ISSN 1064-2293, Eurasian Soil Science, 2021, Vol. 54, No. 8, pp. 1252—1264. © Pleiades Publishing, Ltd., 2021. This article is an open access publication.
Russian Text © The Author(s), 2021, published in Pochvovedenie, 2021, No. 8, pp. 969—982.

DEGRADATION, REHABILITATION,

AND CONSERVATION OF SOILS

Effect of Soil Degradation and Remediation in Technogenic Barrens

on the Uptake of Nutrients and Heavy Metals by Plants
in the Kola Subarctic
G. N. Koptsik* *, S. V. Koptsik’, I. E. Smirnova“¢, and M. A. Sinichkina“

¢ Soil Science Faculty, Lomonosov Moscow State University, Moscow, 119991 Russia
b Faculty of Physics, Lomonosov Moscow State University, Moscow, 119991 Russia
*e-mail: koptsikg@mail.ru
Received December 29, 2020; revised March 1, 2021; accepted March 2, 2021

Abstract—To assess the state of plants and their response to changes in soil properties, the elemental compo-
sition of leaves of widespread and pollution-tolerant species Betula pubescens Ehrh. and Salix caprea L. has
been studied near the nonferrous metallurgy enterprises in the Kola Peninsula. The content of nutrients and
heavy metals in the leaves of undergrowth on technogenic barrens and remediation sites differing in remedi-
ation technologies has been analyzed. According to the results of leaf diagnostics, both species under barren
conditions are characterized by a noticeable deficiency of K, Ca, P, and, especially, Mn and Zn. The leaves
of both species accumulate Ni, Cu, Co, As, Cr, Fe, Al, Pb, V, and S. Willow leaves contain more Cd, Co, Cr,
Ni, Cu, Al, Fe, As, S, Ca, K and less Mn than birch leaves. Chemophytostabilization has little effect, and the
covering of contaminated soils with a constructed fertile layer leads to the enrichment of birch and willow
leaves with Ca, K, and P. Under conditions of continuing atmospheric emissions and gradual accumulation
of bioavailable heavy metals in soils after the remediation, the accumulation of metals in leaves is largely
determined by the distance from the pollution source, reflecting the possibility of both root and foliar uptake.
The concentrations of Ni and Cu in leaves in 2018 did not decrease compared to 2011. The low, albeit varying,
ratios of the contents of heavy metals in undergrowth leaves and in the soil and weak correlation of heavy metal
contents in these media indicated that B. pubescens and S. caprea retain their ability to regulate their chemical
composition even under extreme conditions of technogenic barrens. At the same time, supporting the protective
capabilities of plants via optimizing mineral nutrition and soil acidity in combination with a reduction in atmo-

spheric pollution is a prerequisite for efficient remediation of technogenic territories in the Far North.
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INTRODUCTION

Elemental composition of plants is determined by
their genetic features and age and can change under
the influence of edaphic and climatic factors. Tradi-
tional studies of elemental composition of plants con-
cern the problems of mineral nutrition and biological
cycle of elements [1, 26]. With an increase in techno-
genic pollution, element accumulation in plants, espe-
cially in industrial regions, is greatly affected by the
input of pollutants from the atmosphere. In this
regard, ecological aspects of the study of chemical
composition of plants, including the use of plants for
bioindication and biomonitoring of atmospheric pol-
lution [11, 12, 18, 22, 33], biogeochemical mapping
[32, 34], and analysis of toxicity of technogenic ele-
ments [27] have come into focus in the recent decades.
Special emphasis is put upon phytoremediation based
on plant capacity to draw hazardous substances from
the environment and to transform these substances

into harmless compounds, metabolites [20, 30, 31].
Two contrasting groups of plants are separated accord-
ing to their capacity to accumulate heavy metals (HMs):
excluders, in which consumed metals are captured in
the root system and practically do not come into the
aboveground organs, and accumulators, in which met-
als are accumulated in the aboveground organs [19].
Excluders and accumulators are used in two alterna-
tive and widely distributed technologies of phytoreme-
diation: phytostabilization and phytoextraction,
respectively. The efficiency of phytoremediation
depends on the natural capacity of plants for metal
accumulation and translocation, plant tolerance
towards HMs, plant capacity to form huge biomass,
climatic conditions, and soil properties.

Willows (Salix spp.) are characterized by the great
territorial expansion, high productivity, intense
evapotranspiration, increased tolerance to HMs, and
efficient consumption of nutrients; thus, they have a
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great potential in phytoextraction [31, 37—39], as well
as in phytostabilization [17, 31, 39]. The possibility to
use aboriginal willow species for remediation purposes
with a preliminary preparation of the soil substrate was
demonstrated even in the case of the high level of
atmospheric pollution near the Severonikel smelter in
the Kola Peninsula [17]. Different willow species and
clones were efficiently used for phytoextraction of Cd
and Zn from contaminated soils [38]. At the same
time, fast-growing willows are the source of biomass
for “green” energetics. However, the capability for
absorption and translocation of metals and, respec-
tively, the suitability for phytoremediation varies sig-
nificantly depending on plant species and clone and
specificity of contaminated site, emphasizing the
advisability of genetic selection [39].

Information on the use of birch species in phytore-
mediation is less available, though birch has potential
for phytostabilization of contaminated soils in the
boreal zone as one of the most important forest-form-
ing species with significant ecological plasticity and
adaptation to extreme environmental conditions,
including technogenic impact [31].

The purpose of our work is to analyze absorption of
nutrients and HMs by leaves of pubescent birch (Ber-
ula pubescens Ehrh.) and goat willow (Salix caprea L.)
depending on the soil properties under the conditions
of contamination and remediation of technogenic bar-
rens near the nonferrous metallurgy enterprises in the
Kola Subarctic.

OBJECTS AND METHODS

Studied objects were represented by plantations of
willow and birch at sites of remediation of technogenic
barrens near the Severonikel smelter (industrial site
Monchegorsk at present) in the Kola Peninsula. In
2018, we studied six remediation sites with artificially
created fertile layer (R), two sites of chemophytostabi-
lization (Ph), and three control sites of barrens (B) and
adjacent birch low forest (BLF) located 2—5 km from
the industrial plot, which had also been studied earlier
(in 2011). The location of studied sites is shown in
Fig. 1; brief characteristics and coordinates of moni-
toring plots are given in [7, 9]. The soil cover of barrens
is represented by eroded chemically contaminated
iron podzols (B-2007/8), chemozems contaminated
with Cu and Ni and developed from podzols (Albic
Podzols (Phytotoxic), B-2004/5), and Al-Fe-humus
abrazems (Entic Podzols, B-2003/6) without upper
horizons because of the intense development of ero-
sion. For comparison, we also studied a conditionally
background spruce forest (S) with birch on podzols
(Folic Albic Podzols (Arenic)) 64 km southward from
the source of pollution.

Chemophytostabilization included planting of
aboriginal species of deciduous trees and shrubs
(mostly willows and birches) without preliminary
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preparation of soil and with simultaneous sowing of
perennial herbs (dominated by grasses) and applica-
tion of lime flour and mineral fertilizers. The artificial
fertile layer covering the contaminated soils mainly
consisted of peat, sand, and wood shavings with addi-
tion of sewage sludge (R-2003, R-2006). As in the case
of chemophytostabilization, seedlings of trees and
shrubs were planted simultaneously with sowing of
perennial grasses and application of lime and fertilizers.
Tree and shrub species were represented mostly by wil-
lows (S. caprea L. with admixture of S. phylicifolia L.,
S. cinerea L., S. glauca L., etc.) and birches (B. pubes-
cens Ehrh.) [10]. Remediation of technogenic barrens
was performed by the Monchegorsk Forestry accord-
ing to recommendations of the Institute of Industrial
Ecology Problems of the North (Kola Science Center,
Russian Academy of Sciences) with support of the Kola
Mining and Metallurgical Company in 2003—2008.

Research methods. Field study was conducted in
August 2018 on 13 monitoring plots, each of which
included four test subplots (10 < 10 m). Additionally
to geobotanical descriptions [10], the leaves were col-
lected to characterize elemental composition of widely
distributed tolerant to pollution and used in remedia-
tion species: Betula pubescens Ehrh. and Salix caprea L.
Four composite samples of leaves of each species (one
sample from each test plot) composed of leaves of five
individual plants were taken in plantations at every
remediation site. The leaves of survived wild plants
were taken according to the same procedure on bar-
rens and in birch low forest.

To determine elemental composition, not washed
leaves were digested in concentrated nitric acid with
addition of 30% H,0, and heating to 150°C. Concen-
trations of nutrients and major and associated con-
taminants (S, P, Ca, Mg, K, Na, Al, Fe, Mn, Ni, Cu,
Co, Cd, Cr, Pb, V, Zn, and As) in extracts were deter-
mined by the method of inductively coupled plasma-
optical emission spectroscopy (ICP-OES, Agilent 5110).
Overall, 62 samples of leaves were analyzed; the results
were recalculated per absolutely dry weight.

The accumulation of HMs in leaves in comparison
with the background level was characterized using
accumulation factors. To evaluate metal absorption by
plants, concentration coefficients representing the
ratio of metal concentration in plant leaves to concen-
tration of its available (extracted with 1 M solution of
CH;COONH, with pH 4.8) forms in soil were calcu-
lated [8, 33]. The chemical properties of studied soils
were characterized earlier [9].

The methods of descriptive statistics were applied
for data treatment; we assumed the normal distribu-
tion of the properties of composite plant samples. Sig-
nificance of difference between mean values was eval-
uated by r-test corresponding to the absence of over-
lapping of confidence intervals of mean values. The
relationships between concentrations of elements in
plant leaves with one another and with the soil proper-
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Fig. 1. Location of monitoring plots near Monchegorsk. Hereinafter: B, barrens; Ph, plots of chemophytostabilization; R, plots of
remediation with artificially constructed fertile layer (numbers indicate the year of remediation). Barren B-2003/6 served as the con-
trol for remediation plots R-2003 and R-2006; barren B-2004/5 served as the control for remediation plots Ph-2004, R-2004, and
R-2005; barren B-2007/8 served as the control for remediation plots Ph-2007, R-2007, and R-2008. BLF, birch low forest.

ties were analyzed using correlation and principal com-
ponent (PC) analyses [7]. To characterize soil proper-
ties, pHy o, exchangeable acidity, and concentra-
tions of available nutrients, HMs, total C, N, and S
were used [9]. Elemental composition of leaves, thick-
ness of the soil layer enriched with organic matter, and
distance from the pollution source were analyzed as
external variables with different qualitative signifi-
cance relative to the chemical properties of the soil and
relative to one another. The relationship between ele-
mental composition of the leaves and the soil proper-
ties was visualized by correlation ordination diagrams
as relative positions of plant characteristics in the
space of the first two PCs of soil properties.

RESULTS AND DISCUSSION

Elemental composition of leaves. Input of pollutants
from the atmosphere in industrial regions affects the
elemental composition of plants, and this allows using
plants for the purposes of indication and monitoring of
atmospheric pollution. Both birch and willow under

background conditions are characterized by the low
content of HMs in leaves similar to their median val-
ues calculated for eight water basins of the Barents
region (Tables 1 and 2) [32]. Concentrations of the
main contaminant metals—Ni, Cu, and Co—in the
leaves of birch survived on barrens reached 250, 120,
and 5 mg/kg, respectively, or, 25—30 times higher than
concentrations of these metals in background condi-
tions (S-64, Fig. 2). Close concentrations and exceed-
ances of background concentrations of these metals
were typical of birch in the nearby low birch forest. In
comparison with birch, willow was characterized by
increased accumulation of most of the elements in
leaves with close regularities of their spatial distribu-
tion. The concentrations of Ni, Cu, and Co in willow
leaves from contaminated plots were approximately
two times higher than in birch leaves and reached
450—560, 210—280, and 10—14 mg/kg, respectively,
exceeding the background levels by 29—36, 2735,
and 4—6 times, respectively. A relatively low (in com-
parison with birch leaves) exceedance of the back-
ground Co level in willow leaves on barren plots was
due to an order of magnitude higher uptake of this ele-
Vol. 54 No. 8
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Table 1. Concentrations of elements (mg/kg) in the leaves of birch from birch low forest (BLF), barrens (B), chemophyto-
stabilization plots (Ph), and remediation plots with creation of a new fertile layer (R) near Monchegorsk in 2018 (above the
line, mean; under the line, half-width of 95% confidence interval for the mean; n = 4 composite samples)

Plot S P Ca Mg K [Na|Al | Fe |[Mn| Ni |Cu|Co| As | Cd | Cr | Pb| V |[Zn
BLF 1490 | 800 | 4090 2130|4920 | 73 |137 [236|427 | 241|116 | 4.7 | 1.1 |0.079|10.71 1.2 | 5.6 | 15
340 | 300 | 2410 [ 1240 | 2240 | 29 | 224 | 434|266 |231[133 (5.2 | 1.3 |0.087| 1.4 | 1.7 | 9.6 | 11
B-2007/8 1380 | 930 | 5600 |2450 | 5510 | 101 [ 126 | 143 | 208 {247 [123 | 5.3 | 1.2 {0.042]|0.49 [1.07 | 2.9 | 29
230 | 400 | 1300 | 270 1330 | 26 | 20 | 53 | 75 | 26 | 18 |0.61|0.160.022|0.32 {0.19(0.93| 15

Ph-2007 1920 | 930 | 7810 | 3180|6910 | 52 | 221|187 | 406 |253|137 | 6.2 |0.88]0.13]0.59 | 1.5 | 3.5 |57
410 | 260 | 970 | 640 | 1140 | 44 143|168 | 86 | 72 | 30 | 1.9 [0.94|0.081|0.53 [0.24| 1.5 | 40

R-2003 | 1250 | 760 | 7160 | 1670 4490 | 63 | 77 | 93 | 63 | 213 | 121 | 4.1 |<DL|<DL| 0.23 |[<DL| 2.2 | 120
R-2006 3090 | 2420 (10900] 1810 {9010 176 | 118 | 191 | 145 [ 366|172 | 7.6 | 1.3 [0.091/0.70 | 1.4 | 5.5 {105
910 | 1400 | 3950 | 270 [4930 | 37 | 47 | 70 | 44 [184 |106| 5.2 |0.36 |0.010( 0.29 [0.005] 0.48 | 56

R-2007 2210 | 3880 {14000| 2970 | 8640 | 165 | 93 | 164 | 177 |207 106 | 4.2 | 1.1 |0.074]| 0.65|0.83| 3.3 | 76
440 | 1000 | 4130 | 410 [1560 | 10 | 25 | 76 | 55 | 63 | 17 | 1.4 | 1.2 |0.022| 0.31{0.88| 1.1 | 28

R-2008 2160 | 3190 {11200 | 2890 | 9370 2721451209 | 719 (284141 | 8.8 | 1.0 | 0.28 1094 | 1.0 | 3.2 | 84
800 | 620 | 5620 | 540 | 980 | 111 | 20 (133|143 |105| 55 |2.7 | 1.1 |0.12]0.58 [0.33| 1.1 |11

S-64* 870 (1340 | 7170 [ 2490|5940 | 73 | 51 | 40 |1260| 8.3 | 4.3 0.21 <DL 0.1310.15 <DL|<DL 85
240 | 300 | 840 | 470 [2050| 60 | 57 | 20 |510|2.0 1.0 {0.09 0.04 | 0.11 34

?eagrieorrlltf* 1750 | 2300 | 11000 | 3940 {10300| <20 | 27 | 82 [1470| 3.9 | 5.7 [0.36 | 0.03 | 0.25 |<0.20{ 0.31 | 0.10 {205

* Conventionally background spruce forest (64 km from the source of pollution).
** Medians for eight water basins of the Barents region [32].

Table 2. Concentrations of elements (mg/kg) in willow leaves on barrens (B), chemophytostabilization plots (Ph), and
remediation plots with fertile layer (R) near Monchegorsk in 2018 (above the line, mean; under the line, half-width of 95%
confidence interval for the mean, » = 4 composite samples)

Plot S | P | Ca|Mg| K |[Na|Al |Fe|[Mn|[Ni|Cu|[Co|As |Cd|Cr|[Pb| V |Zn
B-2004/5 | 1780 | 640 | 9760 | 3410 | 7400 | 49 | 214 | 189 | 406 |448 | 213 | 9.8 |0.98 [0.14 | 0.41 | 1.09 | 3.5 | 12
B-2007/8 1730 | 900 (159002670 | 8860 | 145|374 | 410|100 | 557 (279 [14.1| 1.8 [0.25(1.28 [1.81| 5.2 | 18

100 | 225 | 5420 | 890 | 2050 [148 | 99 | 171|137 [146 | 93 | 2.7 |0.33]0.16 |1.21 |0.34 [0.60 | 18
Ph-2004 123801200 |16600| 3250 | 5360 | 154 |272 |231{307|574 |193 |15.0 | 1.5 [0.34|0.56 [0.97 | 2.8 | 57
1270 | 800 | 9800 | 1350 | 1570 | 80 |231236|352|155| 78 | 4.3 | 0.5 [0.26|0.81|1.07 | 2.1 | 67
R-2003 2450 1050 {24 800| 2050 [12500|154 | 402 | 361 | 56 802|410 [17.5| 1.8 |1.82|1.16 |1.88 | 5.4 |141
530 | 200 | 5600 | 650 | 5110 | 16 301|267 | 24 |475(199 [11.0|0.88|2.05(0.89|0.89 | 3.4 |149
R-2004 2190 [1160 [17600| 4700 | 9210 | 98 |177 | 255|234 | 641|216 (23.0| 1.3 |1.07 [0.69 [1.03 | 3.8 | 66
300 | 300 | 3930 | 1470 | 2470 | 58 | 85 | 108 | 257|144 | 105 | 6.5 [0.52]0.77|0.37|0.34| 1.5 | 29
R-2005 26101950 21300| 2000 [11300|155 [122 [176 | 33 |374 | 105 | 9.4 {0.99 [1.26 |0.50 [0.66 | 2.4 | 57
180 | 930 | 3470 | 850 | 2070 | 27 | 39 | 92 | 16 104 | 38 [ 2.9 | 1.1 [0.46 |0.17]0.76 | 1.2 |46
R-2006 4750 | 2640 | 19960 | 1480 | 8420 | 500 | 188 | 277 | 20 | 747 | 304 | 17.0 | 1.95 | 1.74 | 4.52 | 2.24 | 8.1 |127
R-2008 2690 3230 {16600 | 2140 (10300 | 237 | 245 [360 183 | 435(178 [13.5| 1.6 |3.21[1.06 [1.04 | 3.7 | 60
720 | 670 | 4770 | 380 | 1370 | 97 | 51 [229|110 [100| 43 | 1.3 | 1.0 {1.30 [0.47 [0.39| 1.2 | 15
S-64* 1410 | 1180 {18400 | 3130 (12350 73 |110 |120 156 | 15 | 7.9 | 2.3 |<DL{0.33]0.31|<DL| 4.4 | 55
330 | 350 | 6970 | 1560 | 6880 | 83 | 45 | 73 |269|9.8| 5.6 | 1.5 0.34(0.49 8.0 [ 70
Barents {2930 | 3600 | 11000 | 3010 [ 16500 | 23 | 25 [ 79 |310 | 9.0 |7.73 | 1.76 | 0.02 | 0.68 | <0.2 | 0.21 | 0.05 | 125
region **

* Conventionally background spruce forest (64 km from the source of pollution).
** Medians for eight water basins of the Barents region [32].
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Fig. 2. Accumulation factors of elements in the leaves of (a) birch and (b) willow relative to background concentrations of these

elements (logarithmic scale).

ment under background conditions. Concentrations
of Cd in willow leaves were 2—6 times greater than
those in birch leaves. Leaves of both species on con-
taminated plots had 2—4 times higher concentrations
of Cr, Fe, and Al in comparison with the background
levels; they also accumulated S, Pb, V, and As. High
concentrations of Al and Fe can indicate the input of
mineral dust as a result of erosion on wide open spaces
of barrens additionally to the technogenic pollution.
Both birch and willow suffer from significant short-
ages of P, K, Ca, and, especially, Mn and Zn. Willow
leaves under background conditions and on barrens
were 1.5—3 times richer in K and Ca and 1.5 times
poorer in Zn and 2—8 times poorer in Mn than birch
leaves. The observed changes in metal concentrations
on polluted barrens suggest the disturbance of the bal-
ance of nutrients and contaminating metals in plants,
which may be indicative of the disbalance of major
metabolic processes in extremely unfavorable habitats

of technogenic barrens. The deficiency of Mn and Zn
can be caused by competition with the main metal
contaminants: Cu, Ni, and Fe. The maximum number
of antagonistic reactions is usually observed for Fe,
Mn, Cu, and Zn that participate in many physiologi-
cal processes in plants [4]. Optimal Fe/Mn ratio cor-
responding to that under background conditions is
important for normal photosynthesis and plant devel-
opment. High exceedance of this ratio near the source
of pollution attests to disbalance of metals, sharp defi-
ciency of Mn, and stress state of plants [13] as the
response to injuring influence of contamination up to
a decrease in productivity and death of plants.

Leaves of birch and willow planted in the course of
chemophytostabilization in 2004 and 2007 (Ph-2004
and Ph-2007) were slightly enriched with Ca in 2018,
but little differed in concentrations of most other ele-
ments from the leaves of these plants survived on bar-
EURASIAN SOIL SCIENCE  Vol. 54
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rens (B-2004/5 and B-2007/8) and in the birch low
forest. The deficiency of P, Zn, and, especially, Mn
was preserved in birch leaves in comparison with back-
ground values. The absolute K deficiency in willow
was enhanced by K deficiency relative to Ca, as the
K/Caratio (0.3) was below the critical value (0.5 [24]).
Concentrations of Ni and Cu in the leaves of birch
and willow at contaminated plots were 31—32 and
25—38 times higher than those at the background
plot; the concentration of Co, 29 and 7 times higher;
and concentrations of Al, Fe, and Cr, 4—5 and 2 times
higher, respectively.

The results of leaf analysis attest to the improve-
ment of plant nutrition as a result of remediation with
artificially formed fertile layer. Birch leaves on these
plots became significantly enriched in Ca, K, P, and
Zn in comparison with birch leaves on most of barren
plots. Willow leaves were enriched in these nutrients
only on the reclaimed plots in remote positions rela-
tive to the source of contamination. However, the
enrichment with Ca resulted in misbalance of nutri-
ents and possible relative deficiency of K, especially in
willow leaves (K/Ca 0.4—0.5). The deficiency of Mn
remained in all plantations of birch and most planta-
tions of willow. Extremely low Mn content and high
Fe/Mn ratio in birch and willow leaves were observed
on remediation plots nearest to the source of contam-
ination (R-2006 and R-2003).

Concentrations of Ni and Cu in the leaves of birch
and willow on remediation plots with artificial fertile
layer did not differ significantly from their concentra-
tions on contaminated barren plots and exceeded the
background levels by 20—40 times (up to 40—50 times
in plantations on the plots nearest to the source of pol-
lution (R-2003, R-2006)). Concentrations of Co were
20—40 times higher than the background values in
birch leaves and 4—10 times higher in willow leaves.
Concentrations of Cd in willow leaves were 16 times
higher than those in birch leaves and 5 times higher
than the background level. Concentrations of Cr in
leaves of both species were 1.5—15 times higher than
the background levels; concentrations of Fe and Al,
1.5—5 times higher; and concentrations of S, 1.5—
3.5 times higher. Maximum concentrations of these
elements in birch and willow leaves were observed on
remediation plots nearest to the source of pollution.
Increased concentrations were also typical of Pb, V,
and As. On one hand, this distribution reflects speci-
ficity of metal absorption by different plant species; on
the other hand, it attests to increased availability of
metals in the soil as a result of gradual metal accumu-
lation after remediation [9]. Surface deposition as a
way of metal input onto birch and willow leaves may
also take place along with metal uptake by roots.
Despite the increased accumulation of HMs in birch
and willow leaves in plantations nearest to the source
of pollution, a satisfactory state of these plantations [10]
in contrast to the adjacent area of barrens (B-2003/6),
where plants had died out, should be emphasized.
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According to the results of correlation analysis,
concentrations of Ni and Cu in birch leaves on barren
plots and remediation plots are directly correlated with
concentrations of Co, Cr, Cd, V, Pb, Fe, and As (r =
0.58—0.96, oo < 0.001), which reflects the common
source of these elements, and are inversely correlated
with the distance from the industrial site (r = —0.41—
0.43, a0 < 0.05). For willow leaves, the correlation of Ni
and Cu concentrations with other HMs and with As is
weaker (r = 0.45—0.88, o0 < 0.01), and the correlation
with the distance from the industrial site is insignificant.

Temporal dynamics. The decrease in atmospheric
emissions of pollutants is usually reflected in the
decreased concentrations of these pollutants in assimi-
latory plant organs [6, 12, 22]. In the studied region,
such a decrease was noted of Ni and Cu concentrations
in needles of spruce [8], pine, and leaves of some dwarf
shrubs [12], which the authors connected with the
decrease in the amount of metal-containing dust
deposited on the surface of the leaves as a result of the
reduction of emissions. After intense decrease in atmo-
spheric emissions from the Sredneural’skii Copper
Smelter, the decrease in surface contamination of her-
baceous plants in meadow ecosystems was noted, which
was confirmed by similarity of metal concentrations in
not treated and washed plants [ 14]. Despite the decrease
of emissions in 1990—2000 and small fluctuations later
on, by the end of growing season of 2018, birch leaves at
all monitoring sites around Monchegorsk accumulated
greater amounts of the main contaminating metals (INi
and Cu) than in the same season in 2011 [7] (Fig. 3),
though the difference was not always statistically signif-
icant. The changes in Co accumulation were insignifi-
cant. The obtained values were within the middle and
lower parts of a wide range of Ni (100—380 mg/kg) and
Cu (40—840 mg/kg) concentrations in birch leaves
within 2—5 km from the smelter recorded in the period
of intense emissions in 1991—1994 [25]. Current con-
centration of Ni in birch leaves exceeds the threshold
value 160 mg/kg, specified for mortality, as well as for
population renewal [2]. Willow leaves accumulated
more Ni, Cu, and Co during the growing season of 2018
in comparison with the growing season of 2011 in three
out of five remediation plots. Maximum statistically sig-
nificant exceedances were typical of the plot nearest to
the source of pollution (R-2003). A tendency for Al
accumulation and loss of Fe and K in willow leaves was
noted. Birch leaves were depleted of Mn. On the con-
trary, a tendency for the enrichment of birch and willow
leaves with Ca on remediation plots was observed. Note
the depletion of S in the leaves at all the plots in 2018 in
in comparison with 2011; this depletion was especially
pronounced in willow leaves. It should be noted that
birch and willow are characterized by less evident
response to the emission decrease in comparison with
the other plants [6].

Taking into consideration the capability of plants to
control uptake of pollutants by the roots, the observed
dynamics could be partly explained by the continuing
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Fig. 3. Concentrations of Ni, Cu, Co, and S in leaves of (a, b, ¢, d) birch and (e, f, g, h) willow on barrens and remediation plots
in 2011 and 2018. Mean values and their 95% confidence intervals are given.

surface deposition of metals on leaf blades. A signifi- down and retained on the surface of leaf blades
cant contribution to the input of metals could be due depends on the nature and size of the particles,
to secondary pollution of the territory because of dust-  weather conditions, leaf size and orientation, and leaf
ing of ash-heaps and open forestless areas of techno-  moisture and surface properties; it is subjected to con-
genic barrens. The quantity of metal particles settled siderable variations from year to year [18, 25]. Heavy
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metals can penetrate into plant tissues through the
cuticle defects and stomata. Despite some toxic effects
on different metabolic and physiological processes in
plants, the degree of toxicity is generally lower in the
case of leaf absorption in comparison with root
absorption [3, 35]. However, deposition on leaf sur-
face may negatively affect the processes of photosyn-
thesis, respiration, and leaf feeding. Thus, the accu-
mulation of heavy metals in leaves not only retards
plant growth but also causes the return of metals to the
soil after leaf fall.

Uptake of metals from soil to plant, especially to
aboveground plant organs, is an important physiolog-
ical process determining the efficiency of plant use for
remediation of contaminated soils. Metal consump-
tion by plants is quantitatively characterized by a num-
ber of terminologically different coefficients that gen-
erally reflect the ratio between metal concentrations in
the plant and in the soil. These are the classical coeffi-
cient of biological absorption [15], concentration fac-
tor CF [33], bioconcentration factor [40], soil-plant
uptake factor [21], enrichment factor [28], soil-to-
plant transfer factor [23], or translocation factor [36].
Evaluation of metal absorption by plants with the help
of concentration factor CF involves some problems
related to the possibility of using data on the total
metal content in the soil or on the content of its avail-
able forms, on one hand, and to the appropriate
choice of the thickness of the root layer for compari-
son [33]. Calculation of CF relative to the total metal
content in the soil is not exactly correct, because it
underestimates the real metal uptake from the soil, as a
significant part of the total metal content is in the form
unavailable for plants. Following previous works [8] and
literature sources [33, 36], we calculated CF relative to
the concentration of bioavailable metal compounds in
the soil, because this provided more adequate evalua-
tion of metal income to the aboveground part of plant.
Most roots in boreal forests are usually accumulated in
the upper organic horizon enriched with nutrients.
Similar conditions are formed as a result of remedia-
tion of technogenic barrens, so we took for compari-
son upper soil layer enriched with organic matter and
nutrients. It should be noted that surface deposition of
metals under the conditions of atmospheric pollution
overestimates the calculated values of CF, but the
decrease in emissions levels the differences.

Concentrations of most vital elements in leaves of
birch and willow significantly exceed concentrations
of their bioavailable compounds in the soil, which
attests to the capacity of plants for active uptake and
transportation of these elements from roots to leaves
(Fig. 4). Maximum CF values are typical for major
nutrients, such as Ca, Mg, K, and P; high CF values
are typical for Mn, Zn, and S that play an important
role in metabolic processes. Especially high accumu-
lation of Mn is typical of birch. Root uptake is the main
source of the supply of nutrients to plants even under
the conditions of increased atmospheric pollution [29].
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On the contrary, judging from low CF values, both
plant species restrain the input of potentially toxic Cu,
Pb, Al, and excessive Fe; birch also limits the input of
Cd to the assimilating organs. Toxic effects of HMs are
based on binding of functional groups in biomole-
cules, substitution of vitally important metals from
metal-containing complexes, and generation of active
forms of oxygen. Despite great biological importance,
Cu s required by plants in small quantities, and its con-
centration of 20—100 mg/kg is considered toxic [4].
This limit was significantly exceeded in the leaves of
both species, apparently due to surface deposition.
Despite the domination of copper in atmospheric
emissions and fivefold domination of its available
compounds in soils, birch leaves contained, on aver-
age, 1.7, and willow leaves, 2.3 times smaller amounts
of Cu than Ni, and this suggests the activation of bar-
rier functions of plants to the toxicant.

Protection mechanisms of plants to HM contami-
nation at the cellular and molecular levels include pre-
venting of metal penetration to cell, as well as intracel-
lular mechanisms. Penetration of metals into plant
cells is limited or prevented with the help of produc-
tion of metal-chelating ligands, fixation of metals in
mycorrhiza, immobilization of metals in cell wall,
inhibition of transport through plasmalemma, and
active removal from the cells. Intracellular mecha-
nisms of plant tolerance towards HM pollution
include detoxication of HMs via formation of physio-
logically inactive complexes and HM removal into
vacuoles, reparation of damaged cell structures, and
maintenance of metabolism. Particular mechanisms
of tolerance also act at plant tissue and organism levels
[3, 4, 16, 18]. For example, a number of mechanisms
prevent the excessive absorption of HMs by roots from
the soil and their transport into aboveground organs.
Accumulation of Cu, Pb, Ni, Cr, and As in willow
roots was observed earlier in greenhouse and field
experiments [31, 37].

Unlike Cu, Ni does not fall within the range of ele-
ments with limited root uptake in the studied barrens,
as seen from its CF values. This fact suggests not only
the direct input of Ni on the leaves with dust particles
but also a lower toxicity of this element. The accumula-
tion of Co in the leaves of fast-growing birch and willow
under extremely severe conditions can be caused by
participation of this element in nitrogen fixation and
acceleration of plant growth and development [33].
Cadmium is not ranked among vitally important
microelements; it is potentially toxic, but, owing to its
high mobility, Cd can be easily consumed by plants [4].
Particularly, willow has a strong capacity for Cd accu-
mulation in the leaves, which was demonstrated earlier
during the wide-scale study of nine watersheds in
North Europe [33], the impact zone of Severonikel
smelter [6], and remediation experiments [37]. In gen-
eral, the CF value of every element varies strongly in
space and depends on specific characteristics of a
given element and plant.
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Fig. 4. Concentration factors of elements in the leaves of (a) birch and (b) willow relative to concentrations of available com-

pounds of these elements in soils (logarithmic scale).

The accumulation of elements in leaves of under-
growth relative to the soils of barrens largely reflects
the change in soil properties on barren plots, i.e., the
depletion of nutrients and the accumulation of heavy
metals [9]. The improvement of soil supply with nutri-
ents as a result of remediation measures is accompa-
nied by the closeness of their CF values on remedia-
tion plots to the background CF values. At the same
time, the accumulation of HMs in leaves relative to the
soils usually remains limited. This fact attests to pres-
ervation of the capacity of plants to control their
chemical composition owing to protective physiologi-
cal mechanisms even under severe contamination of
technogenic barrens. The capacity of plants to control
the input of polluting elements into their leaves was
reported in previous studies of the considered region
[6—8, 33]. However, this phenomenon is insufficient
to ensure successful recovery of plant communities
because of unfavorable edaphic conditions. Thinned
deciduous young growths dominated by B. pubescens
and/or S. caprea, with greater vitality of the trees, spe-

cies diversity, and developed herbaceous cover are
formed on barrens only in the case of significant
improvement of soil properties as a result of remedia-
tion with creation of a new fertile soil layer over the
contaminated soil [7, 10].

Hence, judging CF values, both birch and willow
are characterized by similar character of the uptake of
most elements from soil to their assimilating organs.
Low CF values for pollutants confirm the usefulness
of choosing B. pubescens and S. caprea as widely dis-
tributed and tolerant to pollution plant species for
phytostabilization of polluted soils.

Correlation between elemental composition of plants
and soil properties. According to the results of correla-
tion analysis, the uptake of Ca, K, P, S, and Zn by
birch leaves increases with an increase in soil pH (r =
0.38—0.66, o. < 0.05). The accumulation of Ca and K
in leaves reflects soil enrichment with available com-
pounds of these nutrients (» = 0.60, o < 0.001 and r =
0.55, o < 0.01). Concentrations of polluting metals
(Ni, Co, and Zn) in birch leaves weakly correlate with
EURASIAN SOIL SCIENCE  Vol. 54
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their concentrations in the root layer of soils (» =0.49,
a<0.01,»=0.45, 0 <0.05and r=10.59, o < 0.001).
Both willow and birch are characterized by direct
correlation between concentrations of Ca, K, P, S and
Zn in the leaves and soil pH (» = 0.35—0.48, o. < 0.05).
However, among HMs, only Zn (r = 0.45, a < 0.01)
demonstrates this correlation for willow leaves. The
results obtained in our study indicate that the ammo-
nium acetate extraction has a limited capacity to extract
HDMs available for plants. At the same time, they attest
to the capacity of plants and associated microorganisms
of the rhizosphere to control the uptake of HMs by roots
and their transport to aboveground organs. A narrow
range of variation in HM concentrations within the
studied technogenic barrens can also complicate find-
ing of correlative relationships.

Ordination diagrams are in agreement with the
results of correlation analysis. The diagrams of proper-
ties (Fig. 5) represent plane projections of the first two
principal components of indicators of the state of soils
under plantations: acidity and the contents of carbon,
nitrogen, and available elements (solid arrows). The
length of arrows reflects the degree of representation
of the properties by the first two principal compo-
nents, and the cosine of the angle between the arrows
approximates the correlation coefficient between the
corresponding properties. The external variables
(dashed arrows) are described as optimal, in the sense
of least squares, expansion coefficients of the corre-
sponding centered property in terms of the principal
component basis (and are scaled to the principal com-
ponent). The approximated properties are equal to the
sum of principal components weighted with these
coefficients.

Concentrations of Ca, K, P, S, and Zn in birch and
willow leaves increase with an increase in the soil pH.
The accumulation of K, Ca, and, to a lesser extent,
Zn, Ni, and Co in birch leaves is directly correlated
with the contents of their available compounds in
soils. Different directions of the vectors indicate a
lower degree of these correlations for willow. Under
the conditions of reducing atmospheric emissions,
this suggests an active regulation of the root uptake of
metals and their transport in the acropetal direction by
the plants themselves with the help of various protec-
tive mechanisms.

Hence, the elemental composition of the plants
survived on barren plots and growing in plantations
after remediation of the plots near the source of pollu-
tion (2—5 km) reflects complex interactions in the
soil—plant system influenced by various factors. Long-
term technogenic impact has led to contamination,
nutrient depletion, and degradation of soils [5, 7]. The
increase in pollution was accompanied by suppression
of plants (disturbance of physiological processes,
decrease of productivity, and the appearance of visible
symptoms, such as chloroses and necroses, growth
rate reduction, and dying of roots), their death, and

EURASIAN SOIL SCIENCE  Vol. 54

No.8 2021

1261

the formation of technogenic barrens [5, 8, 11, 13, 18].
The extreme climatic conditions of the Arctic and
severe microclimate cause additional stress on plants.
Chemophytostabilization appeared to be nonefficient
for improving the state of soils and plants under the
conditions of intense pollution. The covering of pol-
luted soils with a fertile layer has led to a decrease in
the soil acidity and soil enrichment with nutrients and
organic matter [7, 9] contributing to the formation and
development of plant communities [10], in which
plant tolerance towards HMs is provided not only by
internal metabolic mechanisms but also by such an
external factor as the improvement of soil properties.
Under the conditions of technogenic pollution, the
regulation of HM uptake by plants is confirmed by the
low CF values of metals; it is both metal- and species-
specific. The distribution of metals in the soil—plant
system is characterized by the high spatiotemporal
variability and depends on competitive interactions of
the metals, atmospheric pollution by continuing emis-
sions, secondary pollution because of dusting of open
surfaces, and variable weather conditions.

CONCLUSIONS

The modern state of plantations created in the
course of remediation of technogenic barrens in the
Kola Subarctic significantly depends on the continu-
ing industrial pollution, plant tolerance towards pol-
lutants, soil properties, and remediation technology.
According to the results of leaf diagnostics, both rep-
resentatives of deciduous species—B. pubescens and
S. caprea—demonstrate similar relationships with
many elements under the conditions of atmospheric
pollution. Both species suffer pronounced misbalance
of vitally important elements: shortage of K and Ca
and deficiency of P and, especially, Mn and Zn. The
leaves of both species accumulate Ni, Cu, Co, Cr, Fe,
Al, S, Pb, V, and As. However, concentrations of S, K,
Ca, Al, Fe, Cu, Ni, Cr, and As in willow leaves are, on
average, 1.5—2 times higher than those in birch leaves.
Willow leaves absorb especially high amounts of Cd
and Co, while birch leaves absorb a lot of Mn.

Chemophytostabilization has little influence on
the uptake of Ca, K, and P by the plants, whereas the
creation of a new fertile layer on the surface of polluted
soils leads to the enrichment of birch and willow leaves
with these biogenic elements, which becomes more
pronounced with distance from the industrial enter-
prise. Accumulation of metals in leaves under the con-
ditions of continuing input from the atmosphere and
accumulation of bioavailable heavy metals in soils
after remediation [9] is largely determined by the dis-
tance from the source of pollution, which attests to the
possibility of both root uptake and leaf absorption.
The accumulation of Ni and Cu in leaves did not
decrease in 2018 in comparison with 2011, though
there was a tendency towards sulfur depletion in leaves.
Judging by the reduced, albeit varying values of the
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concentration factor, both species limit the uptake of
potentially toxic Cu, Pb, Al, and Fe; birch also limits
the supply of Cd from soils to assimilating organs.
According to the results of correlation and multivariate
analyses, the concentrations of polluting metals in
leaves are weakly correlated with their concentrations
in the upper root layer of soils. Apparently, both spe-

cies retain the ability to control their chemical compo-
sition even under extreme conditions of technogenic
barrens. This fact confirms the advisability of choos-
ing B. pubescens and S. caprea as widespread and toler-
ant to heavy metals plant species for the remediation of
contaminated soils. Simultaneous improvement of
soil properties, primarily enrichment with nutrients
EURASIAN SOIL SCIENCE  Vol. 54
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and organic matter and a decrease in soil acidity in
combination with a reduction in atmospheric pollu-
tion is a prerequisite for the successful remediation of
technogenic barrens in the Arctic.
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