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Population densities of forest birds in a heavy metal
pollution gradient

Tapio Eeval, Vesa Koivunen? and Harri Hakkarainen?

We censused forest birds along the pollution gradient of a copper smelter in southwest Fin-
land to investigate whether a long-term heavy metal pollution has decreased bird densities
in the surroundings of a pollution source. Point counts were performed at nest-box sites for
which there are long-term data on the breeding densities of cavity-nesting species. In addi-
tion, control points without nest-boxes were chosen to obtain density estimates free from the
possible effect of artificial nest-sites. Six habitat variables were measured at each sampling
point to separate the pollution effect from habitat variation. Species richness was slightly
lower in the polluted area, but the difference could be explained by habitat variables. In gen-
eral, the bird community structure in the polluted area of Harjavalta corresponds relatively
well with that of the background area. Of the 37 species analysed, six showed decreased
density in the polluted area that could not be explained by any of the habitat variables. These
species can be divided into two categories according to their ecology and feeding habits:
ground feeders (robin Erithacus rubecula, blackbird Turdus merula, song thrush T. philo-
melos) and conifer foliage gleaners (goldcrest Regulus regulus, crested tit Parus cristatus,
willow tit P. montanus). Ground feeders are probably affected negatively by pollution-related
changes in the soil and ground layer. Foliage gleaners may have suffered from the loss and
poor quality of needles in coniferous trees and consequent decrease in abundance of their
invertebrate food.
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Birds are considered to be good indicators of enviror-
mental changes (Koskimies 1989, Furness & Green+

able reason for thisisthat most often the wide geogra-
phic scale of pollution makes it difficult to acquire

wood, 1993). Environmental pollution hasled to some
of the most prominent examples of negative humanim-
pact on bird populations (e.g. Ratcliffe 1967, Cooke
1973, Newton & Wyllie 1992, Furness 1993). In addi-
tion to many well documented cases of detrimental ef -
fectsonindividual species, afew studies have reported
pollution-related changes at the level of bird commu-
nities (Flousek 1989, Tomek 1992, Gilyazov 1993).
Despite an increasing number of pollution impact stu-
diesthereisstill alack of studiesconnecting communi-
ty level changesto environmental pollution. The prob-

comparable and accurately controlled data on the ef -
fects of pollution on bird communities. An exception
to this are point sources of pollutants which are sur-
rounded by a heavily polluted zone, across which pol -
[utant levels decrease with distance from the pollution
source.

Todeterminewhat kind of effectsair pollution might
have on the population densities of breeding forest
birds, we performed point counts at increasing dis-
tances from a point source of air pollutants, a copper
smelter, which emits large quantities of heavy metals
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into the surroundings (Jussila & Jormalainen 1991).
Point countswerecarried out at nest-box sitesfor which
there are long-term data on breeding densities of cavi-
ty-nesting species. We can thus compare the results of
the point counts to the known densities of cavity-nest-
ing species. In addition, control plots without nest-
boxes were chosen to estimate bird densities free from
the possible effect of artificial nest-sites. At the same
time, we measured six habitat variables from each
sampling point to separate the effects of pollution from
habitat variation. We aim to identify the species or
groups of species that are vulnerable to the long-term
effects of heavy meta pollution.

Material and methods
Study area

The study was conducted in the surroundings of the
town Harjavalta(61° 20' N, 22° 10" E), SW Finlandin
the summer of 2001. The main source of loca air pol-
lutants is a factory complex producing copper, nickel
and fertilisers in the centre of the town. Sulphuric ox-
ides and heavy metals (especialy Cu, Zn, Pb and Ni)
are common pollutants in the area (Kubin 1990, Jussi-
1a1997). Elevated heavy meta concentrations occur in
the polluted area due to current and long-term deposi-
tion from the copper smelter (e.g. Jussila 1997, Kori-
cheva & Haukioja 1995, Eeva & Lehikoinen 1996).
Heavy metal concentrations decrease exponentialy
with increasing distance from the smelter and approach
normal background levels at sites farther than 5 km
from the smelter. Some cavity-nesting birds breeding
in the vicinity of the smelter suffer from low breeding
success (Eeva & Lehikoinen 1996, Eeva et al. 1997)
and reduced survival rates (Eeva & Lehikoinen 1998).

Bird censuses

The data were collected at 14 study sites between 0.8
and 11 km from the copper smelter, each of which had
30-50 nest-boxes (in total 587). Study siteswere classi-
fied into three categories according to the distance to
the pollution source (zone |, <2 km; zone I, 2—7 km;
zonelll, >7 km), corresponding to heavy, moderate and
low levels of pollution (see aso Eevaet a. 1997). Rel-
ative bird densities of forest birds were estimated by

point counts between May 21 and June 21. Point counts
areconsidered apreferred method in fine-grained forest
habitats that are typical of our study area (Bibby et a.
1992). Two points were counted at each nest-box site
and, in addition, two control pointswere chosen outside
the nest-box sitesto provide density estimatesfreefrom
the possible effect of artificial nest-sites on bird densi-
ties. The average minimum distance between sampling
points was 278 m, which should guarantee that same
birds are not recorded twice (recommended minimum

censuseswere carried out between 04.00 and 09.00 hrs,
avoiding windy and rainy days. Each point was cen
sused for 5 min. and for each speciesthe number of ob-
served individuals (pairs) was recorded. All censuses
were done by the same observer. Each point was count-
ed four times, once a week. The total number of point
countswas 224 (14 sites x 4 points per site x 4 weeks).
The mean density of four successive counts was calcu-
lated for each point and this was used as a dependent
variablein analyses.

Habitat variables

The forests in the area are dominated by Scots pine
Pinus sylvestris, which forms mixed stands with Nor-
way spruce Picea abies and birches Betula spp. The
field layer is dominated by dwarf shrubs Vaccinium
vitis-idaea and V. myrtillus At sites closest to the fac-
tory complex, ground layer vegetation is patchy and
poorly developed due to the long-term effect of pollu-
tion (Salemaa & Vanha-Mgamaa 1993).

Specia attention was paid in selecting sampling
points so that they would represent a similar habitat
type, i.e. relatively barren pine-dominated forests typi-
cal of the study area. To account for the remaining var-
iation we measured, at each sampling point, six habitat
variablesthat we considered should describe the major
natural habitat differenceswithin our study area. Samp-
ling sites were classified from the most barren to the
most luxuriant according the type of ground layer ve-
getation, following Kalliola(1973): 1 =absent, 2=Cla-
donia and Calluna types, 3 = Vaccinium vitis-idaea
type, 4 = Vaccinium myrtillus type, 5 = Oxalis aceto-
sella — Vaccinium myrtillus type. The relative propor-
tions of the three dominant tree species were estimated
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visudly asfollows: 1 = absent, 2 = sparse, 3 = mode-
rate, 4 = dominant. Timber volume was measured by
using a relascope and hypsometer: volume (m¥ha) =
basal area(m?/ha) x 0.5 x tree height (m). Habitat patch
size (ha) was estimated from digitised maps with Map-
info 5.0 by measuring the size of continuous forest area
around each point. From the habitat variables, three
principa components (PC) were calculated using the
PRINCOMP procedure of SAS (SAS Institute Inc.
1989). PC1 explained 37 %, PC2 28 % and PC3 13 %
of the variation in data. From zones| to |11 the percent-
age of pinedecreased from 55 to 32 %, spruceincreased
from 11 % to 28 % and birch remained relatively con-
stant (from 23 % to 21 %).

Statistics

Bird densitieswere calculated from the point count data
using the formula of Jarvinen (1978): D (pairskm?) =
3 x N x &/ p, where N = number of observations per
counting point and ¢ = species-specific constant that
correctsfor the differences in detectability (Jarvinen &
Véaisdnen 1983). Density estimates were not ca culated
for those species for which we had fewer than 10 ob-
servations. These species are included, however, in the
calculations of species diversity. Shannon-Wiener di-
versity indices (H = -3p, x log, p;, where p, = the pro-
portion of i"" species of the total density) were calcula-
ted from the corrected density estimates, not from the
original counts.

From thefiveyears of nest-box data (1996—2000) we
calculated the nest-box occupancy rate (%) and theden-
sity of nestsper kn? at each study site and in each year,
using the nearest-neighbour distance method (Krebs
1989): D =n/[p x 3(r3], where D = popul ation densi -
ty, n = number of nests and r = distance to nearest nest
of the same species.

The relationship between distance from the copper
smdter and bird density was analysed by an ANCOVA
model where distance (2™ order, km) to smelter, nest-
box effect (0 = absent, 1 = present) and habitat varia-
bleswere used as explaining factors. For the ANCOVA
we selected the habitat variables that best correlated
with the first three principal components (see above).
Thesewere: 1. the proportion of spruce, 2. habitat patch
size and 3. timber volume. By including habitat varia-
bles as covariates in the models we aimed to explain
natural habitat-related variation in our census data. Be-

cause long-term pollution has also affected vegetation,
especialy the field layer, habitat effects cannot totally
be separated from pollution effect. However, this will
only make our analysis more conservative with regard
to the number of species that show significant pollu-
tion-related changes. L og-transformation was made on
the distance and habitat patch size before the analyses
to normalisedistributions. All meansare presented with
their standard errors (+ s.e.).

Results

The mean number of species observed at sampling
pointswas dightly lower in zonel (16.4 + 0.54, n=20)
thaninzones!l and 11l (18.8+0.57,n=24and 19.4 +
0.38, n = 12, respectively; Tukey's test, df = 53, P <
0.05). However, the differencewasdueto the habitat ef-
fect: after adding the habitat variables into the model
the effect of distance was no longer significant (AN-
COVA, for distance Fy 49 = 0.04, P = 0.83). The pro-
portion of spruce explained themajority of thevariation
in the data, even though the effect was only marginally
significant (ANCOVA, for spruce F49 = 3.02, P =
0.058). Similarly, the Shannon-Wiener diversity index
was dightly lower in zonel (3.2 = 0.05, n=20), thanin
zoneslIland 111 (35+£0.05,n=24and 3.5+ 0.05, n=
12, respectively; Tukey' stest, df =53, P<0.05), but the
difference could be explained by the habitat effect (AN-
COVA, for distance F; 4o = 0.34, P = 0.56).

Bird densitiesare shown in Table 1. After taking into
account the habitat effects there were six species that
showed apositive relationship and two species showing
a negative relationship to the distance from the pollu-
tion source. Species that were less abundant in the pol-
luted area (decrease in % from background level; Fig.
1) were: crested tit Paruscristatus (77 % decrease), wil-
low tit Parusmontanus (77 %), goldcrest Regulusregu-
lus (94 %), robin Erithacusrubecula (78 %), blackbird
Turdus merula (83 %) and song thrush Turdus philo-
melos (87 %). Tree pipits Anthus trivialis and yellow-
hammers Emberiza citrinella were more abundant in
the moderately polluted area (zone |1) than in the pol-
luted or unpolluted areas (Table 1).

The availability of nest-boxes significantly increased
the density of three of the most common cavity-nesting
birds (increasein % for combined data): pied flycatcher
Ficedula hypoleuca (355 %), blue tit Parus caeruleus
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n) at 14 study plots along the pollution gradient for those six species

which showed a decreasing trend towards the pollution source that could not be explained by any of the habitat cha-
racteristics studied.

(166 %) and great tit Parus major (172 %) (Table 1).
Pied wagtails Motacilla alba aso showed higher
dengities at sites with nest-boxes, whereas chiffchaffs
Phylloscopus collyhita bred at somewhat lower densi-

ties at the nest-box sites (Table 1). For cavity-nesting
birds, comparison of density estimates with observed
breeding densities in our nest-box sites revealed that
point counts gave good estimatesfor the density of pied
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Table 2. Mean (+ s.e.) densities of nests and nest-box occupation rate (%) of hole-breeding bird species in three dis-
tance zones (I: <2 km, II: 2—7 km, 1ll: >7 km) around the pollution source in 1996—-2000. Tukey’s test: means with the
same letter are not significantly different. The number of study sites where nest-boxes were regularly checked during
five years (n = 27, 30, 15 for three zones, respectively). Chi-square test for occupied v. unoccupied nest-boxes. The
number of nest-boxes which were regularly checked during five years (n = 2990). Second and replacement nests are

not included.
Density (pairs/km?)
Occupation (%)
Species Zone | Zone I Zone llI P2 P
Ficedula hypoleuca 108.0 £10.22 116.7 + 8.59% 1211 +£13.42
36.6 41.9 35.6 5.7 0.059
Parus major 49.1 + 6.83? 472 +5.112 56.8 + 9.53
15.8 21.5 22.0 13.2 0.0014
Parus caeruleus 7.4 + 2132 114 =+ 3.322 46 £ 2.342
4.4 4.9 4.6 0.3 0.86
Parus ater 0.0 £ 0.00% 0.13 £ 0.07? 94 + 5.74°
0.07 0.18 25 44.6 <0.0001
Parus cristatus 0.49 + 0.442 0.76 £ 0.49?2 0.76 £ 0.178
0.15 0.82 1.7 14.3 0.001
Phoenicurus phoenicurus 3.1 £ 2122 0.06 = 0.062 0.0 = 0.00%
0.74 0.27 0.0 5.8 0.054

flycatcher, cod tit Parus ater and redstart Phoenicurus
phoenicurus, whereas point counts seemed to overesti-
mate the breeding numbers of great tit and blue tit
(Table 2).

Of the six habitat characteristics, the proportion of
spruce (1% principal component) explained most of
(36 %) the habitat variation in our data. Because sever-

al bird species are known to favour spruce dominated
forests the proportional effects of the two intercorre-
lated environmental factors, air pollution and propor-
tion of spruce, on bird densities was further studied
using partial correlations (Figure 2). The smadler
amount of spruce in the polluted area, which may be
partly aconsequence of asensitivity of sprucetoair pol-

0.6
PCOL
0.4 Scom LCUR
E PPIC DMAECIT CPAL
5}
= SBOR PATE
L 0.2 TMER
\% PCAE SCUR
CMON.CHL PPYR ERUB
8 NIX FHYP
=
,5_ 0.0 PDOM AA;IALB PLUS - GGLA; TPE|REG
; prHo TP Loy ATRI PWFSP'FCOE
. . . . >
Figure 2. Partial correlations of bird > 02
densities in relation to two environ- @ MSTR - sy
mental factors: air pollution (distance S ™S
to the pollution source) and habitat -0.4 -
(proportion of spruce). Vertical and
horizontal lines show the borders of
statistically significant correlations at 06 ' ' ' ' '
-0.6 0.4 0.2 0.0 0.2 0.4 0.6

a level <0.05. Acronyms for the spe-
cies are shown in Table 1.

density vs. distance (partial r)
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Iution, explains the smaller densities of such spruce fa
vouring species ascommon crosshill Loxia curvirostra,
chiffchaff and codl tit (Table 1).

Discussion

Six out of 37 bird species showed decreased densities
in the polluted area, and they can be divided into two
categories according to their ecology and feeding hab-
its. ground feeding Turdidae (robin, blackbird, song
thrush) and conifer foliage gleaners of the tit guild
(goldcrest, crested tit, willow tit). Theresultisin agree-
ment with earlier studies on pollution effects on forest
bird populations. For example, the three turdid species
were also observed to suffer from the effects of pollu-
tion in a Polish study near a heavily industrialised area
(Tomek 1992). Similarly in the Czech Republic, Flou-
sek (1989) found that especially goldcrest, firecrest
Regulus ignicapillus song thrush, wren Troglodytes
troglodytes, chaffinch Fringilla coelebs and cod tit
showed decreased densities in spruce forests affected
by industrial emissions.

Both direct toxic effectsaswell asindirect effects(via
lowered food availability) have been shown to lower
the breeding success of some hole-breeding birdsin the
vicinity of the pollution source (Eeva & Lehikoinen
1996). There are no data on reproduction for the
remaining species and the reasons for their decreased
densities may involve both factors. Thereis no indica-
tion, however, of increased adult mortality due to toxi-
city in our study area for any species. Ground feeders
are probably affected negatively by pollution-related
changesin soil and the ground layer. Emissions of sul-
phuric oxides and accumulation of heavy metadsin the
ground over atimespan of ¢.50 years have caused clear
changesinthe ground layer vegetation and invertebrate
fauna. Ground layer vegetation is amost absent in the
vicinity of the factory complex (Sdemaa & Vanha
Majamaa 1993). The species number and biomass of
ground living invertebrates are also known to have de-
creased in the polluted area of Harjavalta (Koponen
1995, Eevaet d. 1997), aswdll as at other smilar sites
(Bengtsson & Rundgren 1984). Unfortunately, thereis
no information available on the number of earthworms
(lumbricids) in our study area. Earthworms are an im-
portant source of food for ground feeding thrushes
(Cramp et d. 1988) and their biomass and species num-

ber decrease around the sources of heavy metals (Tyler
1984, Spurgeon et a. 1994). Earthworms effectively
accumulate heavy metals from polluted soils and pass
them on to secondary consumers such as shrews (Pan
kakoski et d. 1994). Accordingly, Beyer & Storm
(1995) found that shrews and ground feeding songbirds
accumulated high concentrations of lead in the vicinity
of a zinc smelter. Another important food source for
thrushes are ground living snails, which are known to
be senditive to acidification (Graveland & van der Wadl,
1996). Recently, Hames et d. (2002) demonstrated a
strong negative effect of acidification on the breeding
population of wood thrushes Hylocichla mustelina in
North America, and suggested calcium depletion and
consequent snail loss as a cause of the population de-
crease.

Foliage gleaners may have suffered from thelossand
poor quality of needlesin coniferous trees and a conse-
guent decrease in the abundance of their invertebrate
food. In the polluted area of Harjavalta, 31 % of pines
suffer from severe needle loss (>20 %) compared to
25 % in the background area (Jussila 1997). In the
stands nearest to the smelter the trees have only current
and one-year old needles, compared to the normal 34
age classes in southern Finland (Kukkola et al. 1998).
Correspondingly, the mean sulphur content of pine
needles are significantly higher in the polluted (over
1000 mg/kg) area than background (mean 930 mg/kg)
area (Jussila1997). For example, canopy-living spiders
are sensitive to air pollution and a consequent needle-
loss (e.g. Gunnarsson 1988, Sundberg & Funnarsson
1994, Brotons et al. 1998). Reduced numbers of cano-
py-living spiders and other invertebrates might explain
the decreased densities of conifer foliage gleaners in
Harjavalta. Reduced needle biomass may also cause
other negative effectsfor foliage gleaners: for example,
several Parus species foraging in pines with high
needle-loss have been shown to spend proportionaly
more time scanning for predators and less time hand-
ling prey than those living in the areawith low needle-
loss (Hake 1991, Brotons et al. 1998).

The density of cavity-nesting species was increased
by 2-3 fold at sites provided with nest-boxes. On the
other hand, increased numbers of cavity-nesting spe-
cies had little effect on abundance of other species.
Comparison of the results from point counts with the
long term (1996—2000) breeding data on cavity-nesting
birds reveals an interesting contradiction regarding to
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the use of census data for bioindicator purposes. Pied
flycatchers and great tits produce, respectively, 30 %
and 22 % fewer fledglingsin the polluted area of Har-
javata(T. Eeva, unpubl. data). Nevertheless, for these
two species, no indication of these detrimental effects
could be observed on the basis of point count data. This
means that bird censuses alone cannot revea the spe-
cies that are potentially in danger in polluted environ-
ments. Instead, bird censuses may reveal only those
species most sensitive to pollution, whose populations
have already collapsed.

Overall, bird densities and bird community structure
in Harjavaltaresembled relatively well those at the un-
polluted control sites (see aso Rydsd & Reiniaho
1999). Much more dramatic changesin bird communi-
ties have occurred elsewhere, e.g. in the Monchegorsk
area of the Kola peninsula, where an 80 % decrease in
density of forest species has been reported (Gilyazov
1993). Due to forest decline, species of open habitats
now prevail inthemost heavily polluted areaaround the
Monchegorsk smelter complex (Gilyazov 1993). We
suggeststhat, in Harjavata, ground feeders are affected
negatively by pollution-related changes in soil and the
ground layer. Foliage gleaners may have suffered from
theloss of needlesin coniferoustrees and a consequent
decrease in the abundance of their arthropod food. Fur-
ther studiesare needed to revea the mechanismshbehind
the changes.
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