90 ± 0.602
Cd 0.02 ± 0.002 0.04 ± 0.003 0.05 ± 0.001

Weeping birch  
(B. pendula)

Cu 3.90 ± 0.120 4.80 ± 0.210 6.20 ± 0.303
Pb 0.90 ± 0.021 1.10 ± 0.061 1.30 ± 0.091
Zn 12.10 ± 0.660 17.40 ± 0.792 22.20 ± 1.104
Cd 0.06 ± 0.002 0.08 ± 0.005 0.09 ± 0.002

Small-leaved lime  
(T. cordata)

Cu 2.70 ± 0.110 4.90 ± 0.211 4.90 ± 0.202
Pb 0.64 ± 0.041 0.60 ± 0.040 1.20 ± 0.051
Zn 11.30 ± 0.060 14.10 ± 0.603 16.90 ± 0.611
Cd 0.09 ± 0.005 0.11 ± 0.005 0.14 ± 0.002
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Thus, revealed concentrations of heavy metals are within the physi-
ological norm for the studied plants, in spite of high copper content in the 
soil of studied habitats. Although the soil affects the element composition 
of plants, plants are capable of selective absorption of elements from the 
nutrient depending on the internal needs of the organism.

While studying the accumulation of lead by plants it was found that its 
content in the needles of P. sylvestris was low, and depending on the loca-
tion it varied from 0.23 mg/kg (recreational zone) to 0.49 mg/kg (indus-
trial zone). The lead content in the leaves of B. pendula in the industrial 
zone of Yoshkar-Ola reached 1.4 mg/kg. The lead content in the leaves 
of T. cordata was slightly lower than in the leaves of B. pendula and var-
ied from 0.64 mg/kg (Forest park “Pine Wood”) to 1.2 mg/kg (industrial 
zone). Statistically significant differences between the content of lead in 
this species in different habitats have not been identified, despite the sig-
nificant differences in the content of the metal in the soil. Apparently, the 
accumulation of lead in leaves of woody plants is not only due to its intake 
from the soil, air pollution by lead also makes a certain contribution to it. 
The root system of the plants can perform the role of a barrier, accumu-
lating a larger part of the absorbed lead and limiting its intake in above-
ground organs, therefore the significant accumulation of this heavy metal 
in the assimilation organs of the studied species was not observed.

The toxic effect of lead on plants is mainly due to the disfunction of 
fundamental biological processes (photosynthesis, respiration, etc.) How-
ever, it is believed that lead is less dangerous to plants than other heavy 
metals. Lead ions in soil lose their mobility quickly as a result of the for-
mation of slightly soluble compounds, due to the absorption by organic 
and mineral colloids. Low phytotoxicity of lead is also due to the presence 
of well-functioning system of inactivation in plants, but very high concen-
trations of this element in the soil can significantly inhibit the growth and 
development of plants [1, 21, 22].

When estimating the zinc content in the studied woody plants, it was 
found that the concentration of zinc in the needles of P. sylvestris (Table 
6.3) varied from 6.6 to 12.9 mg/kg. Considerably more zinc was accumu-
lated in the leaves of T. cordata – the concentration of zinc in the leaves 
of the species in the recreational zone was 11.30 mg/kg, which was less 
than in plants growing in the residential zone (14.1 mg/kg). The maximum 

A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



Heavy Metals in Soils and Plants of Urban Ecosystems 	 125

zinc content was in T. cordata, which grew in the industrial zone of the 
city (16.9 mg/ kg).

Of all studied woody plants the highest zinc content was in B. pendula 
in all functional zones of the city, and varied from 12.1 to 22.2 mg/kg. The 
zinc content in the leaves of B. pendula growing in the industrial zone of 
Yoshkar-Ola was 1.8 times higher than that of plants in recreational zone. 
According to the results of analysis of variance, it was revealed that plants 
of all species studied in the industrial and residential zones had statistically 
significant differences in comparison with plants in the recreational zone.

The results of the research showed that the zinc content in woody 
plants growing in all studied zones of the city is within the physiologi-
cal norm. However, our results showed that the concentration of zinc in 
the studied woody plants was growing with the increasing technological 
environmental impact. The accumulation of this element by the plants was 
significantly higher in areas with high zinc content in the soil. Comparing 
the concentration of heavy metals in soils of different areas of Yoshkar-
Ola and their accumulation in plants, it should be noted that the excess 
of MPC in content of mobile forms of zinc in the soil of residential and 
industrial zones was recorded. In these zones zinc content in leaves of the 
studied plants is higher than in plants in the recreational zone.

Environmental pollution by zinc significantly affects the concentra-
tion of this element in the plant. In ecosystems, where zinc is a compo-
nent of air pollution, above-ground parts of the plants accumulate most 
of it. On the other hand, plants growing on soils contaminated with zinc 
accumulate most of this element in the root system. Excessive accumula-
tion of metals in plants in some contaminated areas can be a real danger 
to human health [18].

The toxicity of cadmium ions is 2–20 times more than the toxicity of 
other mentioned heavy metals. The accumulation of cadmium is usually 
seen only in areas with intense technological environmental impact near 
large enterprises. If a plant has a high concentration of cadmium, more 
often it leads to disruption of growth [6, 23].

As can be seen in Table 6.3, the cadmium content in the needles of P. 
sylvestris was 0.02–0.05 mg/kg, in the leaves of B. pendula – 0.06–0.09 
mg/kg and P. sylvestris – 0.09–0.24 mg/kg. At the same time there was an 
increase in the content of this metal in all test plants growing in residential 
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and industrial zones of Yoshkar-Ola. However, the heavy metal content 
was lower than the MPC values and did not have statistically significant 
differences. The studied soils contained cadmium in very low concen-
tration, which could not lead to the accumulation of the metal in leaves, 
therefore it can be assumed that the accumulation of this element in plants 
can be the result of air pollution, when cadmium enters the leaves through 
cuticles.

6.4  CONCLUSIONS

Thus, it has been found that the soils of Yoshkar-Ola experience tech-
nological impact, resulting in the accumulation of heavy metals, mainly 
copper, lead and zinc as compared with natural (background) soils. This 
is especially characteristic of the soils in residential and industrial zones 
of the city. In the soil of industrial zone, the copper content was 2.6–11.6 
times more than MPC, the lead content – 1.2–4 times more, zinc content – 
2.7–4 times more. The scheme of metal accumulation in the studied soils 
is as follows: Cd < Pb < Cu < Zn.

According to the total index, soil pollution in recreational and residen-
tial zones of Yoshkar-Ola has a permissible level of pollution. The soils 
of the two areas in the industrial zone – Karl Marx and Stroiteley Streets 
(where the main industrial companies of the city are situated and there is a 
high flow of vehicles) are moderately dangerous.

Metal phytoaccumulation in the city is characterized by species speci-
ficity and depends on growth conditions, especially on polymetallic soil 
pollution and air pollution. Heavy metal content in woody plants growing 
in the industrial zone was higher than in other functional zones of the city; 
the content of heavy metals in woody plants changed in the same way as 
in the soil: Cd < Pb < Cu < Zn. The amount of heavy metals in plants does 
not exceed the physiological norm despite high concentrations of these 
elements in the soil, indicating the selective absorption of these metals 
by plants. The distribution pattern of heavy metals has species specificity, 
their content decreases as follows: Betula pendula > Tilia cordata > Pinus 
sylvestris.
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ABSTRACT

The cleaning from oil contamination is nowadays a global problem. The 
application of chemical substances for the neutralization of hydrocarbons 

CHAPTER 7
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brought more harm than good. Soil is a living ecosystem, because it is 
the habitat of microbes, mushrooms, worms, and smallest insects, plants 
root systems. The soil is respiring. Hydrocarbons disturb gas exchange, 
air temperature, kill living world, disturb ecology not only in the soil, but 
also in surrounding atmosphere. The paper includes a brief overview of 
the current state of pollution and attempts of soil restoration, avoidance 
of chemicals application, and soil environment enrichment by biological 
methods using plants, biological preparations, and mineral fossils. The 
concrete experiment of living systems application is presented.

7.1  INTRODUCTION

Under extensive pollution of soils and sediments by oil hydrocarbons in the 
conditions of oil and gas industry development it is necessary to develop 
urgent measures of soil detoxication and preservation of soil organisms with 
the aim of agricultural use. The soil contamination by hydrocarbons occurs 
in the regions of oil harvesting and under oil products transportation. This 
contamination happens because of evaporation of light oil fractions, pipe 
breaks on industrial pipelines, unpredictable flowing and accidents at oil 
wells, leaks under repair works [1]. Oil and oil products remain in the soil 
in the form of chemical compounds; liquid fractions are flushed with water, 
volatile fractions escapes to the atmosphere. Under oil pollution the follow-
ing factors are interacting: (a) unique and permanently changing complex 
oil composition; (b) ecosystem heterogeneity; (c) diversity and variability 
of external natural factors, both physical (e.g., oscillations of environment 
temperature, soil structure, the state of its aeration, atmospheric humidity), 
as well as biological (state and modification of microbiota) [1–5].

Oil contamination suppresses plant development [6, 7]. Soils contami-
nated by oil are 5–6° warmer, which is important for soil microorganisms, 
especially under general climate warming [8].

The ecosystem can clean itself from oil, but self-cleaning is a long pro-
cess. It is necessary to undertake measures aimed to decrease the harmful 
effect of oil products on microbiological and soil-plants complex.

In XX century scientists found that the agriculture with intensive appli-
cation of chemicals and deep ploughing of topsoil negatively affects soil 
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microorganisms, which leads to the decrease of yields. In Russia the trend 
of avoiding of chemicals application both in plant cultivation as well as 
in the cleaning of contaminated soils, in particular under oil contamina-
tion, is increasing. It is possible to renew the soil, restore its fertile layer 
(humus) using “living systems” technologies. The microbiological meth-
ods are based on the decomposition of oil products by microorganisms 
– oil destructors, which are initially presented in the soil, as well as intro-
duced during the cleaning process [5].

Bioremediation of soil pollutants represents a set of technologies of 
cleaning and restoration of contaminated ecosystems with the application 
of “living systems,” namely plants, microorganisms, animals etc. [9].

Complex preparations, in particular the preparation containing 
microbes of genres Pseudomonas, Azotobacter, Bacillus, were success-
fully applied for bioremediation of oil-contaminated soils [10–12].

In the aerated soil the hydrocarbons quicker evaporate or are exposed 
to microbiological processes [8].

The ways of soil cleaning are studied in different regions and eco-
nomic zones of Russia. In the permafrost zone the natural suppression 
of soil flora occurs. The Republic of Yakutia is one of the most contami-
nated territories. The collective of authors from the Institute of oil and 
gaze problems of Siberian branch of Russian Academy of Sciences [13–
15] performed the biological cleaning of soils using microbiological oil 
destructors basing on indigenous hydrocarbons oxidizing microorganisms 
in combination with perennial plants with addition of local zeolites. The 
biological destruction of oil pollution was achieved. The composition of 
samples became practically identical to background one.

Plants are used as indicators of oil pollution [16, 17]. Biodegradation 
of soil because of oil hydrocarbons occurs as a result of the disturbance 
of metabolism of living soil organisms and plant root system, although it 
was shown that the microdoses of hydrocarbons could even stimulate the 
growth of cereals roots. The toxicity of oil-contaminated soils is deter-
mined by morphological parameters of plants, namely length of roots and 
shoots of cereal germs. The ratio of these indicators in control was 1:1 and 
under oil pollution it reached 4:1.

Bome and Nazyrov [16] (Tyumen State University) found a specific 
reaction of perennial cereal herbs (Bromus inermis, Festuca rubra) and 
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red clover (Trifolium pratense) on the effect of oil hydrocarbons at differ-
ent orthogenesis stages in laboratory and field conditions. In laboratory 
experiment under seeds treatment by oil (in concentrations of 0.3; 0.6; 
0.9%) Bromus inermis germs were least sensitive. The soil contamina-
tion by oil (in concentration 9%) in vegetation vessels led to suppression 
of growth of Trifolium pratense shoots and to the activation of Bromus 
inermis growth.

Minerals play an important role in the restoration of disturbed soils. 
North Ossetian scientists suggest applying local natural zeolite-containing 
clays in the restoration of contaminated soils. Deposits of clays of local 
origin are situated in tributaries of Terek River, in their upper and lower 
parts. They have different chemical composition [18–21].

Marzoyev and Aborov [16] applied for the restoration of contaminated 
soils natural clays irlits and lexinit from Northern Caucasus. The follow-
ing chemical composition these types of clay was detected (from and to in 
%%): silicon 53.7–48.9; aluminum 16.4–15.2; iron 3.94–2.3; calcium 2.5–
25.0; potassium 1.75–1.86; manganese 0.1–1.14; magnesium 1.82–2.53; 
sodium 1.1–1.6; phosphorus 0.2–2.5; sulfur 0.9–1.1; copper 3.94–2.93; 
cobalt 1.0–1.9; molybdenum 0.8–0.6; and iodine 0–0.2; pH 3.0–8.46.

Zherukov et al. [17] and Alborove et al. [18] also used local minerals, 
namely dialbekulit and irlits. The dialbekulit clay (deposit of Terek river) 
contains (in %%): silicon 46.5; iron 7.1; calcium 37; cobalt 0.1; zinc 1.1; 
nickel 1.7, and phosphorus 1.7. The reaction of environment is alcaline 
(рН 9.1). Irlit 7 clay differs by its composition from dialbekulit and con-
tains (in %%): silicon 54, aluminum 16, iron 4, sulfur 2.5, potassium 2 and 
vitally important, elements (copper, cobalt, molybdenum, zinc, selenium) 
within the range of 0.1–0.9%. The reaction of environment is acid (рН 
3.8). Irlit 1 clay contains (in %%) silicon 54, aluminum 28, iron 7, sul-
fur 2, calcium 3, magnesium 1.7, manganese 1.7, potassium 2.1, sodium 
1.1, sulfur 2.0, selenium 0.8. The reaction of environment is neutral. The 
dialbekulit clay harvested in other deposit contains (in %): silicon 46.5; 
calcium 37; zinc, iron, copper, nickel within the range 1.2–2; phosphorus 
0.2, and potassium 0.9; pH 9.16. It also contains in microdoses Co, Mg 
and other microelements. In all cases no heavy metals and radioactive 
nuclides detected. The alanit clay was also harvested in the Terek basin (it 
will be described later). All clays have high absorption capacity because of 
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high silicon content (46–54%) they are able to absorb water and other sub-
stances and they content necessary chemical macro- and microelements. 
The high amount of elements in the natural clays is also necessary for the 
life of biological objects brought into the soil.

The biotechnological method of soil cleaning from oil products, which 
we propose, contributes to the restoration of natural soil fertility and is 
less costly than commonly applied chemical fertilizers or complex tech-
nologies of soil treatment, which are now proposed. The method has a 
principally new basement related with the application of natural clays, 
microbiological preparations (Berkon, Baykal EM-1) and phenotypic acti-
vator (para-aminobenzoic acid).

We propose the following scheme of soil restoring measures:
1.	 To perform the ploughing of contaminated areas by the method 

contributing the highest soil aeration, i.e., without turnover of top-
soil. Plowing helps aeration, plowing without turning the reservoir 
enrichment soil by root residues and promotes to the growth of soil 
organisms, microorganisms introduced into the soil from outside.

2.	 To develop the methods of soil regeneration by means of plant 
crops, which provide the highest soil enrichment by useful sub-
stances and able to absorb hydrocarbons. The method includes 
the sowing of annual crop mixed with zeolite-containing clay in 
the first year, its skewing and ploughing of plants into the soil at 
the beginning of the seeds ripening phase. The soil fertilization by 
effective microbiological preparations Barkon and Baykal EM-1 is 
also included.

3.	 To apply the biologically active substance, namely para-aminoben-
zoic acid (PABA).

4.	 It is possible to mix zeolite-containing clays with waste products 
of sugar production as molasses, corn starch and natural mineral 
water.

The method of soil bio-remediation is described below [26].

7.2  MATERIALS AND METHODOLOGY

The soil plot of 10 m2 was polluted by oil. We applied biologically active 
substances: para-aminobenzoic acid (PABA), microbiological preparation 
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Baykal EM-1, clay sediments of local origin, namely alanit, and stevia 
leaves.

The first year the plot contaminated by oil was irrigated by 0.1–0.2% 
water solution of PABA. Previously PABA was dissolved in the hot water.

The working solution of PABA was prepared in the proportion of 100 
g of powder PABA for 10 L of water with the temperature 80–85°C. Then 
the stevia (Stevia rebaudiana Bertoni) leaves were added to the hot solu-
tion in the proportion of 0.2%. If fresh leaves were disabling, the phar-
maceutical preparation was applied. In this case 20 mL of stevia solution 
were mixed with 10 L of liquid.

At the same time the solution of biological preparation Baykal EM-1 
was prepared in the proportion of 1 portion of the preparation to 100 por-
tions of non-chlorinated water not containing any bactericide preparations, 
i.e., 100 g of the biological preparation for 10 L of water. After the cooling 
of PABA solution down to 20–25°C both solutions were mixed. The total 
solution volume amounted 20 liters. This amount of solution was applied 
for irrigation of the oil-contaminated plot.

After 2–3 weeks later seeds of amaranth (Amaranthus L.) mixed with 
alanit clay is sown at the plot treated by para-aminobenzoic acid. After the 
plants reach the phase of branching, the plot is repeatedly irrigated by the 
working solution.

The mature amaranth plants were ploughed at the beginning of seeds 
ripening. The next year after amaranth ploughing, legumes and cereal 
herbs were sown.

7.3  RESULTS AND DISCUSSION

The total results of the experiment are presented in the Table 7.1.
The results of experiment show considerable decrease of hydrocarbons 

and oil in the contaminated soil, this means that the method showed to be 
effective. The content of oil and its hydrocarbons decreased in all variants 
of the experiment. The amaranth seeds, which had time to ripen, will germ 
after ploughing and produce new plants. The next year, after amaranth 
ploughing, legume and cereal herbs are sown, namely coronilla, sainfoin, 
clover, alfaalfa, and melilot. Perennial herbs, in particular legumes, enrich 
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the soil by nitrogen-fixing bacteria, which are able to absorb heavy metals 
from soil, radioactive nuclides, pesticides, and oil hydrocarbons. The next 
year it is possible to continue the procedure until the complete cleaning of 
the plot.

7.3.1 � CHARACTERISTIC COMPONENTS USED FOR THE 
PURIFICATION OF SOIL

The amaranth has the following important peculiarities: high drought 
resistance, high reaction to land treatment, adaptability to different soil 
and climatic conditions, resistance to diseases and pests, high seed pro-
ductivity and extremely high coefficient of multiplication. By the moment 
of the beginning of seeds ripening amaranth accumulates high volume of 
green mass: 50–60 tones per hectare. Amaranth is characterized by high 
seed productivity, above 3 tones of seeds per 1 ha [22–24] with high con-
centration of proteins and biologically active substances [24].

Silicon is a mandatory member of plants and microorganisms tissues. 
Its amount in the plants depends on its content in the habitat, as well 

TABLE 7.1  The Decrease of Toxicity of Oil-Contaminated Soils by the 
Biotechnological Method [21]

Treatment of contaminated plot

Oil 
concentration, 
g/kg

Decrease of 
oil content, 
%

Content of 
hydrocarbons, 
mg/kg

Control (without irrigation) 66.4 - 2680
Plot irrigation by PABA water 
solution, 0.1–0.2%

57.0 14.2 1812

Plot irrigation by water solution of 
Baykal EM-1 (without stevia)

48.2 27.5 1620

Plot irrigation by working solution 36.8 44.1 860
Irrigation of amaranth crop by 
working solution in the phase of 
branching

42.5 36.0 1180

Plot irrigation by working solu-
tion: PABA (0.1–0.2%) + stevia 
(0.2%) + Baykal EM-1 + ama-
ranth crop with irrigation in the 
phase of branch

24.8 62.7 362
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as on the total plant biomass. At the international Nobel symposium in 
Stockholm in 1977 silicon was recognized as «element of life». Silicon 
is characterized by high absorbing capacity, it can bind toxic elements, 
it accelerates metabolism of plants [26]. The silicon concentration on the 
natural clays of Northern Ossetia is the highest (15–18% in comparison 
with the content of other elements) [20, 21]. During one season silicon is 
able to clean the soil considerably from oil hydrocarbons, radionuclides,, 
and heavy metals.

Because of the high biomass amaranth applied to the soil the highest 
amount of silicon, especially its green parts (leaves and stem). The silicon 
content in dry mass is 3–5%. Most of the silicon (above 50%) is related to 
the organic components of plant tissue (proteins, lipides, and cellulose).

Besides of silicon, the ploughing of amaranth on the contaminated soil 
at the beginning of seeds ripening enriches the soil by substances use-
ful for soil microorganisms, which contributes to the soil cleaning from 
hydrocarbons. Amaranth seeds, which had time to ripen, will germ after 
ploughing and give new plants.

The practice showed that amaranth can grow at any soil, but it hardly 
withstands acid soil. That is why in our experiments in the first year of 
sowing we added to the seeds the zeolite-containing clay – crushed alanit 
[24], which has alkaline reaction (pH 8.6). Additionally, clay sediments of 
alanit are reach by macro- and microelements.

As amaranth seeds are small (the mass of 1000 seeds is 0.5–0.6 g), 
their sowing in the first year mixed with crushed alanit improves seeds 
flowability, provides homogenous distribution of mixture over the plot and 
fertility of the environment of the seeds bed. Under higher alanit concen-
trations the process of sowing becomes more complicated.

Alanit [19, 20] belongs to the natural zeolite-containing clays from 
Northern Ossetia highlands deposits. It contains the following elements 
(in %%): silicon – 51–53; aluminum – 16–17; iron – 5–6; calcium – 
30–33; potassium – 0.07, phosphorus – 0.38, manganese – 0.04, sulfur 
– 0.98, magnesium – 1.6%. Also it contains small amounts of zinc, cop-
per, cobalt and other microelements in the forms available for plants. The 
reaction of the environment is alkaline (pH 8.64) because of the high 
calcium content. In contrast with basalts, alanit has rather week water 
loss (about 3%), high heat capacity (the coefficient is 0/34) and absorp-
tion capacity; nitrogen content (totally 0.36% is quite sufficient for plant 

A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



Bioremediation of Oil-Contaminated Soils	 137

nutrition. Consequently, the synergism of amaranth and alanit decreases 
the amount of hydrocarbons 4–5 times in the first year.

Effective biological preparation Baikal EM-1 contains a stable com-
munity of physiologically compatible and complementary useful microor-
ganisms. Originally the preparation was obtained from ecologically clean 
soil of Transbaikalia and was developed in Russia by Shablin [28]. The 
preparation Baykal EM-1 represents a water solution containing above 80 
species of photosynthesing, lactate, nitrogen fixing bacteria, yeasts, acti-
nomycetes, fermenting fungi and products of their metabolism [30].

The microorganisms of the preparation use the soil organic matter 
within the process of their multiplication and at the same time they enrich 
its microflora. This fertilizer affects microbiological equilibrium of the soil, 
establishes new effective symbiosis of plants and organisms in the soil by 
absorbing light and synthesizing biologically active substances, it improves 
soil structure because of its chemical and physical sorption activity, neu-
tralizes harmful effect of heavy metals salts. Its developers created new 
direction named humus biotechnology [29]. The principle difference of 
Baykal-EM-1 from other microbiological preparations consists in that it is 
multi-component and not harmful for humans, animals and soil microflora.

As it is impossible to mix microbiological preparation with any bacte-
ricide substances including honey, we added to the working solution sweet 
leaves of stevia in order to provide the nutrition of microorganisms.

Stevia is a natural sweetener because its leaves content stevoside and 
other diterpene glycosides [30]. Fresh leave of stevia is slightly sweeter 
than sugar, dry leave is 30–40 times sweeter, extract is 40–50 sweeter and 
the concentrated product is 80–120 sweeter. Sweet substances of stevia 
consist from diterpene glycosides: stevoside, rebaudioside A, rebaudio-
side C, dilkoside A; they include also nicotinic acid, flavonoids, aminoac-
ids, pectins, volatile oils, mineral elements, and vitamins.

Para-aminobenzoic acid (PABA) [31-37] 4-amino-2-oxibezoic acid 
(C7H7NO2) with molecular mass of 137.1 is soluble in the hot water (80–
90ºC), it is well soluble in benzol, ethanol, acetic acid, it is contained in 
yeast, legume germs, manure, it is the antagonist of novocain, sulfon-
amide. PABA represents fine crystalline powder of white or slightly cream 
colour, it belongs to the group of vitamins В (vitamin H), it is a part of 
folic acid. PABA is widely synthesized by plants, yeasts and microorgan-
isms and possesses reparagenic and antimutagene properties.
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Rapoport [31] discovered the property of PABA to be a non-heredita-
ble regulator of growth, directly connected to pherments. Rapoport [37, 
38] called PABA “phenotypic activator.” The non-hereditable character of 
PABA effect was studied on winter wheat.

Rapoport [34] found that PABA positively affects the development of 
Drosophyls, as well as plants, it contributes to the increase of agricul-
tural crops productivity. He proposed the following scheme of relations 
enzymes and phenotype: “genes → their heterocatalize (RNA molecules 
are substrate) → iRNA → iRNA catalize (aminoacids are substrate) → 
enzymes → their catalize (different substrates) → phenotype.” In con-
trast to chemical mutagens, PABA does not enter in valency relations with 
enzymes. It is a reparagene to enzyme systems.

In the small concentration (0.03%) PABA has a stimulating effect on 
plant development [35, 38]. PABA positively affects germinating capac-
ity of seeds, it increases plants resistance to unfavorable environmental 
factors and to some phytopatogenes, in particular it increases hardiness of 
winter wheat, improves other characters determining productivity.

The combined effect of salt solutions and PABA on seeds development 
of barley cultivars with low resistance to salinization. Bekuzarova et al. 
[38] showed that PABA increases hardiness of winter wheat when sowing 
without thrashing.

Thus, we substantiated the applied method of biological purification 
of oil contamination. Microbiological preparations restore and enrich soil. 
Amaranth seeds, which had time to ripen, will germ after ploughing and 
will give new plants. Alanit introduced into the soil mixed with seeds of 
amaranth, adds macro- and microelements, which are necessary supple-
ments for microorganisms and plant root system development. The next 
year, after amaranth ploughing, legumes and cereal herbs are sowed. The 
roots of perennial herbs, in particular legumes, enrich soil ecosystem by 
nitrogen fixing bacteria.

7.4  CONCLUSIONS

1.	 The biological preparations containing wide set of microorganisms 
were applied for the restoration of oil contaminated soils.
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2.	 The optimal conditions for contaminated soils restoration occur 
under the application of Baykal EM-1 biological preparation.

3.	 The biological preparation Baykal EM-1 was dissolved in 0.1–
0.2% water solution of para-aminobenzoic acid (PABA).

4.	 We immersed in PABA 200 g of stevia leaves instead of sugar or 
other sweeteners and consequently we obtained 2% solution of 
stevia in PABA. If fresh leaves were disable, the pharmaceutical 
preparation was applied: 20 mL of stevia solution were mixed with 
10 liters of liquid.

5.	 Repeated irrigation of contaminated soil in the phase of amaranth 
branching led to hydrocarbons content decrease from 2680 to 1812 
mg/kg.

6.	 The irrigation of oil contaminated soil by the mixture of Baykal 
EM-1 biological preparation and PABA with stevia leaves condi-
tioned the decrease of oil content by 44.1%.

7.	 The maximum effect is reached after preliminary sowing of ama-
ranth plants with further sowing of perennial legume herbs. When 
sowing amaranth, seeds were mixed with alanit cley reach by ele-
ments and having alkaline reaction. Alanit contributes to amaranth 
seeds sowing.

8.	 Repeated soil irrigation by this working solution during the growth 
period of absorbing amaranth culture, ploughing of its aboveg-
round biomass as green manure allowed to decrease hydrocarbons 
content (362 mg/kg) down to maximum permissible concentration 
of oil by 62.7%.
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ABSTRACT

The soil toxicity was determined by means of the evaluation of the level 
of their contamination using plants, capable to absorb heavy metals. These 

CHAPTER 8
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plants we name bioindicators. The conclusion about soil toxicity was done 
and the measures aimed to decrease it were suggested in dependence on 
the accumulation of lead, cadmium, copper, zinc, nickel etc. in different 
phases of plants development in doses exceeding maximum permissible 
concentrations.

8.1  INTRODUCTION

The increase of anthropogenic effect on the biosphere led to the pollution 
of the atmosphere, water and soil resources by industrial emissions and 
heavy metals (HM), which are deposited in the soil [1].

Presently the total power of sources of anthropogenic pollution exceeds 
in many cases the power of natural ones, e.g., natural sources of nitrogen 
oxide produce annually 30 million tones of nitrogen, whereas anthropogenic 
ones produce 30–50 million tones. Natural and anthropogenic sources 
produce 30 and above 150 million tones of sulfur dioxide, respectively 
[2, 3]. About 10 times more lead fall in the biosphere from human activity 
than from natural pollution. The contamination of the environment by 
HM harbors a high danger. Lead, cadmium, mercury, copper, nickel, zinc, 
chromium, vanadium became practically permanent components of the air 
in industrial cities. The problem of air contamination by lead, which then 
falls into soil and plants, is especially acute [4].

Soil is a powerful filter, cleaning biosphere from man-caused substances, 
and its chemical bar, which usually strongly fixes pollutants. Soil can 
become the source of secondary pollution as a result of their redistribution 
and migration by groundwater and surface water streams [4].

In order to detect soil contamination in time, biological objects with strong 
reaction on the state of environment are used, by means of the observation of 
the changes in their metabolism during their vital functions [5].

Bioindicators are such organisms that the changes in their development 
are the indicators of the processes of their habitat change. Their indicative 
importance is determined by the ecological tolerance of the biological 
system.

An organism is able to maintain its homeostasis within the limits 
of possible adaptation. A biological system reacts to the environmental 
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influence as whole, not only to particular factors, and the amplitude of 
physiological tolerance variations is modified by the internal state of the 
system, namely by nutritional conditions, age, peculiarities of the genotype 
[5, 6]. Biological objects allow to evaluate the measure of the toxicity of 
any substances synthesized by man and thus they allow to control their 
effect with sufficient reliability [6]. A whole series of microorganisms, 
plants and animals was found to be bioindicators [7–9].

It is known that the ability of different plants to absorb HM from 
contaminated soils is different, because root systems of different species. 
In some species the coming of HM in aboveground organs is limited [10].

In some cases lead, chromium, mercury, absorbed by roots, are 
exposed to strong fixation and are not available to further reallocation 
in the aboveground parts of plant. Cadmium, zinc, copper and nickel are 
relatively rapidly translocated from soil to aboveground parts of plants 
and remarkably change physiological processes. When reaching high con-
centrations in the soil they evoke worsening of agricultural crops growth, 
which is expressed in chlorosis, necrosis, and plant stop development, 
or the agricultural crops yield considerably decreases with the display of 
these characters.

The HM accumulation and allocation in plant organs has distinctly 
expressed acropetal character (roots>stems>leaves>fruits) indicating the 
presence of protective mechanism in plants. This prevents the coming of 
toxins from roots to aboveground organs. This trend is less expressed on 
the soils with normal HM concentration than on the soils with elevated one.

HM evoke also other unfavorable changes of soil properties, which 
are expressed in disturbances of soil microorganism’s activity, slowing of 
humification of plant debris, worsening of soil structure, impoverishment 
of species composition of microorganisms in contaminated soil [11].

Negative effect of HM is based on the activation of ferments, leading 
to the changes in the different steps of metabolism. The influence of HM 
at sub-cellular level is expressed in the disturbance of cell membranes 
functions and ion transport, as well as in the destruction of mitochondria 
and chloroplasts [12].

Phytotoxic effect of HM alters in dependence on soil state. There, 
where the conditions contributing to metals transformation in the mobile 
state occur, the harmful effect of HM on plants is stronger than on the 
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soils with high sorption capacity relatively to these metals. The analy-
sis of actual state of agricultural production in natural zone of Northern 
Caucasus, of the basic agrochemical soil properties variation dynamics, 
shows a stable trend of soil fertility worsening, increasing of degradation 
processes, worsening of general ecological situation, which conditions the 
decrease of production and economic indicators, increase of amount of 
unprofitable branches and companies in the regional agroindustrial com-
plex [4, 13].

Under conditions of ecological stress in North Caucasian region the 
interest to the organic nitrogen increases, in particular to legumes and their 
capacity to decrease soil toxicity and restore the fertility because of their 
unique ability to accumulate organic matter, to absorb heavy metals, to 
improve soil structure [14].

The application in our research of different legume herbs (Medicago 
hybridum, Onobrychis viciifolia or О. sativa, Coronilla varia, Melilo-
tus officinalis Desr. or M. yellow) in the combination with new sorbent, 
namely zeolite containing clay, allowed to detect a series of new regulari-
ties concerning the decrease of HM in soil and plants and restoration of 
soil fertility. The unique ability of legume herbs to absorb heavy metals 
and radioactive nuclides from soil determined the main aim of our study: 
to decrease soil toxicity by detecting maximum accumulation of toxicants 
and their disutility in dependence on the phases of crops development and 
their position in the crop rotation system.

8.2  MATERIAL AND METHODODOLOGY

The experiments were performed at the leached chernozem of Prigoro-
dny district of the Republic North Ossetia-Alania with humus content of 
5–6.3% and the following concentrations of nutrients: 0.4% of nitrogen, 
0.2–0.3% of phosphorus and 1.62–1.9% of potassium. The reaction of 
soil (рН) was 5.48–6.92. Top-soil is represented by leached chernozem 
on the bedrock of pebbles at the depth of 25–80 cm. Initially the research 
was performed on five cultivated cultivars of red clover (Vladikavkazsky, 
Daryal, Nart, Farn, Alan), and three wild species of natural mountainous 
phytocenoses. Corn, mangel-wurzel, oats and clover were precursors in 
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crop rotation (clover was studied as monoculture). The experiments on the 
toxicity decreasing included four variants: 1 – control (without sideration), 
2 – plowing of green mass in the phase of flourishing, 3 – plowing of 
green mass with natural mud alanit five days after green mass harvesting, 
4 – plowing of green mass 7–10 days after hay-crop. Soil humidity, tem-
perature regime and HM concentration were studied in the experiments.

The concentration of heavy metals (copper, zinc, cobalt, manga-
nese, iron, lead, cadmium) was determined in ashes solutions extracted 
by hydrochloric acid (1:3) by means of atomic absorptive spectroscopy 
according to the procedure of [12].

Alanit is zeolite containing clay of local origin (steppe zone of Moz-
dok district of the Republic North Ossetia-Alania) containing 52.7 of sili-
con (Si02); 16.6% of aluminum (Al2O3); 32.7% of calcium (CaO); 6.17% 
of iron (Fe2O3); manganese, sulfur, phosphorus, potassium, copper, zinc 
(within the range of 0.1–0.9%) and other microelements.

8.3  RESULTS AND DISCUSSION

The study showed that Vladikavkazsky clover cultivar accumulates mobile 
cadmium forms after precursor culture of mangel-wurzel more than other 
cultivars (0.188 mg/kg). The minimum amount was found at the plot with 
annual clover sawing at the same place (monoculture – 0.122 mg/kg). At 
the second year of plant life the amount of mobile form of lead increase in 
Daryal and Vladikavkazsky cultivars up to 2.090 и 1.490 mg/kg, respec-
tively which exceeds maximum permissible concentration (MPC) 6.97 
and 4.97 times, respectively. Lower concentrations of this element were 
found in Nart cultivar in the first (up to 0.215 mg/kg) and second (up to 
0.260 mg/kg) years of life. After precursor cultures of mangel-wurzel and 
corn lead mobility for two years of life of Vladikavkazsky clover cultivar 
exceeded MPC 1.28–3.34 times and 2.75–4.13 times, respectively. In Farn 
and Alan cultivars mobile lead exceeded MPC 2.7–4.07 and 1.88–2.08 
times, respectively (Table 8.1).

HM accumulation by development phases. Astragalus species widely 
spread in Northern Caucasus, also have high absorptive properties. 
Recently their bioindicative abilities and at the same time protective 
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functions related with the selenium accumulation in tissues were detected 
[6, 7].

Table 8.2 shows that aboveground biomass of Coronilla varia absorbed 
the highest amount of copper – from 74.0 to 92.0 mg/kg; Melilotus offi-
cinalis accumulated the highest amount of copper – up to 96.2 mg/kg; 
according to iron content Galega orientalis showed the highest accumula-
tion capacity (up to 1764.0 mg/kg).

The obtained data shows that the zinc concentration 2.17 times 
exceeded maximum permissible concentration in sainfoin, 2.18 times in 
Medicago sativa 2.74 times in Coronilla varia, 1.63 times in Galega, 1.43 
times in Asparagus.

For copper MPC was exceeded 6 times in Melilotus officinalis, 7.38 
times in lucerne, 5.38 times in Coronilla varia.

For iron MPC in green mass was exceeded 7.5 times in Melilotus offi-
cinalis, 6.95 times in lucerne, 6.18 times in Coronilla varia, 7.05 times in 
Galega orientalis, 10.14 times in Astragalus (Table 8.2).

The obtained data from Table 8.2 shows that zinc content exceeded 
maximum permissible concentration 2.17 times in Melilotus officinalis, 

TABLE 8.1  Content of Mobile Forms of Heavy Metals (mg/kg) in the Soil (0–20 cm) 
After Different Precursors of Red Clover in the 2nd Year of Life

Clover cultivar Precursor Cd Pb Zn Co Cu Mn Fe
Daryal Trifolium 

monoculture
0.185 2.090 3.860 0.598 0.440 69.10 35.00

Vladikavkazsky Trifolium 
monoculture

0.149 1.490 6.395 0.535 0.415 94.40 19.10

Vladikavkazsky Mangel 
culture

0.234 1.002 3.955 0.425 0.170 93.25 1.55

Vladikavkazsky Corn 0.228 1.240 4.870 0.475 0.415 98.50 12.90
Farn Trifolium 

monoculture
0.145 1.220 4.564 0.386 0.298 80.15 10.50

Nart Trifolium 
monoculture

0.178 0.260 2.791 0.370 0.256 80.90 8.96

Alan Trifolium 
monoculture

0.183 0.625 3.843 0.395 0.342 97.25 5.98

HCP — 0.001 0.009 0.10 0.009 0.005 0.75 0.1
Experimental 
error S %

— 0.65 1.02 2.54 2.43 2.63 1.43 1.48
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2.18 times in lucerne, 2.74 times in Coronilla varia, 1.63 times in Galega, 
1.43 times in Astragalus.

Our earlier study detected high HM absorptive capacity in Amaranthus 
cruentus L., which contains rather high amount of silicon (50 kg/t), phos-
phorus (164 kg/t), potassium (156 kg/t), calcium (58 kg/t), magnesium (77 
kg/t), as well as many other microelements [10].

Taking into account biological peculiarity of plants absorbing toxi-
cants, we developed the method of culture placement on toxic soils. The 
cultures of Coronilla varia and Amaranthus were sown by isolated strips 
at the width of sowing-machine sweep (machine for cereals and herbs 
of type 3.6 A). Such way of cultures distribution, when sowing on the 
green fertilizer, is explained by their low competitiveness. Favanoides, 
alkaloids and a series of acids, which are contained in Amaranthus sup-
press nitrogen fixing capacity of legume culture Coronilla varia. Taking 
into account biological peculiarities of each species in mixture, Coronilla 
varia as more cold resistant was sown in early spring. 2–3 weeks later 
Amaránthus was sown in the free strips. Sowing rates of Coronilla varia 
and Amaranthus were 15–20 and 0.5–1 kg/ha, respectively [10]. Amaran-
thus plants accumulate considerable amount of macro- and microelements 
(vanadium, manganese, molybdenum, cobalt, copper and other elements). 
Combined sowing of Coronilla varia and Amaranthus and their plowing 
as green fertilizers provide decrease of soil toxicity, increase of organic 
matter because.

When studying perennial herbs as green manure crops it was found that 
the soil content of mobile forms of zinc, copper, nickel, cobalt, manganese 
and iron increases from the phase of stooling to the phase of flowering of 
the plants under study (Table 8.3).

TABLE 8.2  Heavy Metal Content (mg/kg) in Green Mass of Legume Herbs Under 
Study

Culture Zn Cu Fe
Astragalus galegiformis Lam., introducent 74.8–81.8 9.8–16.6 58.4–93.6
Coronilla varia 61.6–71.6 74.0–92.0 724.0–1546.0
Galega orientalis Lam. 39.6–42.6 68.0–70.0 1718.0–1764.0
Medicago sativa L. 53.0–57.0 74.0–96.2 1638.0–1736.0
Onobrychis arenaria 53.0–56.8 60.0–78.0 1550.0–1762.0
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Thus, zinc concentration in the soil with Coronilla varia L. changed 
according to development phases from 33.8 to 42.8 mg/kg; copper from 
12.3 to 15.74 mg/kg; nickel from 13.0 to 15.4 mg/kg; cobalt from 9.6 to 
11.2 mg/kg, manganese from 550 to 700 mg/kg; iron from 330 to 440 mg/
kg (Table 8.3)

When comparing absorbing properties of legume herbs (Coronilla 
varia, Onobrýchis, Medicago, Melilotus), it is possible to conclude that 
Coronilla varia variegated accumulates the highest amount of microele-
ments, and the application of this culture will contribute to the improve-
ment of topsoil, restoration of its fertility and physical state.

Because of selective ability of alanit under its contact with mowed 
green mass of Coronilla varia cleaning of the biomass from lead, cad-
mium, copper and zinc occurs. During 5 days the process is accompanied 
by sclarification and decrease of the metal particles size, which acceler-
ates the oxidation of toxicants. This method is especially effective for acid 
soils with рН below 5.

After plowing of the total Coronilla varia green mass with alanit the 
soil enrichment with organic and mineral substances occurs. Alanit pro-
tects mowed green mass from evaporation absorbing the moisture. Alanit 
layer keeps nitrogen compounds secreted by Coronilla varia. The results 
of the experiment are reported in the Table 8.4.

Table 8.4 data show that after plowing and partial mineralisation of 
organic mass in the soil in the optimal variant the amount of heavy met-
als dramatically decreased down to maximum permissible concentrations, 
which indicates the effectiveness of alanit application when plowing of 
Coronilla varia as green fertilizer with zeolite containing alanit.

TABLE 8.3  Accumulation of Heavy Metals (mg/kg) in the Soil by Development Phases 
of Coronilla varia L.

Development phase Zn Cu Ni Co Mn Fe
Stooling 33.8 12.3 13.0 9.6 550 3300
Budding 44.7 20.43 16.3 11.2 680 4000
Flowering 42,8 15.47 15.4 11.2 700 4400
MPC 100 3 2 5 500 100

Note. MPC – Maximum prevent the concentration.
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Change of soil solution рН was detected when plowing without or with 
alanit and several days after mowing. In all variants with alanit applica-
tion рН increased in comparison with variant without using alanit (4.84). 
Maximum value (5.10) and at the same time the best result was obtained 
when plowing Coronilla varia mass with alanit 5 days after mowing (see 
Table 8.4)

In the experiments with plowing of Coronilla varia mass with and 
without alanit (2–3 t/ha) the dynamics of copper and iron content was 
followed. Thus, if in the variant “Ploughing Coronilla varia + alanit” the 
copper content was in average 52 mg/kg of dry substance, in the variant 
“Ploughing Coronilla varia + alanit (3 days later, soil sampling 2 months 
after plowing)” this value decreased to 42 mg/kg, in the variant “Plough-
ing Coronilla varia + alanit (5 days later, soil sampling 2 months after 
plowing)” – to 31 mg/kg, and when plowing Coronilla varia mass with 
alanit 7 later (soil sampling 2 months after plowing) this value amounted 
20 mg/kg of dry substance only.

During the vegetation of sand sainfoin (Onobrychis Scop.) the content 
of HM mobile forms in soil changed (in mg/kg) as follows: zinc from 36.7 
to 38.8; copper from 13.7 to 15.9; nickel from 14.6 to 16.3; cobalt from 10 
to 8; manganese from 670 to 700; iron from 390 to 410.

TABLE 8.4  Change of Heavy Metals Content (mg/kg) in the Soil in Dependence on the 
Plowing of Coronilla varia Green Mass

Soil processing Zn Cu Fe Co Pb
Ploughing of Coronilla varia mass 
(without alanit) – control

95 84 624 0.41 5.8

Ploughing of Coronilla varia mass 
with alanit

83 52 460 0.32 5.0

Ploughing of Coronilla varia with 
alanit 3–5 days after mowing (soil 
sampling 2 months after plowing)

67 31 320 0.28 4.5

Ploughing of Coronilla varia mass 
with alanit 7–10 days after mowing 
(soil sampling 2 months after 
plowing) – optimal variant

65 20 135 0.22 3.8

MPC 100 18.8 154 0.26 5.0
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Inlucerne Medicago sativa L. soil HM mobile forms content also 
increases from stooling to blooming phase: zinc from 40.1 to 43.2 mg/kg; 
copper from 12.8 to 15.9 mg/kg; nickel from 13.5 to 16.2 mg/kg; cobalt 
from 10 to 11.7 mg/kg; manganese from 580 to 710 mg/kg, iron from 360 
to 440 mg/kg [5].

It is necessary also to notice maximum concentration of zinc and copper 
mobile forms in soil was accumulated by the budding phase of legume herbs 
under study. Thus, Coronilla varia takes from soil up to 44.7 mg/kg of zinc 
and up to 20.43 mg/kg of copper; Onobrychis viciifolia absorbs up to 54.0 
mg/kg of zinc and up to 31.5 mg/kg of copper; Medicago sativa absorbs – 
up to 99.2 and 32.4 mg/kg of zinc and copper, respectively (see Table 8.2).

The comparison of Coronilla varia with other legume cultures showed 
its advantage in a series of characters. Aboveground mass of Coronilla 
varia in the year of sowing develops slowly. The next year its root system is 
able to accumulate organic matter and biological nitrogen up to 200 kg/ha.

When sown individually, seeds of annual culture of Amaranthus accu-
mulates considerable amount of macro- and microelements (vanadium, 
manganese, molybdenum, cobalt, copper and other elements). The mowing 
of aboveground mass was performed in the year of sowing in the phase of 
milky-wax ripeness in order to part of ripened Amaranthus seeds remains 
in the soil and germs the next year together with neighboring strips of 
Coronilla varia, because at this phase Amaranthus shed its ripened seeds 
and they fall into the soil. When falling into the soil, Amaranthus seeds 
together with aboveground mass accomplish the function of absorbing 
substances. Under their contact with contaminated soil chemical reactions 
neutralizing heavy metals and radionucleotides occur.

By the moment of plowing of green mass (grown Coronilla varia and 
Amaranthus germed from seeds) an amount of organic substances suf-
ficient to decrease soil toxicity is already accumulated. As it is shown in 
the Table 8.5, combined sowing of Amaranthus and Coronilla varia by 
alternated strips provides the decrease of HM concentration in the soil.

The reported data of Table 8.5 show that lead content in the mixed 
crop of Amaranthus and Coronilla varia amounts 30.6 mg/kg. At the plot, 
where alternated strips sowed these cultures, lead content decreased to 
26.4 mg/kg. The advantage of alternated sowing is evident also in other 
elements (nickel, copper, zinc).
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It was detected that Coronilla varia accumulates in the second year of 
life about 12 t/ha of aboveground mass and stubbly remains, whereas in 
Melilotus, Medicago and Onobrychis this value does not exceed 10 t/ha.

8.4  CONCLUSIONS

1.	 Heavy metals accumulation in legume herbs is going intensively 
from stooling to blooming phase.

2.	 The level of heavy metals accumulation in legume herbs differs not 
only among species but also among cultivars. Among five culti-
vars of red clover Vladikavkazsky cultivar accumulates maximum 
amount of heavy metals.

3.	 Maximum amount of heavy metals in legumes is accumulated after 
precursor cultures of corn and mangel-wurzel.

4.	 Among legume herbs the maximum amount of heavy metals is 
absorbed by Coronilla varia, what provides the improvement of 
topsoil, restoration of its fertility and physical state.

5.	 Ploughing of legume herbs for green fertilizer in the mixture with 
alanit considerably (down to the level of maximum permissible 
concentration) decrease the amount of heavy metals.

6.	 The mixture of Coronilla varia and Amaranthus sown by separate 
strips provides positive results in soil fertility restoration.

TABLE 8.5  Soil Heavy Metals Content (mg/kg) in Dependence on the Way of Sowing 
of Cultures for Green Fertilizer

Culture
Soil nitrogen 
content, kg/ha Ni Pb Cu Zn

Combined sowing of Amaranthus + 
Coronilla varia

123 26.4 30.6 4.2 28.0

Amaranthus 148 19.8 28.4 3.0 24.0
Coronilla varia 162 15.4 32.0 3.8 32.0
Amaranthus + Coronilla varia, sown 
by separate strips

206 13.2 22.4 2.2 23.2

MPC – 20.0 32.0 6.8 35.0
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LIST OF SPECIES

Astragalus galegiformis Lam. – Astragalus galegeae
Coronilla varia – Coronilla colorful (colorful)
Galega orientalis Lam. – Eastern galega
Medicago hybridum – Lucerne hybrid
Medicago sativa L. – Alfalfa
Melilotus officinalis – melilot
Onobrychis viciifolia – Onobrychis viciifolia
Trifolium repense – White clover

KEYWORDS
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•• chloroses

•• clover
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•• heavy metals
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ABSTRACT

The Kirov region is located in the east of the European part of Russia 
in zone of Povolzh’e forests. Considerable extent of the region from the 

CHAPTER 9
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north on the south cause essential distinctions is soil-climatic conditions 
and natural landscapes in its territory that allows carrying out the analysis 
of interdependence of development of phytocenoses and chemical prop-
erties of soil (in particular – level of its acidity). The raised acidity of 
soil has as a consequence increase of amount of aluminum and heavy 
metals available to plants. Objects in all natural zones of the region have 
been chosen for this purpose. Forest phytocenoses were compared with 
anthropogenic agro-phytocenoses in similar natural and climatic condi-
tions. As a result of the spent researches the floristic structure of natural 
phytocenoses and segetal plants of agro-phytocenoses in each of natu-
ral zones of the region is defined. Studying of similarity degree of phy-
tocenoses by comparison of Jaccard index has allowed revealing only 
insignificant degree of similarity between investigated phytocenoses 
among themselves both for each pair of agro-phytocenoses and for each 
pair of forest phytocenoses. The biodiversity coefficient fluctuated from 
0.63 in agro-phytocenosis from a sub-band of middle taiga to 5.18 in 
forest phytocenosis from a zone of mixed coniferous-broad-leafed for-
est. On soils with close agrochemical parameters meadow phytocenoses 
are characterized by the greatest coefficient of biodiversity (2.58–3.73); 
forest phytocenoses had lower values of the coefficient (1.07–2.18); and 
agro-phytocenoses – the lowest one (0.63–0.91). Decrease in coefficient 
of a biodiversity with increase in acidity of soil is noted for forest and 
meadow phytocenoses. The floristic structure of weed species was richer 
in agro-phytocenoses on acid soils; annual plants prevailed among them 
but presence of gramineous plants is essential also. The biodiversity coef-
ficient of agro-phytocenoses increases at soil acidity decrease. Florae of 
agro-phytocenoses and natural phytocenoses on acid soils have more 
boreal character rather than florae of similar phytocenoses on less acid 
soils. Degree of similarity of such phytocenoses depends significantly 
on soils рН level. Research of interdependence between soils acidity and 
quality of vegetative raw materials has allowed to reveal presence of sta-
tistically significant interrelation between level of soils acidity and the 
content of arbutin in leaves of a cowberry (Vaccinium vitis-idaea L.), 
cardiac glycosides in “grass” of a lily-of-the-valley (Convallaria maja-
lis L.), and insignificant dependences of concentration of polyphenols in 
Saint-John’s-wort’s (Hypericum perforatum L.) “grass” on soil acidity. 
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It is interesting to note there opposite orientation: the content of arbutin 
increases at strengthening of acidity, and concentration of polyphenols 
and cardiac glycosides decreases.

9.1  INTRODUCTION

The Kirov region is located in the east of the European part of Russia in 
a zone of Povolzh’e forests. Forests occupy here about 67% of territory 
of the region. Forests are distributed non-uniformly within a territory. In 
northern districts of region forests occupy 75–85% of the area [1], in the 
center of region and in its southern areas – only 7–20% [2]. Main forest-
forming species in the region are Picea excelsa (L.) Karst., Picea obovata 
Ledeb., Abies sibirica Ledeb., and Pinus silvestris L. Broad-leaved spe-
cies of forest trees are also grow here – Betula pendula Roth and B. pube-
scens Ehrh., Populus tremula L., Quercus robur L., Tilia cordata Mill.

Among forest types most extended are bilberry spruce forest – 12%, 
bilberry birch forests – 6.1%, and beadruby-bilberry birch forests – 5.2%. 
An appreciable role play also haircap-moss spruce forests – 4.3%, hair-
cap-moss birch forests – 4.2%, wood sorrel spruce forests – 3.6%, bilberry 
pine forests – 3.5%, sphagnum pine forests – 3.0%. In northern part of the 
region spruce forests and spruce-fir forests prevail with ground cover con-
sists with hygrophilous green and sphagnum mosses. In the central districts 
of the region spruce-fir forests with green mosses and grass-shrubby layer 
are extended. In southern districts coniferous species of the first layer the 
oak and a linden are added forming mixed coniferous-broad leaved forests 
which have underbrush and a grassy cover various on specific structure [3].

Considerable extent of the region from the north on the south causes 
essential distinctions of environmental conditions and natural landscapes 
in its territory. Depending on distribution of various types of forests, 3 sub-
bands are divided in a vegetative cover of the region: middle taiga, a south-
ern taiga and mixed coniferous-broad leaved forests. Northern districts of 
the region are in a sub-band of middle taiga; central districts – in a southern 
taiga; and southern districts – in a strip of mixed coniferous-broad leaved 
forests. Mother rocks here are characterized by high diversity. The main 
part of territory of the region is occupied with soils of podzolic type [4].
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The regional flora includes 1.116 species of vascular plants. They unite 
in 77 families. A leading place on number of genus has families Asteraceae 
(48 species), Poaceae (44 species), Umbelliferae (30 species), Rosaceae 
and Brassicaceae (24 species each). The largest on number of species are 
families Asteraceae (118 species), Poaceae (101 species), Rosaceae (78 
species), Cyperaceae (61 species), Fabaceae (57 species), and Caryophyl-
laceae (53 species). More than half of families are presented by one genus; 
more than third – by one specie. Among these families are Butomaceae, 
Oxalidaceae, Celastraceae, Аdoxaceae, and Polemoniaceae. The greatest 
specific diversity had genus Carex (48 species – 4.4%), Salix (19 species 
– 1.7%), Poligonum (18 species – 1.6%), Ranunculus and Alchemilla (16 
species – 1.5% each), Hieracium (15 species – 1.4%), Viola (13 species 
– 1.2%), Potamogeton and Veronica (12 species – 1.1% each), Rumex 
(11 species – 1.0%), Stellaria, Dianthus, Potentilla, Trifolium, Vicia, and 
Galium (10 species – 0.9% each), Juncus, Epilobium, Campanula, and 
Centaurea (9 species – 0.8% each).

Acid podzolic and sod-podzolic soils of the region are characterized 
by low рН level, low capacity of absorption, fulvatic structure of humus, 
and washing water mode. One of the most harmful factors of such acid 
soils is large amount of exchangeable aluminum. Though aluminum on 
the nuclear weight formally does not concern heavy metals nevertheless 
reaction of live organisms to its raised concentrations does not differ in 
the physiological features from reaction to such heavy metals as lead, cad-
mium and others. In this connection many researchers unite aluminum 
with other chemical elements in the modular group of elements named 
“heavy metals” [5–7]. For this reason consideration of influence of various 
acidity of soils of the Kirov region caused by presence of mobile ions of 
trivalent aluminum on floristic and a chemical compound of plants natural 
and agro-phytocenoses was a main objective of the given work.

9.2  MATERIALS AND METHODOLOGY

Plant objects in all three natural zones of the region are chosen for solving of 
the given task. Whenever possible objects were dated for the soils developed 
on granulometrically heavy mother rocks – blanket clays and loams. For-
est phytocenoses were compared with agro-phytocenoses created by human 
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(farmlands) in similar natural and climatic conditions. Objects of studying rep-
resent soil profiles with phytocenoses located on a surface adjoining to them.

Samples for chemical analyzes of soil were selected from soil pro-
files by genetic horizons. Soil samples were placed in labeled polyethyl-
ene packages. Then soil was dried up, mechanically grounded and sifted 
through a 2 mm sieve. Definition of mobile forms of chemical elements 
spent in 1.0 M acetic-ammonia solution рН 4.8 by a method of atom-
absorption spectrophotometry [8, 9].

Studying of vegetation of trial platforms was spent with use of the 
adapted techniques of field and laboratory researches developed on the 
basis of standard geobotanical and resource-studying methods [10, 11] and 
methods of inspection of rare species of plants [12].

Inspection of vegetative communities was accompanied by full geobo-
tanical description of phytocenosis with the detailed characteristic of spe-
cific structure, holistic and merological traits (projective covering, density 
of crones, an abundance, height, vitality, age, degree of quality of wood 
plants, phonological phases and some others). Method [13] was used at 
definition of forest mensuration characteristics.

The complete definition of physics-geographical conditions (level of 
humidifying, an exposition, a lay of land, characteristic of a dead cover, 
phytocenosis environment etc.) allows to receive detailed ecological-
cenotic characteristic of vegetation at data processing.

Phenological observation over development and condition of plants 
were spent by a technique [14].

Similarity degree of phytocenoses was estimated with use of Jaccard index 
[15], the biodiversity coefficient – by Shannon-Wiener Diversity Index [16].

9.3  RESULTS AND DISCUSSION

9.3.1 � ZONE OF MIXED CONIFEROUS-BROAD LEAVED 
FORESTS

Forest phytocenosis is presented by fir-linden-spruce mixed herbs forest 
with an elm and aspen addition. Soil type is gray forest gleyey soil on blan-
ket loess-like clays. Following horizons are noted in a profile: Oi 0–5 cm; 
Ah 5–19 cm; Ahe 19–33 cm; AB 33–57 cm; В 57–80 cm; ВС 80–90 cm.
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9.3.1.1  Agricultural Field Site

Soil type is dark gray forest soil on blanket loess-like loam. Following 
horizons are noted in a profile: Ap 0–30 cm; Ahe 30–39 cm; АВ 39–60 cm; 
В 60–96 cm; ВC 96–141 cm; C 141–160 cm.

9.3.2  SUB-BAND OF A SOUTHERN TAIGA

Forest phytocenosis is presented by spruce-pine grassy forest with a birch 
addition. Soil is podzolic loamy, gleyey, on blanket loamy deposits. Next 
horizons are allocated in a profile: Oe 0–7 cm; Аh 7–20 cm; Аhe 20–30 cm; 
AB 30–70 cm.

9.3.2.1  Agricultural Field Site

Soil is sod-light-podzolic, loamy, on blanket loams. A profile structure: Ap 
0–22 cm; Ahe 22–32 cm; AB 32–55 cm; В 55–100 cm; BC 100–140 cm.

9.3.3  NORTHERN PART OF A SOUTH TAIGA SUB-BAND

Forest type is spruce-fir with a birch addition, bilberry-grassy. Soil is 
strongly podzolic, loamy, on carbonate blanket clay. A soil profile struc-
ture: Oi 0–7 cm; Ah 7–30 cm; АВ 30–51 cm; B 51–86 cm; BC 86–120 cm.

Agro-phytocenosis on an arable land is presented by wheat which pro-
jective covering makes only 30%. Soil is sod-strongly-podzolic, loamy, 
on blanket loams. Soil profile structure: Ap 0–28 cm; Аhe 28–48 cm; АВ 
48–70 cm; B 70–96 cm; ВС 96–120 cm; C 120–130 cm.

9.3.4  SUB-BAND OF MIDDLE TAIGA

Forest phytocenosis is presented by a fern-grassy fir-grove. The soil is 
presented by heavy loamy podzol on blanket loamy sediments. A profile 
structure: Oe 0–7 cm; Аh 7–50 cm; АВ 50–66 cm; B 66–104 cm; ВС 104–
125 cm; C 125–140 cm.
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Agro-phytocenosis is located on sod-strongly-podzolic loamy soil 
formed on blanket loams. A profile structure: Ap 0–22 cm; Аhe 22–54 cm; 
АВ 54–70 cm; B 70–108 cm; ВС 108–125 cm; C 125–136 cm.

Considerable extent of the Kirov region in meridional direction allows 
to track gradual change of biogeocenoses from the south on the north.

Small part of territory in the south of the region is located in a zone 
of mixed coniferous-broad leaved forests. Here there are the most fertile 
soils of the region – gray forest soil. As they are formed on rocks rich in 
the bases their acidity is insignificant. A profile of forest soil is gleyed 
therefore reaction of a soil solution is close to the neutral on all profile. 
High humus content and depth of its penetration in a profile is explained 
by over-watering.

Forest phytocenoses on gray soils are presented by spruce-linden-
fir forests with an elm and aspen addition. Rather thin undergrowth is 
presented by fir, linden, spruce, an elm. Norway maple having average 
height about 12 m, density of crones about 0.1 is noted in underbrush. 
The grassy cover is combined by 22 plant species. Dog’s-mercury (Mer-
curialis perennis L.), male shield fern (Dryopteris filix-mas (L.) Schott), 
ashweed (Aegopodium podagraria L.), lungwort (Pulmonaria obscura 
Dumort.), wolfsbane monkshood (Aconitum excelsum Reichenb.), and 
bottlebrush (Equisetum sylvaticum L.) prevail among them. Participa-
tion of other plant species in composition of a vegetative cover is less 
considerably. The projective covering of each of them does not exceed 
1%. These are following plant species: sweet woodruff (Galium odoratum 
(L.) Scop.), saxifrage (Chrysosplenium alternifolium L.), touch-me-not 
(Impatiens noli-tangere L.), corydalis (Corydalis hallerii (Willd.) Willd.), 
Alpine circaea (Circaea alpine L.), bladder-fern (Cystopteris sudetica (A. 
Brown & Milde) A.P. Khokhr.), meadow geranium (Geranium pretense 
L.), common nettle (Urtica dioica L.), easter-bell (Stellaria holostea L.), 
poisonberry (Actaea rubra (Ait.) Willd.), bitter peavine (Lathyrus vernus 
(L.) Bernh.), rabbit-meat (Lamium purpureum L.), black-headed hawk-
weed (Hieracium nigrescens Willd.), milkwort (Polygala vulgaris L.), 
hairlike sedge (Carex capillaries L.), and Filzige Segge (Carex tomentosa 
L.). Nemoral species prevail in phytocenoses structure with an addition of 
East Siberian and Siberian plant species.

Chemical properties of the studied soil horizons are presented in Table 9.1.
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The arable soil has about 3.5% of humus in arable horizon. Acidity of 
soil solution reaches the greatest value in horizon АВ – рН 4.09. Reac-
tion of solution of humus horizons is lightly acidic – рН 5.40–5.58. Soils 
have a considerable part of alkaline-earth cations in a soil-absorbing com-
plex. Agro-phytocenosis on gray forest soils has been presented by a corn 
field where corn domination is caused by anthropogenous intervention. 
However, the structure of weed species reflects common features of agro-
phytocenoses of the given zone. Participation of mentioned segetal species 
in composition of phytocenoses is insignificant. So, the projective cover-
ing of a perennial sow thistle (Sonchus arvensis L.) and field bindweed 
(Convolvulus arvensis L.) made only 2%; and Canadian thistle (Cirsium 
arvense (L.) Scop.), fumitory (Fumaria officinalis L.), garden orache 
(Atriplex hortensis L.), and hedge nettle (Stachys palustris L.) is meet only 
individual. These are species of boreal, steppe, and ancient Mediterranean 
origins.

As a whole, the floristic structure of phytocenoses of a zone of mixed 
coniferous-broad leaved forests differs by abundance of nemoral species.

9.3.5  SUB-BAND OF A SOUTHERN TAIGA

A basis of biocenoses of the given zone is podzolic soils. They possess 
high acidity (рНkcl 3.9–4.5) out to high concentration of absorbed alumi-
num. Degree of expressiveness and capacity of eluvia horizons are consid-
erable. Degree of saturation with bases is not great. The content of humus 
in arable horizon does not exceed 2%. A profile of forest soil is gleyey 
therefore the top part of a profile is enriched by organic matter.

Forest phytocenoses developed on the given soils are usually presented 
by spruce-pine grassy forests with a birch additives; average age – 60–70 
years, average height – 25 m, degree of a density of crones – 0.4–0.5.

Individual firs and fur-trees present undergrowth; in underbrush an indi-
vidual mountain ash (Sorbus) and elder (Sumbucus) are noted. The grass 
cover is combined by 15 species of plants among which dominate sour tre-
foil (Oxalis acetosella L.), European strawberry (Fragaria vesca L.), and 
hairy wood-rush (Luzula pilosa (L.) Willd.). Participation of bird’s-eye 
(Veronica chamaedrys L.), killwort (Chelidonium majus L.), carpenter’s 
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herb (Ajuga reptans L.), European wild ginger (Asarum europaeum L.), 
European goldenrod (Solidago virgaurea L.), Canadian hawkweed (Hier-
acium umbellatum L.), and spreading millet grass (Milium effusum L.) 
is considerable. Mountain pansy (Viola montana L.), panicled bellflower 
(Campanula divaricata Michx.), groundcedar (Lycopodium complanatum 
L.), common St.-John’s wort, and sweet woodruff are noted as individual 
plants. Boreal species prevail among the species composing these phyto-
cenosis; they are supplemented with nemoral sub-oceanic species.

The grassy cover of agro-phytocenosis is made by a red clover (Trifo-
lium pratense L.) with insignificant participation of 10 segetal plant spe-
cies which total projective covering does not exceed 10%. These species 
are listed in order of decrease in their participation in phytocenosis com-
position: German camomile (Tripleurospermum inodorum (L.) Sch.Bip.), 
European cinquefoil (Potentilla goldbachii Rupr.), narrowleaf hawk’s 
beard (Crepis tectorum L.), bee nettle (Galeopsis speciosa Mill.), mug-
wort (Artemisia vulgaris L.), field scorpion grass (Myosotis arvensis (L.) 
Hill.), field pansy (Viola arvensis Murray), mare’s-tail (Equisetum arvense 
L.), low cudweed (Gnaphalium uliginosum L.), and perennial sow thistle. 
Boreal and steppe species prevail in given agro-phytocenosis. As a whole, 
phytocenoses of sub-bands of a southern taiga have more boreal charac-
ter in comparison with phytocenoses of Zone of mixed coniferous-broad 
leaved forests.

9.3.6 � NORTHERN PART OF A SUB-BAND OF A SOUTHERN 
TAIGA

Influence of Perm carbonate sediments which are lying down close to a 
surface and sometimes directly being mother rocks is palpably rather in 
soil profiles in northeast and east parts of the Kirov region. Degree of 
expressing of eluvial processes depends on depth of occurrence of the 
Perm rocks. In spite of the fact that at the bottom part of a profile there are 
carbonates podzolic process reaches considerable development. The pro-
file has heavy enough podzolic horizon with high acidity (рНKCl 3.91). The 
absorbing complex is sated by hydrogen and aluminum ions. The content 
of humus is insignificant.
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Forest phytocenoses on the described soils are presented by spruce-fir 
bilberry-mixed herbs forest with birch addition; middle age of forest is 70 
years; average height of trees – 18 m; degree of a density of crones – 0.6. 
Undergrowth is presented by individual firs and spruces. In underbrush 
a common juniper (Juniperus communis L.), European raspberry (Rubus 
idaeus L.), bush honeysuckle (Lonicera tatarica L.), European black cur-
rant (Ribes nigrum L.) are noted. The grass-subshrub circle is combined by 
14 species of plants. Dominants are bilberry (Vaccinium myrtillus L.), stone 
bramble (Rubus saxatilis L.), European wild ginger, hairy wood-rush, and 
oak fern (Gymnocarpium dryopteris (L.) Newman). Participation of twin-
flower (Linnaea borealis L.), European strawberry, and herb Paris (Paris 
quadrifolia L.) is considerable. There are individual plants of a cowberry, 
bottlebrush, sweet woodruff, nodding melick grass (Melica nutans L.), won-
der violet (Víola mirabilis L.), and sour trefoil. The Siberian taiga species 
prevail in given phytocenoses, but nemoral species are noted as individuals.

The cultivated soil has acid рН on all profile (4.03–4.34) except ara-
ble horizon (5.87). An arable land sowed by wheat, the dominating spe-
cies having a projective covering of 30%, presents agro-phytocenosis. 
Considerable participation in addition of a grassy cover accepts ruderal 
plant species, which number in given phytocenosis reaches 17. Co-domi-
nated species are Canadian thistle, perennial sow thistle, field pennycress 
(Thlaspi arvense L.) which projective covering fluctuates from 8 to 10%. 
It is individual plants of field scorpion grass, German chamomile, wild 
marigold (Matricaria suaveolens (Pursh) Buch.), red clover, bluebottle 
(Centaurea cyanus L.), bee nettle and hemp nettle (Galeopsis tetrahit L.), 
Hawksbeard (Crepis sibirica L.), upland cress (Barbarea vulgaris R.Br.), 
garden orache, lesser stitchwort (Stellaria graminea L.), tufted vetch 
(Vicia cracca L.), black bindweed (Polygonum convolvulus L.), annual 
meadow grass (Poa annua L.). With rare exception the flora of this site is 
made by boreal species.

9.3.7  SUB-BAND OF MIDDLE TAIGA

Podzolic process is expressed most fully and sharply in soils of middle 
taiga zone. Washing water mode having good drainage along with taiga 
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character of vegetation and climatic conditions leads to development of 
heavy well-expressed eluvial horizon. Whole profile has strong acidity of 
soil solution (pHKCl 3.74–4.18). Exchangeable aluminum occupies most 
proportion of absorbed cations in top horizons at insignificant amount of 
bases. Most part of organic matter concentrated in forest ground litter. In 
lower horizons humus content is less than 0.50%

Forest phytocenoses formed in sub-band of middle taiga on loamy pod-
zols are presented by spruce fern-grass forests having average age about 
80 years; average tree height is 25 m; degree of density of crones – 0.6. 
Undergrowth is not thick and is presented by spruce and birch. Underbrush 
is composed by mountain ash (Sorbus aucuparia L.), black alder (Alnus 
glutinosa (L.) Gaertn.), fly honeysuckle (Lonicera xylosteum L.), prickly 
wild rose (Rosa acicularis Lindl.), and European raspberry; its average 
height is about 80 cm. Grass-shrubby layer is composed by 21 plant spe-
cies. Prickly-toothed fern (Dryopteris carthusiana (Vill.) H.P. Fuchs) is 
dominant species, and ashweed, European wild ginger, sour trefoil, and 
stone bramble are co-dominant species. Considerable participation in 
composition of grass-shrubby cover has lesser stitchwort, bifoliate bead-
ruby (Maianthemum bifolium (L.) F.W. Schmidt), green-flowered winter-
green (Pyrola chlorantha Sw.), European goldenrod, herb Paris, European 
strawberry, common globeflower (Trollius europaeus L.), spreading millet 
grass, and wood sedge (Carex sylvatica Huds.). There are also some plants 
of wolfs bane monkshood, wood crane (Geranium sylvaticum L.), wonder 
violet, cowberry, bilberry, bottlebrush, and small meadow rue (Thalictrum 
simplex L.). Siberian taiga species prevail in phytocenoses but portion of 
nemoral species is rather high also.

Arable soil has increased content of humus in plow-layer (up to 2.60%) 
in compare with eluvial horizon from which it was formed because of sys-
tematic input of organic fertilizers and lime. Liming neutralizes soil acid-
ity, and pH of plow-layer increases up to 6.45. Carbonates which move 
with water flows promotes acidity lowering and considerable decreases 
content of absorbed aluminum in lower horizons. Thus, forming of a plow-
layer and maintenance of its fertility level demand considerable efforts.

Studied agro-phytocenosis is presented by winter rye sowing. There 
are 14 species of weeds in grass cover, but German chamomile dominates. 
Co-dominants are bluebottle, wild carrot (Pastinaca sylvestris Mill.), and 

A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



Influence of Acid Soil Stressors on Phytocenoses Formation	 173

caseweed (Capsella bursa-pastoris (L.) Medik.). There are some individ-
ual plants of white clover (Trifolium repens L.), field pansy, field chick-
weed (Cerastium arvense L.), common plantain (Plantago major L.), and 
devil’s grass (Agropyron repens (L.) P. Beauv.), hemp nettle, and narrow-
leaf hawk’s beard. Species of boreal, steppe, and ancient-Mediterranean 
origin are noted among segetal species of this phytocenosis.

Studied phytocenoses of sub-band of middle taiga are composed by 
species of more northern origin than phytocenoses of previously described 
vegetation zones and sub-bands.

Determining of degree of similarity of the phytocenoses with use of 
Jaccard index for each pair of agro-phytocenoses and forest phytoceno-
ses (Tables 9.2 and 9.3) allows discovering only insignificant degree of 
similarity.

As it is visible from Tables 9.2 and 9.3 coefficient of biodiversity of 
studied phytocenoses fluctuated from 0.63 in agro-phytocenosis from a 

TABLE 9.2  Degree of Similarity of Agro-Phytocenoses and Coefficient of Bio-
Diversity

Vegetation 
zone 1 2 3 4

Number of 
species

Coefficient of 
bio-diversity

1 1 0.06 0.08 0 11 0.91
2 0.06 1 0.14 0.16 7 0.68
3 0.08 0 1 0.11 18 0.84
4 0.14 0.16 0.11 1 14 0.63

Note. Vegetation zone: 1 – Sub-band of a southern taiga; 2 – Zone of mixed coniferous-
broad leaved forests; 3 – Northern part of a South taiga sub-band; 4 – Sub-band of middle 
taiga.

TABLE 9.3  Degree of Similarity of Forest Phytocenoses and Coefficient of Bio-
Diversity

Vegetation 
zone 1 2 3 4

Number of 
species

Coefficient of 
bio-diversity

1 1 0.03 0.21 0.13 5 1.26
2 0.03 1 0.12 0.06 22 5.18
3 0.21 0.12 1 0.01 14 3.26
4 0.13 0.06 0.01 1 21 2.24

Note: see Table 9.2.
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sub-band of middle taiga to 5.18 in forest phytocenosis from a zone of 
mixed coniferous-broad leaved forests.

The analysis of 67 geobotanical descriptions of phytocenoses of fields, 
meadows and forests has allowed to reveal some tendencies in their com-
position on soils of various acidities.

Comparison of specific structure and the coefficient of a biodiver-
sity calculated on Shannon-Wiener Diversity Index for the investigated 
vegetative communities has shown that on soils with close agrochemi-
cal parameters meadow phytocenoses are characterized with the greatest 
coefficient of a biodiversity (2.58–3.73); they are followed by forest phy-
tocenoses (1.07–2.18); the lowest coefficient of biodiversity is character-
istic for agro-phytocenoses (0.63–0.91).

Decrease in coefficients of a biodiversity with increase in acidity of 
soil is noted for forest and meadow phytocenoses. This result contradicts 
the statement [17] about the greatest specific variety of communities of 
poor soils.

The analysis of contamination of agro-phytocenoses formed by crops 
of the same species of cultural plants on soils of different acidity has 
allowed to reveal dependence of floristic structure of segetal plants not 
only on a type of cover-forming plants but also on level of soils рН. In 
agro-phytocenoses on acid soils the floristic structure of weed species was 
richer; among them annual plants prevailed but also presence of cereals is 
essential. The biodiversity coefficient in agro-phytocenoses increases at 
acidity decrease.

Appreciable relative density in geographical structure of weed-field 
flora belongs to species of southern areas (steppe, Mediterranean); at the 
same time in forest flora they are practically absent. The flora of meadow 
complexes is intermediate.

Florae of agro-phytocenoses and natural phytocenoses on acid soils 
have more boreal character than florae of similar phytocenoses on less 
acid soils. Degree of similarity of the phytocenoses significantly depends 
on level of soils рН.

It is obviously possible to note distinctions between confinedness of 
species to soils of various acidity resulted in the literature and their real 
habitats. So, bee nettle belonged to basiphilous plants are noted on soils 
with рН 4.47; but mare’s-tail traditionally considered as acidophilious 
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forms dense highly productive thickets on soils with рН 5.87. Possibly, 
this fact indicates absence of researches of edaphic confinedness of a spe-
cies within all extent of its area and registration of not only abiogenic fac-
tors but biogenic as well, and phytocenotic factors first of all.

Course studying of succession process with insignificant pasturable 
demutation was spent during four growth seasons on a fallow of the third, 
fourth, fifth, and sixth year of overgrowing on sod-podzolic loamy acid 
(рН 4.5) soil in a sub-band of a southern taiga of the Kirov region.

The observable association was formed as a result of overgrowing in 
1992 of a site of an arable land continuously cultivated not less than 20 years.

During only two growth seasons there was a considerable change in 
structure of phytocenosis in which process there was a transformation 
of Canadian thistle – common yarrow (Achillea millefolium L.) – cereal 
association in Canadian thistle – mixed herbs association at considerable 
decrease in a role of segetal and ruderal species of plants (perennial sow 
thistle, hemp nettle, sorrel dock (Rumex acetosella L.), coltsfoot (Tussi-
lago farfara L.), German chamomile, mare’s-tail) and increase in value of 
mixed herb species (hybrid and red clovers, meadow pea (Lathyrus pra-
tensis L.), goldilocks (Ranunculus auricomus L.), and great oxeye (Leu-
canthemum vulgare Lam.)) at invariable total number of species (n = 22). 
Shannon-Wiener Diversity Index remained stable but similarity degree of 
phytocenoses by Jaccard Index is rather insignificant (37.5%) that testi-
fies to high degree of distinction in their structure; it allows to assume a 
course of succession changes in the given type of phytocenosis for the first 
2 years of observation from ruderal to meadow and to track the beginning 
of pasturable demutation of phytocenosis shown in increase of the role of 
clovers, first of all a hybrid clover, in composition of a vegetative cover.

It is interesting to note considerable decrease in a projective covering 
of common yarrow, traditionally accepted as the indicator of neutral and 
near-neutral soils; and loss of sorrel dock and mare’s-tail as traditional 
indicators of acid soils from phytocenosis structure at invariable level of 
soil acidity. It underlines once again importance of the registration of not 
only physiological, but also phytocenotic optimum of plants at researches 
on edaphic confinedness of plants.

Comparison of change in macro- and microelement structure of plants’ 
samples which have been selected in given phytocenosis in 1994 and 1995 
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has shown that during a process of succession changes of phytocenosis 
the content in plants of calcium, iron, copper, molybdenum, zinc, and cad-
mium has increased; the aluminum and lead contents has decreased; the 
content of magnesium, potassium, and zinc has not changed practically.

In 1996 there were further changes of phytocenosis. The total projec-
tive covering of aboveground parts of plants has increased. The total num-
ber of plant species has reached 26. The biodiversity index has increased 
which size has made 2.72. The structure of dominating species and their 
co-dominants was replaced. Many of ruderal species have dropped out; 
the role has increased of species of meadow mixed herb and especially 
of representatives of legume family. The fallow has turned in great oxeye 
– clover – mixed herb association close by their characteristics to sur-
rounded upland meadows.

In 1997 continuation of succession towards the subsequent approach 
of a fallow to surrounded meadow phytocenoses was also observed. 
Total number of plant species has increased up to 28. There was a loss 
of ruderal species such as perennial sow thistle, cotton burdock (Arctium 
tomentosum Mill.), sorrel dock; the further decrease is noted in partici-
pation in community composition of common yarrow, red clover, lesser 
stitchwort; increase in participation of typically meadow species: meadow 
pea, great oxeye, mountain clover (Trifolium montanum L.), and tufted 
vetch. There were new species in structure of phytocenosis – fall dande-
lion (Leontodon autumnalis L.), Canadian hawkweed, square stalked St. 
John’s wort (Hypericum quadrangulum L.). The fallow has got character 
of great oxeye–mixed herb – cereal.

The similarity analysis of phytocenoses of different years of observa-
tion has not revealed a strong likeness between them; however has shown 
that pairs of phytocenoses of 1994–1995 and 1995–1996 are closest 
among themselves (37.5% and 37.1%); most distinct are phytocenoses of 
1994–1996 (33.3%).

9.3.8 � INTERRELATION BETWEEN SOIL ACIDITY AND 
QUALITY OF VEGETATIVE RAW MATERIALS

Widespread enough in territory of the Kirov region medicinal plant spe-
cies – cowberry, common St.-John’s wort, and lily-of-the-valley – have 
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served as models for studying of interrelation between acidity of soil on 
which herbs grow and quality of vegetative raw materials.

In the Kirov region the cowberry meets in pine forests and spruce-pine 
cowberry forests stand in which has reached age 30–100 years, heights 
– 4–25 m, a density of crones 0.4–0.7. The projective covering of grass-
subshrub layer does not exceed 50%; cowberry prevails in it. Quite often 
the bilberry is co-dominant species. The grassy vegetation is presented 
by the species having an insignificant projective covering or meeting as 
individual plants. There are yellow rattle (Rhinanthus minor L.), ground-
cedar (Lycopodium complanatum L.), club moss (Lycopodium annotinum 
L.), European pyrole (Pyrola rotundifolia L.), green-flowered winter-
green, one-sided wintergreen (Ramischia secunda (L.) Garcke), umbellate 
wintergreen (Chimaphila umbellata (L.) W.P.C. Barton), common pussy-
toes (Antennaria dioica (L.) Gaertn.), European goldenrod, squirrel-ear 
(Goodyera repens (L.) R. Br.), pilosa hawkweed (Hieracium pilosella L.), 
nodding melick grass, spreading millet grass, bush grass (Calamagrostis 
epigeios (L.) Roth.), and some other species. The moss cover almost con-
tinuous and is made by haircap moss (Polytrichum commune Hedw.), 
rugose fork-moss (Dicranum polysetum Swartz), and mountain fern moss 
(Hylocomium splendens (Hedwig) Schimper). The projective covering of 
lichens fluctuates from 3 to 50%. Lichens are presented, basically, by spe-
cies of genus Cladonia: Cladonia arbuscula (Wallr.) Flot., Cladonia alp-
estris (L.) Rabenh, Cladonia ceraspora Vain.

The cowberry prefers sandy and sandy strongly acid (average value 
рН 3.8) soils poor in humus (2.4%), phosphorus and potassium (4.4 and 
4.7 mg/100 g of soils accordingly), calcium and magnesium (2.0 and 0.75 
mg-equivalent/100 g of soils accordingly).

The statistical analysis has allowed to reveal high adaptive ability of a 
cowberry. Only the value of magnesium content among other elements of 
soil positively correlates with size of a projective covering (r = 0.48) and 
productivity of leaves (r = 0.61).

The projective covering of cowberry plants in different vegetative sub-
bands is approximately equal fluctuates from 9.0% to 10.6%. Parameters 
of plants height (12.8–14.1cm) are so stable. The greatest average produc-
tivity of leaves is noted for a sub-band of mixed coniferous-broad leaved 
forests (69.8 g/m2), the least – in a sub-band of a southern taiga (51.0 g/m2). 
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The Most fruitful types of forest – a lichen pine forest and a cowberry pine 
forest (59.9 and 58.3 g/m2 accordingly). The least productivity is in a bil-
berry spruce forest (38.4 g/m2). In a lichen pine forest the greatest average 
size of a projective covering – 12.0% is noted. The analysis of participation 
of a cowberry in phytocenosis composition testifies to their high stability.

Cowberry leaves are the recognized medical product applied at treat-
ment of some diseases. Among biologically active substances of cowberry 
leaves the important place is taken away arbutin which defining their phar-
macological value [18]. The amount of arbutin in August samples of cow-
berry leaves in studied region fluctuated from 5.2 to 10.0% (Table 9.4) that 
a little above requirements of State Pharmaceutical Article [18] – not less 
than 4.5%.

In the plant samples which have been selected in a Zone of mixed 
coniferous-broad leaved forests the content of arbutin is a little higher than 
in a sub-band of middle taiga. However, this difference is insignificant 
statistically.

The average amount of arbutin in cowberry leaves in the Kirov region 
has made 7.3±0.3% (V = 16.7%). The arbutin content in cowberry leaves 
significantly depends on soil acidity (r = 0.84 at P = 0.95), increasing with 
its strengthening.

Common St.-John’s wort grows on upland mixed herb – cereal and 
floodplain cereal – mixed herb meadows, fallows, and forest edges. Here 
common St.-John’s wort is dominant or co-dominant species, giving yel-
low aspect to herbage in flowering. Considerable participation in composi-
tion of communities accepts: common yarrow, yellow rattle, ladies’-mantle 
(Alchemilla vulgaris L.), wild madder (Galium mollugo L.), European 
strawberry, turfy hair grass (Deschampsia caespitosa (L.) Beauv.), slender 
foxtail (Alopecurus myosuroides Huds.), cock’s foot (Dactylis glomerata 
L.), common timothy (Phleum pratense L.).

Common St.-John’s wort prefers middle- and light-loam, and sandy 
soils of different degree of podzolic (pH 3.9–5.2) essentially differing on 
the basic agrochemical parameters. The insignificant interrelation between 
productivity of a species and soil content of calcium and magnesium (r = 
0.38) is noted. In a sub-band of middle taiga common St.-John’s wort is 
close to its phytocenotic optimum on floodplain cereal – mixed herb mead-
ows with sod-alluvial light acidic (рН 5.2) soils. The value of projective 
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TABLE 9.4  Content of Arbutin in Cowberry Leaves (% per Dry Matter)

Vegetation 
zone

Arbutin 
content

Agrochemical features of soil
P K

Humus, 
% pH

Ca Mg
Mg/100 g of 
soil

Mg-equivalent/100 
g of soil

Zone of mixed 
coniferous-
broad leaved 
forests

9.2 13.3 3.0 3.00 4.2 1.65 0.20
7.8 0.8 2.3 1.30 3.2 1.91 8.30
6.9 0.1 2.0 2.10 3.6 3.44 9.80
8.1 1.0 2.2 3.40 3.7 2.25 0.19
6.3 51.0 16.5 3.84 5.7 3.12 0.80

Sub-band of a 
southern taiga

8.2 2.0 2.0 1.60 4.0 13.12 2.25
8.2 1.4 3.5 3.20 3.7 3.75 0.28
7.0 4.2 6.5 5.20 3.9 2.37 0.29
8.1 1.5 5.8 2.75 3.0 1.12 0.18
8.1 0.7 5.2 2.68 3.6 2.50 0.25
8.7 2.7 6.5 2.12 3.9 1.12 0.39
8.7 2.3 3.4 1.39 3.5 2.25 0.21
7.0 0.5 2.3 4.09 3.2 3.12 0.24
7.7 6.0 10.0 1.60 3.9 1.75 0.39
6.9 3.3 12.3 4.85 4.0 1.62 0.30

Northern part 
of a South 
taiga sub-band

8.7 4.8 11.5 4.12 3.4 1.87 0.60
8.0 2.1 3.0 1.35 3.5 1.25 0.27
6.4 1.4 3.3 0.65 4.2 1.37 0.40
8.6 2.5 5.1 1.12 3.9 2.00 0.60
6.9 1.3 1.3 0.78 3.6 0.62 0.20
9.7 2.0 2.0 0.43 3.7 0.87 0.20
5.2 2.5 3.3 1.03 4.0 2.12 0.47
7.5 3.0 2.2 0.28 3.7 0.75 0.37
7.5 6.2 1.3 1.25 3.4 0.75 0.20
5.2 0.3 0.5 0.28 4.1 0.62 0.13

Sub-band of 
middle taiga

9.4 4.2 5.3 2.41 4.2 3.75 0.85
8.0 3.7 1.3 0.37 3.7 1.25 0.25
9.3 10.0 1.0 0.97 4.0 1.00 0.15
9.2 15.9 1.5 0.61 4.4 0.75 0.15
10.0 5.7 2.0 0.50 4.0 1.37 0.22
5.8 10.6 2.0 0.79 4.3 0.37 0.16

Note: Means in table were calculated as an average arithmetic of the measured param-
eters. Their deviations from an average do not exceed 15%.
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covering average for a sub-band makes 10%, height of plants – 44.1±1.3 
cm, productivity – 13.4±1.7 g/m2.

In a sub-band of a southern taiga common St.-John’s wort is most pro-
ductive on mixed herb upland meadow on sandy acid (рН 3.7–4.1) soil 
where common burnet saxifrage (Pimpinella saxifraga L.) is co-dominant 
species. On the average for a sub-band phytocenoses are characteristic 
with a projective covering of common St.-John’s wort about 15%, height 
of plants – 40.3±1.2 cm, productivity – 19.5± 2.6 g/m2.

Zone of mixed coniferous-broad leaved forests common St.-John’s 
wort dominates on water-meadows on loamy acid (pH 4.5) light-pod-
zolic soil where it meets together with European goldenrod, cock’s foot, 
and common timothy. Here common St.-John’s wort reaches maximum 
for area of research of productivity (52.3±2.6 g/m2) and heights 56.7±1.4 
cm, the projective covering makes 15%. Value of a projective cover-
ing average for zone is 15%, height of plants 51.7±1.2 cm, productivity 
28.2±3.3 g/m2.

The correlation analysis of interrelations of agrochemical parameters 
of soil with degree of participation of plants in composition of phytoceno-
sis allows to characterize the given species as resistant to various abiotic 
stresses and possessing considerable ecological plasticity.

Common St.-John’s wort is a species long since used in medicine. 
“Grass” of the species, i.e., the top part of a plant in the blossoming 
condition, consisting of the main axis of an inflorescence and the lateral 
runaways bearing buds, flowers (being in expanded and deflowered con-
dition), the fastened fruits, and also leaves used in medical practice as raw 
materials. Pharmacological value of raw materials depends on amount 
of polyphenols containing in it which sum under requirements of State 
Pharmaceutical Article [18] should be not less than 1.5% in recalculation 
on rutin.

In the samples selected for research the content of rutin always corre-
sponded pharmaceutical requirements and fluctuated from 1.9% to 2.8%, 
increasing a little in direction from the north by the south. The tendency 
of increase in polyphenols content in “grass” is noted at decrease in soils 
acidity (Table 9.5).

Lily-of-the-valley in the Kirov region is on border of its area. It is devoted 
to pine terraces forests and to oak floodplain forests of 30–80-year-old age, 
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a density of crones 0.4–0.6. Pine cowberry, sour trefoil, lily-of-the-valley, 
and grassy forests, oak lily-of-the-valley forests, floodplain mixed herb 
meadows on sod-podzolic sandy and floodplain soddy soils with humus 
content from 2.1% to 13.7% and pH 3–5 are characteristic for its habitat.

Correlation between height of shoots and potassium content in soil 
(r = 0.67) is revealed. The projective covering of plants of a lily-of-the-
valley in community is connected with humus content (r = 0.53) and cal-
cium content (r = 0.59). Number of shoots and value of their phytomass 
correlate with the humus content (r = 0.40 and r = 0.43 accordingly). 
The magnesium content in soil appreciably defines size of aboveground 
phytomass of shoots, their height, and projective covering (r = 0.85, r = 
0.79, and r = –0.62 accordingly). Acidity of soils is not defining for any 
parameter.

TABLE 9.5  Content of Polyphenols in Above-Ground Mass of Common St.-John’s 
Wort (% per dry matter, counted as rutin)

Vegetation zone

Agrochemical features of soil

Polyphe-
nols content

P K
Humus, 
% рН

Ca Mg
Mg/100 g of 
soil

Mg-equiva-
lent/100 g of soil

Zone of mixed 
coniferous-broad 
leaved forests

0.2 5.5 2.60 4.5 10.83 9.80 2.9
1.2 3.2 5.90 4.7 7.12 0.74 2.8
2.4 6.5 1.59 5.0 4.37 0.24 2.5

Sub-band of a 
southern taiga

2.5 7.0 4.80 4.0 2.00 0.53 2.0
1.2 16.0 1.87 3.8 5.62 1.51 1.9
20.0 15.0 2.23 4.6 4.75 0.65 2.1
1.2 8.1 2.45 4.3 5.75 1.03 2.2
1.2 2.8 1.10 4.2 3.87 0.39 2.4
4.3 19.5 2.12 4.1 2.50 0.55 2.1
9.5 3.0 1.47 4.1 6.87 0.67 2.1

Northern part 
of a South taiga 
sub-band

6.5 6.3 1.86 4.5 4.50 0.62 2.3
6.7 15.0 15.50 4.9 68.70 14.00 2.4
58.0 14.2 1.22 5.2 30.75 7.87 2.4
2.5 10.8 1.10 3.9 4.12 0.69 2.2

Note: means in table were calculated as an average arithmetic of the measured param-
eters. Their deviations from an average do not exceed 15%.
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The volume of aboveground phytomass of a lily-of-the-valley in a 
zone of mixed coniferous-broad leaved forests changes from 8.1 to 102.0 
g/m2 (green weight), number of shoots – from 6.1 to 62.4 pieces per m2, a 
projective covering – from 1.6% to 24.0%. On the average for a zone these 
parameters make 34.5±6.1 g/m2, 21.0±3.6 pieces per m2, and 9.5±1.7% 
accordingly. The height of plants is on the average 26.2±0.4 cm.

Lily-of-the-valley is a species with high degree of the ecological plas-
ticity, dominating in variety of vegetative communities. A lily-of-the-val-
ley is moderated or weak acidophilous plant preferring rather rich soils but 
can growing on poor soil also.

The statistical analysis has revealed high adaptive ability of the spe-
cies. The analysis of participation of a lily-of-the-valley in composition 
of phytocenosis testifies their high enough stability. The above-stated 
data shows weak interrelation of the lily-of-the-valley and common St.-
John’s wort with environmental conditions and their high stability to 
abiotic stresses, allowing to exist in wide amplitude of biotic and abiotic 
factors.

“Grass” of a lily-of-the-valley is a recognized medical product for 
treatment of variety of diseases. Among biologically active substances of 
the species the important place is taken by the sum of cardiac glycosides 
(Convallotoxinum, convallozide, and over 40 other cardioactive glyco-
sides), defining its pharmacological value [18].

Amount of cardiac glycosides in June shoots of a lily-of-the-valley in 
studied region fluctuated from 2.32 to 3.62% (on air-dry weight) that cor-
responds to requirements of State Pharmaceutical Articles – not less than 
1.8%. The tendency of increase in content of cardiac glycosides in plants 
of lily-of-the-valley is noted at decrease in soil acidity level.

Thus, even reconnaissance research on interdependence between soil 
acidity and quality of vegetative raw materials has allowed to reveal pres-
ence of statistically significant interrelation between level of soil acidity 
and the content of arbutin in leaves of a cowberry, cardiac glycosides in 
“grass” of a lily-of-the-valley and tendency in dependences of concen-
tration of polyphenols in “grass” of common St.-John’s wort from soil 
acidity. It is interesting to note their various directions: the arbutin content 
increases at strengthening of acidity of soils, but concentration of polyphe-
nols and cardiac glycosides fall.
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9.3.9 � EDIFICATOR PLANTS (SPECIES CAPABLE TO CHANGE 
CHARACTER OF ENVIRONMENT AND OF SPECIES-
COMPANIONS)

According to the approaches accepted in geobotanical researches all stud-
ied phytocenoses have been divided into four groups according to acidity 
of bedding rocks: soil рН less than 4.0; soil рН 4.0–4.9; soil рН 5.0–5.9; 
soil рН 6.0–6.9.

On strongly acid soils there are noted only forest phytocenoses, pre-
sented by sour trefoil-grassy spruce forests. The edificatory plants in them 
are Picea abies, which is replaced in northern districts of the region by P. 
obovata and their hybrid forms. Abies sibirica is present as individual. On 
middle-acid soils all types of phytocenoses are developed. Forest phyto-
cenoses are presented by spruce-fir grassy forests. Edificator species in 
them are Picea abies, P.obovata, their hybrid forms and Abies sibirica. 
Considerable roles in composition of such phytocenoses play Betula veru-
cosa, Populus tremula. Next species may be considered as edificators of 
meadow phytocenoses: Hypericum maculatum, Leucanthemum vulgare, 
Gallium mollugo; in fallow phytocenoses of 1–2 years of overgrowing 
– Cirsium arvense, Viola arvensis, Achillea millefolium. Species-edifica-
tors of arable phytocenoses are defined by a species of sowing crop. Most 
successfully on fields with soils of the given degree of acidity develop 
crops of Trifolium pratense and Secale cereale. The given species form 
continuous poorly weeded agro-phytocenoses. In case of sowing of Triti-
cum aestivum on such soils heterogeneity of development of plants and a 
considerable contamination of sowings by Trifolium hybridum, Tr. repens, 
Cirsium arvense is marked.

On lightly acidic soils all types of phytocenoses are also revealed. For-
est phytocenoses are presented by spruce-fir grassy forests with insignifi-
cant addition of linden. P. abies and A. sibirica are species-edificators of 
such forests. Edificators of meadow phytocenoses are Trifolium alpestris, 
Tr. pratense, Viscaria viscosa, Centaurea phrygia, Vicia crassa, Dactylis 
glomerata: of fallow phytocenoses – Tripleurospermum inodorum, Son-
chus arvensis, Atriphlex hortensis, Cirsium arvense. Species-edificators 
of arable phytocenoses are defined by a species of sowing crop. At non-
observance of agricultural technicians among species-edificators appear 
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segetal species: Barbarea vulgaris, Cirsium arvense, Sonchus arvensis, 
Convolvulus arvense.

On soils with pH close to neutral only fallow and arable phytocenoses 
are noted. Taraxacum officinale, Sonchus arvensis, Leucanthemum vul-
gare serve as edificators on fallow phytocenoses. In agro-phytocenoses 
along with cultivated plants Tripleurospermum inodorum, Sonchus arven-
sis, Atriphlex hortensis, Erysinum cheirantoides play habitat-forming role.

In the course of regenerative stages of succession phytocenoses there 
is the time change of edificatory species caused in some degree by acidity 
of bedding rocks.

Tripleurospermum inodorum, Sonchus arvensis, Atriphlex hortensis 
were edificators on fallow phytocenoses of 1 year of overgrowth on light 
acidic soil; on neutral soils Taraxacum officinale was added to them.

On middle acid soils on fallows of 3 years of overgrowth there are 
revealed Cirsium arvense, Achillea millefolium, Sonchus arvensis; of 4 
years of overgrowth – Cirsium arvense, Trifolium hybridum, Achillea 
millefolium; of 5 years of overgrowth – Leucanthemum vulgare, Trifo-
lium hybridum, Tr. pratense, Lathyrus pratensis; of 6 years of overgrowth 
– Leucanthemum vulgare, Lathyrus pratensis, Vicia crassa, Ranunculus 
auricomus. As a whole, for 4 years of observation there was a change of 
phytocenosis from ruderal to meadow one with attributes of pasturable 
demutation.

9.4  CONCLUSIONS

Forest phytocenoses are more various on specific structures than agro-
phytocenoses. The coefficient of a biodiversity of investigated forest phy-
tocenoses fluctuates from 1.07 on podzol loamy soil to 5.18 on gray forest 
soil; of agro-phytocenoses – from 0.63 on sod-strongly acid soil to 0.91 
on sod-light acid soil. For forest phytocenoses decrease in coefficient of a 
biodiversity is noted with increase in soil acidity.

The segetal flora of agro-phytocenoses on sod-podzolic soils has more 
southern geographical aspect in comparison with frontier forest flora.

The flora of agro-phytocenoses and forest phytocenoses on acid sod-
podzolic soils has more boreal character rather than flora of phytocenoses 
on less acid gray forest soils. Presence of a significant amount of nemoral 

A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



Influence of Acid Soil Stressors on Phytocenoses Formation	 185

species in forest phytocenosis in northern districts of the region is probably 
explained by features of development of the given territory in Holocene.

It is obviously possible to note distinction between standard and 
resulted in the literature [18, 20] confinedness of species to soils with vari-
ous level of acidity and their real habitats. So, mare’s-tail belonging to 
acidophilious species forms thickets on soils with рН 5.87; and bee nettle 
to basephilious species meets in large number on soils with рН 4.47. Pos-
sibly, these facts indicate absence of researches of edaphic confinedness of 
species within all extent of its area, and registration of not only abiogenic 
factors but biogenic as well and phytocenotic factors first of all [21, 22].
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APPENDIX

List of plant species mentioned in the chapter, in Latin alphabetic order.
Latin name Common name(s)
Abies sibirica Ledeb. siberian fir,
Achillea millefolium L. common yarrow
Aconitum excelsum Reichenb. hungarian monkshood, wolfsbane monkshood
Actaea rubra (Ait.) Willd. red baneberry, chinaberry, doll’s eye, poisonberry
Aegopodium podagraria L. ground elder, herb gerard, bishop’s weed, goutweed, 

snow-in-the-mountain, English masterwort, wild 
masterwort, ashweed

Agropyron repens (L.) P. Beauv. couch grass, common couch, twitch, quick grass, 
quitch grass (also just quitch), dog grass, quackgrass, 
scutch grass, witchgrass, devil’s grass

Ajuga reptans L. bugle, blue bugle, bugleherb, bugleweed, carpet-
weed, carpet bungleweed, common bugle, carpen-
ter’s herb

Alchemilla vulgaris L. common lady’s mantle, ladies’-mantle
Alnus glutinosa (L.) Gaertn. common alder, black alder, European alder, alder
Alopecurus myosuroides Huds. black grass, brush, slender foxtail
Antennaria dioica (L.) Gaertn. common cat’s foot, common pussytoes
Arctium tomentosum Mill. downy burdock, woolly burdock, cotton burdock
Artemisia vulgaris L. felon herb, chrysanthemum weed, wild wormwood, 

old Uncle Henry, sailor’s tobacco, naughty man, 
old man or St. John’s plant  common wormwood, 
mugwort

Asarum europaeum L. asarabacca,  hazelwort, and wild spikenard, Euro-
pean wild ginger

Atriplex hortensis L. garden orache, red orach, mountain spinach, French 
spinach, orache, arrach

Barbarea vulgaris R.Br. bittercress, herb barbara, rocketcress, yellow rocket-
cress, winter rocket, wound rocket, upland cress

Betula pendula Roth silver birch or warty birch, European white birch
Betula pubescens Ehrh. downy birch; also known as moor birch, white birch, 

European white birch or hairy birch
Calamagrostis epigeios (L.) 
Roth.

bush grass, chee reed grass, wood small reed
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Latin name Common name(s)
Campanula divaricata Michx. Appalachian bellflower, panicled bellflower
Capsella bursa-pastoris (L.) 
Medik.

shepherd’s-purse, caseweed

Carex capillaries L. Hair Sedge, hairlike sedge
Carex sylvatica Huds. wood sedge
Carex tomentosa L. Downy-fruited Sedge, Filzige Segge
Centaurea cyanus L. cornflower, bachelor’s button, boutonniere flower, 

hurtsickle, cyani flower, bluebottle
Cerastium arvense L. field mouse-ear, field chickweed
Chelidonium majus L. greater celandine or tetterwort, nipplewort, swallow-

wort killwort
Chimaphila umbellata (L.) 
W.P.C. Barton

common pipsissewa, king’s-cure, love-in-winter, 
pipsissewa, umbellate wintergreen

Chrysosplenium alternifolium 
L.

alternate-leaved golden-saxifrage, saxifrage

Circaea alpine L. Alpine circaea, Alpine Enchanter’s-nightshade, 
Small Enchanter’s Nightshade

Cirsium arvense (L.) Scop. Creeping Thistle, Canadian thistle
Cladonia alpestris (L.) Rabenh
Cladonia arbuscula (Wallr.) 
Flot.
Cladonia ceraspora Vain
Convallaria majalis L. May lily, lily-of-the-valley
Convolvulus arvensis L. field bindweed
Corydalis hallerii (Willd.) 
Willd.

corydalis

Crepis sibirica L. Hawksbeard
Crepis tectorum L. narrowleaf hawk’s beard
Cystopteris sudetica (A. Brown 
& Milde) A.P. Khokhr.

bladder-fern

Dactylis glomerata L. orchard grass, cock’s foot
Deschampsia caespitosa (L.) 
Beauv.

lime grass, tufted hair grass, turfy hair grass

Dicranum polysetum Swartz rugose fork-moss
Dryopteris carthusiana (Vill.) 
H.P. Fuchs

narrow buckler-fern, spinulose woodfern, prickly-
toothed fern
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Latin name Common name(s)
Dryopteris filix-mas (L.) Schott male shield fern
Equisetum arvense L. field horsetail, common horsetail, mare’s-tail
Equisetum sylvaticum L. bottlebrush
Fragaria vesca L. wild strawberry, woodland strawberry, Alpine straw-

berry, European strawberry, fraise des bois
Fumaria officinalis L. common fumitory, drug fumitory, earth smoke, fumi-

tory
Galeopsis speciosa Mill. large-flowered hemp-nettle, Edmonton hempnettle, 

bee nettle
Galeopsis tetrahit L. common hemp-nettle, brittlestem hempnettle, hemp 

nettle
Galium mollugo L. babies’-breath, whip-tongue, white bedstraw, hedge 

bedstraw, wild madder
Galium odoratum (L.) Scop. woodruff, sweet woodruff, wild baby’s breath; mas-

ter of the woods
Geranium pretense L. meadow cranesbill, meadow geranium
Geranium sylvaticum L. woodland geranium, wood cranesbill, wood crane
Gnaphalium uliginosum L. marsh cudweed, low cudweed
Goodyera repens (L.) R. Br. creeping lady’s-tresses, dwarf rattlesnake plantain, 

lesser rattlesnake plantain, squirrel-ear
Gymnocarpium dryopteris (L.) 
Newman

western oakfern, common oak fern, oak fern, north-
ern oak fern

Hieracium nigrescens Willd. black-headed hawkweed, hawkweed
Hieracium pilosella L. hawkweed, ling-gowans, mouse bloodwort, mouse-

ear, pilosa hawkweed
Hieracium umbellatum L. Canada hawkweed, narrowleaf hawkweed, northern 

hawkweed, Canadian hawkweed
Hylocomium splendens (Hed-
wig) Schimper

glittering wood-moss, stairstep moss, splendid 
feather moss, mountain fern moss

Hypericum perforatum L. Perforate St John’s-wort, common St John’s wort, 
St.-John’s wort

Hypericum quadrangulum L. St. Peter’s wort, peterwort, square stemmed St. 
John’s Wort, square stalked St. John’s wort  

Impatiens noli-tangere L. touch-me-not, yellow Balsam, jewelweed, western 
touch-me-not, wild balsam

Juniperus communis L. common juniper
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Latin name Common name(s)
Lamium purpureum L. red deadnettle,https://en.wikipedia.org/wiki/Lamium_

purpureum - cite_note-BSBI07-1 purple deadnettle, 
purple archangel, velikdenche, rabbit-meat

Lathyrus pratensis L. meadow vetchling, meadow pea
Lathyrus vernus (L.) Bernh. spring vetchling, spring pea, spring vetch, bitter 

peavine
Leontodon autumnalis L. autumn hawkbit, fall dandelion
Leucanthemum vulgare Lam. ox-eye daisy, oxeye daisy, great oxeye
Linnaea borealis L. twinflower
Lonicera tatarica L. Tartarian honeysuckle, bush honeysuckle
Lonicera xylosteum L. European fly honeysuckle, dwarf honeysuckle, fly 

woodbine fly honeysuckle
Luzula pilosa (L.) Willd. hairy wood-rush
Lycopodium annotinum L. bristly club-moss, stiff clubmoss
Lycopodium complanatum L. groundcedar, creeping jenny, northern running-pine
Maianthemum bifolium (L.) 
F.W.Schmidt

false lily of the valley, bifoliate bead-ruby

Matricaria suaveolens (Pursh) 
Buch.

wild marigold

Melica nutans L. mountain melick, nodding melick grass
Mercurialis perennis L. dog’s-mercury
Milium effusum L. American milletgrass, wood millet, spreading millet 

grass
Myosotis arvensis (L.) Hill. field forget-me-not, field scorpion grass
Oxalis acetosella L. wood sorrel, common wood sorrel, sour trefoil
Paris quadrifolia L. true lover’s knot, herb paris
Pastinaca sylvestris Mill. wild carrot
Phleum pratense L. cat’s-tail grass, cattail grass, herd’s grass, timothy, 

herd grass, timothy grass, common timothy, meadow 
catmint

Picea excelsa (L.) Karst. Norway spruce,
Picea obovata Ledeb. Siberian spruce
Pimpinella saxifraga L. saxifrage bumet, saxifrage pimpinella, common 

burnet saxifrage
Pinus silvestris L. Scots pine
Pirola rotundifolia L. European pyrole, European shinleaf, skin leaf
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Latin name Common name(s)
Plantago major L. broadleaf plantain, greater plantain, common plan-

tain
Poa annua L. annual meadow grass, annual bluegrass, poa, 

meadow grass
Polygala vulgaris L. common milkwort, milkwort
Polygonum convolvulus L. black-bindweed, wild buckwheat
Polytrichum commune Hedw. common hair moss, haircap moss
Populus tremula L. aspen, common aspen, Eurasian aspen, European 

aspen, quaking aspen
Potentilla goldbachii  Rupr. european cinquefoil, thuringian potentilla
Pulmonaria obscura Dumort. unspotted lungwort, suffolk lungwort
Pyrola chlorantha Sw. green-flowered wintergreen
Pyrola rotundifolia L. round-leaved wintergreen, European pyrole, Euro-

pean shinleaf, skin leaf
Quercus robur L. English oak, pedunculate oak, French oak
Ramischia secunda (L.) Garcke one-sided wintergreen, serrated wintergreen, shinleaf
Ranunculus auricomus L. goldilocks buttercup, goldilocks
Rhinanthus minor L. yellow rattle, cockscomb
Ribes nigrum L. European black currant
Rosa acicularis Lindl. prickly rose, bristly rose, arctic rose, prickly wild 

rose
Rubus idaeus L. red raspberry, European raspberry
Rubus saxatilis L. stone bramble
Rumex acetosella L. sheep’s sorrel, red sorrel, sour weed, field sorrel. 

sorrel dock
Solidago virgaurea L. European goldenrod, woundwort
Sonchus arvensis L. corn sow thistle, dindle, field sow thistle, gutweed, 

swine thistle, tree sow thistle, field sowthistle, field 
milk thistle, perennial sow thistle

Sorbus aucuparia L. rowan, mountain ash
Stachys palustris L. marsh woundwort, marsh hedge-nettle, hedge-nettle, 

hedge nettle
Stellaria graminea L. grassleaf starwort,  common stitchwort, lesser 

stitchwort
Stellaria holostea L. greater stitchwort, addersmeat, easter-bell
Thalictrum simplex L. small meadow rue
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Latin name Common name(s)
Thlaspi arvense L. field penny-cress
Tilia cordata Mill. small-leaved lime, small-leaved linden, little-leaf 

linden
Trifolium hybridum L. hybrid clover, alsike clover
Trifolium montanum L. mountain clover
Trifolium pretense L. red clover
Trifolium repens L. Dutch clover, white clover
Tripleurospermum inodorum 
(L.) Sch.Bip.

scentless mayweed, scentless chamomile, wild 
chamomile, mayweed, false chamomile, Baldr’s 
brow, German chamomile

Trollius europaeus L. common globeflower
Tussilago farfara L. coltsfoot
Urtica dioica L. stinging nettle, common nettle
Vaccinium myrtillus L. common bilberry, blue whortleberry, blaeberry, 

hurtleberry, huckleberry, winberry, fraughan, bilberry
Vaccinium vitis-idaea L. cowberry, lingonberry
Veronica chamaedrys L. germander speedwell, bird’s-eye speedwell, bird’s-

eye
Vicia cracca L. tufted vetch, cow vetch, bird vetch, boreal vetch
Viola arvensis Murray field pansy
Víola mirabilis L. wonder violet
Viola montana L. mountain pansy
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ABSTRACT

For carrying out of researches on features of accumulation of heavy metals 
in plants over 2700 probes of plant material and over 1000 probes of soil 

CHAPTER 10
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were selected in territories the approached to background, technogenic 
and roadside territories. The conducted researches have shown that the dif-
ferentiated distribution of microelements between various organs of plants 
collected in the same phytocenoses is species-specific. But the general 
tendency of reduction of concentration of pollutants in fruits is obvious. 
Ability of different plant species growing under identical soil conditions 
to accumulate microelements differs strongly also. Interactions between 
the microelements accumulated in plants, show that these processes can 
be as antagonistic and synergetic one. Sometimes they are shown in a 
metabolism of more than two elements. The greatest number of antagonis-
tic reactions was observed for Fe, Mn, Cu, and Zn, which, obviously, are 
key elements in physiology of plants. Synergic interaction between micro-
elements is not observed usually. Synergism of Cd with such microele-
ments as Pb, Fe, and Ni can be an artifact arising owing to destruction of 
physiological barriers under the influence of stress caused by superfluous 
concentration of heavy metals. Carrying out gathering of a plant material 
for carrying out of the chemical analysis on the content of polluting sub-
stances it is important to consider features of their accumulation both by 
separate species, and various organs of plants.

10.1  INTRODUCTION

One of the most important factors influencing content of heavy metals 
(HM) in plants is geochemical features of territory of plant vegetation. 
Chemical composition of plants as well as accumulation and circle of an 
element in biogeocenosis is dependent on concentration of the element in 
soils, mother rocks and ground waters. At last time input of HM into plants 
through leaf surface became more important because of high degree of 
atmosphere pollution with HM.

Processes of absorption, redistributions and accumulations of pollutants 
by plants are difficult enough and depend on set of factors. Some ways of 
input of chemical elements and complexes into a plant are known, basic of 
which are root nutrition, gas exchange, exchange adsorption on a surface of 
leaves. Development of such evolutionary caused systems as conducting tis-
sues, a protective cuticle layer, physiological-and-morphological adaptations 
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define the difficult and mediated dependence of a chemical compound of tis-
sues of vascular plants on change of chemical quality of environment.

Bioavailability of the microelements arriving from air sources through 
leaves (foliar absorption) can have considerable influence on magnitude 
of accumulation of heavy metals at plants. It has also practical value at 
top-dressing especially for such elements as Fe, Mn, Zn, and Cu. It is 
considered that foliar absorption consists of two phases – non-metabolic 
penetration of metal through cuticle, which is considered as the main way 
of entrance, and metabolic processes, which explain the accumulation of 
elements opposite to action of concentration gradients. The second group 
of processes is responsible for transportation of ions through plasmatic 
membranes and into cell protoplasm.

The microelements absorbed by leaves can be transferred to other 
vegetative tissues including roots where the superfluous amount of some 
elements can be reserved. Speed of movement of microelements in tis-
sues changes strongly depending on plant’s organ, its age and the element 
nature. Such elements as Cd, Zn, and Pb, absorbed by aboveground parts 
of plants, apparently, cannot quickly move to roots whereas Cu is very 
mobile [1].

The part of microelements grasped by leaves can be washed up with 
rainwater. Distinctions in efficiency of washing away of different micro-
elements can be compared with their functions or metabolic relations. For 
example, easily occurring removal of Pb at washing off allows assum-
ing that this element is present basically in the form of a deposit on a 
leave surface. On the contrary the small share of Cu, Zn, and Cd which 
can be washed off specifies in considerable penetration of these metals 
into leaves [2, 3]. Roberts notes essential absorption of Zn, Fe, Cd, and 
Hg brought through foliage [4]. Washing away of elements from leaves 
with acid rains can include cation-exchange processes in which Н+-ions of 
rain water replaces with low-size cations kept in linked position on leaves 
cuticle [5].

Absorption of a dust and the aerosols containing metal particles by 
leaves depends on the sizes of a catching surface [6]. Researches on dust-
detain properties of plants have been spent for the first time by [7] and [8]. 
The last one on the basis of all-round supervision had been established 
distinctions in level of coating of leaves depending on position in a crone, 
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character of a structure, age of sheet plates, and their specific accessory. 
Thus the pine (Pinus L.) possessed the most advanced level of dust-detain 
ability exceeding other tree species (an aspen Populus L., a birch Betula 
L., a bird cherry Padus racemosa Gilib., an elm Ulmus L., a maple Acer 
L., etc.) at 10–15 time. In other article [9] it has been shown that on sites 
with dense vegetation moving of the particles of a dust weighed in air 
decreased for 75% in comparison with open sites.

Il’kun [10] describes three basic phases of entrance of toxic gasses 
in a cell: sorption with a cuticle layer and cells of epidermis—diffusion 
through stomata slots into leaf and dissolution in the water sating covers 
of leaf,—movement from an absorption place to conjunctive tissues and 
accumulation in cells. It, apparently, is the basic way of entrance of toxic 
gasses to leaves.

The second way of entrance of heavy metals to plants is their absorp-
tion from soil. Firsova and co-workers [11] established laws of accumula-
tion of five metals in agricultural plants depending on their content in soil. 
An accumulation line looks so: Zn > Cu > Pb > Cr > Cd. Thus cadmium is 
absorbed basically by root system and to a lesser degree by other organs. 
Calculation of total stocks of metals has shown that in green mass of corn 
its content is 4 times more than in roots. The species also affect specific-
ity of accumulation: for example grasses absorb more cadmium and lead; 
potato – copper and zinc. Chrome is absorbed least intensively by all ter-
restrial plants. Cereal crops (wheat and barley) accumulate 2 times more 
metals in the aboveground part alienated with harvest than roots. Grasses 
unlike other plants are characterized by higher stocks of heavy metals in 
underground mass.

Penetration of toxic substances from soil through root system depends 
on protective properties of plants. The first barrier for some microelements 
is selective ability of root absorption [12]. Physiological barrier of absorp-
tion serves as the second factor of regulation of microelements accumu-
lation [13]. If these protective mechanisms do not work inflow of toxic 
substances occurs into least physiologically active organs; more often 
there are tubers and bulbs of agricultural plants [14, 15].

Character of distribution and accumulation of microelements varies 
considerably for different elements, plant species and growth seasons. As 
Ref. [16] has informed that in a phase of intensive growth of spring barley 
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content of Fe and Mn are rather low; but Cu and Zn – very high. While first 
two elements collect mainly in old leaves and leaf vaginas Cu and Zn are 
distributed apparently more homogeneously on all barley plant.

10.2  MATERIALS AND METHODOLOGY

For studying of features of accumulation of heavy metals in soils and 
plants plant (over 2700 probes) and soil (over 1000 probes) probes were 
selected in the approached to background, technogenic and roadside terri-
tories. The sites removed from the nearest settlements and asphalted high-
ways not less than on 3–6 km considered as approached to the background. 
The main bulk of background probes is selected in territory of the Kirov 
region. Roadside territories were the highways of federal value which are 
passing in the Kirov region and Republic of Komi. Sampling of probes 
in roadside territories was spent on transect on 1, 3, 5, 10, 20, 50, 100, 
200, 400 m removal from a roadbed. Territories round cities of Kirov and 
Kirovo-Chepetsk as well as the territories adjoining directly to any indus-
trial enterprises: to city treatment facilities, drilling waste disposal site of 
factory of processing of nonferrous metals, to Kirovo-Chepetsk chemi-
cal industrial complex, Kirovo-Chepetsk thermal power station were sur-
veyed as technogenically polluted territories

The plants growing on types of soils most widespread in the region 
were investigated: podzolic, sod-podzolic, gray wood and alluvial sod 
under natural vegetation (wood, a meadow).

Description of soil horizons see Appendices in article Lyudmila N. 
Shikhova, Olga A. Zubkova, Eugene M. Lisitsyn “Dynamics of organic 
matter content in sod-podzolic soils differ in degree of cultivation” in this 
book.

Plant samples were selected in dry weather. Plants of the same spe-
cies from the different trial areas were in the same phenophase. Plant 
mass were collected being guided by rules of gathering of raw materials 
for each species [17]. Not less than 30 individuals of each plants species 
of grass-subshrub layer collected in a territory of the trial area in regular 
intervals. At sampling of plants their pollution by soil was excluded. For 
cleaning of roots and rhizomes from soil they were washed out with water 

A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



198	 Heavy Metals and Other Pollutants in the Environment Biological Aspects

or carefully cleared with a brush. Plants were dried on air in well-aired 
room or in special drying cases. Then probes of plants were packed into 
a pure dense paper or polyethylene packages and stored in laboratory 
conditions

The content of heavy metals was defined in the prepared probes after 
corresponding processing by a method of atomic-absorption spectropho-
tometry. The content of macro- and microelements is defined in air-dry 
raw materials in mg/kg [18].

10.3  RESULTS AND DISCUSSION

According to floristic division into districts [19] flora of the Kirov region 
concerns the Holarctic kingdom, Boreal sub-kingdom, circumpolar areas, 
and the North European province.

Under the rough data the flora of an area totals 1116 species of vascular 
plants [20]. They unite in 77 families. A leading place on number of genus 
take families Asteraceae (48 genus), Poaceae (44 genus), Umbelliferae (30 
genus), Rosaceae, and Brassicaceae (on 24 genus). The largest on number 
of species are families Asteraceae (118 species), Poaceae (101 species), 
Rosaceae (78 species), Cyperaceae (61 species), Fabaceae (57 species), 
and Caryophyllaceae (53 species) (Table 10.1).

TABLE 10.1  Abundant of Main Families of Flora of Kirov Region, Russia [20]

Family
Number of Percent of
Species Genus Species Genus 

Asteraceae 118 48 10.8 10.7
Poaceae 101 44 9.2 9.8
Rosaceae 78 24 7.1 5.3
Cyperaceae 61 7 5.6 1.6
Fabaceae 57 20 5.2 4.5
Caryophyllaceae 53 20 4.8 4.5
Brassicaceae 46 24 4.2 5.3
Scrophylariaceae 41 11 3.8 2.4
Ranunculaceae 38 15 3.5 3.3
Lamiaceae 34 20 3.1 4.5
Total 607 233 57.3 51.9
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More than half of families (49) are presented by one genus; more than 
third (25) by one species. Among these families are Butomaceae, Oxalida-
ceae, Celastraceae, Аdoxaceae, and Polemoniaceae.

Many plant species meeting in a territory of the Kirov region have eco-
nomic value. From 1116 species of the vascular plants growing in territory 
of the Kirov region 228 species (20.3%) possess curative properties [20]. 
In the Kirov region there are 28 species of berry and fruit plants. Seven 
species from them have considerable stocks and stocks of industrial value: 
a cranberry, a cowberry, a bilberry, a raspberry, a black currant, a bird 
cherry, a mountain ash; 11 species have small stocks (are suitable for the 
local use): two species of wild strawberry, a blueberry, cloudberries, stone 
berry, two species of currant, a honeysuckle, a guelder-rose, and filbert. 
Some species are rare or protected (black crowberry etc.). About 67 spe-
cies of wild-growing plants can be used as food. More than 100 species of 
plants are used as melliferous and beebread-containing. Over 300 species 
of wild-growing plants are fodder for domestic and wild animals.

The resulted materials show that more than half of species of vascular 
plants of flora of the Kirov region is used as medicinal, food, fodder, mel-
liferous and beebread-containing plants [21].

Conducted researches have shown that differentiated distribution of 
microelements between various organs of the plants collected in the same 
phytocenosis is species-specific; it is well visible from Table 10.2. But the 
general tendencies of reduction of pollutant’s concentration in fruits are 
obvious (Figure 10.1).

At definition of biological availability of microelements it is neces-
sary to consider species-specific properties of plants. They vary strongly 
enough depending on soil conditions and plants state. Ability of different 

TABLE 10.2  Element Composition of Rhizomes and Leaves of Spatter Dock (Nuphar 
lutea (L.) Sm.) Growing in the Same Water Basin, mg/kg of Air-Dry Mass (Lake 
Ivanovskoye, Kirov Region)

Organ of 
plant Mg Cu Ni Cd Pb Zn Fe Cr Mn

Rhizome 98.4 3.58 2.0 0.18 1.5 30.8 53.6 2.79 62.9

Leaf 28.4 1.64 4.1 0.2 1.8 19.8 121.4 2.8 47.4
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species of vascular plants growing in identical soil conditions to accumu-
late microelements differs strongly also (Table 10.3).

The understanding of value of some microelements for normal growth 
and development of plants has developed only in XX century. Now only 
for ten microelements it is known that they are vital to all plants; and for 
several it is proved that they are necessary for a small number of species. 
For other elements it is known that they have stimulating effect on plant 
growth, but their functions are not established yet (Table 10.4).

Prominent feature of physiology of many elements is their neces-
sity for growth of plants in small doses and toxic action on cells at high 
concentration. Microelements vital for plants are such which cannot be 
replaced by other elements in their specific biochemical role and which 
have direct influence on an organism, i.e., without them it cannot neither 
grow, nor finish some metabolic cycles. There are elements that demand 
the additional data for proof their necessity. Lead and cadmium may pres-
ent such elements.

Bowen [22] classified functions and forms of elements in organisms 
and has divided microelements present at plants into following groups:

FIGURE 10.1  Concentration of cadmium and lead in shoots and fruits of a bilberry 
growing in a bilberry spruce forest, mg/kg of air-dry mass (Zuevka district, Kirov region).
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1.	 Entering into bearing skeleton – Si, Fe; sometimes Ba and Sr.
2.	 Linked in various small molecules including antibiotics and por-

phyrin — As, В, Br, Cu, Co, F, Fe, Hg, I, Se, Si, and V.
3.	 Linked with large molecules mainly proteins including enzymes 

having catalytic properties – Co, Cr, Cu, Fe, Mn, Mo, Se, Ni, and Zn.
4.	 Fixed in large molecules having functions of accumulation, carrying 

over or unknown functions – Cd, Co, Cu, Fe, Mn, Ni, Se, and Zn.
5.	 Linked with organelles (e.g., mitochondrion, chloroplasts, some 

enzymatic systems) – Cu, Fe, Mn, Mo, and Zn.
Thus under the data available in scientific literature microelements par-

ticipate in key metabolic events such as breath, photosynthesis, fixing and 
assimilation of some main nutrients (e.g., N, S). Microelements-metals 
of transitive group of periodic system activate enzymes or enter in metal-
enzymes into systems of electrons carrying over (Si, Fe, Mn, and Zn); and 
also catalyze changes of valence in substances of a substratum (Cu, Co, Fe, 
and Mo). There are indications that some microelements (Al, Cu, Co, Mo, 
Mn, and Zn) carry out, probably, specific functions in protective mecha-
nisms at cold-resistant and drought-resistant varieties of plants [23, 24].

TABLE 10.3  Element Composition of Aboveground Mass of Some Plant Species 
Growing in a Same Phytocenosis, mg/kg of Air-Dry Mass (Deposit; Falenki District of 
the Kirov Region, Soils рН 6.9)

Element

Dindle 
(Sonchus 
arvensis)

Blowball 
(Taraxacum)

Common 
plantain 
(Plantago 
maior)

Low 
cudweed 
(Gnaphalium 
uliginosum)

German camo-
mile (Tripleu-
rospermum 
inodorum)

Ca 215.54 45.87 205.84 327.43 149.69
Mg 56.21 8.25 36.00 29.00 76.81
Al 3.52 3.21 4.24 5.81 4.18
Cu 5.37 6.47 4.95 6.24 5.01
Ni 1.23 1.24 1.21 1.03 1.30
Cd 0.10 1.21 0.23 0.21 0.19
Pb 2.30 1.84 2.00 2.13 2.43
Zn 33.80 27.95 21.80 17.80 31.18
Mo 0.41 0.35 0.45 0.31 0.53
Fe 189.51 186.91 86.50 65.80 131.21
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The requirement of plants as a whole and their separate species in cer-
tain microcomponents of nutrition is perfectly shown by Refs. [25] and 
[26]. If receipt of any necessary microelement is not enough plant growth 
deviates norm or stops and further development of a plant, in particular its 
metabolic cycles, are broken. Though symptoms of insufficiency cannot 
be bringing together they can be rather characteristic for some exact ele-
ments. Bergmann and Chumakov [27] result extensive data on symptoms 
of insufficiency (and also about some symptoms of toxicity) at agricultural 
plants. Descriptions of symptoms of insufficiency (see Table 10.4) show 
that the most frequent symptom is chlorosis. Symptoms found out visually 
are very important for diagnostics of insufficiency. However, alterations 

TABLE 10.4  Intracell Location and Main Function Of Microelements Vital for Plants 
(Source: [1] with Additions)

Element
In what cell  
component enters In what processes participates

Al − Govern colloidal properties of cell; possible 
activates some dehydrogenases and oxidases

Со Co-enzyme cobamide Symbiotic fixing of nitrogen; stimulation of 
oxidation-reduction reactions at chlorophyll 
and protein synthesis

Cu Various oxidases, plasto-
cyanins, and ceruloplas-
min

Oxidation, photosynthesis, metabolism of pro-
teins and carbohydrates, probably, participates 
in symbiotic fixing of nitrogen and oxidation-
reduction reactions

Fe Haemoproteins and other 
Fe-proteins, dehydroge-
nases, ferrdoxins

Photosynthesis, nitrogen fixing, oxidation-
reduction reactions

Mn Many enzymatic systems Oxygen photoproduction in chloroplasts and 
indirectly in NO3 restoration

Mo Nitrate-reductase, nitroge-
nase, oxidases, molybde-
num-ferrdoxin

Fixing N2, restoration NO3, oxidation-reduction 
reactions

Ni Urease (in shoots of 
Canavalia)

Probably, in reactions with participation of 
hydrogenase and in moving of nitrogen

Zn Anhydrases, dehydroge-
nases, proteinases and 
peptidases

Metabolism of carbohydrates and proteins

Сr − Possibly, participation in a glucose metabolism
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of metabolic processes and losses in biomass production occurring thereof 
can come before insufficiency symptoms become appreciable. For work-
ing out of the best methods of diagnostics biochemical indicators (Table 
10.5) have been offered by a number of authors [28–30]. They are based 
on enzymatic trials, which are the sensitive test for latent insufficiency of 
the given nutritious microcomponent. Activity of some enzymes correlates 
basically with level of content of Cu, Fe, and Mo in plant tissues. How-
ever, practical use of enzymatic trials is rather limited because of large 
variability of enzymatic activity and technical difficulties of its definition.

Most widely used tests are analyzes of soils and plants. More exact 
diagnosis of critical levels of some microelements in plant tissues could 
be received at change of relations of antagonistic elements as it is shown 
on an example of relation Fe/Zn in maize [31].

TABLE 10.5  Symptoms of Insufficiency of Nutritional Microcomponents in Some 
Agricultural Crops (Source: [1] With Additions)

Element Symptoms
Crops sensitive to insuffi-
ciency of an element

Cu Wilt, melanism, white braided tops, 
reduction of panicle formation, distur-
bance of lignification

Cereals (oats), sunflower, spin-
ach, Lucerne (alfalfa)

Fe Interfibril chlorosis of young leaves Fruit trees (citruses), grapes, 
some calcifugal species

Mn Chlorosis spots and necrosis of young 
leaves, weakened turgor

Cereals (oats), legumes, fruit 
trees (apple-trees, cherries, 
citruses)

Mo Chlorosis of leaf edges, whiptail of 
leaves and disturbance of curling of 
cauliflower, “fiery” edges and deforma-
tions of leaves caused by NO3

– surplus, 
destruction of germinal tissues

Cabbage and relative species, 
legumes

Zn Interfibril chlorosis, a growth stop, 
rosetteness in trees, violet-red points on 
leaves

Cereal (corn), legumes, grasses, 
hop, flax, grapes, fruit trees 
(citruses)

Cr Withering of aboveground part, dam-
age of root system, chlorosis of young 
leaves, chlorotic spots and browning of 
leaves

Cereals 
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Nevertheless analyzes of plant tissues can be used successfully for def-
inition of deficiency of elements if they are compared to their contents in 
normal tissues of genotypes or plant species in the same organs and at the 
same stage of development. Extensive literature is published in different 
countries concerning diagnostics of deficiency of microelements and its 
correction by means of those or other micro-fertilizers. Last review of the 
current information on microcomponents has been published by Ref. [32]. 
It testifies to necessity of application of micro-fertilizers for a number of 
agricultural crops.

Both deficiency and toxicity of microelements for plants more often 
are results of complex interaction of some factors, which vary depending 
on specific properties of environment. However, many observations and 
experiments spent on various types of soils in different countries have 
made it clear that genesis and properties of soils are the primary factors 
governing occurrence of deficiency of microelements. Observed insuffi-
ciency of elements is usually connected with the extremely acid or alkaline 
soils having an adverse water regime and a lot of phosphates, nitrogen, and 
calcium as well as oxides of Fe and Mn.

Metabolic disturbances in plants are caused not only by a lack of 
microcomponents of nutrition but also by their surplus. As a whole, 
plants are resistant to increased rather than against the lowered concen-
tration of elements. The great number of works about harmful action of 
surplus of microcomponents is published currently however the nature 
of these effects is still badly studied. According to review articles [22, 
33, 34] the main reactions linked with toxic action of surplus of elements 
are the following:

1.	 Change in permeability of cellular membranes – Ag, Au, Br, Cd, 
Cu, F, Hg, I, and Pb.

2.	 Reactions of thiol groups with cations – Ag, Hg, and Pb.
3.	 Competition with vital metabolites – As, Se, Те, W, and F.
4.	 High affinity to phosphatic groups and the active centers in ADP 

and ATP – Al, Be, Sc, Y, Zr, lantanoids and, possibly, all heavy 
metals.

5.	 Replacement of the vital ions (mainly macro-cations) – Cs, Li, Rb, 
Se, and Sr.
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6.	 Capture of positions in molecules occupied with the vital func-
tional groups, such, as phosphate and nitrate – As, F, B, Br, Se, Te, 
and W.

The estimation of toxic concentration and action of microelements on 
plants is very difficult because it depends on such set of factors that they 
cannot be compared in a uniform linear scale. Proportions in which ions 
and their complexes are present in a solution concern to the most impor-
tant factors. For example, As and Se toxicity goes down considerably in 
the presence of surplus of phosphate or sulfate; metal-organic complexes 
can be much more toxic than simple cations of the same element as well 
as much less toxic. It is necessary to notice also that some complexes, for 
example oxygen-contained compounds of elements, can be more poison-
ous rather than their simple cations.

Despite divergences in published data on levels of toxicity it is possible 
to ascertain that the most poisonous both for the higher plants and for a 
number of microorganisms are Hg, Cu, Ni, Pb, Co, Cd, and possibly, Ag, 
Be and Sn.

Though plants adapt quickly for chemical stresses all of them can be 
rather sensitive to surplus of a certain microelement. Resistibility of plants 
to action of heavy metals has special value. Development of tolerance to 
metals occurs quickly enough and as it is known has a genetic basis. Evo-
lutionary changes caused by heavy metals are found out in a considerable 
number of species growing on soils enriched by metals. Such changes dis-
tinguish these plants from populations of the same species growing on non-
pollinated soils [35]. Higher plants species which are finding out tolerance 
to microelements belong usually to following families: Carуорhyllaceae, 
Cruciferae, Cyperaceae, Gramineae, Leguminosae, and Chenopodiaceae.

Speaking about laws of accumulation of heavy metals by plants it is 
necessary to mention works [36, 37] devoted to theoretical working out 
of phyto-indicatory researches in connection with heterogeneity of geo-
chemical conditions of a spreading surface and a soil cover. They had been 
selected two groups of plant species: adapted for change of concentra-
tion of chemical elements and not adapted for it. Within the first group 
the subgroup is distinguished of the plant species strongly concentrating 
chemical elements even at the normal concentrations of microelements 
in environment (habitual concentrators); and a subgroup of plant species 
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level of content of elements in which corresponds to their concentration 
in environment (unusual concentrators). In practice of other researches a 
division of plant species into similar groups also is extended. So, among 
the plants growing in Czechia on two sites, characterized by the lead con-
centrations in soil of 85.22 and 40.13 mg/kg accordingly three groups of 
species differing with level of pollution have been distinguished [38]. 
Such species as Polygonum aviculare, Taraxacum officinale. Ranunculus 
repens, Planiago major, and Calamagrostis epigeios consist first group in 
which lead accumulation did not depend on its concentration in soil (are 
listed as reduction of concentration of lead) and varied from 19.20 till 
8.21 mg/g. In second group Alchemilla monticola, Poientilla anserina, 
and Angelica sylvestris have been jointed accumulating lead to propor-
tionally its content in soil within concentration of 8.46–19.5 mg/g. Species 
Achillea millefolium, Jacea pannonica, Arctiwn iappa, Tussilago farfara, 
and Heracleum sphondylium were included into 3rd group concentration 
of lead in which reached the maximum values on sites with its minimum 
concentration in soil (up to 14.95–29.70 mg/g).

The top critical level of content of an element is equal to its least con-
centration in plant tissues at which there are toxic effects. Macnicol and 
Beckett [39] have spent processing of a great number of the published data 
for the purpose of an estimation of critical levels on a number of elements 
from which А1, Cd, Si, Мn, Ni, and Zn are most well studied (Table 10.6). 
They noticed that these values for each element are rather changeable that 
reflects, on the one hand, influence of interaction with other elements, and 
with another hand – increase in resistibility of plants to high concentra-
tions of elements in tissues.

Mechanisms of resistibility of plants to action of microelements were 
a subject of many detailed researches which have shown that it can be 
observed as highly specific and group tolerance to metals [34, 40–43]. In 
the specified works the possible mechanisms participating in creation of 

TABLE 10.6  Approximate Toxic Concentration of Microelements in Mature Tissues of 
Leaves (mg/kg of Dry Matter) (After Ref. [39])

Element Cd Co Cr Cu Mn Mo Ni Pb Zn
Concentra-
tion

5–30 15–50 5–30 20–100 300–500 10–50 10– 
100

30– 
300

100– 
400
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tolerance to metals are summarized. Authors distinguished external factors 
such as low solubility and low mobility of cations in media surrounding 
plant roots; and also antagonistic action of ions of metals. True tolerance, 
however, is connected with internal factors. It does not represent a cer-
tain uniform mechanism and includes some metabolic processes: selective 
absorption of ions; the lowered permeability of membranes or other dis-
tinctions in their structure and functions; immobilization of ions in roots, 
leaves and seeds; removal of ions from metabolic processes by sedimenta-
tion (formation of stocks) in fixed and/or insoluble forms in various organs 
and organelles; change of character of a metabolism – strengthening of 
action of enzymatic systems which are exposed to inhibition; increase in 
content of antagonistic metabolites or restoration of metabolic chains at 
the expense of the admission of inhibited positions; adaptation to replace-
ment of a physiological element in enzyme by toxic one; removal of ions 
from plants at washing away through leaves, sap exudation, defoliation, 
and exudation through roots.

Some authors [40, 43] produced proof that tolerant plants can be stimu-
lated in their development by the raised amount of metals that testify to 
their physiological requirement in surplus of certain metals in comparison 
with the basic genotypes or species of plants. However, many moments 
are not clear yet in physiology of plant’s tolerance to metals. Resistance 
of plants to the raised concentrations of microelements and their ability to 
accumulate extremely high concentration of microelements (Table 10.7) 
can represent the high hazard of people health as suppose penetration of 
pollution into food chains.

Equation of a chemical compound of live organisms is the basic con-
dition of their normal growth and development. Interaction of chemical 
elements has the same value for plant physiology as the deficiency and 
toxicity phenomena. Interaction between chemical elements can be antag-
onistic or synergistic; and its unbalanced reactions can serve as the reason 
of chemical stresses at plants.

The antagonism arises when joint physiological action of one or more 
elements is less than sum of action of the elements taken separately; and 
synergism – when joint action is higher. Such interactions can be linked 
with ability of one element to inhibit or to stimulate absorption of other 
elements by plants. All these reactions are rather changeable. They can 
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occur within cells, on a surface of membranes, and also in the environ-
ment surrounding plant roots. Interaction processes are governed by many 
factors and their mechanisms are still poor studied though some data is 
available nevertheless [34, 44, 45]. Perhaps, antagonistic-synergetic inter-
actions of elements depend on level of their content in soil and can change 
their character at high concentration of pollutants.

Interactions between macro- and microelements, studied by a num-
ber of researchers [32, 46–49] show that Ca, Р, and Mg are the main 
antagonistic elements concerning absorption and metabolism of many 
microelements. However, synergetic effects were observed sometimes for 
antagonistic pairs of elements that are connected, possibly, with specific 
reactions at separate genotypes or species of plants.

Antagonistic effects are realized by two ways more often: the mac-
rocomponent can inhibit microelement absorption or, on the contrary, a 
microelement inhibits macrocomponent absorption.

Interactions between the microelements observed in plants show how 
much difficult are these processes as they can be that antagonistic as 
well as synergetic. Sometimes they are shown in a metabolism of more 
than two elements simultaneously. The greatest number of antagonistic 
reactions was observed for Fe, Mn, Cu and Zn which obviously are key 
elements in plant physiology (Tables 10.8 and 10.9). Functions of these 
microelements are linked with processes of absorption and with enzymatic 
reactions. Among other microelements in antagonistic relations to these 
elements often there are Cr, Mo, and Se.

TABLE 10.8  Coefficients of Pair Correlation Between Concentrations of Some Heavy 
Metals in Shoots of Cowberry in Non-Pollinated (Background) Locations

Element Cu Ni Cd Pb Zn Fe Cr
Ni 0.41
Cd 0.02 –0.03
Pb –0.23 0.05 0.21
Zn 0.16 0.15 –0.14 –0.34
Fe –0.30 –0.04 –0.09 –0.07 0.20
Cr –0.35 –0.07 –0.02 0.31 –0.35 0.14
Mn 0.14 0.07 0.10 0.37 –0.44 0.14 0.29
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Synergetic interaction between microelements is not observed usu-
ally. Synergism of Cd with such microelements as Pb, Fe, and Ni, maybe 
artifact arising owing to destruction of physiological barriers under the 
influence of stress caused by superfluous concentration of heavy metals. 
Besides, some reactions occurring in the environment surrounding roots 
and influencing consumption of microelements by roots, apparently, are 
not connected directly with metabolic interactions; however these two 
types of reactions are hard for distinguishing.

10.4  CONCLUSIONS

So, carrying out gathering of a plant material for carrying out of chemi-
cal analysis on the content of polluting substances it is important to con-
sider features of their accumulation both by separate species and various 
organs of plants. Comparison of levels of accumulation of metals between 
two species of a dandelion – Taraxacum dahlstedtii and Т. pectinatiforme 
has shown that the first species under conditions of low pollution of soil 
accumulates toxicants in smaller amount than the second species. At high 
levels of pollution the opposite effect is observed. The established thresh-
old level of the content of heavy metals in soil at which the root barrier 
limiting accumulation of heavy metals by plant tissues is makes for zinc 
70, for cadmium – 0.3, for copper – 40 mg/kg.

TABLE 10.9  Coefficients of Pair Correlation Between Concentrations of Some Heavy 
Metals in Shoots of Cowberry in Pollinated Locations

Element Cu Ni Cd Pb Zn Fe Cr
Ni –0.62
Cd 0.97 –0.44
Pb 0.94 –0.34 0.99
Zn –0.24 0.90 –0.02 0.09
Fe –0.96 0.43 –1.00 –0.98 0.06
Cr –0.62 0.78 0.88 –0.34 0.73 0.39
Mn –0.77 0.04 –0.91 0.21 –0.40 0.89 0.02
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ABSTRACT

Estimation of total content of heavy metal in different horizons of acid 
sod-podzolic soils of Kirov region (Russia) covered with natural vegetation 

CHAPTER 11
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(forest, meadow) and used as arable land is spent by a method of atomic-
absorption spectroscopy. The content of total cadmium in different horizons 
of sod-podzolic and podzolic loamy soils fluctuated from 0.66 to 1.11 mg/
kg. The content of exchangeable cadmium in soils fluctuated from 0.01 to 
0.30 mg/kg in different horizons. The greatest content of exchangeable Cd 
is noted in accumulating-eluvial parts of a profile and in mother rock, the 
least – in illuvial horizons. In humus horizons of meadow and fallow land 
soils its content is statistically higher than in arable land soils (0.17±0.02 
and 0.08±0.02 mg/kg, accordingly). Ratio of exchangeable cadmium in its 
total content varied largely. In the top part of a profile it fluctuated from 
10 to 40%, in illuvial parts drop down to 1–11% and increased again at 
approach to mother rock. During growth season content of exchangeable 
Cd in the top horizons of forest podzolic soil can vary by 4–5 times some-
times reaching the critical values close to MAC (0.2 mg/kg). In fallow land 
sod-podzolic soil it maximum is revealed in the middle of a season (1.0 mg/
kg) that is almost 10 times higher than in autumn. On an arable land under 
clover crops total cadmium content is minimum in the beginning and the 
middle of a season and sharply rises in the autumn to the values close to 
MAC (0.8 mg/kg). It is not revealed any significant correlations between 
content of cadmium with other agrochemical properties of arable land soils. 
In covering loams of different districts of Kirov region the amount of total 
Pb fluctuated from 5.0 to 43.0 mg/kg. The least content of total lead is 
characteristic to granulometricaly light mother rocks. Significantly higher 
content of exchangeable forms of lead is in loamy soils (0.45–3.16 mg/kg) 
than in sandy one (0.45–2.22 mg/kg). The content of exchangeable lead 
in alluvial sandy deposits does not exceed 0.95 mg/kg. Arable horizons 
of loamy agricultural soils contain 26–30 mg/kg Pb. Sod-podzolic soils of 
region accumulate insignificant amounts of exchangeable Pb. Forest pod-
zolic and sod-podzolic soils contain about 1 mg/kg of exchangeable lead in 
litter horizon. Sod-podzolic arable and meadow soils contained 1.86±0.13 
mg/kg of exchangeable lead in humus horizons. High significant coeffi-
cients of correlation between contents of exchangeable lead and exchange-
able acidity (from 0.81 to 0.99) are received. Influence of acidity on input 
of HM in plants, interactions of aluminum stress and action of HM has 
been investigated with use of methods of sand and soil culture. Treatment 
with cadmium and lead leads to accumulation of heavy metals by plants. 
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This accumulation reaches 30–35 mg/kg of dry mass. The most amount of 
cadmium is collected in roots and stems of cereals, and slightly less – in 
leaves. The basic part of lead was absorbed by roots. In variants with HM 
treatments the delay of germination for 2–3 days was marked; leaf blades 
were narrower than in control variants. By 5th week of growth the bottom 
leaves especially in a variant with lead treatment began to dry up and die 
off. Decrease in plant height is noted for all oats (by 41–61%) and barley 
varieties (by 40–48%). The greatest depression under the influence of HM 
is noted at such parameter as plant dry mass. At cadmium stress depression 
of plant dry mass makes 25.0–64.2%. Joint influence of cadmium and alu-
minum has appeared more considerably than toxic action of sole cadmium. 
Deviation from control values in a pigment complex of oats lies within 
limits 12.2–50.4% and of barley – within limits 18.2–66.0%. Changes had 
the general character and near identical intensity for a chlorophyll of both 
fraction (a and b). Changes in carotenoids content have similar character. 
As a whole level of Al-resistance and resistance to toxic action of high 
concentration of HM coincide on the majority of considered parameters.

11.1  INTRODUCTION

Numerous facts of environmental contamination by heavy metals (HM) 
as a result of dispersion of industrial emissions through atmosphere or 
in the form of a waste (slag, slime) and the polluted industrial waters are 
described in the literature [1, 2]. The Kirov region is included into first 
ten subjects of the Russian Federation on a ratio of farmland with excess 
of maximum allowable concentration (MAC) on heavy metals [3]. The 
volume of anthropogenous input of the most toxic metals – lead and cad-
mium – into environment reaches considerable values (451.64 and 4.05 t, 
accordingly) [4]. The number of the publications devoted to problems of 
technogenic pollution of soils of Kirov region with HM for the last years 
has considerably increased. But it is not always possible to be guided con-
fidently in this data as the territory of region is poorly studied for back-
ground content of HM in soils and mother rock.

Long application of mineral fertilizers leads to accumulation of metals in 
soil [5–8]. Cadmium input is 2 times more than its removal by agricultural 
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plants. It leads to excess of MAC of metals in soils and plants. Under 
the available data, concentration of cadmium, nickel, lead and chrome in 
agricultural production of some regions is already above their MAC [9]. 
Background content of Cd in soil is appreciably defined by soil type. In 
podzolic and sod-podzolic soils it makes 0.70–2.31 mg/kg, in gray wood 
soil – 0.65 mg/kg [10]. Concentration of metal in humus horizon of sod-
podzolic loamy soils of the European Russia is about 0.14 mg/kg, of cher-
nozems – 0.24 mg/kg [9]. The content of the element in humus horizons 
of the basic types of soils of Western Siberia is 0.074 mg/kg [11]. Loamy 
chernozems of southwest Altai contain 0.135 mg/kg of cadmium, alluvial 
sandy and sandy soils – 0.121 mg/kg, sod-podzolic sandy soils – 0.116 
mg/kg [12]. Alluvial soils of Middle Ob’ contain 0.1–1.8 mg/kg of cad-
mium in the top horizons [12].

The highest mobility and availability to plants cadmium possesses in 
acid soils with low рН level, low capacity of absorption, fulvatic structure 
of humus, and washing water mode [13, 14]. Lowering of mobility of cad-
mium in arable soils is promoted by periodic liming [15–17].

Many researchers studying toxicity of heavy metals for agricultural 
crops notice that cadmium is 2–20 times more toxic then other metals. At 
comparison of metals on toxicity in their equal doses they have following 
order: Cd > Zn > Cu > Pb or Cd > Ni > Cu > Zn > Cr > Pb [17, 18]. Inves-
tigations of cadmium treatment in a wide range of doses have allowed to 
establish that in each botanical family there are plants with various level 
of resistance to this element [17].

In soils of Russian Plain the background content of lead fluctuates from 
2.6 to 43.0 mg/kg. On the average, top horizons of sod-podzolic and gray 
wood soils contain 14.6 and 17.2 mg/kg Pb according to [19] and up to 
26–37 mg/kg in arable loamy soils [20]. Sod-podzolic soils of Udmurtiya 
contain total Pb: 13.9 mg/kg – in sandy and sandy loam soils; 25.6 mg/
kg – in loamy soils. In a litter and humus horizon of sod-podzolic soil 
of Moscow Region there are 36 and 41 mg/kg of total lead according to 
Refs. [21, 22]. There is data that in acid soils essential part of Pb (II), up to 
70%, is in an exchange condition, apparently, as a part of organic-mineral 
complexes [23]. In acid and strong acid media ions of Pb actively migrate 
within a soil profile and can be taken out for its limits. Movement of Pb in 
depth of a profile occurs in a chelate form.
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The greatest concentration of lead is found out in the top layer of non-
processed soils enriched with organic substance [21, 24]. The second max-
imum of lead content meets in illuvial horizons of sod-podzolic soils [10].

At last time lead involves a great attention as one of the main compo-
nents of chemical pollution of environment and as an element, toxic for 
plants. Though there is no data testifying that lead is vital for growth of 
any kinds of plants, it is a lot of publications shown stimulating action of 
low concentration of some lead salts (mainly Pb(NO3)2) on plant growth. 
Moreover, effects are described of braking of plants metabolism because 
of low levels of lead in medium.

Values of MAC of lead for plants lie in wide enough intervals – from 
0.5–1.2 mg/kg [25] to 10.0–20.0 mg/kg [26]. The natural content of lead 
in above ground parts of grasses makes from 1.5 to 40.0 mg/kg of dry 
matter [24].

Use of possibilities of plants to resist against stress action in a zone of 
roots (lowered рН of soil solution, presence of toxic ions of metals) is a 
theoretical basis of the ecological breeding directed on increase of resis-
tance of agricultural crops to action of edaphic stressors [27].

Therefore, the purpose of the given work was (1) estimation of back-
ground contents of exchangeable ions of HM (cadmium and lead) in acid 
sod-podzolic soils of the Kirov region; (2) studying of relations between 
HM content and some properties of soils; and (3) interrelations of resis-
tance of oats and barley plants to aluminum stress and action of heavy 
metals.

11.2  MATERIAL AND TECHNIQUE

Objects of research were as well as various varieties of oats and barley, 
used in agricultural production on these soils. For the characteristic of the 
profile content of heavy metals soil samples were taken by soil horizons 
to 70–150 cm depth from soil cuts in different areas of surveyed territory. 
Soil samples were processed according to the standard methods [28]. Esti-
mation of total content of HM is spent by a method of atomic-absorption 
spectroscopy. Exchangeable fractions of HM were determined in acetate-
ammonium buffer solution, рН 4.8 [28, 29].
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During growth season (May–September) sample of soils from three 
top horizons of arable and fallow land podzolic loamy soil were collected 
monthly.

For studying of influence of acidity on input of HM in plants, 
interactions of aluminum stress and action of HM on parameters of 
resistance of oats and barley plants a series of experiments has been 
made with use of methods of sand and soil culture. Previously level of 
potential aluminum resistance of some oats and barley varieties was 
established [30] by method described earlier [31]. The oats and bar-
ley varieties different by level of aluminum resistance (in decreasing 
mode) – oats Krechet > Fakir > Ulov and barley Dina > Abava > Elf 
were objects of research.

The scheme of experiment in sand culture:
1.	 Control – without HM, a background – a full dose of Knop’s solution;
2.	 Background + cadmium sulfate (100 µM for oats, 50 µM for barley);
3.	 Background + lead chloride (500 µM for an oats and barley).
Eight seeds of each variety were sown in pots with 0.5 kg of sand; 

after 7 days five most developed plants were left in each pot. Duration 
of experiment was 5 weeks (up to tillering stage). Analyzed traits: height 
of plants, volume of root system, cation exchange capacity of roots, dry 
weight of leaves, stems and roots, specific leaf area, content of pigments in 
leaves [32], the cadmium and lead content in leaves, stems and roots. Each 
variant of experiment had six replications for each variety.

The scheme of experiment in soil culture:
1.	 Control soil (without entering HM);
2.	 Control soil + 1 mg/kg of cadmium;
3.	 Control soil + 5 mg/kg of cadmium;
4.	 Control soil +10 mg/kg of cadmium;
5.	 Control soil + 60 mg/kg of lead;
6.	 Control soil + 300 mg/kg of lead;
7.	 Control soil + 600 mg/kg of lead.
Each pot contains 3.5 kg of soil (agrozem with the high content of 

organic substance (3.5%) and рН 7.25). Initially soil was carefully sifted, 
acidified with solutions of acids (sulfuric and hydrochloric depending on 
a pollution variant), treated with corresponding quantity of salt of metal 
(cadmium sulfate or lead chloride) and mixed.
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Ten seeds of each variety of oats or barley were sown in each pot; seven 
most developed plants were left 7 days later. Duration of experiment is 5 
weeks (up to tillering stage). Analyzed traits: height of plants, dry weight of 
leaves, stems and roots, a ratio of leaves, stems and roots in a plant, the con-
tent of pigments, the cadmium and lead content in leaves, stem and roots. 
Each variant of experiment had six replications for each variety.

For studying of joint action of high HM content and aluminum on 
plants a series of experiments in sand culture has been made. The scheme 
of experiment included:

1.	 Control – without HM, a background – a full dose of Knop’s solution;
2.	 Background + aluminum sulfate (1 mM);
3.	 Background + aluminum sulfate (1 mM) + cadmium sulfate (100 

µM for oats, 50 µM for barley).
Each variant of experiment had 6 replications for each variety.
At tillering, ear tube formation, and earing stages samples of leaves 

were collected for estimation content of pigments in leaves in triple repli-
cations was spent. The content and a ratio of a chlorophyll a and b, carot-
enoids in acetone extract [32] were defined.

Statistical processing of the data is spent by methods of dispersion and 
correlation analyzes with application of software packages STATGRAPH-
ICS Plus for Windows 5.1.

11.3  RESULTS AND DISCUSSION

11.3.1  SEASONAL AND PROFILE DYNAMICS OF CADMIUM

The territory of the Kirov region is characterized with various enough soil 
cover. The basic part of territory of area is occupied with soils of podzolic type. 
The area of podzolic and sod-podzolic soils makes 77.9% of total region area 
[33]. Sod-podzolic and podzolic soils of heavy mechanical structure are gen-
erated basically on covering deposits. In natural state they possess low enough 
level of fertility, have high acidity, the low contents of organic substance of 
fulvatic type, a low saturation with bases of a soil-absorbing complex.

The content of total cadmium in soils of the Kirov region is in the 
limits known for other regions, though some above than across Russia as 
a whole (Table 11.1).
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TABLE 11.1  Content of Cd in Profiles of Some Podzolic and Sod-Podzolic Loamy 
Soils of the Kirov Region

Location
Soil  
horizon Depth, cm рН

Content of Cd (mg/kg)
Total Exchangeable

Murashi 
district, arable 
land

Ар 0–24 5.70 0.88 0.13
Ahe 24–33 3.96 0.78 0.10
АВ 33–53 3.80 0.97 0.04
В 53–86 3.82 0.74 0.04
ВС 86–118 3.85 0.93 0.01
С 118–130 3.94 0.76 0.16

Murashi dis-
trict, meadow

Oe 0–4 4.59 0.26 0.11
Ah 4–15 4.05 0.70 0.29
Аhe 15–20 3.87 0.86 0.10
АВ 20–36 3.80 0.86 0.05
В 36–70 3.84 0.77 0.02

Murashi 
district, 

forest

Oi 3–6 3.89 0.73 0.15
Ahe 6–35 3.85 0.81 0.23
АВ 35–70 3.76 1.08 0.04
В 70–80 3.88 0.72 0.08
ВC 80–115 3.69 0.66 0.12

Afanasevo 
district, arable 
land

Аp 0–28 5.87 0.94 0.04
Ahe 28–48 4.22 0.91 0.21
АВ 48–70 4.03 0.79 0.11
В 70–96 4.10 0.96 0.11
ВС 96–120 4.21 1.20 0.13
С 120–150 4.34 1.01 0.13

Afanasevo dis-
trict, forest

Oi 0–7 4.33 1.03 0.13
Ahe 7–30 3.91 1.03 0.19
АВ 30–51 4.09 1.02 0.01
В 51–86 5.18 1.08 0.05
ВС 86–120 7.07 1.02 0.07

Falenki dis-
trict, forest

Oi 0–7 3.95 0.84 0.07
Ahe 7–20 3.87 0.79 0.15
АВ 20–30 4.02 0.69 0.01
В 30–70 4.34 0.74 0.12
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For different horizons of sod-podzolic and podzolic loamy soils its con-
tent fluctuated from 0.66 to 1.11 mg/kg. Biogenic accumulation of total Cd 
in the studied profiles is expressed slightly that some authors explain with 
considerable migration of cadmium downwards on a profile in soils of 
humid landscapes [24]. Eluvial-illuvial redistribution of total Cd in pro-
files was often observed.

The content of exchangeable cadmium in soils fluctuated from 0.01 
to 0.30 mg/kg in different horizons. The greatest content of exchangeable 
Cd is noted in accumulating-eluvial parts of a profile and in mother rock, 
the least – in illuvial horizons. In some humus and eluvial horizons the 
content of exchangeable cadmium exceeds known level of MAC equal 
to 0.2 mg/kg. Redistribution of Cd on a profile is considerable influenced 
with exchangeable organic substance; cadmium content is higher in those 
horizons where content of labile organic matter is higher too.

Ratio of exchangeable cadmium in its total content varied largely. In 
the top part of a profile it fluctuated from 10 to 40%, in illuvial parts drop 
down to 1–11% and increased again at approach to mother rock. Statisti-
cally significant correlation between the content of total and exchangeable 
cadmium was absent. Content of exchangeable cadmium in organogenic 
horizons of the studied podzolic and sod-podzolic soils is insignificant as 
a whole. However, during growth season content of exchangeable Cd in 
the top horizons of forest podzolic soil can vary by 4–5 times sometimes 
reaching the critical values close to MAC (Figure 11.1).

Sod-podzolic soils of Kirov region are characterized by the minimum 
content of exchangeable cadmium (Table 11.1). Thus in humus horizons 

Location
Soil  
horizon Depth, cm рН

Content of Cd (mg/kg)
Total Exchangeable

Zuevka 
district, fallow 
land

Ah 0–27 4.54 0.82 0.07
Аhe 27–45 4.04 0.74 0.19
АВ 45–70 4.05 0.84 0.05
В 70–103 4.09 1.09 0.10
ВС 103–120 4.38 0.88 0.13
С 120–130 4.51 0.99 0.12

TABLE 11.1  (Continued).

A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



224	 Heavy Metals and Other Pollutants in the Environment Biological Aspects

of meadow and fallow land soils its content is statistically higher than 
in arable land soils (0.17±0.02 and 0.08±0.02 mg/kg accordingly). The 
similar content of exchangeable cadmium in arable layer of sod-podzolic 
loamy soil was noted by [34] – 0.11 mg/kg. Content of exchangeable Cd 
in arable horizons of sod-podzolic soils of Yarano-Vyatka interfluve is 
0.09–0.28 mg/kg, of sod-gleyey soils – 0.12–0.19 mg/kg [35]. Unfortu-
nately authors do not specify in what extractant exchangeable cadmium 
was defined.

Distribution of exchangeable cadmium on soil profiles of arable sod-
podzolic soils in different districts of Kirov region has the same features 
as on forest sod-podzolic and podzolic soils (Figure 11.2).

Arable horizons as a rule contain a little amount of exchangeable Cd. 
The maximum content is in eluvial horizons and the minimum one is 
almost always in illuvial parts of profiles.

It is not revealed any significant correlations between content of cad-
mium with other agrochemical properties of arable land soils probably 
because of constant anthropogenous influences. In meadow soils content 
of exchangeable Cd positively correlates with рН (r = 0.60) that obviously 
is connected with conditions of mineralization of organic matter. Besides it 

FIGURE 11.1  Seasonal dynamics of content of exchangeable Cd in forest podzolic soil 
of the middle taiga.
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is known that exchangeable cadmium is presented in loamy soils basically 
as exchangeable forms therefore there is a competition between cadmium 
and calcium, magnesium for exchange sites in soil-absorbing complex. 
Coefficient of pair correlation between content of Cd on one hand and 
calcium and magnesium on the other hand is as much as r = –0.57.

High coefficient of variation of exchangeable Сd content in soils may 
be partly explained with fluctuation of the content of the element during a 
growth season. For example in fallow land sod-podzolic soil it maximum 
is revealed in the middle of a season (1.0 mg/kg) that is almost 10 times 
higher than its content in autumn (Figure 11.3).

On an arable land under clover crops cadmium content is minimum in 
the beginning and the middle of a season and sharply rises in the autumn 

FIGURE 11.2  Content of exchangeable Cd in profiles of sod-podzolic arable soils in 
different districts of Kirov region (mg/kg).
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to the values close to MAC (0.8 mg/kg). Therefore, soil samples collected 
at different terms can strongly differ on content of exchangeable cadmium.

In fallow land soil where soil processes come nearer to natural high 
significant coefficients of correlation between content of exchangeable 
cadmium and content of total and labile carbon (0.64 and 0.73, accord-
ingly) are noted. For arable soil there is not revealed any significant rela-
tions between these parameters; apparently it is caused by anthropogenous 
influence.

11.3.2  SEASONAL AND PROFILE DYNAMICS OF LEAD

In mother rocks and soils of the Kirov region the content of lead (Table 11.2) 
did not fall outside the limits known for other regions.

In covering loams of different districts of Kirov region the amount of 
total Pb fluctuated from 5.0 to 43.0 mg/kg. Eluvial-illuvial horizons of Perm 
deposits of Kotelnich and Orlov districts contain a little total Pb – 7.8 and 
9.0 mg/kg accordingly. The least content of total lead as one would expect 

FIGURE 11.3  Seasonal dynamics of content of exchangeable Cd in fallow land sod-
podzolic soil of the Middle taiga.
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TABLE 11.2  Content of Pb in profiles of some podzolic and sod-podzolic loamy soils 
of the Kirov region.

Location Soil horizon Depth, cm рН
Content of Pb (mg/kg)
Total Exchangeable

Murashi 
district, arable 
land

Ар 0–24 5.70 30 1.38
Ahe 24–33 3.96 17 1.25
АВ 33–53 3.80 15 1.40
В 53–86 3.82 26 3.20
ВС 86–118 3.85 23 3.11
С 118–130 3.94 22 4.25

Murashi dis-
trict, meadow

Oe 0–4 4.59 24 2.15
Ah 4–15 4.05 20 2.00
Аhe 15–20 3.87 16 1.44
АВ 20–36 3.80 29 1.68
В 36–70 3.84 15 3.26

Murashi dis-
trict, forest

Oi 3–6 3.89 27 6.75
Ahe 6–35 3.85 24 5.50
AB 35–70 3.76 20 1.42
В 70–80 3.88 20 1.42
ВC 80–115 3.69 20 3.20

Afanasevo 
district, arable 
land

Аp 0–28 5.87 26 1.28
Ahe 28–48 4.22 34 1.45
АВ 48–70 4.03 31 0.40
В 70–96 4.10 32 0.40
ВС 96–120 4.21 25 1.11
С 120–150 4.34 38 1.00

Afanasevo 
district, forest

Oi 0–7 4.33 32 2.42
Ahe 7–30 3.91 37 2.42
АВ 30–51 4.09 27 2.62
В 51–86 5.18 33 2.62
ВС 86–120 7.07 35 2.41

Falenki dis-
trict, forest

Oi 0–7 3.95 22 2.51
Ahe 7–20 3.87 20 1.45
АВ 20–30 4.02 14 0.84
В 30–70 4.34 5 1.12
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is characteristic to granulometrically light mother rocks. Fluvial-glacial 
and ancient alluvial deposits of Kotelnich, Orlov and Orichi districts of 
the Kirov region contain 1.9 to 3.75 mg/kg of lead. Significantly higher 
content of exchangeable forms of lead is also in loamy soils (0.45–3.16 
mg/kg) than in sandy one (0.45–2.22 mg/kg). The content of exchangeable 
lead in modern alluvial sandy deposits does not exceed 0.95 mg/kg. It is 
not revealed statistically significant correlations between the contents of 
total and exchangeable Pb in mother rocks. The amount of exchangeable 
Pb both in loamy and in light soils is not connected significantly with their 
content of organic substance, рН value, and level of exchange acidity. As 
a whole the content of total and exchangeable Pb in basic mother rocks 
of region can be characterized as an average, which is not beyond literary 
known concentration for sedimentary rocks.

Arable horizons of loamy agricultural soils contain 26–30 mg/kg 
Pb. Sod-podzolic soils of region accumulate insignificant amounts of 
exchangeable Pb. Forest podzolic and sod-podzolic soils contain about 
1 mg/kg of exchangeable lead in litter horizon (Table 11.2). Thus litter 
horizons of loamy soils contain statistically more lead than litter horizons 
of sandy soils. Element distribution on profiles of forest soils has cha-
otic enough character. Samples of loamy soils contain as a whole more 
exchangeable fractions of an element than of light soils.

The maximum content of an element is not always marked in the top 
horizons. It is obvious that absence of laws of distribution of an element 
on a profile is caused by seasonal dynamics of its content. The amount of 
lead during a season can differ by 2–3 times (Figure 11.3). Loamy forest 
soils contain significantly more exchangeable lead than sandy soils.

Location Soil horizon Depth, cm рН
Content of Pb (mg/kg)
Total Exchangeable

Zuevka dis-
trict, fallow 
land

Ah 0–27 4.54 28 2.50
Аhe 27–45 4.04 19 0.75
АВ 45–70 4.05 25 0.50
В 70–103 4.09 27 1.20
ВС 103–120 4.38 30 1.56
С 120–130 4.51 20 2.41

TABLE 11.2  (Continued).
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Sod-podzolic arable and meadow soils contained 1.86±0.13 mg/kg of 
exchangeable lead in humus horizons on the average (Table 11.2). Ele-
ment distribution on profiles of arable soils has not strongly pronounced 
biogenic-accumulative character. Sometimes the top part of a profile is 
poor in exchangeable lead in comparison with underlying horizons. The 
increase in content of exchangeable fractions of an element in mother 
rocks is more expressed. The minimum of content of an element is almost 
always noticed in eluvial horizons.

In arable soils it is not revealed statistically significant correlations 
between content of exchangeable Pb and рН, total carbon, exchangeable 
acidity, and humidity also.

Seasonal dynamics of exchangeable lead in arable and fallow land sod-
podzolic soil are various (Figures 11.4 and 11.5). Dynamics of the content 
of exchangeable Pb significantly correlates with ratio of labile organic 
matter in humus horizons of both locations but with different signs. The 
correlation coefficient is equal to r = -0.90 on arable land and r = 0.95 on a 
fallow land. Such different values of correlation coefficients possibly tes-
tify various dynamics of organic matter in annually processed and fallow 
soils and with different structure of organic matter.

In both sites high significant coefficients of correlation between con-
tents of exchangeable lead and exchangeable acidity (from 0.81 to 0.99) 

FIGURE 11.3  Seasonal dynamics of exchangeable Pb content in podzolic soils of the 
middle taiga.
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FIGURE 11.4  Seasonal dynamics of exchangeable Pb in fallow land podzolic soil of the 
middle taiga.

FIGURE 11.5  Seasonal dynamics of exchangeable Pb in arable podzolic soil of the 
middle taiga.

are received. It is caused by a competition between ions Al3+, H+ and Pb2+ 

for exchange sites in soil-absorbing complexes when the acidity increase 
conducts to replacement of Pb2 + into solution.
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11.3.3 � INFLUENCE OF IONS OF HEAVY METALS OF OATS 
AND BARLEY PLANTS

Data of Table 11.3 indicate that input of cadmium and lead (in a dose of 
4.5 and 41.0 mg/kg of sand accordingly) in the conditions of sandy cul-
ture leads to accumulation of heavy metals by plants. This accumulation 
exceed control level by some ten times and reaches 30–35 mg/kg of dry 
mass. Distribution of heavy metals on parts of oats and barley plants is 
different. The most amount of cadmium is collected in roots and stems of 
cereals, and slightly less – in leaves. The basic part of lead was absorbed 
by roots. Varieties of oats and barley could not be differentiated on degree 
of heavy metal accumulation in their vegetative organs.

During growth season plants of oats and barley in variants of heavy 
metal treatment did not differ significantly from control variants on devel-
opment of morphometric traits. Unique difference is noted at oats plants. It 
consisted in various terms of approach of a full phase of panicle formation. 
In variants with lead treatment approach of this phase has been noted for 3 
days before control variants, and at cadmium treatment – for 3 days later.

TABLE 11.3  Accumulation of Heavy Metals in Plants of Oats and Barley

Variety Treatment
Cd, mg/kg of dry mass Pb, mg/kg of dry mass
Roots Stems Leaves Roots Stems Leaves

Oats
Ulov Control 1.08 0.60 0.42 27.61 4.13 3.44

Heavy metal 13.45 27.08 24.22 65.46 11.11 9.49
Fakir Control 0.27 0.52 0.49 21.24 4.10 4.29

Heavy metal 11.70 26.11 21.63 61.41 29.99 8.63
Krechet Control 0.43 0.40 0.47 40.12 2.84 3.42

Heavy metal 17.73 38.92 21.44 56.65 13.53 9.49
Barley
Elf Control 0.75 0.44 0.17 15.05 3.61 6.87

Heavy metal 28.34 49.15 17.17 63.72 21.25 8.71
Abava Control 0.57 0.66 0.28 30.95 7.14 6.55

Heavy metal 24.16 13.08 12.90 48.12 20.21 12.47
Dina Control 0.47 0.23 0.41 35.81 8.22 3.45

Heavy metal 33.30 36.41 8.14 59.34 24.3 11.35
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Experiments in sand culture have shown that mutual action of alumi-
num and cadmium on plants of oats is shown in decrease in plant height 
by 28.3–32.3%. Significant decrease in plant height among barley was 
observed at variety Dina (in cadmium + aluminum treatment – by 6.8%, in 
aluminum treatment – by 16.2%) and Elf (in cadmium + aluminum treat-
ment – by 7.6%).

Significant decrease in dry mass of plants was observed for oats Fakir 
and Krechet (by 25.2 and 34.8% accordingly) at mutual treatment with 
cadmium and aluminum (Figure 11.6). Thus the mass shortage is basically 
characteristic for such parts of plant as stems and roots; but the mass ratio 
of leaves is increased in comparison with a control treatment. At barley 
decrease in dry mass of plants is noted also at mutual action of cadmium 
and aluminum for varieties Elf (by 11.8% in comparison with the con-
trol treatment) and Dina (by 19.3%) (Figure 11.6). Unlike oats, in barley 
depression is characteristic for roots and leaves – change in stems has not 
concerned; in a background of decrease in total mass of plant the mass 
ratio of stems has even grown. At oats Ulov and barley Abava the mass of 
plants did not change significantly.

In a pigment complex of leaves significant disturbances have occurred 
only in oats Fakir in Cd+Al treatment: content of chlorophyll b increase by 
28.3%, but content of chlorophyll a has decreased a little; therefore change 
of the content of total chlorophyll (a + b) has appeared insignificant.

Among barley disturbances in pigment content of leaves are revealed 
for varieties Abava and Dina but changes are characteristic only for vari-
ants of aluminum treatment and have diverse character: variety Abava has 
increased content of chlorophyll a and at the expense of it the sums of 

FIGURE 11.6  Influence of Cd and Al on dry mass of oats and barley plants.
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chlorophyll; variety Dina on the contrary has lowered it. At mutual influ-
ence of cadmium and aluminum there were not any statistically significant 
changes in a pigment complex of barley.

Both in oats and in barley carotenoids of leaves have appeared more 
stable – their changes are insignificant.

Possibly used concentration of cadmium (4.5 mg/kg of sand) and alu-
minum (11 mg/kg of sand) are insufficient for depression of development 
of cereal plants under conditions of sand culture. Considering that MAC of 
total cadmium in sandy and sandy loam soils makes 0.5 mg/kg, it is pos-
sible to notice that nine fold excess of MAC does not lead to considerable 
depression of oats and barley plants’ growth and development even in sand 
culture when there is no practically absorbing ability (buffer action of soil 
in relation to pollutant) and all metal is in the exchangeable form acces-
sible to plants. Possibly given cereal crops possess effective mechanisms 
of cadmium detoxication.

To overcome protective mechanisms of plants concerning heavy 
metals concentration of cadmium and lead has been increased up to 10 
and 640 mg/kg of sand accordingly that exceed their MAC levels by 20 
times.

With increase in heavy metal and Al concentration depression of 
almost all estimated parameters began to have significant character. In 
variants with HM treatments the delay of germination for 2–3 days was 
marked; leaf blades were narrower than in control variants. By 5th week 
of growth the bottom leaves especially in a variant with lead treatment 
began to dry up and die off. Decrease in plant height in comparison with 
the control treatment is noted for all oats varieties (Ulov has lowered 
plant height on the average by 61%, Fakir – by 49%, and Krechet – by 
41%) and barley varieties (Elf – by 48%, Abava – by 40%. and Dina – by 
42%) (Figure 11.7).

Joint action of HM and aluminum was observed only in barley (basi-
cally in cadmium + aluminum treatment). In variants with lead treatment 
for barley and in all treatments for oats it is noted significant difference 
between action of single metal and joint action of metal and aluminum. 
Thus varieties of oats and barley are classified by degree of growth depres-
sion under condition of sand culture in the same order as by their resis-
tance to high acidity and aluminum content in natural soils.
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The greatest depression under the influence of HM is noted at such 
parameter as plant dry mass (Figure 11.8). Oats plants demonstrate decrease 
in plant dry mass in lead and lead + aluminum treatments by 76.2–85.8%; 
variety Ulov has most suffered and Krechet – the least. At cadmium stress 
depression of plant dry mass is less and makes from 64.2% in variety Ulov 
(cadmium + aluminum treatment) to 25% in variety Krechet in the same 
variant. Thus resistance of oats varieties estimated by dry mass of plants 
coincides with their field aluminum resistance. The difference between 
treatments with sole HM and HM + Al is insignificant except for a case of 
variety Krechet considered above.

A same different pattern is observed in barley (Figure 11.8). Resistance 
of varieties to HM action by given trait does not coincide with their Al-
resistance: barley Elf has less suffered. The greatest decrease in plant dry 
mass is noted in cadmium + aluminum, lead, and lead + aluminum treat-
ments – by 63.3–87.1%. In sole cadmium treatment depression of plant 

FIGURE 11.7  Influence of Al and high doses of Cd and Pb on height of plants of barley 
and oats.

FIGURE 11.8  Influence of Al and high doses of Cd and Pb on dry mass of plants of oats 
and barley.
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mass makes no more than 50%. Joint influence of cadmium and aluminum 
has appeared more considerably than toxic action of sole cadmium.

Under the influence of high HM concentration changes have occurred 
in a pigment complex of leaves as well. Basically decrease in content of 
chlorophyll takes place but stimulation effect however was marked too.

Deviation from control values in a pigment complex of oats lays within 
limits 12.2% to 50.4% and is observed in different variants of treatment. 
Joint action of HM and aluminum was showed both in decrease, and in 
increase of chlorophyll content; these changes had the general character 
for chlorophyll of both fractions (a and b) (Figure 11.9); however content 
of chlorophyll a varied in a greater degree to what significant decrease in 
the ratio a/b in comparison with control values (by 7.1–18.0%) testifies.

In a pigment complex of barley a deviation from control values lays 
within limits 18.2% to 66.0%. Under cadmium treatment stimulation of 
synthetic of pigments was observed but in all other treatments – its depres-
sion. Changes had the general character and near identical intensity for 
a chlorophyll of both fraction (a and b). Changes in carotenoids content 
have similar character. Pigment complex of barley Abava and Dina was 
more resistant to toxic action of HM that as a whole coincides with their 
characteristic as edaphic resistant varieties.

11.4  CONCLUSION

Thus soils of Kirov region are characterized in comparison with other part 
of the European Russia by raised content of total Cd and insignificant 
amount of exchangeable cadmium. High content of exchangeable and total 

FIGURE 11.9  Influence of Al and high doses of Cd and Pb on content of total chlorophyll 
in oats and barley leaves.
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Cd in some soil samples are caused possibly with anthropogenic influence. 
Exchangeable cadmium accumulates in top accumulating-eluvial parts of 
soil profile as a part of labile organic matter.

The studied region does not differ considerably from other regions of 
Russia on content of total and exchangeable lead. Loamy mother rocks and 
soils contain more lead than sandy and sandy loam soils. Biogenic-accu-
mulative character of distribution on a profile and elluvial-iluvial differen-
tiation is more characteristic for total lead than for its exchangeable forms. 
Profile distribution of exchangeable lead is chaotic that is caused by consid-
erable seasonal dynamics of its content. It was not possible to reveal accu-
rate dependences between the content of lead and the content of organic 
matter. High correlation coefficients between content of organic matter and 
the content and mobility of lead in arable and fallow land sod-podzolic 
soils serve as indirect evidence of considerable influence of organic matter 
on the content of lead at studying of their seasonal dynamics.

Such heavy metals as cadmium and lead have obvious toxic effect on 
cereal crops only at very high concentration exceeding MAC in some ten-
fold. The effect of joint treatment with high doses of HM and aluminum as 
a rule is shown on barley and is more characteristic for cadmium + the alu-
minum treatment; barley Abava which are intermediate on Al-resistance 
has appeared the most resistant to joint toxic action of HM and aluminum.
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ABSTRACT

The cytogenetic characteristics of Betula pendula and Rhododendron 
ledebourii seed progeny in areas with different levels of anthropogenic 

CHAPTER 12
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pollution were studied. A significant number of cytogenetic disturbances 
and an increase of the proportion of cells at prophase have been revealed, 
which leads to a shift of the peak of mitotic activity. Genome instability 
indicates the stress state in the seed progeny and maternal plants Betula 
pendula and Rhododendron ledebourii, being a proof of adverse environ-
mental conditions in the study areas. Similar cytogenetic reactions for 
anthropogenic factors of indigenous and introduced species have been 
noted.

12.1  INTRODUCTION

Nowadays the cytogenetic characteristics of woody plants are actively 
studied: Betula pendula [1–3], Quercus robur [4, 5], Pinus silvestris [6–9], 
Pinus sibirica [10], species of the Pinaceae family [11–13] and other coni-
fer species [14, 15]. The results are used in the monitoring of environ-
mental pollution and afforestation [3, 16–20]. However, the comparison 
of cytogenetic responses of indigenous and introduced plant species in 
similar conditions of anthropogenic pollution wasn’t performed. Finding a 
solution to this problem will help to specify variants of adaptive responses 
of indigenous and introduced species. For this purpose we used a local 
species – weeping birch (Betula pendula Roth.) and an introduced plant 
under conditions of Central Black Earth Region – Ledebour rhododendron 
(Rhododendron ledebourii Pojark.).

Betula pendula is a typical representative and an indigenous species 
for the Central Black Earth area, it is common in our forests, light-requir-
ing, relatively drought-resistant and widely used in city landscaping. As 
Betula pendula is a perennial plant, it may experience chronic impact of 
environmental mutagens, accumulate some doses of mutagens and be con-
veniently used in cytogenetic studies, being one of the most sensitive spe-
cies to bio-indication due to the high intensity of photosynthesis. Recently 
weeping birch has been often used as a test object in the monitoring and 
cytogenetic studies [21–23] due to the fact that it has several advantages 
compared to other plants. Ledebour rhododendron (Rhododendron lede-
bourii Pojark.) is an introduced plant in the Central Black Earth area. Its 
natural habitat includes Siberia (Altai and Sayan Mountains), Far East, 
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Mongolia [24]. It is successfully introduced as a highly ornamental plant 
under conditions of Voronezh [25].

The purpose of our research was to compare the cytogenetic charac-
teristics of seed progeny of Betula pendula and Rhododendron ledebourii, 
growing in areas with different levels of anthropogenic pressure.

12.2  MATERIALS AND METHODOLOGY

The research was carried out in anthropogenically polluted areas of Voronezh: 
Levoberezhny district (experimental area 1, located 15 km from the refer-
ence area) and Kominternovsky district (experimental area 2, located 7 km 
from the reference area). The experimental areas are 8 km from each other. 
As a reference (ecologically safe) area we used the B.M. Kozo-Polyansky 
Botanical Garden of Voronezh State University (VSU) [26].

Soils of Botanical Garden of VSU are characterized by a high con-
tent of humus, heavy texture, neutral media reaction and maximum buf-
fer value. According to Fedorova and Shunelko [27], recreational area, 
which includes “Dynamo” Central Park of Culture and Rest and the Area 
of Sanatorium named after M. Gorky, has the following content of heavy 
metals (HM) in soils: Pb – 6.07 mg/kg of dry soil; Cr – 1.38; Cu – 0.55; 
Zn – 5.48; Ni – 0.87, respectively [27]. The area of Botanical Garden of 
VSU also can be related to the recreational area with similar characteris-
tics. It includes a geographical park located near “Dynamo” park and is 
merging into it. Soils of both experimental areas are contaminated with 
heavy metals.

In the industrial area (near the Voronezh Synthetic Rubber Plant) simi-
lar values were revealed: Pb – 24.09 mg/kg of dry soil; Cr – 2.0; Cu – 
1.95; Zn – 19.64; Ni – 2.24. Maximum concentrations of Ni are observed 
on Leninskiy Prospekt (the Levoberezhny district of Voronezh, where 
the Synthetic Rubber Plant is located). Nickel has a similar spread with 
another metal, which also has a small atomic mass – iron [27]. Thus, the 
concentrations of HM in soils of contaminated area are 3–4 times higher 
than those in soils of clear area.

As the material for the research, we used seeds collected from 10 plants 
of weeping birch (Betula pendula Roth.) and rhododendron Ledebour 

A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



244	 Heavy Metals and Other Pollutants in the Environment Biological Aspects

(Rhododendron ledebourii Pojark.). The seeds were germinated on wet 
filter paper in the Petri dishes at 20°C. In 6 days, when the length of roots 
reached 0.5–1 cm, young seedlings were fixed with the 3:1 mixture of 
ethanol and glacial acetic acid (10 mL of the solution per 50 seedlings) at 9 
a.m., when the meristem of B. pendula shows the maximum mitotic activ-
ity [2]. The fixed material was kept refrigerated at the temperature of 4°C. 
Wittmann’s method [28, 29] was used for permanent micropreparation 
(one seedling per one slide). 40 microscopic preparations of seedlings from 
each experimental district were studied under the LABOVAL-4 micro-
scope (Carl Zeiss, Jena) at magnification of 40×1.5×10 and 100×1.5×10. 
For each specimen, we recorded the total number of cells (at least 500) and 
an estimated mitotic activity, which was calculated as mitotic index (MI 
– the proportion of dividing cells to the total number of analyzed cells). 
We calculated the proportion of cells in prophase stage in percentages. 
The number of mitotic pathologies (MP) and persistent nucleoli (PN), we 
detected at the stages of metaphase, anaphase, telophase and calculated 
their percentage. These characteristics were called as the proportion of 
MP, the proportion of cells with PN.

According to the classification by Alov [30, 31], all mitotic pathologies 
were divided in three groups: (i) the pathologies related to chromosomal 
damage (delay of mitosis in the prophase; disturbances of spiralization or 
despiralization of chromosomes; early disjunction of chromatids; chro-
mosome fragmentation and pulverization; bridges; lagging chromosomes; 
formation of micronuclei; irregularities of chromosomal segregation; 
agglutinations of chromosomes); (ii) the pathologies related to injury of 
mitotic spindle (delay of mitosis in the metaphase; C-mitosis; dispersion 
of chromosomes in the metaphase; multipolar mitosis; three-group meta-
phase; asymmetric; monocentric mitosis); (iii) the disturbances of cytot-
omy (cytokinesis) (delay or absent of cytotomy; precocious cytotomy).

The results were statistically analyzed using STADIA 6.0 Professional 
for Windows software package (InCo Products, 1997). The data grouping 
and processing were done using the method described by Kulaichev [32]. 
For comparison of birch cytogenetic characteristics the following criteria 
were used: the Van-der-Vaerden rank X-test for frequency of persistent 
nucleoli, pathological mitosis and the Student’s t-test for mitotic indexes 
[32]. The proportion of cells with different types of pathological mitosis was 
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compared using their angular transformation and Yeits correction accord-
ing to Lakin [33] (http://www.novayagazeta.ru/inquests/69364.html).

12.3  RESULTS AND DISCUSSION

The results of the mitotic cytology study of Betula pendula trees from the 
ecologically safe area are shown in Table 12.1.

The mitotic activity of weeping birch peaked at 9 a.m. Table 12.1 
shows an increase of the mitotic index (MI) at 9 a.m., which is reliably 
different from ones at other time of fixation. There were found no sta-
tistically reliable differences between MI at 9 a.m. and 11 a.m. fixations 
in the experiment and in the control. MI of Betula pendula test sample 
at 10 a.m. increases due to the proportion of cells at the prophase stage, 
which is significantly higher than at 9 a.m. and 11 a.m. (Table 12.2). This 
causes an increase of the mitotic index and 10-hour shift of the activity 
peak. The spectrum of mitotic pathologies in the root meristem of plant-
lets from the Betula pendula experimental sampling was represented by 
chromosome lagging at anaphase and metakinesis (72%), agglutination of 
chromatin (21%), fragmentation of the nucleus (7%). It was noticed that 
Betula pendula has the reliably higher proportion of cells with a persistent 
nucleolus at metaphase and anaphase in the experiment. PN at metaphase 
and anaphase were found in the root cells of the Betula pendula plantlets 
in the control. Bridges in the spectrum of MP reached 67%, chromosome 
lagging at anaphase and metakinesis – 33%.

TABLE 12.1  Cytogenetic Indices of Seed Progeny of Weeping Birch, Growing in the 
Ecologically Safe Area

Time of  
fixation, a.m. MI, %

Proportion of cells 
at prophase, %

Proportion 
of MP, %

Proportion of 
cells with PN, %

9 9.5 ± 0.2 14.0 ± 1.6 1.1 ± 0.6 5.3 ± 1.3
10 7.5 ± 0.1* 12.3 ± 2.0 − −
11 6.7 ± 0.1* 12.5 ± 1.6 − −

Note: MP – mitotic pathologies, PN – persistent nucleoli; * differences with the results of 
fixation at 9 a.m. are reliable (P < 0.05).
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MI in root meristem cells of Rhododendron ledebourii seed progeny 
plantlets was reliably higher than in the control, which was combined 
with a higher proportion of prophases. Moreover the proportion of cells 
at metaphase, anaphase-telophase stages was reducing, which indicates a 
decrease of the number of mitotic divisions. Reliable differences with the 
control were observed for the proportion of cells at all stages of the mitotic 
cycle (Table 12.3).

Table 12.4 shows that the proportion of MP of plantlets of the Rho-
dodendron ledebourii experimental sampling was slightly higher than in 
the control. The chromosome lagging at anaphase and metakinesis was 
mainly observed in the spectrum of disturbances (93.8% in the control and 
85.8% in the experiment), but agglutination of chromatin reached 5.5% 
in the control and 12.4% in the experiment. Individual cases of nuclear 
fragmentation were noted in the experiment. The presence of such mitotic 

TABLE 12.2  Cytogenetic Indices of Seed Progeny of Weeping Birch, Growing in the 
Ecologically Polluted Area

Time of  
fixation, a.m. MI, %

Proportion of cells 
at prophase, %

Proportion 
of MP, %

Proportion of 
cells with PN, %

9 9.3 ± 0.1 18.2 ± 2.6 7.6 ± 0.5* 10.1 ± 1.5*
10 11.4 ± 0.3* 27.6 ± 3.5* − −
11 6.5 ± 0.1 13.1 ± 1.1 − −

Note. MP – mitotic pathologies, PN – persistent nucleoli; * differences with the control 
are reliable (P < 0.05).

TABLE 12.3  Cytogenetic Characteristics of Rhododendron ledebourii in the 
Experiment and in the Control

Species MI, %

MI exclud-
ing pro-
phases, %

Proportion 
of cells at 
prophase, 
%

Proportion 
of cells at 
meta-
phase, %

Proportion 
of cells at 
anaphase-
telophase, %

Rh. ledebourii 
(control)

6.1±0.6 3.8±0.4 37.9±1.9 18.7±2.1 43.4±1.7

Rh. ledebourii 
(experiment)

7.5±0.4* 3.5±0.2 52.2±1.4** 11.1±0.8** 33.7±1.5**

Note. * differences with the control are reliable (P < 0.05); ** differences with the control 
are reliable (P < 0.01).
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pathologies as nuclear fragmentation in the root meristem cells of Betula 
pendula and Rhododendron ledebourii seed plantlets indicates the ongo-
ing process of apoptosis.

The increase of MI in the root meristem cells of Betula pendula and 
Rhododendron ledebourii seed plantlets in the contaminated area is caused 
by the increase of the prophase proportion, which was noted previously 
during studies of Betula pendula in stress (under the influence of tech-
nogenic pollution, chemicals, sewage, etc.) [22, 23]. The observed fact 
of the increase of the proportion of cells at prophase stage and the actual 
inhibition of mitotic activity of the seed progeny in experimental areas can 
be explained by the influence of stress factors (e.g., chemical mutagens) 
on the objects of research. Their effect is to delay cells at prophase. The 
simultaneous exit from this state can cause a synchronization of mitosis 
and the shift of mitotic activity peak [34]. This effect was observed during 
cytogenetic studies of other objects under the conditions of technogenic 
pressure: Quercus robur L. [5, 16], Pinus silvestris L. [6].

According to Alov [30, 31], the increase of proportion of cells at the 
prophase stage can be considered as mitotic pathology associated with 
chromosomal aberrations, which implies serious disturbances of genetic 
material and an inability of cells to move to the next stage of mitosis. 
It may be the absence of protein synthesis of cleavage spindle or chro-
mosome damages. Disturbances, such as agglutination, don’t let chromo-
somes move to the next stage and eventually cause the delay of cells in 
prophase, therefore the number of damaged cells increases and MI rises. 
Agglutination (clumping) of chromatin also can be seen at the stage of 
prophase, but the full spectrum of disturbances of the genetic apparatus is 
detected only by the analysis of the later phases of the mitotic cycle. Chro-
matin clumping, which indicates a high toxicity of the substance activity, 

TABLE 12.4  Proportion of Cytogenetic Abnormalities of Rhododendron Species in the 
Experiment and in the Control

Species Proportion of MP, %
Proportion of cells 
with PN, %

Rh. ledebourii Pojark. (control) 5.2±1.1 10.9±1.3
Rh. ledebourii Pojark. (experiment) 5.5±1.0 9±0.7

Note. MP – mitotic pathologies, PN – persistent nucleoli.
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represents an unrepairable effect leading to cell death [35]. During the 
study of the effect of heavy metal ions on the Allium cepa roots, it was 
noted that this chromosomal aberration is typical only for lethal concentra-
tions of the tested compounds [36].

Cytogenetic characteristics (MI, MP) in the cells of root meristem of 
the B. pendula and Rh. ledebourii experimental sampling differ from the 
norm, which indicates the instability of its genetic system in the polluted 
area as compared to the environmentally safe one. The predominance of 
chromosome lagging at anaphase and metakinesis in the spectrum of dis-
turbances indicates a low intensity of reparative processes of Betula pen-
dula and Rhododendron ledebourii [37, 38]. The presence of such genetic 
material damages as agglutination of chromatin and fragmentation of the 
nucleus in the spectrum of cytogenetic abnormalities makes it possible to 
assert the presence of apoptosis in the cell population of root meristem 
of seed plantlets collected in the area with high technogenic pressure on 
plants [39].

It is known that apoptosis – genetically programd cell death, is a 
natural biological process, which releases a multicellular organism from 
weakened, aged or damaged cells and is triggered by specific external 
or intracellular signals [39–41]. They may be presented by non-specific 
factors such as temperature, toxic agents, oxidants, free radicals, gamma 
and UV radiation, bacterial toxins, etc. [40, 41]. Individual cells or small 
groups of cells from a tissue cell population are typically exposed to apop-
tosis, without developing inflammatory responses [40]. Apoptosis is a 
quick process (about 15–120 min), which makes the cytological identi-
fication difficult. The increase of the dose of the relevant agent develops 
cell necrosis – an unregulated death of a large group of cells accompanied 
by the development of the inflammatory response [39]. Thus, mechanisms 
of cell hypersensitivity were revealed. They have shown that the less time 
is between cell division (i.e., the faster the process of proliferation), the 
less time is left for reparation and the more special significance has the 
protection of the organism through the apoptosis of damaged cells [42]. 
Therefore, we can assume that the low proportion of MP in root meristem 
cells of Rhododendron ledebourii is caused by apoptosis in the area with 
increased technogenic pressure, which is the studied area. For example, a 
pronounced character of apoptosis of individual seed plantlets and a lack 
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of necrosis were revealed in the study of Scots pine seed progeny from the 
area of Novolipetsk metallurgical complex. Apparently, this fact indicates 
that the damaging influence of exogenous toxic agents is significant, but it 
is still under control of repair systems and it has not reached the threshold 
values for the development of mitotic catastrophe and necrosis [39]. The 
presence of nuclear fragmentation, agglutination, condensation (pyknosis) 
of chromatin, which were observed in the spectrum of disturbances of 
Rhododendron ledebourii, proves the flow of apoptotic process.

An increase of the proportion of cells with the PN in root meristem 
cells is associated with anthropogenic impact on the objects of study. 
Phenomenon of the appearance of the persistent nucleoli at such mito-
sis phases as metaphase, anaphase and telophase is not typical for the 
normal course of division, because, as a rule, the nucleolus disappears 
at prophase and recovers only at late telophase [43]. PN look like round 
or drop-shaped structures connected with the chromosomes at metaphase, 
anaphase and early telophase of mitosis, when the nuclear membrane is 
absent and chromosomes are significantly reduced. Under conditions of 
the increased level of pollution, the activity of unique genes is suppressed 
and the activity of genes of ribosomal cistrons increases due to the weak-
ening of the link between DNA – protein in nucleolar organizer area [44]. 
This is one of the adaptive mechanisms that manifest themselves at the 
molecular level. The action of these genes is similar to the mechanism of 
the appearance of heat shock proteins: in stressful conditions, a puffing 
near moderately repetitive DNA sequences occurs, in our case – the puff-
ing of ribosomal genes. The presence of MP during the cell division can be 
considered as an individual case of the nucleolar activity. We assume that 
such cytogenetic response is an adaptive mechanism for stress to maintain 
a sufficient level of protein synthesis under the anthropogenic pressure. 
Perhaps it leads to the reduction of frequency of MP.

The predominance of chromosome bridges in the spectrum of mitotic 
pathologies suggests an active work of repair system [37, 38]. Bridges 
in the experimental and control samplings of Rhododendron ledebourii 
were not observed. The proportion of cells with MP in the experiment was 
reduced, which has statistically relevant differences with the control. This 
may indicate a decrease of the metabolic activity of the root meristem cells 
of Rhododendron ledebourii seed plantlets due to the anthropogenic stress. 
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Obviously, the trees from experimental sampling, which grow in the envi-
ronmentally polluted area, are exposed to the damaging effect of industrial 
emissions and automobile exhaust gases.

12.4  CONCLUSIONS

The results of cytological study show genome instability of Betula pen-
dula and Rhododendron ledebourii seed progeny, collected in the eco-
logically polluted areas. Genome instability indicates the state of stress 
of Betula pendula and Rhododendron ledebourii seed progeny and mater-
nal plants, which proves the unfavorable environmental conditions in the 
studied area. Cytogenetic responses of indigenous and introduced species 
are similar in nature, which is shown as the increase of MI due to the 
increase of the proportion of cells at prophase, the presence of cells with 
MP and similar disturbances of mitosis. It proves the versatility of their 
responses to environmental factors.

KEYWORDS
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ABSTRACT

The comparative characteristics of effects of metals (Pb, As, Hg, Cd, Ni, 
Cr, V) interaction with cell structures are reported. It is shown that the 
disturbance of homeostasis at the different levels of cellular structures 
organization, displayed in the structural disorganization, chaotization of 
cellular functions and genome destabilization, is a characteristic peculiar-
ity of cell pathogenesis. These phenomena condition toxic and carcino-
genic activity of metals, which could take the role of initiators, as well as 
promoters of carcinogenesis.

13.1  INTRODUCTION

Environmental contamination by heavy metals leads not only to the dis-
tortion of natural microelements combination in ecosystems, but affects 
on the health of living people, as well as further generations [1–3]. This 
follows from the capability of a series of metals to induce mutagenesis 
in somatic and reproductive cells [4]. Unfortunately, in many cases the 
mechanism of pathogenic effect of metals on human body remains unclear 
[4–6]. Low knowledge of this issue is related with that the pathogenic 
effect of metals is often evaluated basing only on the final clinic results of 
the chronical contact of a human with metals within the framework of his 
professional activity. However, clinic display of the pathology may be the 
result of a cascade of secondary disorders, arisen under primary contact 
of target cells with metal, as well as of the cumulative effect of combined 
effect of metals and other toxic agents [7]. Moreover, a large number of 
studies show that similar system and organs lesions appear under the effect 
of different metals [4–6], whereas the same metal may have different toxic 
potential in dependence on the form of its contact with cell [4, 6].

That it is why it is necessary to search the cause of multiple pathogenic 
effects, which appear in the body under the contact with metals, at the 
cellular level. The analysis of peculiarities of cellular pathogenesis under 
effect of different metals will allow detect specific and nonspecific mecha-
nisms of cellular structures damage, which will contribute to the develop-
ment of methods of protection from toxic effect evoked by the interaction 
of target cells with metals.
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13.2 � GENERAL DISORDERS AT THE LEVEL OF ORGANISM 
EVOKED BY CONTACT WITH METALS

The analysis of the effects of the most widely spread metals (Pb, As, Hg, 
Cd, Ni, Cr, V) in toxic doses shows that all of them (in different measure) 
lead to the destructive and dysfunctional disorders [1–6]. These effects 
touch all vitally important systems of the body [4]: central and peripheral 
nervous systems [8–15]; cardiovascular and reproductive systems [4–6, 
11, 15–17] and they are displayed at the level of different organs: placenta, 
lungs, bone tissue, kidneys, liver, spleen [4, 8–17]. Among the above men-
tioned set of metals, the ions of bivalent mercury and its compounds have 
the highest toxicity and breadth of spectrum of effects [8–10], vanadium 
has the most specific effect [18] and nickel has the most expressed carci-
nogenic activity [4, 6, 13, 14].

Let’s consider the peculiarities of cellular pathogenesis under the inter-
action of these metals with target cells and let’s try to detect the disorders, 
which could determine general and specific characteristics of the effect of 
metals.

13.3 � GENERAL CONCEPTION ABOUT STRUCTURE AND 
FUNCTIONAL DISORDERS ARISING AT THE CELLULAR 
LEVEL UNDER EXPOSURE OF METALS

In biological systems, heavy metals affect cellular organelles and com-
ponents such as cell membrane, mitochondrial, lysosome, endoplasmic 
reticulum, nuclei, and some enzymes involved in metabolism, detoxifica-
tion, and damage repair [4, 19].

Metal ions interact with cellular components such as DNA and nuclear 
proteins, causing DNA damage and conformational changes that may lead 
to cell cycle modulation, carcinogenesis or apoptosis [19–22]. Several 
studies have demonstrated that reactive oxygen species (ROS) production 
and oxidative stress play a key role in the toxicity and carcinogenicity 
of metals such as arsenic [23–25] cadmium [26–29], chromium [6, 30], 
lead [31], and mercury [31–33]. Because of their high degree of toxicity, 
these five elements rank among the priority metals that are of great public 
health significance [33, 34]. They are all systemic toxicants that induce the 
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organ damage, even at lower levels of exposure. According to the United 
States Environmental Protection Agency (U.S. EPA), and the International 
Agency for Research on Cancer (IARC), these metals are also classified as 
either “known” or “probable” human carcinogens based on epidemiologi-
cal and experimental studies showing an association between exposure 
and cancer incidence in humans and animals [4].

The penetration of metal in the cell evokes the activation of intracel-
lular systems, which function consists in the nonspecific defense, in par-
ticular against the effect of xenobiotics. The following ways of defense are 
possible in dependence on the form of metal contact with cell (particle or 
ion of the metal):

1.	 phagocytosis, accompanied by the activation of lysosomal enzymes 
dissolve metallic particles;

2.	 encapsulation of insoluble particles;
3.	 metabolic inactivation of soluted form of metal.
The first way allows not only to free from the accumulation of alien 

agents, but also initiate the process of detoxication and metabolism of 
xenobiotics (switch on the third way).

The effectiveness of cell defense against the destructive invasion is deter-
mined by the coordination of the functioning of all mechanisms, sustaining 
homeostasis. In the case of structural disorders in bio-molecules performing 
the protection (lysosomal enzymes, regulators of genes activity, enzymes of 
energy supply, proteins of cytoskeleton systems etc.) it is possible to expect 
destructive manifestations at the sub-molecular level (membranes of the 
cell surface, nucleus, endoplasm reticulum, cellular organelles; disorders of 
mitotic spindle structure and chromatin organization) [3–6, 35–41].

In dependence on the defense effectiveness the interaction of metal 
with cell either will not lead to any considerable disorders [3, 4] or it may 
display as toxic effects and as extreme form of pathology, namely malig-
nant transformation of cells [6, 39, 41].

13.3.1 � STRUCTURE FUNCTIONAL DISORDERS UNDER 
TOXIC EFFECTS OF METALS

According to Martin [2], it is easy to imagine mechanisms making metal 
ions toxic, but it is hard to indicate it to any particular metal.
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Broad spectrum of structural and functional disturbances in different 
systems of the body under exposure of metals [3–6] leads to the supposi-
tion that different mechanisms of cellular pathogenesis under contact with 
these metals should exist. It is possible to explain these differences basing 
on the series of molar toxicity calculated by Niboer and Richardson [35].

It is proposed that the term “heavy metals’ be abandoned in favor of 
a classification which separates metal ions into class A (oxygen-seeking), 
class B (nitrogen/sulfur-seeking) and borderline (or intermediate). A sur-
vey of the co-ordination chemistry of metal ions in biological systems 
(mostly X-ray crystallographic data) demonstrates the potential for group-
ing metal ions according to their binding preferences (i.e., whether they 
seek out O-, N- or S-containing ligands). This classification is related to 
atomic properties and the solution chemistry of metal ions. A convenient 
graphical display of the metals in each of the three categories is achieved 
by a plot of a covalent-bonding index versus an ionic-bonding index. A 
review of the roles of metal ions in biological systems demonstrates the 
potential of the proposed classification for interpreting the biochemical 
basis for metal-ion toxicity and its use in the rational selection of metal 
ions in toxicity studies [35, 36].

According to these series toxicity one can predict that cations of “soft” 
metals (e.g., Сd(II); CH3Hg(I); Hg(II), Ag), are more toxic than cations 
of “intermediate” metals (e.g., Ni(II); Pb(II)), which show higher toxicity 
relatively to cations of “hard” metals (e.g., Cr(III), Ni(II)). This is related 
with the higher possibility of “soft” metals to form strong complexes 
with bio-molecules (on the base of covalent binding). Lead weakly falls 
into this classification: from one side it strongly interacts with sulfhydryl 
groups, i.e., showing “softness”; from other hand it forms anomalously 
strong hydrocomplexes, i.e., shows “harshness” [35].

Namely the formation of metals complexes with certain types of func-
tionally important types of macromolecules is fundamental in the detection 
of cellular pathogenesis ways [4–6]. For example, numerous studies have 
implicated structural alterations in chromatin and epigenetic changes as 
the primary events in nickel carcinogenesis [6, 37–39]. It was shown that 
phagocytized particles of nickel sulfide affect selectively on the hetero-
chromatin [40]. These effects of nickel compounds on heterochromatin led 
to the discovery that nickel compounds could silence genes by inducing 
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DNA methylation [6]. Various studies have reported that arsenite expo-
sure induces both DNA hypo and hypermethylation. Low dose chronic 
as treatment of a rat liver epithelial cell line resulted in a reduction of 
S-adenosylmethionine levels, an increase in global DNA hypomethylation 
levels and decreased DNA methyltransferase activity [41]. Three indepen-
dent studies have reported cadmium-induced changes in global and gene 
specific DNA methylation levels [6].

The bonding of the metals with cellular structures affects the state of 
fermentative systems of lysosomal, microsomal and mitochondrial local-
ization, which can lead to switching off or modification of detoxification 
paths. For example, the modulation of activity of microsomal fraction 
ferments should affect not only the metabolism of metals themselves, but 
also on the metabolism of “true” polycyclic carcinogens. The research 
showed that disorganization of the structures of lysosomal and endoplasm 
reticulum, and as result such disorganization – disorders of ferment activ-
ity, belong to the most distinct metabolic disturbances under the effect of 
salts of different metals, in particular lead and chrome [6]. The damage 
of lysosome membranes of tested organs, disorganization of organelles in 
gonads, in liver and in kidneys under exposure of heavy metals were also 
noticed. Biochemical changes in gonads under effective doses of metals 
were accompanied by gonadotoxic effect, and the embryotoxic and muta-
genic effect were detected under the impact of lead [6, 31, 42].

It is impossible to exclude that multiple toxic effects of lead [11, 16, 17, 
42] are related to its metabolism, in which cytochrome Р450, microsomal 
ferment of classic carcinogens detoxification, participates [43–45]. More-
over, the direct or mediated impact of lead on the activity of other ferments 
were also detected: the inhibition of aminolevulinic acid dehydratase, inhi-
bition of synthetase of heme, activation of heme oxygenase; the effect on 
erythrocytes membranes and their destruction because of stimulation of 
oxidative processes were also observed [45].

The absence of strict specificity in the manifestation of toxic effects on 
cells of a wide spectrum of metals can be followed also on other examples. 
Arsenic, as well as lead, inhibits aminolevulinic acid synthetase and easily 
binds with SН-groups; in dependence on the valency form it can be bonded 
with thiol (As(III)) and phosphate groups under oxidative phosphorylation 
(As(V)) [45]. Probably, namely the arsenic binding with sulfide groups 
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conditions hyperkeratosis because of enrichment of skin cells by SH-
groups, and the inhibition of aminolevulinic acid synthesis is probably the 
common feature in the pathogenesis under the effect of both, arsenic, as 
well as lead, which could indirectly lead to the disorders of cardiovascular 
system, nervous system and blood system [22–25].

Effects of toxic compounds and ions of mercury at the cellular level 
are expressed by broad spectrum of disorders at the body level. The pecu-
liarities of exposure of mercury are manifested by formation of more 
strong complexes with ligands than under exposure of other metals, as 
well as wider range of binding with different bio-molecules. Beside of the 
interaction with SН-groups, characteristic for many metals, the ions of 
mercury (Hg2+) forms inert ties with С5-atoms in pyrimidines, and under 
high рН-values the surplus of СН3Hg+ replace hydrogen in NH2-groups of 
С4-atom in cytidine and of С5-атом in adenine. Moreover, mercury binds 
with amino acids and other molecules [4, 5, 31, 32].

Multiple disorders at the body level are typical under exposure of cad-
mium, too (which belongs to the group of “soft” metals, as well as mercury). 
The breadth of spectrum of pathologies at the body level under exposure 
of cadmium, as well as of mercury, is displayed in the diversity of types of 
the cadmium interaction with cell: cadmium reacts with proteins and mac-
romolecules and under circulation in the blood it binds with low-molecular 
protein metallothionein [46] and with hemoglobin of erythrocytes [2, 4, 6].

Other metals evoking toxic and carcinogenic effect at the body level 
have also a broad spectrum of binding with cell macromolecules. Nickel 
is able to interact with cysteine and other amino acids, with proteins, 
with DNA; it can suppress the transportation from cell membranes; under 
high doses it can lead to the full disintegration of tissue and cells of kid-
ney [2, 45]. Effects of chrome depend on in which form it is absorbed 
by tissues: in the solutions Cr(VI) is presented in complex anions and 
Cr(III) in cationic form. Сr(VI) has higher cytotoxicity; it is accumulated 
in liver mitochondria and penetrates through erythrocytes membranes. 
After the penetration into the cells Cr(VI) is reduced to Cr(III) and reacts 
with DNA, proteins and cellular complexes [6, 30]. Vanadium, in spite of 
the specificity of its effect, which is similar to the effect of ouabaine (the 
inhibition of Na+, K+-dependent ATPase), as well as other metals, is able 
to interact with ligands containing phosphorus and sulfur [2, 18].
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Thus, common impacts of toxicity under the effect of metals on cells 
are determined by numerous disorders in organization and functioning of 
bio-molecules and cell structures. Probably one of the reasons of nonspe-
cific damages in cellular structures under exposure of metals is associated 
with their ability to bind with SH-groups. Damages in cellular structures 
contribute to disorganization of work of harmonious ensembles provid-
ing viability of cellular systems. Such disorganization is probably based 
on the inexact correspondence of conformational structures of mutually 
complementary molecules participating in the regulation of metabolism. 
In particular, conformational inconsistencies may lead to the decrease of 
precision in copying and reading of information under matrix synthesis 
of DNA, RNA, and proteins, as well as in other synthesis processes. This 
assumption corresponds well with the theory of cell senescence or “catas-
trophe of errors” of Leslie Orguell (suggested in 1963), adapted to the 
oncogenesis theory as “theory of errors accumulation” [47].

This conception is based on the explanation of the rise of tumor and 
tumor progression as a result of accumulation of damaged protein mol-
ecules in the cells, which could initiate a “cascade of errors” with pro-
gressively increasing decrease of precision of protein synthesis realization 
and gradual “erasing” of informational structure of molecules. Cascade 
mechanism of errors accumulation in protein synthesis leads to inevitable 
death of cells. The metal penetration into cell and its cytotoxicity are the 
first steps to carcinogenesis.

13.3.2 � STRUCTURE FUNCTIONAL DISORDERS 
CONTRIBUTING TO THE RISE OF MUTAGENIC  
AND CARCINOGENIC ACTIVITY OF METALS

It is assumed that carcinogenic activity of metals, in contrast with organic 
chemical carcinogens, does not require metabolic activation besides of 
oxidation-reduction or dilution of particles [2, 4, 6]. It is considered that 
if the metal is able to reach a certain organ and to penetrate into the cells 
and when a sufficiently high concentration of the metal is reached, this 
metal could initiates a carcinogenic response. It is evident that if metal ion 
is as active and cytotoxic as Hg2+, the cell death will precede carcinogenic 
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response [8, 9], but if death does not occur, it is possible to expect malig-
nant transformation of cells.

The effects may be different in dependence on the way of metal 
penetration into the cell (phagocytosis or migration of dissolved ion of 
the metal). The mechanism of metal containing particles utilization via 
phagocytosis differs completely from the way of penetration of metal 
ion: phagocytosis increases the probability of malignant transformation 
of cells, whereas metal ions dissolved in cytoplasm condition the effects 
of cytotoxicity [48, 49].

It was shown on the tissue cultures that carcinogenetic effect of nickel 
is related to the easiness of its phagocytosis. Whereas amorphous NiS is 
not exposed to phagocytosis and has no toxic activity, crystalline NiS is 
actively subjected to phagocytosis in multiple cell lines, in particular by 
cells of kidneys, ovary, lungs, macrophages of peritoneum and is charac-
terized by expressed mutagenic and carcinogenetic effect [37, 39, 49].

One of possible mechanisms of carcinogenesis can be considered at 
the example of the interaction of crystalline nickel with cellular structures: 
after phagocytosis Ni particles in phagosomes move in cytoplasm, aggre-
gate around nuclear membrane and evolve ion nickel just in these places, 
penetrating into the nuclei. In nuclei Ni association with heterochromatin 
occurs, which can be accompanied by chromosomes fragmentation [40]. 
Probably the main damage, which arises as a result of nickel interaction 
with DNA, consists in the formation of ties of DNA macromolecules with 
protein, which are rather stable and complicate the DNA replication. Prob-
ably namely this type of damages is responsible for the fragmentation of 
chromosomes and other breakages, observed under the impact of Ni and 
other metals [40, 50, 51].

The ability of carcinogenic ions of metals to come upon the cells and 
penetrate through nuclear membranes is extremely important for their 
carcinogenicity. It is related with carcinogenicity namely by the ratio of 
concentrations of carcinogenic metal ions in the nucleus and cytoplasm: 
high level of metal ions concentration in cytoplasm becomes the cause of 
cytotoxicity, whereas high level of metal ions concentration in the nuclei 
will initiate damages of DNA and mutations, i.e., those changes, which 
precede oncogenesis. The following condition seems to be very impor-
tant: at subcellular level the main concentration of metal ions is observed 
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in the nucleus: the concentration of nickel and chrome in the nucleus is 90 
and 68 times higher than in cytoplasm, respectively. Within the nucleus 
itself metal ions are accumulated first of all in nucleolus: in nucleolus 
there is 18 times more of nickel and 11.3 times more of chrome than in 
the nucleus [52].

It is hard to overestimate the selective absorption of metals by nucleus, 
because namely nucleolus is responsible for the synthesis of ribosomal 
RNA and, consequently ribosomal proteins. The disturbance of the tran-
scription of this RNA type can evoke catastrophic consequences, related 
with degradation and decomposition of protein synthesis apparatus, which, 
in its turn, may lead either to cell death or to the distortion of information 
coded by RNA and, consequently, to the disturbance of the transcribed 
protein molecules.

Damages of the structure and functions of the nucleus with nucleolus, 
which control of cell proliferation [53], is the key moment in malignant 
transformation

Besides of DNA-protein links, Ni and Cr can interact with phosphate 
groups of DNA, promote breaks of single DNA chains and DNA-DNA 
links, i.e., induce multiple damages at the level of genetic apparatus lead-
ing to the change of genetic composition [49], affect cellular growth, 
DNA replication and reparation. The ability of certain ions of metals to 
decrease the correctness of DNA reparation and replication can be also 
the mechanism of mutation changes during oncogenesis. The effect of 
metals on the genetic apparatus of cell was also shown for As and Hg. 
The results obtained for Cd and Pb are conflicting, the mechanism of the 
effect of these metals probably differs from the mechanism of Ni and Cr 
effect. As the relationship of such metals with SH-groups was shown, it 
is assumed that these metals can associate with mitotic spindle filaments, 
which leads to clastogene effects [49, 51, 52]. It was found that a series 
of metals blocks mitotic cycle, evoking selective block in S-phase (Ni, 
Cr, Hg, Cd) [49, 52].

In spite of the fact that the relationship between metals mutagenic 
activity and carcinogenesis seems to be evident, it remains still unclear 
if they are prime cause of carcinogenesis or its promoters. It could not be 
excluded that many metals, in particular lead, can affect indirectly the rise 
of tumors. The data about the evaluation of metals ability affect the system 
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of chromosomal oxidases of broad spectrum of effects with the participa-
tion of cytochrome p450 show that metals can be activators or inhibitors 
of this system. The activity of microsomal oxidases system, in its turn, 
determines metabolic activation of true carcinogens, which provide their 
carcinogenic activity.

Thus, it is not excluded that metals can be not true carcinogens, but 
promoters of chemical carcinogenesis. However, it is rather hard to deter-
mine their true role in the processes of neoplasm formation by common 
approaches. This is because beside of the metal under study, true car-
cinogens, which effect will be initiated by metal, can be also presented 
in environment. Consequently, when studying cause-and-effect relations 
(presence of metal versus statistics of diseases) it is possible to attribute to 
the effect of metals the role of neoplasm cause without taking into consid-
eration complex effects of different pollutants in the environment [7, 8].

13.4 � ABOUT THE MECHANISMS OF DAMAGING AND 
HEREDITABLE EFFECTS OF HEAVY METALS

From the brief consideration of the ways of metals effect on target cells it 
is evident that the mechanisms of cellular pathogenesis under contact with 
metals do not have a specific character. Multiple changes of structure and 
functioning of such macromolecules as DNA, RNA and proteins, as well 
as the destruction of sub-molecular complexes, affecting, first of all, cell 
membranes, are the main common characters under the effect of metals 
on cells. The transformation of macromolecules and cell structures leads 
to a broad spectrum of functional disorders at different level of organism 
organization with the measure of specificity determined by the specific 
of interaction of metal with particular groups of macromolecules. Thus, 
if metal binds with DNA- and DNA-protein complexes, it is reasonable 
to expect that such a metal will have mutagenic and carcinogenic activity. 
However, if metal destroys cellular structures and macromolecules, it is 
possible to expect expressed cytotoxicity with further various functional 
disorders in target organs.

In spite of the fact that metals can initiate serious disorders in the 
organization of genetic material, the question about direct participation 
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of metals in the carcinogenesis process remains open. The carcinogen-
esis process is multifactor according to its reasons and multi-step in its 
evolution. It includes both, process initiation, as well as its promotion. 
The initiation process assumes that carcinogens should be electrophilic 
either themselves or by means of metabolic activation, at that the covalent 
form of adducts with nucleophilic residua in DNA and other cellular mac-
romolecules is formed. As a result of the formation of such complexes, 
the modification of adenine and adenine occurs (although smaller than of 
guanine), besides modified phosphate residua skeleton of nuclear DNA 
also appear. The modified DNA is by weakened matrix activity relatively 
to both replication, as well as transcription. It is considered that covalent 
binding of chemical agent with DNA is one of initial stages in the initia-
tion of carcinogenesis phases, but it is still insufficient event for malignant 
transformation. The second phase of carcinogenesis should be initiated by 
tumor promoters, which modify the properties of cell surface [54].

It possible to assume that metals potentially (in dependence on the 
form of their contact with cell) could play the role of both, promoters, 
as well as initiators of carcinogenesis. Especially, taking into account the 
multiple disorders, which are induced by certain metals in the cells (in 
particular leading to the formation of covalent adducts with DNA and to 
the modification of the structure and functions of the cellular membranes). 
In the more general form, the metals, by producing non-specific damages 
at different levels of cellular organization, could be induced the instability 
of genome, and as consequence, the disorder of the homeostasis.

13.5  CONCLUSIONS

The disturbance of homeostasis at different levels of cellular organization, 
manifested in the structural and functional disorders, is a characteristic 
of cellular pathogenesis under the exposure of metals. It is necessary to 
notice that the wider the spectrum of the disorders induced by the metal at 
the cellular level, the more dysfunctions one can detected at the organism 
level. Other words, a certain projection of the micro-level to the macro-
level and vice versa takes place.

The complexity of the issue of the cause-consequence relations between 
the phenomena on the molecular, on the cellular, on the body levels and 
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between environment contamination by heavy metals is required compli-
cated research, in which need include the element analysis, the medicine 
and biological monitoring, including the laboratory, clinic and statistic 
investigations. Only by using such approach, one could find the true causes 
of cellular pathogenesis under exposure of the heavy metals.
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PART III

EFFECTS OF DIFFERENT 
POLLUTANTS ON ALGAE, FUNGI, 

AND SOIL MICROORGANISMS 
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ABSTRACT

We investigated the structural and functional features of membranes at 
absorption of Mn2+, Zn2+, Cu2+ and Pb2+ by unicellular green algae Chlo-
rella vulgaris Beij. The accumulation of metals ions is fluctuating. There 
are four stages: the stage of protective self-isolation of cells as a result of 
the primary stress response, the stage of the active accumulation (decrease 
in resistance and destruction of outer membrane), the stage of inhibition 
of the accumulation (formation of the secondary concentric membrane), 
and the stage of uncontrolled accumulation (destruction of secondary con-
centric membrane). The process of a concentric double membrane system 
formation is universal and does not depend on the nature of the toxicant 
(biogenic Mn2+, Zn2+, and Cu2+, toxic Pb2+). Kinetic parameters of accumu-
lation (Km, Vmax, Ea) show that the process of absorption of ions Mn2+, Zn2+, 
Cu2+, and Pb2+ goes according to mixed type of inhibition and is deter-
mined by the affinity of metal-binding proteins to ions, and after saturation 
of their binding sites the process becomes uncontrolled. During absorption 
of metals happens structural reconstruction the cell wall chlorella by form-
ing double concentric membrane system, which is an adaptive mechanism 
for regulating the absorption of metals, which functions to further protect 
cells from toxic levels of metal.

14.1  INTRODUCTION

Evolution of algae was in progress if in their habitat environment there were 
the ions of various metals, including so-called heavy metals in toxic con-
centrations. As a result, they formed mechanisms of toxin resistance that 
support their optimal level in cells. Ions of many metals in some concentra-
tions are effective regulators of metabolism, which is an ecological factor 
in the regulation of their population [1, 2]. Unicellular algae of different 
taxonomic groups can accumulate metal ions in concentrations that exceed 
their content in the water thousand times [3, 4]. However, excess of a certain 
level causes pathological changes of metabolism and their death [1].

Stability and adaptation of hydrobionts to adverse factors aquatic envi-
ronment determined by the rate of formation and adequacy of response 
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to current factor of protection systems of cell. Great importance is the 
membrane complex of cell that are a primary barrier for the penetration of 
metal ions to cells of algae and isolate the contents of cell from the envi-
ronment how in optimum conditions as well as in adverse. Stability of cell 
membranes in adverse conditions depends on their structure, functional 
state and composition of biomolecules in particular quantity and quality 
changes of membrane lipids [5].

The intensity of penetration of metal ions is determined by: their con-
centration in the environment, the interaction with membranes, and affin-
ity of the components of cell membranes and intracellular components [2, 
6]. It is believed that the penetration of metal ions into the cells is realized 
by diffusion and by using active transport [7]. Also it is shown [8], that the 
accumulation of heavy metals in aquatic organisms is a dynamic process 
that develops according to time gradient and is characterized by a certain 
intensity and specificity.

The purpose of this research was studying the process of reconstruc-
tion cell membranes induced by phased absorption of ions Mn2+, Zn2+, 
Cu2+ and Pb2+ by cells of Chlorella vulgaris Beij., and also analysis the 
kinetic parameters of penetration.

14.2  MATERIALS AND METHODOLOGY

We investigated the unicellular green microalgae Ch. vulgaris Beij., which 
was grown in the climate chamber with illumination at a temperature 
20±1°C and lighting 2500 lx, in glass flasks (250 dm3) in the Fitzger-
ald mineral medium in modification by Zehnder and Gorham [9], that 
contained among other cations 0.058 mg/dm3 Mn2+ and 0.023 mg/dm3 
Zn2+ but without Cu2+ and Pb2+. We added aqueous solutions of MnSO4, 
ZnSO4•7H2O, CuSO4•5H2O, Pb(NO3)2 at a rate per ion: Mn2+ − 0.1, 0.2, 
0.5 mg/dm3; Zn2+ − 1.0, 2.0, 5.0 mg/dm3; Cu2+ − 0.001, 0.002, 0.005 mg/
dm3; Pb2+ − 0.1, 0.2, 0.5 mg/dm3. The duration of the influence of metals 
on the algae was: 0.083; 0.25; 0.5; 0.75; 1; 3; 6; 12; 24; 48; 72 and 168 hrs 
(study the accumulation of metal ions). Structural reconstruction of cell 
membranes investigated after 24; 72; 168 and 336 hrs under the action of 
toxic ions. The control cells were the cells, which were grown in nutrient 
medium without the salts of toxic metals.
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The penetration of ions into the cells of chlorella was stopped by 2.5 
mM EDTA. After centrifugation of the suspension of algae (2000 rpm) 
the sediment was washed with solution of nutrient medium for cultiva-
tion, then it was burned in the nitrate acid [1]. The content of metals was 
determined by atomic absorption spectrophotometer Selmi C-115 M. The 
concentration of proteins in the cells of Ch. vulgaris Beij. was determined 
by Lowry’s method.

The values of Michaelis constant (Km) and maximum speed of pen-
etration of metal ions (Vmax) into the cells of algae were calculated by the 
graphic method of double return values in the Lineweaver–Burk coordi-
nates and energy of activation (Ea) was determined by Arrenius graphical 
method [10].

The cell membranes that were received from homogenates of biomass 
of chlorella by the method Findley and Evans [11] (separated by centrifuga-
tion at 1500 g, 20 min), obtained in a mechanical homogenizer at 7000 rpm 
with 5 mM Tris-НCl buffer (pH 7.6) that containing 0.5 M sucrose, 0.005 
M EDTA, 0.01 M KCl and 0.001 M MgCl2 (wet weight : volume of buffer 
– 1 : 5), centrifugation at 5000 rpm during 15 min. The resulting suspen-
sion (cell membranes and two-phase system of solutions 0.25 M sucrose 
and 30% solution of polyethylene glycol in 0.2 M sodium phosphate) were 
divided equally into three parts, into each added 10 mL lower phase mixture 
of solution, then it was mixed and centrifuged at 2000 g during 15 min in 
baket-rotor. The membrane material is selected in the place of phase sepa-
ration using a syringe. All procedures are carried out at 4°C. Membrane 
changes were fixed microscopically (MBI-15, followed by an integrating 
digital analysis on the complex “SSTU-camera Manual Vision SSD-color-
WOYV00020) after their coloring “chloro-zinc-iodine” reagent [12].

14.3  RESULTS AND DISCUSSION

As a result of research it was revealed the fluctuating character of the pro-
cess of accumulation of the investigated metal ions by cells of Ch. vulgaris 
Beij. in time and depending on the concentration.

The intensity of accumulation of Mn2+ by cells of algae under metal 
concentrations 0.2 and 0.5 mg/dm3 is reduced during 30 min. (Figure 14.1) 
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and under ion concentration of 0.1 mg/dm3 − at first it is increased (to 0.25 
hr), and then also is decreased (to 0.75 hr). Later it is observed an active 
accumulation of metal ions (to 24 hr) under action of all investigated con-
centrations, what can be explained by a breach of resistibility of the cell 
membrane. After this the process is inhibited (to 48 hr). With increase of 
duration of the cultivation of chlorella with Mn2+ to 72 and 168 hr it is 
observed the restoration of ions’ accumulation during actions of 0.1, 0.5 
and 0.2 mg/dm3, respectively, with further decrease of intensity.

This process is a subject to kinetic laws of Michaelis-Menten only dur-
ing 0.083−0.5 hr and 12–168 hr (Тable 14.1). Thus, the values of Vmax 
and Km of the accumulation of Mn2+ are reduced by 22% and 82% respec-
tively (during 0.25 hr), then increased by 3% and 38% (to 0.5 hr), later 
Vmax is increased by 11% (from 12 to 24 hr), reduced by 17% (to 48 hr), 
and again increased by 30% (to 72 hr) and reduced by 12% (to 168 hr). 
Km is decreased by 4% during 12−24 hr, increased by 52% (to 72 hr) and 
reduced by 25% (to 168 hr). The energy activation of binding of Mn2+ is 
reduced by 77% (to 0.25 hr), increased by 36% (to 0.5 hr), reduced by 
15% (from 12 to 24 hr), increased by 44% (to 72 hr) and again reduced by 
14% (to 168 hr).

FIGURE 14.1  Accumulation of Mn2+ by Ch. vulgaris Beij. cells.
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The accumulation of Zn2+ by the cells of Ch. vulgaris Beij. is active 
(Figure 14.2) (under action of 1 mg/dm3 − to 0.5 hr, under action of 2 and 
5 mg/dm3 − to 0.75 hr), which can be explained by their use in the active 
vital functions of algae; and it is changed by the oppression of the accumu-
lation process (under action of 1 and 2 mg/dm3 − to 3 hr, under action of 
5 mg/dm3 − to 1 hr). Then accumulation of metal ions is activated (under 
action of 1 and 2 mg/dm3 − to 168 hr, under action of 5 mg/dm3 − to 72 
hr) with the following decrease of the absorption under concentration of 
5 mg/dm3.

The absorption of Zn2+ is characterized by such indicators (Table 
14.2): Vmax accumulation of metal ions is increased by 28%, 60%, 38% 
and 76% during 0,083−0,5 hr, 0,75−1 hr, 3−6 hr and 24−168 hr respec-
tively, and is decreased by 28%, 75% and 50% during 0,5−0,75 hr, 1−3 
hr and 6−24 hr respectively, Km is decreased by 63%, 50%, 62% and 63% 
during 0,083−0,25 hr, 1−3 hr, 6−24 hr and 48−168 hr, respectively, and 
increased by 89%, 25% and 25% during 0,25−1 hr, 3−6 hr and 24−48 
hr, respectively. Ea binding of Zn2+ changes: during the first 0.5 hr it is 
decreased by 65%, then (to 3 hr) increased by 88%, than (to 12 hr) again 

TABLE 14.1  Kinetic Parameters of Mn2+ Accumulation by Ch.vulgaris Beij. cells

Incubation 
duration, hours

Vmax, 
µmol/hr • mg of protein

Kм, 
µmol–1 Еа, ×10–3 kJ/µmol

0.083 34.5 0.100 2.90
0.25 27.0 0.018 0.67
0.5 27.8 0.029 1.05
0.75 – – –
1 – – –
3 – – –
6 – – –
12 54.1 0.055 1.02
24 60.6 0.053 0.87
48 50.0 0.067 1.33
72 71.4 0.111 1.55
168 62.5 0.083 1.33

Note: “–” in Tables 14.1, 14.3, 14.4 – the process is not liable to Michaelis-Menten equation.
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FIGURE 14.2  Accumulation of Zn2+ by Ch. vulgaris Beij. cells.

TABLE 14.2  Kinetic Parameters of Zn2+ Accumulation by Ch.vulgaris Beij. cells

Incubation 
duration, hours

Vmax, 
µmol/hr • mg of protein Kм, µmol–1 Еа, ×10–3 kJ/µmol

0.083 2000 5.9 2.6
0.25 2000 2.2 1.1
0.5 2778 2.5 0.9
0.75 2000 6.7 3.3
1 5000 20.0 4.0
3 1250 10.0 8.0
6 2000 13.3 6.6
12 1250 5.7 4.5
24 1000 5.0 5.0
48 2500 6.7 2.6
72 2941 4.3 1.5
168 4167 2.5 0.6
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decreased by 44%, to 24 hr than increased by 10% and again decreased 
by 88% to 168 hr.

An active absorption of Cu2+ (Figure 14.3) occurs during 0.75 and 1 
hr during chlorella cultivation with 0.001 and 0.005 mg/dm3, respectively. 
During action of 0.002 mg/dm3 it is observed an inhibition of absorption 
of the ions (to 0.5 hr), which can be explained by self-isolation of cells 
from metal with following activation (to 0.75 hr). Later the intensity of 
accumulation of metal ions during action of the investigated concentra-
tions is decreased (to 3 hr), then it is activated (12 hr), inhibited (to 24 hr), 
activated for the second time (to 72 hr) and inhibited (up to 168 hr). In this 
case during the action of the investigated concentrations it is observed the 
accumulation of metal ions to 0.75 and 1 hr and it is changed to inhibition 
of absorption of ions to 3 hr.

For Cu2+ (Table 14.3) value of Vmax is increased by 20% (to 0.75 
hr), decreased by 60% (to 3 hr), again increased by 42% (to 12 hr) and 
decreased by 23% (for 24 hr); values of Km and Ea are reduced by 22% 
and 33%, 92% and 91%, 50% and 33% respectively during 0.083−0.5 
hr, 0.75−1 hr, 3−6 hr, and increased by 50% and 45%, 50% and 67%, 

FIGURE 14.3  Accumulation of Cu2+ by Ch. vulgaris Beij. cells.
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TABLE 14.3  Kinetic Parameters of Cu2+ Accumulation by Ch. vulgaris Beij. cells

Incubation 
duration, hours

Vmax, 
µmol/hr•mg of protein

Kм, 
µmol–1 Еа, ×10–3 kJ/µmol

0.083 50.0 0.0009 0.018
0.25 53.0 0.0007 0.013
0.5 55.5 0.0007 0.012
0.75 62.5 0.0014 0.022
1 48.78 0.0001 0.002
3 25.0 0.0002 0.006
6 37.0 0.0001 0.004
12 43.5 0.0003 0.006
24 33.3 0.0005 0.015
48 – – –
72 – – –
168 – – –

80% and 73% respectively during 0.5−0.75 hr, 1−3 hr, 6−24 hr. The 
accumulation of metal ions during 48−168 hr is not a subject to laws of 
Michaelis-Menten.

The accumulation of Pb2+ (Figure 14.4) depends on the concentration: 
during action of 0.1 mg/dm3 it is observed the decrease of the absorption 
of the ions of metal (to 0.25 hr), then increase (to 6 hr), decrease (to 24 hr), 
again increase (to 72 hr) and decrease (168 hr), during the action of 0.2 
mg/dm3 − initial accumulation (to 1 hr) is decreased (to 3 hr), then gradu-
ally increased (to 168 hr) during the action of 0.5 mg/dm3 − the intensity 
of the absorption of metal ions is decreased (to 0.25 hr), then activated (6 
hr), inhibited (to 12 hr), activated one more time (to 48 hr) and inhibited 
(to 168 hr).

The accumulation of Pb2+ is a subject to laws of Michaelis-Menten 
only during 0.083 hr and 1−6 hr (Table 14.4).

The value of Vmax of the absorption of Pb2+ is decreased by 79% within 
1−3 hr and increased by 60% to 6 hr Km during this time is increased by 
67% and Ea binding of metal ions is increased by 91% within 1−3 hr and 
decreased by 47% to 6 hr.
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TABLE 14.4  Kinetic Parameters of Pb2+ Accumulation by Ch. vulgaris Beij. cells

Incubation  
duration, hours

Vmax, 
µmol/hr • mg of protein

Kм, 
µmol–1 Еа, • 10–3 kJ/µmol

0.083 200 0.50 2.5
0.25 – – –
0.5 – – –
0.75 – – –
1 238 0.22 0.9
3 50 0.50 10.0
6 125 0.67 5.3
12 – – –
24 – – –
48 – – –
72 – – –
168 – – –

FIGURE 14.4  Accumulation of Pb2+ by Ch. vulgaris Beij. cells.
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The cells of Ch. vulgaris Beij. actively accumulate Mn2+ to 24 hr of 
incubation, Zn2+ − to 0.5 hr (1.0 mg/dm3) and to 0.75 hr (2 and 5 mg/dm3), 
Cu2+ − to 0.75 hr (0.001 mg/dm3) and to 1 hr (0.005 mg/dm3), Pb2+ − to 
1 hr (0.2 mg/dm3) and to 6 hr (0.1 and 0.5 mg/dm3), thus controlling the 
penetration of ions. Later accumulation is inhibited. The mechanism of 
accumulation of metal ions is fluctuating and has four stages: the stage of 
self-isolation (stress reaction) of cells, stage of the active accumulation, 
stage of the inhibition, stage of the second accumulation. The stage of 
the self-isolation is the response of the cellular organism to the action of 
stress factor, in our case the ions of metals. The best isolation function of 
the cells appears during the action of Mn2+ (0.2 and 0.5 mg/dm3 − to 0.5 
hr), Cu2+ (0.002 mg/dm3 − to 0.5 hr), and Pb2+ (0.1 and 0.5 mg/dm3 − to 
0.25 hr). Decrease of resistance of the primary cellular membrane to the 
investigated concentrations of metal ions is characterized by the stage of 
active accumulation of Mn2+ (0.1 mg/dm3 − from 0.75 to 24 hr, 0.2 and 
0.5 mg/dm3 − from 0.5 to 24 hr), Zn2+ (1 mg/dm3 − to 0.5 hr, 2 and 5 mg/
dm3 − to 0.75 hr), Cu2+ (0.001 mg/dm3 − to 0.75 hr; 0.002 mg/dm3 − from 
0.5 to 0.75 hr; 0.005 mg/dm3 − to 1 hr), Pb2+ (0.1 and 0.5 mg/dm3 − from 
0.25 to 6 hr; 0.2 mg/dm3 − to 1 hr), which is followed by the destruction 
of the primary membrane [2]. Later the cells of chlorella try to control the 
absorption of the ions at the stage of secondary inhibition.

The observed fluctuating type of accumulation of the ions corresponds 
with structural and functional reconstructions of the cellular membrane 
during the action of metal ions, which consists in formation of double con-
centric membrane systems (Figure 14.5) as additional protection system, 

FIGURE 14.5  The formation of secondary concentric membranes in the cells of Ch. 
vulgaris Beij. under the influence of zinc ions (5.0 mg/dm3), ×900.
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which contributes to the normalization of functional and metabolic activ-
ity of cells and their survival by unfavorable factors [2].

This process happens already at the first day of stressors action regard-
less of their nature (biogenic zinc, toxic lead) [2]. In the cells grown in 
the medium that containing toxic ions detected significant morphological 
differences related to changes in membrane thickness and size of cells. 
In particular, the increased granularity of the cytoplasm (24 hr action); in 
the cells appears the second concentric circle membranes, granularity of 
cytoplasmic increases, there is increased vacuolization and condensation 
the substance of white color (48 hr action); concentric membrane thickens, 
and the area of nuclear and cytoplasmic space is reduced (168 or more hr 
action).

We believe that a system of concentric membranes is one of the essen-
tial parts of a specific cellular response at absorption of ions of toxic met-
als. We assume that the basis of the membrane adaptation to unfavorable 
factors lies in hyperplasia of endoplasmic reticulum, since it is proved that 
in the structures formed by smooth endoplasmic reticulum the content of 
enzymes responsible for the detoxification is increased [13].

The phenomenon of multiplication of membrane system in the cells 
of water plants is consistent with the established for some organism cells 
ability to adapt to the action of stressful factors due to thickening and 
multiplicative fragmentation of cell membranes. For example, early in a 
process of ascosporogenesis in Arthroderma vanbreuseghemii and Arthro-
derma simii [14, 15], dehydrated pollen Pyrus communis L. [16], while 
growing chlorella and micrococcus in radioactive according to deuterium 
water [17] and testifies about its adaptive value. The process of formation 
the double concentric membrane observed for the actions of Mn2+ (at all 
investigated concentrations – from 24 hr to 48 hr), Zn2+ (5 mg /dm3 – from 
0.75 hr to 1 hr), Cu2+ (at all investigated concentrations – from 1 hr to 24 
hr), Pb2+ (0.1 mg/dm3 – from 6 hr to 24 hr; 0.5 mg/dm3 – from 6 hr to 12 
hr). Thus, one could argue that the formation of secondary membrane is a 
universal response of cells to toxic stress, and takes place already during 
the first hours of action stressors regardless of their nature, and calculated 
energy of activation at this stage indicates the increase of energy expendi-
ture of maintaining cell activity in chlorella in toxic environment that may 
be necessary to factor the formation of secondary membrane.

A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



Structural Reconstruction of a Membrane at Absorption 	 285

We assume that secondary membrane functions as primary, as evi-
denced by protein-lipid composition of membranes, mainly activation 
the synthesis of phospholipids and triacylglycerol during intoxication 
(Table 14.5).

Content of TAG, DAG and NEFA increases for operating of ions of 
manganese on 90%, 125% and 91%, for the actions of ions of zinc − on 
53%, 6% and 96%, for the actions of ions of copper − on 46%, 76% and 
49%, for the actions of ions of lead − on 36%, 71% and 80% accordingly. 
For the actions of ions of manganese and zinc content of PL diminishes 
on 12% and 24% accordingly, and for the actions of ions of lead and cop-
per − increases on 1.6% and 7.0% accordingly comparatively with control. 
At the same time little different correlation of relative content of lipids (of 
TAG:DAG:PL:NEFA (%): changes in control it was 22:16:47:15; for the 
actions of Mn2+(72 hr) – 27:25:28:20; for the actions of Zn2+ (168 hr) – 
26:16:33:25; for the actions of Cu2+(72 hr) – 22:22:39:17; for the actions 
of Pb2+(168 hr) – 21:21:37:21.

For the actions of ions of manganese relative content of TAG, DAG 
and NEFA grows on 23%, 56% and 33% accordingly, PL diminishes on 
40%. For the actions of ions of zinc relative content of TAG and NEFA 
increases on 18% and 67% accordingly, content of DAG remains unchang-
ing, PL diminishes on 30%. Relative content of TAG does not change for 
the actions of ions of copper, content of DAG and NEFA increases on 38% 
and 13%, PL diminishes on 17%. For the actions of ions of lead part of 

TABLE 14.5  Content of Triacylglycerols (ТАG), Diacylglycerols (DAG), 
Phospholipids (PL), Nonetherified Fatty Acids (NEFA) and Total Lipids in Ch. vulgaris 
Beij. for Actions Mn2+, Zn2+, Cu2+ and Pb2+

Terms of  
cultivation

Total mass of 
lipids, mg 

Mass of classes lipids, mg 
ТАG DAG PL NEFA

Control 9.11±1.13 1.86±0.17 1.50±0.19 4.35±0.56 1.40±0.15

Mn2+ 13.40±1.31* 3.54±0.36* 3.38±0.38* 3.81±0.31* 2.67±0.26*
Zn2+ 10.47±1.10* 2.83±0.28* 1.59±0.19 3.32±0.16 2.74±0.28*
Cu2+ 12.10±1.05* 2.72±0.37* 2.64±0.21* 4.66±0.49 2.08±0.24
Pb2+ 12.02±1.73* 2.52±0.25* 2.57±0.25* 4.42±0.47 2.52±0.25*

Note. * – P> 99.5 by the criterion of by STUDENT (in relation to control).
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TAG and PL diminishes on 4,5% and 21% accordingly, DAG and NEFA 
increases on 31% and 40%.

Increase of absolute content of TAG in all cases and them relative part 
for the actions of ions manganese and zinc it takes place as a result of 
necessity of compression of cellular membranes as a protective mechanism 
for their toxic action [3, 7], what comports with data about the increase of 
content of TAG in the cells of chlorella at stress situations up to 80% of 
their dry biomass [6]. Increase of content of DAG and NEFA at a stress 
action explained by activating of lipase and phospholipase [18, 19].

Content of PL, as constituents of biological membranes, diminishes 
for the actions of all investigational ions of metals, that it is possible to 
explain their participating in binding of metals and their leading-out from 
a metabolic pool due to high adsorption ability of these lipids [18].

Increase of content of NEFA at the action of the investigated metals is 
a consequence breaking up of phospholipids, content of that, as marked, 
diminishes.

Growth content of these classes of lipids is consistent with their par-
ticipation in compensatory and adaptive activity of cells under stress 
conditions. Increase of TAG − one of the factors stabilization of cell mem-
branes, which are precursors to the formation of DAG and NEFA [18], 
and increase their number in a cell corresponds with consolidation and 
reduced fluidity of membrane [19]; TAG is also reserve energy substrate 
and increasing their content testifies to energy deficit resulting from toxic 
effects. As a result, activated lipolysis, order to provide the necessary ener-
getic material for a cell, the level of triacylglycerols after an initial increase 
their content decreases significantly, that accompanied by an increase in 
the content of DAG and NEFA. Phospholipids affect not only the fluidity 
of membranes, but also form a microenvironment for membrane enzymes, 
ion channels, and regulate the communication of cell with the environ-
ment [20]. The increase of their content can be interpreted as a general 
mechanism of toxic resistance of cells to the action of heavy metal ions, 
which formed depending on the concentration and duration action of toxi-
cants. It is possible that the intensity of this process explained by the high 
sorption ability of charged phospholipids [21], or performance of their 
functions of messengers, which transfer the information into the cell about 
changes in the environment [22]. Also toxicants stimulate the biosynthesis 
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of proteins, but their number is much less than number of lipids, because 
the synthesis of protein are longer in time and energy-dependent process. 
It is proved that the more aggressive toxicant, the greater the weight of 
accumulating proteins, that indicating of their participation in process 
of formation of double concentric membranes. As for the indicators of 
enzymes activity (ATP-ase, alkaline phosphatase), whose activity after its 
initial decrease by the action of toxicants is resumed synchronously with 
the formation of a secondary membrane [23, 24]. Reconstructions of the 
membrane during the action of metal ions are also consistent with vio-
lation of the functioning of the membranous ATP-ases [1], particularly 
H+-ATP-ase, that participates in the regulation of ions [25]. Thus, Zn2+ do 
not practically impact on the membranous ATP-ases, except for high con-
centrations (5 mg/dm3), because they have high permeability, mobility in 
the cell, and complexion ability [26]. Pb2+ inhibits the activity of ATP-ase 
[1], because they are characterized by high affinity to proteins and strong 
restraining of this metal within metallothioneins [26]. A certain number 
of Cu2+ can bind with cellular membranes, and other ones make the com-
plexes with low-molecular organic substances and proteins up to the satu-
ration of their centers of binding [27]. The highest affinity to the proteins 
among investigated ions is Cu2+, and the least − Zn2+. Mn2+ supplant Ca2+ 
from cellular membranes [28], and therefore their accumulation is limited 
by duration of antiport.

Next stage of the reactivation process of accumulation, that is observed 
during the actions of Mn2+ (0.1 and 0.5 mg/dm3 − from 48 to 72 hr; 0.2 
mg/dm3 − 48 to 168 hr), Zn2+ (1 and 2 mg/dm3 − from 3 to 168 hr, 5 mg/
dm3 − from 1 to 72 hr), Cu2+ (0.001, 0.002 and 0.005 mg/dm3 − from 24 to 
72 hr), Pb2+ (0.1 mg/dm3 − 24 to 72 hr; 0.2 mg/dm3 − from 3 to 168 hr, 0.5 
mg/dm3 − from 12 to 48 hr), is characterized by destruction of the second-
ary concentric membrane [2], due to exhausting the basic protection of 
resources in the cell.

The further accumulation of investigated metal ions becomes uncon-
trolled and can be formed multimembrane system (Figure 14.6). But, the 
following membranes likely are defective and functioning inefficiently 
and can lead to the formation of pathological structures, and later occurs a 
natural process the death of cell by increasing the osmotic pressure inside 
the cell and cracking of cell.
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The kinetic indicators conform to the regularity of absorption of met-
als. The increase of Vmax accumulation of Mn2+ (0.25−0.5; 12−24; 48−72 
hr), Zn2+ (0.083−0.5; 0.75−1; 3−6; 24−168 hr), Cu2+ (0.083−0.75, 3−12 
hr), Pb2+ (3−6 hr) shows that metal ions are bound with molecules of the 
cellular walls of alga and molecules-carriers of membranes according to 
the noncompetitive type [10]. The absorption of ions is also characterized 
by the decrease of value of Vmax: Mn2+ (0.083−0.25; 24−48; 72−168 hr), 
Zn2+ (0.5−0.75; 1−3; 6−24 hr), Cu2+ (0.75−3; 12−24 hr), Pb2+ (1−3 hr), that 
indicate the competitive inhibition.

The energy of the activation of binding of Mn2+ (0.25−0.5; 24−72 
hr), Zn2+ (0.5−3; 12−24 hr), Cu2+ (0.5−0.75; 1−3; 6−24 hr), Pb2+ (1−3 hr) 
by surface membrane of algae and penetration through the membrane 
show that the process of accumulation of metals within this period is 
energy-dependent.

14.4  CONCLUSIONS

Thus, accumulation of the ions of Mn2+, Zn2+, Cu2+ and Pb2+ by the cells of 
Ch. vulgaris Beij. is fluctuating and is determined by the concentration of 
ions in the environment and duration of its action on the cells.; noncontrol 
accumulation is as a result of destruction of secondary membrane. There 

FIGURE 14.6  The formation of multimembrane system and apoptosis in cells of Ch. 
vulgaris Beij. under the action of the lead ions (0.5 mg/dm3; 336 hr), ×900.
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are four stages: the stage of protective self-isolation of cells as a result of 
the primary stress response, the stage of the active accumulation as a result 
of decrease in resistance and destruction of outer membrane, the stage 
of inhibition of the accumulation as a result of formation of the second-
ary concentric membrane [2]; the stage of uncontrolled accumulation as a 
result of destruction of the secondary concentric membrane. The process 
of a concentric double membrane system formation is universal and does 
not depend on the nature of the toxicant (biogenic Mn2+, Zn2+ and Cu2+, 
toxic Pb2+).

The absorption of metal ions goes according to mixed mechanism and 
is determined by the affinity of metal-binding components of membranes, 
formation of secondary concentric membrane and its resistance to metals, 
the duration of its structural and functional activities, and after loss of it and 
after saturation of the centers of binding of metal ions by cytoplasmic com-
ponents – the process of accumulation becomes passive and uncontrolled.
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ABSTRACT

In this study we investigated accumulation of selenium and zinc by cells 
and certain organic compounds, pigments content, activity of energy 

CHAPTER 15
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metabolism enzymes and antioxidant system in Chlorella vulgaris Beij. 
We observed samples after adding sodium selenite in concentration of 10.0 
mg/dm3 and Zn2+ – 5.0 mg/dm3 during the next 7 days. It was discovered 
that content of selenium in Ch. vulgaris cells increased more significantly 
after adding sodium selenite in combination with zinc, than in case when 
we added only selenite, and that the accumulation of Zn2+ in the algae cells 
was very intensive. Lipids in comparison to proteins accumulate selenium 
in 58% more after adding sodium selenite alone, and in 10% more after 
simultaneous action of sodium selenite and zinc.

The content of pigments, after adding sodium selenite alone and com-
bination of sodium selenite with zinc ions, increased in comparison to 
the control, chlorophyll а by 23.1% and 41.2%, chlorophyll b in 1.3 and 
2.5 times, carotenoids by 46.6%, and 70.6%, respectively. Content of 
pheopigments decreased by 7.7% after adding selenite and by 28.4% in a 
result of the combined effect of Se (IV) and Zn (II) in comparison to the 
control sample.

Sodium selenite when added alone as well as in combination with zinc, 
stimulated energy metabolism of chlorella by activating cytochrome oxi-
dase and succinate dehydrogenase, NADH- and NADPH-glutamate dehy-
drogenases as well as the enzyme activity of antioxidant system.

15.1  INTRODUCTION

Algae have a high ability to accumulate non-metals and metal ions, due 
to the high adsorption capacity of their cell membranes for chemical com-
pounds, large assimilating surface, the ability of cells to actively absorb 
substances against the concentration gradient. Due to these properties, 
microalgae can accumulate trace elements in quantities that exceed their 
content in water in many times [1, 2].

Algae cells are able to adapt to metal ions using different mechanisms: 
membrane and intracellular binding by subcellular structures, binding by 
exo- and endometabolites [2, 3].

Chlorella vulgaris is known as a traditional model object for studying 
the biochemistry of unicellular green algae and classic object for biotech-
nologically obtained useful products: proteins, lipids, carotenoids, vita-
mins, etc. [2].

A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



Accumulation and Effects of Selenium and Zinc on Chlorella vulgaris Beij.	 295

It is known that between metabolism regulators in freshwater micro-
algae are, assimilated by them from water, dissolved inorganic selenium 
compounds (selenites or selenates), which are included in the cell free 
amino acids, proteins, enzymes, polysaccharides, lipids, and carotenoid 
pigments. To aquatic organisms selenium is the essential trace element 
and is directly involved in metabolic, energetic and biophysical processes. 
Selenium compounds are able to regulate the biosynthesis of fatty acids, 
carotenoids and pigments [4], thus affecting photosynthesis and energy 
metabolism.

Besides, selenium is one of the most important trace elements and is 
a component of antioxidant system of all organisms, including algae. Se 
(IV) compounds are directly involved in the conversion of methionine to 
cysteine and glutathione synthesis, which increases antioxidant capacity 
of cells. It was found that -SeH due to the lower ionization potential and 
lower binding energy has higher electron-donor activity than -SH group, 
so that’s why the connection with -SeH group is more active and effective 
than with thiol group [5, 6].

The absorption of selenium by algae and its toxicity greatly vary 
depending on the morpho-functional characteristics of certain types of 
algae, concentration and selenium oxidation level, physical and chemi-
cal factors of the aquatic environment. It is known that algae growth and 
development inhibition is higher in samples with selenates than selenites, 
that’s why algae in a processes of their livelihood better absorb Se (IV) 
compounds from the environment in comparison with Se (VI). In addition, 
the availability of selenium compounds for microalgae is determined by 
other underlying factors, such as active ions of biogenic and nonbiogenic 
metals. Regulatory action of selenite on the metabolism depends on its 
concentration and duration of its action, which was not studied enough for 
the algae [7, 8].

Some investigations show that low doses of selenium have the ability 
to reduce the toxic effects of some metals. Also selenites can interact and 
adsorb different types of metals, that’s why they can be considered as a 
chemical depot of various microelements that have a physiological impor-
tance [7, 9, 10].

Zinc is an important biogenic element, which is contained in the com-
position of the enzymes involved in the energy and protein metabolism, 
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photosynthesis and regulation of redox processes in cells, activating 
mainly reduction reactions. It is necessary for the synthesis and the forma-
tion of the respiratory enzyme (cytochrome oxidase), cytochromes a and b 
as well as chlorophyll [11, 12].

High bioaccumulation of inorganic salts and the formation of their bio-
complexes with the algae cells macromolecules in vitro can be used to pro-
duce dietary supplements that contain microelements that are necessary 
for the body, such as selenium and ions of biogenic metals [2, 3].

Considering this, we studied the accumulation of selenium and zinc by 
the cells and main macromolecules of Chlorella vulgaris Beij., changes 
of the pigmentary composition as well as the activity of energy producing 
and antioxidant enzymes after adding sodium selenite alone and in com-
bination with zinc ions.

15.2  MATERIALS AND METHODOLOGY

The experiments were held on crops micropopulations of freshwater green 
alga Chlorella vulgaris Beij. Algae were cultivated under conditions of the 
accumulating culture on the Fitzgerald’s medium N 11 in the modification 
of A. Zender and P. Gorham under at the illumination of 2500 Lx (16:8 
hrs.) at 23–25°С [13].

In experimental conditions, into the culture medium of algae was 
added aqueous sodium selenite solution at a rate of 10.0 mg Se (IV)/dm3 
and an aqueous solution of zinc sulfate at the rate of 5.0 mg Zn (II)/dm3. 
The biomass of alive cells was collected after 7 days of action. As a con-
trol sample was a culture of algae that grew without adding compounds of 
selenium and zinc ions.

The content of selenium in Ch. vulgaris cells, was determined after 
centrifugation at 3000 rounds per minute during 10 min, washed 3 times 
by 0.005 M Tris-HCl, then burned with residue nitric acid (HNO3) in 
sealed cups at 120°C for 2 hrs, later determined spectrophotometrically 
using o’-phenylendyamin at a wave length of 335 nm [14].

The content of zinc ions in the cells of algae was determined by atomic 
adsorption method on the spectrophotometer Selmi C-115 M and calcu-
lated in µg/g [15].
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To determine the total protein content in the biomass of algae, they 
were precipitated by 5% solution of trichloroacetic acid. After centrifuga-
tion the precipitate was dissolved in ethanol and centrifuged again, then 
washed with ethanol: diethyl ether (3:1) and dried with ether. Proteins 
solubilized by 5 M KOH at 70°С within 24 hrs, neutralized, dried and 
weighed, then burned by nitric acid (HNO3) in sealed sample bottle at 
120°С for 2 hrs to determine the amount of selenium [14, 16].

To establish the amount of lipids, the algae biomass was extracted by 
chloroform-methanol mixture in the ratio 2:1 using the Folch method in 
a modification. Thus to one mass particle of the tissue we added 20 mass 
particles of extractable mixture and leave for 12 hrs for extraction. Non-
lipid impurities from the extract were washed with a solution of 1% KCl. 
The total lipids amount was determined gravimetrically after stripping the 
extractable mixture [17, 18].

The separation of lipids into separate lipid fractions was performed by 
bottom-up dimensional thin layer chromatography in sealed chambers on 
the plates with a mixture of silica and LS 5/40 μ and L 5/40 μ on a glass 
base. Before start, plates were activated for 30 min at 105°С at a drying 
cabinet, processed by the 10% alcohol solution of phosphomolybdic acid 
and dried in a stream of warm air for 10–15 min. Chloroform solution 
of lipid probe was applied on the sample plate using microdosator in an 
amount that does not exceed 200 µg of lipid and the plates were slowly 
placed into the chromatographic chambers. The mobile phase was a mix-
ture of hexane, diethyl ether and glacial acetic acid in a ratio of 70:30:1 
[18]. Obtained chromatograms were developed in a camera which was 
saturated with iodine vapor, to identify separate lipid fractions: phos-
pholipids (PL), diacylglycerols (DAG), unesterified fatty acids (UFA), 
lysophospholipids (LPL) and triacylglycerols (TAG), after this they were 
burned by nitric acid (HNO3) in sealed sample bottles at 120°C for 2 hrs. 
and determined the amount of selenium [14, 17].

The content of pigments was determined spectrophotometrically. 
Extraction was provided using the 90% solution of acetone. The intensity 
of color was measured spectrophotometrically in a wavelengths corre-
sponding to the absorption maxima of carotenoids and chlorophylls a and 
b: 430 nm, 480 nm, 630 nm, 645 nm, 663 nm, and 750 nm. All calcula-
tions were conducted according to regularly used methods. To determine 
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pheopigments we used spectrophotometric method based on the measure-
ment of the difference of pigment extract optical density on the wave of 
665 nm before acidification of the sample by 0.1 N hydrochloric acid and 
5 min after acidification [13].

To study the activity of energy metabolism enzymes of Сh. vulgaris, 
cells were separated from the environment using membrane filters “Syn-
por” with pore diameter of 0.4 microns and prepared homogenates of their 
biomass in chilled buffer solution (0.066 M K+-Na+ phosphate buffer, 
pH=7.4), that contained 0.5 M of sucrose, 0.005 M EDTA, 0.01 M KCl, 
and 0.001 M MgCl, at a ratio of 1:5 (raw weight:buffer). Then homogenate 
was centrifuged for 3 min at 2000 r/min, after that, in order to highlight the 
mitochondria, the supernatant was centrifuged again for 3 min at 20,000 r/
min. Later the precipitate was resuspended into a medium containing 0.5 
M of sucrose and 0.05 M Tris-HCl buffer (pH=7.4).

The activity of succinate dehydrogenase – SDH (E.C. 1.3.99.1) was 
determined by the ferricyanate method based on the oxidation of succinate 
to fumarate by potassium ferricyanide, after adding succinate [18]. In this 
case, the incubation mixture contained 0.1 M phosphate buffer (pH=7.8), 
0.1 M succinic acid, 0.025 M EDTA, and 25 mM K3Fe(CN)6. The reac-
tion was terminated by the addition of 20% tri-chlorine acetic acid. Spec-
trophotometry was carried out at the length of the wave of 420 nm. The 
enzymatic activity was expressed in nMol of succinate per 1 mg of protein 
per 1 min.

The activity of cytochrome oxidase – CO (E.C. 1.9.3.1) – determined 
by Straus method by the condensation of α-naphthol and paraphenylene-
diamine hydrochloride with formation of indophenol blue was determined 
according to [19]. The incubation mixture contained 0.2 M phosphate buf-
fer (pH 7.8), 0.1% solution of α-naphthole, 0.1% solution of paraphenilen 
diamine hydrochloride, and 0.02% solution of cytochrome c. The reaction 
was terminated by the addition of the ether alcohol mixture (9:1). Spec-
trophotometry was carried out at the length of the wave of 540 nm. It was 
expressed in µg of indophenole blue per mg of protein per 20 min.

The glutamate dehydrogenase activity (E.C. 1.4.1.3) – was determined 
spectrophotometrically by the rate of oxidation of NADH or NADPH at 
340 nm in the reaction mixture composed of 0.05 M of Tris-HCl buf-
fer (рН 7.2 for NADH-GDG and pH=8.3 for NADPH-GDG), 0.01 M of 
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α-ketoglutarate, 0.025 µM of NADH or NADPH and 0.2 M of (NH4)2HPO4. 
Enzymatic activity was expressed in µmole NADH (NADPH)/mg of pro-
tein per min [20].

Catalase activity – KT (E.C. 1.11.1.6) was determined by the method 
[21]. The principle of this method is based on the hydrogen peroxide abil-
ity to form stable colored complexes with ammonium molybdate. We pre-
pared 10.0% homogenates in 0.05 M Tris-HCl buffer (pH=7.8) from algae 
in special cold environment. The reaction was run by adding 0.1 mL of 
homogenate to 2 mL 0.03% hydrogen peroxide solution. At the same time 
we prepared the control sample, in which instead of the test material we 
added 0.1 mL of distilled water. After 10 min the reaction was stopped 
by adding 1 mL of 4% ammonium molybdate. The color intensity was 
measured at 410 nm in comparison to the control sample, in which instead 
of hydrogen peroxide we added 2 mL of water. The catalase activity was 
expressed in µmol·Н2О2/mg protein per min.

Superoxide dismutase – SOD (E.C. 1.15.1.1) was determined by the 
level of enzyme inhibition of recovered nitrotetrazolium blue involving 
NADH and phenazine methosulfate [22]. To determine the activity of 
SOD we prepared 10.0% homogenate of investigated algae in phosphate 
buffer (pH=7.4). Then, to the homogenate we added 0.15 mL of chloro-
form, 0.3 mL of ethanol and 300 mg KН2РО4 followed by centrifugation 
at 12000 r/min for 15 min at 4°С. To 0.2 mL of the supernatant we added 
1.3 mL of 0.1 M phosphate buffer (pH=8.3), 1 mL of nitrotetrazolium 
blue 0.3 mL of phenazine methosulfate solution and 2 mL of 0.2 M solu-
tion of NADH. Samples were kept in the dark place for 10 min and then 
photometrically scanned at a wavelength of 540 nm and later compared 
with samples into which we did not add NADH. Control samples were 
those, in which instead of homogenate was 0.2 mL phosphate buffer. The 
enzyme activity was determined by its ability to inhibit the recovery of 
nitrotetrazolium blue to 50% and this was considered as a 1 conversion 
unit of activity. 

The activity of glutathione peroxidase – GPx (E.C. 1.11.1.9) was deter-
mined by the method [23]. In a basis of the color reaction is the interaction 
of SH-groups with Ellman’s reagent (0.01 M solution of 5.5-dithiobis-2 
nitrobenzoic acid in methanol) with the formation of colored product – 
thionytrophenyl anion. To 0.3 mL of algae homogenate we added 0.5 mL 
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300	 Heavy Metals and Other Pollutants in the Environment Biological Aspects

0.25 M Tris-HCl buffer (pH=7.4), 0.1 mL of 25 mM EDTA, 0.1 mL of 
0.4 M sodium azide, 70 µL of tertiary butyl hydrogen peroxide and incu-
bated for 5 min at 37°С. The reaction was stopped by 0.4 mL 10% TCA. 
Samples were centrifuged at 8000 r/min during 10 min. In test tubes that 
contained 5 mL of Tris-HCl buffer we added 0.1 mL of the supernatant 
and 100 mL of Ellman’s reagent. After 5 min optical density was measured 
using spectrophotometer at a wavelength of 412 nm. The control sample 
differed from the investigated one by the fact that the homogenate was 
added before proteins subsidence.

The amount of protein in algae cells was determined by the method of 
Lowry [24].

Statistical analysis of data was performed using the application pack-
age Statistica 5.5 and Microsoft Office Excel 2007.

15.3  RESULTS AND DISCUSSION

15.3.1 � THE ACCUMULATION OF SELENIUM AND ZINC IN 
CELLS AND CERTAIN ORGANIC COMPOUNDS OF  
CH. VULGARIS

It is known that microalgae are able to assimilate and dissolved inorganic 
compounds from water accumulate them in their cells, then introduce to 
free amino acids, proteins, enzymes, polysaccharides, carotenoid pig-
ments and lipids [1, 3, 25]. Therefore, it was important to determine the 
peculiarities of introduction of studied trace substances Se (IV) and Zn (II) 
to the basic organic macromolecules.

The results showed that during the whole period of algae incubation 
with selenite and zinc ions (7 days) there was a significant accumulation 
of selenium by the Ch. vulgaris cells (Table 15.1).

After adding sodium selenite, selenium content in the biomass 
increased by 15.6%, and in samples, in which it was added with zinc by 
62.9% in comparison to the control sample. The accumulation of selenite 
by proteins occurred in all variants of the experiment – in samples with 
sodium selenite, selenium content increased by 54.4%, while in samples 
in which it was added with zinc – by 124.7% compared to the benchmark. 
Lipids as well as proteins accumulate trace element in all variants of the 

A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



experiment. Thus, in samples with selenite, selenium content increased 
by 112.1%, and in a case with its joint action with zinc ions – by 131.3% 
compared to control sample.

As a result of our study, it was found that algae intensively accumu-
late zinc ions (Table 15.2). This is because zinc is one of the major trace 
elements in the body that has an important regulatory functions in many 
metabolic processes, because it is as able to bind with almost 300 different 
proteins [12].

Chlorella cells accumulate significant amount of zinc that’s why its 
content has increased in 16 times comparing to the control sample. Zinc 
amount in proteins increased only by 1.3 times, while in lipids – almost 
by 5 times comparing to the values of the control sample (see Table 15.2).

The largest amount of selenium and zinc accumulated lipids, because 
in algae they play an important role in the process of growth, reproduction 
and photosynthetic activity and also perform energy function. In particular, 
in hydrophytes lipid usage is significantly enhanced to sustain vital activ-
ity when they are under the influence of extreme environmental factors, 
and their quantity and quality in the cells, especially in cell membranes, 
reflects the synthesis and degradation of lipids, as well as peculiarities of 

TABLE 15.1  Selenium Accumulation by Cells and Certain Organic Compounds of Ch. 
vulgaris Cells, mg/g in Dry Weight, M±m, n=5

Compound Control Se (IV) Se (IV)+ Zn (II)

Cells biomass 6.4±0.2 7.4±0.4* 10.4±0.4*
Proteins 29.5±0.1 45.6±1.3* 66.3±2.4*
Lipids 34.7±1.5 73.7±4.3* 80.3±3.0*

Note: * – P > 99.5 by the criterion of by STUDENT (in relation to control).

TABLE 15.2  Zinc Accumulation by Cells and Certain Organic Compounds of Ch. 
vulgaris Cells, µg/g in dry weight, M±m, n=5

Compound Control Se (IV) + Zn (II)

Cells biomass 810.6±20,4 12958.1±631.1*
Proteins 442.0±28.5 573.1±41.1*
Lipids 423.3±24.4 4202.1±254.1*

Note: * – P > 99.5 by the criterion of by STUDENT (in relation to control).
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302	 Heavy Metals and Other Pollutants in the Environment Biological Aspects

their exchange with the living environment [26]. Therefore, it was appro-
priate to determine the characteristics of inclusion of the studied micronu-
trients to the lipids of different classes (Figures 15.1 and 15.2).

We can see in the Figure 15.1, selenium content in phospholipids after 
adding sodium selenite increased by 49.6%, and after adding selenite in 
combination with zinc – by 57.6% relative to the benchmarks. Selenium 
amount in the DAG after adding sodium selenite increased by 39.8%, and 
in samples with combined effect of selenite with Zn2+ – by 63.4% in com-
parison with control sample. In UFA selenium content increased by 76% 
in samples with sodium selenite and in samples with combination of sel-
enite with Zn2+ – by 99.1%.

Accumulation of selenium in LPL in samples with sodium selenite 
increased by 68.9%, while in samples with simultaneous adding of sel-
enite with Zn2+ – by 81.1% compared to control sample. In TAG selenium 
amount increased by 60.3% for the samples with selenite and in samples 
with selenite and Zn2+ – by 80.2% compared to control values.

The results showed that the selenium amount in different classes of lip-
ids increases significantly in samples in with selenite was added in combi-
nation with zinc than in the samples where selenite was added separately. 
This may be due to the biological needs of the studied micronutrients, as 
well as the physiological role of selenium in lipids as antioxidant.

The results of the study of zinc accumulation by lipids of different 
classes showed (Figure 15.2) that the content of trace elements in PL 

FIGURE 15.1  Content of selenium in the different classes of lipids, mg/g dry weight, 
M±m, n=5 (Note: PL – phospholipids, DAG – diacylglycerols, UFA – unesterified fatty 
acids, LPL – lysophospholipids, TAG – triacylglycerols).
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increased by 44.6%, in DAG – by 39.3%, in UFA – by 35.9%, in LPL – by 
25.1% and in TAG – by 59.3% compared to the control sample.

The results that we received in the process of our investigation about 
the accumulation of zinc were caused mainly by high adsorption capac-
ity of algae cell walls for selenite and zinc ions, substantial assimilation 
surface and possibly due to the poorly formed mechanisms of micronu-
trients metabolism regulation. Ions of selenit and zinc in used concentra-
tions could cause some violation of physiological functions and structural 
changes in the cells, including functional disorders of cell membranes, 
which in turn, might cause uncontrolled penetration of microelements 
inside Ch. vulgaris cells [1, 27, 28]. It is also possible that in regard to 
selenium and zinc, that are among the essential micronutrients to the 
metabolism of cells, cells can have better formed and developed mecha-
nisms of absorption and deposition of the excessive contents of these ele-
ments in the environment.

15.3.2 � PHOTOSYNTHETIC SYSTEM FUNCTIONING AFTER 
ADDING SELENIUM COMPOUNDS AND ZINC IONS

Photosynthesis in algae is one of the adaptive factors to possible influence 
of organic and inorganic ions [29]. Therefore, when studying the effect 

FIGURE 15.2  Content of zinc in the different classes of lipids, µg/g dry weight, 
M±m, n=5, (see Figure 15.1) (Note: PL – phospholipids, DAG – diacylglycerols, UFA – 
unesterified fatty acids, LPL – lysophospholipids, TAG – triacylglycerols).
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304	 Heavy Metals and Other Pollutants in the Environment Biological Aspects

of sodium selenite in the experiment with its combined action with zinc 
ions on physiological and biochemical mechanisms, that ensure the liveli-
hoods of chlorella cells, we investigated parameters of the photosynthetic 
mechanism (Table 15.3).

In samples where we added sodium selenite, chlorophyll а content 
increased by 23.1%, and in samples with the combination of sodium sel-
enite and zinc ions – by 41.2% relatively to control sample. The content 
of chlorophyll b increased as well as fin the samples in which selenite was 
added separately and in those with the combined action with zinc ions 
– at 1.3 and 2.5 times, respectively. Carotenoids increased by 46.6% in 
samples with sodium selenite and by 70.6% in samples with the combined 
effect of Se (IV) and Zn (II). Considering the pheophytins, their number 
decreased comparing with the control sample under the influence of Se 
(IV) + Zn (II) by 7.8%, and in samples with sodium selenite as the only 
factor, we observed only minor changes.

Results of our study indicate that the maximum increase of pigments 
amount was in the samples with the combined action of sodium selenite 
and zinc ions, while the content of pheophytins under these conditions 
reduced significantly. The ratio of chlorophyll a to chlorophyll b also 
decreased by 1.8 times in comparison to control. The physiological condi-
tion and photosynthetic activity of algae was also described by the pig-
ment index – a ratio of carotenoids amount to chlorophyll a. In samples 
with selenite this index grew by 20.0%.

A similar tendency was observed in samples with the simultaneous 
action of sodium selenite and zinc ions. These changes in correlation of 

TABLE 15.3  Content of Photosynthetic Pigments in Ch. vulgaris Cells Under the 
Impact of Se (IV) and Zn (II), М±m, n=5

Pigment Control Se (IV) Se (IV) + Zn (II)
Chlorophyll а, µg/dm3 116.1±1.4 143.0±3.0* 164.0±4.6*
Chlorophyll b, µg/dm3 38.6±1.6 49.8±3.1* 95.8±2.3*
Chlorophyll а/chlorophyll b 3.0 2.9 1.7
Carotenoids, µg SPU/dm3 46.5±1.7 68.1±2.6* 79.2±1.7*
Pigment index 0.4 0.5 0.5
Pheophytins, µg/dm3 99.8±5.4 92.2±3.5 71.5±3.7*

Note: * – P > 99.5 by the criterion of by STUDENT (in relation to control).
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photosynthetic pigments can be explained by high permeability, mobil-
ity inside the cell and complex producing ability of zinc ions that can 
influence directly on chloroplast ultrastructure, penetrating due to Zn/Cd 
carrier-proteins that are located in the chloroplasts membranes [30, 31]. 
It is believed that due to its electronegativity Zn (II) inhibits transport of 
electrons in the cell [32]. Chlorophyll a is a part of the reaction centers and 
peripheral antenna complexes of photosystems I and II, and chlorophyll 
b – is a component of a light-harvesting complex of photosystem II.

Therefore, changes in the ratio of chlorophyll a/chlorophyll b may 
indicate on the shift in the stoichiometric balance between complexes of 
reaction centers of both photosystems and light-harvesting complex of 
photosystem II. It is believed that the main causes of decreasing in the 
activity of photosystem II, in the presence of higher concentrations of met-
als, is the change of the structure of the reaction center proteins and inter-
actions of ions of certain metals, including Zn2+, that comprise the reaction 
center (Мn2+, Са2+, Сl–). The target of the metal ions, as usual is a primary 
electron donor of the reaction center of photosystem II – P-680, which is a 
reducing agent of pheophytin.

It is possible that zinc ions, damaging P-680, cause reduction of pheo-
phytin content in algae cells (see Table 15.3). Pheophytins are the main 
carriers of electrons in photosystem II. Since it is known that the amount 
of these pigments is directly proportional to the number of reaction centers 
in photosystem II, then, such changes of their content indicate a decrease 
in functional activity of photosynthetic reaction centers. Metal ions can 
directly affect the process of electron transfer in photochemical reactions 
[31]. Possible cause that metal ions might inhibit photosynthetic electron 
transport – changes in chloroplast ultrastructure, including damage of thy-
lakoids [33].

Increasing of pigment index might be explained by the situation that 
under the unfavorable conditions, primarily chlorophyll а is destroyed 
which is accompanied by an increase of more sustainable carotenoids. 
Last are the main protectors for green pigments and nonenzyme antioxi-
dant components of cells. In addition, in the biotransformation process of 
these pigments are formed physiologically important metabolites that are 
involved in the regulation of adaptation to the environment, as well as to 
the impact of sodium selenite and metal ions.
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306	 Heavy Metals and Other Pollutants in the Environment Biological Aspects

It should be noted that the combined effect of Se (IV) and Zn (II) 
caused more significant change in the amount of pigments in comparison 
with the effect of sodium selenite separately. For chlorophyll а this differ-
ence was 14.7%, for chlorophyll b – 92.4%, for carotenoids – 16.4%, for 
pheophytins – 77.5%.

Changes in the amount of chlorophylls can occur due to the increas-
ing amount of carotenoids. They, due to their antioxidant properties are 
involved in the protection of photosynthetic membranes from photooxi-
dation and in the disposal of peroxide radicals. This prevents lipids on 
the membranes of chloroplasts from oxidation and chlorophyll triplets 
destruction [34] and therefore increases the amount of green pigment 
inside cells. While it is known that the content of photosynthetic pigments 
forms a new adaptive physiological state of cells [35], then changes of 
the amount and ratio of photosynthetic pigments may indicate an increase 
in energy needs of chlorella, especially in samples with sodium selenite 
added together with zinc ions.

15.3.3 � EFFECT OF SELENIUM COMPOUNDS AND ZINC 
IONS ON THE ACTIVITY OF ENERGY METABOLISM 
ENZYMES

Effectiveness of energy systems functioning in aquatic organism is one of 
the most indicative success criteria in formulation of survival strategies 
in an unfavorable environment. Taking into account the extremely large 
number of enzymes that are responsible for energy generating in the cell, 
in this study we identified a key enzyme of the citric acid cycle – succinate 
dehydrogenase and electron transport chain – cytochrome oxidase as well 
as glutamate dehydrogenase – an enzyme that binds energetic and biosyn-
thetic processes in the cell [28].

It was determined that sodium selenite alone and in combination with 
zinc ions, increased general activity of these enzymes (Tables 15.4 and 
15.5). Thus, in samples with Se (IV) alone we observed increasing activ-
ity of cytochrome oxidase by 35.1%, and in samples with combination of 
sodium selenite and zinc ions – by 54.9%.

Elevation of cytochrome oxidase activity may be associated with an 
increase in energy demands of chlorella cells for its adaptation to non-specific 

A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



effects. It should be noted that in case of active absorption of studied trace 
elements by phytoplankton, we can observe an intense zinc accumulation by 
algae biomass [1, 27], as for selenium, there is only intracellular binding of 
it by macromolecules and redistribution between proteins, lipids and carbo-
hydrates [8, 36]. Besides, divalent cations, which are the part of cytochrome 
oxidase are capable to intensify its catalytic properties [37] and in accordance 
with this increase the amount of reaction product yield.

Regarding succinate dehydrogenase activity, in samples with selenite it 
increased by 1.6 times in comparison with control sample, and in samples 
with combined influence of trace elements we observed its growth in more 
than 3 times (see Table 15.4).

SDH has a high catalytic potential, which can be implemented at dif-
ferent physiological conditions of the organism. This enzyme is involved 
in the regulation and interconnection not only of the oxidation, but also of 
constructive metabolism [18, 28]. Therefore, increasing of the succinate 
dehydrogenase activity is likely to be a compensatory response of energy 
metabolism to the elevated concentrations of selenite and zinc ions in the 
environment and is consistent with the increased activity of cytochrome 
oxidase section of ETC.

NADH- and NADPH-glutamate dehydrogenase activity appealed sim-
ilarly as in samples with sodium selenite alone and in samples with com-
bination of sodium selenite ions and zinc (Table 15.5). Thus, in samples 
with sodium selenite we observed a slight inhibition of both enzymes – by 
24% and 39%, respectively, and in samples with combined effect of Se 
(IV) and Zn (II), activity of NADH-GDH and NADPH-GDH was restored 
and its values were higher than in the control samples by 2.5 and 1.4 times, 
respectively.

TABLE 15.4  Energy Metabolism Enzymes Activities of in Ch. vulgaris Cells Under the 
Impact of Se (IV) and Zn (II), М±m, n=5

Enzyme Control Se (IV) Se (IV) + Zn (II)

Cytochrome oxidase, µg indophe-
nol blue/mg protein for 20 min

0.328±0.008 0.443±0.036* 0.508±0.019*

Succinate dehydrogenase, nmol 
succinate/mg protein per min

1.055±0.065 2.751±0.232* 4.352±0.323*

Note: * – P > 99.5 by the criterion of by STUDENT (in relation to control).
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Orientation of glutamate dehydrogenase reaction which is reversible, 
and its direction is determined by the presence of coenzyme (NADH-
dependent – straight, NADPH-dependent – reverse) causes the direction of 
metabolism [28, 38, 39]. In direct reaction glutamate deamination occurs 
with formation of α-ketoglutarate followed by its use in Krebs cycle or 
other metabolic systems, playing energetic function. In the reverse reaction 
observed bounding of excess ammonia enzyme, that performs detoxifica-
tion function, and directs nitrogen for amino acids biosynthesis – synthe-
tase way, thereby α-ketoglutarate is being removed from the Krebs cycle, 
reducing the activity of aerobic way of energy formation.

In samples with selenite the ratio of NADH-GDH/NADPH-GDH 
increased by 25%, and in samples with simultaneous adding of Se (IV) 
and Zn (II) – by 40%, indicating on the activation of the catabolic part of 
nitrogen metabolism.

It was found that an important physiological role of zinc in plant cells 
is its direct involvement and activation of redox reactions [11], so that’s 
why additional zinc restored and stimulated the activity of both glutamate 
dehydrogenases.

Taking into account the metabolic connection of studied enzymes, 
intensive glutamate deamination by NADH-GDH, caused possibly by the 
supply of α-ketoglutarate into the Krebs cycle, which was greatly intensi-
fied after adding Se (IV) and Zn (II). Herewith, consequently, the formation 
of glutamate in the Сh. vulgaris cells involving NADPH-GDH decreased. 
Because that, glutamate can be actively used as additional energy substrate 
in the state of nonspecific action [38, 39].

TABLE 15.5  NADH- and NADPH-Glutamate Dehydrogenase Activities in Ch. vulgaris 
Cells Under the Impact of Sodium Selenite and Zinc Ions, М±m, n=5

Enzyme Control Se (IV) Se (IV) + Zn (II)

NADH-GDH,  
µmol×10–3 NADH/mg protein min.

7.00±0.55 5.30±0.53 23.80±0.55*

NADPH-GDH,  
µmol×10–3 NADPH/mg protein min.

11.94±1.02 7.2±0.33* 28.94±1.11*

NADH-GDH/NADPH-GDH 0.59 0.74 0.82

Note: * – P > 99.5 by the criterion of by STUDENT (in relation to control).
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15.3.4 � ANTIOXIDANT STATUS OF CH. VULGARIS CELLS 
AFTER ADDING SELENIUM COMPOUNDS AND ZINC 
IONS

Enzymes of the antioxidant system are characterized by their specificity 
toward inclusion of some metals and metalloids, including zinc and sele-
nium, into its composition [25].

Adding sodium selenite into the culture medium altered antioxidant 
system enzyme activity (Table 15.6). Adding to the culture medium Se 
(IV) stimulated the increased activity GPx by 16 times compared with the 
control sample. At the same time, the decrease in catalase activity by 2 
times and an increase of superoxide dismutase activity by 1.3 times indi-
cates on the activation of antioxidant protection in Сh. vulgaris cells. And 
that selenium is involved in this process.

In samples with added selenite and zinc ions we observed the increased 
activity in the GPx by 14.2 and decrease of the SOD and CAT (catalase) 
activity in 1.2 and 2.9 times comparing to the control.

Studies have shown that GPx activity increased while comparing with 
the control both in samples with selenite alone as well as in samples with 
selenite combined with zinc ions, and correlated with selenium and zinc 
accumulation in the cells (see Table 15.6). SOD activity, which has the 
opposite to GPx effect, stated that smaller amounts superoxide ions were 
produced in the cells due to the high activity of GPx. We assume that the 
increase in GPx activity that is an acceptor of Н2О2 and hydroperoxides, 
led to a decrease in the formation of superoxide radicals through dynamic 
transformation of various oxygen forms [10]. This confirms that the 

TABLE 6  Antioxidant enzyme activities in Ch. vulgaris cells under the impact of 
sodium selenite and zinc ions, Мm, n=5

Enzyme Control Se (IV) Se (IV) + Zn (II)

Glutathione peroxidase, µmol GSH/100 
mg protein per min

2.29±0.02 36.89±0.07* 32.48±0.07*

Catalase, µmol·Н2О2/mg protein per min 1.08±0.08 0.47±0.02* 0.37±0.01*

Superoxide dismutase, 1 standard unit/
mg protein

10.43±0.05 13.81±0.01 8.73±0.03*

Note: * – P> 99.5 by the criterion of by STUDENT (in relation to control)
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increased Se contributed to the raising GPx activity and by reducing the 
content of produced hydrogen peroxide and superoxide radicals decreased 
the need in their absorber – SOD. It should be noted that the presence of 
selenium in cells alone and in combination with zinc increased antioxidant 
status of chlorella, as evidenced by a significant decrease in CAT activity.

In addition, it is known that protection from reactive oxygen species 
in plants other than antioxidant enzymes is implemented by nonenzymatic 
components, including carotenoids [34]. Participation of carotenoids 
in antioxidant protection of cells in this experiment is confirmed by the 
growth of their content after adding selenite, and then selenite in combi-
nation with zinc ions (see Table 15.3). Activation of the components of 
two antioxidant protection systems might be appropriate due to the dif-
ferent mechanisms of peroxide products neutralization: enzymes – by the 
destruction of peroxides and hydroperoxides; carotenoids – by neutraliz-
ing singlet oxygen. Elevated levels of chlorophyll content in samples with 
higher sodium selenite and zinc amounts compared to the benchmarks is 
connected with the effective disposal of peroxide radicals by both parts of 
antioxidant defense mechanisms, thereby preventing the degradation of 
chlorophyll triplets and oxidation of lipids that are located on the mem-
branes of chloroplasts. As the process of lipid peroxidation and the degree 
of oxidative stress are considered as the main organisms growth factors 
[40], it can be assumed that increasing activity of CO (cytochrome oxi-
dase) and SDH has also contributed to the activation of energetic and bio-
synthetic processes.

15.4  CONCLUSIONS

The results of this study showed that the selenium content in Ch. vulgaris 
cells increases significantly after adding sodium selenite ions in combi-
nation with zinc, than in the samples in which selenite was added alone. 
The presence of sodium selenite in the culture medium at a concentration 
of 10.0 mg/dm3 contributed to the accumulation of zinc ions by the algae 
cells. The largest amount of Se (IV) and Zn (II) was accumulated by lipids, 
proteins – less, all of this may be associated with different structural and 
functional relationship of these macromolecules.
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The biological effect of accumulated selenium and zinc was detected 
in: activation of pigment systems as a whole, but there has been a redistri-
bution of value to individual carotenoid pigments in favor of that, except 
photosynthesis functions involved in ensuring nonenzymatic way antioxi-
dant protection.

Considering zinc ions we can assume that they have a dual effect on the 
photosynthetic system of Ch. vulgaris: direct – on the content of pigments 
and regulation of electron transport speed, and indirectly – by influencing 
on other enzyme systems.

These changes in the functioning of the photosynthetic system of the 
Ch. vulgaris are reflected on the whole complex of metabolic changes, 
including the energy supply of the cell. Sodium selenite alone and in 
combination with zinc stimulated energetic links of chlorella metabolism 
by activating cytochrome oxidase and succinate dehydrogenase as well 
as NADPH- and NADH-glutamate dehydrogenases that actively involve 
aminoacids to the oxidation as an energy substrates.

In general, increased content of selenium and zinc in Chlorella cells 
by adding them as selenite 10.0 mg/dm3 and zinc ions 5.0 mg/dm3 within 
7 days modified cell metabolism through activation of photosynthetic 
systems and adaptive adjustment of energy metabolism and antioxidant 
protection that increased physiological and biochemical status of cells 
with simultaneous accumulation of selenium and zinc in macromolecules, 
mostly – in lipids.

Received effect can be regarded as a basis for the development of tech-
nologies for selenium, zinc-lipid/protein biologically active medications.
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ABSTRACT

The chapter presents results of studies on selection of Rhizobium galegae 
strains resistant to the action of disinfectants, herbicides and petroleum 
contamination. The authors performed screening of mutant R. galegae 
strains retaining nodulating properties upon direct contact with applied 
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disinfectants and herbicides and ensuring efficient symbiosis with host 
plant under extreme conditions.

16.1  INTRODUCTION

Permanent use of mineral fertilizers and pesticides in agriculture, soil pol-
lution with crude oil and derived refining products, accumulation of heavy 
metals are adverse environmental conditions affecting proper develop-
ment of agricultural crops and their capacity to produce quality yields and 
to avoid build-up of hazardous ingredients in green biomass and seeds. To 
reduce unfavorable influence of plant chemical control agents advanced 
strategy to ecologies agricultural production envisages their simultaneous 
introduction with biological preparations, promoting thereby adaptation of 
cultivars to extreme environment. The efficient approach to secure stable 
growth and development of plants exposed to extreme factors is genera-
tion of artificial sustained plant–microbial association.

Galega orientalis Lam. is one of most attractive legume crops in 
Belarus distinguished by huge nutritive value, perennial type of develop-
ment, long farming record and 2 harvests per season yielding 250 c/ha 
green mass and 3–4 c/ha seeds. The main challenge in Galega cultivation 
technology is handling of seedlings during the first year marked by their 
slow growth rate and extensive weed proliferation. Stimulation of Galega 
development in the initial period is achieved by seed inoculation with spe-
cific bacteria R. galegae not available in local soils, whereas field coloniza-
tion by microbial pathogens and weeds is controlled with disinfectants and 
herbicides. Application of laboratory-selected R. galegae strains display-
ing maximum tolerance to disinfectants, herbicides, oil–refining products 
and possessing a whole spectrum of agronomically valuable properties 
will enable to enhance crop resistance owing to plant–microbial symbiosis 
and to minimize negative impact of chemicals used to counter pathogen 
infection, weed invasion and oil pollution.

Cultivation of legume grasses capable to withstand extreme natural 
background is grounded on formulation of plant–microbial association 
where strains of nodulating bacteria set up efficient symbiosis with host 
plant. Vital criteria for their selection and application are the ability to 
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adapt rapidly to changing environmental conditions, to propagate actively 
and maintain the major physiological-biochemical characteristics.

Aim of this study was investigation of individual aspects governing 
adaptation and survival of specific nodulating bacteria Rizobium galegae 
on disinfected seeds of Galega orientalis Lam., in herbicide-treated and 
oil-polluted soils.

16.2  MATERIALS AND METHODOLOGY

Nodulating bacterial strains R. galegae 1 (BIM B–436), R. galegae 5 (BIM 
B–437), R. galegae 8 (BIM B–438) deposited at collection of Institute of 
Microbiology, National Academy of Sciences, Belarus served as microbial 
cultures for further studies.

In experiments evaluating pesticide resistance of R. galegae strains 
contact and soil herbicides (Basagran M, Treflan) and seed disinfectants 
(Fundasol, Dividend-star, Raxil) were supplied in doses practiced in 
agrotechnology of Galega cultivation. Tolerance of R. galegae to pesti-
cides was assessed by wells technique [1], survival rate – during mixed 
culture of nodulating bacteria with test chemicals in liquid leguminous 
medium and on disinfected seeds. The number of viable bacterial cells 
was estimated in the course of 48 h submerged fermentation. To exam-
ine hereditary herbicide resistance of R. galegae strains and to choose 
the most resistant variants gradient adaptation method was preferred [2]. 
Large–scale herbicide doses used for field weed elimination are: 6 L/ha 
for treflan (24% concentrated emulsion), 4 L/ha for basagran M (aqueous 
solution). The amount of herbicides per 100 mL of agar legume medium 
equaled: 1.5 mL of treflan containing 0.36 g of trifluramine, 0.75 mL of 
basagran M comprising 0.19 g of bentasone and 0.002 g 2M-4X. The 
working herbicide solutions were fed to the molted legume medium 
in the following manner: the medium was dispensed onto Petri plates 
located on the smooth surface at 45° angle until agar setting. The plates 
with solid agar medium were supplemented with liquid agar contain-
ing herbicide solution – either one chemical or both and left to solidify. 
The grown colonies were screened in the zone with maximal herbicide 
concentration. Resistance of R. galegae strains to herbicide action was 
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tested (Figure 16.1) according to the method of Simarov and Fyodorov 
[2] using the Eq. (1):

	 HА = (l: d)×Hin., 	 (1)

where HА – calculated concentration; l – distance from plate edge (zero 
herbicide level) to the colony grown at definite herbicide concentration, 
mm; d – diameter of Petri plate, mm; Hin. – initial herbicide level.

Drug-resistant and adapted to herbicides R. galegae strains were used 
to check survival of nodulating bacteria on seeds. The number of viable 
rhizobial cells was counted upon inoculation of aqueous suspension (10 g 
seeds +100 mL of sterile water) on agar medium with antibiotic rifampi-
cin at concentration 150 mg/mL. Ability of R. galegae strains to degrade 
hydrocarbons of crude oil and diesel fuel in 0.1% (100 mg/L medium), 
0.5% (500 mg/L medium), 1% concentrations (1000 mg/L) was analyzed 
on agar leguminous medium.

Effect of oil hydrocarbons on survival rate of nodulating bacterial 
strains R. galegae [3] was studied by wells technique [1]. Capacity of most 
resistant R. galegae strain to utilize hydrocarbons as the sole source of 
carbon (crude oil and diesel fuel in 0.5 and 1.0% concentrations (v/v) was 
examined in medium E-8 (g/L): NaСl – 0.5; MgSO4 – 0.8; KH2PO4 – 0.7; 
(NH4)2HPO4 – 1.5 [4]. Submerged fermentation of R. galegae was carried 
out in 500 mL Erlenmeyer flasks containing 250 mL of above-mentioned 
nutrient medium on laboratory shaker (180 rpm) at 28°C. The inoculum 
was added in 5% ratio of media volume. Amount of oil in medium E-8 

FIGURE 16.1  Determination of herbicide tolerance concentration at the specific location 
of bacterial colony resistant to this herbicide value.
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throughout fermentation process (120 h) with or without Rhizobia was 
determined gravimetrically [5].

To estimate the impact of tested parameters, mono- and bifactor dis-
persion analysis was conducted according to descriptive statistical meth-
ods reported in manuals [6–8]. To construct relationship model, define its 
accuracy and predict results we resorted to correlation-regression analyzes 
with computed determination coefficients.

16.3  RESULTS AND DISCUSSION

16.3.1  HERBICIDES

Studies on effect of herbicides treflan and basagran M on adaptation and 
survival of Galega nodulating bacteria have revealed high degree of resis-
tance to treflan in strains R. galegae 5 and 8. The chemical agent diffusing 
into agar (wells technique) did not suppress development of both micro-
bial cultures so that their even growth was observed across the whole sur-
face of agar plate, whereas only separate colonies were recorded for R. 
galegae 1.

Submerged culture of strain R. galegae 5 with herbicide treflan proved 
its high adaptive potential similar to R. galegae 1 culture where treflan 
presence stimulated rather than inhibited propagation of microbial cells 
(Figure 16.2).

It was found in laboratory experiments that resistance of strains R. 
galegae 1 and 5 to herbicide treflan was correlated with interaction type: 
direct contact on plate or mixed culture. With respect to strain R. galegae 8 
inhibitory effect of tested herbicides was established (plate method, mixed 
culture). On day 3 of fermentation in the presence of treflan the cell titer 
of strain R. galegae 8 tended to decline down to 6.0×109 CFU/mL. The 
obtained findings agree well with data of other researchers [9], evidencing 
higher biocidal parameters in plate test as compared to mixed submerged 
culture.

Investigation of plant–microbial interaction and adaptation capacity of 
R. galegae strains exposed to herbicide action under lab conditions (vege-
tation experiments) showed that herbicide application caused unfavorable 
influence on symbiotic properties of nodulating bacteria: the number of 
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nodules on roots of Galega orientalis Lam. fell by 40% on average and the 
respective nitrogen-fixing activity dropped more than 3-fold. Reduction 
of rhizobial symbiotic potential affected considerably green mass yields 
(Figure 16.3).

FIGURE 16.2  Effect of herbicide treflan on population of R. galegae during submerged 
fermentation in liquid medium (72 h).

FIGURE 16.3  Effect of herbicides on plant growth and development (Note: “I” – no 
herbicides (control), “II” – with herbicides).
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Average crude weight of phytomass was 30% lower than the control 
value (Table 16.1).

Monofactor dispersion analysis of results confirmer significance of this 
factor: herbicides decrease biometric parameters and symbiotic properties 
of rhizospheic cultures. The data obtained in microvegetation experiment 
unequivocally indicate that introduction of herbicides at pre-and post-ger-
mitation stages in conventional doses induced biocidal impact on tested 
R. galegae strains and inhibited legume-rhizobial symbiotic relationship 
during early vegetative phases (see Table 16.1).

It appears natural therefore that our further research was focused on 
production of herbicide–resistant mutants of R. galegae strains 1, 5, 8 and 
further evaluation of their symbiotic stability. The studies resulted in 9 R. 
galegae forms resistant to diverse doses of soil herbicide treflan (in the 
range 0.08 to 0.28 g/100 mL medium) and 5 variants with dual herbicide 
resistance – treflan + basagran M.

Three R. galegae strains were distinguished by the maximal sym-
biotic activity: 1Rif ТB-4 showed resistance to treflan (T) and basagran 
M (B), 5Rif Т-0 and 8Rif Т-1 – to treflan. Herbicide – resistant mutant 

TABLE 16.1  Effect of Herbicides on Symbiotic Efficiency of Galega orientalis Lam.: 
R. galegae (Microvegetation Experiment)

R. galegae 
strains

Plant 
height, cm

Phytomass 
crude weight, 
g per plant 

Nodulating 
capacity, num-
ber of nodules 
per 1 plant

Nitrogen-fixing 
activity, µg N2/
plant in 30 min

No herbicides
R. galegae 1Rif 15.9±0.01 220.0±0.7 19±2.6 21.3±2.8
R. galegae 5Rif 15.5±0.008 245.0±1.5 12±1.2 39.1±3.2
R. galegae 8Rif 17.1±0.03 320.0±2.1 23±2.8 35.5±3.4
Average value 16.1 261.0 18 32.0
Herbicide presence
R. galegae 1Rif 14.0±0.56 120.0±1.8 5±0.3 7.1±0.3
R. galegae 5Rif 18.5±0.05 225.0±16 6±0.2 14.6±0.6
R. galegae 8Rif 13.2±0.04 220.0±1.2 10±0.8 9.5±0.5
Average value 15.2 1883 7 10.4

Note: “Rif” – resistance to rifampicin.
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forms of R. galegae strains retained stability of symbiotic potential and 
exceeded the parent strains in nodulating capacity and nitrogen-fixing 
activity (Table 16.2).

16.3.2  DISINFECTANTS

Experimental data resulting from contact interaction of R. galegae 
strains 1, 5, 8 with disinfecting agents (raxil, fundasol, divident-star) 
demonstrated that the latter 2 chemicals inhibited growth of bacteria. 
Inhibition zone around wells filled with disinfectant averaged 0.57–0.60 
cm (Figure 16.4). Beyond it dense abundant growth of nodulating cul-
tures was recorded at the entire area of agar medium. As the exception 
Raxil did not suppress development of R. galegae.

About 48 h fermentation of nodulating bacteria R. galegae in liquid 
medium with disinfectants pointed out significant distinctions in resistance 
and adaptation of selected strains to applied chemical agents (Table 16.3).

Fermentation of strain R. galegae 8 with disinfectants caused stimulat-
ing effect by the first 2 hrs, with microbial population growing 9-fold on 
the average. Cell titer of strain R. galegae 1 during initial 24 h of culture 
with fundasol decreased from 4.1×107 to 2.4×107 CFU/mL. After 48 h of 
mixed fermentation with this chemical the number of rhizobial cells rose 
by 14% over the control value. The period of R. galegae 1 adaptation to 
raxil reached 24 h. Upon 2h of submerged culture with dividend-star cell 
density of strain R. galegae 1 fell 1.7 times below the control parameter. 

FIGURE 16.4  Response of R. galegae strains to fundasol action (wells technique).
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By 24 h the culture succeeded to adapt to new environment and propa-
gated intensively to attain concentration 3.4×109 CFU/mL, exceeding 4.2 
times the control value. By the end of fermentation (48 h) population den-
sity remained at relatively high level (1.2×109 CFU/mL), yet, it was almost 
twice inferior to the control.

Raxil recorded the outstanding impact on development of R. galegae 
5 among other disinfectants. Within 2 hrs of culture cell titer surged up 
virtually by 2 hours if compared to the control. Inhibiting effect was stated 
in mixed culture with dividend star – in the course of the first day bacterial 
population spiraled down by an order in comparison with the control. By 
48 h of submerged fermentation with disinfectants fundasol, raxil, divi-

TABLE 16.2  Symbiotic Properties of Parent and Herbicide – Resistant R. galegae 
Strains (in Artificial Light Culture)

R. galegae strains
Plant 
height, cm

Phytomass 
crude dry 
weight, mg 1 
per plant

Nodulating 
capacity, num-
ber of nodules 
per 1 plant

Nitrogen-fix-
ing activity, 
µg N2/plant 
in 30 min

R. galеgae1Rif 

(control)
10.5±0.15 18.5 /14.0 6±0.8 1.7±0.2

R. galеgae 1Rif T-5 8.0±2.5 19.0/12.0 14±0.8 2.6±0.2
R. galegae 1Rif ТB-4 8.5±0.12 20.0/14.0 9±0.4 2.6±0.1
R. galеgae 5Rif 

(control)
10.5±1.01 23.0/15.0 8±0.6 2.6±0.3

R. galegae 5Rif Т-0 10.0±1.3 21.0/11.0 14±1.2 2.6±0.2
R. galеgae 5Rif ТB-2 9.0±0.60 21.0/11.0 6±0.4 2.9±0.4
R. galеgae 8Rif 

(control)
7.0±0.6 25.0/15.0 10±1.2 3.8±0.6

R. galegae 8Rif Т-1 7.0±0.20 25.0/14.0 16±2.4 4.2±0.4
R. galеgae 8Rif Т-2 7.5±0.15 21.0/12.0 6±0.6 3.3±0.1
R. galеgae 8Rif ТB-4 8.5±0.10 20.0/8.0 3±0.08 2.9±0.2

Note: “Rif” – resistance to rifampicin. Italics and semi-bold symbols denote mutant forms 
of nodulating bacteria R. galеgae Rif showing herbicide tolerance and preserving symbi-
otic characteristics.
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dend-star the level of R. galegae 5 biomass dropped by 32, 34 and 62%, 
respectively.

R. galegae 8 culture on nutrient media with the tested disinfectants 
demonstrated rise of cell titer from 108 to 109 during 48 h period in contrast 
to the corresponding downward slope for the control parameter. Consider-
able promotion of bacterial life activities was registered in the presence of 
all examined disinfectants. 48 h culture with raxil stimulated R. galegae 

TABLE 16.3  Growth Dynamics of R. galegae Strains During Submerged Fermentation 
with Disinfectants in Liquid Medium 

R. galegae strains

R. galegae cell titer, CFU/mL  % оf the 
control2 h 24 h 48 h

R. galegae 1  
(control)

(4.1±0.06)×107 (8.2±0.12)×108 (2.1±0.6)×109 100

R. galegae 1 + 
fundasol

(2.4±0.09)×107 (6.6±0.3)×108 (2.4±0.8)×109 114

R. galegae 1 + 
raxil

(2.9±1.8)×107 (10.7±03)×108 (2.0±0.5)×109 95

R. galegae 1 + 
divident-star

(2.4±0.07)×107 (3.4±0.2)×109 (1.2±0.1)×109 57

R. galegae 5  
(control)

(2.6±0.7)×107 (2.4±0.4)×109 (4.7±0.03)×109 100

R. galegae 5 + 
fundasol

(2.5±0.09)×107 (2.2±0.2)×108 (3.2±0.03)×109 68

R. galegae 5 + 
raxil

(2.2± 0.3)×109 (1.2±0.8)×10 9 (3.1±0.06)×109 66

R. galegae 5 + 
divident-star

(0.7±0.03)×106 (2.2±0.5)×108 (1.8±0.4)×109 38

R. galegae 8  
(control)

(2.5±0.5)×107 (4.4±0.03)×108 (8.6±0.09)×108 100

R. galegae 8 + 
fundasol

(2.7±0.2)×108 (1.6±0.6)×108 (2,5±0,08)×109 277

R. galegae 8 + 
raxil

(2.7±0.09)×108 (1.8±0.06)×108 (4.0±0.09)×109 444

R. galegae 8 + 
divident-star

(1.2±0.2)×108 (0.8±0.2)×108 (1.7±0.07)×109 189

Note: Semi-bold type states maximal cell titers of R. galеgae strains determined by selec-
tive specificity to disinfectants in the course of submerged fermentation.
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8 cell titer to the level 4.0×109 CFU/mL, which is 4.7-times above the 
control.

Optimization of conditions favoring introduction of microbial spe-
cies into ecosystem implies analysis of all factors governing stability of 
physiological-biochemical properties of biopopulation in the course of its 
adaptation to local agrocenoses.

Survival rate of nodulating bacterial strains inoculated on disinfected 
seeds of Galega orientalis Lam. depended on the applied chemical, mak-
ing the following cell titer, (percentage of the control):

•	 control 1 (not sterile untreated seeds – 100%), sterile seeds – 171%; 
disinfected seeds – 112%: treated with fundasol – 118%, raxil – 
92%, divident-star – 125% (average strain values);

•	 control 2 (inoculum – 100%), not sterile seeds – 49%, sterilized 
seeds – 84%, disinfected seeds – 54% (average strain values);

•	 R. galegae 1 – 138%, R. galegae 5 – 80%, R. galegae 8 – 116% 
(average data for three disinfectants).

Evaluation of R. galegae viability on treated seeds of Galega orientalis 
indicated that seed sterilization secured tight attachment and endurance 
of nodulating bacterial cells on the seed surface. Survival rate of R. gale-
gae surpassed 50% on non–sterile seeds treated with fundasol, raxil, and 
dividend-star, being 12% lower on not-disinfected seeds. The cell num-
ber of strains R. galegae 1 и R. galegae 8 on the surface of disinfected 
seeds averaged 127% of the control. It was found that maximal survival of 
nodulating bacteria R. galegae 1, 5, 8 was achieved on seeds treated with 
dividend-star and fundasol.

Specificity of tested rhizobial cultures to disinfectants accounting for 
their survival on Galega seeds was established: strain R. galegae 1 – to 
fundasol and dividend–star, strain R. galegae 5 – to divident-star, strain R. 
galegae 8 – to raxil and fundasol.

Adaptive seed tolerance of R. galegae cannot ultimately guarantee 
generation of effective symbiosis with host plant. It triggered studies to 
investigate influence of disinfected seed inoculation on symbiotic plant-
microbial relationship. The laboratory artificial light culture confirmed that 
inoculation of Galega orientalis seeds with strain R. galegae 1 preceded 
by fundasol treatment produced beneficial effect on growth and develop-
ment of host plant. Accumulation of green mass solids equaled 118% of 
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326	 Heavy Metals and Other Pollutants in the Environment Biological Aspects

the control. Inoculation of nodulating bacteria R. galegae 5 and 8 onto 
Galega orientalis seeds pretreated with dividend-star and raxil resulted in 
stimulation of cultivar development and significant build-up of phytomass 
(dry weight). Considerable growth-promoting effect was observed follow-
ing application of R. galegae 5 on divident-star exposed seeds. In the latter 
case the yields of green mass solids doubled those of the control variant. 
Application of raxil for disinfection of Galega orientalis seeds provided 
for enhanced survival rate of nodulating strain R. galegae 8. Accumula-
tion of green mass solids due to inoculation of raxil–treated Galega seeds 
increased by 5% versus control as a clear evidence of effective symbiosis.

Superiority in phytomass productivity to the control parameters indi-
cates efficiency of symbiotic interaction between legume crop Galega ori-
entalis and nodulating bacteria R. galegae promoted by the afore-tested 
disinfectants.

16.3.3  CRUDE OIL AND PETROLEUM HYDROCARBONS

Taking into account that Galega orientalis is an excellent phytoremediat-
ing agent for soils polluted with crude oil [3], studies on resistance and 
survival of microsymbionts under extreme conditions appear relevant and 
indispensable. Screening of nodulating bacteria R. galegae for hype resis-
tance to oil hydrocarbons, characterization of strain stability subject to 
impact of stress factors and subsequent application of microorganisms for 
inoculation of Galega orientalis seeds is a prerequisite for formulation of 
effective plant–microbial association used for remediation of soils con-
taminated with petroleum or oil–refining products.

Tests to estimate viability of local R. galegae strains exposed to hydro-
carbon pollution (crude oil, toluene, benzene, hexane, hexadecane, diesel 
fuel) have revealed different extent of resistance in nodulating bacterial 
cultures. Effect of diverse hydrocarbons on growth of rhizobia on the sur-
face of nutrient agar medium was investigated. Strain R. galegae 5 show-
ing the highest resistance was chosen for further studies (Table 16.4).

Resistance to oil hydrocarbons and degrading activity of bacteria are 
known to be correlated with synthesis of exopolysaccharides [10]. It may 
be deduced therefore that enhanced exopolysaccharide production pro-
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vides for elevated resistance and degradation capacity of strain R. galegae 
5 withstanding increased levels of hydrocarbons in the environment [11]. 
Survival of selected bacterial strain R. galegae 5 was examined during 
72 h submerged fermentation in liquid mineral medium E-8 with the sole 
carbon source sucrose, crude oil or diesel fuel).

It may be seen from Table 16.5 that hydrocarbon constituents of the 
medium directly affect vital functions of nodulating bacteria R. galegae 
5. By 24 h of submerged culture retarded growth and cell proliferation of 
strain R. galegae 5 was recorded in variants with 0.5% crude oil or diesel 
fuel. Cell titer in both cases decreased by 2.8 and и 1.2 times, respectively.

Upon 48 h of submerged fermentation with tested substrates the strain 
R. galegae 5 readily adapted to severe conditions and demonstrated active 
growth and cell reproduction in all experimental variants. 1% oil concen-
tration accelerated 1.5-fold propagation of microbial culture but by 72 
h the promoting effect faded leading to reduction of population density 
(Figure 16.5).

It was found that strain R. galegae 5 actively consumed crude oil and 
diesel fuel as the sole carbon sources. The maximal titer of viable R. gale-
gae 5 cells equaled 1.7×109 CFU/mL after 48 h culture with 1% crude oil. 
72 h fermentation in liquid medium E-8 with 0.5% oil or diesel fuel resulted 
in maximal titer values 1.3×109 and 1.4×109 CFU/mL, respectively.

TABLE 16.4  Growth Evaluation of R. galegae Strains on Agar Medium Supplemented 
with Hydrocarbons in 1% (v/v) Concentration

Hydrocarbons
R. galegae strains
1 5 8

Crude oil ++ +++ ++
Benzene + ++++ +++
Toluene ++ ++ ++
Xylene – ++ ++
Hexane ++ +++ ++
Hexadecane ++ +++ +++
Diesel fuel ++ +++ ++

Note: “–” – no growth; “+” – poor growth; “++” – good growth; “+++” – abundant 
growth; “++++” – profuse growth.

Development of Rhizobium galegae Lam. Under Extreme Conditions	 327

A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



328	 Heavy Metals and Other Pollutants in the Environment Biological Aspects

TABLE 16.5  Dynamics of R. galegae 5 Growth in Medium Е-8 With Hydrocarbons 
During Submerged Flask Culture

Experimen-
tal variant

Fermentation time, h
0 24 48 72

0.5% sucrose 
(control)

(3.5±0.56)×108 (5.2±0.64)×108 (1.09±0.05)×109 (3.9±0.12)×108

0.5% diesel 
fuel

(6.97±1.16)×108 (2.5±0.08)×108 (1.2±0.06)×109 (1.3±0.03)×109

1.0% diesel 
fuel

(2.9±0.05)×108 (4.8±0.32)×108 (1.03±0.08)×109 (3.3±0.05)×108

0.5% crude 
oil

(7.9±0.24)×108 (6.6±0.08)×108 (1.1±1.0)×109 1.4±0.08×109

1.0% crude 
oil

(6.0±1.08)×108 (7.7±1.2)×108 (1.7±0.02)×109 (1.5±0.96)×108

FIGURE 16.5  Effect of crude oil concentration (0.5% and 1.0%) on cell proliferation of 
strain R. galegae 5 in the course of 72 h culture.

Quantitative analyzes of oil concentrations in medium E-8 prior to and 
after 3-month submerged fermentation of strain R. galegae 5 pointed out 
dramatic reduction of pollution levels in 0.5 and 1% variants – by 97.4 and 
97.8%, respectively (Table 16.6). In the course of microvegetation experi-
ment in soil massive oil decomposition was recorded owing to selected 
plant – microbial association (R. galegae 5+Galega orientalis Lam.) (see 
Table 16.6).
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Successful performance of plant–microbial consortium R. galegae 
– G. orientalis Lam. in variants with 0.5% and 1% crude oil concentra-
tion guaranteed soil decontamination within 5 months by 86% and 61%, 
respectively.

16.4  CONCLUSIONS

1.	 R. galegae strains show specificity to Galega orientalis seed disin-
fectants: fundasol and dividend-star (R. galegae 1, R. galegae 5), 
raxil and fundasol (R. galegae 8).

2.	 Herbicides treflan and basagran generally display bacteriostatic 
action on R. galegae strains, however, resistant microbial varieties 
retain symbiotic potential so that in nodulating capacity and nitro-
gen-fixing activity they surpass parent strains by 62% and 15%, 
respectively.

3.	 Strain R. galegae 5 is not susceptible to adverse petroleum impact 
since it is able to utilize oil as the sole carbon source. Submerged 
fermentation of the tested strain during 3 months in liquid medium 
with 0.5 and 1.0% concentrations of oil hydrocarbons resulted in 
almost complete pollutant decomposition – by 97.4 and 97.8%, 
respectively.

4.	 Introduction of plant-microbial association G. orientalis Lam.-R. 
galegae 5 into oil-polluted (0.5–1.0% v/v) soil caused 86 and 61% 
decontamination of the media within 5 month period, supporting 
thereby attractive application prospects of legume-rhizobial system 
for phytoremediation of hydrocarbon–deteriorated environment.

KEYWORDS

•• disinfectants

•• herbicides

•• nodulating bacteria

•• oil contaminated soil
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ABSTRACT

Due to widespread industrial use, high solubility and migration capacity 
heavy metals in several oxidation states (chromium, uranium) are consid-
ered as serious pollutants of the environment. The main source of metal 
pollution is industry: galvanic plants, tailing mills and energy stations 
with coal and peat burning technologies. Nowadays, it is a great need to 
develop new environmentally friendly methods of metals removal from 
ecosystems. Biosorption is the most promising technology involved in the 
removal of toxic metals from industrial waste streams and natural waters. 
Biological methods of environment remediation outstand with high effec-
tiveness, low cost of the sorbent materials and prevention of secondary 
environment pollution. The present review revealed hexavalent chromium 
and uranium biosorption using different types of microorganisms: bacteria, 
microalgae and fungi, as well as adsorption isotherms (Langmuir, Freun-
dlich, Langmuir-Freundlich) used in the evaluation of the adsorptive capac-
ity of the biomaterials.

17.1  INTRODUCTION

Rapid industry development has led to large-scale release of toxic metals 
and radionuclides in the environment [1]. High toxicity is characteristic 
for metals with several states of oxidation because of their high migration 
activity, carcinogenicity and mutagenicity.

Chromium, the seventh most abundant transition metal element on 
Earth, is located in group VI-B of the periodic table [2]. Chromium exists 
in several valence states ranging from −2 to +6. Hexavalent chromium 
Cr(VI) and trivalent chromium Cr(III) are the most common forms in the 
environment, which possess different chemical proprieties [2–4]. Cr(VI) 
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is known to be highly toxic for all living organisms and is usually pres-
ent in the form of chromate (CrO4

2–) or dichromate (Cr2O7
2–) ions [2]. Its 

toxicity is associated with chromium penetration into the cell via surface 
anion transport systems (SO4

2– channels) with further formation of various 
reactive intermediates [5]. Cr(VI) release in the environment is explained 
by its application in different industries such as: leather tanning, metal 
plating and alloying, wood preservation [5–7], electroplating, paint and 
pigment manufacturing, textile and fertilizer industries [3]. Cr(III), on the 
other hand, is more stable and is approximately 100 times less toxic and 
1000 times less mutagenic than Cr(VI) [2, 3].

Uranium is the heaviest naturally occurring element to be found ubiq-
uitous in rock, soil, and water. It has two main stable states of oxidation +6 
and +4. Uranium(VI) is a common part of nuclear industry wastes, tailing 
mills and liquid radioactive wastes. In nature, uranium(VI) forms highly 
soluble carbonate complexes at alkaline pH that leads to an increase of 
its mobility in soil and groundwater. Uranyl ion UO2

2–, which is similar to 
other actinyl ions (NpO2

2–, PuO2
2–), is its most mobile and toxic form [8]. 

All uranium isotopes are unstable with half-lives varying between 69 years 
and 4.5 billion years. Three items determine the toxicity of radioactive 
materials: radiological effect, chemical effect and particle size. Regarding 
radiological effect 1 g of uranium releases 13,000 alpha particles per sec-
ond chemically is a very toxic heavy metal, and from the point of view of 
size, uranium particles within the air fit in the nanometer range (aerody-
namic diameter of 0.1 microns or less). Emission of alpha radiation causes 
not only chemical but also physical toxic effects by damaging DNA and 
others biomolecules. Uranium is a reactive element that is able to combine 
with, and affect the metabolisms of: lactate, citrate, pyruvate, carbonate 
and phosphate. Uranyl cations bind to protein, nucleotides, and they can be 
absorbed by phosphate or carbonate compounds. Thus, different uranium 
forms have singular biological activities and thus, different toxicity [9].

A wide range of physicochemical methods used for metal removal from 
wastewater such as: reduction, precipitation, ion-exchange, reverse-osmo-
sis, electro-dialysis [10]. However, the conventional methods have several 
disadvantages, which include high operating costs, the necessity of pre-
liminary treatment, the difficulty of treating the solid waste subsequently 
generated, and the requirement of large quantities of chemical adsorbents 
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[11, 12]. In recent years, great attention is paid to biological methods of 
metal removal, which become a hot topic in metal pollution control prac-
tices because of their potential application [13]. Various chemical and bio-
logical methods such as ion exchange, biosorption and bioreduction have 
been reported to successfully remove metals [14]. Among them biosorp-
tion has been considered environmentally friendly and greener alterna-
tive for environment bioremediation, due to low cost, high efficiency, easy 
reclamation of heavy metal, selectivity for absorbing heavy metals in low 
concentrations and easy recycling of the biosorbent [15, 16].

The main aim of the present work is to summarize the results of chro-
mium and uranium biosorption by microorganisms and to demonstrate the 
possibility of their use for solution of industrial tasks.

17.2 � REVIEW OF THE LITERATURE ON BIOSORPTION 
OF CHROMIUM(VI) AND URANIUM(VI) BY 
MICROORGANISMS

17.2.1  SCIENTIFIC BASIS OF METAL BIOSORPTION

There are three main mechanism of metal removal by microorganisms: 
bioreduction (e.g., U+6 to U+4, Cr+6 to Cr+3) in anaerobic conditions, bio-
sorption, bioaccumulation and bioprecipitation in phosphates, carbonates 
and other chemical forms [17, 18].

Biosorption can be defined as the microbial uptake of organic and inor-
ganic metal species, both soluble and insoluble by physical sorption or 
chemisorption. Chemisorption is the process of complexation between 
metal cations and negatively charged extracellular components. A detailed 
investigation carried out by Strandberg et al. [19] provided evidence that 
surface associated reactive groups chemically similar to high molecular 
weight polyphosphates were responsible for uranium uptake by Saccha-
romyces cerevisiae.

The biosorption capacity of microorganisms is determined by their 
large surface area, ease biomass/liquid separation, metal tolerance (for 
living cells), and complex cell wall composition [20, 21]. Biosorption is 
possible with both living and non-living biomass. In dead biomass bio-
sorption involves the surface binding of metal ions to cell wall and extra-
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cellular material. In living cell is a metabolism-dependent process, which 
includes metal intracellular uptake or bioaccumulation in some cases via 
specific membrane transport systems. The bioaccumulation is influenced 
by pH, Eh, organic and inorganic nutrients, and metabolites [22].

In metal binding participate different specific and nonspecific com-
pounds produced by microorganisms. Nonspecific metal-binding com-
pounds include different classes of chemical compounds ranging from 
simple organic acids and alcohols to macromolecules, such as polysac-
charides, humic and fulvic acids [23]. An important role in metal binding 
belongs to extracellular polymeric substances, a mixture of polysaccha-
rides, mucopolysaccarides and proteins, which are produced by bacteria, 
algae and fungi [24]. Large polysaccharides of floating cyanobacterial 
mats participated in metal removal from wastewater [9]. Chitin, an impor-
tant structural component of fungal cell walls, and its derivatives are con-
sidered as effective biosorbents for radionuclides [25]. Fact confirmed by 
Tsezos and Volesky [26] study, who showed that uranium biosorption by 
Rhizopus arrhizus, takes place through its coordination to the amine of 
chitin and further precipitation of hydroxylated derivatives. Beside chi-
tin, fungal phenolic polymers and melanins contain different oxygen-
containing groups, which are potential metal binding sites [27]. Another 
biomolecules involved in biosorption processes are low molecular weight 
coordination molecules – siderophores. Siderophores possess the ability 
to bind iron, magnesium, manganese, chromium(III), gallium(III) and 
radionuclides such as plutonium(IV) (see, [27]). Peptidoglycan’s carboxyl 
groups are the main binding sites for cations on Gram-positive bacterial 
cell walls, while phosphate groups contribute mainly in Gram-negative 
species [27, 28].

Cervantes and co-authors in their work [2] have shown that Cr(VI) 
biosorption process included three steps:

1.	 the binding of anionic Cr(VI) ions with the positively charged 
groups present on the biomass surface;

2.	 the reduction of Cr(VI) to Cr(III) by adjacent electron-donor groups;
3.	 the release of the Cr(III) ions into the aqueous phase due to elec-

tronic repulsion between the positively charged groups and the 
Cr(III) ions, or the formation of complexes of the Cr(III) with adja-
cent groups capable of Cr-binding.
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17.2.2  BIOSORPTION BY BACTERIAL BIOMASS

Bacteria are excellent biosorbents because of their small size, ubiquity, 
ability to grow under controlled conditions, resilience to a wide range of 
environmental conditions, high surface-to-volume ratios and a high con-
tent of functional groups on the cell wall [15]. Bacteria sorption capacity 
is determined by:

1.	 Bacterial surface charge. Usually bacterial cell walls are uncharged 
at pH below 2, but they become increasingly negatively charged at 
higher pH value and the magnitude of the negative charge varies 
from strain to strain [29, 30]. From Mamo [31] study is known that 
in gram-positive bacteria, teichoic and teichuronic acids, acidic 
polypeptides and polysaccharides evidently contribute to a nega-
tive surface charge. For example, the destruction of the cell-wall 
ribitol teichoic acid in Staphylococcus aureus led to reduction of 
the surface negative charge [32].

2.	 Bacterial cell walls composition. Bacterial surface contains dif-
ferent functional groups, which display electrostatic and chemical 
affinities for positively charged metals. The most common organic 
functional groups present on the bacterial cell walls are carboxyl, 
hydroxyl, and phosphoryl sites, with amino groups present to a 
lesser extent [27, 29]. The cell wall of Gram-positive bacteria is 
composed primarily of peptidoglycan with lesser amounts of other 
polymers such as teichoic acids; the most likely metal binding 
sites are the carboxyl groups in peptidoglycan and the phosphoryl 
groups in the teichoic acids [33]. Gram-negative bacteria, the cell 
wall architecture is more complex, as the cells have an additional 
outer membrane (as well as the cytoplasmic cellular membrane 
found in all bacteria with lipopolysaccharide (LPS) groups outside 
a thin peptidoglycan cell wall. Phosphoryl groups in the LPS are 
the most probable sites of metal complexation in these organisms 
[27, 29]. In spite of complex Gram-negative bacteria cell composi-
tion, the sorptive capacity of Gram-positive bacteria is higher due 
peptidoglycan’s, numerous sorptive sites [33].

3.	 Existence of bacterial extracellular capsule. Extracellular capsule 
contains exopolysaccharides or other polymer (polyglutamic acids, 
hyaluronic acid) components, which cover bacterial cells. Bacte-
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rial exopolysaccharides are polymers of different type of sugar 
residue, and they often contain uronic acids and/or pyruvyl ketal 
groups, which confer a negative charge on the polymers [31].

4.	 S-layers. Almost all bacteria and archea are covered by so-called 
S-layer proteins, which constitute approximately 15% of total 
bacterial proteins. S-layer proteins possess unique property of 
recrystallization or self-assembly in suspension, in air-liquid or 
liquid-solid interphase and execute protection function. S-layer 
proteins with the molecular weight in the range of 40–200 kDa 
are synthesized in a very short period of time. S-layer proteins are 
weakly acidic (pH 4–6) and contain a high proportion of uncharged 
hydrophobic amino acids [34].

5.	 Biofilms. Biofilms are defined as microbial aggregates and floc-
cules within the pore spaces of porous media [35], being at least 
500 times more resistant to antibacterial agents. In biofilms, the 
main role in metal sorption belongs to exopolysaccharides, which 
contains cationic groups (in amino sugars and proteins) and anionic 
groups (in uronic acids and proteins). Generally, exopolysaccha-
rides are anionic, thus the process of metal cations removal takes 
place [33].

A large number of studies reflect the role of selected biomolecules 
in metal biosorption, however the full picture of metal interaction with 
microorganisms is not always fully understood.

17.2.2.1  Chromium

Biosorption of Cr(VI) have been reported in a variety of aerobic, facul-
tative, and anaerobic bacterial strains. Sorption studies with four bacte-
rial strains Pseudomonas aeruginosa CA207Ni, Burkholderia cepacia 
AL96Co, Corynebacterium kutscheri FL108Hg, and Rhodococcus sp. 
AL03Ni were performed to determine the ability to remove chromium 
from solution with various concentrations, pH and temperatures. The opti-
mal temperature values for biosorption of chromate ions by the bacterial 
strains were in the range 30–35°C. The process of chromate ions removal 
showed to be pH dependent, with the maximum sorption at pH 2. The ion 
removal was highly concentration-dependent, maximum Cr(VI) sorption 
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by the bacterial strains were attained at concentrations ranging from 350 
to 450 mg/L. Bacteria chromium Cr(VI) affinity was described by the fol-
lowing line Rhodococcus sp. AL03Ni > Burkholderia cepacia AL96Co 
> Corynebacterium kutscheri FL108Hg > Pseudomonas aeruginosa 
CA207Ni. Rhodococcus sp. AL03Ni showed to be better biosorbent with 
a maximum uptake of 107 mg/g (dry weight) of biomass [36].

Biosorption capacity of 71 morphologically distinct Cr(VI) resistant 
bacterial strains was studied by Srinath et al. [37]. The experiments were 
performed with living and dead cells. Biosorption by dead cells showed 
to be 5–20% higher than by living biomass. The higher efficiency in chro-
mium removal showed two bacterial strains Bacillus coagulans and Bacil-
lus megaterium. Living and dead cells of Bacillus coagulans biosorbed 
23.8 and 39.9 mgCr/g dry weight, respectively, whereas, 15.7 and 30.7 
mgCr/g dry weight was biosorbed by living and dead cells of Bacillus 
megaterium, respectively.

Alam and Ahmad [13] conducted an experiment for Cr(VI) biosorption 
using Exiguobacterium sp. ZM-2, Stenotrophomonas maltophilia ZA-6, 
Pantoea sp. KS-2 and Aeromonas sp. KS-14 and found that maximum bio-
sorption occured at pH 2.5 during the first 15 min. Electron micrographs 
confirmed the bioaccumulation of chromium in the test bacterial isolates. 
Chromate sensitive isolates Pantoea sp. KS-2 and Aeromonas sp. KS-14 
were not efficient chromate reducers. Pseudomonas aeruginosa and Bacil-
lus subtilis adsorb Cr(VI) at pH 2 and temperature 32°C.

Biosorption of hexavalent chromium by non-living biomass of 
Aeromonas caviae at pH 2.5 and interaction time 120 min was investi-
gated by Loukidou et al. [38] in a well-stirred batch reactor. It was shown 
that the major part of adsorption took place during 30 min of interaction. 
Chroococcus sp. HH-11 was found to be suitable for the development of 
an efficient biosorbent for the removal of Cr(VI) from wastewater [39].

The greatest capacity of biosorption for Cr(VI) ions by Pantoea sp. 
TEM18 was obtained at pH 3.0. The biosorption capacity of the biomass 
increased with the increase of chromium concentration in the solution. At 
the chromium (VI) concentration in the solution 28.9–245 mg/L the load-
ing capacity of Pantoea sp. TEM18 constituted 7.8–53 mgCr/g dry weight 
[40]. Micrococcus sp. showed maximum removal of Cr(VI) (90%) at pH 
7.0 [28].
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Biosorption of the chromium Cr(VI) ions by Pseudomonas aerugi-
nosa, a gram-negative aerobic species, commonly found in near-surface 
systems was investigated in batch experiments. It was found that biosorp-
tion of Cr(VI) includes two processes. The first process was the reduction 
of Cr(VI) to Cr(III) by reductive functional groups and the second one 
chromium ions removal from wastewater using the adsorptive functional 
groups. FT-IR study showed that –NH groups were mainly involved in 
Cr(VI) ions removal [12].

Cr(VI) can be efficiently removed by Azotobacter chroococcum, Bacil-
lus sp. and Pseudomonas fluorescens [41], Staphylococcus saprophyticus 
[42], Bacillus licheniformis [43], E. coli ASU 7[44], Pseudomonas species 
[45], and Acinetobacter haemolyticus [46].

17.2.2.2  Uranium

A number of studies have been conducted to investigate uranium(VI) 
sorption by different bacterial strain. The obtained results show the 
precipitation of uranium in the insoluble form by bacterial strains: Cel-
lulomonas flavigena A [47], Clostridium sp. [18], Desulfomicrobium nor-
vegicum and Desulfovibrio sulfodismutans DSM 3696 [48], Geobacter 
daltonii sp. nov. [49].

Merroun et al. [50] studied the sorption of U(VI) to Bacillus sphaeri-
cus JG-A12, a Gram-positive bacterium isolated from a uranium mining 
waste pile. Obtained results demonstrated than carboxyl and phosphate 
groups participated in metal binding. The biosorption of uranium by aero-
bic Bacillus sp. dwc-2, isolated from a potential disposal site for (ultra-) 
low uraniferous radioactive waste in Southwest China, was studied by 
different techniques. The received results implied that the biosorption of 
uranium on Bacillus sp. is complex mechanisms, which involves at least 
bioaccumulation, ion exchange and complexation processes [51].

Uranyl adsorption onto the Gram-positive soil bacterium Bacillus 
subtilis was conducted at 25°C as a function of pH, solid/solute ratio, 
and equilibration time. The rate of uranium bound to the bacterium was 
strongly dependent on the solid:solute ratio and the solution pH. The 
adsorption of uranium reached equilibrium within 30 min and it did not 
changed further. A maximum uranium adsorption of 90% was observed 

A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



342	 Heavy Metals and Other Pollutants in the Environment Biological Aspects

at pH 4.9 (1.5 g of bacteria/L). It was suggested that uranium adsorption 
data require two separate adsorption reactions: with the neutral phosphate 
functional groups and with the deprotonated carboxyl functional groups of 
the bacterial cell wall [52].

The process of uranium sorption by Mycobacterium smegmatis showed 
to be three steps process, which include a rapid initial phase, deceleration, 
and a plateau corresponding to equilibrium conditions (after 120–180 min 
of interaction). For 5% bacterial suspensions at pH 1, maximum UO2

2+ 
biosorption per gram of dry biomass reached the value of 187 μmol [53]. 
Results on arabinogalactan-peptidoglycans (composed of polypeptides 
with carboxyl groups) isolation from the cell wall of bacterium, Myco-
bacterium smegmatis (Actinobacteria) indicated that about 100 mg of ura-
nium could be potentially adsorbed per gram of cell dry weight [54].

The kinetics of uranium sorption by lyophilized Pseudomonas biomass 
revealed the rapid uranium uptake (>90%) within 10 min of reaction and 
saturation after 2 h at pH 4.0. pH plays a critical role in metal sorption by 
influencing both the bacterial surface chemistry as well as the solution 
chemistry. The results of uranium sorption in the presence of equimolar 
amounts of competing ions showed the significant antagonism to U sorp-
tion for Th4+, Fe2+ and Fe3+, Al3+ and Cu2+ while metals like cadmium(II), 
lead(II), silver(II) and anions like chloride(I), phosphate(II) and sulfate(II) 
had no effect biosorption process [55].

Living, heat-killed, permeabilized Pseudomonas aeruginosa strain 
was characterized with respect to its sorptive activity. Obtained results 
suggested that uranium removal by Pseudomonas aeruginosa occurs inde-
pendently of oxygenative respiration or other apparent metabolic activity. 
Uranium binding by Pseudomonas aeruginosa was clearly pH dependent, 
increasing with increasing pH (4–8). The uranium biosorption equilibrium 
was described by the Langmuir isotherm [56].

The adsorption of uranium from by Streptomyces levoris in dependence 
of pH, uranium concentration and interaction time was studied. Streptomy-
ces levoris cells were able to adsorb uranium from a solution over a wide 
pH range from 3.5 to 6. The amount of uranium adsorbed by Streptomyces 
levoris cells increased with the external uranium concentration increase. 
At the external uranium concentration 100 µM, the maximum uranium 
adsorption was about 380 µmol of uranium per gram dry weight. In depen-
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dence of interaction time the amount of uranium adsorbed by the Strep-
tomyces levoris cells from a solution containing uranium increased very 
rapidly during the first 5 min of interaction [57].

Arthrobacter sp. G975 can effectively remove soluble U(VI) ions 
from aqueous solution (carbonate-free and carbonate amended synthetic 
groundwater, SGW). The presence of calcium and bicarbonate ions in 
SGW affects the sorption behavior of U(VI) due to the formation of highly 
soluble and stable uranyl-carbonate and calcium uranyl carbonate com-
plexes that reduce adsorption of U(VI) [58].

Among the microorganisms that can sorb uranium Citrobacter sp. 
stand out (Table 17.1) due to overproduction of phosphates and specific 
enzyme – phosphatase [59–61]. Also, it was shown that Sulfolobus acido-

TABLE 17.1  Uranium Biosorption by Several Microbial Strains

Biomass Microorganism
Uranium uptake,  
% mg of dry weight

Fungi 

Yeasts

Alga

Actinomycetes

Bacteria

Aspergillus niger
Aspergillus terreus
Penicillium chrysogenum
Mucor hiemalis
Rhizopus oryzae
Saccharomyces cerevisiae
Candida albicans
Rhodotorula glutinus
Chlorella regularis
Dunaliella sp.
Actinomyces flavoviridus
Streptomyces albus
Escherichia coli
Citrobacter sp.*
Bacillus subtilis
Pseudomonas aeruginosa
Micrococcus luteus

21

0.1

8–9

7.1

3.4

10–15

1.6

3.6

15

0.02

7.8

8.7

2.3

900

8.5

15

7.5

*Highest uranium uptake.
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caldarius are able to precipitate uranium as U(VI)-phosphates [62]. The 
biosorption of uranium by Citrobacter freundii could be described well by 
the Langmuir or Freundlich isotherm, and the latter was better.

17.2.3  BIOSORPTION BY MICROALGAE

Microalgal biomass wide application for metal removal can be explained 
by possibility of its cultivation in open ponds or in large-scale laboratory 
culture, providing a reliable and consistent supply of biomass for scale-up 
work and use of light as an energy source, facilitating the maintenance of 
metabolism in the absence of organic carbon sources [63].

17.2.3.1  Chromium

Cr(VI) adsorption by filamentous algae Spirogyra species in batch experi-
ments shows that adsorption capacity of the biomass strongly depends on 
equilibrium pH. The percent adsorption of Cr(VI) increases within crease 
in pH from pH 1.0 to 2.0 and thereafter decreases with further increase 
in pH. The concentration of chromium in biomass increased with time 
from 0 to 120 min and after that becomes almost constant up to the end 
of the experiment (180 min). The chromium sorption isotherms followed 
the Langmuir model and the maximum chromium adsorption constituted 
14.7×103 mg metal/kg of dry weight biomass [64].

Chromium biosorption by microalga Phormedium bohneri, Oscilla-
toria tenuis, Chlamydomonas angulosa, Ulothrix tenuissima was inves-
tigated. The maximum accumulation of Cr was shown by Phormedium 
bohneri (8550 µg/g) followed by Oscillatoria tenuis (7354 µg/g), Chlam-
ydomonas angulosa (5325 µg/g), Ulothrix tenuissima (4564 µg/g), and 
Oscillatoria nigra (1862 µg/g) [5].

Chromium(VI) removal onto nonviable freshwater cyanobacterium 
Nostoc muscorum biomass was studied by Gupta and Rastogi [63]. The 
maximum Cr(VI) biosorption capacity for Nostoc muscorum has been 
found to be 23 mg/g at a dose of 1.0 g/L with initial Cr(VI) concentration 
of 100 mg/L and optimum pH of 3.0. Results of application of Langmuir 
and Freundlich mathematical models indicated the applicability of Nostoc 
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muscorum for Cr(VI) removal in both monolayer biosorption and hetero-
geneous surface conditions.

Adsorption of Cr(VI) by heat-dried biomass of the cyanobacterium 
Phormidium laminosum has been reported at pH 2.0 [65]. The biosorption of 
chromium(VI) ions by Scenedesmus obliquus and Chlorella vulgaris, pro-
caryotic, green algae were investigated as a function of initial pH, initial metal 
ion concentration and cell concentration. The optimum biosorption pH was 
2.0 for both microalgae. Maximum equilibrium uptakes of chromium(VI) 
ions were also determined as 33.8 mg/g and 30.2 mg/g for Chlorella vul-
garis and Scenedesmus obliquus, respectively, at chromium(VI) ion initial 
concentration 250 mg/L. Obtained adsorption equilibrium data fitted very 
well to Freundlich and Langmuir adsorption models [66].

Biosorption of chromium by residual Nannochloris oculata after lipid 
extraction was investigated. Increased surface area of Nannochloris ocu-
lata was observed after lipid extraction. Cr(VI) removal was highest at pH 
2 and it decreased with the increase in pH [67].

The biosorption of chromium(VI) from saline solutions on two strains 
of living Dunaliella algae were tested under laboratory conditions in a 
batch system. Maximum chromium(VI) sorption capacities of both sor-
bents were obtained at pH 2.0. The uptake of chromium(VI) by two strains 
reached a plateau at 250–300 mg/L showing the saturation of binding sites 
at higher concentration levels. However, chromium uptake by Dunaliella 
sp. 1 (53%) appeared to be slightly higher than that of Dunaliella sp. 2 
(45%). Both the Freundlich and Langmuir adsorption models were suitable 
for describing the biosorption of chromium(VI) [68]. Travieso et al. [69] 
have demonstrated better chromium removal efficiencies by Scenedesmus 
acutus than Chlorella vulgaris. Microalga Chlorella pyrenoidosa, Spirul-
ina maxima, Spirulina platennis, Selenastrum capriornutum and Scenedes-
mus quadricauda [70] can be successfully used for chromium biosorption.

17.2.3.2  Uranium

Chlorella vulgaris and Dunaliella salina was efficiently applied for puri-
fication of wastewater contaminated with UO2

2+ ions that are by-products 
of the technology of nuclear fuel elements preparation. Uptake of UO2

2+ 
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ions was higher for Chlorella vulgaris than for Dunaliella salina due to 
biomass biochemical and physiological properties. The authors suggested 
that in UO2

2+ ions binding participated polysaccharides and nucleic acids 
of the biosorbents [71]. Another three types of alga Nostok linckia, Spi-
rulina platensis, Porphyridium cruentum were tested for their ability of 
uranium biosorption. According to obtained result the retention degree on 
alga decreased in the series: Spirulina platensis > Porphyridium cruentum 
≥ Nostok linckia [14].

Cystoseria indica biomass exhibited the highest uranium uptake capac-
ity at 15°C, uranium ion concentration 500 mg/L and pH 4. The obtained 
data fitted well with Langmuir model [72]. Uranium biosorption by pow-
dered biomass of lake-harvested cyanobacterium water-bloom, which 
consisted predominantly of Microcystis aeruginosa was studied by Li et 
al. [73]. Optimum uptake of uranium was at pH 4.0–8.0 during one-hour 
experiment. The biosorption data fitted the Freundlich model.

17.2.4  BIOSORPTION BY FUNGI

Wide fungi application as biosorbents is explained by the production of 
high yields of biomass, ease grow under wide range of environmental 
conditions, resistance to high metal ion concentrations, and possibility 
of enzymes (reductase, DNA polymerase etc.) production. In general, the 
fungal organisms are resistant to higher metal ion concentrations [74]. It 
is known that the cell wall of fungi consists of large quantity of functional 
groups. Among these groups are carboxyl (–COOH), amide (–NH2), thiol 
(–SH), phosphate (PO4

3−) and hydroxide (–OH), which are believed to 
play an important role in metal chelation [75].

17.2.4.1  Chromium

A wide range of fungal species under nonliving condition have been 
studied by different researchers for the removal of Cr(VI) from the 
wastewaters [74]. Dead fungal biomass of Aspergillus niger, Aspergillus 
sydoni and Penicillium janthinellum was used to investigate biosorption 
of Cr(VI) from aqueous solution as well as from electroplating effluent. 
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For batch solutions the maximum percent removal of chromium(VI) 
was 89±2%, 81±2.2% and 78±2.3% for Aspergillus niger, Aspergil-
lus sydoni and Penicillium janthinellum, respectively. As a function 
of adsorbent dose the removal of Cr(VI) was 91±2.2% by Aspergillus 
niger at biosorbent dose 0.6 g/50 mL, whereas, 88±1.6% and 86±1.6% 
by Aspergillus sydoni and Penicillium janthinellum at 0.8 g/50 mL and 
after that no appreciable amount of Cr(VI) ions removed from the solu-
tion. A major fraction of Cr(VI) was adsorbed onto biomass after 60 min 
of interaction and remained nearly constant afterwards. Adsorption data 
fitted well with Freundlich and Langmuir models. In case of wastewater 
Cr(VI) sorption was lower in comparison with as compared to synthetic 
sample, that can be explained by presence of other metal ions in waste-
water [76].

Chen et al. [77] investigated the effects of pH, initial concentration, 
and sorption time on Cr(VI) removal by polyethylenimine (PEI)-modified 
Phanerochaet chrysosporium. The optimum pH was approximately 3.0. 
The maximum removal for Cr(VI) was 344.8 mg/g.

Biosorption of Cr(VI) ion was investigated using biomass of Agaricus 
bisporus. Optimum biosorption conditions were determined to be pH 1, 
C0 = 50 mg/L and t = 20°C. Beside the set of traditional parameters, the 
optimal rotation speed was assessed. The maximum uptake yield of Cr(VI) 
was obtained at 150 rpm. Application of mathematical models showed that 
biosorption of Cr(VI) ions onto biomass was better suitable to Freundlich 
adsorption model [78].

The use of the Cr-resistant fungus Paecilomyces lilacinus to remove 
Cr(VI) from two physicochemically different undiluted tannery industry 
effluents was studied by Sharma et al. [79]. The fungus has broad pH 
tolerance range and was able to reduce Cr(VI) content both in acidic (pH 
5.5) and alkaline (pH 8.0) conditions. Saccharomyces cerevisiae has the 
ability to sorb Cr(VI) and the sorption capacity of dehydrated cells is con-
siderably higher than that of intact cells [80]. The removal rate of Cr(VI) 
by biomass of marine Aspergillus niger was increased with a decrease in 
pH and an increase in Cr(VI) and biomass concentration. Chromium can 
be also successfully removed by Aspergillus niger [81] and Aspergillus 
sp [28].
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17.2.3.2  Uranium

The reports on fungal biomass use as a potential biosorbent of uranium 
are very scanty. The ability of non-living biomass of Penicillium citrinum 
has been explored for the removal and recovery of uranium from aqueous 
solutions. The Penicillium citrinum exhibited the highest uranium sorp-
tion capacity at an initial pH of 6.0, concentration of 50 g/mL, and at 5 h. 
Obtained data fitted well with both Langmuir and Freundlich models [82].

Uranium(VI) uptake by Aspergillus fumigatus showed to be a rapid 
process. During one hour 86% of uranium was removed from solution at 
pH 5. Biosorption data fitted to Langmuir model of isotherm and a maxi-
mum loading capacity of 423 mg U/g was obtained. Presence of iron, cal-
cium and zinc cations did not affect the process of uranium sorption, while 
aluminum showed an inhibitory effect [83].

The effect of aluminum on uranium biosorption by another fungi Rhi-
zopus arrhizus was investigated by Tsezos et al. [84]. In comparison to 
Aspergillus fumigatus in Rhizopus arrhizus aluminum did not interfered 
with the kinetic of uranium uptake. The authors suggested the interference 
has physical not chemical character as uranium-chitin complexes were 
formed.

The optimum biosorption of uranium by immobilized Aspergillus 
fumigatus beads in Wang et al. [85] study was observed to occur at pH 5.0, 
biosorbent dose 2.5%, and initial U(VI) concentration 60 mg/L during 120 
min. The adsorption process conformed to the Freunlich and Temkin iso-
thermal adsorption models. The ability of uranium biosorption by Asper-
gillus niger at different parameters was examined in Solat and co-authors 
work [86]

17.3  SORPTION MODELS

The adsorption isotherm is the initial experimental test step to determine 
feasibility of adsorption treatment and whether further test work should 
be conducted [76]. Although the Langmuir and Freundlich isotherms 
were first introduced about 90 years ago, they still remain the two most 
commonly used adsorption isotherm equation. Their success undoubtedly 
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reflect their ability to fit a wide variety of adsorption data quite well, but 
it may also partly reflect the appealing simplicity of the isotherm equa-
tions and the ease with which their adjustable parameters can be esti-
mated [39, 87].

The Langmuir equation is the most widely used isotherm equation for 
modeling adsorption equilibrium data [88, 89]. This model is based on the 
assumption that the sorption energy is uniform and homogeneously distrib-
uted on the sorbent surfaces, and the energy of adsorption is constant [76].

The Langmuir isotherm model is expressed as:

q = (qmaxbc)/(1+bc)

where c − is the concentration of metal ions; qmax − represents the maxi-
mum metal accumulation; b − is the affinity parameter of the isotherm 
reflecting the high affinity of the biosorbent for the sorbate [56].

The constants qmax and b are evaluated from the linear plot of logarith-
mic equation:

(1/q) = (1/qmax) + (1/bqmax) (1/c)

The Freundlich equation is basically empirical and was developed for 
heterogeneous surfaces nature [73, 90, 91]. The Freundlich adsorption iso-
therm is mathematically expressed as

x/m = Kc(1/n)

It is also can be written in logarithmic form:

log(x/m) = logk + (1/n)logc

where x = mass of adsorbate; m = mass of adsorbent; c = equilibrium 
concentration of adsorbate in solution; K and n are constants for a given 
adsorbate and adsorbent at a particular temperature [92].

In some studies to describe adsorption process in heterogeneous mate-
rials Langmuir- Freundlich (LF) model was applied [93–96].

q = [qmax (bc)n]/[1–(bc)n]
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where c is the concentration of metal ions; qmax represents the maximum 
metal accumulation; b is the affinity parameter of the isotherm reflecting 
the high affinity of the biosorbent for the sorbate, and n is the empirical 
parameter that varies with the degree of heterogeneity.

Other types of adsorption isotherms are well described elsewhere [21, 
97, 98].

17.4  CONCLUSIONS

The present review shows that microorganisms (bacteria, microalga and 
fungi) represent an efficient and potential class of biosorbents for the 
removal of hexavalent chromium and uranium from industrial wastewater. 
The microorganisms contain a variety of functional groups responsible for 
metal adsorption, which allows producing cheap and effective biosorbents 
for large-scale application. In a large part of study on metal biosorption the 
data are processed using Langmuir and Freundlich isotherms.
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APPENDIX

List of microorganisms (in Latin) listed in the chapter.
Latin name Definition 
Acinetobacter haemolyticus Gram-negative bacterium 
Actinomyces flavoviridus Gram-positive bacterium
Aeromonas sp. Gram-negative, non-spore-forming, rod-shaped, facul-

tative anaerobic bacteria
Arthrobacter sp. soil-bacterium
Aspergillus fumigatus saprophytic fungus 
Aspergillus niger mold
Aspergillus sp fungus and one of the most common species of the 

genus Aspergillus
Aspergillus sydoni fungus
Aspergillus terreus fungus (mold) found worldwide in soil
Azotobacter chroococcum free-living diazotrophic bacterium
Bacillus coagulans lactic acid-forming bacterial species
Bacillus licheniformis Gram-positive, spore-forming soil bacterium
Bacillus megaterium Gram-positive, endospore forming, rod shaped bacte-

rium
Bacillus sp. aerobic, sporulating, rod-shaped bacteria
Bacillus sphaericus obligate aerobe bacterium used as a larvicide for mos-

quito control
Bacillus subtilis Gram-positive, rod-shaped bacterium 
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Latin name Definition 
Burkholderia cepacia catalase-producing, lactose-nonfermenting, Gram-

negative bacterium 
Candida albicans diploid fungus
Cellulomonas flavigena Gram-positive, rod-shaped bacterium
Chlamydomonas angulosa genus of green algae consisting of unicellular flagel-

lates
Chlorella pyrenoidosa freshwater green algae 
Chlorella regularis single-cell fresh water microalga
Chlorella vulgaris single-cell green algae 
Chroococcus sp. cyanobacteria
Citrobacter freundii Gram-negative, facultative anaerobic bacterium
Citrobacter sp. Gram-negative, facultative anaerobic bacterium 
Clostridium sp. Gram-positive, anaerobic, rod-shaped bacterium
Corynebacterium kutscheri Gram-positive, aerobe, rod-shaped bacterium
Desulfomicrobium norvegi-
cum

Gram-negative, sulfate-reducing bacterium

Desulfovibrio sulfodismutans sulfate reducing bacterium
Dunaliella salina halophile green microalga
Dunaliella sp halophile green microalga
Escherichia coli Gram-negative, facultatively anaerobic, rod-shaped 

bacterium
Exiguobacterium sp. thermophilic bacterium
Geobacter daltonii sp. nov Fe(III)- and uranium(VI)-reducing bacterium
Micrococcus luteus saprotrophic bacterium
Micrococcus sp. gram-positive, oxidase-positive, and strictly aerobic 

cocci 
Microcystis aeruginosa freshwater cyanobacteria
Mucor hiemalis fungal plant pathogen
Mycobacterium smegmatis acid-fast bacterial species
Nannochloris oculata microalga with high lipid content
Nostoc muscorum free-living cyanobacterium 
Nostok linckia free-living cyanobacterium
Oscillatoria tenuis filamentous cyanobacterium which is named for the 

oscillation in its movement
Paecilomyces lilacinus saprobic filamentous fungus
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Latin name Definition 
Pantoea sp. Gram-negative bacterium
Penicillium chrysogenum fungus 
Penicillium citrinum anamorph, mesophilic fungus
Penicillium janthinellum mold
Phanerochaet chrysospo-
rium

model white rot fungus

Phormedium bohneri epilithic filamentous cyanobacterium
Phormidium laminosum thermophilic cyanobacterium
Porphyridium cruentum species of red alga 
Pseudomonas aeruginosa Gram-negative, rod-shaped, asporogenous, and mono-

flagellated bacterium
Pseudomonas fluorescens Gram-negative, rod-shaped bacterium
Pseudomonas sp. Gram-negative, aerobic gammaproteobacterium
Rhizopus arrhizus filamentous fungus
Rhizopus oryzae filamentous fungus
Rhodococcus sp aerobic, nonsporulating, nonmotile, Gram-positive 

bacterium
Rhodotorula glutinus unicellular pigmented yeast
Saccharomyces cerevisiae Baker’s yeast, brewer’s yeast
Scenedesmus acutus nonmotile colonial green alga
Scenedesmus obliquus nonmotile colonial green alga
Scenedesmus quadricauda microalga
Selenastrum capriornutum freshwater microalga
Spirulina maxima microalga rich in protein and other essential nutrients
Spirulina platensis blue-green microalga
Staphylococcus aureus Gram-positive bacterium
Staphylococcus saprophyti-
cus

Gram-positive, coagulase-negative bacterium

Stenotrophomonas malto-
philia

aerobic, nonfermentative, Gram-negative bacterium

Streptomyces albus streptomycete strain
Streptomyces levoris soil-bacterium
Sulfolobus acidocaldarius aerobic thermoacidophilic crenarcheon
Ulothrix tenuissima filamentous green algae, generally found in fresh and 

marine water
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PART IV

THE RISKS OF ENVIRONMENTAL 
POLLUTION WITH HEAVY METALS 
FOR WARM-BLOODED ANIMALS: 
THE POSSIBILITY OF PROTECTING 

FOOD PRODUCTS FROM 
POLLUTANTS 
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ABSTRACT

Comparative analysis of the early and long-term biological consequences 
under the low-intensity γ-radiation action at low dose and combined action 
of γ-radiation and lead nitrate at different concentrations was performed 
by using of the morphophysiological parameters and the some indices of 
the lipid peroxidation (the TBA-reactive substances amount, the activity 
of catalase, the phospholipid composition) in the functionally distinct tis-
sues of CBA mice. It was found that the direction and scale of changes of 
studied parameters are complex nonlinear character, depending on the lead 
nitrate dose and the period after the radiation action, as well as the studied 
tissue or organ.

The data obtained and analysis of literature allow us to consider param-
eters of the lipid peroxidation regulatory system in tissues of animals and 
also the changes of interrelations between them as markers for the estima-
tion of the biological consequences under the action of radiation at the low 
doses and its combined action with the chemical toxicants at the different 
concentrations.

18.1  INTRODUCTION

The impossibility to predict the combined effect of different factors occurs 
due to the maximum probability of appearance of synergistic effect from 
different chemical and physical factors at low doses and intensity [1]. The 
research of the combined effect of the different factors on organism is a 
high priority problem due to the magnification of the pollutant and radio-
nuclide content in environment. Lead and its compounds are among the 
technogenic unfavorable factors, which are recognized as a long-live and 
persistent environmental toxicant [2, 3]. Lead cause the bonding of SH-
groups of proteins, the hematological, gastrointestinal and neurological 
dysfunction in organism and chronic nephropathy, alter cellular calcium 
metabolism and cause irreversible injury in isolated hepatocytes [2, 4–6]. 
In the last new years, the ability of lead ions to induce phospholipidosis and 
cholesterogenesis in animal tissues is considered as a mechanism of lead 
toxicity [7, 8]. The problem of the combined action of the ionizing radiation 
at low doses and heavy metals is important for radioecology because of the 
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necessity to predict effects of anthropogenic influences upon the organism 
and population levels. Earlier a high sensitivity of the lipid peroxidation 
(LPO) regulatory system parameters both to increased natural radiation 
background and to technogenic radioactive contamination of the environ-
ment is obtained in tissues of wild rodent inhabiting local radioactively 
contaminated areas in the Komi Republic or in 30-kilometer exclusion 
zone of the Chernobyl accident [9, 10]. Besides, a long-time inhabiting 
of tundra voles under an increased natural radiation background provokes 
distortions on a morphophysiological level [10]. Lead is known to be in 
termination of the radioactive decay of many nuclides. At present there 
is sufficient experimental data on the influence of the combined action 
of radionuclides and heavy metals in different concentrations for plant 
objects [11–15]. However, information about biological consequences of 
the combined action of the ionizing radiation at low doses and lead ions 
depending on its concentration for organism of animals is scanty.

The aim of present work was to investigate the influence of lead nitrate 
at different concentrations on the development of the early and remote 
consequences under the chronic γ-radiation of laboratory mice at low dose 
using the morphophysiological indices and parameters of the LPO regula-
tory system in tissues.

18.2  MATERIALS AND METHODOLOGY

The chronic γ-irradiation at low dose under the low dose rate and lead 
nitrate were chosen as one of the most widespread among the technogenic 
damaging factors. The experiments were carried out on the laboratory 
2.5–3 month aged CBA mice (males). 110 mice were divided in 7 groups 
(per 7–10 species in each) as follows:

A.	 intact control;
B.	 irradiation;
I.	 irradiation + lead nitrate at the dose of 0.003 g/kg;
II.	 irradiation + lead nitrate at the dose of 0.01 g/kg;
III.	 irradiation + lead nitrate at the dose of 0.03 g/kg;
IV.	 irradiation + lead nitrate at the dose of 0.1 g/kg;
V.	 irradiation + lead nitrate at the dose of 0.3 g/kg.
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Two ampoules with 226Ra which had the 0.474 × 106 and 0.451 × 106 kBq 
activities and placed in 2.5 m distance used as a source of γ-irradiation. In 
the irradiation zone mice were within 30 days under the dose rate 2.0–2.2 
mR/h. The total absorbed dose measured by DGRZ radiometers in each 
cell was 1.44–1.6 cGy. Mice of A and B groups received clean drinking 
water, while the solutions of lead nitrate (analytical pure grade, “Reakhim” 
USSR) in drinking water were used during in the course of irradiation for 
the other groups of mice at the calculated concentrations which furnished 
the uptake of the lead nitrate at the doses of 0.003, 0.01, 0.03, 0.1 and 0.3 
g/kg of the body weight of mouse. The calculations were performed taking 
into account the weight of animals and the volume of consumed liquid.

Decapitation of mice in experimental groups was done within 1 day and 
30 days after irradiation and decapitation of mice in A and B groups was 
simultaneously performed. Following decapitation of mice their organs 
(spleen, liver and brain) were placed on ice. The blood was collected in 
test tubes treated by 5% solution of sodium citrate. The blood plasma was 
separated from the blood corpuscles by centrifugation. Body weights and 
relative weights (index, ‰), i.e., the ratio of the organ weight (in mg) to 
the bogy weight of species (in g), were recorded as morphophysiological 
parameters.

The content of the LPO secondary products reacting with 2-thiobarbi-
turic acid (TBA-reactive substances, TBA-RS) was determined using the 
method described in Ref. [16]. Protein content was estimated according to 
Ref. [17]. The catalase activity in liver was measured spectrophotometri-
cally at a wavelength 410 nm according to the formation of a colored com-
plex of ammonium molybdate in the presence of hydrogen peroxide [18].

Lipids were isolated by the method of Blay and Dyer in the Kates mod-
ification [19]. The qualitative and quantitative composition of phospholip-
ids (PL) was determined by thin-layer chromatography as it describes in 
Ref. [20]. In was used type G or H silica gel (Sigma, USA), glass plates 
9×12 cm and a mixture of solvents chloroform:methanol:glacial ace-
tic acid:distilled water (25:15:4:2) were used as a mobile phase. All the 
solvents were of specially pure or chemically pure grade. The develop-
ment of chromatograms was performed iodine vapor. To determine the 
concentration of phosphorus present, ammonium molybdate and ascorbic 
acid (Serva, Electrophoresis GmbH, Germany) and also perchloric acid 
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of chemically pure grade were used to generate a color reaction. A more 
detailed description of the PL determination method is presented in Ref. 
[21]. In addition to the quantitative analyzes of the different fractions of 
PL, the following generalized parameters of lipid composition were also 
assessed: PL proportion in the total lipid composition (%PL), the ratio of 
the content of the different fractions in PL and the ratio of sums of the 
more easily to the more poorly oxidizable PL (ΣEOPL/ΣPOPL), a value of 
which was calculated by the formula [21]:

ΣEOPL/ΣPOPL = (PI + PS + PE + CL + PA)/(LPC + SM + PC),

where PI is phosphatidylinositol, PS is phosphatidylserine, PE is phos-
phatidylethanolamine, CL is cardiolipin, PA is phosphatidic acid, LPC are 
lysoforms of PL, SM is sphingomyelin, PC is phosphatidylcholine.

All parameters of organs were measured for each animal individually, 
but under the analysis of PL composition in erythrocytes blood was com-
bined from 2 to 3 species.

The experimental data were processed with a commonly used statistic 
method by means of statistical package Excel including the method of 
regression analysis. Differences between parameters were determined by 
Student’s t-criterion. The variability of parameters was evaluated as the 
ratio of the standard deviation to average mean for group expressed as a 
percentage. The experimental data are presented in figures as the arithme-
tic means with the indication the standard deviation.

18.3  RESULTS AND DISCUSSION

To study the development of the biological consequences under the com-
bined action of the chemical and physical factors on organism it was 
chosen organs which had the different functions in metabolism and func-
tioning organism. So, spleen is one of the important blood-forming organ, 
liver is a “chemical laboratory” of organism, and brain is considered to 
serve for signaling. Recently the blood erythrocyte lipids are supposed to 
be a convenient model system for estimating of biological consequences 
under the action of the different factors [22]. The Pb 2+ concentrations were 
chosen according to their toxicity for laboratory rodent.
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Earlier it was shown that a long-time inhabiting of tundra voles under 
an increased natural radiation background provokes distortions on a mor-
phophysiological level [10]. Besides, values of the organ indices are sensi-
tive to the action of the ionizing radiation at low doses according to Ref. 
[23, 24]. Therefore, analysis of the morphophysiological parameters was 
the fist stage of our investigations. The average magnitudes of the body 
weight in all groups of mice are done in Table 18.1.

TABLE 18.1  The Body Weight of Mice in the Dependence on the Experimental 
Conditions

Period 
after 
action

Body weight (M ± SD), g

A B I II III IV V
1 day 18.3 ± 1.3 19.0 ± 1.3 - 18.7 ± 1.0 17.1 ± 0.7 - 19.1 

±1.2
30 days 25.5 ± 1.8 24.8 ± 1.8 21.4 ± 

1.3**
25.0 ± 0.8 20.2 ± 0.9** 22.7 ± 

1.3*
18.7 ± 
1.0**

Note: * Significant differences from the control group (P < 0.02). ** Significant differ-
ences from the control group (P < 0.01).

As seen, while presence of lead in drinking water is practically cause 
no changes in the body weight within 1 day after action, in remote term 
it was revealed the substantial diminution of this parameter in groups of 
mice under the combined action of radiation at low dose and lead indepen-
dent on their concentration as compared with that both of the control and 
irradiated groups of mice. Only in group II mice of which receive the lead 
nitrate at the concentration of 0.01 g/kg the body weight didn’t differ from 
the value in the control and irradiated groups of mice.

The average magnitudes of the spleen and liver indices are presented 
in Figures 18.1 and 18.2 for groups of mice in early and remote terms after 
action. As seen, values of the spleen index don’t for certain differ in all 
groups within 1 day after action (Figure 18.1). However, the variability 
of this parameter is a 1.9 fold increased after irradiation and decreased in 
groups of mice under combined action of the lead and radiation, especially 
in group V, compared with control in early period after action. There is a 
diminution of the value of the spleen index in control group under aging 
and a growth of its variability simultaneously. Besides, within 30 days it 
is revealed the substantial increase of the spleen index values in groups 
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of nice under the combined action of radiation and lead at concentrations 
from 0.03 to 0.3 g/kg especially (Figure 18.1). It is need to note, that the 
variability of values of the spleen index in all experimental groups in addi-
tion to group IV are less compared with control, while the variability of 
this parameter in group IV is a 1.4 fold. As seen from data presented in 
Figure 18.2, values of the liver index is decreased both in early term under 

FIGURE 18.1  The values of the relative weight (index) of spleen in groups of control and 
experimental mice in early and remote periods after action (Note: * Significant differences 
from the control group (P < 0.02)).

FIGURE 18.2  The values of the relative weight (index) of liver in groups of control and 
experimental mice in early and remote periods after action (Note: * Significant differences 
from the control group (P < 0.02)).
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the irradiation of mice at low dose and in group of age control compared 
with initial control value. Within 1 day it is revealed the diminution of that 
parameter under the combined action of irradiation and lead depending on 
their concentration. However, within 30 days after combined action there 
is for certain enhancement of values of the liver index at all groups which 
is practically independent on the lead nitrate concentrations (Figure 18.2).

As known, in norm there is a linear interrelation between weights of 
body and liver for rodent. From analysis of presented data it can see that 
the organ indices increase under the simultaneous diminution of the body 
weight. Hence, the combined action of the chronic radiation at low dose 
and the uptake of Pb2+ ion at the different concentrations for a long-time 
provokes distortions even on a morphophysiological level.

The majority of radiation effects at low doses were found to be induced 
not by radiation directly, but indirectly through changes in the regulatory 
and immune system, antioxidant status of organism and genome destabili-
zation [25]. The question of the LPO regulation is of quite high interest as 
it ranks as one of the earliest regulatory mechanisms in the evolutionary. 
At present there are much evidences showing that the LPO plays a very 
important role in the regulation of cellular metabolism in intact animals 
and under the impact of various damaging factors, including ionizing radi-
ation. Earlier it was shown the existence of physicochemical regulatory 
system of the LPO both on a cell and organ levels, which is due to the 
steady state of LPO in the norm [26]. Among parameters of this regu-
latory system there are the intensity of LPO, the lipid composition, the 
ratio of sums of the more easily to the more poorly oxidizable PL, which 
characterizes the ability of lipids to the oxidation, and ratio of the content 
of the main PL fractions (PC/PE) in the animal organs or SM/PC, which 
are parameters characterizing the structural state of the membrane system 
[22, 26].

It is well known that LPO intensity is evaluated by the TBA-reactive 
substances content in a complex biological system. The influence of the 
irradiation at low dose and combined action of the radiation and lead 
nitrate on this parameter in the early period is shown for liver and blood 
plasma in Figure 18.3. As seen, while the LPO intensity in liver increases, 
in the blood plasma there is a tendency to the diminution of this param-
eter under only the radiation action. There is the simultaneous diminution 

A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



Effect of the Lead Nitrate on Development	 371

of their variability in both tissues. However, in the early period after the 
combined action under the external chronic γ-irradiation at the dose of 
1,44–1.6 cGy and the lead nitrate at the concentrations of 0.01 and 0.03 g/
kg the LPO intensity in liver isn’t differ compared with control (group A) 
and a 1.7- to 1.75-fold decreases in the blood plasma.

Besides, in the both cases the LPO intensity is independent on the lead 
concentration. Increasing the lead uptake to 0.3 g/kg results to a signifi-
cant reduction in the content of TBA-reactive substances by 1.5 and 2.3 
fold in the liver and blood plasma, respectively. The absence both of nor-
malization of the LPO intensity and linear relation between the dose of 
lead nitrate and the LPO intensity in liver and brain of mice is observed 
within 30 days after action practically at all experimental groups as fol-
lowing from data presented in Figure 18.4. Besides, the catalase activity in 
liver is 2.6-fold increase in the remote period after action compared with 
control, but the mean linear relation between the content of TBA-reactive 
substances and catalase activity which there is in liver of mice in the age 
control group (R = 0.64 ± 0.21) is absence in liver of mice under only the 
radiation action. Although the intensity of the LPO in liver of mice under 

FIGURE 18.3  The content of the TBA-reactive substances in liver and blood plasma of 
mice within 1 day after the action in the dependence on experimental conditions (Note: * 
Significant differences from the control group (P < 0.02). ** Significant differences from 
the control group (P < 0.01)).
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the combined action of radiation and lead nitrate at the range of doses 
from 0.003 to 0.3 g/kg is higher compared with the control (Figure 18.4), 
the catalase activity in liver of mice in group I is less compared with that 
for irradiated mice. Perhaps, a certain reduction of the catalase activity 
under the combined action of the irradiation and lead nitrate at the dose of 
0.003 g/kg is due to a ability of lead to decrease the activity of the antioxi-
dant defense enzymes under its uptake in organism of animals [27]. Thus, 
both the chronic γ-radiation at low dose and its combined action with lead 
nitrate result to disruptions of interrelations between parameters of anti-
oxidant status of tissues which are predominantly more substantial in the 
remote period after action.

Earlier it was found that lipids of the brain and blood erythrocytes of 
laboratory mice characterize prooxidat properties, and the liver lipids pos-
ses the enough high antioxidant activity in autooxidation reactions [28]. 
Hence, in early period a response of the LPO regulatory system param-
eters on the combined action of the irradiation at low dose and lead nitrate 
is the more pronounced in lipids of tissues with the low antioxidant status. 
This conclusion is accordance to results of the lipid composition analysis 
in tissues of mice in control and experimental groups. So, in the early 
period after action it was only revealed the some reduction the PC share 
in the liver PL both under the radiation and the combined action of lead 

FIGURE 18.4  The content of the TBA-reactive substances in liver and brain of mice 
within 30 days after the action in the dependence on experimental conditions (Note: On the 
ordinate: [TBA-RS], exp.-control, %).
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nitrate and radiation. Besides, this diminution is increased depending on 
the lead concentration. The brain PL composition in different groups of 
mice in early period after the action is presented in Figure 18.5. As seen, 
the most pronounced changes in quantitative proportion of the PL fractions 
are revealed in groups on mice under the combined action of investigating 
factors, especially in group III. Besides, the lowest shares are observed for 
LPC and PE in group II and PC in group III under the highest shares SM 
and (CL + PA) sum in group III.

The combined action of the chronic γ-radiation at low dose and lead 
nitrate at the concentrations from 0.01 to 0.3 g/kg results to the most sig-
nificant modifying effect on PL composition in the blood erythrocytes 
of mice when it is revealed by changing shares not only minor but main 
fractions of phospholipids at all experimental groups of mice in the early 
period after action (Figures 18.6 and 18.7). Besides, the most changes in 
proportions of PL fractions are observed for mice of group II under the 
lead uptake at the dose of 0.01 g/kg. So, these is the substantial growth of 
the LPC share under the action of only radiation and in groups II and III 
(it is need to note that this PL fraction is absent in control), the SM share 

FIGURE 18.5  The brain phospholipid composition of mice under the radiation at the 
dose of 1.44–1.6 cGy and combined action of the radiation and lead nitrate at the different 
concentrations within 1 day after the action (Note: * Significant differences from the 
control group (P < 0.02)).
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a 2.5- to 4.8-fold increases in groups B, II and III, and the (CL + PA) sum 
a 2- to 3.9-fold increases in groups II, II and V (Figure 18.6) under for 
certain diminution of shares of both main PL fractions practically at all 
experimental groups simultaneously (Figure 18.7). Substantial changes in 
the quantitative proportions of PL fractions is due to for certain changes 
of generalized parameters of the PL composition as following from Figure 
18.8. Analysis of these data allow us to make two conclusions both about 
the absence of linear interrelations of “effect-dose” and the different sen-
sitivity of the LPO regulatory system parameters to the action of investi-
gating factors. So, the highest values are revealed for of SM/PC ratio in 
group II and PC/PE ration in groups II and III, while the ability of lipids to 
oxidation (ΣEOPL/ΣPOPL) is a minimum in groups II and III and maxi-
mum in group V. Besides, under the chronic γ-radiation at low dose these 
is for certain increase of the SM/PC ratio and only tendency to increase 
for PC/PE ratio, but the absence of change for ratio of the more easily 
to the more poorly oxidizable PL compared with control. It is need to 

FIGURE 18.6  The content of minor fractions of phospholipids in the blood erythrocytes 
of mice under the radiation at the dose of 1.44–1.6 cGy and combined action of the 
radiation and lead nitrate at the different concentrations within 1 day after the action (Note: 
* Significant differences from the control group (P < 0.02). ** Significant differences from 
the control group (P < 0.01)).
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FIGURE 18.7  The content of main fractions of phospholipids in the blood erythrocytes 
of mice under the radiation at the dose of 1.44–1.6 cGy and combined action of the 
radiation and lead nitrate at the different concentrations within 1 day after the action (Note: 
* Significant differences from the control group (P < 0.02)).

FIGURE 18.8  Influence of the radiation at the dose of 1.44–1.6 cGy and its combined 
action with lead nitrate at the different concentrations on the generalized parameters of the 
phospholipid composition in the blood erythrocytes within 1 day after the action (Note: * 
Significant differences from the control group (P < 0.02). ** Significant differences from 
the control group (P < 0.01)).
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emphasize, that the SM/PC and PC/PE ratio characterize a rigidity of the 
membrane structure. Lysoforms of PL is known to posses the lytic proper-
ties [29], and SM prevents a lytic action of lysoforms of PL and hemolysis 
of erythrocyte [30]. As already marked earlier, the relative content of LPC 
in PL composition in groups B, II and III is for certain higher compared 
with control (Figure 18.6). It is also need to emphasize that these fractions 
of acid PL as PA and especially CL are not typical for the PL composition 
of erythrocytes in the norm. Thus, in early period the most changes in the 
lipid composition and the most sufficient rearrangements of the membrane 
structure are revealed in the blood erythrocytes of mice under the chronic 
γ-radiation at the low dose and its combined action with chemical toxicant 
at the different concentrations.

In the remote period the more substantial changes in the PL composi-
tion were revealed for the liver mice in experimental groups. Nevertheless, 
it is need to mark for certain diminution of the PL share in the total lipid 
composition of mice brain in remote period especially in group IV com-
pared with control and irradiation. While the quantitative proportion of the 
brain PL fractions had negligible differences from control and values of the 
generalized parameters of the PL composition were nearly to these, which 
were found for the irradiated mice, the PL composition in liver is found 
to have sufficient biochemical differences between the control and at all 
experimental groups. It is following from data presented in Figure 18.9.

In the remote period under chronic radiation at low dose these is a 
diminution of the relative content both of the main (PC and PE) and minor 
(PI + PS) fractions in the liver PL composition under for certain increase 
of the lysoforms of PL share simultaneously (Figure 18.9).

Earlier an increase of share of lysoforms in phospholipids was revealed 
in experiments on laboratory mice under the ionizing radiation at sub-
lethal and lethal doses and also in the liver PL composition of wild rodent 
trapped in areas in 30-kilometer exclusion zone of the Chernobyl accident 
or inhabiting on the local radioactively contaminated areas in the Komi 
Republic [9, 10, 31, 32]. This phenomenon is usually considered as a 
result of the activation of phospholipase A2.

The combined action of the chronic radiation at the low dose and the 
lead nitrate results to the more substantial changes in the liver PL compo-
sition as compared with that for the irradiated mice. It is need to note, the 
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direction of these changes in group IV under the lead nitrate concentration 
of 0.1 g/kg was an opposite compared with other experimental groups. 
While in groups I, II, III and V it is found the reduction of the PC and PE 
share and the rise of the relative content of SM and especially lysoforms 
of PL, the most high PC share and the least relative content of lysoforms, 
SM and PI + RS were observed for the liver PL composition in group IV 
among at all experimental groups. Such profound difference in the liver 
PL composition between the control and experimental mice causes the 
sufficient disturbance of the scale and direction of interrelations between 
the reciprocal parameters of the LPO regulatory system in norm. So, while 
these is an reverse correlation between the ratio of the sum of the more 
easily to the more poorly oxidizable PL fraction and the PC/PE ratio in 
the PL in the liver mice in control which is characteristic of tissues of the 
intact laboratory animals [33] this correlation is absent in the liver PL 
both in group of the irradiated mice and under the combined action of the 
chronic radiation at the low dose and the lead nitrate in groups I, II and V, 
and it is direct in group III in the remote period after action. As showed, 
under the combined action of the chronic radiation at the low dose and 
the lead nitrate at the dose of 0.1 g/kg the interrelation between the ability 

FIGURE 18.9  The phospholipid composition of the liver mice under the radiation 
at the dose of 1.44–1.6 cGy and its combined action with lead nitrate at the different 
concentrations within 30 days after action.
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of lipids to oxidation and the structural state of the membrane system is 
reduced although the ΣEOPL/ΣPOPL and PC/PE values for certain differ 
from control. Thus, the absence of the linear dependence “the biological 
effect – dose of the lead nitrate” is revealed in the liver PL for the long-
time after action of the different factors.

18.4  CONCLUSIONS

Thus, the data obtained allow us to conclude that the combined action 
of the chronic γ-irradiation at a low dose and the lead nitrate at the wide 
range of doses results to the substantial changes of the LPO regulation in 
the liver, brain and blood corpuscles of CBA mice both in the early and 
remote periods after action. Fist of all it is need to mark the absence of the 
linear dependence in the scale and direction of changes of the investigated 
parameters on the dose of the lead nitrate. Besides, the extent of modifying 
effect of the lead nitrate is determined by its dose, the duration after action 
and analyzed tissue and also is observed for any from the studied param-
eters. In the early period the more pronounced changes are found in tissues 
with the low antioxidant status, i.e., the blood erythrocytes and brain. In 
the remote period disturbances of the lipid exchange were predominantly 
revealed in liver, which characterizes enough a high antioxidant status. 
In many cases the most profound changes of the LPO regulatory system 
parameters were obtained under the combined action of the radiation and 
the lead nitrate at the lower concentrations. In our opinion, it is due to the 
absence of the reduction process when the dose of the chemical toxicant 
is too low.

As also found, the combined action of the chronic radiation at low dose 
and the uptake of Pb2+ ion at the different concentrations for a long-time 
provokes distortions even on a morphophysiological level. It is in accor-
dance with the earlier obtained data about effect of the physicochemical 
properties of murine liver lipids on interrelations between the lipid com-
position and the liver index of mice [34].

The data obtained and analysis of literature make it possible to consider 
the LPO regulatory system parameters in tissues of animals and their inte-
rior characteristics and also the changes of interrelations between them as 
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markers for the estimation of the biological consequences under the action 
of radiation at the low doses and its combined action with the chemical 
toxicants at the different concentrations.
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ABSTRACT

The response reactions of fish Scorpaena porcus, caught in Sevastopol 
bays, with different degrees of chemical pollution, to the unfavorable 

CHAPTER 19
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ecological factors were studied. The significant increase of the number 
of melanomacrophage centers (MMCs) in the liver of fish from the most 
polluted site was shown. Increase of oxidized products and chemilumi-
nescence values in the liver extracts of fish from the contaminated bay 
was the result of oxidative stress in the animals. Induction of antioxidant 
enzyme activities in the liver demonstrated the response of Scorpion fish 
to pollution. Defense mechanisms of resistance activation of the organ-
ism to the consequences of oxidative stress and adapt it to the unfavor-
able environmental conditions were shown. Therefore, the anthropogenic 
impact on the fish provoked pathological changes of tissues in the liver as 
well as oxidative stress, what induced the increase of the activity of anti-
oxidant and immune systems. These parameters could be used as informa-
tive indicators for the development of monitoring programmes.

19.1  INTRODUCTION

At the last decades researchers take their attention to the consequences 
of the environmental pollution and negative effects on the living organ-
isms in ecosystems and biosphere. Long-term and large-scale monitoring 
studies indicate the changes of anthropogenic impact on the water ecosys-
tems, which can be chronically stressed by multiple environmental factors 
The key idea of the investigations is the development of the methodology 
of identification and evaluation of the damages in ecosystems, including 
water bodies, caused polluted compounds and the search criteria of the 
rate of anthropogenic impact on them. Indicators of negative effects allow 
the direct determination of pollutant impact on living organisms in aquatic 
systems. Marine environment and especially the coastal waters play an 
important role in human activity because more than, 2,000,000,000 people 
live in the coastal part of the sea and ocean [1]. Fish are very important 
for commercial purposes, including fishery and aquaculture. Additionally, 
they play the key role in ecosystem because they belong to the vertebrates, 
which are at the top of the food chain.

Usually the investigators demonstrate the elevated levels of the man-
made pollution and its negative effects on marine organisms in all levels 
of their biological organization Environmental pollutants transfer to fish 
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organism and accumulate in it, caused early biological effects especially 
in cell and molecular levels. Accumulation of these alterations provokes 
damage of organ structure and function, tissues and systems disfunction, 
and during some time the pathologies and morphological anomalies are 
documented.

For the analysis of negative factors on the organism of many differ-
ent criteria are used. Indicators of different biological levels (biochemi-
cal, physiological, cell, morphological, and population) could be grouped 
in three series [2–4]: (i) direct indicators (biomarkers) of exposure of 
unfavorable factors (stressors) in the environment; (ii) direct indicators 
(bioindicators) of the effects of these stressors on the organisms, and (iii) 
indirect indicators exposure and effects. The most informative biomarkers 
are the parameters of oxidative stress and antioxidant activities in the tis-
sues of aquatic organisms [2, 5]. Toxicants, distributed in the environment, 
transfer into the aquatic organisms, accumulate in tissues and organs and 
cause oxidative stress, characterizing the increase of reactive oxygen spe-
cies (ROS), accumulation of the oxidized biomolecules in tissues and the 
induction of the components of antioxidant defense system [6–8].

Histopathological analysis of various organs and tissues is an impor-
tant tool of environmental monitoring of water pollution, which allows 
assessing of structure changes, and lesions that caused by environmental 
toxicants and various negative factors. The most common pathological 
changes in the liver of fish as the primary organ for xenobiotic accumula-
tion and detoxication include alterations of the mural architecture (degen-
erative hepatocyte lesions: hepatocyte hypertrophy, pyknotic nuclei, 
nuclear pleomorphism and peripheral nucleoli, focal necrosis of hepato-
cytes that can be noticed by the presence of darkly stained eosinophilic 
debris as a result of cellular component disintegration). Extensive dilation 
of sinusoids with blood congestion, hypertrophy and hyperplasia of bill 
duct cells, fibrosis of blood vessels, increased numbers of Kupffer cells 
are also often occur in fish inhabiting polluted environments [9]. Among 
the others pathological alterations it needs to be noted a loss of lipid 
vacuoles in hepatocytes, pancreatic atrophy characterized by decreased 
number of acinous and appears as remnants around hepatic blood ves-
sels [10]. Subcapsular edema and fat accumulation in liver is a common 
problem in aquaculture that can be induced by parasites, inappropriate 
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nutrition, pesticides and toxins [11] as well as steatosis – fatty degenera-
tion [12]. Histopatological lesions also include lymphocytic infiltration, 
hypertrophied hepatocyte nuclei with coarse chromatin, hepatocellular 
and nuclear pleomorphism [12, 13], presence of syncitia characterized by 
multiple nuclei and granular cytoplasm [14].

Biological markers allow the direct determination of pollutant impact 
on living organisms in aquatic systems. Firstly the biomarkers come in 
ecotoxicology from the clinic diagnostic and they were adopted for the 
analysis of biochemical processes, which take place in natural popula-
tions, impacted by negative factors. They are used as tests usually as the 
indicators of the “early warning system” in the water bodies impacted the 
increasing anthropogenic activity. Their application helps to improve the 
management of the environment and to develop the monitoring programs, 
to protect the living organisms health and the total ecosystem.

Anthropogenic activity, including industry, agriculture, fishery, mari-
culture, tourism, petroleum and gas production, coastal domestic infra-
structure, maritime transport impact on the habitat of the Black Sea. The 
specificity of Sevastopol bays including their geographical position and 
different level of pollution allow to understand the main trends of anthro-
pogenic impact on fish health and to define the biomarkers on stress in the 
existence conditions of different species.

The aim of the present study was to determine the hystopathological 
and biochemical indicators of the liver of Scorpion fish caught in two bays 
near Sevastopol with different levels of anthropogenic pollution – Strelets-
kaya Bay and Alexandrovskaya Bay.

19.2  MATERIALS AND METHODOLOGY

Scorpion fish Scorpaena porcus is highly distributed benthic species in 
Black Sea (Figure 19.1). Fish were caught in spring period 2012–2014 
in two Sevastopol bays Streletskaya Bay (n=17), Alexandrovskaya Bay 
(n=18) characterizing different levels of anthropogenic impact and pol-
lution. The animals were immediately placed in the aerated tank and sub-
jected to anetezia.

The tested bays are differed each from other by hydrological charac-
teristics, hydrochemical parameters and the level of anthropogenic impact 

A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



Response of Marine Fish Liver on Environmental Pollution	 387

and pollution. Streletskaya Bay is the most polluted site caused active 
maritime transport and recreation. There are petroleum moorage and ship-
repairing yard, two domestic sewage treatment enterprises on the coast of 
this bay and the effluents enter into the aquatoria and contaminate water 
and sediments [15, 16]. Many buildings and hotels, increasing the number 
of moorages for small ships continue to pollute the water. Concentration 
of petroleum hydrocarbons in 2003–2009 was increased in 1.2–1.5-folds 
as compared with the values of 1990 [17]. There are no any direct pol-
lution sources in Alexandrovskaya Bay; however, the rain sewage of the 
city domestic treatment enterprise enters into its aquatoria. In addition, 
close position of this bay promotes accumulation of xenobiotics in the 
bottom sediments. However, the content of petroleum hydrocarbons in the 
sediments of this site was approximately 7–4 lower as compared with the 
corresponding values in the sediments of Streletskaya Bay and their level 
continues to decrease [18].

Therefore, it could be proposed that Streletskaya Bay is the most pol-
luted site and the living conditions in it are not preferable for aquatic 
organisms, while ecological status of Alexandrovskaya Bay is better. Pol-
lution level is differed in the bays, especially in the bottom water in which 
the Scorpion fish inhabits.

FIGURE 19.1  Scorpion fish Scorpaena porcus.
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The liver was removed from fish captured in both bays for histochemi-
cal studies. Liver samples were fixed in 10% neutral buffered formalin fol-
lowing by dehydration in a graded series of ethanol solutions of increasing 
concentrations. Fixed specimens were processed to paraffin embedded 
blocks by accepted, routine methods and sections were cut at 6 μm on 
a sledge microtome. Tissue sections were stained with Boehmer’s hae-
matoxylin and 1% eosin by standard method and mounted into Canadian 
balm. Samples were examined using light microscope and MICROmed 
digital camera. To count melanomacrophage centers (MMCs), 8–10 fields 
were randomly selected on each slide, captured using the camera, and 
readings were performed at 200X magnification. After each field of liver 
tissue samples had been photographed, the area of MMCs was measured 
(μm2) (MICROmed digital camera software). Quantitative changes in 
the numbers and size of the liver MMC were determined by counting the 
mean number of MMCs per field and by measuring of the average absolute 
(μm2) and relative (% of the field area) size of single MMC (the percentage 
of organ area occupied by MMC) and total MMCs per field [19–21].

For biochemical determinations liver samples were washed several 
times by cold 0.85% solution of NaCl, homogenized and centrifuged at 
8000 g during 15 min at cool conditions. In obtained extracts thiobar-
bituric acid (TBA)-reactive products concentration was determined used 
Spectrophotometer Specol–211 (Carl Zeiss, Iena, Germany) [22]. Param-
eters of spontaneous chemiluminescence (SChL) and inducible by H2O2 
and FeSO4 chemiluminescence (IChL) were measured used Luminometer 
2010 (LKB, Sweden) [6]. The value of chemiluminescence was estimated 
in arbitrary units per protein concentration which was determined used the 
kit of Filicit (Ukraine).

The analysis of the concentration of oxidized proteins was processed 
according the method of Dubinina et al. [22]. Optical density of carbonil 
groups reacted with 2,4-dinitrophenil hydrazones was assayed at the fol-
lowing wavelength 346, 370, 430, 530 nm used the spectrophotometer 
Specol–211 (Carl Zeiss, Iena, Germany).

Antioxidant activities in fish liver extracts were determined accord-
ing the methods, which we described previously with small modifications. 
Catalase (CAT) was measured by the method involving the reaction of 
hydroperoxide reduction [24]. Superoxide dismutase (SOD) was assayed 
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on the basis of inhibition of the reduction of nitroblue tetrasolium (NBT) 
with NADH mediated by phenazine methosulfate (PMS) under basic con-
ditions [25]. Peroxidase (PER) activity was detected by spectrophotomet-
ric method using benzidine reagent [26]. Glutathione reductase (GR) was 
determined according the method of NADH degradation and Glutathione-
S-transferase (GST) activity was assayed by the method of by following 
the increase in absorbance at 340 nm due to the formation of the conjugate 
1-chloro-2,4-dinitrobenzene (CDNB) using as substrate at the presence of 
reduced glutathione (GSH) spectrophotometrically [27].

Aminotransferases (ALT and AST) activity was determined spectro-
photomtrically with 2,4-dinitrophenylhydrazine at 500–530 nm used the 
standard kit (Felicit – Diagnosis, Ukraine) [28].

The results were processed to statistical evaluation with Student’s 
tests. All numerical data are given as means ± SEM [29]. The significance 
level was 0.05.

19.3  RESULTS AND DISCUSSION

Fish liver tissue that does not exhibit histopathological changes displays 
only few MMCs in the parenchyma or their absence [9]. Polygonal shaped 
or classical hexahedral hepatocytes with large spherical nucleolus and 
variable amount heterochromatin were detected in samples of fish liver 
(Figures 19.2 and 19.3). Hepatocytes formed hepatic cell cords locating 
among blood capillaries (hepatic sinusoids). Erythrocytes were mainly 
observed in the lumen of sinusoids. Kupffer cells (tissue-resident macro-
phages with large processes and bean-shaped nucleus) were registered in 
the space between hepatocytes and on the luminal surface of the sinusoid 
endothelium.

At the same time, significant distinctions were detected in liver his-
tological parameters between the fish captured in the different examined 
bays (Figure 19.4). The mean number and area of MMCs were statisti-
cally greater in the liver of the fish from Streletskaya Bay. Liver MMCs 
were not detected in 60% (3/5) of fish from Alexandrovskaya Bay and 
occurred very rarely in the rest 40% of fish, in which they were rela-
tively small and associated with the blood vessels. The MMC size in 
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fish from Streletskaya Bay was 3.8 times greater than that in fish from 
Alexandrovskaya Bay. In fish from Streletskaya Bay, numerous MMCs 
were adjacent to the blood vessels or bile duct cells and they were pale 
colored. Large amount of MMCs were infiltrated by lymphocytes, which 
surrounded MMCs in some cases and induced granuloma-like structure 
formation.

It is necessary to point out a significant individual variability of MMC 
area in the liver of the fish captured in different bays. Thus, the results 
of hystochemical studies showed the significant differences between the 
liver samples of the Scorpion fish caught in the bays with different level of 
pollution. The goal of our further investigations was to study the response 
of the animals inhabited two tested bays used the biomarkers of oxidative 
stress and antioxidant activity. The results observed the increase of TBA-
reactive products concentration in the liver of the fish from Streletskaya 
Bay more than 2-fold as compared with the corresponding values of the 
animals from Alexandrovskaya Bay (Figure 19.5).

FIGURE 19.2  Section through liver of Black Sea Scorpion fish (Scorpaena porcus) 
captured in Alexandrovskaya Bay showing melanomacrophage center (big arrow), hepatic 
sinusoids (small arrows) and hepatic blood vessel. H&E, 200X, Bar = 25 μm.
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FIGURE 19.3  Section through liver of Black Sea Scorpion fish (Scorpaena porcus) 
captured in Streletskaya Bay showing the large melanomacrophage center (big arrow) 
adjacent to the blood vessel, dilated hepatic sinusoids (small arrows), congested blood 
vessel (hyperemia) with perivascular lymphocytic infiltration and sign of fibrosis around 
endothelial cells, increased Kupffer cells (red arrow). H&E, 200X, Bar = 25 μm.

FIGURE 19.4  Qualitative evaluation of liver melanomacrophage centers (MMCs) in 
Black Sea Scorpion fish (Scorpaena porcus) captured in two bays of Sevastopol. A – the 
mean number of MMCs; B – size of MMCs area (μm2); * – Р<0.05 compared with the 
corresponding values of fish captured in Alexandrovskaya Bay.
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The values of spontaneous chemiluminescence (SChL) in the liver 
extracts of fish from both tested bays did not show significant differences, 
while in this case we can mark the increase of these parameters in fish 
from Streletskaya Bay (Figure 19.6). However, the inducible chemilumi-
nescence (IChL) was higher approximately 10-fold in the liver of Scor-
pion fish from the polluted site.

Concentration of oxidized proteins in the liver extracts of the fish 
from the polluted bay was significant higher than in the non-polluted site 
(Figure 19.7).

Significant differences of antioxidant enzyme activities were shown 
also in the liver of fish from two tested bays (Figure 19.8). SOD activity 
tended to increase in the liver of fish from Streletskaya Bay, while the activ-
ity of CAT, PER, GR and GST was significantly greater (Р<0.05) more than 
2–3 fold as compared with the values of fish from Alexandrovskaya Bay.

Aminotransferase activity in the liver of fish from both bays is present 
in Figure 19.9. ALT activity tended to decrease in the liver of the animals 
from Streletskaya Bay, while the AST activity significantly decreased.

Therefore, the parameters of oxidative stress and antioxidant activities 
were differed in the liver of Scorpion fish captured in both Sevastopol bays 
and they were significantly higher in the animals from the polluted site.

FIGURE 19.5  Concentration of TBA-reactive products in the liver of Scorpion fish 
(Scorpaena porcus), captured in two bays of Sevastopol; * – significant difference, Р < 0.05.
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FIGURE 19.6  Chemiluminescence level in the liver of Scorpion fish (Scorpaena porcus), 
captured in two bays of Sevastopol; * – significant difference, Р<0.05, SChL – spontaneous 
chemiluminescence, IChL – inducible chemiluminescence.

FIGURE 19.7  Concentration of oxidized proteins in the liver of Scorpion fish (Scorpaena 
porcus), captured in two bays of Sevastopol; * – significant difference, Р<0.05.
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The results of hystopathological and biochemical studies of the liver 
of Scorpion fish, captured in two Sevastopol bays, characterizing differ-
ent level of pollution, demonstrated significant impact of the negative 
ecological conditions on fish health. Taking into account that the liver is 
the important metabolic organ, in which xenobiotics are accumulated and 
detoxified resulted biotransformation processes, parameters of the evalu-
ation of its status could reflect the pollution level of environment and its 
harmful for living organisms. The data obtained are important for the envi-
ronmental monitoring programs, ecological risk assessment and validation 
of the criteria of ecological rate of anthropogenic impact.

As we described previously [5], Scorpion fish is highly distributed 
benthic settled life species inhabiting coastal waters of Black Sea. Its 

FIGURE 19.8  Antioxidant enzyme activities in the liver of Scorpion fish (Scorpaena 
porcus), captured in both bays of Sevastopol; * – significant difference, Р<0.05.
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FIGURE 19.9  Aminotransferase activity in the liver of Scorpion fish (Scorpaena porcus), 
captured in two bays of Sevastopol; * – significant difference, Р < 0.05.

biology and ecology is well known, and thus it can be used as biomoni-
tor species in the Black Sea coastal waters for monitoring purposes. Our 
findings of hystochemical and biochemical investigations demonstrated 
the responses of Scorpion fish liver to long-term chemical pollution of 
environment caused man-made activity on the coastal area of the tested 
bays.

It is well known that MMCs in fish tissues can contain four types of 
brown pigments: melanin (catabolic product of fatty acids degradation 
at low temperatures), lipofuscin (product of the destruction of cellular 
membranes and the end product of lipid peroxidation which is utilized in 
the lysosoms), ceroid and hemosiderin (product of red blood cells degra-
dation) [19, 20]. Morphologic features of MMCs vary markedly depend-
ing on fish species, organ of their location and physiological status (age, 
starvation, tissue type, iron and hemoglobin metabolism, anatomopatho-
logical conditions). The composition and functions of liver MMCs are 
differ from spleen or kidney MMCs because liver is the key organ for the 
metabolic state that plays important role in the processes of cell renova-
tion and storage as well as in detoxication and biotransformation pro-
cesses [20].
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The researchers had been shown that the number of MMCs was sig-
nificantly higher in the liver of Sea bass (Dicentrarchus labrax) exposed 
to the various environmental pollutants. It can be used as a bioindicator 
of environmental stress. Strong correlation between the appearance of 
MMCs and high level of resistant intracellular bacteria and parasites 
had been demonstrated. MMCs play important role as the main loca-
tions for long-term pathogen retention [21, 30]. It corroborates useful-
ness of the bioindicator for potential monitoring of fish health and their 
environment.

Histopathological alterations in the liver of Black Sea Scorpion fish 
were mainly characterized by the dilated hepatic sinusoids and marked 
focal infiltration by lymphocytes, increase in the number of Kupffer cells, 
hyperemia appeared as congested hepatic blood vessel and sinusoids. 
Moreover, vacuolization in the cytoplasm of hepatocytes, which was pre-
sumably caused by fat accumulation, was noted. Similar patterns of histo-
pathological changes were observed in many fish species exposed to the 
toxicants or captured from polluted waters [31, 32].

The level of water pollution significantly influences on the patterns 
of fish liver pathology. Lesions in the liver of Black Sea Scorpion fish 
captured in Alexandrovskaya Bay mainly included extensive dilation of 
hepatic sinusoids, hyperemia, and degenerative changes in hepatocytes. 
Marked focal infiltration by lymphocytes in liver tissue possibly indicat-
ing infection process was observed and it was associated with increase 
in the number of Kupffer cells and in the number and size of MMCs. At 
the same time, fish without significant signs of hepatic pathology and 
low MMCs count were detected in that bay. However, large MMCs were 
found in liver of all animals captured from Streletskaya Bay as well as 
focal infiltration by lymphocytes and hyperemia were detected indicating 
marked pathological changes in liver and plausible focal inflammatory 
lesions.

In conclusion, detected histopathological changes in the liver of Black 
Sea Scorpion fish captured in Alexandrovskaya and Streletskaya Bay 
pointed out unfavorable environmental conditions due to water and sedi-
ment pollution in the tested sites, which were more prominent for Stre-
letskaya Bay. Our further studies of the parameters of oxidative stress and 
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antioxidant system validated the conclusions of the obtained results of 
hystopathological investigations.

High concentration of xenobiotics in the bottom sediments and 
water in which Scorpion fish inhabits, causes oxidative stress in fish 
resulted their transfer via water and food in the organism. Liver is the 
main organ of pollutants accumulation and biotransformation caused 
ROS-generation and accumulation of their metabolites [8]. Our findings 
demonstrated significant increasing (more than 2-fold) the level of TBA-
reactive products in the liver of Scorpion fish caught in the most polluted 
Streletskaya Bay as compared with the corresponding values of the ani-
mals from the less polluted Alexandrovskaya Bay. Identical trends were 
shown for the parameters of chemiluminescence, which were associated 
with the increasing of lipid peroxidation in the liver of fish inhabiting 
polluted environment. Concentration of oxidized proteins in tissues is 
informative indicator of the chronic pollution impact on fish organ-
ism resulted oxidative stress also. In our studies we showed significant 
increase of oxidized proteins concentration in the liver of fish from the 
most contaminated Streletskaya Bay. Growth of lipid and protein per-
oxidation production in tissues of the animals in contaminated habitats 
are postulated as the non-specific response of the organism to the stress 
effects and it was documented at the case of environment pollution by 
various chemical agents and their complex [33–36]. In polluted areas 
the exposure of aquatic organisms to xenobiotics results to interaction 
between these compounds and biological systems, which may give ele-
vation to biochemical and physiological damage or/and adaptive mecha-
nisms via the induction of defense immune and antioxidant systems [36]. 
Thus, biochemical and physiological parameters are used as biomarkers 
for contaminants and could be applied for evaluation of environmental 
stress and its after-effects. However, biomarkers exposure to environ-
mental stressors varied widely depending on the type of anthropogenic 
activity involved [2].

Antioxidant enzyme activity in the liver of fish from high-contami-
nated Streletskaya Bay was also significantly higher which demonstrated 
the fish response to pollution and its resistance against the consequences 
of oxidative stress and adapt to the unfavorable environmental conditions. 
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The similar responses of enzyme antioxidant system were documented in 
the tissues of fish affected different levels of pollutants in the laboratory 
and field conditions: heavy metals [37], petroleum and oil compounds 
resulting oil spills [34], organic chemicals (benz[α]pyren [35]), etc. How-
ever, we could note the possibility of the specificity response of anti-
oxidant enzymes in fish liver to different toxicants expose in the water 
and sediments as well as synergic and antagonistic effects at the case of 
interactions between xenobiotics and with the water. These interactions 
could modulate organism response and result not only adaptive effect, but 
toxic one also characterizing the inhibition of defense systems, including 
immune and antioxidant components. Thus, in some cases in the tissues 
of fish inhabiting high polluted water bodies the researchers documented 
the decrease of the activity of antioxidant and other key enzymes which 
characterized clearly toxic effect caused high level of heavy metals a and 
chlororganic compounds accumulation, which we described previously 
[5]. At present study we demonstrated significantly decrease of amino-
trasferase activity in the liver of fish from Streletskaya Bay, wich was 
connected with the great intoxication resulted accumulation in the organ 
high concentration of toxicants.

19.4  CONCLUSIONS

Hystopathological and biochemical biomarkers apparently are use-
ful indicators of the health status of fish in monitoring studies. The 
obtained results can be applied for development monitoring manage-
ment and they are the perspective for conservation ecology and biodi-
versity in impacted on aquatic ecosystems. The analysis of biomarkers 
in fish liver is important tool for the evaluation of fish abilities to pro-
tect against chemical pollution and keeping life in the polluted envi-
ronments. In contaminated areas the exposure of aquatic organisms to 
xenobiotics are by results to interaction these compounds and biologi-
cal systems which may give elevation to biochemical and physiologi-
cal damage or/and adaptive mechanisms via the induction of defenses 
immune and antioxidant systems.
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Activation energy (Ea)
Activation energy is the minimum amount of energy (heat, electromag-
netic radiation, or electrical energy) required to activate atoms or mol-
ecules to a condition in which it is equally likely that they will undergo 
chemical reaction or transport as it is that they will.

Alanit
Alanit is the natural zeolite-containing clay from Northern Ossetia, har-
vested in the Terek, contains the following elements: silicon; aluminum; 
iron; calcium; potassium, phosphorus, manganese, sulfur, magnesium.

Alluvium 
Alluvium is a silty stream deposits made during flood stage overflow of 
normal channels.

Apoptosis
Apoptosis is the process by which a cell dies in a programmed way, or in 
other words, kills itself; it is the most common form of physiological (as 
opposed to pathological) cell death; it is an active process requiring meta-
bolic activity by the dying cell; often characterized by shrinkage of the cell 
and cleavage of the DNA into fragments.

ATP-ases
ATP-ases are a class of enzymes that catalyze the decomposition of ATP 
into ADP and a free phosphate ion. This dephosphorylation reaction 
releases energy, which the enzyme (in most cases) harnesses to drive other 
chemical reactions that would not otherwise occur. These include: adenyl-
pyrophosphatase, ATP monophosphatase, triphosphatase, SV40 T-antigen, 
adenosine 5’-triphosphatase, ATP hydrolase, complex V (mitochondrial 
electron transport), (Ca2+ +Mg2+)-ATPase, HCO3

−-ATPase, adenosine tri-
phosphatase.

GLOSSARY
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Baykal EM-1
Baykal EM-1 is effective biological preparation contains a stable com-
munity of physiologically compatible and complementary useful micro-
organisms.

Bioremediation 
Bioremediation is the complex methods of water purification, soil and the 
atmosphere using metabolic potential of biological objects – plants, fungi, 
insects, worms and other organisms. According to the United States Envi-
ronmental Protection Agency (EPA or sometimes USEPA) is an agency of 
the U.S. federal government which was created for the purpose of protect-
ing human health and the environment by writing and enforcing regula-
tions based on laws. Bioremediation is a “treatment that uses naturally 
occurring organisms to break down hazardous substances into less toxic 
or non toxic substances.”

Bioutilization
Bioutilization of sewage sludge can be successfully solved by the creation 
on their basis of valuable fertilizing means, such as composts, organic-
mineral fertilizers, including pelleted ones. During the processing patho-
genic microflora and other pathogenic organisms in them are destroyed. 
By reducing humidity and granulation one can transport them over long 
distances.

Boreal ecosystem 
Boreal ecosystem is an ecosystem with a subarctic climate in the Northern 
Hemisphere, roughly between latitude 45° to 65° N.

Boreal forest>>>Taiga
Boreal forests are also known as the taiga, particularly in Europe and 
Asia. A different use of the term taiga is often encountered in the English 
language, with “boreal forest” used in the United States and Canada to 
refer to only the more southerly part of the biome, while taiga is used 
to describe the more barren areas of the northernmost part of the biome 
approaching the tree line and the tundra biome.
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Bromus inermis
It is a species of the grass family (Poaceae). This bunchgrass is native to 
Europe. The plant is characterized by an erect, leafy, long-lived perennial, 
46 to 91 cm (1 1⁄2 to 3 ft.) tall, rhizomatous, and commonly with dense 
rhizome.

Carbon dioxide (CO2)
It is a colorless, odorless gas vital to life on Earth. This naturally occur-
ring chemical compound is composed of a carbon atom covalently double 
bonded to two oxygen atoms.

Carbon monoxide (CO)
It is a colorless, odorless, and tasteless gas that is slightly less dense than 
air. It is toxic to hemoglobic animals (including humans) when encoun-
tered in concentrations odorless, and tasteless gas that is slightly less dense 
than above about 35 ppm.

Carotenoids
Carotenoids are organic pigments that are found in the chloroplasts and 
chromoplasts of plants and some other photosynthetic organisms, includ-
ing some bacteria and some fungi. They are essential for plant growth and 
photosynthesis.

Catalase (CAT)
Catalase is a common enzyme that is active in cells and tissues throughout 
the body, where it breaks down hydrogen peroxide (H2O2) molecules into 
oxygen (O2) and water (H2O). Hydrogen peroxide is produced through 
chemical reactions within cells. At low levels, it is involved in several 
chemical signaling pathways, but at high levels it is toxic to cells. If hydro-
gen peroxide is not broken down by catalase, addition reactions convert 
it into compounds called reactive oxygen species that can damage DNA, 
proteins, and cell membranes.

Cesium (Cs)
Cesium is a chemical element with atomic number 55.
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Chemicalization
Chemicalization is accumulation of chemical compounds in soils due 
application of agricultural chemicals.

Chemiluminescence
Chemiluminescence is the emission of light (luminescence), as the result 
of a chemical reaction. There may also be limited emission of heat. It was 
used as the method of the evaluation of ROS production generation in liv-
ing organisms.

Chlorophyll
Chlorophyll is any member of the most important class of pigments 
involved in photosynthesis, the process by which light energy is con-
verted to chemical energy through the synthesis of organic compounds. 
Chlorophyll is found in virtually all-photosynthetic organisms, including 
green plants, prokaryotic blue-green algae (cyanobacteria), and eukaryotic 
algae. It absorbs energy from light; this energy is used to convert carbon 
dioxide to carbohydrates.

Chromium, chrome (Cr)
It is a chemical element with atomic number 24.

Closed canopy forest>>>Taiga
C-mitosis
It is a metaphase that is visible under the microscope after treatment of 
object by colchicine

Cobalt (Co)
It is ninth element (the old classification – secondary subgroup eighth of 
group) of the fourth period of the periodic table of chemical elements of 
Mendeleev, atomic number – denoted by 27. Co (lat. Cobaltum).

Compost
is organic matter that has been decomposed and recycled as a fertilizer and 
soil amendment.
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Concentric Double Membrane System
It is formation in cells of the double concentric membranes, that is the 
universal answer of cells on the influence of substances of different nature, 
toxic already action. Species specificity of process appears in speed of for-
mation of internal membrane, thickness and period of dissipative destruc-
tions. An external membrane is conservative according to its thickness. 
The formation of the double concentric membrane system is accompa-
nied with the row of successive changes in its structure, composition and 
functions. Content of the basic classes of adaptive lipids in membranes 
increases. The general regularity for the actions of all investigated factors 
is the increase of content of triacylglycerols and phospholipids.

Copper (Cu)
It is chemical element with the atomic number 29, atomic weight 63.546.

Crop Rotation
It is the practice of growing a series of dissimilar/different types of crops 
in the same area in sequenced seasons. It also helps in reducing soil ero-
sion and increases soil fertility and crop yield.

Cytochrome oxidase (CO)
It is a large transmembrane protein complex found in bacteria and the 
mitochondria of eukaryotes. It is the last enzyme in the respiratory elec-
tron transport chain of mitochondria or bacteria located in their mem-
brane. It receives an electron from each of four cytochrome c molecules, 
and transfers them to one oxygen molecule, converting molecular oxygen 
to two molecules of water. In the process, it binds four protons from the 
inner aqueous phase to make water, and in addition translocates four pro-
tons across the membrane, helping to establish a transmembrane differ-
ence of proton electrochemical potential that the ATP synthase then uses 
to synthesize ATP.

Deoxyribonucleic acid (DNA)
It is a molecule of genetic information, a nucleic acid that contains the 
genetic instructions used in the development and functioning of all known 
living organisms.
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Diacylglycerol (DAG)
It is glycerol substituted on the 1 and 2 hydroxyl groups with long chain 
fatty acyl residues. DAG is a normal intermediate in the biosynthesis of 
phosphatidyl phospholipids and is released from them by phospholipase 
C activity is a glyceride consisting of two fatty acid chains covalently 
bonded to a glycerol molecule through ester linkages. In biochemical sig-
naling, diacylglycerol functions as a second messenger signaling lipid, 
and is a product of the hydrolysis of the phospholipid phosphatidylinositol 
4,5-bisphosphate by the enzyme phospholipase C. The production of DAG 
in the membrane facilitates translocation of protein kinase C (PKC) from 
the cytosol to the plasma membrane.

Dialbekulit
It is zeolite-containing natural clay. Accumulations is in the foothills of the 
North Caucasus.

Ecotoxicology
It is the study of the effects of toxic chemicals on biological organisms, 
especially at the population, community, ecosystem level. Ecotoxicology 
is a multidisciplinary field, which integrates toxicology and ecology.

Eluvial Accumulative Coefficient (EAC)
It is ratio of algebraic sum of bringing or bringing out oxide to its original 
content. EAC is used for estimation of degree of bringing out or accumulating 
of any elements in some horizons of soil profile with respect to mother rock.

Eluvium 
Eluvium or eluvial deposits are those geological deposits and soils that are 
derived by in situ weathering or weathering plus gravitational movement 
or accumulation. A soil horizon formed due to eluviation is an eluvial zone 
or eluvial horizon.

Fertilizers
It is any material of natural or synthetic origin, that is applied to soils to 
supply one or more plant nutrients essential to the growth of plants. This 
also depends on its soil fertility.
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Gley 
Gley is reduced gray soil due to poor drainage and high water table

Glutamate dehydrogenase (NADH/NADPH-GDH)
It is an extremely important enzyme which links carbohydrate and nitro-
gen metabolism and the physiological roles of GDHs as anabolic and/or 
catabolic enzymes are generally defined by the nature of their cofactor 
specificity. NADP(H)-specific GDH enzymes usually catalyze the assimi-
lation of ammonia by reductive amination of a-ketoglutarate to form 
L-glutamate (anabolic), while NAD(H)-dependent GDH enzymes cata-
lyze the reverse reaction (catabolic).

Glutathione peroxidase (GPx)
It is the general name of an enzyme family with peroxidase activity whose 
main biological role is to protect the organism from oxidative damage. 
The biochemical function of glutathione peroxidase is to reduce lipid 
hydroperoxides to their corresponding alcohols and to reduce free hydro-
gen peroxide to water.

Gmelin salt
It is K3Fe(CN)6 >>> potassium ferricyanide

High boreal>>>Taiga
Heavy metals (HM)
It the term refers to any metallic chemical element that has a relatively 
high density and is toxic or poisonous at low concentrations

Horizon A 
Horizon A is surface soil: layer of mineral soil with the most organic mat-
ter accumulation. This layer is depleted of iron, clay, aluminum, organic 
compounds, and other soluble constituents. The A horizon is the topmost 
mineral horizon, often referred to as the ‘topsoil.’ This layer generally con-
tains enough partially decomposed (humified) organic matter. The A hori-
zons are often coarser in texture, having lost some of the finer materials by 
translocation to lower horizons and by erosion. This layer is known as the 
zone in which the most biological activity occurs. AB-horizon – transition 
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horizon between A and B master horizon, wherein the dominant horizon is 
placed before the non-dominant horizon. Ap – surface soil horizon: layer 
of ineral soil with the most organic matter accumulation; index p indicates 
that there is plowing or other disturbance

Horizon B 
Horizon B is subsoil: subsurface layer reflecting chemical or physical 
alteration of parent material. This layer accumulates iron, clay, aluminum 
and organic compounds, a process referred to as illuviation. The B horizon 
is commonly referred to as the “subsoil.” In humid regions, B horizons are 
the layers of maximum accumulation of materials such as silicate clays, 
iron and aluminum oxides, and organic material. These materials typically 
accumulate through a process termed illuviation, wherein the materials 
gradually wash in from the overlying horizons. Accordingly, this layer is 
also referred to as the “illuviated” horizon or the “zone of accumulation.”

Horizon O 
Horizon O is organic matter: surficial organic deposit with litter layer of 
plant residues in relatively non- decomposed form. It is a surface layer 
dominated by the presence of large amounts of organic material derived 
from dead plant and/or animal residues which is in varying stages of 
decomposition. O horizons may also be divided into three subordinate O 
horizons denoted as: Oi, Oe, and Oa.

Hydrogen chloride (HCl)
It is a colorless, thermally stable gas (under normal conditions) with a 
pungent odor, fuming in moist air, easily soluble in water.

Hydrogen ion (Н+)
It is a general term for all ions of hydrogen and its isotopes.

Illuvium
Illuvium is material displaced across a soil profile, from one layer to 
another one, by the action of rainwater. The removal of material from a 
soil layer is called eluviation. The transport of the material may be either 
mechanical or chemical. The process of deposition of illuvium is termed 
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illuviation. It is a water-assisted transport in a basically vertical direction, 
as compared to alluviation, the horizontal running water transfer.

Irlits
Irlits are zeolite-containing natural clays. Accumulations are in the foot-
hills of the North Caucasus.

Iron (Fe)
It is a chemical element with symbol Fe from Latin: ferrum, has atomic 
number 26. It is a metal in the first transition series.

Jaccard index 
Jaccard index also known as the Jaccard similarity coefficient (originally 
coined coefficient de communauté by Paul Jaccard), is a statistic used for 
comparing the similarity and diversity of sample sets. The Jaccard coeffi-
cient measures similarity between finite sample sets, and is defined as the 
size of the intersection divided by the size of the union of the sample sets.

Lead (Pb)
It is a chemical element in the carbon group with symbol Pb (from Latin: 
plumbum) and atomic number 82.

Labile part of total carbon (Clab) 
Labile part of total carbon (Clab) is a quickly reactive labile organic matter, 
which provides energy and nutrients for soil microorganisms and releases 
part of the nutrients for plant usage. Its half-life is between days and few 
years. It provides short-term organic matter turnover during the year. 

Lichen woodland>>>Taiga
Lysophospholipids (LPL)
They are the class of signaling lipids, which include sphingosine 1-phos-
phate (S1P) and lysophosphatidic acid (LPA). These lipids have many 
important actions mediated by G protein-coupled receptors. Lysophospho-
lipids have been accepted as intermediate products of the phospholipid 
deacylation–reacylation pathway.
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Malondialdehyde (MDA) >> TBA-reactive products
Manganese (Mn)
It is a chemical element with atomic number 25.

Maslova’s method
It is a method for determination of potassium in the soil based on the 
extraction of soil exchangeable potassium by 1-normal solution of ammo-
nium acetate at 1:10 ratio soil: solution and one hour shaking on a rotator.

Maximum speed of penetration (Vmax)
It is the maximum initial velocity of an enzyme-catalyzed reaction, ie. at 
saturating substrate levels.

Melanomacrophage centers
It also known as macrophage aggregates, are distinctive groupings of pig-
ment-containing cells within the tissues of heterothermic vertebrates. In 
fish they are normally located in the stroma of the haemopoietic tissue of 
the spleen and the kidney, and they are also found in the liver. They may 
develop in association with chronic inflammatory lesions elsewhere in the 
body. In higher teleosts, they often exist as complex discrete centers, con-
taining lymphocytes and macrophages, and may be primitive analogs of 
the germinal centers of lymph nodes. Melanomacrophage centers usually 
contain a variety of pigments, including melanins. Melanomacrophage 
centers act as focal depositories for resistant intracellular bacteria, from 
which chronic infections may develop.

Membrane fluidity
It refers in biology to the viscosity of the lipid bilayer of a cell membrane 
or a synthetic lipid membrane. Lipid packing can influence the fluidity of 
the membrane. Viscosity of the membrane can affect the rotation and dif-
fusion of proteins and other bio-molecules within the membrane, thereby 
affecting the functions of these molecules.

Michaelis (Michaelis-Menten) constant (Km)
It is equation derived from a simple kinetic model of enzyme action that 
successfully accounts for the hyperbolic (adsorption isotherm) relationship 
between substrate concentration S and reaction rate V • V = Vmax • S/(S + Km).
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Middle boreal >>> Taiga
Mitotic index
It is the fraction of cells undergoing mitosis in a given sample defined as 
the ratio between the number of cells in a population undergoing mitosis 
to the number of cells. The purpose of the mitotic index is to measure cel-
lular proliferation.

Mitotic pathologies >> Pathologic mitosis.
Molybdenum (Mo)
It is a chemical element with atomic number 42.

Mother rock 
Mother rock is altered geologic material from which the soil is presumed 
to have formed

Natural clays
They are zeolite-containing – dialbekulit, irlits, alanit, are mined in the 
foothills of the North Caucasus and along the banks of the river Terek 
river, contains the following minerals: silicon, iron, calcium, cobalt, zinc, 
nickel, and phosphorus, and other in different ratios. The clays are used to 
enrich by minerals of arable the soils at the process bioremediation.

Nemoral species 
Nemoral species are pertaining to or living in a forest or wood.

Nickel (Ni)
It is a chemical element with atomic number 28.

Nitrogen (N)
It is a chemical element with symbol N and atomic number 7.

Nonetherified fatty acids (NEFA)
It is a class of compounds containing a long hydrocarbon chain and a 
terminal carboxylate group (-COOH). Fatty acids belong to a category 
of biological molecules called lipids, which are generally water-insoluble 
but highly soluble in organic solvents. Fatty acids function as fuel mol-
ecules and serve as components of many other classes of lipids, including 
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triglycerides (commonly known as “fats”) and phospholipids, which are 
important building blocks of biological membranes.

Nucleoli Persistent
They are modified material of nucleoli, is observed between chromosomes 
at metaphase, anaphase and telophase of mitosis are round or drop-shaped 
nucleolus-like structures connected with the chromosomes at metaphase, 
anaphase and early telophase of mitosis, when the nuclear membrane is 
absent and chromosomes are significantly reduced. Phenomenon of the 
appearance of the persistent nucleoli at such mitosis phases as metaphase, 
anaphase and telophase is not typical for the normal course of division, 
because, as a rule, the nucleolus disappears.

Nucleolus
It is tight formation, was detected in interphase nuclei of eukaryotic cells, 
which is formed in specific loci of chromosomes. An RNA-rich, intranu-
clear domain found in eukaryotic cells that is associated with the nucleolus 
organizer and is the site of pre-ribosomal RNA synthesis and processing 
and of ribosomal particle assembly. The nucleolus is composed of the 
primary products of the ribosomal RNA genes and a variety of proteins, 
including RNA-polymerases, ribonucleases, molecular chaperones, heli-
cases, ribosomal proteins, and proteins of unknown function. rRNA genes 
and their nascent transcripts were first seen as Miller trees in nucleoli from 
salamander oocytes.

Nucleus
It is the spheroidal, membrane-bounded structure present in all eukaryotic 
cells. Nucleus contains DNA, usually in the form of chromatin.

Oil
It is natural oily flammable liquid and with strong odor consisting essen-
tially of a complex mixture of hydrocarbons of various molecular weights 
and other chemical compounds.

Para-aminobenzoic acid (PABA)
It is 4-amino-2-oxibezoic acid (C7H7NO2) with molecular mass of 137.1 
is soluble in the hot water (80–90°C), benzol, ethanol, acetic acid. PABA 
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represents fine crystalline powder of white or slightly cream color. It 
belongs to the group of vitamins В (vitamin H), is a part of folic acid, is 
the antagonist of novocain, sulfonamide.

Pathologic mitosis (mitotic pathologies)
They are any cell division that is atypical, asymmetric, or multipolar and 
results in an unequal number of chromosomes in the nuclei of the daughter 
cells. Level of mitotic pathologies is the ratio of cells with impaired divid-
ing the total number of cells in percentages. Spectrum of mitosis patholo-
gies – the proportion of each type of cell division disturbances of their 
total number in percentages.

Perennial rye-grass
has common name Lolium perenne, or English ryegrass or winter rye-
grass, is a grass from the family Poaceae.

Pheophytin (Pheo)
It is a chemical compound that serves as the first electron carrier interme-
diate in the electron transfer pathway of photosystem II (PS II) in plants, 
and the photosynthetic reaction center (RC P870) found in purple bacte-
ria. Pheophytin is a form of chlorophyll a in which the magnesium ion is 
replaced by two hydrogen ions. It participates in the crucial step of con-
verting light energy to chemical energy.

Phospholipid (PL)
It is class of lipids that are a major component of all cell membranes 
as they can form lipid bilayers. Most phospholipids contain glyceride, 
a phosphate group, and a simple organic molecule such as choline; one 
exception to this rule is sphingomyelin, which is derived from sphingosine 
instead of glycerol. The structure of the phospholipid molecule generally 
consists of hydrophobic tails and a hydrophilic head. Biological mem-
branes in eukaryotes also contain another class of lipid, sterol, interspersed 
among the phospholipids and together they provide membrane fluidity 
and mechanical strength.
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Phosphorus (P)
It is a chemical element with automatic number 15.

Podzolic soil
This soil usually forming in a broadleaf forest and characterized by mod-
erate leaching, which produces an accumulation of clay and, to some 
degree, iron that have been transported (eluviated) from another area by 
water. The humus formed produces a textural horizon (layer) that is less 
than 50 cm from the surface. Podzolic soils may have laterite (a soil layer 
cemented together by iron) in place of the humic horizon or along with it.

Potassic fertilizer
It is a variety of fertilizer that has potassium as a primary ingredient.

Potassium (K)
It is a chemical element with symbol K (derived from Neo-Latin, kalium) 
and atomic number 19. It was first isolated from potash, the ashes of 
plants, from which its name is derived.

Potassium ferricyanide (K3Fe(CN)6)
>>>potassium geksatsianoferriat, Gmelin salt, red blood salt

Potassium geksatsianoferriat
>>> Gmelin salt, red blood salt

Prologed trial
It is studies conducted in the field on a dedicated site for two or more turns 
of the rotation.

Reactive oxygen species (ROS)
They are chemically reactive molecules containing oxygen. They include 
peroxides, superoxide, hydroxyl radical, and singlet oxygen. In living 
organisms ROS are formed as a natural byproduct of the normal metabo-
lism of oxygen and have important roles in cell signaling and homeostasis. 
However, ROS levels can increase dramatically in the organisms, impacts 
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different stressors. This may result in significant damage to cell structures, 
known as oxidative stress.

Red blood salt
>>> potassium ferricyanide, potassium geksatsianoferriat, Gmelin salt

Red clover
(Trifolium pretense) is a herbaceous species of flowering plant in the bean 
family Fabaceae, native to Europe, Western Asia and northwest Africa, but 
planted and naturalized in many other regions.

Red fescue
(Festuca rubra) is a species of grass known by the common name red fes-
cue or creeping red fescue. It is widespread across much of the Northern 
Hemisphere and can tolerate many habitats and climates.

Revolution per minute (rpm)
It is a measure of the frequency of rotation, specifically the number of 
rotations around a fixed axis in one minute.

Ruderal species 
Ruderal species is a plant that grows, as a rule, along fences and roads, at 
garbage dumps, and in other waste places. Ruderals have various adapta-
tions (poisonous substances, thorns, stinging hairs) for protection from 
destruction by man and animals. Ruderals and segetal plants make up the 
weed group.

Segetal species 
Segetal species are plant species growing in fields of grain.

Selenium (Se)
It is a chemical element with atomic number 34.

Sewage sludge
It is the residual semi-solid material that is produced as a by-product dur-
ing sewage treatment of industrial or municipal wastewater. The term 
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septage is also referring to sludge from simple wastewater treatment but is 
connected to simple on-site sanitation systems such as septic tanks.

SH-group
It located at the active centers of enzymes, activated by the formation of 
hydrogen bonds with neighboring functional groups

Silicon
It is a chemical element with symbol Si and atomic number 14. It is a tet-
ravalent metalloid, more reactive than germanium, the metalloid directly 
below it in the table.

Snow forest>>>Taiga
Sod gleyic drained clay loam
It is soil which has blue-bluish or greenish color caused by the presence 
of divalent iron that is formed in a stagnant waterlogged and characterized 
by low acidity.

Sod-podzolic heavy loami soil
It is zonal soil formed under forest which consists mainly of fine silica and 
has a heavy mechanical composition; it occupies an intermediate position 
between clay and sandy soils.

Sod-podzolic loami sand soil
It is the soil in which an admixture of sand more than in loamy soil.

Software program (STRAZ)
It is abbreviation of Russian words which characterize the program and 
mean: old, traditional, functioning, very simple, disused

Soil amendments
It include a wide range of fertilizers and non-organic materials fiber flax – 
a special additive to fertilizer before planting potatoes.

Soil horizon 
Soil horizon is a layer of soil, approximately parallel to the surface, whose 
physical characteristics differ from the layers above and beneath. Each soil 
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type usually has three or four horizons. Horizons are defined in most cases 
by obvious physical features, chiefly color and texture. Each main hori-
zon is denoted by a capital letter, which may then be followed by several 
alphanumerical modifiers highlighting particular outstanding features of 
the horizon. Horizon nomenclature consists of two major parts, the master 
horizon and the subordinate designation:

Soil layer 
Soil layer is a layer in the soil deposited by a geologic force (wind, water, 
glaciers, oceans, etc.) and not relating to soil forming process.

Soil profile 
Soil profile is a vertical section of the soil extending through all its hori-
zons and into the parent material.

sparse taiga>>>Taiga
Stevia rebaudiana Bertoni
It is a natural sweetener content stevoside and other diterpene glycosides, 
nicotinic acid, flavonoids, aminoacids, pectins, volatile oils, beta-carotene, 
mineral elements and vitamins.

Strontium (Sr)
It is a chemical element with symbol Sr and atomic number 38.

Subordinate horizons
Subordinate horizons may occur within a master horizon and these are 
designated by lowercase letters following the capital master horizon let-
ter (e.g., Ap, Oi). Since the nature of a master horizon is only generally 
described by the capital master horizon letter, the lowercase letter symbols 
following the master horizon designation is often used to indicate more 
specific horizon characteristics, for example: e – organic material of inter-
mediate decomposition (humic material); used with O-horizon; h – illuvial 
accumulation of organic matter; I – slightly decomposed organic material 
(fabric material); used with O-horizon; p – plowing or other disturbance; 
used only with surface horizon.
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Succession
Succession is a process by which, in a specific area, species replace each 
other in a directed way, for instance the re-establishment of a forest after 
clear-cutting.

Succinate dehydrogenase (SDH)
It is an enzyme complex, bound to the inner mitochondrial membrane of 
mammalian mitochondria and many bacterial cells. It is the only enzyme 
that participates in both the citric acid cycle and the electron transport 
chain. In step 6 of the citric acid cycle, SQR catalyzes the oxidation of 
succinate to fumarate with the reduction of ubiquinone to ubiquinol. This 
occurs in the inner mitochondrial membrane by coupling the two reactions 
together.

Superoxide dismutase (SOD)
It is an enzyme that alternately catalyze the dismutation (or partitioning) 
of the superoxide (O2

−) radical into either ordinary molecular oxygen (O2) 
or hydrogen peroxide (H2O2). Superoxide is produced as a by-product of 
oxygen metabolism and, if not regulated, causes many types of cell dam-
age. Hydrogen peroxide is also damaging, but less so, and is degraded by 
other enzymes such as catalase. Thus, SOD is an important antioxidant 
defense in nearly all-living cells exposed to oxygen.

Taiga Also Known As Boreal Forest or Snow Forest
It is a world’s largest terrestrial biome characterized by coniferous forests. 
There are two major types of taiga. The southern part is the closed canopy 
forest, consisting of many closely spaced trees with mossy ground cover. 
The other type is the lichen woodland or sparse taiga, with trees that are 
farther-spaced and lichen ground cover; the latter is common in the north-
ernmost taiga. In Canada, Scandinavia and Finland, the boreal forest is 
usually divided into three subzones: The high boreal (north taiga) or taiga 
zone; the middle boreal (middle taiga); and the southern boreal (southern 
taiga), a closed canopy boreal forest with some scattered temperate decid-
uous trees among the conifers, such as maple, elm and oak. This southern 
boreal forest experiences the longest and warmest growing season of the 
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biome, and in some regions (including Scandinavia, Finland and western 
Russia) this subzone is commonly used for agricultural purposes.

TBA-Reactive Products or Malondialdehyde (MDA)
They are the organic compounds with the formula CH2(CHO)2. The struc-
ture of this species is more complex than this formula suggests. These 
compounds react with 2-thiobarbituric acid and they are the markers for 
oxidative stress.

Transitional layers 
Transitional layers are between the master horizons. They may be domi-
nated by properties of one horizon but also have characteristics of another. 
The two master horizon letters are used to designate these transition hori-
zons (e.g., AB, BC), wherein the dominant horizon is placed before the 
non-dominant horizon.

Triacylglycerol (TAG)
It is an ester derived from glycerol and three fatty acids. There are many 
triglycerides: depending on the oil source, some are highly unsaturated, 
some less so.

Triglyceride (TG)>>> Triacylglycerol
Unesterified Fatty Acids (UFA)
It is class of compounds containing a long hydrocarbon chain and a ter-
minal carboxylate group (–COOH). Fatty acids belong to a category of 
biological molecules called lipids, which are generally water-insoluble but 
highly soluble in organic solvents. Fatty acids function as fuel molecules 
and serve as components of many other classes of lipids, including triglyc-
erides (commonly known as “fats”) and phospholipids, which are impor-
tant building blocks of biological membranes.

Unit of Illuminance
Unit of illuminance in photometry, illuminance is the total luminous flux 
incident on a surface, per unit area, the SI unit of illuminance and lumi-
nous emittance, measuring luminous flux per unit area.
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Vegetation zone
Vegetation zone is a region on a defined latitude and altitude with a typical 
vegetation type > major life zone > biome.

Zinc (Zn)
Zinc in commerce also spelter is a chemical element with atomic number 30.
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Monocentric mitosis, 244
Morphological signs, 90
Morphophysiological level, 365, 368, 370, 

378
Morphophysiological parameters, 364, 

366, 368
Moscow Region, 15, 67, 218
Mountain ash, 169, 172, 191, 199
Mugwort, 170, 187
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