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Abstract—Variations of stable carbon (**C and '2C) and nitrogen (>N and “N) isotopic composition are ana-
lyzed in forest plants subjected to the emissions of large copper smelting plant. The studies were carried out
in pine forests at ten test plots near the Karabash copper smelting plant and in the Ilmen State Reserve at
South Urals. The 3C/"2C and PN/!N isotopic ratios were analyzed in leaves of plants of different functional
groups (with ecto-, ericoid, or arbuscular mycorrhiza; with nitrogen-fixing symbiosis, and non-mycorrhizal).
The 3C/'2C ratio did not change under technogenic pollution. The low isotopic PN/N ratio was estab-
lished in ectomycorrhizal trees, while the high ratio was found in herbs with arbuscular mycorrhiza, nitrogen-
fixing symbiosis, and non-mycorrhizal groups. As compared to nonpolluted habitats, the "N content in
leaves near the copper smelting plant increases by 2.7%o in the ectomycorrhizal trees and by 3.4%o in under-
shrubs with ericoid mycorrhiza, and by 2.2%o0 in herbs with arbuscular mycorrhiza. This indicates a signifi-
cant change in conditions of mineral feeding of plants under heavy metal pollution of natural ecosystems.
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INTRODUCTION

The contents of stable carbon “C and "“C and
nitrogen "N and “N isotopes in organisms and other
components of ecosystems are successfully used for
study of the intensity and tendencies of physiological
and ecological processes (Robinson, 2001; Dawson
et al., 2002; Tiunov, 2007; Makarov, 2009). The ratio
of BC to ?C (the 8"C value) in plants depends on
many factors: types of photosynthesis; biochemical
compositions of cells, tissues, and organs; canopy
structures of photosynthesizing organs; and external
conditions. The ratio of PN to “N (the 8N values)
reflects the diversity of nitrogen sources, the presence
of symbiotic nitrogen fixation, and other symbioses.
The direction and differences in 8"°N between diverse
species or functional groups of plants could indicate
the general level of nitrogen saturation in ecosystem,
the degree of nitrogen accessibility, and the degree of
competition between species for nitrogen (Martinelli
et al., 1999; Robinson, 2001; Makarov, 2009; Menge
et al., 2011). Since the nitrogen isotope composition

reflects a general change of edaphic conditions in eco-
systems (Robinson, 2001), its analysis is successfully
applied in studying the ecosystem dynamics (Vitousek
et al., 1989; Hobbie et al., 2005; Compton et al., 2007;
Menge et al., 2011), including postpyrogenic succes-
sions (Hyodo et al., 2013).

Anthropogenic and technogenic pollution of
atmosphere causes diverse variations of 63C values of
plants. Tree rings during pollution frequently record a
positive shift of 8C (Niemeli et al., 1997; Savard
et al., 2004; a review: Savard, 2010), which is usually
explained by photosynthesis at closed stomata
(Savard, 2010). However, there are data that the con-
tent of *C may decrease during pollution (Kwak et al.,
2009; Cada et al., 2016). Data on dynamics of nitrogen
isotope composition under anthropogenic impact are
also ambiguous. Urbanization and gaseous pollutants
provide both enrichment (Gebauer et al.,, 1994;
Korontzi et al., 2000; Pearson et al., 2000) and deple-
tion (Kwak et al., 2009) of plants in "N. It is notewor-
thy that PN enrichment could be observed in the
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absence of N-bearing components in emissions
(Hofmann et al., 1997). In general, data on peculiar
discrimination between stable carbon and nitrogen
isotopes under the influence of different types and
degrees of pollution are insufficient for unambiguous
conclusions. At the same time, the better understand-
ing of mechanisms of 83C and 3N formation in
plants may provide insight into mechanisms of degra-
dation and stability of ecosystems under anthropo-
genic impacts.

The aim of this work is to analyze the stable carbon
and nitrogen isotope variations in forest plants under
strong transformations of natural ecosystems by emis-
sions of large copper smelter production in the South
Urals. To decrease the uncertainty regarding the influ-
ence of industrial pollution on 8*C and "N in plants
based on published data, the following working
hypothesis was formulated and testified: heavy metal
pollution of natural ecosystems causes an increase of
heavy *C and N isotopes in leaves.

GEOCHEMISTRY INTERNATIONAL
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MATERIALS AND METHODS

The study area and test plots. The study area is
ascribed to the subzone of south taiga pine—birch for-
ests of the eastern macroslope of the South Urals (the
vicinities of the city of Karabash and the Ilmen State
Reserve of the Ural Branch of the Russian Academy of
Sciences, Chelyabinsk oblast). It is characterized by
rises usually 250—600 m above sea level. There are
brown mountain forest soils, brown forest soils,
podzolic gleyey, gray mountain forest soils, mountain
forest chernozems, and mountain podzolic thin soils.
Climate is continental, moderately cold. The coldest
month is January (average monthly temperature of
—16...—17°C); the warmest month is July (+18°C); the
vegetation period is 160—170 days long; the annual
precipitation is about 430 mm per year; the snow cover
height up to 40 cm. The predominant types of vegeta-
tion are pine—mixed-herb forests and derivative gram-
ineous—mixed herb birch forest.

The ecosystems of the region experienced strong
anthropogenic transformations, including industrial
pollutions. The Karabash copper smelting plant
(KCSP, JSC Karabashmed, Karabash city) is the large
source of emissions, the main of which are SO, and
heavy metal dust. The production was launched in
1910 and emissions reached maximum volumes (up to
140—360 thou. tons per year) in 1970—1980 (Kozlov
et al., 2009). During 1990—1998, the copper produc-
tion was terminated and after repeated opening and
renovation the emission volumes decreased to about
10 thou tons (Complex ..., 2009). Owing to the accu-
mulated strongest technogenic pollution, zonal eco-
systems on the territories closest to the plant were
completely destroyed: vegetation and the upper parts
of original soils are absent and a vast technogenic
wasteland was formed.

Ten sample plots (SPs) were studied. Eight SPs are
located at a distance of 6—9 km northeast of the KCSP
(impact zone); two SPs are located 48—50 km south of
the KCSP (Ilmen State Reserve) in the pine forests
with different forest stand ages and last fires of differ-
ent age (Fig.1; Table 1). The areas were located in the
medium landforms at fragmentary mountain and
mountain forest brown immature soils. The accumu-
lation levels of heavy metals ejected by KCSP in two-
year needles of Pinus sylvestris L. are as follows
(in pg/g): 8—18 Cu, 70—150 Zn, and 30—105 Pb in the
impact zone of KCSP; 2—3 Cu, 40—45 Zn, 1.5-3 Pb
in the Ilmen State Reserve (Koroteeva et al., 2015b).
An important factor of the state of forest ecosystems of
the region are the forest fires (Chibilev et al., 2016).
Therefore, SPs were selected to represent a wide time
range of last fire. The fire time was determined on the
basis of record in the “Accounting Time of Forest
Fires” of the Karabash forestry.

Functional groups of plants. The values of "*C and
0PN were determined in leaves of different functional
groups, which were distinguished according to the
Vol. 57
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Table 1. Characteristics of sample plots
Coordinates . . Cover
Ordinal Ti?:; fst::r Stan.d_ ;:iz Zi;lzargggt Crown of herb- Th.ickness
no. N E fire, years composition years cover, % subshrub | of litter, cm
layer, %
IImen Reserve
1 55.14124 | 60.32477 6 10Pinus 190 30—40 50—-60 3-5
2 55.13859 | 60.32898 >60 10Pinus + Betula 170 50—60 70—80 6—8
Impact zone of KCSP
3 55.51866 | 60.32880 12 10Pinus + Betula 130 50—-60 30—40 8§—10
4 55.50965 | 60.32365 13 7Pinus3Betula 110 50—60 30—-40 8§—10
5 55.51314 | 60.27678 7 7Pinus3Betula 105 50—60 30—-40 5—7
6 55.51096 | 60.28785 6 8Pinus2Betula 30 50—-60 1-5 3—4
7 55.50222 | 60.29142 12 10Pinus + Betula 100 30—40 5—-10 8§—12
8 55.51314 | 60.27678 7 10Pinus + Betula 72 50—60 5—-10 5-9
9 55.49874 | 60.29126 3 8Pinus2Betula 75 40—-50 5—10 3—4
10 55.51096 | 60.28785 >30 8Pinus2Betula 30 40-50 20-30 5—7

type of symbiosis implemented in the underground
sphere. Correspondingly, groups are the groups of
plant species: with ectomycorrhiza (ECM); with eri-
coid mycorrhiza (ER); with arbuscular mycorrhiza
(AM); with nitrogen-fixing symbiosis (N,f); and non-
mycorrhizal (noM). These groups can be interpreted
as the groups of plants of different life forms: ECM—
trees, ER—evergreen undershrub; AM, N,f, and
noM—herbaceous plants. At each SP, we collected
samples of plant leaves of each functional group, in
some cases, several taxa within group: ECM— Pinus syl-
vestris and Betula spp.; ER—Vaccinium vitis-idaea L.;
AM— Rubus saxatilis L.; Calamagrostis arundinacea (L.)
Roth; one of two Asteraceae species (Trommsdorffia
maculata (L.) Bernh. or Saussurea controversa DC.);
N,f—Lathyrus vernus (L.) Bernh.; noM—Silene
nutans L.

At each SP, 3—5 leaves of one species were col-
lected and united in a mixed sample. Additionally, a
mixed sample each of litter (fermentative horizon) and
upper layer of mineral part of soil (3—5 cm below the
litter) were collected by the envelope method. The
samples were dried at first in the shadow up to the air-
dried state, and then at 70°C for 48 hours. In total, we
analyzed 87 samples: 67 plant samples and 10 samples
each from litter and mineral part of the soil.

Isotopic analysis was carried out at the Geonauka
Center of Collective Use of the Institute of Geology of
the Komi Science Center, Ural Branch of the Russian
Academy of Sciences. Carbon and nitrogen isotopic
compositions were measured by mass spectrometry in
a constant helium flux (CF-IRMS) on an analytical
complex including a Flash EA 1112 elemental analyzer
connected via a Conflo IV split interface with a Delta
V Advantage mass spectrometer (Thermo Fisher Sci-

GEOCHEMISTRY INTERNATIONAL Vol. 57 No.5

entific). Nitrogen and carbon isotopic compositions
were expressed in per mille deviation from VPDB and
AIR (atmospheric air) international standards, & (%o):

6/Ysample = ((Rsample/Rstandart) - 1) X IOO’ (1)

where Xis the element (nitrogen and carbon), R is the
molar ratio of heavy to light isotopes of the corre-
sponding element. The mass spectrometer was cali-
brated using USGS-40 (L-Glutamic acid) interna-
tional standard and Acetanilide (CgHyNO) laboratory
standard. Measurement error is £0.15%o.

Analysis of data. Statistical analysis was performed
using a JMP 10.0.0 package (SAS Institute Inc., USA,
2012). The differences in 8'*C and 8N in response to
the impact of different factors were estimated using
analysis of variance (ANOVA) and general linear
models (GLM) with fixed factors. Factors were incor-
porated in GLM in different combinations: functional
group of plants, soil horizon, area (Ilmen State
Reserve or impact zone of KCSP) as categorical
covariates; the time of last fire as continuous covariate.
Units in statistical analysis were values of 3*C and
0N in a mixed soil sample, litter, or leaves of plants of
the same species on TP. Their variability was mea-
sured in standard error (+SE).

RESULTS

Main tendency in the variations of carbon isotopic
composition is an increase of *C content from plant
leaves (mean and absolute range: 6°C = —29.81 + 0.13;
—31.90...-27.08%0) to litters (—27.85 =+ 0.29;
—29.72...—26.67%0) and humic horizons (—26.28 +
0.20; —27.08...—25.29%0). These values are highly sig-
nificant (one-way ANOVA): Fj, ¢4 = 62.21; P < 0.0001.
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Table 2. §3C and 8N of litter, soil, and plants of different functional groups in two test plots

Soil horizon, 3C, %o 3PN, %o
f;;;%?;ril tgarxoourf) IImen State Reserve Irr(l);f)allg(t:zs(;ne Ilmen State Reserve In;;;e;;:(t:zs(;)ne
Soil and Litter
Litter —26.90 £ 0.16 —28.09 + 0.31 —2.72 £ 0.56 —1.88 £ 0.36
Soil —26.78 £0.22 —26.15+0.22 —1.21* —0.48 £ 0.23
Plants
ECM-trees:
P. sylvestris —29.77 £ 0.59 —30.56 £ 0.31 —5.03 £0.68 —2.07 £0.33
Betula spp. —29.58 £ 0.28 —30.55+0.28 —3.45+1.23 —1.96 £ 0.36
ER-undershrubs (V. vitis-idaea) —29.87 +£0.26 —30.06 £ 0.31 —4.53 £ 3.36 —1.13 £ 0.69
AM-herbs:
R. saxatilis —28.51 £0.12 —29.02 +£0.30 —4.64 + 1.07 —0.49 £ 0.56
C. arundinacea —28.38 £ 0.09 —28.48 £ 0.31 —4.25+2.02 —1.36 £ 0.71
T. maculata or S. controversa —31.14 £ 0.44 —30.53 £0.30 —1.44 £ 1.58 —0.19 £ 0.91
N,f-herb (L. vernus) —30.23 £ 0.61 —29.90+0.43 —0.83+0.42 —0.69 £ 0.31
noM-herb (S. nutans) — —29.40 £ 0.35 — —0.09 £ 1.33

* Sample from one sample plot only; therefore standard error is not given. Dash means samples were not analyzed.

The differences in a varying degree are expressed at
separate analysis of 8'*C values from two nonpolluted
TPs in the reserve or from eight polluted TP near the
KCSP (Table 2). Other tendencies in 8'*C variations are
not observed. Among plants, the lowered values of §*C
were found in the species of family Asteraceae
(—31.58...—29.30%0), while the elevated values, in Cal-
amagrostis arundinacea (—29.70... —27.08%o0). The
comparison of carbon isotopic composition in the
plants of the same taxon on the plots of the Ilmen State
Reserve and in the vicinity of KCSP showed that 63C
value could be shifted in both sides, but does not
exceed 1%eo.

No common differences in the nitrogen isotopic
composition were found between leaves of plants, lit-
ters, and humic horizons (ANOVA): F, 7,=0.77;
P=0.4651. This is likely because we could not deter-
mine the PN/"“N ratio in some samples from humic
horizons probably because of the total low nitrogen con-
tent in them. It should be noted that the average 6"°N
value increases from leaves of ectomycorrhizal trees
forming the leaf fall (—2.46 + 0.31; —5.71...0.07%o0), to
soils (litter: —2.05 % 0.32; —3.39...0.15%0; humic hori-
zon: —0.66 = 0.24; —1.21...—0.20%0).

The main trend in the variations of nitrogen isoto-
pic composition is an increase of N in plants, and to
lesser degree, in soil while passing from forests of the
Ilmen State Reserve to strongly polluted forests in the
impact zone of KCSP. Differences in 8'°’N between
unpolluted and polluted forests are +0.7...+0.8 %o for

GEOCHEMISTRY INTERNATIONAL

litter and soil, and +1.2...+4.2%o for diverse plant taxa
(excluding legumes with nitrogen-fixing symbiosis).

Plants at each TP were sampled systematically
from definite taxa. Correspondingly, the results of
comparison of 8*C and 8N in the series “plants—
soil horizons” performed using ANOVA are not
devoid of artifacts. It is more reliable to analyze the
reasons of 63C and 8N variability separately in soil
and plants of different functional groups. To take into
account several sources of variability, these compar-
isons were done using GLM (Table 3; a group of
non-mycorrhizal plants was excluded for correct
assessment of interaction between factors “func-
tional group of plants” and “area”).

None of three considered factors (horizon, area,
and last fire) affected the ratio of *C to '2C isotopes in
plants. In soils, the values of 83C differ only between
different horizons: litter and humic ones.

In contrast, significant factor determining the "N
to N ratios in soil was not found. The values of "N
in plants are defined by a combination of two factors:
stronger, by sampling area, and weaker, by functional
group. The influence of the first factor is expressed in
the total increase of the heavy isotope ’N content near
KCSP as compared to the undisturbed forests of the
Ilmen Reserve: by 2.7%o in leaves of ectomycorrhizal
trees, by 3.4%o0 in cowberry leaves, and by 2.2%o in
herbs with arbuscular mycorrhiza. Differences
between plants of different functional groups are
expressed in an increase of heavy isotope PN in the
seriecs ECM — ER — AM — N,f. In other words, the

Vol. 57 No.5 2019
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lowest PN content, on average, is observed in the ecto-
mycorrhizal trees, while the largest contents, in herbs
with arbuscular mycorrhiza and with legume—rhizo-
bium symbioses, as well as in non-mycorrhizal herbs
(Fig. 2).

Thus, the differentiation of stable isotope propor-
tions in plants in relation with the impact of the
Karabash Copper Smelting Plant is statistically signif-
icant and well expressed for nitrogen, but is not
observed for carbon. The total amplitude in the varia-
tions of average isotopic values for the functional
group of plants was 1.3 for 63C and 4.4%o for 8"°N.
This tendency is also expressed for separate consider-
ation of data on unpolluted TPs of the Ilmen State
Reserve and polluted TPs near KCSP. In the reserve,
the total amplitudes of 6*C and 8N variations were
0.9 and 3.7%o, respectively. In the vicinity of KCSP,
the amplitudes of 8'*C and &N values were 1.3 and
1.9%o0, respectively.

DISCUSSION

Our data show that a change in plant growth condi-
tions near the large copper smelting plant mainly
affects the PN to N isotopic ratios in their leaves, and
has no affect on *C and 2C isotopes. The transforma-
tion of nitrogen isotopic composition of the south
taiga pine forests under industrial impact of emissions
of large metallurgical plant is expressed in the increase
of PN/"“N ratio, i.e., enrichment in “N. Thus, our
working hypothesis was confirmed only for the nitro-
gen isotopic composition.

Conclusion concerning an increase of 8N values
in leaves near the metallurgical plants is new, but some
other results are well consistent with published data. In
particular, the tendency of 8*C differentiation in the
series “plant—litter—soil” is quite expectable. The car-
bon isotopic composition in the organic matter of soil
is directly inherited from plants and the *C content
shows a few per mille increase with increasing soil
depth (Morgun et al., 2008; Menyailo et al., 2014),
which is observed also in the KCSP region.

Observed features of 8N values for plants with dif-
ferent mycorrhiza types also coincide with published
estimates. It is known that 6N of nitrogen-fixing
plants is close to that of atmospheric air (Makarov,
2009). Plants with ericoid mycorrhiza and ectomycor-
rhiza are usually characterized by low 8'°N (Michelsen
et al., 1996; Emmerton et al., 2001; Hobbie et al.,
2005), which can be related both to 6"°N levels in sub-
strates used by plants or their symbiotic fungi, and
mainly to the well-expressed discrimination of N and
4N isotopes during nitrogen transport from mycobi-
onts to phytobionts (Hobbie et al., 2005). Non-
mycorrhizal plants are frequently enriched in PN, i.e.,
have high 6N (Michelsen et al., 1996; Hobbie et al.,
2005; Craine et al., 2015) because they adsorb high-
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Table 3. Significance of influence of factors on §'3C and

8N in soil and leaves of plants (P values, obtained in gen-
eral linear models)

Source of variability s3C SN
Soil and litter

(1) Soil horizon 0.0232 0.1343
(2) Area 0.5665 0.9771
(3) Time after the last fire 0.9815 0.4087
(1) %< (2) 0.1654 0.7168
(1) x(3) 0.4788 0.8497
Rﬂ; 0.54 0.22
Plants
(1) Functional group of plants 0.1534 0.0233
(2) Area 0.6459 <0.0001
(3) Time after the last fire 0.9349 0.1271
(1) X (2) 0.9218 0.0416
(1) x(3) 0.5104 0.0232
dej 0.10 0.37

* Razdj is the determination coefficient corrected for number of
parameters; the values of P < 0.05 are shown by semi-bold type.

5N nitrogen compounds from soil without fungi assis-
tance. Such 8N distribution in general was estab-
lished in the KCSP region and can be interpreted as an
indicator of quality of performed study.

We also suggest that *C/"?C ratio does not change
under technogenic impact. First, the value of 8°C is
strongly determined by such global factors as the kind
of photosynthesis (Smith and Epstein, 1971; Farquhar
et al., 1989) or climatic and geographical characteris-
tics (Kovda et al., 2011), which did not change in our
study. Second, the different estimates of 63C in plants
under pollution are weakly consistent with each other.
Some data indicate that pollution may cause both pos-
itive (Niemeli et al., 1997; Savard et al., 2004; Savard,
2010) and negative shifts (Kwak et al., 2009; Cada
etal., 2016) in 8C. In addition, these assessments
were mainly obtained by analyzing 6"*C in wood, not
in the pine needles (Niemela et al., 1997; Savard et al.,
2004; Savard, 2010; Cada et al., 2016).

The proportions of PN and N frequently depend
on the local factors. An established increase of
SN/!4N ratio in plants in the vicinity of copper smelt-
ing plant or positive shift of 8"°N in leaves, first, has an
analogue, i.e., was observed during other anthropo-
genic impacts (Gebauer et al., 1994; Hofmann et al.,
1997; Korontzi et al., 2000; Pearson et al., 2000), and,
second, can be relatively logically explained. The
explanations can be based on the concepts of a change
of physiological mechanisms of nitrogen metabolism

2019



580 VESELKI

N et al.

oM —

. 1
- lef :L:——|A}VI—

—1F @ '
2 -2+ - ECM -
z
w _3|
AM
) |
L ECcM—
— ER T
—5F
—6 1 1
=31 -30 -29
31C, %o

Fig. 2. 33C and 8N in leaves of plants of different functional groups in the I[lmen State Reserve (empty symbols) and in the
impact zone of the Karabash copper smelting plant (gray symbols) (m + SE).

under direct pollutant affect (Hofmann et al., 1997),
and on the ecological mechanisms. With allowance for
an increase of 6°N in plants of different groups near
KCSP by the similar manner, it is more reasonable to
find common ecological explanations.

The known phenomenon, which can be related to
the increase of 6N in plants in response to heavy
metal pollutions, is an increase of root depths as com-
pared to undisturbed forests. This phenomenon was
strictly described in the vicinity of other metallurgical
production of the Urals, the Sredneural’skii copper
smelting plant (Veselkin, 2002). But unusually deep
position of roots Pinus sylvestris was observed also near
KCSP: in 2009, the occurrence of thin roots of pine in
forests 15—30 km from KCSP was about 50—80%, and
reached 0—25% at a distance less than 10 km from
KCSP (Veselkin, 2013); moreover, in some open test
pit in the impact zone of KCSP, the pine roots were
absent even in humic horizons, lying at depth more
than 12—15 cm, which is not typical of this species.

The possible explanation of deep position of roots
in forest ecosystems highly polluted by heavy metal is
related to the toxicity of upper soil layers accumulated
through the accumulation of atmospheric fallouts
(Koroteeva et al., 2015a, 2015b). This gives grounds to
suggest that the deep position of roots near KCSP is
typical not only of pine, but also likely of other plants.
In turn, since 6N of soils increases with increasing

depth, the deeper position of roots could lead to the
increase of heavy "N isotope in nitrogen sources used
by plants. Such mechanism can cause a shift of N in
plants by approximately 1—1.5%0 toward the higher
values, because a regression coefficient for the correla-
tion between 8N in soil and in plants almost equal +1
(Craine et al., 2015). One more explanation of 6N
increase in plants near KCSP is inferred but statisti-
cally unproved increase of 6N in litter and humic
horizons near KCSP. The thorough substantiation of
this effect will provide the explanation for the positive
shift of 8N in plants near KCSP by approximately
0.8—1%eo.

The assurance that the observed change of nitrogen
isotopic composition in plants near KCSP was caused
by a change of soil conditions is also supported by one
more fact: dynamics of 8'°N values depending on the
level of technogenic pollution in peavine Lathyrus ver-
nus — representative of the legume family with rhyzo-
bial nitrogen-fixing symbiosis. The nitrogen isotopic
composition of this species was the same in the pol-
luted and background territories. Legumes likely used
as a nitrogen source in atmosphere are relatively inde-
pendent of soil nitrogen sources. Therefore, the
absence of 8"°N change in peavine leaves under the
heavy metal pollution is well understood.

In addition to the deep position of roots, one more
hypothetical explanation can be proposed for the

GEOCHEMISTRY INTERNATIONAL  Vol. 57 No.5 2019
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increase of heavy PN in plants under heavy metal pol-
lution. Since the highest N content is observed in
non-mycorrhizal plants as compared to plants with
different mycorrhiza (Michelsen et al., 1996; Hobbie
et al., 2005), an increase of 8N in the vicinity of
KCSP could be caused by weakened development of
mycorrhiza (ecto and arbuscular). Such an assump-
tion has certain substantiation. It is known that the
arbuscular mycorrhiza in herbaceous plants in techno-
genic habitats could be less developed than in the
absence of technogenic impact (Betekhtina and Vesel-
kin, 2013). However, ectomycorrhiza of pine trees in
the vicinity of metallurgical plants are very stable
(Veselkin, 2005, 2006, 2013). Thus, an assumption of
a change in the mycorrhizal state cannot serve as the
only explanation of a "N shift in plants near KCSP,
but likely could be responsible for some of established
differences.

The degree of isotopic fractionation, especially
nitrogen isotopes, can potentially change during post-
fire recovery of ecosystems (Hyodo et al., 2013).
Therefore, we analyzed the influence of factor of “fire
time” as additional to factors “area” and “functional
group of plants”. It was found however that the values
of 8"*C and 8N in soil and plants are not correlated
with time passed after last fire. This is likely caused by
the short period of post-fire recovery, maximum up to
60 years. In the study area located closely to the zonal
ecotone “south taiga—forest-steppe”, fires in pine for-
ests are very frequent and forests that have not burn for
more than 60 years almost never occur. At the same
time, most of described cases in literature, when stable
isotopic composition is correlated to the duration of
succession, the studied successions varied from hun-
dreds (Compton et al., 2007; Hyodo et al., 2013) to
thousands (Vitousek et al., 1989; Menge et al., 2011)
years.

CONCLUSIONS

The main result of our study is revealing an
increase of heavy isotope PN in plants of several func-
tional groups growing in the vicinity of the copper
smelting plant. We suggest that such effect in response
of heavy metal pollution of natural ecosystems has not
been described yet. The established difference in "N
values between unpolluted and polluted forests in
leaves of the same functional groups (ectomycorrhi-
zal, with ericoid and arbuscular mycorrhiza) is about
2—3.5%o0. These differences are comparable with dif-
ference in 8"°N between different soil horizons (Mar-
tinelli et al., 1999; Menyailo and Hungate, 2006), and
are slightly lower than typical difference in "N
between ectomycorrhizal and non-mycorrhizal plants,
but are comparable with typical difference in d°N
between arbuscular mycorrhizal and non-mycorrhizal
plants (Craine et al., 2015). Thus, a 2—3.5%o0 shift in
0PN is significant and indicates notable changes in
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mechanisms and sources of nitrogen feeding of plants
under the impact of industrial emissions of metallur-
gical plant.

ACKNOWLEDGMENTS

This work was supported by the Complex Program
for Basic Research of the Ural Branch of the Russian
Academy of Sciences (project no. 18-5-5-43) and in the
framework of the State Task of the Institute of Ecology
of Plants and Animals of the Ural Branch of the Russian
Academy of Sciences and the Ilmen State Reserve.

REFERENCES

A. A. Betekhtina and D. V. Veselkin, “Prevalence and
intensity of mycorrhiza formation in herbaceous plants
with different types of ecological strategies in the Mid-
dle Urals,” Russ. J. Ecol. No. 3, 192—198 (2011).

V. Cada, H. Santruckova, J. Santrucek, L. Kubistova,
M. Seedre, and M. Svoboda, “Complex physiological
response of Norway spruce to atmospheric pollution—
decreased carbon isotope discrimination and
unchanged tree biomass increment,” Front. Plant Sci. 7
(805), (2016).

A. A. Chibilev, D. V. Veselkin, N. B. Kuyantseva,
O. E. Chashchina, and A. E. Dubinin, “Dynamics of
forest fires and climate in Ilmen Nature Reserve,
1948—-2013,” Dokl. Earth Sci. 468 (2), 619—622 (2016).

Complex Report on the Environmental State of the Chelya-
binsk District in 2008, Ed. by G. N. Podtesov (Min.
Radiats. Ekol. Bezopasn. Chelyab. Obl., Chelyabinsk.
2009) [in Russian]. URL http://mineco174.eps74.ru/
htmlpages/Show/protectingthepublic/2008

J. E. Compton, T. D. Hooker, and S. S. Perakis, “Ecosys-
tem nitrogen distribution and 8N during a century of
forest regrowth after agricultural abandonment,” Eco-
systems 10 (7), 1197—1208 (2007).

J. M. Craine, E. N. J. Brookshire, M. D. Cramer,
N. J. Hasselquist, K. Koba, E. Marin-Spiotta, and
L. X. Wang, “Ecological interpretations of nitrogen
isotope ratios of terrestrial plants and soils,” Plant Soil
369 (1-2), 1-26 (2015).

K. S. Emmerton, T. V. Callaghan, H. E. Jones, J. R. Leake,
A. Michelsen, and D. J. Read, “Assimilation and isoto-
pic fractionation of nitrogen by mycorrhizal and non-
mycorrhizal subarctic plants,” New Phytol. 151 (2),
513—524 (2001).

G. D. Farquhar, J. R. Ehleringer, and K. T. Hubick, “Car-
bon isotope discrimination and photosynthesis,” Annu.
Rev. Plant Physiol. Mol. Biol. 40, 503—537 (1989).

G. Gebauer, A. Giesemann, E. D. Schulze, and H. J. Jager,
“Isotope ratios and concentrations of sulfur and nitro-
gen in needles and soils of Picea abies stands as influ-

enced by atmospheric deposition of sulfur and nitro-
gen-compounds,” Plant Soil 164 (2), 267—281 (1994).

E. A. Hobbie, A. Jumpponen, and J. Trappe, “Foliar and
fungal >N :*N ratios reflect development of mycorrhi-
zae and nitrogen supply during primary succession:
testing analytical models,” Oecologia 146(2), 258—268
(2005).

2019



582

D. Hofmann, K. Jung, J. Bender, M. Gehre, and G. Schuur-
mann, “Using natural isotope variations of nitrogen in
plants as an early indicator of air pollution stress,”
J. Mass Spectrom. 32 (8), 855—863 (1997).

F. Hyodo, S. Kusaka, D. A. Wardle, and M.-C. Nilsson,
“Changes in stable nitrogen and carbon isotope ratios
of plants and soil across a boreal forest fire chronose-
quence,” Plant Soil 364 (1-2), 315—323 (2013).

S. Korontzi, S. A. Macko, I. C. Anderson, and M. A. Poth,
“A stable isotopic study to determine carbon and nitro-
gen cycling in a disturbed southern Californian forest
ecosystem,” Global Biogeochem. Cy. 14 (1), 177—188
(2000).

E. V. Koroteeva, D. V. Veselkin, N. B. Kuyantseva,
A. G. Mumber, and O. E. Chashchina, “Accumulation
of heavy metals in the different Betula pendula Roth
organs near the Karabash copper smelter,” Agrokh-
imiya, No. 3, 88—96 (2015a).

E. V. Koroteeva, D. V. Veselkin, N. B. Kuyantseva, and
O. E. Chashchina, “Approach to the Industrially Pol-
luted Area Zoning Based on Heavy Metals Concentra-
tions in the Common Pine Organs (Example of the
Karabash Copper Smelter Area),” Vestn. Severovost.
Nauchn. Ts. Dal’nevost. Otd. Ross. Akad. Nauk,
No. 3, 86—93 (2015b).

I. V. Kovda, S. A. Oleinik, N. I. Golubeva, E. G. Morgun,
and M. 1. Makarov, “A change of carbon isotope com-
position of organic matter and carbonates of soil within
a weak drift of climatic parameters,” Izv. Ross. Akad.
Nauk, Ser. Geogr., No. 2, 51-64 (2011).

M. V. Kozlov, E. L. Zvereva, and V. E. Zverev, Impacts of
Point Polluters on Terrestrial Biota (Springer, Dor-
drecht—Heidelberg—London—New-York, 2009).

J.-H. Kwak, W.-J. Choi, S.-S. Lim, and M. A. Arshad,
“Delta C-13, delta N-15, N concentration, and Ca-to-
Al ratios of forest samples from Pinus densiflora stands
in rural and industrial areas,” Chem. Geol. 264 (1—4),
385—393 (2009).

M. 1. Makarov, “The nitrogen isotopic composition in soils
and plants: its use in environmental studies (a review),”
Euras. Soil. Sci. 42 (12), 1335-1347 (2009).

L. A. Martinelli, M. C. Piccolo, A. R. Townsend,
P. M. Vitousek, E. Cuevas, W. McDowell, G. P. Rob-
ertson, O. C. Santos, and K. Treseder, “Nitrogen stable
isotopic composition of leaves and soil: tropical versus
temperate forests,” Biogeochemistry 46 (1—3), 45-65
(1999).

D. Menge, W. Baisden, S. Richardson, D. A. Peltzer, and
M. M. Barbour, “Declining foliar and litter §"°N
diverge from soil, epiphyte and input d15N along a
120000 yr temperate rainforest chronosequence,” New
Phytol. 190 (4), 941—952 (2011).

O. V. Menyailo and B. A. Hungate, “Stable and nitrogen
stable isotopes in forest soils of Siberia,” Dokl. Earth
Sci. 409, 747—749 (2006).

GEOCHEMISTRY INTERNATIONAL

VESELKIN et al.

O. V. Menyailo, M. 1. Makarov, and C. H. Cheng, “Isotope
composition of carbon (8°C) and nitrogen (8'°N) in
foliage and soil as a function of tree species,” Dokl.
Biol. Sci. 456, 209—211 (2014).

A. Michelsen, 1. K. Schmidt, S. Jonasson, C. Quarmby, and
D. Sleep, “Leaf 15N abundance of subarctic plants pro-
vides field evidence that ericoid, ectomycorrhizal and
non- and arbuscular mycorrhizal species access differ-
ent sources of soil nitrogen,” Oecologia 105 (1), 53—63
(1996).

E. G. Morgun, I. V. Kovda, Ya. G. Ryskov, and
S. A. Oleinik, “Prospects and problems of using the
methods of geochemistry of stable carbon isotopes in
soil studies,” Euras. Soil. Sci. 41 (3), 265—275 (2008).

P. Niemeld, I. Lumme, W. Mattson, and V. Arkhipov,
“13C in tree rings along an air pollution gradient in the

Karelian Isthmus, northwest Russia and southeast Fin-
land,” Can. J. For. Res. 27 (4), 609—612 (1997).

J. D. Pearson, M. Wells, K. J. Seller, A. Bennett, A. Soares,
J. Woodall, and M. J. Ingrouille, “Traffic exposure
increases natural N-15 and heavy metal concentrations
in mosses,” New Phytol. 147 (2), 317—326 (2000).

D. Robinson, “8"°N as an integrator of the nitrogen cycle,”
Trends Ecol. Evol. 16, 153-162 (2001).

M. M. Savard, C. Begin, and M. Parent, “Effects of smelter
sulfur dioxide emissions: a spatiotemporal perspective
using carbon isotopes in tree rings,” J. Environ. Qual.
33 (1), 13—26 (2004).

M. M. Savard, “Tree-ring stable isotopes and historical per-
spectives on pollution - An overview,” Environ. Pollut.
158 (6SI), 2007—2013 (2010).

B. N. Smith and S. Epstein, “Two categories of 3C/!2C
ratios for higher plants,” Plant Physiol. 47 (3), 380—384
(1971).

A. V. Tiunov, “Stable carbon and nitrogen isotopes in soil-
ecological studies,” Izv. Ross. Akad. Nauk, Ser. Biol.,
No. 4, 475—489 (2007).

D. V. Veselkin, “Distribution of fine roots of coniferous
trees over the soil profile under conditions of pollution
by emissions from a copper-smelting plant,” Russ. J.
Ecol., No. 4, 231-234 (2002).

D. V. Veselkin, “Reaction of Ectomycorhizae of Pinus syl-
vestris to Man-Made Contamination of Various Types,”
Sib. Ekol. Zh., No. 4, 753—761 (2005).

D. V. Veselkin, “Influence if different types of industrial
pollution on diversity of Pinus sylvestris ectomycorrhi-
zas,” Mikol. Phytopatol. 40 (2), 122—132 (2006).

D. V. Veselkin, Extended Abstract if Doctoral Dissertation
in Biology (Inst. Ekol. Rast. Zhivotn., Yekateriburg,
2013) [in Russian].

P. M. Vitousek, G. Shearer, and D. H. Kohl, “Foliar N
natural abundance in Hawaiian rainforest: patterns and
possible mechanisms,” Oecologia 78 (3), 383—388
(1989).

Translated by M. Bogina

Vol. 57 No.5 2019



	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

