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a b s t r a c t
Non-ferrous smelters pose a potential hazard for breeding bird populations, but comprehensive analyses
of the impacts on bird population densities around smelter sites are currently lacking. We measured with
point counts bird population densities around four smelter sites in Russia (Monchegorsk, Karabash and
Revda) and Finland (Harjavalta) to explore the relationships between bird population density/species
diversity and exposure level quantiﬁed by the potentially bioavailable copper concentrations in forest litter. Total bird densities, bird biomasses and species diversities decreased in the vicinity of all three Russian smelters. In Harjavalta, there were no pollution-related trends in total bird density or biomass,
although species diversity (species number and Shannon’s index) decreased towards the pollution source.
In general, the four smelters showed negative effects on bird populations in decreasing order of impact as
follows: Monchegorsk > Karabash > Revda > Harjavalta, reﬂecting the amount of current and past emissions and consequent habitat change at each site. Our results suggest that around copper–nickel and copper smelters the pollution impact on bird diversity is accelerated when the litter copper level exceeds
1000 lg/g. However, even though bird densities and diversities reﬂected the exposure levels in our study,
they were not associated with litter copper concentrations in a strictly dose-dependent manner, indicating that copper itself is not a primary cause for the changes in bird communities, but rather the combined
effect of multiple pollutants on birds and especially on the resources necessary for breeding, such as food
and suitable habitat.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Point sources of metals, such as non-ferrous smelters, pose a
wide-ranged hazard for local breeding bird populations. Several
studies have demonstrated detrimental effects on breeding performance of birds inhabiting smelter sites (Belskii et al., 1995; Eeva
and Lehikoinen, 1996; Janssens et al., 2003; Nyholm, 1994). High
emission levels may also negatively affect the local survival of
breeding birds (Eeva et al., 2009b). At some level, the metal emissions are therefore likely to have detrimental effect also on population numbers. Gilyazov (1993) found that the density of typical
forest birds was decreased by 80% at a heavily polluted area around
a Russian copper–nickel smelter complex at Monchegorsk in the
beginning of 1990s. Belskii and Lyakhov (2003) documented a decrease of c.a. 40% in total bird densities around a Russian copper
smelter at Revda. On the other hand, Eeva et al. (2002) showed that
population densities of only six out of 37 forest bird species responded negatively to the environmental pollution at a moderately
⇑ Corresponding author. Tel.: +358 23335861; fax: +358 23336550.
E-mail address: tapio.eeva@utu.ﬁ (T. Eeva).
0006-3207/$ - see front matter Ó 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.biocon.2012.03.004

polluted area around a copper–nickel smelter complex in Harjavalta, Finland. All the studies, however, suggest that responses are
species-speciﬁc and in great deal due to secondary effects of pollution-related habitat changes. Despite multiple analyses of the effects of metal emissions on surrounding biota (Kozlov et al.,
2009), comprehensive analyses on the relationships between emission levels and bird population densities are still lacking. However,
owing to a large number of smelter and mining sites around the
world, such studies would be well justiﬁed. For example, there
are currently 99 operating copper smelters in the world, 34 of
which in Europe (http://mrdata.usgs.gov/mineral-resources/copper-smelters.html). Still it is not well known how population densities and species diversity of birds are connected to ambient
exposure levels and which species-speciﬁc traits are important in
determining the susceptibility to pollution.
By using a standard sampling procedure we measured bird population densities around three Russian non-ferrous smelters (Karabash, Revda and Monchegorsk) to explore the relationships
between bird population densities/species diversity and exposure
levels. For each site we simultaneously measured the potentially
bioavailable concentrations of metals in forest litter to make a di-
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Fig. 1. A map showing the locations of four smelter sites where bird population densities were measured.

rect link between population density/diversity and local exposure
level. The three data sets from the Russian smelter sites are here
analyzed together with one collected earlier around a Finnish copper–nickel smelter (Harjavalta) by using the same methods (Eeva
et al., 2002). Although having a similar type of emission source,
the four smelter sites differ from each other by their pollution history, composition and amount of emissions, habitats and species
composition. This allows testing how general the impacts of smelters on bird populations are. The aims of the current study are: (1)
to assess how long-term pollution has affected the density, species
diversity and biomass (s.l. productivity) of breeding bird populations at smelter sites, (2) to get information on which and what
kind of species are sensitive to the pollution around smelters, (3)
to evaluate how well the bird density and diversity reﬂect the local
exposure levels (litter copper concentrations) across different
smelter sites. Furthermore we explore the effects of some possibly
confounding habitat characteristics on bird density and diversity.
The last point is complicated by the fact that long-term pollution
has also changed habitats (vegetation) around the point-sources
(Kozlov et al., 2009). However, here we are not aiming to make a
strict separation between direct toxic effects and more indirect effects (e.g. habitat and food), but just to take account of most obvious habitat variables associated with total bird densities and
species diversities in addition to the pollution levels.
2. Methods
2.1. Study areas
The data was collected at four boreal non-ferrous smelter areas
(Fig. 1), Harjavalta (Southern Finland, 61°20’N, 22°10’E), Karabash
(Southern Urals, Russia, 55°27’N, 60°13’E), Monchegorsk (Kola Peninsula, Russia, 67°56’N, 32°49’E) and Revda (Middle Urals, Russia,
56°51’N, 59°53’E). The four smelter sites clearly differ from each
other as regards to characteristics of the surrounding forests and
emissions (summarized in Table 1). For example, the aerial dust
emissions varied from 50 t/a (Harjavalta) to 13800 t/a (Karabash)
among the smelters in the beginning of 2000s. Consistently, the
area of industrial barrens (i.e. bleak open landscapes evolved due
to deposition of airborne pollutants, with only small patches of
vegetation surrounded by bare land) varied from less than 50 ha

at Harjavalta to 21000 ha around Monchegorsk (Table 1; Kozlov
and Zvereva, 2007). The peak metal concentrations in topsoil of
most contaminated sites at all four smelter sites exceed
10000 lg/g (Kozlov and Zvereva, 2007), i.e., being even higher than
the metal content in ores. The history of industrial development,
amounts of emissions of principal pollutants, extent of the contaminated territory and brief outline of environmental research conducted at these smelter sites are reviewed in Kozlov et al. (2009).
Some cavity-nesting insectivorous birds breeding in the vicinity
of the smelters have been found to suffer from lowered breeding
success and reduced survival, both due to direct toxic effects of
pollution and due to indirect effects of altered habitats and disrupted food webs (Belskii et al., 2005; Eeva et al., 2005, 2009b;
Gilyazov, 1993).
2.2. Point counts
Relative bird densities were estimated by point counts, using
the method of Koskimies and Väisänen (1991) for counting breeding land birds. The data from Harjavalta was collected in 2001 (see
Eeva et al., 2002), while the other areas were sampled in 2009 (Karabash and Monchegorsk) and 2010 (Revda). In each study area we
selected 10–14 sites representing different stages of pollution-induced deterioration of the forest habitat typical of the region
(see Table 1). The care was taken to include both the unpolluted
sites and the sites that have experienced the highest level of the
pollution load, and to select sites so that they uniformly cover
the entire range of pollution levels. More details on the methodology of site selection are given in Vorobeichik and Kozlov (2012). At
each site we selected 2–4 sampling plots (coordinates and distances from the polluter are given in Appendix A), the distance between the plots being always more than 250 m to avoid counting
the same birds twice (see Koskimies and Väisänen, 1991). In
reporting the results we follow the nomenclature of the AERC Western Palearctic list (Crochet et al., 2010).
The censuses were carried out between 4:00 and 9:00 a.m.,
avoiding windy and rainy days (no rain or mist, temperature
>6 °C, wind <5 m/s). Each plot was censused for 5 min. For each
species, the numbers of observed individuals or active nests were
recorded. Observations were interpreted as breeding pairs by following the rules of Koskimies and Väisänen (1991). Shortly, breed-
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Table 1
Upper part: the major habitat characteristics, pollution history and type of emissions for the four smelters where birds were censused for this study. Lower part: information on
point counts.

Primary habitat
Smelter type
Pollution started
Major heavy metals emitted (in
decreasing order)
Dust emissions (t/a)a
Copper emissions (t/a)a
Lead emissions (t/a)a
SO2 emissions (t/a)a
Barren area (ha)c
N of study sites
N of counting points
N of point counts
Census period
Census year
Observer
a
b
c

Harjavalta

Karabash

Monchegorsk

Revda

Pine forest with mixed spruce
and birch
Copper–nickel
1944
Cu, Zn, As, Ni

Birch forest with
mixed pine
Copper
1910
Zn, Pb, Cu, As

Spruce forest with mixed
birch and pine
Copper–nickel
1938
Ni, Cu, Co, As

Fir and spruce forest with mixed
birch and pine
Copper
1940
Cu, Pb, Zn, As

50
7.4
0.7
3002
<50

13800
340b
92
71900
<1000

9100
827
No data
43900
21000

7300
207
302
52800
<300

14
28
112
21st May–21st June
2001
J. Sjöholm

10
40
160
20th May–12th June
2009
E. Belskii

10
40
160
8th–26th June
2009
A. Gilyazov

10
40
160
16th May–9th June
2010
E. Belskii

Aerial emissions from the industrial enterprises of the area in 2001. Source: Kozlov et al. (2009).
Data from year 2003. Source: Kozlov et al. (2009).
Kozlov and Zvereva (2007).

ing pair equals to: seen or heard male, male–female pair, single female, brood or active nest. Each plot was counted once a week, four
times per season. Temporal replicates were taken to reduce the
bias caused by changing singing activities during the course of
spring. For each species and counting plot, the maximum density
among four successive counts was used as a dependent variable
in analyses. Numbers of study sites, counting plots and censuses,
together with counting periods and observers are shown for each
area in Table 1.
2.3. Bird density, diversity and biomass
Bird densities were calculated from the point count data using
the formula of Järvinen (1978): D (pairs/km2) = 3Nc2/p, where
N = number of pairs per counting plot and c = species-speciﬁc constant that corrects for the differences in detectability (value k from
column C in Järvinen and Väisänen, 1983). For the two species
(Cuculus saturatus and Zoothera dauma) not included in the list of
Järvinen and Väisänen (1983), we used the constants of two similar
species, Cuculus canorus and Turdus philomelos, respectively. However, it should be noted that despite applying the detectability constants our bird density estimates should be considered as relative
ones, not absolute densities (see Järvinen and Väisänen, 1983).
Species-speciﬁc density estimates were not calculated for those
species we had fewer than 15 observations. These species are,
however, included in the calculations of total bird density, biomass
and species diversity. A full list of species and the numbers of
observations for each counting point are given in Appendix A.
Besides the species number we used Shannon diversity index as
a measure of bird diversity. Shannon indices (H = R [pi  ln pi],
where pi = the proportion of ith species of the total density) were
calculated from the detectability corrected density estimates, not
from the original counts. For plots with no birds H was set to 0.
Since the sampling effort per plot was strictly standardized in
our study and birds were clearly not randomly distributed over
the study areas, the rarefaction method was not applied in a comparison of species diversities (see Gotelli and Colwell, 2001).
Bird densities were further transformed to total bird biomass
(kg/km2) by multiplying plotwise species-speciﬁc density estimates by species-speciﬁc body mass. Since the density estimates
denote bird pairs, the values were further multiplied by number
2. Bird body mass data were gathered from Vinogradova et al.
(1976) and Cramp and Perrins (1993).

2.4. Heavy metal levels and habitat variables
Five pooled samples of forest litter were taken at each site (each
of them composed of ﬁve individual samples) to measure concentrations of primary metal pollutants. Samples were crushed to
pieces no more than 2 mm and metals were extracted with 5%
HNO3 for 24 h (the litter to acid ratio was 1:10 by weight). This
method was preferred because it gives an estimate of the potentially bioavailable concentrations, rather than total concentrations
which are of lower ecotoxicological importance. Metal concentrations were measured with an AAS 6 Vario atomic absorption spectrometer (Analytik Jena, Germany) at the Institute of Plant and
Animal Ecology (Yekaterinburg, Russia) which belongs to an inter-calibration network. As a control sample for the heavy metal
analyses we used a standard soil sample (OK E.TEP-5) worked
out in order to provide inter-laboratory comparative tests by the
Ural Scientiﬁc Research Institute for Metrology (UNIIM) and produced by the Urals plant for chemical reagents. Standard solutions
were prepared from liquid standards (SS 7836-2000) produced by
the Urals plant for chemical reagents. Complete results of these
analyses will be published elsewhere. Here we have chosen to
use the litter copper concentration (lg/g, d.w.) as a measure of
the exposure level because copper was the only major metal pollutant common for all polluters (Table 1). Earlier studies have demonstrated that copper correlates well with other smelter
emissions, including sulfur dioxide, within all four impact zones
studied by us (data summarized by Kozlov et al., 2009). We use
the litter copper concentration (lg/g, d.w.) as a measure of the
exposure level in the statistical analyses.
Some basic habitat characteristics were further measured at
each counting plot. These include a relative tree species composition (%) and ﬁeld layer vegetation coverage (%) within a census
plot. In Harjavalta, the latter was measured in 2009 and only for
9 sites. For the analyses, the tree species were combined into four
groups: (1) birch (including Betula sp.), (2) spruce/ﬁr (including Picea sp. and Abies sp.), (3) pine (including Pinus sylvestris) and (4)
others (including various deciduous trees: Populus sp., Salix sp.,
Sorbus sp., Tilia sp., Larix sp., Alnus sp. and Prunus sp.). We also measured the basal area (BA (m2/ha); with a relascope at 1.3 m height)
and average height (H (m)) of tree trunks in the sampling plots.
These were used to calculate a rough estimate of timber volume
(V (m3/ha)) for each plot, by using the Smalian’s equation:
V = (BA  H)/2 (Avery and Burkhart, 1994).
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2.5. Statistics
The statistical analyses were performed with a statistical software SAS 9.2 (SAS, 2008). We analyzed variation in the bird density
and diversity data in two ways: relative to the distance to the pollution source and relative to the actual pollution levels (litter copper concentrations) together with the habitat variables. Analyzing
the associations with distance in addition to metal concentrations
is reasonable for assessing whether the changes in bird communities are indeed spatially associated with the point sources of pollutants, but especially because litter metal levels in a particular year
do not necessarily reﬂect a cumulative long-term effect of multiple
pollutants on environment and biota. Spearman correlations between distance and density for individual species are shown in
an electronic Appendix B. Univariate tests for among-site variation
are further presented for each area in the Appendix C.
We ﬁrst explored, separately for each area, the associations
of bird densities, diversities and biomasses with logarithmic
distance (log10 km) to the pollution source by GLMM models
where study site was used as a random factor to control for the
non-independence of individual counting plots within each site.
Logarithmic distance was used because aerial heavy metal emissions from point sources, as well as their impacts on biota, typically
follow logarithmic spatial distribution. The ﬁt of the models to
data was checked each time from the v2/df value, and normality
of model residuals was checked with Shapiro–Wilk tests. Biomass
was log10-transformed prior the analysis to normalize distributions. For the two non-normally distributed variables (bird density and species number) we used negative binomial error
distribution.
Because the proportions of four tree species groups are intercorrelated and do not vary independently, we used compositional
principal component analysis (PCA) to calculate uncorrelated principal components (PCs) from the tree species data. Before the PCA,
a central log-ratio transformation (x ¼ ln½x=xg ; xg ¼ geometric
mean of a proportion) was made for the proportions to allow a
multivariate analysis on compositions (see Aitchison 1986). The
ﬁrst (PC1, eigenvalue = 1.25) and second (PC2, eigenvalue = 1.12)
principal components explained together 59% of the variation in
the data. PC1 can be interpreted to indicate variation along a coniferous – deciduous axis and PC2 along a barren – luxuriant axis.
These two principal components were used as independent variables in subsequent models.
The relationships of bird densities, diversities and biomasses
with litter copper concentrations and habitat characteristics were
analyzed from the combined data of all areas with GLMMs using
site as a random factor in the models. The independent variables
in the models were: area, litter copper concentration (log10 lg/g),
area  litter copper, timber volume (log10 m3/ha), ﬁeld layer vegetation coverage (%) and 1st and 2nd principal components calculated from tree species composition data (see above). Distance to
the pollution source was not included in these models because it
was rather strongly correlated with the litter copper concentrations. The habitat variables did not show strong correlations to
each other (in all cases rs < 0.35) and were included in the same
model. Non-signiﬁcant terms (with a = 0.1) were dropped from
the models one-by-one, starting from interactions. Dropped terms
were then introduced back to the reduced model and kept if
signiﬁcant. Degrees of freedom were calculated with Kenward–
Roger method. In the case of signiﬁcant interaction with copper
concentration and area separate GLMMs were further ran for each
area.
Spatial autocorrelation was further tested for the residuals of all
full non-spatial models with Moran’s I coefﬁcient (Dormann,
2007), but in no case was the correlation signiﬁcant and non-spatial covariance structure was used in all models.

Table 2
Generalized linear mixed models (GLMMs) for the relationships between logarithmic
(log10) distance to the smelter with bird densities (pairs/km2), bird biomass (log10 kg/
km2), species numbers, and Shannon diversities of the breeding bird communities at
four smelter areas (n = number of counted plots).
Area

n

Solution

Fdf

p

Harjavalta (14 sites)
Total densitya
Log biomassb
N of speciesa
Shannon indexb

28
28
28
28

y = –0.097x + 6.825
y = 0.012x + 1.666
y = 0.224x + 2.836
y = 0.278x + 2.397

0.901,26.0
0.021,12.1
4.801,13.1
6.551,12.2

0.35
0.88
0.047
0.025

Karabash (10 sites)
Total densitya
Log biomassb
N of speciesa
Shannon indexb

40
40
40
40

y = 1.119x + 4.948
y = 0.558x + 0.756
y = 1.119x + 1.142
y = 1.434x + 0.353

12.01,8.5
14.71,8.1
14.31,8.7
23.01,8.2

0.0078
0.0049
0.0047
0.0013

Monchegorsk (10 sites)
Total densitya
40
Log biomassb
40
N of speciesa
40
b
Shannon index
40

y = 2.528x + 1.394
y = 0.638x + 0.145
y = 1.575x – 0.352
y = 1.531x – 0.661

7.491,7.8
12.71,8.0
21.61,4.8
29.71,8.1

0.026
0.0074
0.0063
0.0006

Revda (10 sites)
Total densitya
Log biomassb
N of speciesa
Shannon indexb

y = 0.514x + 5.993
y = 0.245x + 1.154
y = 0.271x + 2.404
y = 0.308x + 2.025

21.31,8.1
19.81,8.1
10.61,7.8
20.41,8.1

0.0017
0.0020
0.012
0.0019

40
40
40
40

a
GLMM with log link function and negative binomial error distribution. Study
site was used as a random factor.
b
GLMM with identity link function and normal error distribution. Study site was
used as a random factor.

3. Results
3.1. Total densities and biomass
The total bird densities decreased towards the pollution source
in all areas, except in Harjavalta where the bird densities did not
signiﬁcantly vary among sites (Appendix C), and rather showed a
tendency of being slightly higher near the pollution source (Table 2;
Fig. 2a). The bird densities in the vicinity of the pollution source
were 8% in Monchegorsk, 21% in Karabash, 49% in Revda and
110% in Harjavalta of those found in the most distant sites of each
area (calculated from the equations in Table 2). The two Uralian
sites, Revda and Karabash, showed relatively similar responses,
the total densities being strongly decreased in the vicinity of the
smelters, and approaching levels of the unpolluted area from
4 km (Revda) to 9 km (Karabash) from the smelters (Fig. 2a). In
Monchegorsk, the densities are depressed over a much larger area,
until c.a. 20 km from the smelter. The most northern area, Monchegorsk, showed expectedly much lower overall bird densities than
the other areas. Correspondingly, the bird biomass decreased signiﬁcantly towards the three Russian smelters, but not the Harjavalta smelter (Table 2; Fig. 2b). The bird biomass in the vicinity of
the pollution source was 17% in Karabash, 22% in Monchegorsk,
46% in Revda and 97% in Harjavalta of those found in the most distant sites of each area (calculated from the equations in Table 2).

3.2. Species diversity
The number of bird species observed per counting plot decreased towards all the smelter sites, but the proportional reduction varied among areas (Table 2; Fig. 2c). The species numbers
in the vicinity of the pollution source were 20% in Monchegorsk,
21% in Karabash, 69% in Revda and 80% in Harjavalta of those found
in the most distant sites (calculated from the equations in Table 2).
In Monchegorsk, a strong negative impact extended up to 11–
20 km from the smelter (Fig. 2c). At all four smelters also the Shan-
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Fig. 2. Mean (±SE) total bird densities (a), total bird biomass (b), species numbers (c), and Shannon diversities (d) in pollution gradients of four smelters, with logarithmic
regression lines. Site estimates are based on standardized point counts where bird numbers were counted for 5 min at each plot (Harjavalta: 2 plots/site, others: 4 plots/site).
Each point was counted four times per season and the maximum value for each species was used to calculate density estimates.

non diversity index was lower near the pollution source than in
most distant sites (Table 2; Fig. 2d).
3.3. Associations with metal levels and habitat variables
Bird density, biomass and diversity were generally negatively
associated with forest litter copper concentrations but the strength
of the association varied among the smelter areas (Table 3). Bird
densities decreased with increasing litter copper load in Monchegorsk, Karabash and Revda (Table 3, Fig. 3a), while in Harjavalta
there was no signiﬁcant association between bird density and copper load (GLMM: F1,16.0 = 1.09, p = 0.31; Fig 3a). Total bird densities
were positively associated with ﬁeld vegetation coverage, timber
volume, and PC2 of tree composition (Table 3). A positive relationship between PC2 and density suggests that luxuriant forests support higher bird densities than barren ones (primarily pine forests).
The total bird biomass showed much the same pattern as density,
except that it was not signiﬁcantly related to ﬁeld layer coverage
(Table 3, Fig. 3b).
Species number decreased with increasing pollution load in all
the Russian areas, but the reduction of species along with increasing copper levels was stronger in Karabash and Monchegorsk as
compared to Revda (Table 3, Fig 3c). In Harjavalta this relationship
was negative too, but only marginally signiﬁcant (GLMM:
F1,9.1 = 4.13, p = 0.073; Fig 3c). Species number was further positively associated with timber volume, PC1 of tree composition
and ﬁeld vegetation coverage, the latter effect not being statistically signiﬁcant (Table 3). A positive relationship with species
number and PC1 suggests that deciduous forests support higher
bird densities than coniferous ones.
Shannon index showed relatively similar trends as the species
number, values decreasing strongly with increasing copper load

in Monchegorsk and Karabasch, and more gently in Revda and Harjavalta, the relationship being only marginally signiﬁcant in the
last area (GLMM: F1,7.0 = 4.99, p = 0.061; Fig 3d). At the Russian
sites, reduction in species diversity seems to be accelerated when
litter copper concentrations exceed 1000 lg/g (Fig. 3d). Notably,
equally high copper loads in Revda and Karabash seem to lead to
stronger reduction in diversity in Karabash. Shannon index was
further positively associated with ﬁeld vegetation coverage and
timber volume, but not with tree species composition (Table 3).
As a post hoc test we further explored whether the variation in
productivity (bird biomass) would explain the variation in species
diversity (Shannon index). This was done by adding biomass to the
ﬁnal model derived for the Shannon index (shown in Table 2) as a
further explanatory factor. Shannon diversity was strongly positively related to bird biomass (GLMM: F1,111.1 = 49.8, p < 0.0001;
Fig. 4), but even after including biomass in the model the other
explanatory factors remained signiﬁcant: litter copper level
(GLMM: F1,55.0 = 14.2, p = 0.0004), interaction between area and litter copper level (GLMM: F3,39.0 = 4.19, p = 0.011), ﬁeld layer vegetation coverage (GLMM: F1,127.0 = 5.63, p = 0.019) and timber volume
(GLMM: F1,103.8 = 6.36, p = 0.013).
3.4. Species-speciﬁc responses
Of the species for which we could calculate the density estimates, 67% in Monchegorsk, 53% in Karabash and 48% in Revda
showed smaller densities in the heavily polluted zone as compared
to the unpolluted zone (Appendix B). One species, Anthus trivialis,
showed signiﬁcantly higher density in the heavily polluted area
of Revda, but decreased density in the heavily polluted area of Karabash. In Harjavalta, 20% of the species showed a decreasing trend
while 9% of the species signiﬁcantly increased in numbers towards
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Table 3
The associations of pollution level (bioavailable litter copper concentration) and habitat characteristics (ﬁeld layer vegetation coverage, timber volume, and 1st and 2nd principal
components of relative tree species composition) with total bird density, total bird biomass, species number and Shannon’s diversity index. Non-signiﬁcant (at a = 0.1) terms were
dropped from the generalized linear mixed models (GLMMs) one-by-one. Final models are shown in bold. N = 138 plots.
Source of variation

Area
Litter copper (log10 lg/g d.w.)
Area  litter copper
Field coverage (%)
Timber volume (log10 m3/ha)
Tree species composition, PC1 (coniferous vs. deciduous)
Tree species composition, PC2 (barren vs. luxuriant)
a
b

Densitya (pairs/km2)

Biomassb (log10 kg/km2)

Species numbera(species/plot)

Shannon indexb

Fdf

p

Fdf

p

Fdf

p

Fdf

p

2.493127.0
12.51127.0
9.933127.0
9.561127.0
16.31127.0
0.211126.0
8.491127.0

0.063
0.0006
<0.0001
0.0024
<0.0001
0.65
0.0042

3.133,40.6
24.01,42.8
6.663,39.4
1.761,87.2
3.521,47.0
0.721114.7
7.091,86.1

0.036
<0.0001
0.0010
0.19
0.067
0.40
0.0093

2.263,25.4
23.41,39.2
6.363,30.6
2.941,34.5
12.61,49.8
4.561,98.8
0.851,54.1

0.11
<0.0001
0.0018
0.096
0.0009
0.035
0.36

1.213,39.0
20.81,54.0
5.573,40.0
8.181127.4
6.101106.8
0.041120.2
0.061126.0

0.32
<0.0001
0.0027
0.0050
0.015
0.84
0.81

GLMM with log link function and negative binomial error distribution. Study site was used as a random factor.
GLMM with identity link function and normal error distribution. Study site was used as a random factor.

the smelter. The three hole-breeding species (Parus major, P. caeruleus, Phoenicurus phoenicurus) increasing in numbers towards the
Harjavalta smelter are all partly human associated birds, the numbers indicating the higher degree of human inhabitation in the
vicinity of the smelter in this area. Similar, though not statistically
signiﬁcant, trends were observed in some other human-associated
species like Passer domesticus, Turdus pilaris, Corvus monedula, and
Pica pica.
The species decreased in the polluted areas are ecologically
rather diverse, including both migratory and sedentary, and on
the other hand, insectivorous and granivorous species. Notably,
50% of the negatively affected species represent ones typical to relatively luxurious spruce/ﬁr dominated forests. Such are e.g. Turdus
philomelos, T. merula, Erithacus rubecula, Regulus regulus, Phylloscopus trochiloides, Certhia familiaris, Ficedula parva and Pyrrhula pyrrhula. In some cases the effect on individual species varied among
the study areas. For example E. rubecula showed strongly reduced
densities at Harjavalta and Karabash, but not at Revda, which
might be associated with relatively better ﬁeld layer vegetation
coverage in the polluted sites of Revda, likely favoring this
ground-feeding bird.

4. Discussion
The four smelters showed negative effects on total bird densities, bird biomasses and species diversities in a decreasing order
of impact as follows: Monchegorsk > Karabash > Revda > Harjavalta, thus following the order based on the emission levels and extent of industrial barrens around these polluters (Table 1). In
Monchegorsk the negative effect clearly extends farther (up to
20 km) from the smelter than in other sites. The SO2 and metal
emissions have been very high in this area, the former approaching
or exceeding 300000 t/a in the 1970s (Kozlov et al., 2009). Heavy
pollution exposure has created an industrial barren around the
smelter, surrounded by a zone of dead or dying forest up to c.a.
10 km distance (Kozlov et al., 2009). Furthermore, the Norwegian
spruce, one of the dominant coniferous trees in the area, is relatively sensitive to air pollution (Sazonova and Olchev, 2010), further extending the habitat change relatively far from the smelter.
Bird densities were studied around Monchegorsk smelter also in
1977–90 (Gilyazov, 1993). At that time total bird density of the
most polluted area was 13% and species number 34% of that in
the remote control area. The ﬁgures were still lower in the current
study (8% and 20%, respectively), indicating that despite the considerable reduction in emissions from 1980s to 2000s the bird populations have not yet recovered in this area. The lack of recovery
may be explained by the continuing decline of forests around Monchegorsk due to very slow process of leaching of toxic metals from
the contaminated soils (Zverev, 2009). Even if the forest would

start to recover, there would be a long time lag for many resources
that are essential for birds, such as tree holes for cavity-breeding
species (Vesk et al., 2008). The list of decreased species in the earlier study resembles that of the current one, consisting primarily of
species typical of coniferous northern taiga forests, such as P.
phoenicurus, T. iliacus, T. philomelos and P. trochilus.
Bird densities and diversities were strongly reduced also in the
most polluted zones around Karabash and Revda smelters, the negative impact being stronger and extending farther around the Karabash smelter. Dust and SO2 emissions from the two smelters have
been at similar levels in 1980s but metal emissions have been
markedly higher in Karabash (Kozlov et al., 2009). In 1990s and
2000s, however, the metal emissions have been higher in Revda,
typically showing relatively high proportion of lead (litter concentrations shown in: Smorkalov and Vorobeichik, 2011). The impact
of pollution could be expected to be stronger in Revda due to more
pollution-sensitive spruce/ﬁr forest of the area, as compared to
pine and birch dominated forests of Karabash. However, the negative effect on bird density and diversity extended farther and was
much stronger in Karabash, likely due to higher metal and SO2
emissions in the past, which have caused severe habitat changes
such as heavy destruction of ﬁeld layer vegetation near the smelter
(Kozlov et al., 2009). Bird censuses have been made in Revda area
also in 1991–2001 (Belskii and Lyakhov, 2003). During that period
the bird density in the coniferous forests of the most polluted area
was 54% of those in the unpolluted area, the ﬁgure being similar to
the one (49%) in the current study. Correspondingly, the species
number of the most polluted area was 78% of that in the unpolluted area in the earlier study (Belskii and Lyakhov, 2003), and
69% in the current study. The list of decreased species was again
similar between the earlier and the current study, both including
e.g. P. trochiloides, R. regulus, F. parva, F. hypoleuca, P. pyrrhula, T. iliacus, T. philomelos and Z. dauma. The only species that showed signiﬁcantly higher densities in the polluted area of Revda in our
study, A. trivialis, was more abundant in the polluted area also in
the previous study in Revda (Belskii and Lyakhov, 2003) as well
as in a study of Flousek (1989) from a heavily acidiﬁed forest area.
There are no earlier studies on bird densities in Karabash, but population densities of small mammals were found to be strongly reduced within 10 km distance from the smelter (Mukhacheva et al.,
2010).
Although individual species showed negative or positive density gradients in Harjavalta, there was no signiﬁcant spatial trend
in total bird density. This is likely due to relatively smaller emissions as compared to the Russian smelters but also due to the fact
that Harjavalta smelter is located at an immediate vicinity of the
town centre. Many bird species show positive spatial correlation
with human settlements (Pautasso and Dinetti, 2009). Although
forest ﬂoor vegetation is scanty in the most heavily polluted sites
of Harjavalta, nearby gardens offer several bird species more luxu-
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Fig. 3. The relationships between total bird densities (a), total bird biomass (b), species numbers (c), and Shannon diversities (d) with litter bioavailable copper
concentrations in pollution gradients of four non-ferrous smelters, with logarithmic (a and b) or exponential (c and d) regression lines. The values are estimates from the
models presented in Table 3 (N = 138 plots).
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Fig. 4. The relationship between total bird biomass and Shannon diversity, with a
logistic sigmoidal regression line. Two deviating points indicated with open circles
are the ones from the Monchegorsk area where only a herring gull (Larus
argentatus) with no or only one other species was observed.

rious patches of vegetation due to human activity, such as soil liming. In Harjavalta, the species showing decreased numbers near the
smelter were mainly those associated with spruce forests. Spruce is
less abundant in the polluted area of Harjavalta due to natural soil
quality (primarily sandy soils), but also due to its relatively high
sensitivity to air pollution (Sazonova and Olchev, 2010; Slovik,
1996; Vike, 1999). Reported dust emissions from Harjavalta smelter have been less than 5% of those from the Russian smelters during the 2000s. Relatively smaller emissions together with humanrelated mosaic habitat structure near the pollution source likely

explain the lack of effect on total bird densities in this area. Species
number and bird diversity, however, were slightly decreased in the
vicinity of this smelter too.
Decreased population densities of breeding birds in polluted
sites may be an outcome of inferior reproductive success, increased
mortality or lack of suitable resources (food and/or habitat) for
breeding. Decreased breeding success has been documented for
several hole-breeding insectivorous birds around the three smelters included in our study: Monchegorsk (Gilyazov, 1993), Revda
(Belskii et al., 2005) and Harjavalta (Eeva et al., 2009a; Eeva and
Lehikoinen, 1996). In Harjavalta, one key element explaining poor
breeding success in the metal polluted area is the lack of suitable
invertebrate food for birds, and especially scarcity of calcium-rich
food items necessary for the needs of breeding females (Eeva and
Lehikoinen, 2004). Small passerines need extra calcium during
their breeding and the lack of calcium-rich food, such as snails,
has resulted in inferior breeding success in acidiﬁed or metal polluted areas (Bureš and Weidinger, 2000; Eeva and Lehikoinen,
2004; Graveland and Drent, 1997). Poor snail availability may limit
bird reproduction and bird densities also in forests with naturally
low snail abundance (Rosenvald et al., 2011; Tilgar et al., 2002;
Wilkin et al., 2009). However, despite markedly decreased breeding success, the population density of some common forest passerines, such as P. major, P. caeruleus and F. hypoleuca, were not
decreased around Harjavalta smelter, most likely due to the most
heavily polluted area being relatively small as regards to efﬁcient
dispersal capacity of birds (see Eeva et al., 2008). A reduced reproductive output can thus be compensated for by immigration. In the
case of Harjavalta, the human settlement where birds are fed during winter also makes the polluted area relatively attractive for
some wintering birds, such as tits.
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Our results suggest that around copper–nickel and copper
smelters the pollution impact on bird diversity is accelerated when
the forest litter copper level exceeds 1000 lg/g. On average, this level of pollution was associated with c.a. 40% decrease in ground
layer vegetation and 84% reduction in timber volumes. In a study
of Salemaa et al. (2001) the ground layer vegetation was considered to be moderately damaged at the soil copper levels of
1500–2500 lg/g and heavily damaged at the concentrations above
3000 lg/g. Heavily damaged ground layer vegetation was typical
especially around Karabash and Monchegorsk smelters, both
showing strong impacts on bird populations. Scanty ﬁeld layer vegetation and decreasing timber volume/forests cover reduce shelter
for birds and also likely have negative effects on their food resources (Eeva et al., 2005). Pollution exposure around smelters
generally increases openness and patchiness of forest habitats (Belskii and Lyakhov, 2003). A study of Zuckerberg and Porter (2010)
suggests that probability of existence of forest birds strongly decrease below a species-speciﬁc threshold in forest coverage. Decreased forest cover may though favor the bird species normally
associated with open and light forests, such as A. trivialis and P.
phoenicurus (Cramp and Perrins, 1988; see also Flousek, 1989). At
an extreme case, however, forests will die and forest birds disappear (Flousek, 1989; Gilyazov, 1993).
Our analysis indicated that despite a strong association between productivity (biomass) and diversity there are additional effects of pollution on species diversity besides those via reduced
bird biomass. This is likely due to a decreased number of species
in heavily contaminated sites, which was observed at all the smelter sites. However, it must be recalled that our proxy variable for
productivity, the biomass of breeding birds, does not only indicate
local productivity but also immigration of birds which have a good
capacity to move into the new areas, also to the relatively heavily
polluted ‘sink’ habitats (Kozlov et al., 2005).
Although bird densities and diversities reﬂected the exposure
levels in our study (see also Belskii and Lyakhov, 2003) they were
not associated with litter copper concentrations in a strictly dosedependent manner. This was evident from greatly varying
strengths of associations between density/diversity measures and
copper levels among the four smelter sites. For example, despite
that in Harjavalta there were relatively high litter copper levels,
approaching those in the most heavily polluted sites of Monchegorsk, they were not associated with decreased bird density or biomass, and only weakly associated with bird diversity. Birds
generally have a relatively good homeostatic control for essential
trace elements such as zinc and copper, but some non-essential
metals commonly emitted from the smelters, such as lead, are less
well regulated (Berglund et al., 2010, 2011; Dauwe et al., 2000; Nyholm, 1995) and more potent pollutants for causing direct toxic effects. Relatively low lead emissions from Harjavalta smelter as
compared to Karabash and Revda may partly explain the less severe impact on bird populations, and the studies measuring different physiological biomarkers of pollution have mostly failed to
show any direct metal-related physiological effects in birds of Harjavalta (Eeva et al., 2000, in press; Koivula et al., 2011). Our study
on bird population densities should, however, help in selecting
potentially sensitive species for the future studies on possible toxic
physiological effects at other smelter sites. Our results suggest that
copper itself is not a primary proximate cause for the changes in
bird communities, but rather the combined long-term effect of
multiple pollutants on bird populations and especially on the resources necessary for breeding, such as food and suitable habitat.
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