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Abstract 
Metals have been used by humans for thousands of years, and this has resulted 

in increased concentrations in the biosphere. The environment around point-

sources, such as mines and smelters, are of particular concern, as metals may 

accumulate to high concentrations, and potentially reach levels toxic to the local 

flora and fauna. This thesis focuses on the effects on pied flycatcher 

populations of two such point-sources, a lead mine and enrichment plant, and a 

sulfide ore smelter. Mining activities at the lead mine ceased in 2001 and pied 

flycatcher populations were assessed before and after the closure. At the sulfide 

ore smelter, pied flycatchers were studied during the 1980s. Since then, the 

metal emissions to air from the smelter (e.g. arsenic, cadmium, copper, 

mercury, lead and zinc) have been greatly reduced (by 93 – 99%).  

Pied flycatchers from these two contaminated environments differed in their 

responses to reduced atmospheric deposition. At the mine site, nestling 

responses reflected the reduced atmospheric deposition and less lead 

accumulated in their tissues. However, lead levels were still high enough to 

cause negative effects on blood status (δ-aminolevulinic acid dehydratase 

[ALAD], hemoglobin [Hb], hematocrit [ht], and mean cell hemoglobin 

concentration) and reproduction (reduced clutch size, increased mortality and 

reduced breeding success), as was observed when the mine was in operation. 

Along the pollution gradient away from the smelter, nestling concentrations 

reflected the metal load in the soil pool, accumulating over time, rather than the 

atmospheric deposition. This resulted in only a minor response to decreased 

metal deposition (slightly reduced liver lead concentrations at 3.5 – 90 km from 

the smelter). This suggests that in environments with highly polluted soils, 

decreased inputs of atmospheric metal deposition have only minor impacts, and 

recovery from contamination should not be expected within decades. 

The high metal concentrations in the vicinity of the smelter contributed to 

poorer blood status (ALAD, Hb and ht), induced oxidative damage and 

defenses, and decreased reproduction (increased mortality and reduced 

breeding success). There were only minor improvements in blood and 

reproductive variables at 3.5 km from the smelter. 
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Reproduction, health variables, oxidative stress, heavy metals, lead, reduced 
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Abbreviations 

ALAD δ-aminolevulinic acid dehydratase 

As arsenic 

Ca calcium 

CAT catalase 

Cd cadmium 

Cu copper  

DTD DT-diaphorase 

EROD Ethoxyresorufin-O-deethylase 

Fe iron 

GPx glutathione peroxidase 

GR glutathione reductase 

GST glutathione-S-transferase 

G6PDH glucose-6-phosphate 

Hb hemoglobin 

Ht hematocrit 

MCHC mean cell hemoglobin concentration 

MT metallothionein 

Hg mercury 

Pb lead 

ROS reactive oxygen species 

SOD superoxide dismutase 

TBARS thiobarbituric acid reactive substances 

Zn zinc 
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Introduction 

Metals have been used by humans for thousands of years (Nriagu, 1983; Eisler, 

1987; 1998). Although mining and metal working were initially small-scale, the 

need for metals increased as the human population increased. As a 

consequence, environmental contamination from mining, smelting and metal 

production has also increased. Metals are stable elements, so they do not break 

down, and once released from ores they accumulate in the biosphere. Many 

metals, such as lead (Pb) and mercury (Hg), bind very strongly to organic 

matter in soils (Bergkvist et al., 1989; Xia et al., 1999), potentially affecting the 

environment for decades or centuries after the actual pollution has occurred. 

Once emitted to the atmosphere, metals can be transported over long distances 

within air masses (e.g. Hg ) (Semb and Pacyna, 1988; Clarkson, 2002). The 

concentrations of metals found in nature are usually not high enough to cause 

acute effects on wildlife (Scheuhammer, 1987a), though close to point-sources, 

such as smelters, these emissions often result in extensive contamination of the 

surrounding environment (Nriagu, 1984). In these highly polluted situations, 

animals may be exposed to metals at concentrations detrimental to health 

(Nyholm, 1994; Eeva and Lehikoinen, 1995; 1996; Nyholm, 1998; Swiergosz et 

al., 1998; Janssens et al., 2003b; Milton et al., 2003; Bel'skii et al., 2005; Sanchez-

Chardi et al., 2008; Geens et al., 2010).  
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Metals 

About 80% of the elements are metals. Metals are ubiquitous in the global 

environment, due to their presence in the Earth’s crust. They are released to the 

environment from both human activities (e.g. as pollution released from mining 

and smelting activities, or fossil fuel combustion) and natural processes (e.g. 

weathering of bed rock and volcanic activities). Some metals, such as copper 

(Cu), calcium (Ca), iron (Fe) and zinc (Zn), are essential micro- and macro-

nutrients for animals and plants, although such essential metals may also 

become toxic at high doses. For example, Zn poisoning has been observed in 

waterfowl from Pb-Zn mining districts (Beyer et al., 2004). However, the 

majority of the metals have no known biological function (i.e. are non-essential) 

and are considered as potential hazards to wildlife.  

It has long been known that certain metals are toxic to animals and man. 

During the Roman Empire, prisoners were sent to the Hg-mines knowing they 

would face certain death breathing the toxic fumes (Myers et al., 1997). Arsenic 

(As), a tasteless half-metal, was a popular poison in France until the 19th 

century (Doyle, 2009). However, in recent decades, the awareness and concern 

regarding the toxic effects of metals in the environment have increased. From 

the 1960s onwards, particular attention has been paid to cadmium (Cd), Hg and 

Pb, primarily because there is abundant evidence of accumulation and toxic 

effects in the environment from these elements (Friberg and Nordberg, 1986). 

Arsenic 

Arsenic is widely distributed in nature and is the 20th most abundant element in 

the Earth’s crust. It is usually found associated with sulfide ores and both 

natural and anthropogenic processes result in As contamination of the 

environment.  Natural contamination in ground-water is found in a variety of 

environments, due to weathering of As-rich bedrock, though industrial activity 

is the most important source of As contamination (Bhattacharya et al., 2002). 

Arsenic contamination has generally not been considered an environmental 

health issue outside industry, but accumulating information suggests it may well 

be so (Friberg and Nordberg, 1986). 

This half-metal occurs in trivalent (As[III]) and pentavalent (As[V]) forms, 

which are readily absorbed (70 – 90%) via the gastrointestinal tract (Ishinishi et 

al., 1986). Arsenic can traverse placental barriers in many animal species (Eisler, 

1988a). Despite its toxicity, As has been used as a common treatment against 

various diseases (Doyle, 2009), and there are some indications of beneficial 

effects after exposure to low doses of As (Eisler, 1988a). Several toxic effects of 
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As have been observed in humans, including cancer, skin lesions, anemia, 

peripheral nervous disturbances, and heart and circulatory effects (Ishinishi et 

al., 1986; Mandal and Suzuki, 2002; Ng, 2005).  

Cadmium 

Cadmium is a relatively rare metal in the Earth’s crust and shows chemical 

similarities with Zn. It is widely distributed in the environment and occurs 

naturally in sulfide ores, mainly associated with ores of Zn and Pb. Cadmium 

contamination of the environment is especially widespread in the vicinity of 

smelters (as a by-product, especially when refining Zn, Cu and Pb) and in urban 

industrial areas (Friberg et al., 1986). In wildlife, chronic exposure is more 

problematic than acute exposure (Burger, 2008). 

In animals, the proportion of ingested Cd that is absorbed is relatively low 

(between 1 – 7%) (Nordberg and Nordberg, 2002). The highest levels of Cd are 

generally found in kidney tissue, followed by liver, collectively accounting for 

about 75% of the body burden in many animals (Friberg et al., 1986). Cadmium 

accumulates within tissues bound to metallothionein (MT), a low molecular 

weight, sulfhydryl-rich protein. The Cd-MT complex is responsible for the Cd 

accumulation in the kidney, and the long biological half-life of the metal 

(Klaassen et al., 2009), which is about 20 years in humans (Nordberg and 

Nordberg, 2002).  

As the kidney is the main target for Cd accumulation, kidney damage is one 

among many negative health effects. In addition, Cd disturbs Ca metabolism, 

which may lead to osteoporosis and osteomalacia. In humans, this is called the 

itai-itai (“ouch-ouch”) disease, an illness which was first observed in Japan, 

following Cd contamination of food and drinking water (Nordberg, 2009). 

Teratogenic, carcinogenic, and possibly mutagenic effects of Cd have been 

observed in various animal species (Eisler, 1985), as well as testicular injuries 

(Hughes et al., 2000; Klaassen et al., 2009; Monsefi et al., 2010). Furthermore, 

Cd contamination has been associated with hematological effects 

(Scheuhammer, 1987a), and triggers antioxidant defenses (Lucia et al., 2009) in 

birds.  

Lead 
 

Lead is a comparatively rare metal. It has four stable isotopes (204Pb, 206Pb, 
207Pb and 208Pb) and is a major constituent in several minerals, galena (PbS) 

being the most common, followed by anglesite (PbSO4), and cerussite (PbCO3). 

Lead has been known to man for about 7000 years (Eisler, 1988b) and has been 



 

 6 

widely used in a variety of products, resulting in widespread Pb contamination 

of the environment. For example, Pb contamination originating from the 

Roman period (200 BC – 400 AD), Medieval metal production in Europe, and 

the Industrial Revolution, have all been traced in Swedish lake sediments 

(Renberg et al., 2000). After World War II, there was a major increase in 

atmospheric Pb fallout, due to increased use of leaded gasoline. After a peak in 

Pb pollution around 1970, there was a drastic decline (Brännvall et al., 1999) as 

a consequence of regulations and later a ban on leaded gasoline.  

About 10% of ingested Pb is absorbed in mammals, and it is primarily 

accumulated in bone tissue (about 90% of the total body content), followed by 

soft tissue, such as kidney and liver (Tsuchiya, 1986; Scheuhammer, 1987a). In 

humans, the biological half-life is about 20 years in bone and about 20 days in 

soft tissue (Tsuchiya, 1986). Lead readily crosses the placental and blood-brain 

barriers (Madden et al., 2002), and is transferred into egg contents in birds 

(Nyholm, 1998). Female birds accumulate more Pb than males, especially 

during egg-laying. When dietary levels of Ca are low (Scheuhammer, 1996), Pb 

may be chelated instead of Ca by the Ca-binding proteins, which therefore 

transport Pb from the intestine, resulting in increased Pb uptake 

(Scheuhammer, 1987a; Alves et al., 2006).  Thus, during egg-laying, when the 

demand for Ca (for eggshell formation) is especially high, female birds breeding 

in Pb-contaminated areas may accumulate Pb to high concentrations in their 

bone, especially in medullary bone tissue (Nyholm, 1994). 

Lead is toxic in most forms and affects behavior, as well as hematopoietic, 

vascular, nervous, renal, and reproductive systems of animals (Tsuchiya, 1986; 

Eisler, 1988b). Young animals (including children) are more susceptible to Pb 

poisoning than adults (Scheuhammer, 1987a; Eisler, 1988b), and children 

exposed to Pb have shown decreased IQ scores and behavioral changes (Myers 

et al., 1997). In waterfowl, Pb from spent Pb shot pellets is of particular 

concern, and death after ingestion has been observed (Blus et al., 1989; 

Scheuhammer and Norris, 1996; Wilson et al., 1998).  

Mercury 

Mercury occurs in the Earth’s crust mainly in the form of sulfides. The most 
important ore of mercury is cinnabar (HgS). Mercury has been used by man for 
at least 2300 years (Eisler, 1987) and several activities have contributed to the 
global input of Hg to the environment, including the combustion of fossil fuels, 
mining and reprocessing of gold, Cu, and Pb.  
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Mercury occurs in several forms, including elementary Hg (liquid at room 
temperature), inorganic and organic Hg, of which the organic compounds, 
especially methylmercury (MeHg), are more toxic than the inorganic 
compounds (Eisler, 1987). In nature, MeHg is produced by methylation of 
inorganic Hg, as a consequence of anaerobic microbial activity in environments 
rich in organic matter (e.g. sediments). Under most conditions, wildlife is 
exposed primarily to MeHg, rather than other chemical forms of Hg. Long-
lived top predators (especially piscivores) are at particular risk to MeHg 
accumulation, due to bioaccumulation and biomagnification (Wolfe et al., 1998; 
Weech et al., 2006; Basu et al., 2007). 

Adult mammals absorb about 1 – 3% of orally ingested inorganic Hg, in 
contrast to almost 100% for MeHg (Scheuhammer, 1987a). Thus, MeHg 
constitutes a high proportion of the total body burden of Hg. Organomercury 
compounds, and especially MeHg, which is the most stable form, readily cross 
the placental and blood-brain barriers (Eisler, 1987; Scheuhammer, 1987a). 
Hence, the major toxic effects of MeHg concern the central nervous system. At 
even comparatively low concentrations in wildlife, Hg affects reproduction, 
growth and development, behavior, motor coordination, and blood chemistry 
(Eisler, 1987; Scheuhammer et al., 2007; Brasso and Cristol, 2008). Mercury is 
also a known mutagen, teratogen, and carcinogen (Eisler, 1987) and, as seen for 
several other metals, young individuals are more sensitive than adults (Myers et 
al., 1997).  

Biomarkers 

Ideally, environmental hazards should be detected before detrimental effects 

occur. To achieve this, techniques such as analyzing responses of biomarkers 

may be useful. The definition of a biomarker is, according to Walker et al. 

(2001), “any biological response to an environmental chemical at the individual 

level or below demonstrating a departure from the normal status”. A biomarker 

should function as an early warning signal, giving information on the “health of 

the environment”. Several biomarkers with differing specificity have been 

suggested. There are a few biomarkers which specifically indicate increased 

metal exposure (e.g. metallothionein [MT] and δ-aminolevulinic acid 

dehydratase [ALAD]), while others function as broader biomarkers for a variety 

of contaminants, including metals (e.g. biomarkers for oxidative stress).  

Specific biomarkers of metal exposure 

Metallothioneins belong to a superfamily of metal-binding proteins, present in 

virtually all living organisms (Coyle et al., 2002). They are low molecular weight, 

sulfhydryl-rich, metal-binding proteins that are involved in Cu and Zn 
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regulation and protection against heavy metals, such as Cd and Hg (Coyle et al., 

2002; Amiard et al., 2006). There are especially significant and rapid increases in 

MT synthesis following increases in Cd (Lecoeur et al., 2004) or Zn absorption 

(Coyle et al., 2002), and the levels of MT are usually correlated with internal Cd 

concentrations (Elliott and Scheuhammer, 1997; Barjaktarovic et al., 2002; 

Lecoeur et al., 2004; Vanparys et al., 2008).  MT synthesis is readily induced by 

several metal ions, including Cd, but also by other stimuli (Klaassen et al., 

2009). MT has been suggested as a useful biomarker for metal exposure 

(Amiard et al., 2006; Vanparys et al., 2008). 

Inhibition of ALAD activity is considered a sensitive, specific biomarker for Pb 

exposure (Scheuhammer, 1987a; Walker et al., 2001; Strom et al., 2002; 

Vanparys et al., 2008). ALAD is an enzyme involved in the heme biosynthetic 

pathway and, although partial inhibition of ALAD is not considered to be 

deleterious (Tsuchiya, 1986), the inhibiting effect will eventually result in a 

reduction of heme synthesis and cause anemia. ALAD inhibition following Pb 

exposure is rapid, but the effect is slow to reverse, with ALAD values returning 

to normal about four months after cessation of the Pb exposure (Tsuchiya, 

1986). The inhibition of ALAD is correlated with the concentration of Pb in 

blood, but there seems to be a blood Pb threshold value, below which no 

inhibition of ALAD occurs (Tsuchiya, 1986; McFarland, 2005). Although in 

vitro models on birds have shown that other metals besides Pb (e.g. Cd, Cu and 

Hg) might inhibit ALAD, they are 10 – 100 times less potent and are not likely 

to confound the relationship between Pb exposure and ALAD inhibition 

(Scheuhammer, 1987b).  

Biomarkers of oxidative stress 

It has been suggested that the toxic effects of metals are partially due to metal-

induced oxidative stress (Ercal et al., 2001). Oxidative stress is a condition of 

imbalance, where the natural antioxidant defense of an organism is overcome 

by the production of reactive oxygen species (ROS) (Halliwell and Gutteridge, 

1999). The consequence of oxidative stress is oxidative damage to 

macromolecules, such as lipids, proteins, and DNA (Valavanidis et al., 2006). 

Many different types of compounds, including metals, can induce oxidative 

stress. Redox-active metals, such as Fe and Cu, do it by increasing the 

formation of ROS through redox cycling processes (Stohs and Bagchi, 1995; 

Valko et al., 2005). Redox-inactive metals (e.g. Pb, Cd, and Hg) can also 

increase ROS formation by affecting the mitochondria (Pourahmad et al., 

2003), or inducing oxidative stress by depleting antioxidants of cells (e.g. 

glutathione and other thiol-containing antioxidants) (Stohs and Bagchi, 1995).  
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Antioxidant defenses, which are responsible for the removal and inactivation of 

ROS, include antioxidant enzymes (e.g. glutathione peroxidase [GPx], 

glutathione-S-transferase [GST], glutathione reductase [GR], catalase [CAT], 

and superoxide dismutase [SOD]) and antioxidants (e.g. glutathione, and 

vitamins C and E) (Halliwell and Gutteridge, 1999). Levels of both antioxidants 

and antioxidant enzymes could function as indicators of oxidative stress, 

although depletion of antioxidants and/or increased enzymatic activities might 

indicate removal of ROS, rather than “true” oxidative stress. Instead, oxidation 

of biological molecules (e.g. lipid peroxidation and protein oxidation) may 

provide better indicators of oxidative damage.  

Birds as indicators of metal pollution 

Although monitoring of chemicals in air, soil and water gives valuable 

information on potential hazards in the environment, it is often more useful to 

assess their accumulation in biota, to obtain information on the amount of 

chemicals that are biologically available. Birds have been suggested as important 

and relevant indicator species of environmental contaminants, including metals 

(Furness, 1993; Mochizuki et al., 2002), and have been used extensively to 

monitor metal polluted areas in a variety of habitats. Birds used as indicator 

species generally represent higher trophic levels, and are relatively easy to 

sample. Several bird species are ecologically well-studied, making well-founded 

ecotoxicological interpretations possible. Furthermore, birds in general are 

popular amongst the public and any reported hazards may receive particular 

attention. Exposure to heavy metals in birds may cause effects at various levels 

of organization, from biochemical responses (e.g. ALAD inhibition) to effects 

at the population level (e.g. reproductive effects) (reviewed in Scheuhammer, 

1987a). 
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Objectives 

The main objective of this thesis was to assess the effects of metal exposure on 

the health and breeding of free-living pied flycatcher (Ficedula hypoleuca Pallas) 

populations, following reduced industrial emissions to air. We studied bird 

populations along the pollution gradient from two different types of heavy 

metal industrial sites, a Pb mine and enrichment plant (Paper I) and a sulfide 

ore smelter (Paper II, III and IV) in Northern Sweden. At both sites, the 

emissions to air have been reduced substantially over the last 20 years.  

The specific aims were to: 

1. Assess breeding performance, metal concentrations, and health status 
of nestlings after the closure of a Pb mine and enrichment plant (Paper 
I) 

2. Assess breeding performance of pied flycatchers, metal concentrations, 
and health status of nestlings after 20 years of continuously reduced 
metal emissions from a sulfide ore smelter (Paper II) 

3. Trace the exposure route of Pb from a sulfide ore smelter to nestling 
pied flycatchers, using stable Pb isotopes (Paper III) 

4. Identify prey items suitable for illustrating the food web transfer of 
metals to pied flycatcher nestlings (Papers I and III) 

5. Assess sub-lethal effects in birds around a sulfide ore smelter using an 
array of biomarkers for oxidative stress (Paper VI) 

Study species 

The pied flycatcher is a small (12 – 13 g) insectivorous bird species that breeds 

in most forest habitats from northern Africa, across Europe, to western Siberia 

and southwestern Asia. It is a migratory species that spends the winter in 

tropical West Africa. The species breeds naturally in tree hollows, and in 

Swedish forests without nest boxes the breeding population density is 0.05 – 1 

pair ha-1, depending on latitude and forest type (Lundberg and Alatalo, 1992). 

However, when nest boxes are available, they are strongly preferred over 

natural cavities. This gives the possibility of artificially increasing the breeding 

population densities, e.g. in areas of interest for research. Besides being strongly 

attracted to nest boxes, breeding pied flycatchers are uniquely insensitive to 

quite intrusive studies (Nyholm, 1994). These characteristics certainly 

contribute to the species being one of the most studied and well known, in 
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terms of its breeding biology (Lundberg and Alatalo, 1992). The pied flycatcher 

has been successfully used in the past as a bioindicator species to characterize 

the environmental impact of metal pollution (Nyholm, 1994; Bel'skii et al., 

1995a; Bel'skii et al., 1995b; Eeva and Lehikoinen, 1995; Nyholm, 1995; Eeva 

and Lehikoinen, 1996; Nyholm, 1998; Swiergosz et al., 1998; Eeva and 

Lehikoinen, 2000; Eeva et al., 2000; Bel'skii et al., 2005; Eeva et al., 2006). 

Study area 

The study was conducted in boreal forests in northern Sweden, at sites located 

along the pollution gradients of two different types of metal industry sites, and 

at reference sites outside the range of their influence. One of the industrial sites 

was a sulfide ore smelter plant, Rönnskärsverken (64º39’N, 21º16’E), on the 

coast, while the other was a Pb mine and enrichment plant at Laisvall (66°07’N, 

17°10’E), close to the mountain region (Fig. 1). The form and mixture of 

metals released differed between the industrial sites. The emissions from the 

smelter plant deposited in the study area were a mixture of mainly oxidized 

metals, such as As, Cu, Cd, Fe, Hg, Pb and Zn produced during high-

Figure 1. Map of the a) study sites in northern Sweden; b) the 

study site at the Pb mine and enrichment plant and c) the study 

sites along the pollution gradient from the sulfide ore smelter, 

where ▲= the position of the smelter, ● = sampling sites of 

birds, ants, moss, leaves and soil, ○ = sampling sites of birds, 

ants, moss and leaves, and ■ = sampling sites of soil. 
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temperature processes. Emissions from the mine and enrichment plant mainly 

consisted of dust with the same composition as the Pb- and Zn-containing 

mineral ores (i.e. mainly PbS and ZnS). The environment close to both sites 

had been subjected to metal deposition for decades, although the emissions to 

air had decreased since the 1970s, due to the application of improved cleaning 

techniques. In the 1980s, pied flycatcher populations were studied along the 

pollution gradient of the smelter. Decreased clutch sizes, increased nestling 

mortality, and negative health effects in nestlings, were associated with higher 

metal contamination of the environment close to the smelter (Nyholm, 1994; 

1995; 1998). At the mine site, studies on pied flycatchers were also performed 

in the 1980s (unpublished). After the industry closed down in 2001, the 

opportunity arose to study responses in populations after the cessation of 

emissions. 

Pollution history of the smelter plant 

The Rönnskärsverken sulfide ore smelter was a major source of sulfur dioxide 

(SO2) and metal-enriched dust originating from Cu and Pb processing. Since 

the beginning of smelting activities in the 1930s, the nearby surroundings 

continuously received metal-containing atmospheric deposition. A peak of 

emission levels occurred in the late 1960s (Klaminder et al., 2008), with yearly 

emissions of approximately 154 tonnes of As, 13.4 tonnes of Cd, 190 tonnes of 

Cu, 3.5 tonnes of Hg, 684 tonnes of Pb, 488 tonnes of Zn, and 40 000 tonnes 

of SO2 between 1965 and 1969 (Boliden Mineral AB, 2007). In the 1970s, 

increased metal concentrations (As, Cd, Cu, Pb and Zn) were reported in the 

mor layer of soils within 70 km of the smelter (Tyler and Westman, 1979). 

Since the 1970s, improved cleaning techniques have resulted in continuously 

decreased metal emissions. During 1984, when initial studies on pied flycatcher 

populations in the pollution gradient were performed, 39 tonnes As, 2.5 tonnes 

Cd, 42 tonnes Cu, 0.8 tonnes Hg, 183 tonnes Pb, 122 tonnes Zn, and 13 500 

tonnes SO2 were emitted from the smelter. The environment close to the 

smelter was clearly affected in the 1980s and female and nestling pied 

flycatchers accumulated high metal concentrations in their tissues, reflecting the 

pollution gradient from the smelter (Nyholm, 1994). From 1984 to 2006, metal 

emissions were further reduced by 93 – 99% (Boliden Mineral AB, 2007; Table 

1). The deposition of As, Cd and Pb in precipitation and through-fall at 17 km 

from the industrial site decreased, between 1986 and 2005, to amounts 

comparable with background levels (Nettelbladt and Westling, 2006).  
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Study sites along the pollution gradient of the smelter 

Sites with nest boxes were re-established in 2000 along the pollution gradient of 

the smelter (3.5, 18, 28 km S-SW from it), and beyond the gradient 90 km SW 

from the smelter (Fig. 1). The site 90 km from the smelter served as a reference 

site, representing the regional level of background contamination. In 2004, an 

additional site was re-established 2.5 km NW of the smelter. These five sites 

Table 1. Yearly emissions to air (tonnes) from the 

Rönnskärsverken sulfide ore smeltera. Only years 

when pied flycatcher populations were monitored are 

shown. The reductions in emissions in 2006 as a 

percentage of 1984 emissions are also shown. 

Year Cu Pb Zn Cd As Hg SO4 

1984 42 183 122 2.5 39 0.8 13500 

1985 41 181 145 2.7 40 0.6 11500 

1986 232 67 81 1.7 24 0.43 10600 

1987 46 73 62 1.4 12 0.32 11300 

1988 38 64 38 0.8 6 0.37 9900 

1989 20 48 31 0.9 5.3 0.25 6200 

1990 18 52 33 1.3 4.7 0.25 4900 

2000 1.9 3.8 6.2 0.06 0.17 0.15 3381 

2001 1.7 5 9 0.14 0.36 0.11 3954 

2002 1.3 3.3 5.2 0.06 0.19 0.13 4147 

2003 1.3 4.1 7.5 0.05 0.22 0.12 4105 

2004 1.4 4.4 7.3 0.07 0.19 0.15 3464 

2005 1.4 3.4 5.1 0.07 0.23 0.13 3842 

2006 1.2 3.2 6.4 0.09 0.36 0.06 4281 

Reduction  

(%) 
97 98 95 96 99 93 68 

 
a Data obtained from Boliden AB (2007) 
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were the same as those used for pied flycatcher studies in the 1980s (Nyholm, 

1994; 1995; 1998), although the total number and exact positions of nest boxes 

may have differed. In total, 498 nest boxes were inspected: 75 at 2.5 km, 143 at 

3.5 km, 50 at 18 km, 87 at 28 km and 143 at 90 km from the smelter. The 

habitats of the study plots were similar, i.e. boreal coniferous forest dominated 

by Norway spruce (Picea abies) and Scots pine (Pinus sylvestris), mixed with some 

deciduous trees (mainly birches, Betula sp.). The only visible difference between 

the study sites was that herbs, lichens and many of the most common forest 

mosses were sparser within 3.5 km of the smelter.  

Pollution history of the lead mine and enrichment plant 

The mining activities in Laisvall started in 1943 and the industry produced 

enriched Pb and Zn ore, mainly from the minerals galena (PbS) and sphalerite 

(ZnS) (ratio: 6 to 1) (Dayton, 1981). Initially, around 50 000 tonnes of ore were 

mined per year, which was increased to about 1 500 000 tonnes of ore (54 000 

tonnes lead) in the 1980s (Widmark, 1983). Up until the closure of the mine in 

2001, it was the most productive in Europe (Boliden Mineral AB., 2002). 

Between 2001 and 2006, demolition and removal of the industry infrastructure 

took place, which certainly caused dispersal of metal-containing dust to the 

local environment (Paper I).  

Study sites in the mining area 

Studies around the Pb mine and enrichment plant were performed in 1988 – 

1991, when the mine was in operation, and in 2004 – 2006, after mining had 

stopped. Two nest box sites were established, one within 1 km of the mine and 

enrichment plant at Laisvall (66°07’N, 17°10’E) and the other at Gauto, 23 km 

NW of them (66°15’N, 16°44’E) (Fig. 1). The latter served as a reference site, 

exposed only to the regional background deposition of metals, and was 

established in 1989. The areas were comparable in size and habitat, and were 

situated in the northern boreal zone, close to the subalpine region 

(approximately 500 m.a.s.l.). The vegetation was a mixed forest of coniferous 

(mostly Scots pine) and deciduous trees (mostly birch), with a ground cover of 

dwarf shrubs (Vaccinium myrtillus, Vaccinium vitis-idaea and Empetrum nigrum). 
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Methodology  

Study material  

Since the pied flycatchers are migratory, adult birds may be affected by 

exposure to metals (and other potential environmental hazardous chemicals) 

along their migration routes, and both their summer and winter grounds. 

Therefore, nestlings were used as study subjects for chemical analyses. 

Although some metals are transferred from females to the eggs (Nyholm, 1998; 

Morrissey et al., 2004), metal concentrations in nestlings mainly reflect amounts 

derived from their food items (Swiergosz et al., 1998 & Paper III), thus giving 

information about the levels of pollution in the surroundings of the nest.  

In addition to analyzing nestling pied flycatchers, samples of the mor layer of 

soil, forest moss (Pleurozium schreberi), birch leaves (Betula pubescens), blueberry 

leaves (Vaccinium myrtillus) and ants (Formica aquilonia, F. lugubris, and F. exsecta) 

were collected in or near the nest box areas during the 2000s. The metal 

content in the soil samples represented the accumulated pollution pool over a 

prolonged period of time, whereas the moss samples represented the current 

atmospheric deposition (Rühling and Tyler, 2001). Leaves represented a habitat 

for potential food items, and ants represented a dominant food item of pied 

flycatcher nestlings (Eeva et al., 2005 & Papers I & III). 

Sampling of birds  

The study was performed on pied flycatcher nestlings, at the age of 12 to 14 

days. Nestlings were weighed (using a Pesola balance with 30 g capacity; 

accuracy ±0.2 g) and blood was collected from one of the jugular veins prior to 

decapitation. When available, fecal samples were collected and stored frozen in 

acid-washed plastic containers. Hemoglobin (Hb) and hematocrit (ht) levels 

were determined in the field, immediately after the blood sampling, using a 

Hemocue® Hb-photometer and Ames Microspin microcentrifuge from Bayer 

Diagnostics GmbH (11,500 rpm, 3 min. 20 sec.), respectively. Remaining blood 

was stored deep frozen in liquid nitrogen and/or in a freezer. Nestlings were 

kept deep frozen until excision of organs, except when biomarker analyzes 

were performed, when the livers were removed immediately in the field and 

stored in liquid nitrogen. Organs were excised using stainless steel instruments, 

weighed, and stored deep frozen in acid-washed plastic containers.  
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Metal and biomarker analyzes 

Metal concentrations in liver tissue of nestlings were analyzed, in order to make 

comparisons with the results of studies in the 1980s (unpublished data and 

Nyholm, 1994). In addition, metals in the blood, feces and sternum (breast 

bone) of the nestlings were analyzed. As, Cd, Cu, Pb and Zn in pied flycatcher 

nestlings, ants, leaves, and moss were analyzed by ICP-MS (using a Perkin-

Elmer ELAN 6100 instrument), after strong acid digestion (conc. HNO3, 1:1) 

in open Teflon vessels. The Hg concentrations (liver and blood) were analyzed 

as described above, except that the digestion took place in closed vessels. Stable 

lead isotopes (206Pb, 207Pb and 208Pb) in dried (soil, moss and leaves) or fresh 

(ants, nestling tissues and feces) samples were determined by ICP-MS (using 

the Perkin-Elmer ELAN 6100), after strong acid digestion (conc. HNO3, 1:1) 

in open Teflon vessels (see Paper III for further details). 

Liver and blood samples for the biomarker analyzes were stored in liquid 

nitrogen until required. A selection of biomarkers, including GR, GST, GPx, 

CAT, SOD, DTD, G6PDH, glutathione, lipid peroxidation, protein oxidation 

and EROD activity, were analyzed in liver tissue of nestlings (see Paper IV for 

analytical methods). Activity of ALAD, the specific biomarker for Pb exposure, 

was analyzed in blood samples (see Paper I for analytical methods). 

Breeding variables 

The nest boxes were regularly inspected each season from the end of May to 

the middle of July, in order to collect information on the date laying started, 

clutch size, eggshell quality, and numbers of hatched eggs and fledged nestlings. 

Clutch size was calculated from complete (= incubated) clutches. Eggs were 

inspected visually for obviously thinned shells, and for abnormal desiccation 

rates when incubated, an indicator of severe shell thinning. Hatching success 

(number of hatched eggs/ laid eggs × 100), fledging success (number of 

fledglings/ number of nestlings × 100), and total breeding success (number of 

fledged nestlings/ number of laid eggs × 100) were calculated. Depredated 

broods (mainly by mustelids) were excluded, when calculating breeding results.  

Main results and discussion 

The main purpose of this thesis was to study the responses in pied flycatchers 

to reductions in metal emissions from two different types of industrial sites. As 

far as we know, this has only been attempted once before, around a Cu-smelter 

in Finland (Eeva and Lehikoinen, 2000). Therefore the discussion in the latter 
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part of this section is mainly focused on similarities and differences between 

the results from our two study sites and those in Finland. 

Metal concentration in different matrices of birds 

The metal concentration in birds can be assessed in a variety of samples, but 
reports of the contents of eggs, blood, feces, feathers, liver, kidney and bone 
dominate the literature. Sampling of blood, feces and feathers, unlike organs or 
bone tissue, has the benefit of being non-destructive. The results from the 
metal analyses in Papers I, II and III show that metal concentrations in blood 
and feces reflect the metal burden of pied flycatchers at the study sites. Thus, 
either blood or feces could be used successfully in pied flycatcher analyzes, 
depending on the particular research question being addressed.  

Blood concentrations of metals reflect the body burden, though blood 
contents, unlike liver or bone tissue contents, mainly reflect newly ingested and 
assimilated metals. A minor drawback of using blood samples in a small bird 
species, such as the pied flycatcher, is that it is not possible to withdraw enough 
blood for both metal analysis and hematological studies from each nestling 
without harming them. Samples would need to be pooled to provide sufficient 
volumes for analysis. However, this need not be an obstacle, as the within-
brood variation of metal concentrations in pied flycatcher nestlings is generally 
less than the between-brood variation (Nyholm, 1992).   

The concentrations of metals in feces (consisting of unabsorbed and excreted 

absorbed metals), on the other hand, give little information on tissue 

concentrations. Rather, the concentrations describe the degree of 

contamination of food items, i.e. unabsorbed remnants (Morrissey et al., 2005). 

Studies of bird feces have been suggested as a powerful means of assessing the 

presence of food chain contaminants (Dauwe et al., 2000), although the 

opposite has also been suggested (Custer et al., 2009). In our studies, the metal 

concentrations in feces generally varied more than in blood, probably as a 

consequence of the variability of metal content in the food items. 

Feathers have been suggested as potentially useful biomonitors of heavy metals, 

as metals are sequestered into growing feathers during moult (Furness, 1993). 

However, a substantial contribution of exogenous contamination might occur 

with increased age of the bird, resulting in an overestimation of the body 

burden of metals. A study on adult great tits (Parus major) indicated that Hg and 

Zn concentrations in feathers primarily originated from endogenous 

deposition, whereas 10 other elements, including As, Cd, Cu and Pb, mainly 

originated from exogenous contamination (Jaspers et al., 2004). Using nestling 
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feathers would limit the risk of contamination from exogenous sources, and 

feathers from nestlings have been suggested as suitable biomonitors for Pb, but 

not for As, Cd or Cu contamination (Dauwe et al., 2000). 

Ants (Formica spp.) as major food items of pied flycatcher nestlings 

It has been shown that pied flycatcher nestlings accumulate metals that 

primarily originate from their food items (Swiergosz et al., 1998). Thus, in 

Papers I and III we included data on identified food items in stomachs of pied 

flycatcher nestlings along the two pollution gradients, in an effort to elucidate 

suitable species that would indicate nestlings’ exposure routes to metals via 

their food items. Both studies showed a high proportions of Hymenoptera (34 

– 48%) and beetles (Coleoptera; 25 – 46%) in nestlings’ diet. Of the 

Hymenoptera, ants of the genera Formica and Camponotus dominated (Table 2). 

The proportions of Formica ants in the diet (6 to 34%, with a mean of 15%; 

Table 2) were slightly higher at our study sites than reported in a study from 

Table 2. Stomach contents (% of identified food items), number of stomachs 

and identified food items in pied flycatcher nestlings sampled during 1989 – 

1990 at different distances (2.5 – 90 km) from the Rönnskärsverken sulfide ore 

smelter, and at the lead mine and enrichment plant (Lasivall) and 

corresponding reference area (Gauto) (Papers I and III). 

Food items 2.5 km 3.5 km 18 km 28 km 90 km Laisvall Gauto Mean 

Hymenoptera         

Formica 14 11 6 9 7 34 25 15 

Camponotus 11 29 15 12 13 4 0 12 

Othersa 19 8 15 13 20 31 14 17 

Coleoptera 28 36 39 36 25 30 46 34 

Lepidoptera 2 2 8 18 13 1 2 7 

Diptera 6 5 4 4 5 0 8 5 

Odonata 3 2 2 4 3 0 0 2 

Other insects 5 2 4 3 4 0 1 3 

Aranea 11 4 7 3 11 0 3 6 

Gastropoda 0.5 0.3 1 0.2 0.5 0 0 0.5 

No. of  

stomachs 
51 93 85 32 73 21 19  

No. of identified  

food items 
596 1184 1124 402 610 80 163  

 
a All other Hymenoptera  
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boreal forests in Finland (7%) (Eeva et al., 2005). However, the latter study was 

based on food items collected during feeding, and it is possible that ants were 

overestimated in our studies, due to easier identification of food items with 

indigestible body parts (e.g. legs and mandibles). Despite this, we found that 

ants were (collectively) one of the major food items of pied flycatcher nestlings 

at our study sites, and in Paper III we further linked Pb accumulation from the 

soil pool to the nestlings via the ants, using stable Pb isotope ratios 

(206Pb/207Pb). Ants also reflect the contaminant load of metals in the 

environment (Papers I, II and III). This was the basis for our use of ants 

(Formica sp.) for tracing the route of metal transport to pied flycatcher nestlings, 

together with the abundance of ants in all conifer forest types, their insensitivity 

to metal pollution (Eeva et al., 2004), and the ease of obtaining uncontaminated 

samples. 

The pollution gradient and metal accumulation in pied flycatchers and 

their prey 

In environments close to metal industry sites, plants and animals are at risk of 
high metal exposure, far above normal background levels. High levels of metals 
were found in the 1970s (Tyler and Westman, 1979) and 1980s (Nyholm, 1994; 
1995; 1998) in the pollution gradient around the Rönnskärsverken sulfide ore 
smelter. Although the emissions from the smelter have continuously decreased 
since then, the As, Cd, Hg, and Pb pollution gradient is still evident (Papers II 
and III). This is illustrated by the metal concentrations in i) moss samples, 
representing the current atmospheric deposition patterns (Rühling and Tyler, 
2001), ii) soil samples, representing the stored deposits of metals, iii) ants, 
representing a major food source of pied flycatcher nestlings (Papers I and III), 
and iv) tissues and feces of pied flycatcher nestlings. The current deposition 
gradient of these four elements and Cu, extended at least 28 km from the 
industrial site, based on moss samples, and Zn concentrations in moss were 
elevated up to 18 km away. These findings differ slightly from results of the 
characterization of deposition based on rainwater and through-fall, which 
indicated that there was no elevation of As, Cd or Pb 17 km from the smelter 
(Nettelbladt and Westling, 2006).  

The concentrations of As, Pb and Zn in pied flycatcher liver, blood, feces and 

bone (Pb concentration) in the close vicinity of the smelter (2.5 km away, 

Papers II and III) and the Pb concentration at the mine site (Paper I), were 

among the highest reported in nestling passerines from metal-contaminated 

environments (Dauwe et al., 2000; Eeva and Lehikoinen, 2000; Beyer et al., 

2004; Bel'skii et al., 2005; Eeva et al., 2005). Nevertheless, the Cd 

concentrations in liver and blood (Paper II) were lower than the highest 
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reported concentrations. The Hg concentrations in liver from samples taken 2.5 

km away were approximately 7.5 times higher than those of pied flycatcher 

nestlings close to a Zn smelter in Norway, but slightly lower than in coal tits 

(Parus ater) and nuthatches (Sitta europea) close to a Hg production plant in 

Slovakia (Rosten et al., 1998). 

Zinc and Cu are both essential elements and the tissue concentrations are 

normally regulated by homeostatic mechanisms in mammals and birds (Eisler, 

1993; Nyholm, 1995; Eisler, 1998). Nestlings in the pollution gradient from the 

smelter (within 3.5 km) successfully regulated their internal Cu concentrations, 

and excreted the excess Cu obtained from their diet. Birds within 2.5 km of the 

smelter (Paper II), in contrast to nestlings from the mine site (Paper I), were 

subjected to higher Zn concentrations than they could fully regulate, and 

accumulation of Zn occurred in their liver tissue. It has been proposed that 

many animal species are able to regulate their tissue Zn within a threshold 

range of concentrations (Eisler, 1993), and this was also indicated in our studies 

on pied flycatcher nestlings.   

Pied flycatchers’ responses to reduced metal emissions 

The speed of recovery of animal habitats after reductions in deposition in 
metal-contaminated environments may range from slow to relatively fast. If 
animals mainly accumulate metals from recent atmospheric fallout, the 
exposure to metal pollution should decrease to match the decreased 
atmospheric deposition, and fast recovery would be expected. If, on the other 
hand, the animals mainly derive metals from the soil pool, recovery would not 
be expected until the available metal levels in soils decrease, which could be a 
slow process. Many metals form stable complexes with organic matter in soils, 
resulting in long retention times (Evans, 1989). Other important factors 
affecting recovery, apart from the amount of organic matter, are soil 
characteristics such as pH, since the leaching of some metals is determined by 
ion exchange (Bergkvist, 2001). Depending on their life strategy, habitat and 
food choice, animals may be prone to metal exposure originating from the soil 
pool in the mor layer, where most of the biological activity in soils take place.  

Since the closure of the Pb mine and enrichment plant (Paper I), the Pb 
deposition (based on moss samples) has decreased by 35%, and corresponding 
decreases have occurred in ants (25%), and the blood (31%) and liver (34%) of 
nestlings. This relatively moderate decrease in deposition, despite the closure of 
the mine, may be explained by ongoing decommissioning activities in the work 
areas between 2001 and 2006, and the consequent spread of metal-enriched 
dust. Thus, although the concentrations in pied flycatchers were high enough to 
cause negative effects on health and reproduction, we foresee that the 
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deposition of Pb will continue to decrease, with a concomitant decrease in 
accumulation in pied flycatcher nestlings. This will probably occur because 
metal accumulation in birds from this environment seems to reflect the extent 
of the current metal deposition, rather than the accumulated metal load in the 
soil pool. Similar conclusions have been proposed for pied flycatcher nestlings 
subjected to decreased depositions from a Cu-smelter plant (Eeva and 
Lehikoinen, 2000) and decreased atmospheric metal deposition in southern 
Sweden (Nyholm and Rühling, 2001).  

In contrast, decreased emissions and deposition from the sulfide smelter (of 
approximately 80, 75, 65, 55 and 35% for Pb, As, Cd, Cu, and Zn, respectively, 
at 18 – 28 km, based on moss analyzes) between the 1980s and 2000s, did not 
result in corresponding decreases in metal concentrations in pied flycatchers or 
their prey, with only a few exceptions (Papers II and III). The only significant 
reduction was found in liver tissue of nestlings, in which the Pb concentration 
was significantly lower in the 2000s than in the 1980s (Paper III). However, the 
decrease of Pb in birds was substantially lower (9 – 25% within 3.5 – 28 km of 
the smelter) than the decrease in deposition. A possible reason for the slow 
recovery in the vicinity of the smelter is given in the section below (“The transfer 
of metals from the soils– a key to recovery”). 

Beyond the immediate fallout zone from the smelter, 90 km away, the regional 
deposition of elements decreased by 6 – 88% in moss. The greatest reduction at 
the reference site was for Pb deposition, probably due to the phasing out of Pb 
in gasoline. A significant reduction was also found in Pb concentrations of liver 
samples of nestlings, though the decrease was lower in liver (48%) than in moss 
(88%).  

The transfer of metals from the soils – a key to recovery 

In Paper III, the use of stable Pb isotopes (206Pb,207Pb and 208Pb) to trace the 
exposure routes of Pb from the smelter to the nestlings was described. The 
isotope ratio of the present emissions from the smelter (based on moss 
samples) conveniently differs from that of older emissions (based on soil 
samples). This is the result of processing of ores with different origins and 
different proportions of stable Pb isotopes with atomic masses 206, 207 and 
208. Several studies on wildlife, including the study described in Paper III, have 
shown that the 206Pb/207Pb ratio is a powerful tool for tracing sources of Pb 
exposure (Scheuhammer and Templeton, 1998; Spencer et al., 2000; Meharg et 
al., 2002; Scheuhammer et al., 2003; Kierdorf et al., 2008; Soto-Jimenez et al., 
2008). Our study showed that the impact from the smelter decreased with 
increasing distance from the source, and the 206Pb/207Pb ratio became 
increasingly similar to that of the regional background contamination 
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(Klaminder et al., 2006). Pied flycatcher nestlings in the close vicinity of the 
smelter (≤3.5 km) derived Pb mainly via food-chain transfer from the highly 
polluted soil pool. Recovery in Pb concentrations in birds and ants, to levels 
comparable with those of pristine areas, is not expected within decades, even 
with a total cessation of deposition from the smelter. High concentrations of 
Pb (around 4000 µg g-1; Paper III) and Hg (1.5 µg Hg g-1, dry mass [dm]; 
Klaminder et al., 2008), as well as As, Cu and Zn (around 420, 3000, and 3000 
µg g-1, dm, respectively; Ticha, 2005), were measured in soils close to the 
smelter (within 3.5 km). Even though some of these elements have shorter 
retention times in soils than Pb (Evans, 1989), it is reasonable to suggest that 
recovery of the As, Cd, and Hg concentrations in birds is unlikely for decades, 
as is also the case for Pb.  

The different responses by the flycatchers to decreased atmospheric deposition 
at the mine site (Paper I) and the smelter in Finland investigated by Eeva and 
Lehikoinen (2000), compared with the smelter site in our study (Paper II), may 
be explained by the different metal loads in the soils. Although no soil was 
sampled at the mine site, there is reason to believe that Pb occurred at lower 
concentrations than at the smelter site, as the concentration around the sulfide 
ore smelter in our study was extremely high, compared with that around the 
smelter in Finland (Derome and Lindroos, 1998). For example, the topsoils 
within 2 km of the Cu-Ni smelter in Finland, where a relatively rapid recovery 
in Pb concentrations of birds was observed (Eeva and Lehikoinen, 2000), 
contained around 220 µg Pb g -1, dm (Derome and Lindroos, 1998); 17-fold 
lower than at 2.5 km from the smelter in our study. The identification of prey 
items in stomachs of pied flycatcher nestlings (Papers I and III) revealed that 
several of the invertebrates spent part of their life on the ground, or preyed on 
animals from the upper part of the soil, further indicating that metal 
accumulation was soil-derived. Hence, transfer from the soil, and 
concentrations of bioavailable metals in the soil pool, may be the keys to 
recovery of pied flycatchers in metal-polluted environments. To conclude: the 
higher the metal concentration in soils, the more dominant is the soil pool as 
the origin for metals in pied flycatcher tissues, and the slower their recovery will 
be. This was also evident from a more prominent reduction in liver Pb 
concentrations (46%) of nestlings 90 km from the smelter, where the metal 
concentrations are low in the soil (Paper III). Instead, Pb concentrations in 
birds reflected the relatively large decrease of Pb deposition (66%), due to the 
regulation of leaded gasoline during the 1980s and 1990s. 

Health and survival of nestling pied flycatchers  

Growing up in a metal-contaminated environment could have detrimental 

effects on animals, such as passerine birds, and may affect the health and 
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survival of nestlings (Nyholm, 1994; Bel'skii et al., 1995a; Nyholm, 1995; Eeva 

and Lehikoinen, 1996; Nyholm, 1998; Swiergosz et al., 1998; Janssens et al., 

2003a; Bel'skii et al., 2005). This could either be a direct effect of metal 

exposure, or an indirect effect via reduced food supplies (Eeva et al., 1997; 

Eeva et al., 2005). In human medicine, measurements of hematological status, 

such as hemoglobin level (Hb), hematocrit level (ht) and sedimentation rate of 

erythrocytes, have been commonly used to assess health status. Similarly, blood 

variables such as Hb, ht, mean cell hemoglobin concentration (MCHC), and 

mean erythrocyte cell volume, could serve as indicators of the health and 

condition of birds (Nadolski et al., 2006). Hematological status has already been 

reported as a useful biomarker for negative impacts of metal exposure in wild 

birds (Geens et al., 2010) and it has been proposed that several blood variables 

should be used to measure bird health, as the levels of, for example, ht might 

be influenced by natural factors (e.g. age, sex, nutrition and genetics) (Fair et al., 

2007), as well as contaminants. Susceptibility to pollutants also differs between 

bird species (Henny et al., 2000), and reduced (Nyholm, 1995; 1998; Blus et al., 

1999; Henny et al., 2000; Fair and Ricklefs, 2002; Bel'skii et al., 2005; Geens et 

al., 2010), as well as unchanged Hb and/or ht values (Henny et al., 2000; 

Janssens et al., 2003a; Dauwe et al., 2006), have been observed in various 

species of birds exposed  to metals.  

In our studies, reduced Hb and ht levels in the nestlings, as well as increased 

nestling mortality rates, were found at the mine site (Paper I) and in the close 

vicinity of the smelter (≤2.5 km) (Paper II). The limited responses in tissue 

accumulation of As, Cd, Hg and Pb to reduced emissions from the sulfide ore 

smelter, i.e. the maintenance of high concentrations of these elements in pied 

flycatcher nestlings, contributed to the negative health condition and survival of 

nestlings in the close vicinity of the smelter, although some improvements were 

observed at 3.5 km (enhanced Hb concentrations and improved fledging 

success). 

Although the Pb concentrations in nestlings from the mine site decreased after 

the industrial activities ceased, nestlings were still severely affected (showing 

reduced MCHC, Hb and ht levels, and increased mortality) in the Pb-

contaminated environment where they were reared. This coincided with high 

tissue Pb concentrations, which exceeded the thresholds (2 ppm in liver and 0.2 

ppm in blood) at which subclinical physiological effects have been observed 

(Franson, 1996) in over 60% of the nestlings. The high tissue concentrations of 

Pb probably explain the weak responses in health and breeding success. This 

low breeding success, despite decreased tissue Pb concentrations, differs from 

results from the Cu-smelter in Finland, where pied flycatchers laid larger 

clutches with more surviving nestlings after reductions of Pb in the 
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environment (Eeva and Lehikoinen, 2000). The Pb concentrations in femurs of 

nestlings decreased from approximately 31 to 3.5 µg Pb g-1 (dw) within 2 km of 

the Cu-smelter. These concentrations are much lower than those found in 

nestlings 2.5 km (65 ± 44 µg Pb g-1 sternum; dw) from the smelter in the study 

described in Paper II. No direct comparison of tissue Pb concentrations can be 

made between nestlings from the smelter in Finland and nestlings from the 

mine site (Paper I). However, it seems highly likely that nestlings from the mine 

site had higher tissue Pb concentrations than those around the Finnish smelter, 

as the Pb concentration in bone from the vicinity of the smelter in Sweden 

(Paper II) was considerably higher than that in Finland, and liver and blood Pb 

concentrations were as high as at the mine site.     

Several metals are known to have their negative effects on hematological status, 

including Pb (Tsuchiya, 1986), As (Ishinishi et al., 1986), Cd (Scheuhammer, 

1987a) and Hg (Eisler, 1987). In birds, increased blood concentrations of both 

Cd (Swiergosz et al., 1998) and Pb (Geens et al., 2010) have been negatively 

correlated with Hb levels. In our studies, reduced Hb and ht levels were 

observed (Papers I and II) in nestlings with similar Pb concentrations (around 

0.4 and 5 µg Pb g-1, in blood and liver, respectively). At the mine, Hb was 

negatively correlated with liver Pb concentration (rs=-0.24, p<0.05) and ht was 

also negatively correlated with Pb liver concentrations (rs=-0.35, p<0.001) 

(Paper I). Along the pollution gradient from the smelter, Hb was negatively 

correlated with blood Pb concentrations (rs=-0.28, p<0.01) and Cd blood 

concentrations (rs=-0.20, p<0.05). Hematocrit levels were also negatively 

correlated with Pb blood concentrations (rs=-0.24, p<0.05), but positively 

correlated with blood Zn (rs=0.26, p<0.01) (Paper II). However, it is not clear 

whether Pb and Cd had direct negative impacts on hemoglobin synthesis and 

erythropoesis. It seems possible that at least Pb contributed to Hb depression, 

as Pb was the only toxic element found at increased concentrations in nestlings 

with low Hb at the mine site (Paper I). However, at the mine site and its 

associated reference site, exceptionally low mean Hb (98 and 113 g l-1, 

respectively), ht and MCHC levels occurred in nestlings after the Pb mine 

closed down. We concluded that severe attacks from blood-sucking Diptera 

were partially responsible for the low levels of measured blood variables in 

nestlings. The attacks by blood-sucking insects make interpretation of the 

relationship between Pb and Hb uncertain. 

The impact of Pb was manifested by a relationship between Pb in blood and 

the degree of inhibition of ALAD activity (rs=-0.66, p<0.001, both studies 

combined). However, it was clear that factors besides Pb inhibition of ALAD 

affected Hb. Decreased Hb levels only occurred close to the smelter (2.5 km) 

and at the mine site, but ALAD activity at 3.5 km from the smelter was equally 
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inhibited as at 2.5 km and at the mine site (Fig. 2). However, even when ALAD 

inhibition occurs, it does not always result in depressed Hb levels (Tsuchiya, 

1986). 

 
Figure 2. δ-aminolevulinic acid dehydratase (ALAD) activities 

and blood lead (Pb) concentrations in pied flycatcher nestlings at 

the mine site (Laisvall) and its associated reference site (Gauto), 

and in nestlings along the pollution gradient from the smelter (2.5 

– 28 km) and the associated reference site (90 km). From Papers I 

and II. 

Papers I and II also showed that ALAD inhibition serves as a reliable and 

sensitive biomarker for Pb exposure in pied flycatcher nestlings, as has been 

proposed for several other bird species (Scheuhammer, 1987c; Blus et al., 1995; 

Blus et al., 1999; Franson et al., 2000; Henny et al., 2000; Strom et al., 2002; 

Vanparys et al., 2008).   

Condition of females 

The condition of breeding females is crucial for the breeding success of birds. 

Exposure to toxic metals in polluted environments might affect the health of 

females and result in reduced clutch sizes, and hatchability of eggs, due to 

poisoning of embryos (Nyholm, 1994; Bel'skii et al., 1995b; Eeva and 

Lehikoinen, 1995; Nyholm, 1995; 1998; Janssens et al., 2003b).  
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Several negative effects related to the health of females were observed in the 

pollution gradient from the sulfide ore smelter in the 1980s, especially at 2.5 km 

(Nyholm, 1994). These effects included reduced clutch sizes and hatching 

success, and a high presence of eggshell defects (thin shells). None of these 

effects were observed in the 2000s (Paper II). Thin eggshells have been linked 

with the organic biocide DDT (Lundholm, 1997). However, the concentrations 

of ΣDDT in fat of pectoral muscle of pied flycatcher nestlings were low and 

similar at the different sites in the study area in the 1980s (0.1 – 0.2 mg/kg in 

1985) (Berglund et al., 2007). This contradicts the hypothesis that the eggshell 

thinning close to the industrial site was induced by DDT. Breeding females 

from the 1980s reflected the pollution gradient of As, Hg and Pb (though not 

Cd), and had generally higher concentrations of these elements than the 

nestlings (Nyholm, 1994). The occurrence of eggshell defects (with increasing 

rates closer to the smelter; Nyholm, 1994), strongly indicates that they were 

related in some way to the emissions, although probably not to As, Cd, Hg or 

Pb exposure. Metal concentrations in breeding females were not analyzed in the 

2000s, but it seems plausible to suggest that they were similar to those in the 

1980s, as they were in the nestlings.  

Oxidative stress 

It has been suggested that the toxic effects of metals are partially due to metal-

induced oxidative stress (Ercal et al., 2001). Although several studies on metal-

induced oxidative stress have been reported in the literature (see for example: 

Somashekaraiah et al., 1992; Hoffman and Heinz, 1998; Congiu et al., 2000; 

Custer et al., 2000; Mateo and Hoffman, 2001; Mateo et al., 2003; Ji et al., 

2006), most of them concern exposure to single toxic metals, often 

administered orally. To date, only a few studies have been performed on wild 

free-living birds in metal-polluted environments (Hoffman et al., 1998).   

Paper IV describes the screening for oxidative stress responses in liver tissue of 

pied flycatchers from the vicinity (≤3.5 km) of the smelter, and a comparison 

with responses in birds from the reference site (90 km away). A battery of 

biomarkers was examined, including enzymes involved in antioxidant defenses 

(GR, GST, GPx, CAT, SOD, DTD, G6PDH), antioxidant molecules (total 

glutathione level), and indices of oxidative damage to macromolecules (lipid 

peroxidation and protein oxidation). Also, EROD activities, a biomarker for 

aryl hydrocarbon receptor ligands such as polycyclic aromatic hydrocarbons, 

dioxins and polychlorinated biphenyls were measured (Goksøyr and Förlin, 

1992). The responses to metal-induced oxidative stress in birds differ between 

species and type of exposure (Congiu et al., 2000; Custer et al., 2000; Hoffman 

et al., 2000a; Hoffman et al., 2000b; Mateo and Hoffman, 2001; Ji et al., 2006). 
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Thus, it is impossible to single out biomarkers of oxidative stress that would be 

better suited than others (Halliwell and Gutteridge, 1999). In our study, it was 

shown that GR, CAT and GST activities were up-regulated in nestlings close to 

the smelter complex, at least when data from the two metal-contaminated sites 

closest to the smelter were combined. There were indications of oxidative 

damage, shown by increased lipid peroxidation (measured as TBARS), though 

no damage to proteins was detected. Thus, there were indications of oxidative 

stress close to the industrial site.   

In an attempt to elucidate the possible roles of metals, we performed single and 

multiple regression analyses between biomarker responses and metals. From 

these analyses, we concluded that Fe, Pb and Cd all affected GR, CAT, GST 

and TBARS. Iron is capable of catalyzing ROS formation through the Fenton 

reaction (Halliwell and Gutteridge, 1999), and Fe was, not surprisingly, related 

to several of the observed biomarker responses. For example, significant 

responses were found for both Fe alone (TBARS rs=0.46, p<0.001) and in 

combination with Pb (CAT/Fe rs=0.29, p<0.01; CAT/Fe+Pb rs=0.39, p<0.01). 

Cadmium and Pb also seemed to have a direct effect of oxidative stress: Cd was 

positively related to GR (rs=0.48, p<0.001) and Pb was positively related to 

GST activities (rs=0.17, p<0.05), respectively. The depletion of glutathione and 

protein-bound thiols has been proposed as the major action of oxidative stress 

by redox-inactive metals, such as Cd and Pb (Stohs and Bagchi, 1995). 

However, we did not find significant depletions of total glutathione levels. To 

conclude, we suggest that a number of biomarkers should be used to assess 

oxidative stress, and that biomarkers of subclinical effects may be successfully 

used to study the course of recovery in recently polluted environments.   

Concluding remarks & future perspectives 

For this thesis, the metal exposure, health variables (hematologic status and 
several biomarkers) and breeding efforts of pied flycatchers in the highly 
polluted surroundings of two metal industry sites were investigated. The focus 
was on the responses to reduced metal emissions, and the routes of metal 
exposure to pied flycatcher nestlings. The main findings are summarized below, 
followed by some perspectives for the future. 

 At the Pb mine site, the closure of the mine resulted in reduced 

emissions and depositions, with similarly decreased concentrations in 

birds and their prey. Nevertheless, metal concentrations were high 

enough to cause detrimental effects on the health and breeding of the 

birds.  

 Despite 20 years of strongly reduced emissions from a sulfide ore 

smelter, birds had metal concentrations at comparable levels to those 
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in the 1980s and reproduction (fledging and breeding success) was still 

adversely affected in the close vicinity. Only the Pb concentrations in 

pied flycatcher nestling livers were slightly lower at 3.5 – 90 km from 

the smelter, despite a 98% reduction in emissions.  

 Nestlings in the pollution gradient from the smelter were exposed to a 

mixture of elements (As, Cd, Cu, Hg, Pb and Zn), but Pb and Cd are 

particularly implicated in the observed effects on hematological status, 

oxidative stress and survival of nestlings.  

 The key factors in the responses of pied flycatchers in metal-polluted 

environments seem to be the accumulated metal load within soils and 

transfer via their prey. Hence, in environments with moderately 

contaminated soils, recovery may be expected within the foreseeable 

future, if the atmospheric deposition decreases. However, a positive 

response in environments with heavily polluted soils should not be 

expected for several decades, even if the emissions and subsequent 

depositions totally cease. 

 Naturally occurring events, such as attacks of blood-sucking Diptera, 

may contribute to adverse health effects observed in birds (e.g. signs of 

anemia), especially in environments where birds already experience 

stress from high metal exposure. 

Future studies on responses to reduced industrial emissions are needed, to be 

able to draw accurate conclusions regarding recovery rates. One of the most 

interesting questions related to the study that remains to be answered is: What 

will happen to birds around the Pb mine when human activity ceases in the industrial area? 

When the studies were conducted, there was constant activity in the area and 

the local environment received high concentrations of Pb and Zn dust from 

demolition and cleaning around the industrial site. The definitive site closure 

took place in 2006, after sampling was stopped. Thus, it would be of scientific 

value to perform a new study on pied flycatchers in a few years time, to test the 

hypotheses on recovery rate.  

At the smelter site, it would be interesting to establish how long it will take 

before there is a substantial decrease in tissue metal concentration, and to check 

if improvements in nestling health and breeding success reach levels 

comparable with those of “clean” environments.  
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Svensk sammanfattning (Swedish summary) 

Metaller är grundämnen som inte kan bildas eller förstöras av människan. De 
förekommer i mineraler i berggrunden och finns överallt på jorden. Människans 
användning av metaller har dock medfört att de återfinns i högre halter i miljön 
än de annars skulle gjort.  

Trots att metallerna kan spridas och transporteras långa sträckor med 
luftmassorna, är det främst kring källorna, såsom metallindustrier, man kan 
hitta metaller i tillräckligt höga halter för att orsaka skada på växter och djur. I 
denna avhandling presenteras undersökningar av hur svartvit flugsnappare 
(Ficedula hypoleuca) påverkas kring två metallindustrier i norra Sverige. Det ena är 
en numera nedlagd blygruva med anrikningsverk i Laisvall, där vi studerade 
populationer av svartvit flugsnappare före och efter att industrin stängdes. Det 
andra är smältverket Rönnskärsverken, utanför Skelleftehamn, som varit i drift 
sedan 1930-talet. I föroreningsgradienten från smältverket studerades effekter 
av 20 års kraftigt minskade metallutsläpp till luften som följd av förbättrade 
reningstekniker. 

Resultaten kring industrierna visar att fåglarna svarade olika på de 
minskade metallutsläppen. Kring blygruvan minskade halterna av bly i 
flugsnapparungar med samma takt som nedfallen (mätt i mossa) och 
bytesdjuren (myror). Däremot, kring smältverket, var fåglarna fortfarande 
exponerade för höga halter av de giftiga ämnena arsenik, kadmium, kvicksilver 
och bly, på i princip samma nivåer som 20 år tidigare, trots att utsläppen 
minskat med 93 – 98%. Orsaken till detta tros vara skillnader på 
föroreningsgraden i markens översta lager, mårskiktet. Vi kunde visa att 
flugsnapparna kring smältverket främst fick i sig metallerna från marken, som 
efter flera årtionden med utsläpp från industrin innehöll mycket höga 
metallhalter. Detta kan förklara att fåglarna trots att utsläppen var låga, 
fortfarande var utsatta för stor metallexponering. Det snabba svaret på minskad 
metallspridning (bly och zink) som flugsnapparna vid blygruvan visade, antar vi 
berodde på att mindre mäng metaller fanns i marken. Trots minskningen var 
metallhalterna i fåglarna vid gruvområdet fortfarande tillräckligt höga för att, 
liksom vid smältverket, påverka fåglarnas hälsa. De uppvisade bl.a. låga 
blodvärden och tecken på oxidativ stress. Vidare var ungdödligheten förhöjd, 
vilket ledde till lägre häckningsframgång. 

Slutsatsen är att markens innehåll av metaller har stor betydelse för 
återhämtningsförloppet för svartvit flugsnappare efter minskat metallnedfall, 
och att en relativt snabb återhämtning kan förväntas i områden med något lägre 
metallhalter i mårskiktet, medan återhämtning i områden där marken är kraftigt 
förorenad inte kan förväntas förrän efter flera årtionden, även om nedfallet 
upphört nästan helt. 
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