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Abstract1

Environmental pollution could enhance deterioration of fecundity with advancing age, directly2

via toxic effects of pollutants or indirectly via pollution-related resource (e.g. dietary3

antioxidants) limitation. Since there are very few studies on age-related changes in reproduction4

as regards to pollution, we analyzed a long-term (25yr) data set on reproduction of a small5

insectivorous and migratory passerine bird, the pied flycatcher Ficedula hypoleuca, to explore6

if female birds show faster age-related decrease of average breeding parameters in a metal-7

polluted area around a copper-nickel smelter than in the control area. In our population level8

analysis, all the breeding parameters (clutch size, hatching success, fledging probability, and9

fledgling number) showed generally lower levels in the polluted area but aside that, none of10

them indicated faster decrease with age in the polluted area. Clutch size and fledgling number11

increased after the first breeding, but showed no significant change later on. Hatching12

probability decreased slightly after the second breeding while fledging probability showed no13

significant age-dependent variation. Our results suggest that moderate long-term pollution does14

not reduce the viability of our study population via faster age-related decrease in fecundity.15
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Introduction23

Small and relatively short-lived passerines may show deterioration of fecundity with advancing24

age, already after the age of three years (Gustafsson and Pärt 1990; Sanz and Moreno 2000;25

Balbontin et al. 2007; Vleck et al. 2011). Anthropogenic stress, such as environmental pollution26

and urbanization, may speed up age-related decrease in fecundity, as was the case with metal27

exposed white storks Ciconia ciconia after a toxic spill (Baos et al. 2012). In small passerines,28

reduced maternal nutrient allocation to egg yolk, growth retardation, decreased plasma29

vitamins, increased levels of oxidative stress and shortening of telomeres have been30

documented in polluted environments (Koivula et al. 2011; Espín et al. 2016; Stauffer et al.31

2016; Ruiz et al. 2017). Such effects are partly indirect, due to inferior food quality (e.g. lower32

antioxidant levels) in polluted areas (Eeva et al. 2005; Eeva et al. 2009; Koivula et al. 2011).33

Chronic oxidative stress or inflammation can speed up the decline of fecundity with age by34

increasing cellular and tissue damages and eventually leading to lower reproductive output35

(Alonso-Álvarez et al. 2010; Losdat et al. 2011; Vleck et al. 2011; Isaksson 2015). Several36

pollutants (e.g. some metals and fat-soluble organic pollutants) accumulate in the body with37

age (Scheuhammer 1987; Gochfeld et al. 1996; Hogstad 1996; Sakamoto et al. 2002; but see38

Bustnes et al. 2003; Agusa et al. 2005; Vives et al. 2005; Berglund et al. 2011; Tartu et al.39

2015). Therefore, higher tissue levels of pollutants and more negative impacts can be expected40

in old individuals, although accumulating tissue damage and age-related decrease in fecundity41

would be possible even with constant, age-independent internal pollutant levels. On the other42

hand, old individuals might be the best to cope with pollutants if pollutants represent a strong43

selective agent.44

 So far, age-related decrease in fecundity relative to environmental pollution has been45

studied very little (Baos et al. 2012). We therefore analyzed a long-term (25yr) data set on46

reproduction of a small insectivorous and migratory passerine bird, the pied flycatcher Ficedula47

hypoleuca, to explore if female birds show accelerated population-level decrease in fecundity48
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in a metal-polluted area around a copper-nickel smelter in Harjavalta, SW Finland. Long-term49

monitoring of breeding parameters of a F. hypoleuca population around this emission source50

has revealed increased dietary metal exposure, increased proportion of thin-shelled eggs,51

smaller egg size and clutch size, decreased hatchability, increased number of growth52

abnormalities, increased nestling mortality, and lower fledgling production as compared to53

more remote reference areas (Eeva and Lehikoinen 1995; Eeva and Lehikoinen 1996). Despite54

considerable reductions in emissions and improvement of breeding parameters over this long55

period, clutch size and number of fledglings still remain lower in the polluted area (Eeva and56

Lehikoinen 2015).57

 Migratory passerines have been considered especially prone to senescence because of their58

yearly physiologically-demanding migratory journey (Sanz and Moreno 2000; Wikelski et al.59

2003). For this reason and because of their relatively high metabolic rates (Bennett and Harvey60

1987) and fast accumulation of pollutants at their breeding grounds (Berglund et al. 2010), F.61

hypoleuca females should be a good study model to explore possible decline of fecundity with62

age relative to pollution. In the case of pollution-related effects, we expect to find an earlier63

decline of the reproductive output in the pollution-exposed bird population as compared to the64

one living in an unpolluted area.65

66

Materials and methods67

Study species68

Ficedula hypoleuca is a small, relatively short-lived, insectivorous and migratory passerine69

wintering in Western Africa and breeding in a large range across Europe and Russia (Lundberg70

and Alatalo 1992). They arrive to their breeding sites in Finland in the beginning of May and71

start to lay eggs in the end of May. Ficedula hypoleuca breed numerously in nest boxes, making72

it an ideal species to study reproductive parameters in polluted environments.73

74
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Study area and data collection75

The data were collected in 1991–2016 (2001 missing) around a copper-nickel smelter (61°20’76

N, 22°10’ E) in Harjavalta, southwestern Finland (Figure 1). Sulphur oxides (SOx) and heavy77

metals (especially As, Cu, Ni, Pb and Zn) are common pollutants in the area (Kiikkilä 2003;78

Kozlov et al. 2009). Elevated heavy metal concentrations occur in soil, vegetation, insects and79

birds of the polluted area due to current and historical deposition (since 1945), and metal80

contents decrease exponentially with increasing distance to the smelter (Koricheva and81

Haukioja 1995; Eeva and Lehikoinen 1996; Eeva et al. 1997; Eeva et al. 2010; Berglund et al.82

2012). For example, organic soil Cu (5799 ppm, dry weight [d.w.]) and Pb (314 ppm, d.w.)83

concentrations near the smelter have been found to be, respectively, 39 and 5 times higher than84

at background sites, 8 km from the smelter (Derome and Nieminen 1998). Arsenic85

concentrations in F. hypoleuca nestling feces have been c.a. 13 times higher in the polluted area86

as compared to the background, indicating dietary exposure (Eeva et al. 2005). Especially non-87

essential (or ultra-trace essential) elements (As, Cd, Pb) have been found to accumulate in the88

liver tissue of F. hypoleuca females and nestlings in the polluted area of Harjavalta (Berglund89

et al. 2011). Heavy metal and SOx emissions from the smelter decreased considerably during90

1990s and the Harjavalta smelter was removed from a ‘hot spot’ list of top Baltic polluters in91

2003 (Kozlov et al. 2009; Berglund et al. 2015). At the same time, metal levels in F. hypoleuca92

nestlings have decreased with a simultaneous increase in breeding success (Eeva and93

Lehikoinen 2000; Eeva and Lehikoinen 2015).94

 Twenty-four study sites, each with 20–80 nest boxes (see Lambrechts et al. 2010), were95

established in the pollution gradient in three main directions (southwest, southeast and96

northwest; i.e. to get wide spatial coverage and replicate sites in different distances), in a range97

of 0.4–73 km from the smelter (Figure 1). The number of active sites varied in different years98

(Appendix 1). We captured and ringed females from nest boxes during the incubation and99

nestling periods. Nest boxes were further checked weekly to record final clutch size, number100
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of hatchlings and number of fledglings, and to ring nestlings. Final clutch size denotes the101

number of eggs during the incubation phase. Hatchling number was determined from the102

numbers of recently hatched nestlings and unhatched eggs. Fledgling numbers were determined103

from the numbers of nestlings prior to fledging and those found dead in the nest after fledging.104

To compare the breeding parameters in different parts of the pollution gradient, we split the105

data in two parts: the area less than 2.5 km from the pollution source is hereafter called106

‘polluted’, whereas the area beyond 2.5 km from the source (median distance 10.3 km) is called107

‘control’, as emission levels approach the background values beyond the distance of 2.5 km108

(Berglund et al. 2012).109

110

Age determination111

Females were aged by their plumage characteristics into two age-classes, one year old112

(hereafter young) or older (hereafter old), mainly on the basis of the shape of the primary113

coverts, primaries and tail feathers (Karlsson et al. 1986; Svensson 1992). Because differences114

in plumage characteristics are relatively small and aging is not always easy (in 8.3% of captures115

it was not possible to determine age) we calculated two figures to estimate the reliability of our116

age determinations: 1. proportion of erroneous determinations among the individuals that were117

ringed as nestlings (i.e. their age was known), and 2. proportion of old (on the basis of capture118

history) birds erroneously determined as young. The former proportion was 4.6% (5 out of 109119

individuals) and the latter 4.6% (14 out of 303 individuals). Although we corrected the known120

erroneous determinations in the data for the further analyses, we need to accept that <5% of the121

age determinations may be wrong. This could slightly weaken the estimated age effects on122

reproductive parameters since in some cases old birds may have been determined as young at123

first capture. On the other hand the bias should be very small because the older age classes,124

which are more critical for our analyses due to their smaller sample size, cannot contain young125
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birds. Age classes in our data denote calendar years (i.e. 1 = year of birth, 2 = the year following126

birth year, etc.).127

 For the current analyses we used all individuals for which we knew their year of birth. This128

applies to nestlings (born recently) and females determined as ‘young’ on the basis of their129

plumage characteristics (born in the previous season). When we later recapture one of these130

birds we know from their ringing history how old they are. Often, the same individual was131

captured more than once per breeding season and sometimes age determinations differed. If132

there were more than two determinations we relied on the age determined in majority of the133

cases. When these were equal (e.g. 1 young vs. 1 old) we considered the age as unknown.134

Because there were relatively few individuals in the age classes of 5 (n = 21) and 6 (n = 4; the135

maximum age in our data) years, we used in the analyses a combined age class “≥5 years”. In136

this class we also included those 25 old birds for which the exact age was not known but which137

were known to be at least 5 years old on the basis of their capture history (i.e. they were138

determined as old in their first capture and were retrapped again after at least two years). The139

final data contains 2502 observations on 2224 individuals, of which 90% were trapped just140

once. Some individuals may change their breeding location between polluted and control areas141

over years but on the basis of our known cases (3.95% of birds which were trapped in more142

than one year), we consider their number low.143

144

Statistical analyses145

We studied four reproductive parameters for their potential age dependence: clutch size,146

hatching success (probability of an egg to hatch), fledging probability (probability of a147

hatchling to fledge) and fledgling number. These four parameters represent important life-148

history variables (i.e. offspring size, mortality and fitness). These were analyzed with149

generalized linear mixed models (GLMMs, Glimmix procedure) with the statistical software150

SAS 9.4 (SAS Institute Inc. 2013). The values of breeding parameters affected by predation,151
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human disturbance or manipulations were not included in the analyses. However, if individual152

chicks are taken from the nest by a predator with no other signs on predation, which we consider153

rare, we cannot separate these cases from ‘normal’ mortality because parents may also remove154

small dead nestlings from the nest. Explanatory factors in the models were area (polluted vs.155

control), age (2, 3, 4 and ≥5) and area × age (significant interaction would be indicative of156

pollution-related age dependence). Because pollution levels decreased and some of the157

breeding parameters increased during this long-term study (Eeva and Lehikoinen 2000; Eeva158

and Lehikoinen 2015) we further included in the models two factors to take account of the159

possible confounding effect of temporal trends in breeding parameters: year (continuous160

variable) and year × area. However, temporal trends in breeding parameters will not be dealt161

with in detail here because a more detailed analysis on them is recently given in Eeva and162

Lehikoinen (2015). For clutch size and fledgling number we used Poisson error distribution.163

For hatching and fledging probabilities we modelled binomial proportions (events/trials syntax164

of the Glimmix procedure) with binary error distribution. In all models year (class variable)165

and study site were used as random factors to control for the non-independence of the166

observations within years and sites. Model residuals were further used as a random factor to167

control for overdispersion in the models. In this bird species, laying date is known to affect168

breeding parameters like clutch size and it is also known to depend on age, young birds (age169

class 2) laying 2 − 3 days later than the older ones (Lundberg and Alatalo 1992). However, we170

considered timing of breeding as just one of the correlates of individual quality among many171

others and therefore we did not try to include it in our models.172

Besides reproductive senescence (i.e. the within-individual decline in reproductive173

success with increasing age), any differences in reproductive parameters among age classes at174

population level could be related to phenotype-dependent survival (i.e. selective disappearance;175

van de Pol and Verhulst 2006; Bouwhuis et al. 2009; Rebke et al. 2010), good quality176

individuals likely living longer than lower quality individuals, which could change population177
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mean for reproductive parameters along the age classes. In our population-level study (i.e.178

cross-sectional analysis) this could mask the effect of reproductive senescence (see Bouwhuis179

et al. 2009). To take account of this possibility, we ran the above mentioned models again by180

including only those birds that were known to live long, i.e. ≥4 calendar years (n = 219181

observations on 92 individuals; hereafter called ‘long-lived birds’). This further allowed for182

more balanced analyses as regards to sample sizes because in the previous models the number183

of observations in the youngest age class was disproportionally large (87%) as compared to the184

older age classes. For these models, where most individuals were captured more than once, we185

added individual as a random factor to control for the non-independence of the multiple186

observations on the same individual. The average of individual mean time intervals between187

observations is 1.5 years (n = 88 individuals, SD = 0.74; excluding four individuals which were188

ringed as nestlings and captured once as breeding).189

Because reproductive parameters include some missing values, the final sample size190

varies among the different models. The effects with p<0.05 were considered statistically191

significant. Non-significant terms were dropped out from the models one by one, starting from192

interactions, but we always retained the main terms (area, age and area × age) in the final193

models. The degrees of freedom were adjusted with the Kenward-Roger method.194

195

Results196

Full dataset197

All the breeding parameters showed generally lower levels in the polluted area but aside that198

none of them showed significantly different age dependence between the two areas (Table 1,199

Figure 2). Overall significant age dependence was found for clutch size, hatching probability200

and fledgling number (Table 1). Clutch size increased 0.54 eggs and fledgling number 0.50201

chicks from the age class 2 to the age class 3, but neither of them showed a significant change202

after that (Figure 2). Hatching probability decreased 9.0% from age class 3 to the age class ≥5203
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(Figure 2). Fledging probability did not show any significant age-dependent variation (Figure204

2). Clutch size and fledgling number showed their overall peak value at the age class 4 (Figure205

2). Significant interactions between year and area (Table 1) indicate that clutch size and206

fledgling numbers increased in the polluted area over the study period (log scale model207

estimates ±SE for polluted and control areas, respectively, for clutch size: 0.00097 ±0.00084208

vs. 0.0059 ±0.0011; and for fledgling numbers: 0.0042 ±0.0051 vs. −0.0023 ±0.0046).209

210

Long-lived birds211

In general, the subset of long-lived birds showed relatively similar patterns along the age groups212

than the full dataset (Table 1, Figure 3). However, except for fledgling number, the differences213

between areas were not significant, which was due to slightly smaller effect size and much214

smaller sample size (Table 1). Unlike in the full dataset, the fledgling number did not215

significantly vary with age (Table 1), which was mainly because the subgroup of long-lived216

birds produced slightly (10%) more fledglings in their first breeding season (age class 2) than217

the rest of the population. This difference was, however, not statistically significant (GLMM218

with area [polluted vs. control] and bird subgroup [long-lived vs. others] as explanatory factors:219

Fdf = 2.921,1763, p = 0.088, n = 1801). For an unknown reason, fledging probability was 12%220

lower in age class 3 than in age class 4 (Table 1, Figure 3) but, like in the full data, there was221

no clear indication of age-related decrease. Temporal trends were not statistically significant in222

this dataset (Table 1).223

224

Discussion225

Although all of the reproductive parameters showed generally lower values in the polluted226

environment, we found no indication of faster age-related decrease there. According to the227

society of European Union for Bird Ringing (EURING) statistics, the maximum known age for228

F. hypoleuca is 10.9 years (Euring 2017) and one could speculate that our sample had too few229
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birds in the oldest age classes to demonstrate any effect. However, even in the case that230

pollution would decrease fecundity only at very old age, this would have a minimal effect on231

the production at population level because in our population only less than 1% of females will232

reach their 6th calendar year. This migratory species also shows extensive natal dispersal233

(Lundberg and Alatalo 1992) and a great deal of females breeding in the polluted area were not234

likely born there. Growing in an unpolluted environment and spending most of the year away235

from the polluted area may alleviate the effect of pollution on senescence around point sources236

of pollution, though other sources of pollution are possible during migratory and wintering237

seasons (Raja-aho et al. 2012). Taken together, environmental pollution does not reduce the238

viability of our study population via faster age-related decrease in fecundity at population level.239

Despite that fledgling production in the polluted area has been and still remains smaller than in240

the control area, the population densities have increased over our long-term study (Eeva and241

Lehikoinen 2015).242

Clutch size and fledgling number of F. hypoleuca females increased after their first243

breeding, after which there was no significant change and, hence, no strong evidence of age-244

related decrease of fecundity at population level, though decreasing estimates for the fledgling245

number in the oldest age class could be indicative of that. Bouwhuis et al. (2010) found246

improved reproductive performance (recruit production) by great tit Parus major females up to247

the age of 3 years (= 4th calendar year) due to improved skills or optimization of reproductive248

effort, after which performance declined, most likely due to senescence. However, in agreement249

with our results, Sanz and Moreno (2000) found no deterioration in population level clutch size250

or fledgling number of F. hypoleuca females before the age of 5 years (= 6th calendar year).251

Increased reproductive performance with age is a general pattern in birds, often explained by252

selective disappearance (due to mortality or dispersal) of lower quality individuals and/or by253

true age-related improvement in competence or effort (Forslund and Pärt 1995; Bouwhuis et254

al. 2010). Several studies, however, suggest that selective disappearance alone cannot explain255
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age-related changes in a population, but increasing individual competence has an important256

role (Forslund and Pärt 1995; Balbontin et al. 2007; Rebke et al. 2010). Our analyses for the257

subclass of long-lived F. hypoleuca females suggest that selective disappearance did not cause258

any major bias as regards to the effect of aging.259

Hatchability of eggs slightly decreased after the second breeding (age class 3). This260

could be indicative of decreasing fertility or increasing embryonic mortality of eggs with age,261

e.g. because of increasing oxidative damage, behavioral changes and/or changing maternal262

input (Alonso-Álvarez et al. 2010). However, a recent study in our same study area found no263

evidence of age-related increase of oxidative stress markers, and some of the antioxidant264

enzymes (catalase) even showed lower activities in old F. hypoleuca females (age class  ≥3)265

than in young (age class 2) ones, despite that old females produced larger broods (Berglund et266

al. 2014). On the other hand, lower catalase activities could suggest decreased response to267

oxidative stress (either due to aging or as a trade-off between antioxidant activity and brood268

size). Remeš et al. (2011) observed that older (≥3 calendar years) P. major females deposited269

higher concentrations of nutrients (carotenoids and vitamin E) in yolks than the first-time270

breeders (2nd calendar year). This agrees with a general observation of improved breeding271

success of older birds compared to novel breeders (Saether 1990). No age effect, however, was272

found on yolk carotenoid levels of the collared flycatcher F. albicollis, a closely related species273

to F. hypoleuca (Török et al. 2007).274

The overall decreased reproductive output in the polluted environment is more likely a275

consequence of pollution-related changes in food chains and consequent resource limitation for276

insectivorous birds than direct toxic effects of pollutants, invertebrate food abundance and277

quality being lower in the polluted area (Eeva et al. 1997; Eeva et al. 2005). The body mass of278

incubating F. hypoleuca females in our study area showed faster seasonal decrease in polluted279

than in unpolluted area, which may indicate more drastic decrease in food abundance in280

polluted area (Rainio et al. 2017). After the early years of this long-term study (i.e. the281
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beginning of 1990’s) the average metal levels measured in flycatchers of our study area have282

generally been moderate or low and not considered toxic (Berglund et al. 2012). Furthermore,283

metal exposure levels in territories of F. hypoleuca females have neither shown clear284

associations with levels of antioxidants (e.g. glutathione, carotenoids) or antioxidant enzymes285

(e.g. glutathione peroxidase, glutathione-S-transferase, superoxide dismutase or catalase),286

which are considered as indicators of oxidative stress (Eeva et al. 2012; Berglund et al. 2014),287

nor with yolk vitamin levels or egg characteristics such as size or eggshell index (Espín et al.288

2016). Therefore, we consider indirect effects (e.g. food quality) a more likely explanation for289

decreased reproductive output than direct toxic effects. For example, F. hypoleuca egg yolks290

were found to contain 26% less food-derived carotenoids (lutein) in the same polluted area as291

compared to eggs in the unpolluted area (Espín et al. 2016).292

Recent studies have found that DNA telomeres of another insectivorous passerine, P.293

major, have been shorter in the nestlings grown in the polluted or urban areas as compared to294

the control areas (Salmón et al. 2016; Stauffer et al. 2016). The nestlings of this species also295

showed increased mutation rates in a metal polluted area (Eeva et al. 2006). However, neither296

of these effects were found in F. hypoleuca nestlings in our study area (Eeva et al. 2006;297

Stauffer et al. 2016), suggesting that this species may better resist pollution-related senescence.298

This is in agreement with the view that, due to their efficient detoxification capacity,299

insectivorous and migratory birds would be less sensitive to environmental contaminants than300

granivorous and non-migratory birds when exposed to similar levels (Rainio et al. 2012).301

Interspecific comparisons on this topic would therefore be valuable.302

303

Acknowledgements304

We thank Jorma Nurmi and all the other persons involved in the field work over the past 26305

years. Two anonymous referees are acknowledged for their suggestions to improve the306

manuscript. This study was financed by the Academy of Finland (T.E., project 265859),307



14

University of Turku Graduate School - UTUGS (P.S.-V.), and Consejería de Educación y308

Universidades de la CARM through Fundación Séneca-Agencia de Ciencia y Tecnología de la309

Región de Murcia (Project 20031/SF/16 to S.E.).310

311

Role of the funding source312

The funding sources had no involvement in study design, in the data collection, analysis, and313

interpretation, in the writing of the manuscript, or in the decision to submit the paper for314

publication.315

316

The authors declare that they have no conflict of interest.317

318

References319

320

Agusa, T., Matsumoto, T., Ikemoto, T., Anan, Y., Kubota, R., Yasunaga, G., Kunito, T.,321

Tanabe, S., Ogi, H. and Shibata, Y. 2005. Body distribution of trace elements in black-322

tailed gulls from Rishiri Island, Japan: Age-dependent accumulation and transfer to323

feathers and eggs. - Environmental Toxicology and Chemistry 24: 2107-2120.324

Alonso-Álvarez, C., Pérez-Rodríguez, L., García, J. T., Viñuela, J. and Mateo, R. 2010. Age325

and breeding effort as sources of individual variability in oxidative stress markers in a326

bird species. - Physiological and Biochemical Zoology 83: 110-118.327

Balbontin, J., Hermosell, I. G., Marzal, A., Reviriego, M., de Lope, F. and Møller, A. P. 2007.328

Age-related change in breeding performance in early life is associated with an increase329

in competence in the migratory barn swallow Hirundo rustica. - Journal of Animal330

Ecology 76: 915-925.331

Baos, R., Jovani, R., Serrano, D., Tella, J. L. and Hiraldo, F. 2012. Developmental exposure to332

a toxic spill compromises long-term reproductive performance in a wild, long-lived bird:333

the white stork (Ciconia ciconia). - PLOS ONE 7.334



15

Bennett, P. M. and Harvey, P. H. 1987. Active and resting metabolism in birds - allometry,335

phylogeny and ecology. - Journal of Zoology 213: 327-363.336

Berglund, Å. M. M., Ingvarsson, P. K., Danielsson, H. and Nyholm, N. E. I. 2010. Lead337

exposure and biological effects in pied flycatchers (Ficedula hypoleuca) before and after338

the closure of a lead mine in northern Sweden. - Environmental Pollution 158: 1368-339

1375.340

Berglund, Å. M. M., Koivula, M. J. and Eeva, T. 2011. Species- and age-related variation in341

metal exposure and accumulation of two passerine bird species. - Environmental342

Pollution 159: 2368-2374.343

Berglund, Å. M. M., Rainio, M. and Eeva, T. 2012. Decreased metal accumulation in passerines344

as a result of reduced emissions. - Environmental Toxicology and Chemistry 31: 1317-345

1323.346

Berglund, Å. M. M., Rainio, M. J. and Eeva, T. 2015. Temporal trends in metal pollution: using347

bird excrement as indicator. - PLOS ONE 10.348

Berglund, Å. M. M., Rainio, M. J., Kanerva, M., Nikinmaa, M. and Eeva, T. 2014. Antioxidant349

status in relation to age, condition, reproductive performance and pollution in three350

passerine species. - Journal of Avian Biology 45: 235-246.351

Bouwhuis, S., Sheldon, B., Verhulst, S. and Charmantier, A. 2009. Great tits growing old:352

selective disappearance and the partitioning of senescence to stages within the breeding353

cycle. - Proceedings of the Royal Society B-Biological Sciences 276: 2769-2777.354

Bouwhuis, S., van Noordwijk, A. J., Sheldon, B. C., Verhulst, S. and Visser, M. E. 2010.355

Similar patterns of age-specific reproduction in an island and mainland population of356

great tits Parus major. - Journal of Avian Biology 41: 615-620.357

Bustnes, J. O., Bakken, V., Skaare, J. U. and Erikstad, K. E. 2003. Age and accumulation of358

persistent organochlorines: A study of arctic-breeding glaucous gulls (Larus359

hyperboreus). - Environmental Toxicology and Chemistry 22: 2173-2179.360



16

Derome, J. and Nieminen, T. 1998. Metal and macronutrient fluxes in heavy-metal polluted361

Scots pine ecosystems in SW Finland. - Environmental Pollution 103: 219-228.362

Eeva, T., Belskii, E. A. and Kuranov, B. 2006. Environmental pollution affects genetic diversity363

in wild bird populations. - Mutation Research 608: 8-15.364

Eeva, T. and Lehikoinen, E. 1995. Egg shell quality, clutch size and hatching success of the365

great tit (Parus major) and the pied flycatcher (Ficedula hypoleuca) in an air pollution366

gradient. - Oecologia 102: 312-323.367

Eeva, T. and Lehikoinen, E. 1996. Growth and mortality of nestling great tits (Parus major)368

and pied flycatchers (Ficedula hypoleuca) in a heavy metal pollution gradient. -369

Oecologia 108: 631-639.370

Eeva, T. and Lehikoinen, E. 2000. Improved breeding success in forest passerines after371

decreased emissions of heavy metals. - Nature 403: 851-852.372

Eeva, T. and Lehikoinen, E. 2015. Long-term recovery of clutch size and egg shell quality of373

the pied flycatcher (Ficedula hypoleuca) in a metal polluted area. - Environmental374

Pollution 201: 26-33.375

Eeva, T., Lehikoinen, E. and Pohjalainen, T. 1997. Pollution-related variation in food supply376

and breeding success in two hole-nesting passerines. - Ecology 78: 1120-1131.377

Eeva, T., Rainio, K. and Suominen, O. 2010. Effects of pollution on land snail abundance, size378

and diversity as resources for pied flycatcher, Ficedula hypoleuca. - Science of the Total379

Environment 408: 4165-4169.380

Eeva, T., Rainio, M., Kanerva, M. and Salminen, J.-P. 2012. Plasma carotenoid levels are not381

directly related to heavy metal exposure or reproductive success in three insectivorous382

passerines. - Environmental Toxicology and Chemistry 31: 1363-1369.383

Eeva, T., Ryömä, M. and Riihimäki, J. 2005. Pollution-related changes in diets of two384

insectivorous passerines. - Oecologia 145: 629-639.385



17

Eeva, T., Sillanpää, S. and Salminen, J.-P. 2009. The effects of diet quality and quantity on386

plumage colour and growth of Great tit nestlings: a food manipulation experiment along387

a pollution gradient. - Journal of Avian Biology 40: 1-9.388

Espín, S., Ruiz, S., Sánchez-Virosta, P., Salminen, J. P. and Eeva, T. 2016. Effects of389

experimental calcium availability and anthropogenic metal pollution on eggshell390

characteristics and yolk carotenoid and vitamin levels in two passerine birds. -391

Chemosphere 151: 189-201.392

Euring  2017. Longevity list. http://www.euring.org/data-and-codes/longevity-list?page=5.393

Read 9th Feb 2017.394

Forslund, P. and Pärt, T. 1995. Age and Reproduction in Birds - Hypotheses and Tests. - Trends395

in Ecology & Evolution 10: 374-378.396

Gochfeld, M., Belant, J. L., Shukla, T., Benson, T. and Burger, J. 1996. Heavy metals in397

laughing gulls: Gender, age and tissue differences. - Environmental Toxicology and398

Chemistry 15: 2275-2283.399

Gustafsson, L. and Pärt, T. 1990. Acceleration of sensecence in the collared flycatcher400

(Ficedula albicollis) by reproductive costs. - Nature 347: 279-281.401

Hogstad, O. 1996. Accumulation of cadmium, copper and zinc in the liver of some passerine402

species wintering in Central Norway. - The Science of the Total Environment 183: 187-403

194.404

Isaksson, C. 2015. Urbanization, oxidative stress and inflammation: a question of evolving,405

acclimatizing or coping with urban environmental stress. - Functional Ecology 29: 913-406

923.407

Karlsson, L., Persson, K. and Walinder, G. 1986. Ålders- och könsbestämning av svartvit408

flugsnappare Ficedula hypoleuca. - Vår Fågelvärld 45: 131-146.409

Kiikkilä, O. 2003. Heavy-metal pollution and remediation of forest soil around the Harjavalta410

Cu-Ni smelter, in SW Finland. - Silva Fennica 37: 399-415.411



18

Koivula, M. J., Kanerva, M., Salminen, J. P., Nikinmaa, M. and Eeva, T. 2011. Metal pollution412

indirectly increases oxidative stress in great tit (Parus major) nestlings. - Environmental413

Research 111: 362-370.414

Koricheva, J. and Haukioja, E. 1995. Variations in chemical composition of birch foliage under415

air pollution stress and their consequences for Eriocrania miners. - Environmental416

Pollution 88: 41-50.417

Kozlov, M., Zvereva, E. L. and Zverev, V. 2009. Impacts of point polluters on terrestrial biota.418

- Springer.419

Lambrechts, M. M., Adriaensen, F., Ardia, D. R., Artemyev, A. V., Atiénzar, F., Banbura, J.,420

Barba, E., Bouvier, J.-C., Camprodon, J., Cooper, C. B., Dawson, R. D., Eens, M., Eeva,421

T., Faivre, B., Garamszegi, L. Z., Goodenough, A. E., Gosler, A. G., Grégoire, A.,422

Griffith, S. C., Gustafsson, L., Johnson, L. S., Kania, W., Keišs, O., Llambias, P. E.,423

Mainwaring, M., Mänd, R., Massa, B., Mazgajski, T. D., Møller, A. P., Moreno, J., Naef-424

Daenzer, B., Nilsson, J. Å., Norte, A. C., Orell, M., Otter, K., Park, C. R., Perrins, C. M.,425

Pinowski, J., Porkert, J., Potti, J., Remeš, V., Richner, H., Rytkönen, S., Shiao, M.-T.,426

Silverin, B., Slagsvold, T., Smith, H. G., Sorace, A., Stenning, M. J., Stewart, I.,427

Thompson, C. F., Tryjanowski, P., Török, J., van Noordwijk, A. J., Winkler, D. W. and428

Ziane, N. 2010. The design of artificial nestboxes for the study of secondary hole-nesting429

birds: a review of methodological inconsistencies and potential biases. - Acta430

Ornithologica 45: 1-26.431

Losdat, S., Richner, H., Blount, J. D. and Helfenstein, F. 2011. Immune activation reduces432

sperm quality in the great tit. - PLOS ONE 6.433

Lundberg, A. and Alatalo, R. V. 1992. The Pied Flycatcher. - T & A D Poyser.434

Rainio, M., Ruuskanen, S. and Eeva, T. 2017. Spatio-temporal variation in the body condition435

of female pied flycatcher (Ficedula hypoleuca) in a polluted environment. - A436

manuscript.437



19

Rainio, M. J., Kanerva, M., Wahlberg, N., Nikinmaa, M. and Eeva, T. 2012. Variation of basal438

EROD activities in ten passerine bird species - relationships with diet and migration439

status. - PLOS ONE 7.440

Raja-aho, S., Kanerva, M., Eeva, T., Lehikoinen, E., Suorsa, P., Gao, K., Vosloo, D. and441

Nikinmaa, M. 2012. Seasonal variation in the regulation of redox state and some442

biotransformation enzyme activities in the barn swallow (Hirundo rustica L.). -443

Physiological and Biochemical Zoology 85: 148-158.444

Rebke, M., Coulson, T., Becker, P. H. and Vaupel, J. W. 2010. Reproductive improvement and445

senescence in a long-lived bird. - Proceedings of the National Academy of Sciences of446

the United States of America 107: 7841-7846.447

Remeš, V., Matysioková, B. and Klejdus, B. 2011. Egg yolk antioxidant deposition as a448

function of parental ornamentation, age, and environment in great tits Parus major. -449

Journal of Avian Biology 42: 387-396.450

Ruiz, S., Espín, S., Sánchez-Virosta, P., Salminen, J.-P., Lilley, T. M. and Eeva, T. 2017.451

Vitamin profiles in two free-living passerine birds under a metal pollution gradient - a452

calcium supplementation experiment. - Ecotoxicology and Environmental Safety 138:453

242-252.454

Saether, B. E. 1990. Age-specific variation in reproductive performance of birds. - In: Power,455

D. M. (ed.), Current Ornithology. Plenum Press, pp. 251-283.456

Sakamoto, K. Q., Kunisue, T., Watanabe, M., Masuda, Y., Iwata, H., Tanabe, S., Akahori, F.,457

Ishizuka, M., Kazusaka, A. and Fujita, S. 2002. Accumulation patterns of polychlorinated458

biphenyl congeners and organochlorine pesticides in Steller's sea eagles and white-tailed459

sea eagles, threatened species, in Hokkaido, Japan. - Environmental Toxicology and460

Chemistry 21: 842-847.461



20

Salmón, P., Nilsson, J. F., Nord, A., Bensch, S. and Isaksson, C. 2016. Urban environment462

shortens telomere length in nestling great tits, Parus major. - Biology Letters 12:463

20160155.464

Sanz, J. J. and Moreno, J. 2000. Delayed senescence in a southern population of the pied465

flycatcher (Ficedula hypoleuca). - Ecoscience 7: 25-31.466

SAS Institute Inc. 2013. Base SAS 9.4 Procedures Guide: Statistical Procedures.467

Scheuhammer, A. M. 1987. The chronic toxicity of aluminium, cadmium, mercury, and lead in468

birds: A review. - Environmental Pollution 46: 263-295.469

Stauffer, J., Bineet, P., Eeva, T., Rainio, M. and Ilmonen, P. 2016. Telomere damage and redox470

status alterations in free-living passerines exposed to metals. - Science of the Total471

Environment 575: 841-848.472

Svensson, L. 1992. Identification Guide to European Passerines. - Fingraf AB.473

Tartu, S., Angelier, F., Wingfield, J. C., Bustamante, P., Labadie, P., Budzinski, H.,474

Weimerskirch, H., Bustnes, J. O. and Chastel, O. 2015. Corticosterone, prolactin and egg475

neglect behavior in relation to mercury and legacy POPs in a long-lived Antarctic bird. -476

Science of the Total Environment 505: 180-188.477

Török, J., Hargitai, R., Hegyi, G., Matus, Z., Michl, G., Péczely, P., Rosivall, B. and Tóth, G.478

2007. Carotenoids in the egg yolks of collared flycatchers (Ficedula albicollis) in relation479

to parental quality, environmental factors and laying order. - Behavioral Ecology and480

Sociobiology 61: 541-550.481

van de Pol, M. and Verhulst, S. 2006. Age-dependent traits: A new statistical model to separate482

within- and between-individual effects. - American Naturalist 167: 766-773.483

Vives, I., Grimalt, J. O., Ventura, M., Catalan, J. and Rosseland, B. O. 2005. Age dependence484

of the accumulation of organochlorine pollutants in brown trout (Salmo trutta) from a485

remote high mountain lake (Redo, Pyrenees). - Environmental Pollution 133: 343-350.486



21

Vleck, C. M., Vleck, D. and Palacios, M. G. 2011. Evolutionary ecology of senescence: a case487

study using Tree Swallows, Tachycineta bicolor. - Journal of Ornithology 152: 203-211.488

Wikelski, M., Spinney, L., Schelsky, W., Scheuerlein, A. and Gwinner, E. 2003. Slow pace of489

life in tropical sedentary birds: a common-garden experiment on four stonechat490

populations from different latitudes. - Proceedings of the Royal Society B-Biological491

Sciences 270: 2383-2388.492

493

494



22

Table 1. Effects of area (polluted vs. control) and age (2, 3, 4 or ≥5 calendar years) of F. hypoleuca
females on four breeding parameters. Generalized linear mixed models (GLMM)1 for full data and
for a subset of data containing only long-lived birds (≥4 calendar years). Year (continuous variable)
was included in the models to account for temporal trends in breeding parameters. Final models are
shown in bold.

Clutch size2 Hatching
probability3

Fledging
probability3

Fledgling
number2

Full data Fdf p Fdf p Fdf p Fdf p

Area 21.7 1,1810 <0.0001 6.66 1,156 0.011 7.70 1,129 0.0063 4.1 1,1198 0.043
Age 25.6 3,2441 <0.0001 2.67 3,2238 0.046 1.60 3,1949 0.19 5.51 3,2015 0.0009
Area × Age 2.05 3,2434 0.11 0.21 3,2238 0.89 0.64 3,1945 0.59 0.13 3,2013 0.94
Year 17.7 1,17.7 0.0002 0.35 1,25.7 0.56 0.00 1,21.5 0.97 0.04 1,22.1 0.84
Area × Year 21.4 1,1804 <0.0001 0.07 1,717 0.80 0.20 1,779 0.65 3.94 1,1191 0.047

Long-lived Fdf p Fdf p Fdf p Fdf p

Area 2.33 1,14.7 0.15 1.10 1,11.1 0.32 2.56 1,15.4 0.13 6.42 1,175 0.012
Age 3.05 3,158 0.030 4.18 3,118 0.0075 4.06 3,140 0.0085 1.08 3,171 0.36
Area × Age 0.69 3,160 0.56 0.13 3,109 0.94 0.74 3,138 0.53 0.41 3,171 0.75
Year 1.26 1,31.8 0.27 0.05 1,26.8 0.83 0.15 1,23.8 0.70 0.76 1,19.1 0.39
Area × Year 0.10 1,70.6 0.76 1.48 1,44.3 0.23 0.27 1,77.2 0.61 0.11 1,143 0.74
1 Final model estimates (±95% CI) and sample sizes for each group are shown in Fig. 2 and Fig. 3.
2 GLMM with Poisson error distribution and log link function. Year as a categorical variable and study site were used as

random factors. For the subset of long-lived birds individual was further included as a random factor.
3 GLMM with binary error distribution and logit link function. Year as a categorical variable and study site were used as

random factors. For the subset of long-lived birds individual was further included as a random factor. Hatching
probability = probability of an egg to hatch. Fledging probability = probability of a hatchling to fledge.
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Figure 1. Map of the study area, showing 20 out of 24 study sites
where data were collected for this study around a copper-nickel
smelter (in the middle). Four more distant sites locate 47, 60, 64
and 73 km SW from the smelter. Sites within the circle (radius
2.5 km) are considered heavily polluted. Sample sizes and
distances to the smelter are shown in Appendix 1.
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Figure 2. Four reproductive parameters of F. hypoleuca in relation to the female age
(calendar years; 1 = year of birth) in a metal polluted area and a control area. Combined
data from 1991 – 2016. Values are estimates (±95% CI) from the final models in the
Table 1. The lettering indicates the pairwise differences among the age groups (Tukey’s
test; groups with the same letter are not significantly different; p values adjusted with
the number of comparisons). Numbers denote the sample size for the breeding data.
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Figure 3. Four reproductive parameters in the subgroup of long-lived F. hypoleuca
females in relation to the female age (calendar years; 1 = year of birth) in a metal polluted
area and a control area. Combined data from 1991 – 2016. Values are estimates (±95%
CI) from the final models of long-lived birds in the Table 1. The lettering indicates the
pairwise differences among the age groups (Tukey’s test; groups with the same letter are
not significantly different; p values adjusted with the number of comparisons). Numbers
denote the sample size for the breeding data.
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Appendix 1. Yearly numbers (N) of captured F. hypoleuca females per each study site. Distances of
study sites to the pollution source (dist) are shown in kilometers.

Site number

01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 25 N

Dist 1.1 0.4 1.7 1.8 3.3 5.4 11 2.8 9.4 3.4 4.0 10 47 73 64 5.0 1.4 1.9 2.0 0.9 0.5 0.9 60 2.0

1991 2 1 5 4 4 9 5 2 3 7 4 7 5 0 0 0 0 0 0 0 0 0 0 0 58

1992 2 10 4 4 7 10 8 12 12 9 12 9 6 8 6 0 0 0 0 0 0 0 0 0 119

1993 2 6 3 4 10 15 10 3 10 9 10 10 15 11 5 0 0 0 0 0 0 0 0 0 123

1994 3 7 2 1 9 14 13 2 9 5 8 7 12 3 5 0 0 0 0 0 0 0 0 0 100

1995 4 7 7 0 0 8 3 4 4 6 5 6 13 0 5 10 12 7 0 0 0 0 0 0 101

1996 6 7 4 0 3 12 3 0 2 12 7 2 3 0 3 9 6 9 3 0 0 0 0 0 91

1997 8 3 6 0 0 12 3 0 2 5 3 0 9 0 0 8 3 8 2 0 0 0 0 0 72

1998 10 8 6 0 1 7 5 1 9 6 9 9 10 0 3 10 7 11 6 2 0 0 0 0 120

1999 7 4 3 0 0 7 4 0 4 3 2 1 10 0 0 2 0 8 2 0 0 0 0 0 57

2000 12 0 10 0 1 10 5 0 2 7 3 8 12 0 7 4 6 6 4 0 3 0 0 0 100

2002 1 0 4 0 0 1 5 0 4 0 0 0 7 0 1 3 1 0 0 0 2 0 0 0 29

2003 3 3 5 0 0 7 6 0 4 0 0 1 1 0 5 6 2 0 1 0 1 0 0 0 45

2004 6 1 2 0 0 8 3 0 4 0 0 6 11 0 7 1 6 1 4 0 2 3 0 0 65

2005 4 2 3 0 0 5 9 0 1 0 0 1 4 0 6 9 9 0 1 0 8 3 0 0 65

2006 8 2 5 0 0 2 2 0 3 0 0 4 9 0 7 7 3 0 6 0 6 1 0 0 65

2007 13 6 11 0 0 10 9 0 9 0 0 12 9 0 3 10 13 0 6 0 12 7 0 0 130

2008 14 5 15 0 0 12 10 0 10 10 0 8 5 0 4 11 5 0 4 0 7 7 4 0 131

2009 16 7 14 0 0 11 6 0 13 8 0 7 12 0 5 11 0 0 7 0 13 6 8 0 144

2010 10 9 9 0 0 10 9 0 6 10 0 9 8 0 3 10 0 0 10 0 12 3 5 0 123

2011 13 6 10 0 0 15 11 0 9 6 0 11 16 0 0 16 0 0 9 0 22 9 7 0 160

2012 23 10 14 0 0 20 5 0 9 8 0 16 13 0 0 18 0 0 0 0 16 12 16 11 191

2013 19 0 16 0 0 18 0 0 7 0 0 9 15 0 0 11 0 0 0 0 18 8 17 9 147

2014 7 0 8 0 0 11 5 0 6 0 0 8 14 0 0 11 0 0 0 0 12 9 9 7 107

2015 9 2 4 0 0 8 5 0 2 0 0 6 5 0 0 8 0 0 0 0 9 8 4 5 75

2016 7 5 6 0 0 13 3 0 3 0 0 3 8 0 0 11 0 0 0 0 11 4 4 6 84

N 209 111 176 13 35 255 147 24 147 111 63 160 232 22 75 186 73 50 65 2 154 80 74 38 2502


