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• Pollution changed the carbon and nitrogen concentrations in plant tissues.
• Plant biomass near the smelter was 1%
of that in unpolluted forests.
• Pollution reduced plant biomass over
an area of about 107,200 km2.
• The regional loss of phytomass carbon
stock was estimated at 4.24 × 1013 g C.
• Regional carbon stock was more affected by pollution than by ﬁre and insect
pests.

Deteriorated ecosystem that developed from a spruce forest under chronic pollution exposure (8 km south of the
Monchegorsk smelter, Kola Peninsula, north-western Russia). Photo: V. Zverev.
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a b s t r a c t
Boreal coniferous forests act as an important sink for atmospheric carbon dioxide. The overall tree carbon (C) sink
in the forests of Europe has increased during the past decades, especially due to management and elevated nitrogen (N) deposition; however, industrial atmospheric pollution, primarily sulphur dioxide and heavy metals, still
negatively affect forest biomass production at different spatial scales. We report local and regional changes in forest aboveground biomass, C and N concentrations in plant tissues, and C and N pools caused by long-term atmospheric emissions from a large point source, the nickel–copper smelter in Monchegorsk, in north-western Russia.
An increase in pollution load (assessed as Cu concentration in forest litter) caused C to increase in foliage but C
remained unchanged in wood, while N decreased in foliage and increased in wood, demonstrating strong effects
of pollution on resource translocation between green and woody tissues. The aboveground C and N pools were
primarily governed by plant biomass, which strongly decreased with an increase in pollution load. In our study
sites (located 1.6–39.7 km from the smelter) living aboveground plant biomass was 76 to 4888 g m−2, and C
and N pools ranged 35–2333 g C m−2 and 0.5–35.1 g N m−2, respectively. We estimate that the aboveground
plant biomass is reduced due to chronic exposure to industrial air pollution over an area of about 107,200 km2,
and the total (aboveground and belowground) loss of phytomass C stock amounts to 4.24 × 1013 g C. Our results
emphasize the need to account for the overall impact of industrial polluters on ecosystem C and N pools when
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assessing the C and N dynamics in northern boreal forests because of the marked long-term negative effects of
their emissions on structure and productivity of plant communities.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Annual global carbon dioxide (CO 2 ) emissions from fossil fuel
combustion and industry reached 9.5 ± 0.5 × 1015 g C in 2011 (Le
Quéré et al., 2013), stressing the need to increase the carbon
(C) sequestration capacity of ecosystems. Boreal coniferous forests
cover an area of 1.14 × 107 km2 and are an important C storage globally. They provided a C sink of 5.0 ± 1.0 × 1014 g C year− 1 in 1990–
2007 (Pan et al., 2011); however, their C pools and dynamics are
still insufﬁciently understood (Lorenz and Lal, 2010; and references
therein). The overall stability of the forest C sink is the net result of
contrasting C dynamics in different countries and regions associated with the climate, soil fertility, natural disturbances and forest
management, as well as atmospheric pollution. For example, the boreal forests in European Russia and northern Europe have shown
marked increases in the live vegetation biomass and C stock since
the 1950s (Pan et al., 2011, and references therein), mainly due to
management and increased atmospheric nitrogen (N) deposition
(Graven et al., 2013; Kauppi et al., 1992; Magnani et al., 2007). In
contrast, the biomass C sinks in boreal forests in Canada and Asian
Russia have been reduced by intense wildﬁres and insect outbreaks
(Goodale et al.;, 2002; Kurz and Apps, 1999; Pan et al., 2011).
Industrial pollution of forests has long been recognised as having serious adverse environmental effects at the local, regional and global
levels (Fowler et al., 1999; Kozlov et al., 2009; Matyssek et al., 2012).
For decades, ecologists have studied the pollution effects on biota in
the vicinities of large industrial areas; consequently, acute local effects
of pollution on forests are reasonably well documented (reviewed by
Kozlov et al., 2009).
Regional effects of air pollution attracted considerable attention in
the 1970s, when large areas of forests required rehabilitation to mitigate
the direct impacts of sulphur dioxide (SO2) and acidic deposition. The
problem was particularly apparent in Central Europe, with the most
striking example being the ‘Black Triangle’, an area along the German–
Czech–Polish border, where industrial air pollution caused widespread
declines in high elevation conifer stands (Vancura et al., 2000). In the
USA, intense episodes of elevated levels of ozone (O3), formed from
the emissions of nitrogen oxides (NOx), carbon monoxide, and volatile
organic compounds from millions of cars, have been well recognised,
especially in the Los Angeles Basin, since the early 1950s. The contaminated air masses move inland with the westerly on-shore winds and are
pushed against the San Bernardino Mountains, damaging and even killing sensitive ponderosa and Jeffrey pines (Bytnerowicz et al., 2008).
Across the conterminous USA, the elevated O3 levels decreased the C
sink to vegetation by at least 3–12% in the 1980s (Felzer et al., 2004).
Although sulphur (S) emissions have decreased markedly in Europe
and North America since the 1980s (Stern, 2006), SO2 together with
particles containing heavy metals still are the major air pollutants in
the vicinity of many smelters and power plants in Europe, and especially
in Russia (Kozlov et al., 2009). Model calculations demonstrate that, by
2050, severe regional problems associated with pollution are likely to
occur in South-Eastern Asia, South Africa, Central America and along
the Atlantic coast of South America (Fowler et al., 1999), with global
consequences for C cycles, primary productivity and other characteristics of forest ecosystems.
The effects of industrial S and heavy metal emissions on forest
ecosystems—in terms of pollutant accumulation in organisms and
changes in species composition, abundance and ﬁtness—have been
extensively studied for decades (reviewed by de Vries et al., 2014;
Freedman, 1989; Kozlov et al., 2009; Kozlov and Zvereva, 2011;

Matyssek et al., 2012; Treshow, 1984). These studies indicate that industrial air pollutants disturb C and N cycling due to impairment of photosynthesis and decreases in plant growth, increases in production of C
containing secondary metabolites, reduction of translocation of C to
roots and impairment of root development and function (Matyssek
et al., 2012; Schütt and Cowling, 1985; Treshow, 1984). However, hardly any attention has been paid to C and N pools in industrially polluted
areas (but see Fischer et al., 1995), despite the importance of C and N cycling for the structure and functions of forest ecosystems. The magnitude of the effects of industrial pollution on C and N budgets and the
spatial extent of these effects remain unknown.
The goal of this study was to explore effects of long-term severe industrial pollution on aboveground C and N pools in subarctic forest ecosystems using the impact zone of the Ni–Cu smelter in Monchegorsk, in
north-western Russia, as an example. First, we tested the hypothesis
that pollution affects C and N concentrations in aboveground plant tissues. Second, we explored the dose-dependence relationships between
pollutant load, aboveground plant biomass and C and N pools in forest
ecosystems of the study region. Third, we used the determined dosedependence relationships to estimate the total losses of the C pool and
C sequestration capacity caused by industrial air pollution in the forested areas of the northern Fennoscandia, i.e. the Kola Peninsula in Russia
and northern Finland, Sweden and Norway.
2. Material and methods
2.1. Emissions, air quality and deposition
The Ni–Cu smelter located near Monchegorsk (67°56′ N, 32°49′ E;
Fig. 1) was one of the largest polluters in the Northern hemisphere for
decades. The smelter was started up in 1937–1938 and had no aircleaning facilities until 1968. The annual emissions of SO2 reached a
maximum of 278 000 t in 1983, steadily declined to about 100 000 t
by mid-1990s, dropped to 45 000 t in 1999 and have remained at
about this level since then (Kozlov et al., 2009). In the 1980s, the annual
mean SO2 concentrations exceeded 60 μg m−3 at the vicinity of the
smelter (Tuovinen et al., 1993), and the total S deposition ranged from
2 to 5 g m− 2 year− 1 at the most polluted sites, exceeding the background values by a factor of ten or more (Prank et al., 2010). Metal emissions during the 1980s–1990s amounted 3–8000 t of Ni and 1–6 000 t of
Cu annually. Annual emissions of NOx were 3–6 000 t in the 1980s, but
have decreased since then to approximately 1 000 t in the 2000s
(Kozlov et al., 2009).
2.2. Nature and climate in the study area
The impact zone of the Monchegorsk smelter lies 150 km south of
the tree line. Virgin Scots pine (Pinus sylvestris L.) stands and an impenetrable Norway spruce (Picea abies (L.) Karst.) forest dominated the
lowland vegetation in the study area prior the building of the smelter.
As a result of the pollution, forests up to 6 km distance from the smelter
had perished already by 1946. Observations in the early 1990s revealed
forest death in an area of 400 to 500 km2, and the visible injuries to conifers were detected up to 50–60 km away from the smelter; the total
area affected by air pollution was estimated to exceed 10 000 km2
(Kozlov et al., 2009).
The previously forested areas in the vicinity of the smelter have been
transformed into industrial barrens—bleak open landscapes with small
patches of vegetation surrounded by bare land (Fig. S1a). In these
habitats, conifers are practically absent, and low-stature (0.2–3 m
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Fig. 1. Location of the study sites (triangles) in the vicinity of Monchegorsk Ni–Cu smelter, Kola Peninsula. Inserted: position of the study area in Northern Europe.

tall) mature birches growing 5–15 m apart dominate the vegetation.
In the intermediate zone, the top canopy is formed by Norway
spruces with visible signs of damage (dead upper canopies, low needle longevity) and mountain birches, while ﬁeld- and ground-layer
vegetation is sparse (Fig. S1b). In visibly unaffected Norway spruce
forests, mountain birches (Betula pubescens ssp. czerepanovii
(Orlova) Hämet-Ahti) are also common, and Empetrum nigrum ssp.
hermaphroditum (Hagerup) Böcher, Vaccinium myrtillus L. and
Vaccinium vitis-idaea L. dominate in the dense ﬁeld-layer
(Fig. S1c). While the conifers at the least polluted sites are reaching
the age of 160–240 years, the largest alive trees at visibly damaged
sites are younger than 50–75 years old.
The mean temperature in January in Monchegorsk is −13.8 °C and
in July 14.1 °C, and the annual precipitation is 561 mm. The frost-free
period ranges from 50 to 100 days. The cool summer lasts for ca. 3
months; the sum of effective temperatures (over +5 °C) is 780–800 degree-days. Northern and north-eastern winds are most frequent in summer; southern and south-western winds occur mainly in other seasons
(Rigina and Kozlov, 2000).

2.3. Study sites
The data were collected at 10 sites located 1.6–39.7 km from the
smelter (Fig. 1). The sites were selected for a large-scale Finnish–
Russian project using the protocol described by Vorobeichik and
Kozlov (2012). At the ﬁrst stage, representative study sites were selected (Table 1); these, to the best of our knowledge, had similar
vegetation during the pre-industrial period. Some trees may have
been logged from the sites more than 50 years ago, but none of our
sites have been affected by logging or ﬁre for the last 40 years. At
the second stage, 12 sampling plots 25 × 25 m in size were marked
at each site and three of these plots were randomly selected for
the study.
The level of environmental contamination was quantiﬁed by Cu concentration in forest litter (Table 1), which correlates with other pollutants, including SO2 (Kozlov et al., 2009), and strongly decreases with
the distance from the smelter (r = 0.99, n = 10, P b 0.001). The sampling and analytical procedures for litter chemistry were described by
Eeva et al. (2012).

Table 1
Description of study sites.
Site codea

Latitude (N)

Longitude (E)

Altitude, m a.s.l

Distance from polluter, km

Habitat type

Litter Cu, μg g−1 d.w.b

pHb

Polluter
1N
4S
6S
8S
11 N
13S
18S
27S
31S
40S

67°55′15″
67°56′04″
67°52′59″
67°51′58″
67°51′01″
68°00′57″
67°48′03″
67°45′31″
67°40′39″
67°38′21″
67°34′36″

32°50′18″
32°58′19″
32°46′40″
32°47′50″
32°48′10″
32°58′08″
32°47′05″
32°48′29″
32°49′27″
32°45′00″
32°33′03″

140
180
210
260
240
160
140
210
220
170
140

1.6
4.3
5.7
7.5
11.5
13.0
17.5
26.7
31.1
39.7

Industrial barren
Birch transitional community
Industrial barren
Industrial barren
Severely damaged spruce forest
Severely damaged spruce forest
Severely damaged spruce forest
Slightly damaged spruce forest
Slightly damaged spruce forest
Undamaged spruce forest

3132
2743
1923
1874
939
1023
997
250
170
107

4.2
4.2
3.7
3.7
3.8
3.7
3.6
3.5
3.7
3.8

a
b

The site codes indicate approximate distance from the smelter in km and direction to the north or to the south of the smelter.
Forest litter Cu concentration and pH for samples collected in August 2008 after Eeva et al. (2012).

S. Manninen et al. / Science of the Total Environment 536 (2015) 616–624

2.4. Plant biomass
We were primarily interested in C sequestration capacities, and
therefore collected data on living, aboveground plant biomass. The
data were separately collected for (a) top-canopy trees, i.e. trees with
DBH (trunk diameter at the 1.3 m height) N 5 cm; (b) understory, i.e.
trees with DBH b5 cm, and shrubs; (c) ﬁeld-layer vegetation; and
(d) mosses and lichens. In July 2009, DBH and height of all top-canopy
trees in the study plots were measured, as were basal diameter and
height of all understory trees and shrubs (separately for each stem in
multi-stem shrubs). After measurements, representative samples of understory plants were collected, leaves/needles were separated from
woody parts, and the samples were dried at 105 °C for 48 h (leaves/
needles) or for 96 h (woody parts) and weighed to the nearest 0.1 g.
The biomass of top-canopy trees was calculated (separately for
foliage and for woody parts) from DBH and height using regression
equations provided in earlier publications (Table S1). The biomass of
understory trees and shrubs was calculated from species-speciﬁc regression equations based on the analysis of the collected specimens
(Table S1).
The biomass of ﬁeld-layer vegetation was measured in ﬁve
0.5 × 0.5 m subplots, randomly selected within each 25 × 25 m plot.
All plants within each subplot were cut at the ground level, sorted by
species and then by fractions (foliage, fruits, woody parts), dried at
105 °C for 48 h and weighed to the nearest 0.01 g. Mosses and lichens
were collected from a 0.25 × 0.25 m area in the centre of each subplot
used for collection of ﬁeld-layer vegetation, sorted by species, dried
and weighed. The biomass of each plant species (separately for woody
and green tissues) was expressed in g d.w.. m−2, and these values
were used to calculate site-speciﬁc C and N pools as described below.
2.5. Total C and N in plant tissues
Samples of 10 vascular plant species (listed in Table S2) were collected at each study site on 23–24 August 2012 from three haphazardly
selected plant individuals of each species. Wood samples of topcanopy trees (including Salix caprea L.) were collected from twigs
12–18 mm in diameter, whereas all woody parts were collected from
dwarf shrubs. Leaves/needles were separated from woody parts (only
current-year foliage was collected from evergreen species) and the samples were dried (60 °C for 48 h) and milled for analysis of total C and N
concentrations. The analyses were performed using high-temperature
combustion (Vario MAX CN analyser, Elementar Analysensysteme
GmbH, Germany) at the Department of Forest Sciences, University of
Helsinki.
2.6. Calculation of C and N pools
Biomass data (by plant species and tissue fraction) were averaged
for site-speciﬁc values and multiplied by respective species-, fractionand site-speciﬁc concentrations of C and N (averaged from three samples per site). For fruits of dwarf shrubs, we used C and N concentrations
in woody parts. For plant species that have not been analysed for C and
N concentrations (5.8% of the biomass of top-canopy trees and understory and 22.6% of the biomass of ﬁeld-layer vegetation), we used
fraction- and site-speciﬁc C and N data from other species as outlined
in Table S3. For mosses and lichens, we used 0.45% N and 44% C, based
on data from Kevo, northern Finland (Manninen et al., 2013)

The relationships between the total C and N concentrations in plant
tissues and pollutant load were explored using meta-analysis. Changes
in C and N concentrations, as well as in their ratio, along the pollution
gradient were quantiﬁed by calculating Pearson correlation coefﬁcients
with log-transformed concentrations of Cu in forest litter. To calculate
effect sizes (ES), these coefﬁcients were z-transformed and weighted
by their sample size (i.e. by the number of study sites) using the standard procedure in the MetaWin programme (Rosenberg et al., 2000).
In our study the negative ES value indicates that the parameter under
study decreases with increase in pollution. We used a bootstrap estimate of the 95% conﬁdence interval (CI95), because the numbers of ES
in individual groups were small (eight or ten). The effect was considered statistically signiﬁcant if its CI95 did not include zero. Metaanalysis was performed using random effects categorical models. The
variation in the ESs between the classes of categorical variables was
explored by calculating heterogeneity indices (Q B), and testing them
against χ2 distribution.
The total aboveground plant biomass and the total C and N pools
were regressed on Cu concentration in forest litter. The obtained equations were used to outline the areas where these response variables
were affected by pollution from the smelter, and to estimate total losses
of C and N pools from forests in northern Fennoscandia caused by
pollution from non-ferrous industries. The upper limit for background
Cu concentration in forest litter was considered to be 7 μg g− 1
(Tamminen et al., 2004); humus Cu concentrations were obtained
from a recent biogeochemical survey (Reimann et al., 1998). Data
from Forestry Plan for Murmansk Oblast (2008) and Finnish Statistical
Yearbook of Forestry (Finnish Forest Research Institute, 2014) were
used to calculate the average proportion of land area covered by forests
(54%) in the Kola Peninsula and northern Finland. The ratio of aboveground to belowground plant biomass (78%:22%) was derived from
the results on Canadian (Kurz and Apps, 1999), Russian (Shvidenko
and Nilsson, 2002, 2003) and Finnish forests (Merilä et al., 2014).

3. Results
3.1. Concentrations of C and N in plant tissues
The total C and N concentrations, as well as C:N ratio, varied among
species and between tissues, and this variation was differently
expressed across study sites (Tables 2 and S2). The smallest sitespeciﬁc C and N concentrations and C:N ratio in green tissues were
measured in Deschampsia ﬂexuosa shoots and were 42.0%, 1.05% and
19.6, respectively. The greatest C concentration (54.7%) and C:N ratio
(48.3) were measured in E. nigrum leaves, and the greatest N concentration (2.35%) in B. pubescens leaves. In woody tissues, Salix caprea had the
smallest site-speciﬁc C concentration (45.6%) and E. nigrum the greatest
(54.8%). For N, the smallest value was measured in Pinus sylvestris
(0.31%) and the largest in V. vitis-idaea (0.89%), whereas V. vitis-idaea
had the smallest site-speciﬁc C:N ratio in its woody parts (54.9) and
P. sylvestris twigs had the largest (161.7). Positive correlations between
C and N concentrations within species were found in E. nigrum and

Table 2
Sources of variation in total C and N concentrations and C:N ratios in green and woody
plant tissues in the Kola Peninsula (mixed model ANOVA, type III sums of squares).
Source

df

2.7. Data analysis
Main and interactive effects of plant species, tissue (foliage vs.
woody parts) and study site on total C and N concentrations and C:N ratios were analysed using mixed model ANOVA. In this analysis, plant
species and tissue were ﬁxed factors, whereas the site and its interactions with species and tissue were random factors.

619

Species
Site
Tissue
Site × species
Site × tissue
Error

9
9
1
79
9
405

Signiﬁcances of the effects (F/P)
Total C

Total N

C:N

203.75/b0.001
1.48/0.26
20.07/0.002
1.37/0.03
2.01/0.004

8.17/b0.001
0.80/0.62
459.95/b0.001
2.22/b0.001
3.57/b0.001

16.28/b0.001
0.99/0.50
269.97/b0.001
1.22/0.11
5.95/b0.001
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P. sylvestris woody tissues, while negative correlations were found in
both the leaves and woody tissue of V. myrtillus (all P b 0.05, data not
shown).
The total foliar C concentration, on average, increased with increasing pollution load, whereas total wood C concentration did not change
(Fig. 2). The total foliar N decreased with increasing pollution load, although coniferous trees (P. sylvestris and P. abies), in contrast to other
plants (QB = 4.02, df = 1, P = 0.04), demonstrated an increase in foliar
N with increasing pollution load. The total N concentration in woody tissues increased with increasing pollution load. Consequently, the overall
C:N ratio in the green parts of study plants generally increased with increasing pollution load, although gymnosperm and angiosperm species
showed contrasting patterns (QB = 6.67, df = 1, P = 0.01). The C:N ratio
in woody tissues decreased (Fig. 2). The average total C and N concentrations across study sites, plant species and tissues were 48.4% and
1.15%, respectively.

3.2. Aboveground biomass and C and N pools
The aboveground plant biomass, and, consequently, C and N pools,
strongly decreased with an increase in the pollution load (Fig. 3). The
smallest total aboveground biomass (76–104 g m−2) was observed in
industrial barrens, where coniferous species were practically absent.
Dwarf shrub biomass was larger than that of coniferous or deciduous
trees and shrubs at the site nearest to the smelter (1 N). The biomass
of two other barren sites (6S and 8S) was almost entirely represented
by mountain birches (Table S4). At the least polluted sites, the total
aboveground biomass was 3091–4888 g m− 2; conifers contributed
70–85%, followed by deciduous trees and shrubs (7–21%) and dwarf
shrubs (5.5–6.3%). Mosses were found at all sites, whereas lichens
were lacking or had a very minor biomass at sites within 10 km of the
smelter (Table S4).
The site-speciﬁc C pool in aboveground phytomass ranged from
35–2333 g m−2 and that of N from 0.5–35.1 g m−2. At the site closest
to the smelter, the low-stature trees and shrubs contributed 57.1% to
the C pool. The corresponding values for ﬁeld-layer vegetation, mosses
and lichens were 40%, 2.9% and 0%, respectively. As the tree cover increased with the distance from the smelter, the proportion of the C
pool in trees and shrubs reached 92–97%, while the contribution of
ﬁeld-layer vegetation decreased to ≤ 6.5%, and that of mosses and lichens decreased to ≤ 2.3% and ≤ 1.5%, respectively. The proportion of
the N pool in trees and shrubs ranged from 55–97% at the individual
sites and the ranges for ﬁeld-layer vegetation, mosses and lichens
were 1.3–42%, 0.1–8.6% and 0–1.8%, respectively.

Fig. 3. Average site-speciﬁc values of living aboveground plant biomass, C pool and N pool
in relationship to forest litter Cu concentration.

3.3. Losses of phytomass C stock caused by industrial air pollution
Based on the observed relationship between forest litter Cu concentration and the aboveground plant biomass (Fig. 3), we estimated a potential aboveground forest biomass of 8014 g m−2 in the area with the
background litter Cu concentration (7 μg g−1). Using a 78%:22% ratio for
aboveground:belowground biomass, we estimated a potential total
vegetation biomass of 10,274 g m−2 for these forests. Correspondingly,
the potential total phytomass C pool in our study region, in the absence
of pollution, is 4797 g m−2. Given that the boreal forest zone in northern
Finland, northern Norway and the Kola Peninsula had Cu concentrations
in the humus layer that exceeded the background level of over an area
of 107,200 km2 (Reimann et al., 1998), we estimated that industrial
air pollution decreased the total plant biomass in this region to 89%
of its potential value, and that the resulting loss of C stock was
4.24 × 1013 g (Table 3).

4. Discussion
4.1. Concentrations of C and N in plant tissues

Fig. 2. Changes in the total C and N concentrations and C:N ratios in foliage and wood tissues of study plants in the pollution gradient: mean effect sizes (dots), 95% conﬁdence intervals (horizontal lines) and sample sizes (in parentheses). A negative effect size
indicates that the parameter under study decreases with pollution. The effect is signiﬁcant
if the 95% conﬁdence interval does not overlap zero value. Q B values indicate the difference between the changes in C and N concentrations.

The concentrations of C and N in plant tissues reﬂect CO2 and N assimilation that determines plant growth and biomass production.
These processes and ﬂuxes of N and C assimilates depend on a supply
of resources from, and conditions in, the environment (Lawlor, 2002).
Therefore, pollution-induced changes in the abiotic environment are
likely to have both direct and indirect effects on the average C and N
concentrations and their ratios in plant tissues. At our study sites, C
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Table 3
Losses of plant biomass and phytomass C stock in boreal forest zone of northern Fennoscandia caused by industrial air pollution.
Cu in humus layer, μg g−1
Min–max

Mean

4–7
7–9
9–14
14–28
28–110
110–2460
Total

5.5
8.0
11.5
21
69
1285

Areaa, km2

31,500
30,600
38,400
22,300
12,100
3800
138,700f

Estimatedb alive phytomass in
forested areas, g m−2
Aboveground

Totalc

8340
7840
7350
6550
4960
1050
–

10,690
10,050
9420
8400
6360
1350
–

Estimatedd loss of alive phytomass, g

Estimatede loss of C, g

–
3.7 × 1012
17.7 × 1012
22.5 × 1012
25.5 × 1012
18.3 × 1012
87.7 × 1012

–
1.8 × 1012
8.6 × 1012
10.9 × 1012
12.3 × 1012
8.8 × 1012
42.4 × 1012

a

After Reimann et al. (1998).
Calculated from the regression equation: Aboveground biomass (g d.w. m−2) = 10,616–1337 × ln (concentrations of Cu in humus layer, μg g−1).
Calculated as aboveground biomass divided by 0.78, i.e. by average proportion of the aboveground biomass in boreal forests (after Kurz and Apps, 1999; Shvidenko and Nilsson, 2002,
2003; Merilä et al., 2014).
d
Calculated as the difference between potential total biomass in absence of contamination (10,274 g m−2; for explanations, see text) and the estimated total biomass, corrected for the
average proportion of land area covered by forests (54%, after Forestry Plan for Murmansk Oblast, 2008 and Finnish Forest Research Institute, 2014).
e
Calculated as the estimated loss of biomass multiplied by the average total C concentration across plant species and tissues (48.4%).
f
Total affected area (i.e. the area where concentrations of Cu in humus layer exceeded 7 μg g−1) is 107,200 km2.
b
c

and N concentrations in green tissues were decoupled, suggesting that
different factors may be regulating C and N assimilation and translocation processes under pollution stress.
The soils in the vicinity of the Monchegorsk smelter (especially the
organic surface layer) have become N-depleted (Lukina and Nikonov,
1999; Rautio and Huttunen, 2003). This depletion is attributed to the reduction in biomass production and subsequently soil organic matter
(Lozano and Morrison, 1981; Rautio and Huttunen, 2003), enhanced
erosion of surface soil (Kozlov et al., 2009), impaired microbial activity
and changes in the structure of the soil microbial community
(Evdokimova, 2000; Mälkönen et al., 1999) due to impacts of SO2 and
heavy metals. Evdokimova (2000) showed that N2-ﬁxing, nitrifying,
cellulolytic and cyanobacteria were totally lost within 7–10 km from
the smelter, which explained the pollution-related disturbance of
plant litter decomposition (Kozlov and Zvereva, 2015), N mineralization
and biological N2 ﬁxation in the ecosystem. This pollution-induced N
depletion explains the overall decrease in foliar N concentrations with
increasing pollution, although direct toxic effects of heavy metals to
rhizomes, roots and mycorrhiza (Mälkönen et al., 1999) may also have
contributed to this effect.
In contrast to other species, conifers demonstrate an increase in
foliar N with increase in pollution. This may be explained by stomatal
uptake of NOx by coniferous trees (Ammann et al., 1999; Manninen
and Huttunen, 2000) and by the reduction in the number of needle
age-classes in polluted areas, with the subsequent allocation of nutrients into remaining needles (Rautio et al., 1998a; Stjernquist et al.,
1998). Note that forest litter Cu concentration, which was used an overall indicator of pollution load, correlated well with ambient SO2 concentration in the area (Kozlov et al., 2009). Increases in needle total S
concentration towards the smelter (Rautio and Huttunen, 2003)
emphasize the impact of gaseous pollutants on element concentrations
in the evergreen needles as well as on foliar health in terms of both visible and invisible damage.
We measured N concentrations in branches of trees, which may
have 5–10 times the N concentration found in stem wood (Merilä
et al., 2014; Wirth et al., 2002). Therefore, our results overestimate the
actual N pools, and this overestimation increases with increase in the
proportion of trees in site-speciﬁc phytomass. Still, our results show
signiﬁcant effects of industrial pollution on ecosystem N dynamics,
given that the aboveground N pool at the most polluted sites only
amounted to 5.1 g N m−2 at its largest, while the average total aboveground phytomass N stock in coniferous forests of northern Finland is
25 g N m−2 (Merilä et al., 2014).
The overall increase in C concentration in green tissues with increasing pollution load may partly be explained by enhanced photosynthesis
with decreasing shading. Nevertheless, visible and microscopic needle

injuries, reduced number of needle age-classes (Rautio et al., 1998b;
Rautio and Huttunen, 2003), reduced radial growth of P. sylvestris
(Nöjd and Reams, 1996) and the reduced aboveground plant biomass
in the surroundings of the smelter indicate overall negative effects of
pollution on net primary production. The opposite changes in C:N
ratio found in green and woody tissues further hint that pollution affects
the translocation of C and N within a plant. For example, non-structural
carbohydrates may accumulate in the foliage of plants growing near the
smelter due to reduced soil N supply and subsequent decreases in the
amount and activity of the N-containing Rubisco enzyme in leaves
(DeLucia et al., 1985; Tissue et al., 1993). The overall increase in wood
N concentration with increasing pollution load and the positive correlations between wood C and N concentrations in the woody tissues
of evergreen E. nigrum and P. sylvestris may suggest enhanced
corticular photosynthesis under pollution stress (Manninen et al.,
2009; Wittman et al., 2007). This enhancement would also be facilitated by increased light availability for the persisting plants due to
the disappearance of the top-canopy trees.
Still, the detected changes in concentrations of C and N in plant tissues along the pollution gradient, although physiologically important,
were minor when compared to the drastic reduction in aboveground
plant biomass with increasing pollution load. Moreover, the plants
from our study sites cannot be considered as N deﬁcient, because their
foliar total N concentrations were in the same range as those from
plants in unpolluted forests (Hansen et al., 2006; Laine and
Henttonen, 1987; Manninen et al., 1997a; Manninen and Huttunen,
2000; Sveinbjörnsson et al., 1992). This is because the higher light
availability and lower nutrient availability in highly polluted compared to less polluted sites may have promoted greater allocation
of C below ground to support root growth and nutrient uptake.
4.2. Biomass reductions
Elevated S concentration in P. sylvestris needles (Manninen et al.,
1997a, 1997b) and elevated Cu concentration in the humus layer
(Reimann et al., 1998) have been found at distances of up to 200 km
from the Monchegorsk smelter. However, visible and microscopic
symptoms of multiple stresses (S, Cu, Ni, acid deposition, O3 and frost)
in needles of P. sylvestris and reduced numbers of needle age-classes
were clearly detectable only within 40 km from the smelter (Rautio
et al., 1998b; Rautio and Huttunen, 2003), and reduced radial growth
of P. sylvestris was only recorded within 30 km southwest of the smelter
(Nöjd and Reams, 1996). Therefore, at the planning stage of the study,
we did not expect that relatively low levels of industrial pollution,
occurring beyond 30–40 km from the smelter and causing no visible injuries and only slight physiological disturbance, would have a drastic
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effect on plant biomass. Another surprising feature was that the greatest
total aboveground biomass found in our study area was as low as the
smallest aboveground plant biomass in the similarly aged seminatural forests under conventional management in unpolluted regions
of northern Finland (Merilä et al., 2014). Keeping in mind the similar environmental conditions in northern Finland and in the Kola Peninsula,
we suggest that this difference resulted primarily from long-term impacts of industrial emissions on forests in the central part of the Kola
Peninsula. Thus, although an overall decrease in productivity in the vicinities of industrial sources of atmospheric pollutants is relatively
well documented (Zvereva and Kozlov, 2012), our study is the ﬁrst to
demonstrate the extent and severity of the adverse effects of industrial
pollution on the total biomass of forest plants at the regional scale. In
our most polluted sites, the total aboveground plant biomass was
reduced to 1.5–3.5% of that observed in the least polluted sites, and
comprised about 1% of the potential aboveground plant biomass.
Our estimate of the potential aboveground plant biomass in forests
of our study region (8014 g m−2) ﬁts well the results of measurements
conducted in unpolluted forests. In northern Finland, the total
aboveground biomass of vegetation in coniferous forests varied
from 4960–12,280 g m − 2 (Havas and Kubin, 1983; Merilä et al.,
2014). In slightly polluted forests of the Kola Peninsula, total aboveground biomass in coniferous forests aged 100 + years varied from
4100–12,800 g m − 2 (Manakov and Nikonov, 1979; Zyabchenko
and Ivanchikov, 1978). Shvidenko and Nilsson (2002, 2003) estimated an average aboveground phytomass 4860 g m− 2 for forest tundra
and northern and sparse taiga, and 9140 g m− 2 for middle taiga.
Hence, overestimation of the average potential biomass is unlikely
in the studied forest ecosystems; as is overestimation of pollutioninduced losses in plant biomass at the regional scale.
Pollution can reduce plant growth, but it can also modify biomass allocation to aboveground and belowground plant parts. A decrease in the
root–shoot ratio is a general response of herbaceous plants to pollutants; however, no quantitative data on the root–shoot ratio exist for
mature trees (Zvereva et al., 2010). Birch seedlings showed higher biomass allocation to roots when growing in polluted relative to unpolluted soils (Bojarczuk et al., 2002), while an application of acid rain and
heavy metals to birch seedlings during two months caused no statistically signiﬁcant changes in the root–shoot ratio (Koricheva et al.,
1997). Thus, the use of the 78%:22% ratio for aboveground:belowground
biomass in our study region, as estimated for unpolluted boreal forests
(Kurz and Apps, 1999; Merilä et al., 2014; Shvidenko and Nilsson,
2002, 2003), was unlikely to introduce strong bias in our calculations.
It is noted, however, that in the northernmost forests understory roots
and rhizomes may account for up to 50% of the stand total ﬁne root biomass (Helmisaari et al., 2007). This emphasizes the need to measure belowground biomass given the differences in biomass of each plant group
in relation to pollution load and natural site-speciﬁc environmental
factors.
4.3. Carbon losses from forests due to pollution
Fires and insect pests impose the major disturbances in northern forests (Kurz and Apps, 1999; Shvidenko and Nilsson, 2003). However, the
land area affected by pollution in the boreal forest zone of Fennoscandia,
due to nearly 80 years of industrial activity in the Kola Peninsula
(107,200 km2, as estimated from Cu concentrations in forest litter:
Reimann et al., 1998), exceeded by a factor of 500 the total area of extensive forest ﬁres in the north-western Russia in a normal year in
early 2000s (which averaged ca. 200 km2: Selikhovkin, 2005). The direct
and indirect losses of phytomass C from outbreaks of insect pests in forests of north-western Russia between 1953 and 1998 were, on average,
0.013% year−1 (Selikhovkin, 2009). Assuming that ﬁres destroy aboveground plant biomass completely, while pollution reduces it by 11%,
on average, we conclude that the direct losses of the C pool at the
regional scale due to industrial pollution from the smelters located in

the Kola peninsula, combined with the losses in C sequestration capacity
due to pollution-induced decline in plant biomass, are about the same
magnitude as the cumulative losses to forest ﬁres and insect pests
over the past 50 years. However, the effects of industrial pollution on
C pool are quite likely several times larger than the effects of ﬁres and
pests, in particular because the estimated loss of 4.24 × 1013 g C did
not account for C loss due to extensive soil erosion in the polluted
areas, with the soil humus layer being reduced from 30–35 mm in unpolluted forests to 0–10 mm in industrial barrens (Kozlov et al., 2009).
The Monchegorsk smelter is not the sole point polluter in the boreal
forest zone. While the emissions from Canadian smelters (Trail,
Sudbury, Wawa) have decreased markedly since 1970s, several
large point-sources, in particular the Norilsk smelter in northern Siberia (emitting 2 000 000 t of SO2, 9 000 t NOx, 600 t of Cu and 500 t
of Ni annually), continue to contaminate the boreal zone (Kozlov
et al., 2009, and references therein). Given this, the overall impact
of the industrial polluters on ecosystem C and N pools should be taken
into account when assessing the C and N dynamics in northern boreal
forests because of the marked long-term negative effects of their emissions on the structure and productivity of plant communities.
At the global scale, 8% of the forested areas of the World received
N1 kg H+ ha−1 year−1 as S in 1985, and current estimates are that 17%
of the world's forested areas will receive this pollution load by 2050.
Similarly, 24% of the global forest was exposed to O3 concentrations
exceeding 60 ppb by 1990, and this proportion is expected to increase
to 50% of the global forest by 2100 (Fowler et al., 1999). These changes
will have global consequences for primary productivity, C and N cycles
and other characteristics of forest ecosystems. This is emphasized by the
fact that about half of the losses in the aboveground C and N pools in the
study area occurred in slightly contaminated areas outside the zone of
visible forest damage.
5. Conclusions
We demonstrated that the long-term impacts of atmospheric emissions from a large industrial point source, the Ni–Cu smelter in
Monchegorsk, resulted in extensive losses of phytomass C stock and of
C sequestration capacity from the affected forests. At the regional
scale, the consequences of industrial pollution are about the same magnitude (but presumably larger) than the cumulative effects of ﬁres and
outbreaks of insect pests over the past 50 years. Despite a recent reduction in emissions, no natural recovery has yet been observed in the most
polluted sites due to legacy effects such as extremely high concentrations of metals and shortage of nutrients in the thin, eroded soil
(Zverev, 2009). The complete leaching of metals accumulated in the
upper soil horizons near Monchegorsk will take 160–270 years for Ni
and 100–200 years for Cu, after the cessation of emissions (Barcan,
2002); thus, the consequences of past industrial activities will continue
to affect ecosystem processes well into the future. Therefore, air pollution effects on terrestrial ecosystems should be taken into account in
the analysis and modelling of regional and global C and N budgets.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2015.07.097.
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