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The stability of natural biocenosises is determined
by the biogenic turnover of chemical elements, which
depends on their being absorbed from soil by plants
and the further decay of plant residues. The intensity
to which chemical elements are involved in the bio�
genic turnover and the rate of destruction are two
major indicators of the ecosystem state. Thus, many
publications are devoted to this problem. Great
emphasis is placed on studying how various natural
and anthropogenic factors influence the processes of
organic�matter mineralization. The destruction of
mortmass is significantly determined by the ratio
between C, N, and P. In addition, one should consider
the integrated effect of the following factors: weather
and climate conditions; seasonal conditions; the acid�
ity of soils; the content of toxic agents; and other char�
acteristics that determine the state and the abundance
of soil destructors, which are mainly microbial com�
munities and micromycetes directly influencing the
rate of organic�matter destruction [1–6 et al.].

As a rule, the rate of destruction is judged either by
changes in the mass of cellulose samples and plant res�
idues or by a decrease in the thickness of litter [7–9].

The destruction of plant residues is accompanied
by the release of mineral components. As a result, it is
the content of chemical elements in the destructing
phytomass and soil that serves as an indicator of bio�
genic turnover intensity. The latter is of special interest
in the case of the chemical pollution of soils. Accord�
ing to most researchers, the excess of chemical ele�
ments (first and foremost heavy metals) can inhibit the

activity of microbial communities and slow the
destruction of mortmass. Most works demonstrate the
suppression of organic matter destruction in soils pol�
luted by heavy metals and sulfur compounds [10–15 et
al.]. At the same time, a reverse effect is sometimes
observed. For example, the experiments made it possi�
ble to learn that technogenically polluted agricultural
ecosystems demonstrate more intensive mineraliza�
tion accompanied by the emissions of CO2 and nitro�
gen oxides [16, 17].

This work considers changes in the chemical com�
position of plant residues in a gradient of soil pollution
with heavy metals.

MATERIAL AND METHODS

In nature, the mineralization of an organic sub�
strate is determined by the species composition of
communities, physical and chemical conditions, and
the activity of meso� and microfauna associated with
them [2]. During our experiment, three agrobotanical
groups (legumes, cereals, and herbs) were singled out.
The plant samples were exposed to soils with different
contents of metals, nitrogen, and carbon oxides that
are transmitted by air.

The material was obtained in the Middle Ural
region (taiga zone and southern taiga subzone). The
industrial complex in the area under study (Sverdlovsk
oblast, Nizhnii Tagil, 60° E, 58° N) is represented by
iron works. The total annual emission of industrial
pollutants was 641.4 thousand tons. The emissions
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from stationary sources fell to 200000 tons starting in
1994. The main pollutant is polymetallic dust in the
form of oxides (Cr, Ni, Fe, Cu, Zn, Cd, Pb, etc.) [18].

At different distances from the source of industrial
emissions (the Nizhniy Tagil Iron and Steel Works),
five test plots were established. The phytocenosises
where the plant material was collected and the field
works were carried out are represented by secondary
herb–cereal and cereal–herb meadow communities
that developed on deposits and copper�ore mining
dumps [19]. The initial soil type in background areas is
soddy podzolic soil, one soil variant is loamy clay with
various degrees of podzolization. During a long period
of aerogenic pollution with chemicals, the soil type
becomes significantly different from the initial soddy
podzolic soil. For example, this is clearly seen from
changes in pH. According to the acidity degree, the
soils under study are characterized as alkaline or
strongly alkaline soils. Their pH varies from 7.10
to 8.47. Soil alkalization in all the plots is the result of
metallurgical production, gray iron foundry, coke and
by�product processes (fertilizer manufacturing), and a
refractory plant and a cement plant (each producing
emissions with high concentrations of Ca and Mg).
Under these conditions, the solubility and the mobil�
ity of cations are low. Thus, the latter are accumulated
in the upper horizons of soil. In anthropogenically
affected areas, the fractions that are 5.0–10.00 mm in
size are dominant. They make up 24–67% of the cover
(coarse�grained soils). This is typical for immature
and initial soil, which is not common for typical zonal
soils, because it develops in deposits and copper�ore
mining dumps that are over 45 years old [19]. Over this
period, a stable and grass�covered soil layer developed.
The thickness of the humus�accumulating layer is 2–
7 cm. The content of hygroscopic moisture decreases
with a growth in the technogenic load in the plots
(from 6.6 to 2.3%).

In order to perform the analysis, 2 g of dry substrate
were bolted using a sieve (egg diameter 1 mm). The
metals were extracted with 5% HNO3, the ratio
between substrate and extracting agent was 1 : 10, and
the extraction period was 24 h. The contents of Cr,
Mn, Fe, Co, Ni, Cu, Zn, Cd, and Pb in acid extracts
from soil and plants were measured on a PerkinElmer
AAS 300 atomic absorption spectrophotometer [22].
The concentrations of mobile metals in the plots
under study varied in the following way, µg/g: zinc
from 18 to 901, copper from 12 to 950, lead from 8 to
421.41, cadmium from 0.05 to 2.85, cobalt from 7 to
124, manganese from 237 to 2365, iron from 6.62 to
6247.89, chrome from 4.31 to 87.26, and nickel from
4.51 to 188.84. The total level of chemical pollution
was expressed through the summarized toxic load (Si),
which was estimated based on the content of Zn, Cu,
Pb, Cd, Co, Ni, Cr, Fe, and Mn in soil. In our case, Si
varied from 1 to 30 relative units (rel. units) [19, 23].
According to the level of summarized toxic load, the
plots were divided into three zones: the background

zone (Si = 1.0 and 3.33 rel. units), buffer zone (Si =
6.19 rel. units), and impact zone (Si = 22.78 and
30.0 rel. units). The nomenclature of plants is given
according to the United Nations Environment Pro�
gram (UNEP) [24].

In order to determine the actual destruction rate of
plant residues, we used the aboveground and below�
ground phytomass of three agrobotanical groups
(legumes, cereals, and herbs) as an exposed material.
The phytomass was collected in two background and
three technogenically polluted areas. Herbs were com�
posed of the following species: lady’s mantle
(Alchemilla vulgaris L.), upright bedstraw (Galium
mollugo L.), coltsfoot (Tussilago farfara L.), common
dandelion (Taraxacum officinale Wigg. s.l.), burnet
saxifrage (Pimpinella saxifraga L.), common sowthis�
tle (Sonchus oleraceum L.), meadow buttercup
(Ranunculus acris L.), broadleaf plantain (Plantago
major L.), common wormwood (Artemisia vulgaris L.),
etc. Among cereals, the dominants were fowl blue
grass (Poa palustris L.), meadow fescue (Festuca prat�
ensis Huds.), awnless brome (Bromus inermis (Leyss.)
Holub.), smooth meadow grass (Poa pratensis L.), and
wood small�reed (Calamagrostis epigeios (L.) Roth.);
legumes were represented by meadow vetchling
(Lathyrus pratensis L.), red clover (Trifolium pratense L.),
zigzag clover (T. medium L.), tufted vetch (Vicia
cracca L.), bush vetch (Vicia sepium L.), etc.

The composition of the agrobotanical groups
changed in the gradient of chemical pollution [25].
Since the plant samples represented the total phyto�
mass of the plots, this work covers some integral pro�
cesses of destruction for different agrobotanical
groups, regardless of their species composition.

The plant samples dried to the air�dry state were
put in 5 × 10 cm bags made of fosta nylon (egg size
0.5 cm). The initial mass of the sample was (2.001 ±
0.009) g. The bags were laid in the upper soil layer
(depth 3–4 cm) of the plots from which the phytomass
had been collected. During laying, we made slight cuts
on the timer to minimize the destruction of ground
vegetation. Sequentially, three layings (10 bags of
legumes, cereals, and herbs) were made in the
transect. The distance between the samples was 30 cm.
In all, 150 samples were used for the experiment. The
field experiment lasted for 4 months.

When taken out of soil, the bags were prepared for
further analysis according to the methodology
described in [26]: soil particles and tin roots were
removed with scalpel or brush and then dried in a cab�
inet dryer to an absolutely dry state at 105°C for 24 h.
The samples were weighted using digital analytic bal�
ance (Denver Instrument Compony AA�200) within
an accuracy of 0.001 g. The rate of destruction of the
exposed material was estimated according to a
decrease in the mass of sample (%).

Then the chemical composition of three agrobo�
tanical groups was studied before and after their expo�
sure using X�ray fluorescence analysis with the help of
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synchrotron radiation (XPA SR). The measurement
was carried out in the Station of Chemical Analysis,
Budker Institute of Nuclear Physics, Siberian Branch,
Russian Academy of Sciences (VEPP–3 accumula�
tor). Due to the high intensity of synchrotron radia�
tion, this method makes it possible to determine trace
concentrations in the light samples without destroying
them. In order to prepare the samples for analysis and
measure the concentrations of chemical elements in
them, we followed the methodology described in [27].
In all, 65 samples were analyzed; 1365 analyses of
chemical composition were carried out.

The significance of differences between the con�
centrations of chemical elements in the plant residues
before and after their exposure, as well as between the
samples exposed in the background and polluted
zones, were assessed with the help of Wilcoxon’s U cri�
terion (Mann–Whitney test) under p < 0.05. The dif�
ferences in destruction rate between three agrobotani�
cal groups exposed within the limits of one and the
same plot were determined by means of the one�way
ANOVA test; the F criterion was calculated. A com�
parison of the destruction rates of the agrobotanical
groups from plots with different pollution was done
with the help of Scheffe’s multiple�comparison
approach (S method). The dependence between the
destruction rate of plant residues and their toxic load
was assessed using Spearman’s rank correlation coef�
ficient (Rs). A statistical analysis was performed in Sta�
tistica 6.0 (StatSoft, Inc. 1984–2001).

RESULTS

It can be assumed that the mineralization rate of
plant residues in soils, as well as the intensity to which
chemical elements are involved in the biogenic turn�
over, are determined by the following factors: the
chemical and biochemical composition of plant mate�
rial, the physical and chemical characteristics of soil
(pH, concentration of mobile micro� and macroele�
ments), the activity of soil biota, and weather and cli�
mate conditions [2, 5, 6, 28, 29, et al.].

In our case the main pollutants are heavy metals.
The mobile variants of the latter are given in Table 1.

The chemical composition of three agrobotanical
groups of meadow plants, which were collected under
various chemical pollutions to their exposure in soils,
is given in Table 2. Obviously the concentration of
metals increases as the pollution of the soil becomes
higher.

As a result of long�term exposure in the back�
ground and pollution soils, the concentration of many
chemical elements in the plant residues changed
(Table 3). The statistical significance of these differ�
ences before and after exposure is provided in Table 4.
It should be emphasized that the concentrations of
some chemical elements in the samples, which had
been exposed in the polluted area, exceeded back�
ground values (Ca, Cr, Mn, Cu, Zn, As, Se, Mo, and

Pb) (Fig. 1). The concentration of other elements was
beyond the background one (K, Ni, Br, Rb, Sr, and Nb).

Legumes. In the background zone, concentrations
of most chemical elements increased in the exposed
samples of legumes. The concentration of Ti, Cr, Zr,
and Nb in the exposed material increased 20–
27 times. At the same time, the content of K, Rb, and
Br decreased. Differences in the concentrations of
such elements as Ti, V, Cr, Mn, Fe, Co, Cu, Y, Zr, Nb
in the exposed elements before and after exposure are
statistically significant (see Table 4). Those chemical
elements that function as pollutants are most interest�
ing (see Table 4). In contrast to the background sam�
ples, the samples exposed in polluted areas demon�
strate a significant increase in the concentrations of
Zn; Pb; and, especially, Cu (in 2.6, 3.2, and
12.0 times, respectively). This fact corresponds to data
on pollution of soil with these elements (see Table 1).

Cereals. Concentrations of the chemical elements
under study were found to change in the exposed sam�
ples of cereals. In the background plots, cereals are
characterized by an increased content of Ca, Mn, Cr,
and V (0.2–15.7 times), as well as, especially, Fe and Ti
(70.1–82.0 times). The concentrations of K and Br are
reduced. This effect is not as prominent in the polluted
plots after exposure (Table 2, 3). Like in legumes, the
content of Cu, Zn, and Pb increased 3–25 times.

Herbs. The above�described trend is sustained. The
concentrations of K, Br, and Rb in the herb residues
gradually become lower as they are exposed in the
background zone and the impact zone. The concen�
trations of other elements in the exposed samples of
herbs grows, but to a lesser degree than in legumes and
cereals. This is also applicable to the concentrations of
pollutants (Cu and Zn). Their content in herbs
exposed in anthropogenically affected areas increased
10 and 2.3 times, respectively. The concentration of Pb
became 2.5 times higher.

The submitted data offer clear evidence that min�
eralization is accompanied by changes in the concen�
trations of chemical elements within the plant resi�
dues. This fact is indicative of a complex relationship

Table 1. Average concentrations of mobile variants of the
major pollutants in soils, µg/g (M ± m)

Polluted 
area

Content of metals

Cu2+ Zn2+ Pb2+

Back�
ground

14.43 ± 0.28 19.79 ± 0.89 7.94 ± 2.33

Buffer 101.57 ± 11.13 150.37 ± 12.21 56.12 ± 4.91

Impact 951.49 ± 236.10 620.68 ± 63.62 193.85 ± 18.34
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Fig. 1. Changes in the concentrations of chemical elements in agrobotanical groups exposed in the impact area compared against
the background values (after their exposure in soil).

between the chemical composition of plants and the
mineral background of soil structures. During the
exposure process in the three agrobotanical groups
under study, the concentration of most chemical ele�
ments increased.

It can be assumed that the increase in the concen�
trations of chemical elements in the plant residues
occurs because their ash content grows over the pro�
cess of mineralization. In this case, the concentration
calculated by us would be suitable only for a smaller
number of samples. It was to be expected that a statis�
tical “adjustment” of the chemical concentrations in
plant samples taken from polluted areas should have
been identical for all the chemical elements under
study. What is probably meant here is that mobile vari�
ants of chemical elements undergo infiltration in the
gradient of chemical concentrations from the higher
ones in soils to the lower ones in plant residues. This
concerns, for example, elements such as Ca, Ti, V, Cr,
Mn, and Fe and, especially, Cu, Zn, and Pb. A reverse
transport is also possible, when the destruction of
plant residues is accompanied by the partial wash out
of chemical elements (K, Br, and Rb).

Let us introduce some average concentration fac�
tors, which are equal to the ratio between the content
of chemical elements in the plant samples after and
before they are exposed. In this case, all chemical ele�
ments under consideration can be divided into three
groups (Table 5). The first group consists of K, Br,
and Rb. It is always characterized by low concentra�
tions after plant samples have been put in soil. The sec�
ond group (Mo, Ca, Sr, Zn, Ni, Mn, V, Nb, and Pb) is
characterized by average concentration factors. The
highest values are observed for Zr, Co, Ti, Cu, Fe, Cr,
and Y.

In the unpolluted plots, the average concentration
factors of chemical elements in decaying plant resi�
dues are higher than the ones in the anthropogenically
affected plots. In the first and the second groups there
are no statistically important differences between the
concentration factors of the samples exposed in the
background and polluted zone (U = 0.22–0.65; n = 3;
p = 0.51–0.83). This demonstrates that most nonpol�
lutants have a common mineral background in all
plots under study. As a result of the exposure of plant
residues, almost equal and, in our case, critical con�
centrations are obtained. This does not include pollut�
ants (the third group); their content in the samples
taken from the anthropogenically affected plots after
exposure is significantly higher than the background
values (U = 1.96; n = 3; p = 0.05).

The maximum concentration of chemical ele�
ments was revealed in the samples of cereals. The
exposed samples of legumes and herbs contained equal
concentrations of chemical elements.

The influence of chemical pollution on the rate of
mineralization can be assessed by means of the inte�
gral assessment of the toxic load produced by pollut�
ants (Cu, Zn, and Pb). The integral assessment of this
load is based on the following index:

Sn =  rel. units,

where Ci and Cf are concentrations of only those ele�
ments that are considered toxic agents in anthropo�
genically affected and background plots, respectively;
n is the number of chemical elements that are pollut�
ants. This index can be used to assess the general level
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of soil pollution and for determining the toxic load on
decaying samples [25].

The values of Sn calculated in such way demon�
strate that, after having been exposed in the back�
ground soil, the toxic load on herb samples increases
7.6 times. During the same period, the load on this
group in polluted plots increases 13.3 times. Accord�
ingly, cereals demonstrate the following values: 11.5
(background zone) and 22.9 rel. units (impact). The
indices of legumes are 6.3 and 19.3 rel. units.

In order to find out to what degree the toxic load in
the decaying samples influences the processes of
destruction, the share of destructed phytomass was
investigated for the exposure period in soils. Based on
an ANOVA analysis of variance, we found that the
destruction rate of legumes, cereals, and herbs in the
backgound area vary (Table 6). The factor of “agrobo�
tanical groups” contributed 32.4% to the total variabil�
ity of the characteristic under study. The highest mineral�
ization rate is common for herbs ((39.4 ± 1.1) %), the
lowest one was registered in legumes ((29.6 ± 1.3) %).

Table 4. Differences in the concentrations of chemical elements exposed in various plots with samples before and after their
exposure in soil (Mann–Whitney test)

Chemical
element

Legumes Cereals Herbs

Polluted zone

background impact background impact background impact

K + + + + + +

Ca – + + + – –

Ti + + + + + +

V + + + + + +

Cr + – + – + –

Mn + + – + + +

Fe + + + + + +

Co + + + + + +

Ni – – + – – –

Cu + + + + + +

Zn – + + + – +

As – – – – – +

Se – – – – – –

Br – – – – + –

Rb – + – – – +

Sr – + + + – –

Y + + + – + +

Zr + + + + + +

Nb + + + + + +

Mo – – + + – –

Pb – + + + + +

Note: “+” is the statistical significance of differences; p < 0.05; “–” is no differences.

Table 5. Average concentration coefficients of chemical elements during the mineralization of various agrobotanical groups

Chemical elements
Background areas Polluted areas

Legumes Cereals Herbs Legumes Cereals Herbs

K, Br, Rb 0.53 0.84 0.46 0.51 0.64 0.35

Mo, Ca, Sr, Zn, Ni, Mn, V, Nb, Pb 3.90 5.68 3.29 3.55 4.74 3.98

Zr, Co, Ti, Cu, Fe, Cr, Y 31.60 123.10 58.3 18.60 27.2 18.57
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Translating these results into the daily rate of destruc�
tion results in values ranging from 0.25 (legumes) to
0.54% a day (herbs), which coincides with data
obtained by other researchers [2, 6, 30]. Nevertheless,
in contrast to many other studies, our results demon�
strate that the mineralization rate of organic matter in
the polluted areas is higher than in the background
zone. Thus, the rate of destruction during the exposure
in polluted areas is 61.00–65.10% (for herbs), 35.14–
45.69% (for legumes), and 32.54–45.67% (for cereals)
(Fig. 2). Statistically important values (herbs: F =
32.9; legumes: F = 20.81; cereals: F = 10.90; df = 4;
46; p = 0.001) were obtained as a result of comparing
the destruction rates between three agrobotanical
groups within the anthropogenically affected areas
(Si = 6.19–30.0 rel. units) and other variants (Si =
1.0–3.33 rel. units) using Scheffe’s multiple�compar�
ison approach (S–method).

It is known that the intensity of mineralization
depends on soil biota, the activity of which, according
to most researchers, can be depressed by introducing
toxic concentrations of heavy metals in soil. This is
associated with the possible elimination of the most
sensitive microorganisms and micromycetes, as well as
the depression of their activity. In our case, high con�
tents of metals in soils and agrobotanical groups lead
to a rise in the destruction rate of samples taken from
the anthropologically affected areas. The pollution

levels under study are probably not sufficient for the
critical concentration of metals when the activity of
soil biota is depressed. It is also possible that some
defense mechanisms of microbiota make up for the
toxic effect of heavy metals [2, 13, 31, 32].

On the other hand, the more rapid destruction of
plant residues in the meadow communities in the gra�
dient of increasing chemical pollution can be evidence
of some stimuli for microbiota development in soil.
This fact should be associated with nitrates in the aero�
genic emissions of iron and steel works that influence
soil biota. Such a stimulation of destructors was regis�
tered by many researchers who studied the mineraliza�
tion of plant residues in agricultural lands rich in
nitrogenous compounds [4], as well as occurring due
to potassium�containing dust pollution [33] or nitro�
gen�containing compounds [34].

CONCLUSIONS

(1) The destruction intensity of plant residues var�
ies in the gradient of soil pollution with heavy metals.
The highest rate of mineralization was registered in the
anthropologically affected areas, %: herbs, 61.0–65.1
(over the exposure period); legumes, 35.1–45.7; and
cereals, 32.5–45.7.

(2) During the mineralization of plant residues, the
concentration of chemical elements varies. The con�
tent of Ca, Cr, Mn, Cu, Zn, As, Se, Mo, Pb in the
anthropogenically affected areas is higher than in the
background areas. The concentration of K, Ni, Br,
Rb, Sr, Nb is lower than the background concentra�
tions.

(3) Based on the value of concentration factors,
three groups of chemical elements were singled out:
this index decreases in all the agrobotanical groups for
K, Br, Rb. The moderate values are typical for Mo, Ca,
Sr, Zn, Ni, Mn, V, Nb, Pb. The maximum values were
registered for Zr, Co, Ti, Cu, Fe, Cr, Y.

(4) The largest accumulations of pollutants (Zn,
Cu, Pb) in the impact zone were found in the plant
residuals of cereals (by 3–25 times). Regardless of the
species composition of legumes and herbs, the content
of these elements gets higher almost to the same
degree (from 2 to 12 times).

(5) The calculated toxic load on the samples of
herbs increases 7.6 times after exposure and 13.3 times
in the anthropogenically affected area. For cereals,
these values are 11.5 and 22.9 rel. units, respectively.
For legumes, they are 6.3 and 19.3 rel. units.

The registered changes in chemical composition of
plant residuals during their mineralization are directly
associated with urgent problems such as the formation
of biogenic cycles of chemical elements in background
zones and polluted environments.

Table 6. Results of the one�way ANOVA test (F criterion) of
the destruction rate of agrobotanical groups

Polluted 
zone F df p

Factor impact
in the total

variability, %

Background 5.99 2; 25 0.008 32.4

Buffer 48.54 2; 13 0.000001 88.2

Impact 47.18 2; 24 �0.001 80.0
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Fig. 2. Changes in the mass of plant residues during the
mineralization in (1) the background and (2) impact
zones. 
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