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The Murmansk region is one of the most industrially 
developed areas of the Russian Arctic, belonging to the num-
ber of Russian regions whose forest ecosystems are the most 
sensitive to environmental pollution. The specificity of eco-
system functioning is determined, on the one hand, by the 
natural and climatic conditions of the region, on the other 
hand, by the level of anthropogenic load. The main sources 
of atmospheric emissions of acidifying substances and heavy 
metal compounds in the region are the enterprises of Kola 
Mining and Metallurgical Company JSC (Severonickel and 
Pechenganickel), whose activities have caused degradation 
of forest ecosystems in large areas. The consequence of long-
term technogenic pollution from industrial enterprises was 
the accumulation of heavy metals in various components 
of terrestrial and aquatic ecosystems (Lukina, Nikonov, 1996; 
Kashulina et al., 2014; Lyanguzova et al., 2014; Lyanguzova 
et al., 2015; Koptsik et al., 2016; Dauwalter, Kashulin, 2018). 

Works on studying the state of ecosystems under the impact 
of atmospheric emissions from industrial enterprises are carried 
out by many domestic and foreign scientists, including in the 
conditions of reduction of technogenic load (Chernen’ko-
va et al., 2014; Vorobeichik et al., 2014; Hale, Robertson, 
2016; Kowalska et al., 2016; Shergina et al., 2018; Zakrze-
wska, Klimek, 2018; Mikhailova, 2020; Vorobeichik, 2022). 
But there is insufficient information to assess the response 
of forest ecosystems and their components to the reduction 
of anthropogenic load due to the closure of an industrial facility.

For more than 80 years (since 1940) the Pechenganikel 
copper-nickel smelter (Nickel settlement, Zapolyarny town) 
has been operating in the northwestern region – a source 
of sulfur dioxide and polymetallic dust, contributing to the 
formation of heavy non-ferrous metals (Ni, Cu, Co, Cd, Pb, 
etc.). Studies of forest ecosystems in the impact zone of the 
combine indicate a significant accumulation of pollutants 
in soils, plants, changes in biogeochemical cycles of elements, 
life state of stands (Сurrent…, 2008; Kola…, 2012; Evdokimova 
et al., 2014; Isayeva, Sukhareva, 2021). In December 2020, 
a uniquely significant event took place — the closure of the 
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smelting shop (Nickel settlement), which resulted in a sharp 
decrease in air pollutant emissions. In this regard, the study 
of the current state of northern taiga forests in the zone of pro-
longed anthropogenic impact in the initial period after the 
reduction of atmospheric emissions is particularly important 
for assessing the state of forest ecosystems, forecasting the dy-
namics of biogeochemical cycles and sustainable functioning 
of forests, comparing the level of pollutant deposition with 
atmospheric precipitation with the level considered critical 
for forest ecosystems.

The aim of the study is to analyze the dynamics (1991—
2022) of heavy metals and sulfur content in atmospheric 
deposition, soil and vegetation cover of pine forests in the 
zone of impact of atmospheric emissions from the Pechen-
ganickel smelter, (Murmansk region).

OBJECTS AND METHODOLOGY

The research was conducted in the north-west of Mur-
mansk region, in the northern taiga subzone, in the period 
from 1991 to 2022 on permanent monitoring sample plots 
(PMP) located along the pollution gradient from the Pech-
enganickel smelter at 7, 14, 44 km. The sample plots were 
established within the framework of The Lapland Forest 
Damage Project (1990—1995), in which staff  of the Institute 

of Industrial Ecology Problems of the North of the Kola 
Scientifi c Center of the Russian Academy of Sciences and 
the Forest Research Institute of Finland participated. In the 
course of these studies, a monitoring network of sites was es-
tablished from Nickel settlement to Finland along three tran-
sects (Lukina, Nikonov, 1993, 1996). This paper presents the 
results from the sample sites located in the Russian Federation 
and located in the southwestern direction from the smelter.

The main vegetation type in the study area is lichen-shrub 
pine forests in automorphic landscape positions on illuvi-
al-iron podzols (Rustic Podzols, WRB2022) with a typical 
profi le: O-E-BHF (BF, BH)-C. The tree layer is dominated 
by pine (Pinus sylvestris L.), which varies in age from 80 to 260 
years. The ground cover is dominated by shrubs — blueberry 
(Vaccinium myrtillus L.), cowberry (Vaccinium vitis-idaea L.), 
crowberry (Empetrum hermaphroditum Hager.) and the lichen 
(Cladonia stellaris (Opiz) Pouzar&Vezda). The background 
area is located at a considerable distance from the source 
of pollution (275 km) in the south-west of Murmansk region 
in a lichen-shrub pine forest and is represented by 2 station-
ary sample plots, which refl ect the regional background and 
meet all international criteria of control plots (UNECE ICP 
Forests Programme…, 2020).

Fig. 1. SO2, Ni, Cu emissions by Pechenganickel smelter (based on the data of Kola MMC for the period 1991—2022).
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The closure of the smelting shop of the Pechenganickel 
smelter in December 2020 contributed to a significant re-
duction of air pollutant emissions by Kola MMC enterprises 
(Sukhareva et al., 2020; Annual Report…, 2021). According 
to the information of JSC Kola MMC provided by Institute 
of Industrial Ecology Problems of the North, Kola Scientific 
Center of the Russian Academy of Sciences, during the study 
period annual SO2 emissions by Pechenganickel smelter 
decreased from 257.5 thousand tons in 1991 to 0.1 thousand 
tons in 2022 (Fig. 1). Annual Ni and Cu emissions in 1991 
were 279 tons and 171 tons, in 2022—2.1 tons and 0.5 tons, 
respectively.

Snow was sampled in 2004, 2005, 2021 and 2022, and 
rain in 2004, 2005 and 2021. Snow was collected from the 
undisturbed trench wall using a plastic collector during 
the period of maximum snow accumulation (late March — 
early April) under the forest canopy and in the open area 
in triplicate. In each sample area, 15 rain collectors were 
used for rainwater collection (12 under the forest canopy, 3 
in the open area), sampling carried out monthly between 
June and October, measuring the volume of precipitation 
in each collector and taking one mixed sample for analysis. 
Deposition of the main pollutants with precipitation was 
calculated taking into account the average annual concen-
tration and average annual sample volume.

Soil samples were collected in 2004, 2011, 2019, 2021 
at the PMP in 3—5-fold repetition at the end of the growing 
season (August). Samples were collected by soil horizons: 
litter/organogenic horizon (OL, OF, OH), eluvial horizon 
(E), illuvial horizon (B), and soil-forming rock (C). Soil 
samples were sieved through a sieve with 1 mm holes.

Pine needles were sampled in 1991, 2004, 2011, 2019 
from the upper third of the crown in 5—15-fold repetition 
at the end of the growing season (August). In the laboratory, 
needles were divided into current year, annual and perennial 
needles. The limiting age of perennial pine needles was 4—6 
years on all studied PMPs.

Actual acidity (pH) in soil samples in aqueous suspension 
was determined at a soil: solution ratio of 1:25 for organo-
genic and 1:1.25 for mineral horizons. To determine the 
concentration of mobile forms of element compounds, soil 
samples were treated with 1M CH3COONH4 (pH = 4.65) 
(Methods…, 1989). The same soil to displacer ratios were 
used as for pH determination. Concentrations of chemical 
elements in needles were determined after decomposition 
with concentrated HNO3 (wet ashing)

Actual acidity (pH of water extract) of snow, rainwater and 
soil samples was measured potentiometrically. Concentra-
tions of metals (Cu, Ni, Pb, Cd, Cr, Co) in all samples were 
determined by atomic absorption spectrometry; S in soils 
and plants — by turbidimetric method, SO4

2– in snow and 
rainwater — by ion-exchange chromatography. Analytical 
studies were carried out at the Center for Collective Use 
of Physical and Chemical Methods of Analysis of the Institute 

of Industrial Ecology Problems of the North of the Federal 
Research Center Kola Science Center.

A total of 754 samples were analyzed during the study 
period (1991—2022), of which 249 were atmospheric dep-
osition, 235 were soils, and 270 were pine needles.

The obtained data were processed by statistical methods 
using MS Excel software (descriptive statistics) and Statistica 
13.3 (Mann-Whitney U-test).

RESULTS AND DISCUSSION

Snow. During the period of intensive operation of the 
smelter (2004—2005), a significant (p<0.05) increase 
in snow water concentrations of Ni (up to 19.5 times), Cu 
(up to 12 times) and Co (up to 7 times) was observed at the 
PMPs at 7 and 14 km from the smelter compared to the PMP 
at 44 km both under the forest canopy and in the open area 
(Table 1). Acidity was higher at the 44 km PMP than at PMPs 
located 7 and 14 km away. Moreover, at 44 km from the pol-
lution source, concentrations of Ni, Cu, Co, Pb and Cr (2 
to 15 times) and SO4

2– (up to 5 times) increased significantly 
(p<0.05) in snow under the forest canopy compared to the 
background area. At the PMPs located 14 and 7 km from the 
smelter, the concentrations of heavy metals under the forest 
canopy increased for Co, Cd, Pb, Cr — 2 to 12 times, and for 
Cu and Ni — 66 and 185 times, for sulfates — up to 4 times 
compared to the background, which indicates a significant 
technogenic load on forest ecosystems exerted by the smelter 
during this period. An increase in acidity was observed on all 
the studied PMP compared to background values.

During the period of sharp decrease in emissions 
(2021—2022), a significant increase in SO4

2– concentra-
tions (up to 3 times) relative to the regional background 
values (Table 1) is detected at all studied PMPs in the open 
area. At the PMP at 7 km from the smelter under the forest 
canopy, an increase (p < 0.05) in snow water concentrations 
of Co and Cd (up to 6 and 2 times, respectively) is observed 
compared to the PMP at 44 km from the pollution source. 
Concentrations of sulfates at the PMP at 14 km from the 
source of pollution under the forest canopy SO4

2– — 1.5 times 
reliably (p < 0.05) higher than in the open area.

Comparing the period of the smelter closure with the pe-
riod of its active operation (2021—2022), it should be noted 
a reliable (p<0.05) decrease in the concentrations of heavy 
metals in snow both under the forest canopy and in the 
open area. In 2021—2022 at the PMP, 44 km away from 
the pollution source, the concentrations of Ni, Cu, Co, Cd, 
Pb and Cr decreased from 2 to 47 times, at 14 and 7 km — 
from 3 to 80 times compared to 2004—2005. A decrease in 
the acidity of snow water was detected at all investigated 
PMPs. This indicates the reduction of technogenic load 
on forest ecosystems after the closure of the smelting shop 
of the smelter.
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Table 1. Concentrations of Ni, Cu, SO4
2– (mg/l), Co, Pb, Cd, Cr (μg/l) and pH in snow water at PMPs located at different distances 

from the Pechenganickel smelter

Periods Position pH Ni Cu SO4
2– Co Cd Pb Cr

2004—05

Background area 275 km

Under the canopy
4.83 0.0002 0.001 0.43 0.07 0.08 0.12 0.10

0.05 0.0001 0.0001 0.07 0.02 0.02 0.03 0.01
Open area No data

44 kilometers

Under the canopy
4.41 0.003 0.007 2.22 0.16 0.04 0.90 0.37

0.09 0.001 0.002 1.13 0.06 0.01 0.20 0.08

Open area
4.47 0.002 0.006 1.30 0.13 0.04 0.94 0.37

0.08 0.001 0.002 0.50 0.03 0.01 0.24 0.09
14 kilometers

Under the canopy
4.56 0.037 0.066 1.78 0.87 0.18 1.48 0.30

0.08 0.020 0.031 0.33 0.35 0.07 0.34 0.09

Open area
4.62 0.034 0.072 1.51 0.89 0.18 1.66 0.38

0.07 0.018 0.036 0.17 0.45 0.09 0.37 0.11
7 kilometers

Under the canopy
4.59 0.036 0.048 1.68 0.76 0.09 1.57 0.40

0.10 0.014 0.017 0.40 0.26 0.02 0.53 0.06

Open area
4.59 0.039 0.054 1.75 0.71 0.10 1.49 0.35

0.10 0.015 0.022 0.43 0.30 0.03 0.47 0.07

2021—22

Background area 275 km

Under the canopy
5.24 0.003 0.0004 1.64 0.01 0.01 0.04 0.08

0,08 0.001 0.0002 0.89 0.003 0.001 0.01 0.02

Open area
5.46 0.002 0.0004 0.52 0.01 0.01 0.01 0.03

0.11 0.001 0.0001 0.08 0.000 0.001 0.003 0.002
44 kilometers

Under the canopy
5.72 0.001 0.001 1.36 0.01 0.01 0.03 0.15

0.21 0.000 0.0002 0.23 0.003 0.001 0.01 0.03

Open area
5.61 0.004 0.0004 1.06 0.02 0.01 0.02 0.16

0.25 0.002 0.0002 0.23 0,005 0.001 0.01 0.11
14 kilometers

Under the canopy
5.41 0.003 0.001 1.49 0.03 0.01 0.04 0.06

0.11 0.001 0.0003 0.13 0.01 0.001 0.01 0.01

Open area
5.56 0.002 0.002 1.01 0.03 0.01 0.02 0.05

0.21 0.001 0.001 0.11 0.01 0.003 0.01 0.01
7 kilometers

Under the canopy
5.43 0.003 0.001 1.50 0.06 0.02 0.02 0.11

0,13 0.001 0.0004 0.10 0.04 0.003 0.01 0.04

Open area
5.52 0.013 0.001 1.51 0.01 0.01 0.02 0.08

0.20 0.008 0.0004 0.15 0.002 0.002 0.01 0.02

Note. Here and in Tables 2—5, the numerator is the mean value and the denominator is the standard error.
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Table 2. Concentrations of Ni, Cu, SO4
2– (mg/l), Co, Pb, Cd, Cr (μg/l) and pH in rainwater at PMPs located at different distances 

from Pechenganickel smelter

Periods Position pH Ni Cu SO4
2– Co Cd Pb Cr

2004—05

Background area 275 km

Under the canopy
4.75 0.001 0.005 1.39 0.13 0.06 0.33 0.49

0.21 0.0002 0.001 0.26 0.04 0.02 0.09 0.13

Open area No data

44 kilometers

Under the canopy
4.72 0.004 0.004 2.53 0.24 0.03 0.30 0.19

0.32 0.001 0.001 0.53 0.02 0.01 0.04 0.04

Open area
4.61 0.002 0.002 0.97 0.18 0.01 0.29 0.13

0.11 0.0001 0.0002 0.10 0.07 0.00 0.06 0.03

14 kilometers

Under the canopy
4.75 0.021 0.020 2.22 0.55 0.14 0.83 0.28

0.13 0.005 0.006 0.45 0.14 0.04 0.14 0.04

Open area
4.66 0.011 0.015 1.25 0.28 0.07 0.69 0.28

0.10 0.004 0.005 0.30 0.10 0.02 0.17 0.06

7 kilometers

Under the canopy
4.62 0.052 0.052 2.71 1.39 0.16 0.68 0.34

0.22 0.008 0.013 0.35 0.19 0.03 0.16 0.05

Open area
4.70 0.031 0.032 1.82 0.79 0.07 0.46 0.29

0.31 0.006 0.008 0.33 0.09 0.02 0.11 0.07

2021—22

Background area 275 km

Under the canopy
5.64 0.002 0.002 1.46 0.25 0.03 0.22 0.19

0.16 0.001 0.001 0.27 0.06 0.01 0.08 0.04

Open area
6.32 0.001 0.002 1.17 0.14 0.01 0.10 0.14

0.08 0.001 0.001 0.39 0.06 0.002 0.05 0.06

44 kilometers

Under the canopy
4.74 0.002 0.004 2.00 0.01 0.02 0.22 0.17

0.17 0.001 0.002 0.38 0.00 0.01 0.08 0.04

Open area
5.09 0.0002 0.004 0.94 0.02 0.01 0.01 0.32

0.05 0.0001 0.002 0.13 0.01 0.0001 0.00 0.15

14 kilometers

Under the canopy
4.77 0.002 0.003 1.27 0.03 0.01 0.01 0.28

0.09 0.001 0.001 0.09 0.01 0.00 0.00 0.10

Open area
5.20 0.000 0.001 0.83 0,01 0.01 0.02 0.49

0.05 0,000 0.001 0.14 0.004 0.001 0.01 0.16

7 kilometers

Under the canopy
4.80 0.006 0.008 1.73 0.08 0.01 0.11 0.70

0.18 0.002 0.002 0.22 0.05 0.00 0.07 0.28

Open area
5.13 0.0004 0.004 0.91 0.03 0.01 0.20 0.20

0.06 0.0002 0.002 0.06 0.01 0.002 0.19 0.06
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Rain. Under the conditions of atmospheric pollution 
(2004—2005) in rainwater, compared to the background 
area, the concentrations of Ni up to 4 times) at 44 km from 
the mill, Ni, Cu, Co, Cd, Pb (from 2 to 50 times) and SO4

2- 
(from 1.5 to 2 times) at 7 and 14 km from the pollution source 
are significantly (p < 0.05) increased (Table 2). Significant 
differences (p < 0.05) were noted for Cu, Ni and SO4

2- under 
the forest canopy at 44 km from the smelter; here concentra-
tions are 2 times higher than in the open area. The revealed 
pattern indicates the washing and leaching of elements from 
the crowns of woody plants (Lukina and Nikonov, 1996; 
De Vries et al., 2014; Ershov et al., 2020). When approaching 
the source of atmospheric pollution (PMP at 7 and 14 km), 
a reliable (p < 0.05) increase in the concentrations of Ni, Cu, 
Co, Cd, Pb under the forest canopy and in the open area 
was observed compared to the PMP at 44 km. An increase 
in SO4

2– concentrations was also detected in the open area 
(7 km from the smelter) compared to the PMP located 44 km 
from the smelter.

In 2021, the gradient of atmospheric pollution revealed 
a significant decrease in the pH indicator compared to the 
background area. It should be noted that at PMP locat-
ed 7 km from the mill, the concentrations of Ni and Cu 
in rainwater under the forest canopy are still higher (3 and 
4 times, respectively) than in the background area. At the 
PMPs located 7, 14 and 44 km from the smelter, SO4

2– and 
Ni concentrations in rain under the forest canopy are signif-
icantly (p < 0.05) higher than in the open area. In addition, 
rainwater at 7 km shows a significant increase in Ni concen-
trations (up to 3 times) under the forest canopy compared 
to the PMP at 44 km

Comparison of the smelter closure period with the pe-
riod of its active operation showed a decrease (p < 0.05) 
of heavy metal concentrations in rain: at 44 km from the 
smelter, Co concentrations under the forest canopy de-
creased 23 times, Ni and Pb concentrations in the open 
area — 28 times. Both under the forest canopy and in the 
open area at the PMP at 14 km the concentrations of Ni, Cu, 
Co, Pb and Cd decreased from 7 to 62 times, at 7 km — from 
6 to 68 times. As in snow water, the significant reduction 
of heavy metal concentrations in rain indicates the reduction 
of technogenic load on forest ecosystems after the closure 
of the smelting shop of the smelter.

Information on the chemical composition of atmos-
pheric deposition is of great indicator value for assessing 
possible negative impacts on forests. For more than a quarter 
of a century, the concept of critical loads on forests has been 
developed, which are defined as “a quantitative assessment 
of exposure to levels of one or more pollutants below which 
no significant adverse effects on the most sensitive compo-
nents of ecosystems are observed, according to the current 
state of knowledge” (Koptsik, 2004; Critical loads…, 2004; 
Koptsik et al., 2007). Critical loads are calculated using chem-
ical indicators that define harmful effects and thresholds. For 

atmospheric deposition, critical loads can be calculated for 
a specific element, such as sulphate sulphur (Korhola et al., 
1999) or heavy metals (Reinds et al., 2006). From the above 
research results it is established that concentrations of heavy 
metals and sulfur in atmospheric deposition at the PMP at 7 
and 14 km from the source of pollution significantly exceed 
background values, especially during the period of active 
operation of the smelting shop of the smelter (2004—2005). 
Therefore, it is reasonable to compare the levels of pollutant 
deposition at the objects of the presented studies with the 
level of critical loads established in international practice.

The critical loads of total deposition (with rain and snow) 
of S-SO4

2–, Pb, Cd and Cr were not exceeded at all the stud-
ied PMPs (Korhola et al., 1999; Reinds et al., 2006, 2008) 
both during the period of active operation of the smelter 
and after the smelter closure. The critical load levels for Ni 
and Cu for Central Lapland ecosystems are 120 and 5 g/ha 
per year, respectively (Reinds et al., 2006). Ni deposition 
under the forest canopy and in the open area exceeded the 
critical load level only during the period of active operation 
of the smelter 7 km from the pollution source (by a factor 
of 1.5) (Fig. 2). Cu deposition under the forest canopy and 
in the open area during the period of intensive operation 
of the smelter exceeded the level of critical loads for the 
background area — up to 2 times, at 44 km — up to 4 times, 
at 14 and 7 km — up to 40 times. After closure of the smelter, 
Cu deposition in the background area does not exceed the 
level of critical loads, at the 44 km PMP the exceedance 
is up to 2 times, at 14 and 7 km — up to 4 times both under 
the forest canopy and in the open area.

Soils. Soil cover as the most conservative component 
of an ecosystem determines its state and stability, plays an 
important role in the formation, maintenance and conser-
vation of biological diversity (Fedorets et al., 2015; World 
Reference Base…, 2022). The functioning of northern taiga 
forests is largely determined by the conditions of mineral 
nutrition of plants, which change significantly in the zone 
of impact of large industrial enterprises. The organogenic 
horizon is considered as an effective biogeochemical barrier 
for heavy metals entering ecosystems as a result of atmos-
pheric pollution (Lukina and Nikonov, 1996; Lyanguzova 
et al., 2015; Koptsik et al., 2016).

In background forests, the thickness of the organogenic 
horizon varies from 7 to 12 cm. Background values of actu-
al acidity (pH) of organogenic horizons are characterized 
by low values and vary in the range from 3.7 to 4.0. Down 
the soil profile, in mineral horizons, pH values increased, 
reaching maximum values (5.1—5.2) in the soil-forming 
rock (horizon C). The maximum content of Ni, Cu, Cd, 
Pb was observed in the organogenic horizon of soils, Pb 
concentrations increased significantly (p<0.05) from the OL 
subhorizon to the OH subhorizon (Table 3). There are two 
maxima in the distribution of Co in the soil profile — in the 
organogenic (OH subhorizon) and illuvial (B) horizons.
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In the impact zone of the Pechenganickel smelter, at a dis-
tance of 44 km from the pollution source, the thickness 
of the organogenic horizon varied from 8 to 13 cm and cor-
responded to the natural variation. At a distance of 7 and 
14 km from the plant, the range of variation in the thickness 
of the organogenic horizon was in the range of 5—9 cm, 
which is below the background values.

In sub-horizons OL, OF (44 km) and OL, OF, OH (7 km) 
there is an increase in pH value compared to the region-
al background, which confi rms the idea of neutralization 
of acidity under conditions of pollution by acid-forming 
substances as a result of protonation of soluble and insol-
uble organic compounds and due to rapid cation exchange 
reactions (Sokolova et al., 1996; Acid precipitation…, 1999). 
Diff erences in the acidity of mineral horizons of background 
and disturbed forest biogeocenoses are not pronounced.

In 2021, at all PMP in the area of the smelter impact, 
a multiple increase of Ni, Cu, Co concentrations in both 
organogenic and mineral horizons compared to background 
values was revealed. In litter the content of most heavy met-
als is higher than in mineral horizons. The maximum accu-
mulation of metals is observed at a distance of 7 km from 

the smelter: the excess of background values for Ni con-
tent in organogenic soil horizon reached 543—746 times, 
in mineral horizons — 225 (horizon E) and 14 (horizon B) 
times. Cu concentrations exceeded the background level in 
the organogenic horizon by 403—1075 times, in mineral 
horizons E and B — up to 73 and 7 times, respectively. The 
organogenic horizon showed higher accumulation of nickel 
compared to copper, which is associated with its signifi cant 
predominance in the composition of emissions for several 
decades, up to 2015. Co concentration increased in the 
organogenic horizon — by 81—445 times, horizons E and 
B — by 33 and 4 times, respectively, relative to background 
values. A signifi cant increase in sulfur content (p < 0.05) 
in the litter was detected only near the local source of pol-
lution (7 km from the mill). The results of previous studies 
also showed that aerotechnogenic emissions are the main 
source of increased concentrations of Ni, Cu, Co and oth-
er heavy metals in the soil at a distance of 30—40 km from 
the plant. At the same time, the highest concentrations 
of heavy metals are noted near the local source of pollution 
at a distance of up to 10 km (Current…, 2008; Kola…, 2012; 
Dauwalter, Kashulin, 2018).

Fig. 2. Atmospheric deposition of nickel and copper during the period of the smelter active operation (2005) and in the period after 
its closure (2021).
Note. UFC — under forest canopy, OA — open area, CLL — critical load level (Reinds et al., 2006).
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Table 3. Acidity and mobile forms of chemical elements (mg/kg) in the soil of pine forests at PMPs located at different distances 
from Pechenganickel smelter

Horizon thickness, cm pH Ni Cu S Co Cd Pb

Background area 275 km *

OL 1.3
0.3

3.95
0.02

0.55
0.04

0.40
0.10

94
4

0.04
0.003

0.14
0.02

0.71
0.21

OF 4.0
1.3

3.88
0.07

0.74
0.10

0.38
0.07

101
8

0.11
0.014

0.22
0.03

4.32
0.41

OH 3.8
0.5

3.84
0.04

0.84
0.10

0.20
0.03

84
9

0.20
0.04

0.26
0.03

7.57
0.82

Е 6.3
1.4

4.20
0.06

0.08
0.03

0.09
0.02

10
1

0.03
0.004

0.007
0.001

0.65
0.04

B 13.3
2.0

4.94
0.03

0.36
0.03

0.21
0.04

77
6

0.19
0.06

0.005
0.001

0.19
0.03

С –
5.23
0.05

0.23
0.02

0.13
0.03

8
3

0.08
0.05

0.009
0.007

0.14
0.008

44 kilometers **

OL 2.3
0.5

4.41
0.08

11.8
1.64

2.06
0.33

126
9

0.63
0.08

0.08
0.01

0.58
0.03

OF 4.2
0.7

4.16
0.07

19.1
2.35

2.56
0.54

140
15

1.14
0,12

0.15
0.02

2.49
0.68

OH 4.7
0.8

3.80
0.07

18.7
3.48

4.24
1.23

119
26

1.20
0.19

0.16
0.02

4.82
1.27

Е 6.0
1.4

4.12
0.10

1.47
0.36

0.45
0.13

10
1

0.16
0.03

0.01
0.004

0.68
0.04

B 15.7
0.6

4.92
0.05

1.40
0.22

2.97
0.53

49
10

0.24
0.06

0.005
0.001

0.49
0.09

С 5.31
0.08

0.69
0.12

5.19
2.37

21
2

0.21
0.03

0.003
0.0002

0.37
0.05

14 kilometers **

OL 1.4
0.5

4.07
0.05

135
13

41
9

131
6

4.60
0.37

0.25
0.03

2.83
0.25

OF 2.6
0.3

3.97
0.04

253
15

110
15

137
6

7.61
0.43

0.42
0.03

12.8
1.33

OH 2.5
0,2

3.89
0.04

205
7

78
13

133
12

6.97
0.34

0.47
0.03

13.9
1.18

Е 6.2
0.9

4.17
0.07

4.03
0.99

1.97
0.49

5
1

0.16
0,02

0.008
0.002

0.68
0.07

B 13.0
0.5

4.95
0.09

3.91
1.15

0.53
0.19

77
7

0.67
0.11

0.008
0.002

0.49
0.05

С – 5.38
0.07

1.06
0.19

0.34
0.13

28
3

0.74
0.16

0.004
0.001

0.30
0.01

7 kilometers **

OL 2.0
0.4

4.34
0.05

410
33

161
24

173
11

17.8
1.48

0.37
0.04

5.29
0.62

OF 3.5
0.5

4.34
0,05

539
27

250
31

168
6

20.31
0.57

0.46
0.03

10.1
0.66

OH 3.0
0,3

4.29
0.05

456
30

215
28

150
6

16.23
1.295

0.54
0.07

12.9
1.34

Е 3.7
0.2

4.44
0.07

18
3.4

6.98
1.32

15
3

0.995
0.17

0.02
0.005

0.53
0.05

B 14.2
1.2

4.90
0.04

5.06
0.87

1.56
0.23

45
10

0,80
0.20

0.008
0.002

0.39
0,05

С – 5.23
0.07

3.14
0.60

1.11
0.38

23
11

0.76
0.18

0.006
0.002

0,44
0.09

Note. * — 2019 data, ** — 2021 data.
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At 44 km from the smelter, a reliable (p < 0.05) increase 
of Pb concentration in illuvial horizon and soil-forming rock 
in 2.6 times compared to background values was revealed, 
in 7 and 14 km in organogenic horizons — in 1.7—7.5 times, 
in illuvial horizon (horizon B) — in 2.1—2.6 times. Concen-
trations of Cd at 7 and 14 km in organogenic and illuvial 
horizons are 1.6—2.6 times higher than background values. 
In the eluvial horizon (E horizon) Pb concentrations are 
comparable to the regional background.

The study of multi-year dynamics of Cu, Ni (for the 
period 2004—2021), Co, Cd, Pb content (for the period 
2011—2021) showed that at the PMP, located 44 km from 
the pollution source, the content of heavy metals in the 
organogenic horizon of soils decreases (p<0.05) (Fig. 3). 
During this time, there was a significant (p<0.05) decrease 
in soil concentrations of Cu, Co, Pb at 7 and 14 km distance. 
Ni and Cd concentrations remained high in the soil. In 2021, 
there was an increase in Ni (7 and 14 km) and Cd (14 km) 
compared to the previous study period (2004). Over the study 

Fig. 3. Dynamics of the content of mobile forms of elements in the organogenic horizon of soils (subhorizon OFH) at different dis-
tances from the Pechenganickel smelter.
Note. Here and in Fig. 4. error bars are standard error.
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period, S concentrations in soil decreased at all PMPs due 
to a sharp decrease in SO2 inputs to the atmosphere.

The results of our studies demonstrate that, despite the re-
duction of heavy metals in soils, their concentrations remain 
significantly higher than background values. It is known that 
the possibilities of full self-purification from heavy metals are 
very limited and under the condition of cessation of input 
into ecosystems from anthropogenic sources the period of soil 
recovery is estimated in hundreds of years (Yakhnin et al., 
1997; De Vries, Banker, 1996). This is due to the high degree 
of fixation of heavy metals in organogenic horizon and low 
rate of leaching into mineral horizons (Dynamics…, 2009).

Long-term studies on stationary sample plots in the 
area of impact of the Sredneuralsky smelter also indicate 
the absence of pronounced metal removal from soil in the 
context of a small time interval of 20 years (Vorobeychik, 
Kaigorodova, 2017). In our case, the comparison of the dy-
namics of priority pollutants in the composition of emissions 
among heavy metals (nickel and copper) showed that during 
the study period in the soil at the local source of pollution 
the concentrations of copper decreased, and nickel — even 
increased. This may be due to the fact that nickel was the 
predominant component of atmospheric emissions for a long 
period of active operation of Pechenganickel smelter and 
was accumulated to a greater extent in forest ecosystems 
(soil, phytomass).

Pine (Pinus sylvestris L.). Information on the content 
of heavy metals in photosynthetic organs has high indica-
tive value for assessing negative impacts on ecosystems and 
is used to monitor the condition of forests in industrialized 

developed regions (Koptsik et al., 2016; Shergina et al., 2018). 
Under conditions of atmospheric pollution, pollutants enter 
the plant through root and foliar uptake, with soil being the 
most important source of heavy metals.

According to 1991—2019 data, background Ni content 
in pine needles varies from 0.3 to 3.3, Cu — from 1.8 to 4.4, 
Co — from 0.02 to 0.12, Cd — from 0.02 to 0.07, Pb — from 
0.01 to 0.14 mg/kg. Maximum concentrations of Ni and Cu 
were observed in current year needles, Co and Pb — in per-
ennial conifers. S concentrations in pine needles of the back-
ground area vary from 408 to 1040 mg/kg.

According to the data of 2019, the excess of background 
concentrations of Ni, Cu, Co, Pb (p<0.05) in pine needles 
was observed at all PMPs in the impact zone of Pechen-
ganickel smelter (Table 4, Fig. 4). The violation of natural 
regularities of Ni and Cu distribution by age classes of nee-
dles was revealed. Near the source of pollution (7 km from 
the smelter), the maximum accumulation of Ni and Cu was 
observed in annual and perennial needles (p<0.05). The Ni 
content here exceeds the background values in the current 
year needles by 12—16 times, in annual and perennial needles 
by 58—76 times, Cu content by 2—4 times and 13—19 times, 
respectively. No reliable changes in nickel and copper con-
centration in needles depending on their age were found at 
the PMP located 44 km away from the smelter. However, 
here, an increase in the concentration of Ni — 6—14 times, 
Cu — 2—4 times compared to background values was also 
observed. Under aerotechnogenic impact in assimilating or-
gans of pine trees, the age-specific distribution of Co and Pb, 
the concentrations of which are higher in perennial needles 
(p<0.05), is preserved. Under pollution conditions, Co content 

Table 4. Heavy metals and sulphur content in pine needles at PMPs located at different distances from Pechenganickel smelter 
according to 2019 data, mg/kg.

PMP
Ni Cu Co Cd Pb S

Current year's needles

275 km (background). 2.5
0.2

3.7
0.3

0.04
0.01

0.03
0.006

0.02
0.004

756
25

44 kilometers 15
1

7
1

0.35
0.04

0.006
0.001

0.05
0.006

1066
215

14 kilometers 41
3

14
2

1.29
0.14

0.01
0.003

0.14
0.02

1293
74

7 kilometers 25
2

9
1

0.41
0.05

0.04
0.009

0.10
0.02

1180
113

Perennial needles (4—6 yrs).

275 km (background). 1.1
0.2

2.4
0.1

0.07
0.01

0.04
0.01

0.11
0.01

668
47

44 kilometers 15
1

9
1

0.55
0.03

0.009
0.002

0.28
0.02

654
67

14 kilometers 72
4

31
2

2.63
0.27

0.013
0.003

0.79
0.08

959
30

7 kilometers 82
6

43
4

2.53
0.24

0.05
0.01

1.13
0.27

788
38



FOREST SCIENCE No. 1 2025

90	 SUKHAREVA et al.

in pine needles increases 8—40 times compared background 
values, Pb — 2—20 times. Cd concentrations in pine needles 
(44 and 14 km from the smelter) either do not exceed the 
regional background values or are comparable (7 km) to the 
background. Sulfur content in pine needles at PMPs in the 
area affected by the smelter varies in a wider range than in 
background conditions, from 678 to 1839 mg/kg. A signifi-
cant increase in S concentrations (p<0.05) in conifers of all 
age classes was detected at PMPs located 7 and 14 km from 
the source. Similar patterns of changes in sulfur content were 

revealed in spruce needles during the reduction of atmospher-
ic emissions of SO2 in the impact zone of the Severonickel 
smelter (Koptsik et al., 2016), which may reflect the needs 
of photosynthetic plant organs in this nutritional element.

During the study period, a decrease in Ni concentration 
from 26—29 (1991) to 13—15 mg/kg (2019), Pb — from 1.5—
1.6 (2004) to 0.3—0.6 mg/kg (2019), Cd — from 0.02—0.05 
(2004) to 0.006—0.011 (2019) mg/kg (Fig. 4) was detected 
in pine needles at the PMP44 km from the smelter.

Fig. 4. Dynamics of heavy metals and sulfur content in annual pine needles at different distances from Pechenganickel smelter 
(1991—2019).
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In 2019, Cu concentrations in pine needles decreased rel-
ative to the previous study period (2011), but either remained 
at or even exceeded the 1991 and 2004 values. Concentrations 
of Co in needles increased at more distant from the smelter 
PMPs (14 and 44 km), while near the pollution source (7 km) 
decreased to the values recorded in 2004 (Fig. 4).

At the PMPs located near the local source, at a distance 
of 7 and 14 km from the smelter, a reliable decrease in the 
content of Cd and Pb in the needles (p < 0.05), an increase — 
Ni (p < 0.05) was observed (Fig. 4). The results of other 
researchers (Koptsik et al., 2016) also indicate an insuffi-
ciently rapid decrease in nickel concentrations in assimi-
lating organs, their changes are not always consistent with 
the positive dynamics of emission reduction. This may be 
due to the ability of nickel, compared to other heavy met-
als, to move more intensively from roots to aboveground 
organs (Kozlov, Barcan, 2000; Dynamics…, 2009) and the 
high level of accumulation of this element in soils near the 
Pechenganickel smelter. In addition, the pollutant content 
of pine needles was studied only during the period of the 
smelter active activity (until 2019).

In general, the results of this work confirm the regular-
ities of heavy metal content increase in the soil-vegetation 
cover when approaching the pollution source and preser-
vation of elevated heavy metals concentrations in condi-
tions of technogenic load reduction, which were observed 
around other large industrial centers of copper-nickel pro-
duction — Severonickel smelter (Monchegorsk, Murmansk 
Region) and Sredneuralsky smelter (Revda, Sverdlovsk Re-
gion) (Dynamics…, 2009; Koptsik et al, 2016; Vorobeychik, 
Kaigorodova, 2017; Sukhareva et al., 2020). In the work 
of E. L. Vorobeichik, S. Y. Kaigorodova (2017) showed the 
absence of expressed metal removal from the polluted area 
during the period of reduction of atmospheric emissions, 
which is considered by the authors as one of the mechanisms 
of long-term “conservation” of the biota of the impacted 
region in an oppressed state and indicates the low elasticity 
of ecosystems in relation to industrial pollution by heavy 
metals. A similar picture is observed in the permanent mon-
itoring plots in the area of Pechenganickel smelter, where a 
significant excess of heavy metals relative to regional back-
ground values is preserved.

CONCLUSION

Forest biogeocenoses in the impact zone of the Pechen-
ganickel Copper and Nickel smelter are exposed to significant 
technogenic load, as evidenced by numerous studies and the 
results of this work. When approaching the source of pollu-
tion, exceedance of background concentrations of the main 
pollutants — heavy metals (Cu, Ni, Cd, Co, Pb) and sulfur 
compounds in various components of forest biogeocenoses 
(atmospheric precipitation, soil, needles) was revealed.

For the first time the chemical composition of atmospher-
ic precipitation and soil in the impact zone of Pechenganickel 

smelter in connection with the closure of the smelting shop 
of the smelter under conditions of almost complete cessa-
tion of emissions into the atmosphere was assessed. When 
comparing the period of closure of Pechenganickel smelter 
with the period of its active operation, there was a signifi-
cant decrease in the concentrations of Ni, Cu, Co, Pb and 
Cd in atmospheric precipitation, Co, Pb — in soil, but the 
Ni content soil remains high. It is the composition of at-
mospheric precipitation that demonstrated the reduction 
of anthropogenic load on forest ecosystems in response to the 
reduction of pollutant input with aerotechnogenic emissions. 
However, in the soil cover of northern taiga forests the pro-
cess of forest litter pollution continues, as evidenced by the 
increase in the concentration of nickel, which is one of the 
priority pollutants and has been accumulated for a long time 
not only in the soil, but also in the stand and ground cover 
plants. In this regard, the process of restoration of northern 
taiga forests formed in harsh natural and climatic conditions 
will require a long period of rehabilitation, especially in the 
vicinity of local sources of pollution
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