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To understand the soil ecology of the forest ecosystem, the dynamics of soil-ecological indicators
in the soil-plant system were studied through physical, chemical and biological parameters at various sites
of the Forest Experimental Station of the Russian State Agrarian University of Moscow Agricultural Academy; a unique forest ecosystem known for its heavy metal pollution and unregulated recreation. The results
showed that soil compaction had the strongest ability to increase risk of heavy metal mobility. Recreational
activity caused a 2—3-fold increase in the density of the soil, resulting in poor aeration and significant
heavy metal contamination, affecting the stability and functioning of the green spaces. Moreover, the
proximity of the urban environment had a negative effect on the state of the stand. The maximum heavy metal migration capacity determined by biological uptake was found in the root systems of 70—80-year-old oak
tree stands and the minimum, in the roots of pine and birch phytocoenosis. The systems’ normal functions
were hindered due to reduction in microbial activity.
Key words: heavy metals, compaction, microbiological activity, soil ecological functions, living
conditions of a forest stand, recreational load

INTRODUCTION

Soil plays an important ecological role in maintaining plants’ life cycle. Soil is a mixture of different mineral particles, organic matter, and living organisms. Thesoil management influence on dynamic of physical, chemical and biologicalsoil properties [10]. Due
to sorption properties, soil has become a sink for many contaminants, and is, therefore,
an important source of anthropogenic contamination in urban environments [1]. This fact
can have serious consequences considering humans receive about 95—97% of all food
products from soil resources [4].
A large quantity of particulate matter and pollutants settle/accumulate on the soil
surface from atmospheric deposition [2]. In 2012, nearly 32 million tons of pollutants,
including heavy metals, were released into the atmosphere and these emissions have
continued to increase [11]. Lead (Pb) is of particular concern in urban environment due
to both its prevalence and toxic effects. Lead can affect nearly all bodily systems and
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is mostly noted for its neurotoxic effects [9]. Interesting to note, at the beginning of
the last century in Moscow (1909—1910), total Pb soil concentration was 6 mg kg–1.
By the end of the century, its concentration increased by more than 20 times [7].
Unlike in air and water, where heavy metal purification processes occur, soil is
an active sink for heavy metals. Biogeochemical processes and storing properties of soil
have long-term negative impact on contaminated soils. For example, the period of removal for Pbin the soil is from 740 to 5900 years, Zn — 70 to 510 years, Cd — from
13 to 1100 years, Cu — from 31 to 1500 years [7]. An accumulation of pollutants
in soils, particularly heavy metals, disrupts the proper functioning of the environment,
which is a serious threat for organisms, including humans [13].
This study was conducted at the forest experimental station (FES) of the Russian
State Agrarian University of Moscow Agricultural Academy (RSAU-MAAT). This forest occupies 232.6 hectares of land and was previously designated as a conservation
area both in 1939 and in 1953. Research has been conducted at the FES for over 100 years.
This fact provides the baseline and unique opportunity to conduct further research in
this large, diverse forest that is situated in an urban environment. The FES is surrounded
by a ring of the roads, whose effect imposes a certain imprint on the soil conditions
and subsequently, the state of vegetation [8].
In addition to heavy metal pollution posing a risk to the environment, another
negative factor is unregulated recreation. In a large portion of the FES, there is a network of trails cutting through and in nearby residential areas, soil cover is practically
absent. The wood plantations of the FES that are exposed to these recreation conditions,
are extremely depressed, resulting in dieback of the stands, suppressed growth, and
substantial damage [6].
In this context, an assessment of the ecological status of the soil and a preservation
of its ecological functions requires an integrated research approach to identify the factors
affecting the ecological system, especially in terms of environmental pollution. The aim
of our study was to conduct comprehensive research on the major soil-ecological characteristics to assess the ecological condition of soils. Environmental indicators were studied
through the physical, chemical, agrochemical and biological (including microbiological)
parameters in the soil-plant system with a focus on the effect of heavy metal contamination and increased recreational load.
METHODOLOGY

Soil samples were collected from the experimental plots (the size of 0.5 ha), in the
suburban areas and in the middle of the forest (450 to 500 mapart). Assemblages of plant
species and the ground cover on the investigated areas were similar. The controls were
located in the Krasnaya and Istra forest in the northern and north-western parts of the
Moscow region on the watershed plateau, far from the influence of industrial facilities
and highways [7].
The effects of humus and soil acidity as basic soil characteristics were determined
by the conventional methods to assess theireffect on the migration of heavy metals and
the degree of their mobility in the soil-plant system [5]. Microbial communities were
seeded to grow on solid nutrient media in cups in four replications. The quantitative
and qualitative compositions of aerobic heterotrophic microorganisms were studied along
with the intensity of mineralization processes and the structure of microbial cenosis [5].
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Group affiliation of actinomycetes were determined with the N.A. Krasilnikova’ Finder
and A.S. Bondartseva’ Scale Colors. The living conditions of the stands were studied
as a risk criterion (J) determined by degradation factors. The worse the condition of the
stand resulting in dieback, damages, low foliation, the higher the value of J.
To measure the effect of unregulated recreation, bulk density and soil density were
sampled every season from the 0—3 cm, 3—7 cm, and 7—11 cm depth intervals as well
as from a full 0—10 cm depth profile. Compaction of the soil layers determines waterair and temperature regimes, redox conditions, and biochemical processes [3]. It also
influences basic soil ecological functions, such as growth, development and productivity
of plants, microbial activity, and soil fauna [12]. Studyingthe processes that cause changes in the densities of soil horizons is extremely important for understanding the dynamic
shifts in the soil environment and forest stands, especially in terms of heavy metal pollution and unregulated recreation.
RESULTS AND DISCUSSIONS

The studied forest plots located within 5 meters of the urban area were characterized
by increased dieback and crippled trees. Such plantations were determined as being
on the verge of disintegration and in a weakened state. Soil-ecological characteristics
studied under the plantations are presented in Table 2. The living condition indices (J)
were estimated to be between 2.8—2.1 (Table 1). The maximum values of J were 2.7—
2.8 in the forest areas under oak stands. The pine-birch stands were characterized by
a greater tolerance to environmental factors with living condition of 2.1. Similar plantations located away from the urban environment, the middle of the forest and in the control areas were leafier and exhibited less damage. The J values for these stands were
1.3 and 1.25 at the Istrinskyand Krasnaya Polyana Forestry experimental plots, respectively. This data shows that the proximity of the urban environment, mainly highways,
has a negative effect on the state of the stand.
Table 1
The anthropogenic load as an indicator for the ecological status of the stand —
a case study of the forest experimental station (FES)
of the Russian State Agrarian University of Moscow Agricultural Academy (RSAUxMAAT)
Number of the
experimental plot

Mainspecies, ageclass

Index of the living
condition (J)
of the forest stand

Assessment
of an ecological state

Sites with the minimum anthropogenicimpact
6

TheOak X—XII

2.1

8

The Oak VII—VIII

2.5

9

The Pine with the birch IX—XI

1.5

weakened condit
on of a plant
weakened condition of a
plant
healthy state

Sites with the increased anthropogenicimpact
11

TheOak X—XII

2.8

7

TheOak VII—VIII

2.7

10

The Pine IX — XI with the birch

2.1

IstrinskyForestry
(control)
Krasnaya Polyana
forestry (control)

The Pine with the birch. VIII— IX

1.3

TheOak VIII — IX

1.25
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On the verge
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On the verge
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Table 2
Soilxecological characteristics under the experimental forest plantation
at the forest experimental station (FES) of the Russian State Agrarian University
of Moscow Agricultural Academy (RSAUxMAAT) with various anthropogenic load
Bulk
Number
of the expe density,
–3
rimental
g cm
plot

рН КСl

Organic
substance,
%

The content of heavy metals (%) in different extracts
Pb

Zn

Cu

Са(NO3)2 1N НСl Са(NO3)2 1N НСl Са(NO3)2 1N НCL
Sites with the minimum anthropogenic impact

6
8
9

0.84
0.82
0.83

4.10
4.25
3.90

4.06
4.67
5.49

47
47
36

53
53
64

47
63
29

53
37
71

50
50
51

50
50
49

27
16
26

51
56
56

49
44
44

56
37

44
63

Sites with the increased anthropogenic impact
7
10
11

1.22
1.26
1.30

8 «О»
4«Ю»

0.81
0. 80

4.20
3.75
4.35

10.12
8.98
6.3

64
60
54

36
40
46

73
84
74

Wood sites with the minimum removal from an urban environment
4.20
3.95

4.45
4.15

31
44

69
56

58
65

42
35

Significant differences in organic matter content were observed among the studied
soil-ecological factors between the sites. The organic matter content in the soil under
the plantations growing on the city border (experimental plots #11, 7, 10) was significantly higher (about 50%) than the organic content from the distant plots. This could indicate
that there is potentially are duction of the most available forms of heavy metals (the
exchangeable form sextracted with Ca(NO3)2) not a reduction of the less available (potentially available) forms (extracted with 1N HCl). However,these correlations were not
observed. Thus, theratio of the exchangeable to potentially available forms of heavy
metals varies according to soil compaction. Our observations show that the higher the
bulk density value, the greater the proportion of mobile forms of heavy metals, including an increasein the ratio of exchangeable forms. Therefore, it can be stated that the
compaction factor is more significant than the humus content.
The soils were characterized as acidic with a pH range of 4 and 5. The pH value
varied in the upper humus horizon from 4.10 to 4.35; approximately a 7% difference.
This difference, however, did nothave a significant impact on the degree of heavy metals
mobility. The soils under the pine and birch stands growing in the middle of the forest
(experimental plot # 9) had pH of 3.9 and were classified as highly acidic (determined
by a pH range of 3—4) (Table 2). It was expected that the presence of organic matter
and increased soil acidity would have also increased the degree of heavy metal mobility;
however, this was not the case. The results showed that the mobilitywasactually
largely affected by the compaction.
To confirm the importance of soil compaction as the driving factor of heavy metals
mobility,soilsamples weretaken from the native stands growing on the city borderand
analyzed for bulk density.The average value of bulk density was 0.8 g cm– 3 (experimental plots # 4 “Ю” and 8 “O”). The different phases of the heavy metals were also
analyzed in these samples. In the forest plotswhere was minimal anthropogenic load,
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the content of the most available (exchangeable) forms (extracted with Ca(NO3)2) was
significantly lower than the less mobile (potentially available) forms (extracted with
1N HCl) (for Pb — 44 and 56%, Zn — 35 and 65%, Cu — 37 and 63%, respectively).
A similar ratiowas observed for Pb — 31 and 69%. Zn — 58 and 42%. Cu — 44 and
56% at the experimental plot # 8 “O”. Obtained results show, that in the absence of increased soil compaction,the percentage of the most mobile (exchangeable) form was
significantly reduced.
The results show a significant reduction in the mobile forms of Pb in the forest
areas that were subject tominimal recreational load in comparison with the high-density
areas.This confirms that the soil compaction plays a dominant role in determining the
degree of potentialcontamination hazard from the heavy metals. Soil compaction thus
creates a sensitization effect, enhancing the impact of heavy metals; Pb contamination
causing the greatest threat.
The increased heavy metal mobility in the soil affects the migration of contaminants into the plants. Considering that,the root system of a plant is the first biological
barrier to toxins in polluted soils [12]; wehavestudied the heavy metal content in the
roots of the tree species (Table 3).
Table 3
The heavy metal content in the tree roots depending on the degree
–1
of anthropogenic load (mg kg of dry matter)
N of the trial area

Cd

Zn

Cu

Sites with the minimum anthropogenic impact
6
8
9

0.20 + 0.02
0.11 + 0.02
0.40 + 0.01

22.35 + 1.05
7.12 + 0.10
47.25 + 2.80

3.15 + 0.10
3.15 + 0.10
8.10 + 0.30

Sited with the increased anthropogenic impact
11
7
10
Control (Istrinsky Forestry) Birch
Pine

0.29 + 0.03
0.29 + 0.02
0.45 + 0.01
0.24 + 0.02
0.30 + 0.04

35.75 + 1.40
10.50 + 0.14
62.30 + 2.80
32.60 + 2.60
22.00 + 2.50

3.63 + 0.21
3.70 + 0.40
7.20 + 0.10
3.55 + 0.12
4.25 + 0.28

Increasing in anthropogenic load, heavy metal migration capacity (determined by
biological uptake) in the plants also increased. The results ranged from 12 to 152% of
plant heavy metal concentrations compared to the control plots, depending on the species
composition of the stand. The maximum migration capacity was found in the root systems of 70—80-year-old oak tree stands (experimental plot #7) and the minimum, in the
roots of pine and birch phytocoenosis(experimental plots #9, 10).
Soil properties undoubtedly affect the growth and condition of the plants. Soil-ecological characteristics studies adopted in forestry studies, such as humus content, soil
acidity, and availability of nutrients, do not fully reflect the multifunction of forest and
agricultural ecosystems; processes of transformation of organic matter in particular. It is
therefore necessary to study the biological components with a strong focus on microorganismsalong with the compositional, physical and chemical properties of the soil.
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The behavior of microbial communnities determines the mechanism of formation
of sustainable forest and forest park ecosyystems susceptible to a high anthropogenic load.
This is especially important to consider inn terms of the biodiagnostics and bioindications
of soil when dealing with the issues rellated to the prevention of soil contamination.
The data obtained on the status of thesee soil microbial relationships can be used for
further research and monitoring of the foorest and forest park landscapes [6].
The study of microbial componentss shows significant changes as a result of anthropogenicload. In the forest plotssuscepptible to high anthropogenic load, the aerobic
heterotrophic microorganisms sampled during different periods of vegetative growth
mber. The number of ammonifiers from the oak
exhibited a 7—10-fold reduction in num
plantations (X—XII age class) was reduuced from 34.6 million of colony forming units
(CFU) in 1 g of soil to 3.4 million. Similarr reductions of biological activity were observed
for other plantations in similar settings. Under the 70—80-year-olds phytocenoses of
the same species, the numbers reduced frrom 37 million to 3.4 million of CFU. The pine
and birch stands had reductions from 21.4 million to 2.5 million of CFU (Figure 1).
Colony forming units (CFU) soil, million/1 g

Figure 1. Changes in tthe number of microorganisms
in the soil ammonifiers due to anthropogenic impacts
(the upper 10 cm laye
er; million cells (g of dry soil)

With the reduction in microbial activvity, the systems’ normal functions are hindered.
In plots, were impaired reproductive funnction of actinomycetes, this fact was indicated
by the absence of aerial mycelium on the surface of the colony, and they remained sterile.
In addition, the black (Niger) actinomyceetes group was revealed, changing the structure
of microbial cenosis (Figure 2).
Reduction of species diversity of baacilli resulted indisturbance of the normal functioning of the soil-plant systems. In the fo
forest soil located far from the urban area, 7—8
heterotrophic aerobic spore-forming bacteeria species were found whereas only 3—4 species occurred under the plantation near thhe urban environment (Figure 3).
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100
90
80
70
60

natural load

50
34

2
29

40
26
30
20

12

increased
anthropogenic
load

12

10,5

10
0
Oak XXII

Oak VIIVII

Birch IXXI

Age class
s
Figure 2. Percentage of the
eNiger groupactinomycetes
under the plantations with different anthropogenic loads
Natural anthropogenic load
10

Increased anthropogenic load

25
12

10
10
8
virgulus
mycoides
idosus

25

cereus
agglomeratus
megatherium

osition of bacilli in the soil
Figure 3. Species compo
under the tree plantations with
h various anthropogenic loads

SUMM
MARY

1. The proximity of the urban environm
ment, mainly highways, has a negative effect
on the state of the stand.
2. The greater bulk density value, thee greater the proportion of mobile forms of
heavy metals was observed including an inccrease in the ratio of exchangeable forms.
3. The maximum heavy metal migrattion capacity determined by biological uptake was found in the root systems of 70—800-year-old oak tree stands and the minimum,
in the roots of pine and birch phytocoenosiss.
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4. The systems’ normal functions were found to be hindered due to reduction in microbial activity. Reduction of species diversity of bacilli resulted in disturbance of the
normal functioning of the soil-plant systems.
5. Soil compaction is a strong factor in increasing risk of heavy metal mobility.
6. Recreational activity causes a 2—3-fold increase in the density of the soil, resulting in poor aeration and significant heavy metal contamination, affecting the stability
and functioning of the green spaces.
7. In order to prevent irreversible degradation of green spaces in urban areas, it is
nessary to optimize conditions for their growth to improve the performance of their
environmental functions.
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В условиях уникального лесного массива — Лесной опытной дачи Российского государственного аграрного университета — МСХА имени К.А. Тимирязева изучен в динамике комплекс почвенно-экологических показателей в системе почва—растение с использованием физических, химических
и биологических (микробиологических) параметров на фоне загрязнения тяжелыми металлами (ТМ)
и нерегулируемой рекреации. Исследования показали, что уплотнение почвы выступает мощным
негативным фактором, вызывающим сенсибилизационный эффект, при котором увеличивается
опасность действия тяжелых металлов. Возросшая рекреационная нагрузка, вызывающая 2—3-кратное возрастание плотности почвы, а также ее аэрорегулируемость на фоне существенного загрязнения тяжелыми металлами, вызывает комплекс факторов, негативно влияющих на устойчивость
и функционирование «зеленых легких». Кроме того, с увеличением антропогенной нагрузки миграция ТМ в растения увеличивается. Максимальная миграционная способность установлена в корневой системе 70—80-летних древостоев дуба, минимальная — в корнях сосново-березового фитценоза. Нормально функционирование экосистемы было нарушено вследствие снижения микробиологической активности.
Ключевые слова: тяжелые металлы (ТМ), уплотнение почвы, микробиологическая активность, экологические функции почвы, жизненное состояние древостоя, рекреационная нагрузка

