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A city rat, one night, 

Did, with a civil stoop, 

A country rat invite 

To end a turtle soup. 

On a Turkey carpet 

They found the table spread, 

And sure I need not harp it 

How well the fellows fed. 

The entertainment was 

A truly noble one; 

But some unlucky cause 

Disturbed it when begun. 

It was a slight rat-tat, 

That put their joys to rout; 

Out ran the city rat; 

His guest, too, scampered out. 

Our rats but fairly quit, 

The fearful knocking ceased. 

"Return we," cried the cit, 

To finish there our feast. 

"No," said the rustic rat; 

"Tomorrow dine with me. 

I'm not offended at 

Your feast so grand and free, 

"For I have no fare resembling; 

But then I eat at leisure, 

And would not swap, for pleasure 

So mixed with fear and trembling." 

 

Jean de La Fontaine 

Book 1, Fable 9 
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Human-altered environmental conditions affect many species at the global scale. An extreme 

form of anthropogenic alteration is the existence and rapid increase of urban areas. A key 

question is how animals cope with urbanization. In order to live in cities, animals have to adjust 

their behaviour and life histories to the urban novel environment.  

The main objectives of this thesis were to investigate (i) the existence of behavioural 

changes related to the urbanization process, (ii) the ultimate mechanisms leading to urbanization-

related changes in behaviour, (iii) the physiological mechanisms underlying differences in 

behaviour between rural and urban conspecifics and (iv), the heritability and correlated evolution 

of behavioural traits in rural and urban individuals. 

Chapter 2 focused on the effects of urbanization on song behaviour. In urban areas, noise 

pollution interferes with animals’ vocal interactions by limiting the detection of acoustic signals. 

Recent studies show that urban birds sing at higher-frequencies than their rural conspecifics. 

Although this has been considered a strategy to avoid masking by traffic noise, this idea is 

debated, as singing louder (with higher amplitudes) should be more efficient than singing at 

higher frequencies. We tested this hypothesis in the European blackbird (Turdus merula), a 

successful urban colonizer, for which it was suggested that urban birds sing with higher-

frequency elements. Our results confirmed that urban individuals preferentially sang higher-

frequency elements. We found out that these elements could only be produced at higher 

amplitudes, which are less masked in traffic noise. Our results suggest that singing with high-

frequency elements, traditionally pointed as an adaptive strategy to avoid masking by urban 

noise, might in fact be a consequence of singing louder. This chapter allowed new insights into 

the questions of why birds sing at higher frequencies in cities. 
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In Chapter 3, I investigated the existence of differences in behavioural reactions to 

novelty between rural and urban conspecifics, and whether such differences are the result of 

phenotypic plasticity or of intrinsic differences. In a literature review, I showed that behavioural 

differences between rural and urban conspecifics are common and taxonomically widespread 

among animals, suggesting a significant ecological impact of urbanization on animal behaviour. 

In order to gain insight into the mechanisms leading to behavioural differences in urban 

individuals, we hand-raised and kept blackbird nestlings from a rural and a nearby urban area 

under common-garden conditions. Using these birds, we investigated individual variation in two 

behavioural responses to the presence of novel objects: approach to an object in a familiar area 

(here defined as neophilia), and avoidance of an object in a familiar foraging context (defined as 

neophobia). Neophilic and neophobic behaviours were mildly correlated and repeatable even 

across a time period of one year, indicating stable individual behavioural strategies. Blackbirds 

from the urban population were more neophobic and seasonally less neophilic than blackbirds 

from the nearby rural area. These intrinsic differences in personality traits are, thus, likely the 

result of microevolutionary changes, although we cannot fully exclude early developmental 

influences. 

In the initial chapters of this thesis we showed that urban and rural conspecifics 

commonly differ in behavioural traits. But the physiological mechanisms behind such differences 

in behaviour are largely unknown. In Chapter 4, I investigated whether testosterone is a factor 

underlying changes in agonistic behaviour of urban animals. Using the previously described 

common-garden setup with hand-raised rural and urban blackbirds, we investigated aggression 

behaviour and associated hormonal traits in three trials of a simulated territorial intrusion (STI) 

experiment. In this experiment, for each individual, we introduced a blackbird decoy of the same 

sex in the individual home cage. Rural individuals were more aggressive than their urban 



   Summary 

  

 

iii 

counterparts towards the decoy. Aggression to the decoy showed long-term individual 

consistency and differences in means between the rural and the urban population. For both sexes, 

aggression was seasonally related to baseline plasma testosterone, but androgen levels did not 

differ between rural and urban individuals. Testosterone did not increase following the STI, but 

the results of a challenge with gonadotropin-releasing hormone (GnRH) suggest that most 

individuals would have had the physiological capacity to increase testosterone. Our results 

suggest that, although endogenous testosterone seems to be seasonally related to aggressive 

behaviour in both sexes, there should be other factors explaining differences in agonistic 

behaviour between rural and urban conspecifics. 

In Chapter 5, I investigated the quantitative genetics of personality traits in rural and 

urban European blackbirds. The data from previous chapters suggest that individually consistent 

differences in behaviour between rural and urban conspecifics might be due to microevolution 

rather than phenotypic plasticity. If indeed pre- or post-colonization selective pressures favour 

different behaviours in urban colonizers than those present in the wild original environments, it 

should be expected that the behaviour is not only repeatable, but also heritable. Another key 

aspect is whether behavioural elements evolve alone or as part of a suite of behaviours, and 

whether these behavioural suites might differ between rural and urban populations. Using our 

hand-raised European blackbirds from a rural and an urban population, we investigated 

repeatability and broad-sense heritability of behavioural elements and the existence of a 

behavioural syndrome integrating the studied behaviours. Although we cannot exclude maternal 

or early environmental effects, our results with the hand-raised blackbirds suggest that 

neophobia, neophilia, aggression, and latency to enter a novel environment are highly repeatable, 

and possibly heritable. Finally, we did not find evidence of correlated evolution regarding the 

studied behaviours. In this chapter we provide quantitative information on the genetic 
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architecture of specific behavioural traits that will facilitate future research on the evolutionary 

consequences of urbanization. 

 



 

 

 

 

Weltweit beeinflussen anthropogene Umweltbedingungen vielen Arten. Eines der extremsten 

antropogenen Veränderungen ist die Existenz und die schnelle Ausbreitung urbaner Gebiete. Die 

entscheidende Frage ist, wie Tiere mit dieser Urbanisierung zurechtkommen. Denn um in Städten 

leben zu können, müssen Tiere ihr Verhalten und ihren Lebenszyklus an diesen neuen 

Lebensraum anpassen. 

 Die Hauptziele dieser Dissertation waren: 1. zu untersuchen, ob es 

Verhaltensänderungen im Zusammenhang mit dem Urbanisierungsprozess gibt; 2. zu testen, 

welche ultimaten Mechanismen, zu diesen Verhaltensänderungen führen; 3. die zugrunde 

liegenden -physiologischen Mechanismen zu untersuchen, die für die Verhaltensunterschiede 

zwischen Stadt- und Landtieren mit verantwortlich sind und 4. die Erblichkeit und die potentielle 

korrelierte Evolution der Verhaltenseigenschaften in städtischen und ländlichen Individuen zu 

berechnen. 

In Kapitel 2 liegt der Schwerpunkt auf den Effekten der Urbanisierung auf das 

Gesangsverhalten. Durch die Begrenzung der Wahrnehmung akustischer Signale interferiert die 

Lärmverschmutzung in urbanen Gebieten mit den vokalen Interaktionen der Tiere. Aktuelle 

Studien konnten zeigen, dass der Gesang städtischer Vögel in höheren Frequenzbereichen liegt 

als der der ländlichen Vögel. Und obwohl diese Beobachtung, ebenso wie das lautere Singen in 

städtischen Gebieten, als Strategie zur Vermeidung von Maskierung durch Verkehrslärm 

interpretiert wurde, steht diese Idee zur Diskussion. Wir haben diese Hypothese an einem 

erfolgreichen Besiedler urbanisierter Gebiete, der Europäischen Amsel (Turdus merula, Linnaeus 

1758), getestest, da bereits gezeigt wurde, dass städtische Amseln höher-frequente 

Gesangselemente nutzen. Wir konnten zeigen, dass städtische Individuen bevorzugt höher-

frequente Elemente in ihrem Gesang nutzten. Dabei zeigte sich, dass diese Elemente nur mit 
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höherer Amplitude erzeugt werden konnten, was zu geringerer Maskierung des Gesangs durch 

Verkehrslärm führte. Unsere Ergebnisse legen dadurch nahe, dass die höher-frequenten 

Gesangselemente, denen man bisher eine adaptive Rolle in Form einer Strategie zur Vermeidung 

von Maskierung zuschrieb, nur eine Konsequenz des lauteren Gesangs städtischer Individuen 

sein könnte. 

In Kapitel 3 habe ich untersucht, ob es Verhaltensunterschiede darin gibt, wie städtische 

und ländliche Amseln auf neue Objekte reagieren, und ob diese Unterschiede das Resultat von 

phänotypischer Plastizität oder von intrinsischen Abweichungen sind. Mittels einer 

Literaturübersicht konnte ich zeigen, dass Verhaltensunterschiede zwischen städtischen und 

ländlichen Artgenossen häufig auftreten, und taxonomisch nicht auf bestimmte Gruppen 

beschränkt sind. Dies legt die Schlussfolgerung nahe, dass Urbanisierung einen signifikanten 

ökologischen Einfluss auf das Verhalten von Tieren haben könnte. Um einen grösseren Einblick 

in die Mechanismen zu gewinnen, die zum abweichenden Verhalten städtischer Individuen führt, 

haben wir junge Amseln aus ländlichen und städtischen Nestern unter gleichen Bedingungen von 

Hand aufgezogen. Mit diesen Tieren haben wir die individuelle Variation in zwei 

Verhaltensreaktionen auf neue Objekte erfasst: die Annäherung an ein Objekt in vertrauter 

Umgebung (hier: Neophilie) und die Vermeidung eines Objekts in vertrautem Kontext der 

Futtersuche (hier: Neophobie). Die neophilen und neophoben Verhaltensweisen waren leicht 

korreliert, und waren über ein Jahr hinweg reproduzierbar, was auf stabile individuelle 

Verhaltensstrategien hinweist. Amseln der ländlichen Population zeigten eine grössere 

Neophobie und waren saisonbedingt weniger neophil als Amseln der nahegelegenen städtischen 

Population. Diese intrinsischen Unterschiede in den Verhaltenseigenschaften sind vermutlich das 

Resultat mikorevolutionären Wandels, obwohl sich Einflüsse der frühen individuellen 

Entwicklung nicht gänzlich ausschliessen lassen. 
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In den ersten Kapiteln dieser Dissertation haben wir gezeigt, dass sich städtische und 

ländliche Artgenossen häufig in ihren Verhaltenseigenschaften unterscheiden. Die 

physiologischen Mechanismen, die solchen Unterschieden zugrunde liegen, sind jedoch 

grösstenteils unbekannt. Im vierten Kapitel habe ich untersucht, ob die Unterschiede im 

agonistischen Verhalten der städtischen Tiere auf Testosteron zurückzuführen ist. Unter 

Verwendung der zuvor beschriebenen Versuchsbedingungen haben wir das Aggressionsverhalten 

von handaufgezogenen ländlichen und städtischen Amseln sowie das potentiell assoziierte 

Hormon Testosteron mittels drei simulierten Dummy-Tests (simulated territory intrusion, STI) 

untersucht. In diesem Experiment wurde in dem Käfig von jedem Individuum eine 

gleichgeschlechtliche Amsel-Attrappe gestellt. Ländliche Individuen waren dabei aggressiver 

gegen die Attrappen als ihre städtischen Artgenossen. Die Ausprägung des 

Aggressionsverhaltens gegen die Attrappen war innerhalb eines Individuums über einen langen 

Zeitraum sehr konstant und unterschied sich zwischen der Land- und Stadtpopulation. In beiden 

Geschlechtern war die Aggression abhängig von der Jahreszeit und korrelierte mit der basalen 

Testosteron-Plasmakonzentration. Der Androgenspiegel jedoch unterschied sich nicht zwischen 

ländlichen und städtischen Individuen. Nach den STI-Experimenten zeigte der Testosteronspiegel 

keine Unterschiede, aber die Ergebnisse einer GnRH-Injektion (gonadotropin-releasing hormone, 

GnRH) deuten an, dass die Mehrheit der Individuen zumindest die physiologische Kapazität 

besitzen, ihren Testosteronspiegel weiter zu erhöhen. Unsere Ergebnisse deuten darauf hin, dass 

obwohl das endogene Testosteron mit dem Aggressionsverhalten beider Geschlechter korreliert, 

es noch andere Faktoren geben muss, welche die Unterschiede des agonistischen Verhaltens 

zwischen ländlichen und städtischen Artgenossen erklären. 

In Kapitel 5 habe ich die quantitative Genetik von Persönlichkeitsmerkmalen in 

ländlichen und städtischen Amseln untersucht. Die Daten der vorherigen Kapitel haben bereits 
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angedeutet, dass die Unterschiede zwischen städtischen und ländlichen Artgenossen vermutlich 

zusätzlich zur phänotypischen Plastizität auch durch mikroevolutionäre Veränderungen bedingt 

sind könnten. Ein wichtiger Aspekt ist, ob Verhaltenselemente einzeln evolvieren, oder als Teil 

einer ganzen Reihe von Verhaltensweisen, und ob diese sich eventuell zwischen ländlichen und 

städtischen Populationen unterscheidet. Die Reproduzierbarkeit und Erblichkeit von 

Verhaltenselementen im weiteren Sinne haben wir ebenso mit den handaufgezogenen Tieren 

untersucht wie die Existenz eines umfassenden Verhaltenssyndroms. Obgleich wir weder 

mütterliche Effekte noch frühe Umwelteinfluesse ausschliessen können, deuten unsere 

Ergebnisse an, dass Neophobie, Neophilie, Aggression, sowie die Latenz bis zum Eindringen in 

unbekannte Umgebungen, höchst reproduzierbar sind, und vermutlich auch vererblich. 

Schlussendlich konnten wir keinen Hinweis auf eine korrelierte Evolution der untersuchten 

Verhaltensweisen finden. In diesem Kapitel errechneten wir mittels quantitativer Genetik die 

genetische Architektur von bestimmten Verhaltensweisen, was weitere Untersuchungen zu den 

evolutionaeren Konsequenzen von Verstaedterung beguenstigt. 
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Two and a half billion humans inhabited our planet in 1950. Extraordinarily, that number had 

escalated to seven billion by 2011, and a further increase to nine billion inhabitants is expected 

by 2050 (United Nations, 2012). Along with the world’s human population growth, the last few 

decades have witnessed an unprecedented increase in the number and size of cities. While in the 

fifties 29% of the human population lived in urban areas, that number had increased to 52% in 

2011, and is estimated to further increase to 67% by 2050 (United Nations, 2012). 

In the last decades, the remarkable development of urban ecology as a scientific discipline 

reflects the now widely accepted fact that the phenomenon of urbanization has a profound impact 

on ecological systems (Gaston, 2010). In the new urban habitat, animals are confronted with a 

novel environment with all of its challenges and benefits, such as increased disturbance levels, 

different food resources, new species composition, noise and light pollution, and a different 

microclimate (Klausnitzer, 1989). In a highly urbanized world, it is crucial to understand how 

animals cope with urbanization, and the consequences of living in this new habitat. One of the 

most dramatic changes is that animals in urban environments are repeatedly exposed to stressors, 

and recent evidence from adult songbirds suggests that this affects the rate of cellular ageing (but 

see Appendix 1). A remarkable effect of urbanization is that animal species seem to be changing 

in many aspects, including timing of reproduction (see Chamberlain et al., 2009 for a literature 

review), daily activity patterns (Dominoni et al., 2013a, 2013b) and stress physiology (Partecke 

et al., 2006; Fokidis et al., 2009). However, evidence suggests that urban animals also change the 

way they behave. For instance, many bird species inhabiting densely populated, noisy cities 

allow humans to approach closer (e.g. Carrete & Tella, 2010, but see chapter 3 for a literature 

review) and sing at higher frequencies (Slabbekoorn & Peet, 2003; Fernández-Juricic et al., 

2005; Mockford & Marshall, 2009; Nemeth & Brumm, 2009). But the causes and consequences 

of behavioural shifts in urban animals are less known (Atwell et al., 2012), and studies are 
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required that explore the causes and processes underlying differences in behaviour between rural 

and urban conspecifics. 

The aims of the present thesis are to investigate i) the patterns of behavioural shifts related to 

the urbanization process, ii) the ultimate causes that lead to behavioural differences between rural 

and urban birds, iii) the possible physiological mechanisms underlying behavioural differences 

between rural and urban animals, and iv) the quantitative genetic architecture of behaviour in 

rural and urban birds. To achieve these aims, I used the European blackbird (Turdus merula) as a 

model species. The blackbird is a socially monogamous songbird commonly breeding throughout 

Europe (Evans, 2010). Largely confined to forest areas as little as two centuries ago, this species 

is now among the most common urban bird species in the Western Palearctic, and one of the 

best-studied urban colonisers (Evans, 2010). Thus, the blackbird has become an ideal species for 

studying the ecological and evolutionary consequences of the urbanization process. Recent 

studies show that rural and urban populations of blackbirds differ in several aspects, including 

timing of reproduction (Partecke et al., 2004), disease risk (Geue & Partecke, 2008), propensity 

to migrate (Partecke & Gwinner, 2007), stress physiology (Partecke et al., 2006), song (Nemeth 

& Brumm, 2009; Ripmeester et al., 2010) and circadian rhythms (Dominoni et al., 2013a, 

2013b). 

Many studies show differences between urban and rural conspecific animals in different 

types of behaviour (but see chapter 3 for a literature review). However, the majority of studies so 

far were not able to exclude the effects of habituation or learning in the bird’s natural habitat (but 

see Atwell et al., 2012). In order to do this, we collected blackbird nestlings between 3 and 11 

days old from an urban (Munich, Germany) and a rural habitat (~ 40 km apart). We hand-raised 

these blackbirds and kept them under common-garden conditions, housed in individual home 

cages in a single room with simulated natural photoperiod, constant temperature, and ad libitum 
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water and food. For my PhD, I performed several behavioural and physiological experiments 

with these hand-raised birds. 

Below I briefly describe the contents of Chapters 2 to 5. 

In Chapter 2, published in 2013 in the journal “Proceedings of the Royal Society B”, we 

explored differences in singing behaviour between rural and urban wild birds in Vienna and a 

nearby forest area. Recent studies show that blackbirds sing higher-pitched songs in urban 

habitats, and this has been viewed as an adaptation to communicate over urban noise levels 

(Nemeth & Brumm, 2009; Ripmeester et al., 2010). While using higher frequencies allows birds 

to communicate at larger distances through urban noise, a more effective strategy would be to 

sing louder (Nemeth & Brumm, 2009). Here, we investigated whether singing at higher 

frequencies in urban habitats implied differences in song amplitude. This chapter provided new 

insights into answering the question of why birds sing at higher frequencies in cities. 

Chapter 3 was published in the journal “Global Change Biology” in 2013. In this chapter, our 

objective was to answer the following questions: (i) how common and individually repeatable are 

behavioural shifts in urban colonisers, and (ii) are such behavioural differences in urban animals 

due to habituation to local environmental conditions or to microevolution? To resolve these 

questions, I first reviewed the literature to assess the ubiquity of behavioural shifts between rural 

and urban conspecifics. In a second step, using our rural and urban hand-raised blackbirds, we 

tested whether (i) two behavioural responses to the presence of novel objects were consistent 

over time and across contexts, and (ii) differences existed between individuals from the rural and 

the urban hand–raised population in these behaviours. Thereby, we aimed to provide insight into 

whether behavioural differences in the urban habitat result from phenotypic plasticity or from 

microevolution. 
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Existing studies show differences in physiology between rural and urban conspecifics, and it 

has been suggested that these changes is hormone physiology underlie the observed shifts in 

behaviour between rural and urban animals. In Chapter 4, to test whether shifts in behaviour in 

urban colonisers are caused by underlying differences in physiological responses, we 

investigated the (i) aggressive and androgen responses to repeated simulated territorial intrusions, 

(ii) physiological capacity to produce testosterone through a physiological challenge, and (iii) 

relationship between agonistic behaviour and testosterone concentration of our hand-raised 

blackbirds. With this research, we bring new insight into the physiological mechanisms 

underlying intrinsic differences in aggressive behaviour between rural and urban populations. 

This chapter will be submitted for publication in the journal “Functional Ecology” in January 

2014. 

The previous chapters suggest that the selective pressures generated by urbanization might 

favour different behaviours than those present in the original wild environment. A new and 

relatively unexplored research focus in behavioural ecology is linking shifts in behavioural trait 

variation to the urbanization phenomenon (Scales et al., 2011; Bókony et al., 2012). Variation in 

behaviour is an essential aspect that allows species to respond to environmental changes such as 

urbanization, and individuals from species with large variation in their behavioural phenotypes 

might cope better with the new environmental challenges in urban areas than species with 

narrower ranges of behavioural phenotypes (Sih et al., 2010a). Furthermore, urbanization might 

act on behavioural syndromes by changing the correlations between behaviours via correlational 

selection (van Oers et al., 2004; Bell & Sih, 2007), or directly by disrupting certain behavioural 

traits (Royauté et al., 2013). 

In Chapter 5, based on a full-sib design from several behavioural experiments with our hand-

raised birds, our objectives were to investigate (i) the broad-sense heritability of behavioural 
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elements, (ii) the existence of a behavioural syndrome integrating the studied behaviours, and 

(iii) whether these factors differ between the rural and the urban population. We thereby provide 

quantitative information on the genetic architecture of behaviour that will facilitate future 

research on the evolutionary consequences of urbanization.  
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Abstract 

When animals live in cities they have to adjust their behaviour and life histories to novel 

environments. Noise pollution puts a severe constraint on vocal communication by interfering 

with the detection of acoustic signals. Recent studies show that city birds sing higher frequency 

songs than their conspecifics in non-urban habitats. This has been interpreted as an adaptation to 

counteract masking by traffic noise. However, this notion is debated, for the observed frequency 

shifts seem to be less efficient at mitigating noise than singing louder, and it has been suggested 

that city birds might use particularly high frequency song elements because they can be produced 

at higher amplitudes. Here we present the first phonetogram for a songbird, which shows that 

frequency and amplitude are strongly positively correlated in the common blackbird (Turdus 

merula), a successful urban colonizer. Moreover, city blackbirds preferentially sang higher 

frequency elements that can be produced at higher intensities and, at the same time, happen to be 

less masked in low-frequency traffic noise.  

Introduction 

Many animals rely on acoustic signals to find mating partners, deter rivals or avoid predators 

(Bradbury & Vehrencamp, 2011a). Especially in long range communication, environmental 

constraints can be severe and it has often been shown that animals adjust their acoustic signals to 

the habitat acoustics to ensure effective signal transmission (Brumm & Naguib, 2009). For 

example, dense vegetation scatters and absorbs high frequencies of vocalizations and 

reverberations either degrade (Morton, 1975; Wiley & Richards, 1978) or enforce (Slabbekoorn 

et al., 2002; Nemeth et al., 2006) acoustic signals, depending on the signal structure. This 

constraint may account for the observation that forest birds often use more low frequency, tonal 

sounds with slow modulations in amplitude and frequency (Wiley, 1991). But even within a 
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given habitat, the transmission properties of acoustic signals can change with the communication 

distance (Padgham, 2004), the position of the signaller or the receiver (Mathevon et al., 1996; 

Nemeth et al., 2001), the season (Blumenrath & Dabelsteen, 2004) or the time of day (Brown & 

Handford, 2003; Henwood & Fabrick, 1979; but see Dabelsteen & Mathevon, 2002). Diurnal 

fluctuation can also often be observed in the levels of ambient noise, which is another important 

constraint on acoustic communication (Brumm & Slabbekoorn, 2005). If dominant noise 

frequencies overlap the signal spectrum, the resulting acoustic masking may disrupt information 

transfer between individuals and communication may break down. In the recent years, 

anthropogenic noise and its detrimental influence on acoustic communication received increasing 

interest and several studies investigated whether and how animals can cope with this new man-

made impact (Brumm & Slabbekoorn, 2005; Slabbekoorn & Ripmeester, 2008; Slabbekoorn et 

al., 2010). 

Birds use multiple tactics to mitigate acoustic masking by anthropogenic noise. For 

example, robins (Erithacus rubecula) in cities shift their singing activity more into the night to 

avoid noisy periods (Fuller et al., 2007). In addition to changes in singing activity, birds also 

reduce signal masking by changing the characteristics of their songs. Birds, like mammals, 

exhibit the Lombard effect, i.e. they increase the amplitude of their vocalizations in response to 

an increase in background noise (Brumm & Zollinger, 2011), which is used to communicate in 

the presence of anthropogenic noise (Brumm, 2004). It is also often observed that birds sing at 

higher frequencies at noisy locations (Slabbekoorn & Peet, 2003; Fernández-Juricic et al., 2005; 

Mockford & Marshall, 2009; Nemeth & Brumm, 2009), which is probably the result of vocal 

plasticity (Gross et al., 2010; Verzijden et al., 2010; Bermúdez-Cuamatzin et al., 2011).  

High songs are easier to detect in low-frequency noise (Pohl et al., 2009; Halfwerk et al., 

2011) but the actual benefits in urban environments are subject of debate (Mockford et al., 2011). 
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A recent study demonstrated that the typical rises in frequency found in many city birds are too 

low to yield a considerable improvement in signal transmission (Nemeth & Brumm, 2010). In 

contrast, vocal amplitude adjustments are likely much more effective at maintaining the active 

space of the signal in noise. Therefore Nemeth and Brumm (2010) cautioned that the assumption 

that the observed small increases in frequency have to be an adaptation to masking noise may be 

premature. Instead, they suggest that the increase in frequency might as well be the outcome of 

the increased amplitude of bird song in noise (Nemeth et al., 2012a). 

Such a concurrence of frequency and amplitude shifts could arise in two ways (Nemeth et 

al., 2012a). First, the increased song frequency could be an epiphenomenon of the Lombard 

effect (Zollinger & Brumm, 2011). In humans such a passive increase of vocal pitch in Lombard 

speech has been clearly shown, but it is less well understood in songbirds (reviewed in Brumm & 

Zollinger, 2011). There are only very few published data on the link between amplitude and 

frequency in bird vocalizations in response to increased levels of background noise. In laboratory 

experiments, budgerigars (Melopsittacus undulatus, Osmanski & Dooling, 2009) and elegant 

crested tinamous (Eudromia elegans, Schuster et al., 2012) increased both the amplitude and 

frequency of their calls when background noise levels increased, but whether this occurs in the 

field is unknown. In contrast, the begging calls of juvenile tree swallows (Tachycineta bicolour) 

were both louder and higher when experimentally exposed to noise in the field, but in the 

laboratory under similar conditions only call amplitude increased (Leonard & Horn, 2005). 

Second, there may be a general coupling between vocal amplitude and frequency related 

to biophysical properties of the sound source and vocal tract. Again, this relationship is better 

understood in humans than in birds. In absence of voluntary counter-adjustments, both amplitude 

and frequency increase with increasing lung pressure (Titze, 1994). In addition, the vocal tract 

acts as an impedance-matching filter that allows relatively greater power transfer from the source 
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(the glottis in humans, or the syrinx in birds) to the air at higher frequencies than at lower ones 

(Titze, 1994). This means that, in humans, higher frequency sounds tend to be louder than lower 

frequencies, and that it is relatively more efficient to further increase vocal amplitude at high 

frequencies than it is at low ones. This same relationship has been demonstrated in the ring dove 

(Streptopelia risoria), a non-passerine with a single vocal source (a tracheal syrinx) (Elemans et 

al., 2008). In songbirds, sound production is more complex, as they have two independently 

controlled sound sources (a tracheo-bronchial syrinx), the control of which often requires rapid 

bilateral coordination of central song control nuclei, respiratory and syringeal muscles, and the 

dynamic adjustment of the upper vocal tract to match the frequencies produced by either of the 

sides of the syrinx (Suthers & Zollinger, 2004, 2008; Riede et al., 2006; Wang et al., 2008). 

However, despite this more complex vocal production system, there is scattered evidence from at 

least four songbird species for a positive correlation between song frequency and amplitude 

(Dabelsteen, 1984; Nelson, 2000; Goller & Cooper, 2008; Ritschard & Brumm, 2011). Although 

in these studies the question has not been investigated directly, they have potentially important 

implications for understanding changes in vocal behaviour that have been observed in urban 

species. If this relationship between amplitude and frequency exists in urban bird species, then 

switching to higher frequency song elements would automatically lead to higher amplitude songs 

as well. 

In this study we investigated the relationships between song amplitude and frequency in a 

successful colonizer of urban areas, the common blackbird (Turdus merula). Two independent 

studies demonstrated that city blackbirds sing on average at higher frequencies than forest birds 

(Nemeth & Brumm, 2009; Ripmeester et al., 2010). Here, we applied for the first time phonetic 

tools to address the behavioural ecology of animal communication. In particular, we measured 

the frequencies and amplitudes for each element in blackbird song motifs and created an average 



Chapter 2. Bird song and anthropogenic noise: vocal constraints may explain why birds sing higher-frequency songs in cities 

 

 

15 

phonetogram for the species (Titze, 1992). We then related this vocal profile to a detailed 

analysis of the song frequency use in city and forest males. This approach allowed new insights 

into questions such as why birds sing at higher frequencies in cities. Finally, we calculated the 

frequency-related amplitude differences of typical city and forest birds to test whether a switch 

from low to high frequency elements already leads to an effective increase in amplitude.  

Material and Methods 

Study birds 

We analyzed the songs of two sets of blackbirds: (1) a sample of hand-raised males recorded in 

sound-attenuating chambers to calculate a vocal range profile, (2) recordings from free-living 

city and forest blackbirds, which were used to investigate the different usage of songs from 

within their vocal frequency range. In the first set, we recorded twelve two–year old males, 

which were always kept in separate aviaries where they could not see but hear each other. For the 

sound recordings each bird was placed in a cage in a sound-attenuating chamber (105 x 57 cm 

and 70 cm high) for two to three days. Song activity was continuously recorded using the 

software Sound Analysis Pro (Tchernichovski et al., 2004). Each cage had two perches in the 

same height close to the ground of the cage and cups with ad libitum water and food. Sound 

radiation patterns around singing birds show a clear frequency-dependent directionality (Larsen 

& Dabelsteen, 1990; Brumm, 2002; Patricelli et al., 2007). Therefore, we placed the microphone 

(Behringer C2) vertically above the perches and midway between them, ca. 22 cm from the 

bird’s head. This set-up allowed us to minimize variation in song amplitude due to lateral head 

movements (Brumm, 2009; Brumm et al., 2009; Nemeth et al., 2012b). To measure the effect of 

variation in the birds’ position on the perch on the recorded amplitude and spectrum, we mounted 

the carcass of a male blackbird in a natural singing position on the perch while white noise and 
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frequency modulated sweeps (1-8 kHz, rise time 250 ms) were broadcast through the vocal tract 

of the carcass from a 1 cm diameter loudspeaker mounted in place of the syrinx (Larsen & 

Dabelsteen, 1990). The emitted sound was recorded with the same settings as the life birds, with 

the carcass positioned in the centre and at both ends of the perch (this variation in singing 

position was greater than the variation observed during the recording of the live birds, which 

usually sang from approximately the centre of the perch). The maximum difference in recorded 

sound pressure level was less than 2 dB in all cases (N = 20 repeated measurements at each of the 

three locations, standard deviations ranged between 0.08 – 0.19 dB) and the maximum difference 

in spectral energy distribution of the recorded white noise and of the sweeps was less than 1.6 dB 

per 1 Hz spectrum level unit within in the range of blackbird song motifs (1.2-3.5 kHz).  

In the second data set, we investigated habitat-related differences in song frequency usage 

from field recordings from 16 city and 17 forest birds described in (Nemeth & Brumm, 2009). In 

brief, territorial males were recorded in the inner city of Vienna and in the mature deciduous 

forest of the Vienna Woods. Due to traffic noise, the mean background noise levels in the city 

territories was significantly higher than at the forest sites (LAeq: city: 54 dB; forest: 45; LLeq: city: 

71 dB; forest: 60 dB). The noise spectra in the forest were dominated by the songs of other 

species. See Nemeth et al. (2009) for further details, e.g. spectral noise profiles. 

Acoustic analyses 

Common blackbirds have a discontinuous singing style, with strophes that can be divided into 

motif and twitter parts (Todt, 1970; Dabelsteen, 1981). We restricted our analysis to the motif 

part of the song for two reasons. First, the motif portion of the song is higher in amplitude than 

the twitter elements and thus is crucial for long-range communication in this species (Dabelsteen 

et al., 1993). Second, the frequency range of motif elements is narrower and frequencies are 

lower and thus this part of the song is more heavily affected by low–frequency anthropogenic 



Chapter 2. Bird song and anthropogenic noise: vocal constraints may explain why birds sing higher-frequency songs in cities 

 

 

17 

noise (Nemeth & Brumm, 2009, 2010). For the analysis of the song recordings from our 

laboratory, we used an operational definition of motif elements that allowed an automatic sound 

processing, in particular elements were classified as motif elements if they were tonal, had a peak 

frequency below 3.5 kHz, and a bandwidth of less than 2.5 kHz (Dabelsteen & Pedersen, 1990; 

Nemeth & Brumm, 2009). The acoustic analyses were conducted using the automatic parameter 

measurement function of the software Avisoft SASLab Pro v. 5 (Raimund Specht, Berlin). 

Spectral parameters were measured with a frequency resolution of 22 Hz. Temporal parameters 

were measured separately with a resolution of 2.9 ms. As often in field recordings, the lower 

pitched part of the songs were partly masked by low-frequency background noise which impeded 

the reliable measurement of minimum frequencies (Beecher, 1988; Nemeth & Brumm, 2009; 

Zollinger et al., 2012). Therefore, we restricted our comparison of field and lab recordings to 

peak frequencies, i.e. the frequency at the maximum amplitude in the spectrum. Sound pressure 

level was measured as root mean square values using a time window of 125 ms, which is 

equivalent to the “fast” time-weighting setting of a sound pressure level meter with flat response 

curve. It has been shown in several species that mean song amplitude can differ considerably 

between individuals (Brumm et al., 2009; Brumm & Ritschard, 2011; Nemeth et al., 2012b) and 

this is probably also true among blackbirds. However, as we were interested in within-bird 

differences in song amplitude rather than between-bird differences, we did not measure the 

calibrated sound pressure level of the birds. In order to investigate whether song amplitude 

within individuals varies in a consistent way with frequency, we normalized the amplitude values 

within each male by setting the maximum value of each bird to 0 dB with other amplitudes 

reported as negative dB relative to this reference. The captive birds commenced the day with soft 

vocalizations (cf. Brumm & Hultsch, 2001) and then gradually increased their vocal amplitude, 

which may account for the comparably high variation in amplitude levels. We correlated the 
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mean amplitude and frequency values of all investigated individuals based on the weighted 

amplitude averages measured in 100 Hz intervals (see Figure 1). 

In total we analyzed 13,298 motif elements from the birds in the sound-proof chambers 

(mean = 1108 elements per male, range = 176 – 2861 elements) and 4050 from the wild birds 

(1721 from city males (mean = 107, range = 30 - 287) and 2331 from forest males (mean = 137, 

range = 28 – 340).  

Estimation of amplitude differences between city and forest blackbirds 

In a next step, the vocal range of the captive birds and the distribution of peak frequencies in the 

free-living city and forest birds were used to estimate frequency-dependent amplitude differences 

between city and forest songs. Assuming that free-living blackbirds show similar frequency-

amplitude relationships in their songs as our captive birds, we calculated the average amplitude 

values for each bird. This was done by multiplying the number of syllables per measured 

frequency interval with the average amplitude in this interval calculated from the averages of 

amplitudes in the lab. For these calculations, we used the average maximum amplitudes for each 

frequency, since we assume that in noise birds would sing closer to the upper limits of their vocal 

intensity (Brumm & Zollinger, 2011). The variation in the differences in amplitude between city 

and forest birds were calculated by taking the square root of the sum of the squared standard 

errors of the amplitude distribution in our samples of wild and captive birds. The calculated 

amplitudes of city and forest birds were compared with a two–sample t-test (two-tailed). The data 

set was suitable for parametric testing, for the amplitude values in both groups did not deviate 

from normality (Kolmogorov Smirnov test: Ncity = 16, p = 0.892; N forest = 17, p = 0.623) and the 

variances did not differ between the two groups (F-test: F = 0.664, Ncity = 17, Nforest = 16, P 

=0.210). 
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 We used a published model (Nemeth & Brumm, 2010) to investigate the effects of 

amplitude and frequency changes on the communication distances in a noisy city environment 

(for details, see Nemeth & Brumm, 2010). Again, we used the parameter variance measured in 

the captive and in the wild birds to get variance estimates for our predicted average 

communication distances in forest and city birds. The error propagation in our model was 

estimated by linear approximation. 

Results 

Vocal range profile  

We found a marked frequency-dependent variation in vocal amplitude in the analysed blackbirds, 

with a total amplitude range of the vocal profile of 26 dB (Figure 1). In the lower frequency 

range up to 2.2 kHz, which is the most relevant for potential masking by traffic noise, maximum, 

mean and also minimum amplitude values were strongly correlated with frequency (Figure 1.; 

Spearman rank correlation, N = 10 intervals, maximum amplitudes: R = 0.98, P < 0.001, mean 

amplitude: R = 0.98, P < 0.001, minimum amplitudes: R = 0.93, p < 0.001). 

Frequency distribution of song elements in forest and city birds 

The forest and city birds analyzed showed a clear difference in their usage of different element 

frequencies (Figure 2). The forest birds used the frequency band from 1.8-1.9 kHz most often 

(16% of all motif elements), whereas the city birds sang the highest number of elements in the 

range between 2.2-2.3 kHz. Forest males used frequencies below 2 kHz significantly more often 

than city birds did (Mann-Whitney U-Test, Ncity = 16, Nforest= 17, Z = -4.467, P < 0.001). 
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Figure 1. Relationship between peak song frequency and amplitude in blackbirds (N = 12 males recorded in sound-

shielded chambers). Minimum peak frequency (min); maximum peak frequency (max) and mean peak frequency 

curves are based on the weighted amplitudes averages of all males, measured in 100 Hz intervals (black dots). Upper 

and lower lines denote standard errors above and below these averages. Individual peak frequencies of all measured 

motif elements of all males (i.e. 13,298 elements in 50 Hz intervals) are shown in grey. 

 

 

Amplitude differences between forest and city birds  

In the next step of our analysis, we used the maximum element amplitudes measured in the 

sound-shielded chambers to calculate potential amplitude differences between city and forest 

songs in the wild. We found that the use of high-frequency elements with higher amplitudes in 

city birds leads to an average increase in song amplitude of 2.5 ± 0.82 dB (mean ± SE) over the 

use of lower frequency songs of forest birds (t-test:, Ncity = 16, Nforest= 17, t = 3.422, P = 0.002). 

The amplitude gain of city birds is even higher when only considering the elements that were 

used most frequently in the two populations: the city elements at the most commonly used 

frequency (2.3 kHz, Figure 2) had, on average, a 5.8 dB higher amplitude than elements at the 

frequency that were used most often by the forest birds (1.8 kHz). 
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Figure 2. Distribution of motif elements in blackbird songs recorded in the city of Vienna and the Vienna Woods. 

The curves give average percentages of peak frequency values in 100 Hz intervals for 16 city (grey) and 17 forest 

birds (black), the error bars show standard errors of these values. 

 

Discussion 

Our results show that higher frequency song elements in blackbirds were also higher in 

amplitude, and that city birds preferentially sang higher frequency (and thus higher amplitude) 

song elements than forest birds.  

Amplitude increases with frequency  

Our phonetogram of blackbird song elements revealed a clear positive correlation of frequency 

and amplitude in the frequency range up to 2.2 kHz. The variation in amplitude with frequency 

was remarkably strong, for example from 1.5 to 2.5 kHz the average maximum amplitude level 

increased by about 15 dB. This finding corroborates earlier studies which also reported positive 

relationships between frequency and amplitude in other songbird species (Dabelsteen, 1984; 

Nelson, 2000; Goller & Cooper, 2008; Ritschard & Brumm, 2011), suggesting that proximate 

mechanisms, such as physical impedances (Bradbury & Vehrencamp, 2011b), biophysical 
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limitations (Wild et al., 1998) or physiological constraints (Wild et al., 1998), may limit the 

production of loud vocalizations at the lower end of the frequency range. 

Different usage of song elements in city and forest birds  

We found that city and forest blackbirds differed markedly in their usage of song elements based 

on element peak frequencies. Interestingly, both distributions were multimodal with maxima at 

roughly the same frequencies, except that city birds did not sing many elements below 2 kHz. In 

particular, city birds sang very few elements with peak frequencies around 1.8 kHz, which was a 

mode in forest birds. Instead, city males sang more elements at frequencies above 2.2 kHz. 

Biophysical constraints may shape vocal output, for example if the two sides of the syrinx have 

different vocal ranges or resonant frequencies, although there are as yet few data on the 

relationship between amplitude and frequency control in the songbird syrinx (Suthers & 

Zollinger, 2004; Elemans et al., 2008; Zollinger et al., 2008). 

Peak frequencies can be changed either by singing different element types or by shifting 

the spectral energy within the same syllable types, without changing the overall frequency 

contour of the element. To find out which is the case in blackbirds, one must do experiments 

comparing repertoire performance of individual males in noisy and quiet conditions. To this end, 

published methods for scoring blackbird song elements and repertoire size (Todt, 1970; Hesler et 

al., 2012) can be used in combination with spectrographic analyses. The potential use of different 

song elements in blackbirds could be similar to the switching of song types in noise observed in 

great tits (Parus major, Halfwerk & Slabbekoorn, 2009). Our findings, however, offer an 

alternative explanation for such song type switching: by choosing higher frequency elements, 

birds not only switch to elements that happen to be less heavily masked in low-frequency traffic 

noise, but may also exploit an indirect means to sing songs at higher amplitudes. 
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Implications for communication in noise 

Our results indicate that city blackbirds increase their vocal amplitude by singing at higher 

frequencies. To evaluate the quantitative importance of these increased amplitude values for 

mitigating acoustic masking by traffic noise, we used a published model for signal transmission 

of bird song that is based on song amplitude measurements in wild blackbirds and urban noise 

spectra experienced by birds in cities (Nemeth & Brumm, 2010). According to this model, the 

frequency shift observed in city blackbird song leads in average city noise to an increase in 

communication distance by 13% compared to lower frequency forest songs. However, the 

average frequency-related amplitude increase of 2.5 dB found in this study will add an even 

greater gain, resulting in a total increase in communication distance of 43 %. While blackbirds 

can communicate with forest songs over a distance of up to 30 m ± 2 m (mean ±  SE) in city 

noise, city songs can be transmitted over 43 ± 3 m (mean ±  SE). Thus, in traffic noise the 

average transmission benefit of the frequency-dependent increase in song amplitude is much 

greater than the effect of the frequency shift itself. 

The differences between low frequency and high frequency vocalizations are even larger 

when one compares selected motif elements rather than average values across entire songs. The 

most common peak frequency in our forest sample was 1.8 kHz, whereas the song elements 

produced most often by city birds had a peak frequency of 2.3 kHz. By using the 2.3 kHz 

elements, which can be produced at higher amplitudes, instead of the 1.8 kHz elements most 

commonly used in forests, blackbirds increase their communication distance from 19 ± 1 m to 60 

± 4 m (mean ± SE). 
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What is the unit of analysis, songs or elements? 

These considerations raise the question whether one should regard the averages of entire songs or 

certain elements as important for avian communication in noise. Some previous studies, have 

related mean song frequency values to environmental noise levels (Slabbekoorn & Peet, 2003; 

Nemeth & Brumm, 2009; Gross et al., 2010; Francis et al., 2011; Hamao et al., 2011). Means are 

the expected values of a random variable from a uniform and ideally Gaussian distribution. In 

blackbirds, the distribution of song peak frequencies was multimodal, but certainly not normally 

distributed (see Figure 2). This may be attributed to the complex sound production mechanism in 

songbirds (Suthers & Zollinger, 2004). In cases in which bird songs consist of many different 

elements, the measurement of one mean frequency value of the entire song neglects this variation 

and may miss important biological variation within songs. Considering only the mean song 

frequencies in analyses of the vocal behaviour in urban and rural birds may therefore be 

misleading. In our model (Nemeth & Brumm, 2010) we used published averages of song to 

calculate communication distances. As shown in the application of the model for the blackbird 

data reported in this study, a frequency shift for elements at the lower end of the vocal frequency 

range can have a strong effect on the active space of a song. The same applies to amplitude 

changes. Eventually, field studies that combine detailed measurements of frequency and 

amplitude shifts will help gaining a more accurate view of how songbirds adjust their vocal 

signals in urban noise.  

Explanations for higher frequency city songs 

Our study shows that the increased amplitude of higher frequency blackbird song elements yields 

a greater release from masking than the frequency shifts alone. As shown in previous studies, 

birds exhibit the Lombard effect (Brumm & Zollinger, 2011) and thus city blackbirds likely sing 
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with a higher sound pressure level than forest birds across all frequencies. The resulting higher 

signal-to-noise ratio would add to the effect of the here described frequency-amplitude 

relationship. However, it is important to bear in mind that bird song is affected by many more 

selection pressures than just anthropogenic noise. Blackbird song, especially the motif elements, 

seems adapted to forest acoustics, where lower frequencies and more tonal elements transmit 

particularly well (Morton, 1975; Dabelsteen et al., 1993). Thus the greater numbers of low 

frequency motif elements in forest birds can also be interpreted as an adaptation to closed 

habitats. Vice versa, as shown for songs of great tits (Mockford et al., 2011), there is also the 

possibility that city songs are adjusted to the structure of urban habitats. Furthermore, the song 

divergence between city and forest birds may also be explained by additional factors that are not 

related to signal transmission but to other aspects of urban ecology (Nemeth & Brumm, 2009). 

For instance, the breeding density of blackbirds is generally higher in urban habitats than in 

forests (Snow, 1958) and as a result, city birds may be engaged in more and more intense 

aggressive interactions. Several studies have shown that a higher arousal is reflected in higher 

song frequencies in this species (Dabelsteen, 1985; Dabelsteen & Pedersen, 1985; Partecke et al., 

2005) but see (Ripmeester et al., 2007). Supporting this view, a recent study on urban great tits 

(Hamao et al., 2011) found that both noise level and breeding density predicted song frequency. 

Moreover, forest blackbirds have higher plasma testosterone levels than urban males (Partecke et 

al., 2005), and a higher testosterone level may lead to lower song frequencies (Cynx et al., 2005, 

but see Ritschard et al., 2011), which could account for the lower song frequencies in forest 

blackbirds found in this and other studies. However, all these explanations are not mutually 

exclusive. The observed patterns of frequency-amplitude variation of this study hint at a physical 

coupling during sound production, which would operate independently of, and in addition to any 

changes due to differences in arousal or testosterone level. 
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Conclusions 

In summary, we show that peak frequency and amplitude were coupled in blackbird song, and 

that city birds preferentially sing higher frequency elements that can be produced at higher sound 

intensities. Both the increased frequency and the related rise in amplitude reduce acoustic 

masking by low-frequency traffic noise but the frequency-dependent amplitude change has a 

greater effect. By choosing higher elements, city birds may further increase their capacity to sing 

at high amplitudes to mitigate acoustic masking by noise.  
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Abstract 

Human-altered environmental conditions affect many species at the global scale. An extreme 

form of anthropogenic alteration is the existence and rapid increase of urban areas. A key 

question, then, is how species cope with urbanization. It has been suggested that rural and urban 

conspecifics show differences in behaviour and personality. However, (i) a generalization of this 

phenomenon has never been made, and (ii) it is still unclear whether differences in personality 

traits between rural and urban conspecifics are the result of phenotypic plasticity or of intrinsic 

differences. In a literature review, we show that behavioural differences between rural and urban 

conspecifics are common and taxonomically widespread among animals, suggesting a significant 

ecological impact of urbanization on animal behaviour. In order to gain insight into the 

mechanisms leading to behavioural differences in urban individuals, we hand-raised and kept 

European blackbirds (Turdus merula) from a rural and a nearby urban area under common-

garden conditions. Using these birds, we investigated individual variation in two behavioural 

responses to the presence of novel objects: approach to an object in a familiar area (here defined 

as neophilia), and avoidance of an object in a familiar foraging context (defined as neophobia). 

Neophilic and neophobic behaviours were mildly correlated and repeatable even across a time 

period of one year, indicating stable individual behavioural strategies. Blackbirds from the urban 

population were more neophobic and seasonally less neophilic than blackbirds from the nearby 

rural area. These intrinsic differences in personality traits are likely the result of 

microevolutionary changes, although we cannot fully exclude early developmental influences. 

Introduction 

Animals are frequently confronted with environmental challenges, such as adjusting to 

disturbances in their habitat, coping with shifts in food availability and distribution, and 

interacting and competing with other individuals. The way an individual reacts to such 
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challenges can greatly affect its ability to reproduce and survive. Hence, consistent individual 

behavioural differences likely evolved as a response to different environmental challenges 

(Wilson, 1998). Animal personalities (also called behavioural syndromes or temperament) are 

defined by two criteria: (i) individuals differ in their predominant behavioural strategy in a stable 

manner across time, and (ii) various behavioural reactions tend to be correlated across contexts 

(Bell, 2007). The evolutionary ecology of animal personalities has recently emerged as a new 

field of research (Dall et al., 2012). The existence of animal personalities is taxonomically 

widespread, having been documented in over 100 species (Wolf et al., 2008). Moreover, a 

genetic component for personalities has been shown in a number of cases (van Oers et al., 2004; 

Schielzeth et al., 2011), demonstrating that personality traits can be shaped by selection. But 

although recent studies have attempted to identify the selection pressures that maintain 

polymorphisms in behavioural strategies, the mechanisms are not yet fully understood 

(Dingemanse et al., 2004; Biro et al., 2006; Quinn et al., 2009; Schielzeth et al., 2011; Nicolaus 

et al., 2012). 

With the rapid increase in urbanization over the last centuries, urban areas have emerged 

as habitats with distinct environmental conditions that could favour individuals with different 

personality traits. Animals colonising urban areas might face numerous potentially dangerous 

interactions with novel anthropogenic situations (Partecke et al., 2006; Brearley et al., 2012). On 

the other hand, factors such as warmer temperatures (Arnfield, 2003), access to nocturnal 

illuminated areas (Longcore & Rich, 2004), and potentially higher availability of anthropogenic 

food (Bateman & Fleming, 2012) might be partly beneficial for urban species. Colonization of 

urban areas is commonly associated with species’ ecological and life history traits (Tratalos et 

al., 2007; Evans et al., 2011) and animal personalities have been related to ecological processes 

such as urbanization (Sih et al., 2012; Wolf & Weissing, 2012). Although there is increasing 
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evidence that the invasion of urban habitats is related to intraspecific behavioural shifts (Evans et 

al., 2010; Scales et al., 2011), information is still lacking regarding the generality and the 

mechanisms underlying such differences in behaviour (Atwell et al., 2012). 

In order to better understand the ecology and evolution of animal species in urban areas, 

our aim was to answer the following questions: (i) how common and individually repeatable are 

shifts in behaviour in urban colonisers, and (ii) are such behavioural differences in urban animals 

due to habituation to local environmental conditions or to microevolution? To resolve these 

questions, we first reviewed the literature to assess the ubiquity of behavioural shifts between 

rural and urban conspecifics. In a second step, using rural and urban hand-raised European 

blackbirds (Turdus merula), we investigated the underlying mechanisms generating shifts in 

behaviour, or even personalities, in urban populations. Largely confined to forest areas as little as 

two centuries ago, the blackbird is now among the most common urban bird species in the 

Western Palearctic and one of the best-studied urban colonisers (Evans et al., 2009). Rural and 

urban populations of blackbirds differ in several aspects, including song, disease risk, propensity 

to migrate, timing of reproduction and stress physiology (Partecke et al., 2004, 2006; Partecke & 

Gwinner, 2007; Geue & Partecke, 2008; Nemeth et al., 2013). In our common garden experiment 

with hand raised blackbirds, we tested whether (i) two behavioural responses to novelty were 

consistent over time and across contexts, and (ii) differences existed between individuals from a 

rural and an urban population in these behaviours. Thereby, we aim to gain insight into whether 

behavioural differences in the urban habitat result from phenotypic plasticity or from 

microevolution. 
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Materials and methods 

Literature review 

To investigate how common are shifts in species’ behaviours related to the urbanization 

phenomenon, we reviewed the literature on empirical studies comparing rural and urban 

conspecifics in aggression, alarm, escape, exploration (in novel environments), neophilic, 

neophobic, innovative, and risk-taking behaviours towards stimuli. We performed a search in ISI 

Web of Knowledge (http://www.isiknowledge.com, see data S1 of the supporting information for 

exact search terms for description of included behavioural categories) and included all pertinent 

articles in English from relevant research areas, as well as articles resulting from backward or 

forward searches of the initial search. We classified all significant differences (p < 0.05) into 

‘rural > urban’ or ‘rural < urban’ depending on average trait values. In studies with multiple 

species or related behaviours, we considered significant differences when these were shown in at 

least one species and behaviour in the same category. For the sake of clarity, we included only 

studies that focused both on rural and urban populations of the same species, excluding studies 

focusing on gradients of urbanization or disturbance in only rural or urban environments. 

Nevertheless, the concept of rural and urban inevitably differs in the retrieved studies regarding 

area of the habitat and degree of anthropogenic disturbance. 

Experimental setup 

Between 21 March and 23 June 2007 we collected blackbirds at 3-11 days of age from a rural (14 

males and 11 females from 9 nests) and an urban habitat (14 males and 14 females from 9 nests) 

in southeast Germany. Urban birds were collected in the city centre of Munich (48°07'N, 

11°34'E; 518 m asl), and rural birds in a managed forest (Raisting 47°53'N, 11°04'E; 553 m asl) 

approximately 40 km southwest of Munich. The nestlings were hand-raised and kept under 
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common-garden conditions, housed in individual home cages in a single room (birds could hear 

but not see each other) with simulated natural photoperiod, constant temperature (20±2 ºC), and 

ad libitum water and food (Granvit, Chemi-Vit, Quattro Castella, Italy). 

Experimental Procedure 

We performed behavioural tests to quantify two responses to novelty: (i) object-neophilia, the 

approach of an individual to a novel object in a familiar environment; and (ii) object-neophobia, 

the avoidance of a novel object in a familiar environment (normally measured in a foraging 

context). Neophilia and neophobia are thought to have independent motivations and to belong to 

different personality dimensions (Budaev, 1997; Coleman & Wilson, 1998; Mettke-Hofmann et 

al., 2002, 2009; Herborn et al., 2010). To assess individual consistency in these behaviours, we 

repeated each test in three trials with different novel objects. We videotaped all trials for 

determination of behavioural parameters, particularly latency to approach the novel object. 

Whenever an individual did not approach the object during the entire trial, its latency to approach 

was set to the maximum duration of the trial. The different objects used and details of the cage 

are pictured in Figure S1 of the Appendix 2. 

Object-neophilia tests 

The object-neophilia tests took place in November 2007, June 2008 and December 2008 using 

different objects. Each trial was conducted for two hours at the same time of day (~10:00 to 

12:00), beginning after the replacement of a perch in the middle of the bird’s home cage with a 

perch with the novel object mounted. Following Mettke-Hofmann et al. (2002), we considered 

the latency to approach a neutral perch with a novel object a measure of neophilia, although a 

certain extent of neophobic motivations cannot be completely excluded. 
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Object-neophobia tests 

The object-neophobia tests were performed in December 2007/January 2008, August/September 

2008 and November/December 2008 using different objects. Each trial included a control day 

and two subsequent experimental days, conducted for four hours at the same time of day (~10:00 

to 14:00). 

To motivate individual birds to feed during the experiment, we removed the food in the 

evening of the day preceding each individual test, returning it at the beginning of the test. We 

always manipulated the perch used by birds while feeding. On the control day, we replaced this 

perch with an identical one (without any novel object) while reintroducing food. On the first 

experimental day, this procedure was repeated using a perch with a mounted novel object directly 

next to the feeder. We repeated this procedure on the second experimental day using the same 

object. Latency to approach the introduced perch was registered on each day. The control day 

assesses potential differences between the rural and the urban population in their reaction to 

disturbance unrelated to the presence of the new object. Latency to approach in the first 

experimental day is a measure of neophobia, while latency to approach in the second 

experimental day reflects avoidance after habituation to the object. The motivation to feed in the 

neophobia test should reduce neophilic responses to a very low level, thus individual differences 

in the latency to approach should be mainly due to individual differences in neophobia (Mettke-

Hofmann et al., 2002). 

Statistical analyses 

To assess consistency in individual behavioural responses, we calculated adjusted repeatabilities 

(Nakagawa & Schielzeth, 2010) and their standard errors using linear mixed-effects models 

(LMM). We use adjusted repeatabilities because we found pronounced differences in mean 
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responses among different trials (see results) that might have occurred due to seasonal variation 

or behavioural plasticity. Such trial effects tend to decrease similarity among observations of the 

same individual, but adjusted repeatabilities account for this by allowing for seasonal variation in 

means (Nakagawa & Schielzeth, 2010). The p-values for the repeatability estimates were 

obtained from a permutation test (1000 permutations), in which the vector of individual identities 

was randomized while maintaining a balanced design with respect to the fixed effect ‘trial’. We 

investigated differences between repeatabilities in the rural and the urban population using 

Monte Carlo simulations performed on bootstrapping samples of the two repeatability estimates. 

We sampled 10000 times with replacement from the bootstrapping samples and estimated the 

asymptotic two-tailed p-value for the difference in repeatabilities as twice the proportion of 

samples for which the difference (Rurban – Rrural) was equal or smaller than zero. 

For each trial, both for the overall data and for each individual population, we calculated 

the Spearman coefficient of correlation between latencies to perch in neophilia and neophobia 

(first experimental day) tests. 

We fitted LMM (R package lme4, Bates et al., 2011) to investigate whether trial, 

population (rural—Raisting or urban—Munich), and sex affected the behavioural variables of 

interest. We included nest ID and individual ID in the models as random intercepts to account for 

family effects and repeated measures of each individual. Full model estimates are shown in Table 

S1 of the supporting information. To simplify the interpretation of the models, we sequentially 

removed non-significant interaction terms from the initial model using likelihood ratio tests (R 

package LMERConvenienceFunctions, Tremblay, 2011). While the usual estimation of p-values 

in LMM is anti-conservative for small data sets, Markov chain Monte Carlo (MCMC) methods 

are an alternative that works well for large and small datasets. Therefore, we approximated p-

values based on MCMC sampling of the final models (R package languageR, Baayen, 2011). A 
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similar model was fitted to test whether the two populations differed in body condition (scaled 

mass index, Peig & Green, 2009). 

To achieve normality of residuals in the LMM-based analyses, data from the neophobia 

tests were log-transformed. Statistical analyses were performed using R 2.15.0 (R Development 

Core Team, 2013). 

Results 

Literature review 

The literature review resulted in 29 empirical studies comparing conspecific rural and urban 

populations in aggressive, alarm, escape, neophobic, innovative, and risk-taking behaviours 

towards different types of stimuli (Table 1). Most of the studies were made in the wild, with only 

five studies made under controlled laboratory conditions and only one of these studies (Atwell et 

al., 2012) having used individuals with limited experience of their environment. Of the 29 

studies, 27 showed significant differences between rural and urban populations for at least one of 

the behaviours and species analysed. Urban populations seemed to be more aggressive (5 of 6 

studies), showed reduced escape behaviour (21 of 22 studies), and increased risk-taking 

behaviour (6 of 9 studies). For the other considered behaviours, 7 of 9 studies showed differences 

between rural and urban conspecific populations. 

Repeatability was only assessed in two studies, which found the behaviours under study to be 

repeatable, and only seven studies assessed correlations between different behaviours, with most 

of the studied behaviours found to be correlated. 
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Behavioural differences between rural and urban hand-raised European 

blackbirds 

In the neophilia test, the latency to approach the perch with the novel object increased across 

trials (Figure 1, Table 2). An overall population effect was not apparent, but the interaction 

between population and the second trial was significant (Table 2). In fact, in the second trial, the 

urban population was on average 35 minutes slower than the rural population to approach the 

perch with the novel object. A similar but non-significant trend was found in the first trial, but 

not in the third (Figure 1, Table 2). Neophilia did not significantly differ between sexes (Table 

2). 

In the object-neophobia test, trial, population, and sex did not significantly affect latency 

to perch near the feeder in the control day. When first confronted with the novel object near the 

feeder (first experimental day), individuals from the urban population avoided it more than rural 

individuals. This effect was consistent in the three trials, with individuals from the urban 

population taking on average 30 minutes longer to perch near the object (Figure 2, Table 2). A 

trial effect was present, revealing less avoidance in trial 2 when compared with trials 1 and 3 

(Figure 2, Table 2). 

 

Figure 1  Latency to perch near novel objects in each trial of the neophilia test for rural (light grey) and urban (dark 

grey) individuals. Means ± standard errors are shown. 
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Table 2 Slope estimates and Markov chain Monte Carlo P-values for fixed effects in linear mixed-effect models for 

neophilia and neophobia (control day, first experimental day and second experimental day) after backward model 

simplification. The intercept represents rural females in trial 3 (reference levels), while other estimates represent 

treatment contrasts. 

 
Neophilia Neophobia control Neophobia 1

st
 day Neophobia 2

nd
 day 

Parameter β ± SE p β ± SE p β ± SE p β ± SE p 

Intercept 5355.2 ± 587.2 <0.001 5.07 ± 0.21 <0.001  7.57 ± 0.26 <0.001 5.78 ± 0.27 <0.001 

Urban -490.0 ± 729.2 0.504 0.21 ± 0.23 0.318  0.49 ± 0.28 0.041 0.51 ± 0.29 0.058 

Trial 1 -3975.9 ± 483.1 <0.001 -0.02 ± 0.15 0.865  0.07 ± 0.17 0.719 -0.07 ± 0.20 0.771  

Trial 2 -2242.8 ± 483.1 <0.001 0.26 ± 0.15 0.113  -0.85 ± 0.17 <0.001 -0.17 ± 0.20 0.436  

Male 222.0 ± 470.0 0.503 0.02 ± 0.17 0.991  0.08 ± 0.23 0.640 -0.14 ± 0.22 0.461  

Urban x trial 1 1215.3 ± 668.5 0.122 - - - - - - 

Urban x trial 2 2484.1 ± 668.5 0.002 - - - - - - 

 

 

Figure 2 Latencies to perch near novel object in each trial of the neophobia test for rural (light grey) and urban (dark 

grey) individuals. After a control day, we replaced the perch next to the feeder with a perch containing a novel 

mounted object for the first and second experimental days. Means ± standard errors are shown. 
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Individual behavioural consistency over time in hand-raised European 

blackbirds 

In our common garden experiment using hand-raised European blackbirds, neophilic and 

neophobic behaviours were repeatable across trials (neophilia: R = 0.39 ± 0.08, p ≤ 0.001; 

neophobia first experimental day: R = 0.40 ± 0.08, p ≤ 0.001). Response to disturbance unrelated 

to the novel object was also repeatable (neophobia control day: R = 0.30 ± 0.10, p ≤ 0.001), as 

well as avoidance of the object after habituation (neophobia second experimental day: R = 0.30 ± 

0.09, p ≤ 0.001). 

Performing the repeatability estimation separately for each population consistently 

resulted in higher point estimates of repeatabilities and higher statistical significances for the 

urban (neophilia: R = 0.50 ± 0.11, p ≤ 0.001; neophobia control day: R = 0.35 ± 0.13, p = 0.002; 

neophobia first experimental day: R = 0.45 ± 0.11, p ≤ 0.001; neophobia day 3: R = 0.31 ± 0.13, 

p = 0.006) than for the rural population (neophilia: R = 0.32 ± 0.14, p = 0.004; neophobia control 

day: R = 0.23 ± 0.15, p = 0.021; neophobia first experimental day: R = 0.26 ± 0.15, p = 0.018; 

neophobia second experimental day: R = 0.19 ± 0.14, p = 0.053). Nevertheless, such differences 

in repeatability between the two populations were not statistically significant (neophilia: p = 

0.278; neophobia control day: p = 0.516; neophobia first experimental day: p = 0.237; neophobia 

second experimental day: p = 0.524). 

Correlation between neophilia and neophobia in hand-raised European 

blackbirds 

Latency to perch in neophilia and neophobia (first experimental day) tests were correlated 

between trials conducted within a few weeks (trial 1: ρ = 0.35, p = 0.011; trial 2: ρ = 0.36, p = 

0.009; trial 3: ρ = 0.46, p < 0.001). Performing the same analysis separately for each population 
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(and hence with a halved sample size) did not always retrieve significant results for the first 

(rural: ρ = 0.33, p = 0.108; urban: ρ = 0.33, p = 0.084), second (rural: ρ = 0.43, p = 0.033; urban: 

ρ = 0.21, p = 0.291) and third (rural: ρ = 0.29, p = 0.167; urban: ρ = 0.62, p < 0.001) trials. 

Correlations between neophilia and neophobia across larger time spans were also mostly 

statistically significant or close to significance (trial 1 vs. trial 2: ρ = 0.39, p = 0.004; trial 1 vs. 

trial 3: ρ = 0.38, p = 0.006; trial 2 vs. trial 1: ρ = 0.40, p = 0.003; trial 2 vs. trial 3: ρ = 0.24, p = 

0.081; trial 3 vs. trial 1: ρ = 0.21, p = 0.130; trial 3 vs. trial 2: ρ = 0.26, p = 0.068), 

demonstrating that the correlation between neophilia and neophobia was not transient, but rather 

stable across time. 

Discussion 

Our literature review shows that behavioural shifts related to the colonization of urban areas are a 

common, taxonomically-widespread phenomenon. In a common-garden experiment, we tested 

whether neophilia and neophobia differed between a rural and an urban population of blackbirds 

raised under identical conditions. The behavioural traits showed long-term individual consistency 

and differences in means between the rural and the urban population. Since subjects had never 

experienced their natal environment outside the nest, our results suggests intrinsic rather than 

learned differences between the two populations. These results corroborate the hypothesis that 

behavioural shifts in urban populations might be a result of microevolution rather than 

phenotypic plasticity. 

Behavioural differences between rural and urban individuals 

In our literature review, 27 of 29 publications indicate differences between conspecific rural and 

urban populations in behaviours towards different stimuli. Although a publication bias is 
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possible, the strong predominance of behavioural differences in the literature review corroborates 

the idea that behavioural shifts are a common by-product of urban life in wild animals. 

Our study with hand-raised blackbirds also revealed differences in personality traits 

between the rural and the urban population: neophilia was lower in the urban population in the 

summer trial, while neophobia was consistently higher in the urban population (Figure 1, Figure 

2, Table 2). Why would increased caution be beneficial in the urban environment? Increased 

neophobia and reduced neophilia might be advantageous for established urban animals, to which 

resources tend to be more stable (e.g., anthropogenic food and warmer temperatures), while 

contact with novel and potentially dangerous situations is higher. This would agree with the 

hypothesis by Greenberg & Mettke-Hoffman (2001), that neophilia decreases when information 

about resources is less valuable, and neophobia increases in more dangerous habitats. In line with 

our present findings, neophobia was also found to increase with the degree of urbanization for 

wild eared doves (Zenaida auriculata) and house sparrows (Passer domesticus) (Echeverría & 

Vassallo, 2008). However, in the few existing studies on this subject, non-significant or opposite 

trends were also found regarding neophobia (see Table 1 for detailed information). An alternative 

explanation would be that urban animals are forced to reduce their neophobia and increase their 

neophilia in order to explore new anthropogenic food resources and maintain stasis in the face of 

many novel stressors. Clearly, more studies on neophilia and neophobia in rural and urban 

populations are needed to assess this issue. In studies in the wild, it is difficult to assess reactions 

to novel or dangerous situations, as animals may become habituated to humans, to anthropogenic 

structures and objects, and to certain predictable disturbance regimes (e.g., road traffic 

consistently follows the path of the road). Thus, caution should be applied when interpreting the 

lower escape distance and higher frequency of risk-taking and aggressive behaviours of wild 

urban populations (see Table 1) as opposed to our results of lower object-neophilia and higher 
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object-neophobia in an urban population. The assessed behaviours are intrinsically different: 

studies in the wild focused mostly on behavioural reactions towards humans (to whose presence 

urban animals are habituated), while our study focused on reactions towards novel objects. 

In our study, neophobia and neophilia did not significantly differ between sexes, similar 

to other studies on personality traits (e.g. Schielzeth et al., 2011). However, we found trial effects 

in the expression of neophilia and neophobia (Figure 1, Figure 2, Table 2), the causes of which 

are open to speculation. The decrease in neophilia across trials could be due to increased 

experience with objects, or to age effects (Greenberg & Mettke-Hofmann, 2001; Mettke-

Hofmann et al., 2006; Biondi et al., 2010). On the other hand, the non-linear change in 

neophobia (lower in summer than in winter) indicates a seasonal effect. In the wild, the spring 

and summer months are characterized by dense foliage that provides adequate cover, along with 

greater abundance of food resources. Although neophobia is generally reduced in animals less 

exposed when foraging or in the presence of reduced competition (Greenberg & Mettke-

Hofmann, 2001), we cannot exclude the hypothesis of differences in the strength of the stimulus-

objects or seasonal changes in hormone expression (such as testosterone or corticosterone 

concentrations). 

Behavioural consistency and correlations 

The few studies in our literature review that investigate the existence of behavioural repeatability 

and/or cross-context correlations are suggestive of the existence of animal personalities that 

differ between rural and urban areas. 

Our common-garden experiment also revealed individual consistency in neophilic and 

neophobic behaviours. Both being behavioural responses to novelty, doubts can arise regarding 

the independence of neophilia and neophobia. It has been suggested that these behaviours have 

independent motivations and belong to different personality dimensions (Budaev, 1997; Coleman 
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& Wilson, 1998; Mettke-Hofmann et al., 2002, 2009; Herborn et al., 2010). In particular, similar 

to the present study, Mettke-Hofmann et al. (2002) measured neophilia and neophobia in 

captivity by placing novel objects respectively in a neutral location of the birds’ familiar 

environment or associated with food. This study, similarly to others, found no correlation 

between neophilia and neophobia in the 62 parrot species studied. Our mild but significant 

correlation between neophilia and neophobia suggests that these might be different personality 

traits integrated as part of a behavioural syndrome or personality. 

Even though the test for differences in repeatabilities between the rural and the urban 

population lacked statistical power, the agreement across different traits suggests that individuals 

from the urban population have higher individual behavioural consistency in neophobic and 

neophilic responses, indicated by higher and more significant repeatabilities than the rural 

population. When analysed separately for each population, the two behaviours are not always 

significantly correlated, possibly due to the limited sample size. A recent study on song sparrows 

(Melospiza melodia) in the wild also shows significant differences in repeatabilities between 

rural and urban populations (Scales et al., 2011). Unlike our results, this study shows that the 

urban populations, in contrast to the rural one, lack correlation between boldness and aggression. 

The authors suggest that both behaviours could be selected for in the urban habitat, but that they 

can vary independently due to a potentially higher quality of the habitat. 

Microevolution or phenotypic plasticity? 

We show in our literature review that changes in personality traits are a common phenomenon in 

populations of a variety of species that colonise urban environments. In addition, the empirical 

part of our study reveals intrinsic differences in personality traits between rural and urban 

conspecifics that never experienced the natural habitat outside their nests. Personality traits have 

been shown to have a genetic component (van Oers et al., 2004; Van Oers et al., 2005; 
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Schielzeth et al., 2011), and variation in behavioural responses may result from the individuals’ 

reaction to its environment or from genetic adaptation (Charmantier et al., 2008; Hendry et al., 

2008; Dingemanse et al., 2010; Sih et al., 2011; Van Buskirk, 2012). Our common garden 

experiment suggests that the intrinsic behavioural differences between rural and urban 

populations are genetically driven and we consider it likely that these differences are the result of 

adaptive microevolutionary changes. A recent comparative study on several rural and urban 

European blackbird populations across Europe using candidate genes for behavioural traits seems 

to support this idea (Mueller et al., 2013). In the mentioned study, a candidate gene for harm 

avoidance behaviour (the SERT gene) exhibited a significant association with habitat type. Two 

notes should be made here. First, even though the existing data suggest that urbanization causes 

microevolutionary changes in animal personalities, a generalization can only be made through 

common-garden studies focusing on multiple rural-urban population pairs. Second, although the 

results of our common-garden experiment argue in favour of a genetic basis for behavioural 

shifts in urban individuals, early experience in the nest environment or pre- and perinatal 

maternal effects cannot be ruled out. Nevertheless, our study rules out the effects of plasticity to 

the environment from the moment birds leave their nests, as the birds were collected from their 

nests before fledging. Supporting the idea of intrinsic changes in behavioural traits in animals 

colonising urban areas, a recent study also found differences in one behavioural trait between 

rural and urban dark-eyed juncos (Junco hyemalis) kept since juveniles (ca. 40 days) under a 

common-garden setup (Atwell et al., 2012). 

Intrinsic differences in personality traits between rural and urban populations could be 

achieved via two different evolutionary mechanisms: (i) microevolution of personality traits in 

response to new selection regimes where there are new optimal behaviours (post-colonization 

adaptation) or (ii) microevolution of personality traits by non-random gene flow, where the 
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colonization of the urban habitat is personality-dependent (pre-colonization adaptation, Edelaar 

& Bolnick, 2012). It is also conceivable that the two mechanisms act simultaneously, with 

different behavioural optima potentially selected at different stages of the colonization process. 

In fact, one study suggests that recent colonisers of urban habitats show higher neophilia than 

long established populations (Martin & Fitzgerald, 2005). To test these hypotheses, future studies 

should focus on the measurement of selection in rural and urban environments.  

This work opens up the exciting possibility of studying, in common-garden setups, 

urbanization-driven evolutionary changes in animal personalities. Such studies will be an 

important step to understand how animals cope with our urbanising world. 
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Abstract 

Urban and rural conspecifics commonly differ in behavioural traits, and these differences have 

been shown to be intrinsic in some species. But the mechanisms underlying behavioural 

differences associated with urbanization are largely unknown. 

The purpose of the current study is to investigate whether testosterone, a steroid hormone that 

can be produced via the hypothalamus–pituitary–gonadal (HPG) axis, is a factor underlying 

changes in agonistic behaviour of urban animals. In a common-garden experiment with hand-

raised rural and urban European blackbirds (Turdus merula), we investigated aggression 

behaviour and associated hormonal traits. 

Aggression towards a simulated intruder showed long-term individual consistency as well as 

differences in means between the rural and the urban population. For both sexes, aggression was 

seasonally related to plasma testosterone. However, androgen levels did not differ between rural 

and urban individuals and did not increase following aggression. 

Our results with hand-raised birds that never experienced the natural environment outside 

their nests suggest that aggressive behaviour intrinsically differs between rural and urban 

individuals. Such differences are likely the result of microevolutionary changes, although we 

cannot fully exclude early developmental influences. Although endogenous testosterone seems to 

be seasonally related to aggressive behaviour in both male and female blackbirds, other factors 

likely underlie the observed differences in agonistic behaviour between rural and urban 

conspecifics. A new challenge is to clarify if such differences are related to other aspects of the 

HPG axis, such as for example differences in the number or sensitivity of hormone receptors. 
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Introduction 

Anthropogenic environmental change may affect most animal species. An extreme form of 

human alteration is the existence and the continuous spread of urban areas. The manner in which 

an animal copes with the urban environment may greatly affect its ability to survive and to 

reproduce. In the last decades, studies in different species have shown that rural and urban 

conspecifics differ in many behavioural traits (reviewed in Miranda et al., 2013). Recent studies 

suggest that differences in behavioural suites between rural and urban individuals are intrinsic, 

and might result from divergent selection pressures on rural and urban populations (Atwell et al., 

2012; Miranda et al., 2013). 

Behaviour can be greatly influenced by endocrine factors such as the concentration of 

hormones, transport proteins, and the number or sensitivity of hormone receptors or cofactors 

(Nelson, 2011). It has been suggested that differences in suites of behaviours might be influenced 

by modifications of two main endocrine axes: the hypothalamus–pituitary–adrenal (HPA) and the 

hypothalamus–pituitary–gonadal (HPG) axis (van Oers et al., 2011). Intrinsic shifts in the HPA 

and HPG axis have been related to urbanization (Partecke et al., 2004, 2006; Atwell et al., 2012). 

Additionally, one study simultaneously assessed differences in behavioural traits and in HPA 

responsiveness in rural and urban conspecifics (Atwell et al., 2012). This study, a common-

garden experiment with rural and urban dark-eyed-juncos (Junco hyemalis), suggests that 

differences in exploratory behaviour are correlated to differences in the corticosterone stress 

response. In the present study, we investigated whether intrinsic shifts in aggresive behaviour 

might be caused by underlying differences in the HPG axis. 

Testosterone is a steroid hormone which has been generally linked to the regulation of 

aggressive behaviour in reproductive contexts (Wingfield et al., 1987) and even to suites of 

behaviours (van Oers et al., 2011). Within the HPG axis, testosterone production is driven by the 
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release of gonadotropin-releasing hormone (GnRH) in the hypothalamus. In essence, an increase 

in GnRH stimulates the pituitary to release luteinizing hormone (LH), which in turn induces the 

production of testosterone by the testes or ovaries (Nelson, 2011). Aggressive interactions can 

trigger this HPG-cascade and in birds, a way to experimentally study the effect of agonistic 

behaviour on testosterone production is the use of simulated territorial intrusion (STI) 

experiments, in which a simulated intruder is placed in the territory of the individual under study 

(e.g. Wingfield & Wada, 1989). While males of some songbird species respond to an STI with an 

increase in testosterone, many others do not (reviewed in: Goymann et al., 2007; Goymann, 

2009). A possible explanation for the lack of elevation in testosterone during STIs in males of 

some species is that their levels of testosterone are already maximal (Wingfield et al., 1990; 

Goymann, 2009). However, a recent study in black redstarts (Phoenicurus ochruros) has shown 

that males which do not increase their testosterone in response to a STI are fully capable to 

elevate testosterone after a GnRH injection, suggesting that a rise of testosterone during the STI 

would have been physiologically possible (Apfelbeck & Goymann, 2011). 

Females are aggressive in a wide variety of social and reproductive contexts and they also 

secrete testosterone, although in lower concentrations than males. It is conceivable that female 

testosterone levels may be, as in males, linked to agonistic interactions. But studies linking 

female aggression and hormones have been relatively neglected (Adkins-Regan, 1999; Caro, 

2012). Experimental studies linking endogenous or exogenous testosterone and aggressive 

behaviour in females show mixed results (Cristol & Johnsen, 1994; Elekonich & Wingfield, 

2000; Clotfelter et al., 2004; Jawor et al., 2006a; Gill et al., 2007; Rosvall, 2013). As for males, 

it could be hypothesised in females that the lack of increase in testosterone in response to 

agonistic interactions is related to limitations in their physiological capability to increase 

testosterone levels. Females of some species are capable of increasing their testosterone levels in 
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response to a GnRH challenge (DeVries et al., 2011 - northern cardinals Cardinalis cardinalis; 

Kummrow et al., 2011 - veiled chameleons Chamaeleo calyptratus; Müller et al., 2011 - canaries 

Serinus canaria; Cain & Ketterson, 2012 - dark-eyed juncos Junco hyemalis; Peluc et al., 2012 - 

Japanese quail Coturnix japonica), while others are not (Goymann & Wingfield, 2004 - black 

coucals Centropus grillii). But to our knowledge, no study so far has simultaneously assessed the 

capability of increasing testosterone in response to agonistic interactions and the real 

physiological capability of elevating testosterone in females. 

To understand the role of evolution versus plasticity in shaping behavioural and hormonal 

traits it is important to assess the individual consistency of these phenotypes. In theory, selection 

should only act on traits where the intra-individual variation is larger than the between-individual 

variation (Boake, 1989). Repeatability is the proportion of the variance of a trait that is explained 

by differences among individuals, and in most cases, genetically determined traits on which 

selection might act are repeatable (Falconer & Mackay, 1996). 

In the present study we used European blackbirds (Turdus merula), a socially 

monogamous songbird commonly breeding in many rural and urban areas throughout Europe 

(Evans et al., 2009). Blackbirds from urban habitats have been shown to differ in the timing of 

reproduction (Partecke et al., 2004), stress physiology (Partecke et al., 2006), vocal 

communication (Nemeth et al., 2013) and circadian rhythms (Dominoni et al., 2013a). Urban 

populations also seem to show individually consistent intrinsic differences in behavioural 

responses to novelty (Miranda et al., 2013). To test whether individuals from urban populations 

show distinct behavioural and androgen responses, we investigated in hand-raised blackbirds 

their aggressive and androgen responses to repeated simulated territorial intrusions, while also 

assessing their physiological capacity to produce testosterone using a GnRH challenge. This 
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common-garden experiment also allowed us to investigate the relationship between agonistic 

behaviour and testosterone concentrations. 

Materials and Methods 

Experimental setup 

All our experimental procedures were carried out in accordance with the guidelines of the 

relevant German animal experimentation authorities. Between 21 March and 23 June 2007, we 

collected blackbirds at 3–11 days of age from a rural (14 males and 11 females from 9 nests) and 

an urban habitat (14 males and 14 females from 9 nests) in Upper Bavaria, Germany. Urban birds 

were collected in the city centre of Munich (48°07′N, 11°34′E; 518 m asl), and rural birds in a 

managed forest (Raisting 47°53′N, 11°04′E; 553 m asl) ca. 40 km southwest of Munich. The 

nestlings were hand-raised and kept under common-garden conditions, housed in individual 

home cages in a single room (birds could hear but not see each other) with a simulated natural 

photoperiod, constant temperature (20 ± 2 °C), and ad libitum water and food availability 

(Granvit, Chemi-Vit, Quattro Castella, Italy). Concomitantly with the present study other 

behavioural experiments were conducted with the same birds (Miranda et al., 2013). 

Simulated territorial intrusions 

In the simulated territorial intrusion (STI) experiments we elicited aggressive responses by 

replacing a perch in the centre of each individual’s home cage by a perch with a stuffed decoy of 

the same sex mounted to it. Similar procedures have been successfully used to elicit aggressive 

responses in other songbird species (e.g. Schwabl, 1992; Elekonich, 2000; Canoine & Gwinner, 

2002; Apfelbeck & Goymann, 2011). A maximum of four STIs were performed simultaneously. 

After 20 min of STI, we immediately caught the birds and took a blood sample (approx. 200 µl) 
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by pricking the wing vein with a 23 gauge needle and collecting the blood into a heparinized 

capillary. Another blood sample had been taken at approximately the same time (mean ± se time 

difference: 54 ± 2.3 minutes) on a previous day (average 1 day, range 1-3 days), when the birds 

were not subject to behavioural testing. 

We performed each of the three trials of the STI experiment in spring (March/April 

2008), summer (July 2008) and autumn (October 2008), respectively. Each STI was conducted 

for 20 minutes at the same time of the day (between 10:00 hours and 12:00 hours). We 

videotaped the birds during the STI in order to determine the number of attacks (aggressive 

flights over or towards the decoy). Behaviours related to exploration and risk-taking behaviour 

were also extracted from the videos, but they did not occur frequently enough to be included in 

the statistical analysis. 

GnRH Challenge 

To determine the capability of individuals to secrete testosterone, we performed GnRH injections 

between 26 and 31 March 2009, i.e. during a period when the gonads are likely to be fully 

developed. We caught each bird and took a blood sample as described above for the simulated 

territorial intrusion (time 0). Following Apfelbeck and Goymann (2011), immediately following 

the first blood sample, each bird was injected with chicken GnRH (Bachem H3106; 2.5 µg 

dissolved in 50 µl isotonic saline) into the pectoralis major muscle and transferred to a holding 

bag. Two further blood samples were then taken 15 and 30 min after the GnRH injection (time 

15 and 30). 

Plasma separation and hormone Assays 

Blood was collected with heparinized micropipettes, stored in Eppendorf tubes and centrifuged at 

9000 rpm for 10 min. The plasma was then separated, stored in in Eppendorf tubes and frozen at 
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-80°C until further analysis. Testosterone concentration was determined by direct 

radioimmunoassay (RIA, following Goymann et al., 2006). Plasma samples were extracted with 

dichloromethane (DCM) after overnight equilibration (4°C) of the plasma with 1500 dpm of 

tritiated testosterone (Perkin Elmer, Rodgau, Germany). The organic phase was then separated 

from the aqueous phase by plunging the extraction tubes into a methanol-dry ice bath and 

decanting the dichloromethane phase into a new vial. This extraction step was repeated twice to 

increase extraction efficiency. Then, the DCM phase was dried under a stream of nitrogen at 

40°C, dried samples were resuspended in phosphate buffered saline containing 1 % gelatine 

(PBSG) and left overnight at 4°C to equilibrate. An aliquot (80 µl) of the redissolved samples 

was transferred to scintillation vials, mixed with 4 ml scintillation fluid (Packard Ultima Gold) 

and counted to an accuracy of 2-3 % in a Beckman LS 6000 -counter to estimate individual 

extraction recoveries. The remainder was stored at -40°C until RIA was conducted. 

Mean  sd extraction efficiency for plasma testosterone was 90.8  6.0 % for the STI 

experiment. Surprisingly, the recoveries in the GnRH experiment were 47.2  5.3 %. This is an 

unusually low value, considering that in the thousands of samples analysed in our laboratory in 

the last years the long-term mean extraction efficiency is 90%. To test whether the used label was 

degraded, we compared the extraction efficiency and hormone concentrations obtained with the 

used label and with a fresh new label. Extractions of chicken plasma with a known amount of 

testosterone (20pg/tube) with the used and with the new label show that the raw concentration of 

testosterone (not corrected for recovery) was similar between the two labels (see supporting 

information Table S1). This supports the hypothesis that the label was degraded and that there 

the efficiency of extraction should be in the normal range. Thus, because the extraction 

efficiencies in our laboratory vary very little between samples and over the years we decided to 

assign a mean extraction efficiency of 90% to all of the samples in the GnRH experiment 
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(corresponding to the long-term mean extraction efficiency of thousands of samples in the 

laboratory). 

For the RIA a standard curve was set up in duplicates by serial dilution of stock standard 

testosterone ranging from 0.39 – 200 pg. Testosterone antiserum (T3-125, Esoterix 

Endocrinology, Calabasas, CA, USA) was added to the standard curve, the controls and to 

duplicates of each sample (100µl). Cross reactivities of this antiserum are for testosterone 

(100%), 5a-dihydrotestosterone (44%), d-1-testosterone (41%), d-1-dihydrotestosterone (18%), 

5a-androstan-3b, 17b-diol (3%), 4-androsten-3b, 17b-diol (2.5%), d-4-androstenedione (2%), 5b-

androstan-3b, 17b-diol (1.5%), estradiol (0.5%), and less than 0.2% with 23 other steroids tested. 

After 30 min testosterone label (13500 dpm) was added and the assay incubated for 20 hours at 

4°C. Then bound and free fractions were separated at 4°C by adding 0.5 ml dextran-coated 

charcoal in PBSG assay buffer. After 14 min of incubation with the charcoal samples were spun 

(3600 g, 10 min, 4°C) and supernatants decanted into scintillation vials at 4°C. After adding 4 ml 

scintillation liquid (Packard Ultima Gold) vials were counted. All samples were assayed in two 

assays. Standard curves and sample concentrations were calculated with Immunofit 3.0 

(Beckman Inc. Fullerton, CA), using a four parameter logistic curve fit. The lower detection 

limits of the standard curves was determined as the first value outside the 95% confidence 

intervals for the zero standard (Bmax) and ranged between 3.2 pg/ml and 6.2 pg/ml for the STI 

experiment, and 3.2 pg/ml and 3.5 pg/ml for the GnRH experiment. The intra-assay coefficients 

of variation were 3.2% and 9.6% for the STI experiment, and 4.9% and 5.8% for the GnRH 

experiment. The inter-assay variation was 5.1 % for the STI experiment, and 6.0 % for the GnRH 

experiment. Because the testosterone antibody used shows significant cross-reactions with 5a-

dihydrotestosterone (44%) our measurement may include a fraction of 5a-DHT. 
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Statistical analyses 

All the statistical analyses were performed in R 2.15.3 (R Development Core Team, 2013). 

We fitted linear mixed models (LMM) to test whether: 

(1) the number of attacks during the STI was related to season, population (rural – 

Raisting and urban - Munich) or sex; 

(2) testosterone in the STI experiment was related to season, population or time of 

sampling (before or after the STI); 

(3) testosterone before the STI was related to season, population or number of attacks (see 

supporting information table S2 for a similar model for post-STI testosterone); 

(4) testosterone during the GnRH experiment was affected by population or time of blood 

sampling (0, 15, or 30 minutes). 

The LMM were fitted using the R package lme4 (Bates et al., 2011). Nest ID and 

individual ID were always included as random intercepts to account for family effects and 

repeated measures of each individual. For the number of attacks, males and females were 

included in the same model, but sexes were always analysed separately in the models for 

testosterone, as males and females typically differ in testosterone concentration. We calculated 

approximated P-values based on Markov chain Monte Carlo (MCMC) sampling of the final 

models using the package languageR, as this is an ideal alternative to the anticonservative 

estimation of P-values in LMM (Baayen, 2011). To achieve normality of residuals, the number 

of attacks and the testosterone data were log-transformed (adding a constant of 1 for the attacks, 

as there were individuals who did not attack). 

To assess consistency in individual behavioural and testosterone responses we calculated 

LMM-based repeatabilities (package rptR, Nakagawa & Schielzeth, 2010). In the cases where we 

found a profound effect of another factor variable (season or population) in the trait under study, 
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we calculated adjusted repeatabilities to take these effects into account. The P-values for the 

repeatability estimates were obtained from a permutation test (1000 permutations), in which the 

vector of individual identities was randomized while maintaining a balanced design with respect 

to the fixed effects. 

Results 

Simulated Territorial Intrusion 

The number of attacks to the same sex decoy in the STI did not differ between sexes for any of 

the seasons (Table 1). However, the number of attacks was significantly lower in the urban 

population than in the rural population in spring and in summer (Figure 1, Table 1). 

 

Figure 1: For each season, number of attacks in the simulated territorial intrusion by the rural (light grey) and the 

urban (dark grey) population. Values represent back-transformed means and standard errors. Sexes were pooled. 

 

For neither sex we found evidence that plasma androgen concentrations were associated 

with STI in any of the seasons. We also found no evidence for an effect of population of origin 

(rural or urban) on testosterone concentrations (Figure 2, Table 2). However, the number of 

attacks was significantly related to pre-STI testosterone concentrations in both sexes in spring 

and in males in summer (Figure 3, Table 3). 
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Table 1: Slope estimates and Markov chain Monte Carlo P-values for fixed effects in linear mixed-effects models 

for the number of attacks (log[x+1] transformed) in simulated territorial intrusion experiments. The intercept 

represents rural females in spring (reference levels) and estimates represent treatment contrasts. 

 

Parameter β ± SE P 

Intercept 0.6982 ± 0.1334 < 0.0001 

Summer -0.3014 ± 0.1423 0.0742 

Autumn -0.4377 ± 0.1469 0.0076 

Spring x Male -0.0559 ± 0.1750 0.6964 

Summer x Male -0.0703 ± 0.1750 0.6524 

Autumn x Male 0.2077 ± 0.1787 0.1892 

Spring x Urban -0.4371 ± 0.1788 0.0126 

Summer x Urban -0.3398 ± 0.1788 0.0494 

Autumn x Urban -0.0422 ± 0.1824 0.9134 

Spring x Male x Urban 0.2751 ± 0.2410 0.2334 

Summer x Male x Urban 0.2439 ± 0.2410 0.2806 

Autumn x Male x Urban -0.2875 ± 0.2438 0.1782 

 

 

Figure 2: For each sex and season, testosterone concentrations before and after the simulated territorial intrusion by 

the rural (light grey) and the urban (dark grey) population. Values represent back-transformed means and standard 

errors. 
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Table 2: For female and male blackbirds, slope estimates and Markov chain Monte Carlo P-values for fixed effects 

in linear mixed-effects models for testosterone concentrations (log-transformed) in simulated territorial intrusion 

experiments. The intercept represents rural individuals in spring before the STI (reference levels) and estimates 

represent treatment contrasts. 

 Females Males 

Parameter β ± SE P β ± SE P 

Intercept -1.2195 ± 0.0935 <0.0001 0.0038 ± 0.0850 1.0000 

Summer -0.2474 ± 0.1116 0.0366 -1.2998 ± 0.1074 <0.0001 

Autumn -0.3248 ± 0.1116 0.0058 -1.5071 ± 0.1076 <0.0001 

Spring x Urban -0.1371 ± 0.1116 0.2108 -0.0548 ± 0.1011 0.5814 

Summer x Urban 0.0144 ± 0.1116 0.8804 -0.1325 ± 0.1002 0.1764 

Autumn x Urban 0.1826 ± 0.1116 0.1034 0.0244 ± 0.1011 0.8140 

Spring x Post-STI 0.0090 ± 0.0873 0.9168 -0.0877 ± 0.0873 0.3314 

Summer x Post-STI 0.0063 ± 0.0873 0.9402 0.1162 ± 0.0864 0.1910 

Autumn x Post-STI 0.0510 ± 0.0873 0.5782 0.0952 ± 0.0872 0.2882 

 

 

Figure 3: For each sex and season, number of attacks versus testosterone concentrations (both log-transformed) in 

the simulated territorial intrusions. The lines and shaded areas show respectively glm-smoothed lines and standard 

errors. Grey dots represent individuals from the rural population and black dots represent individuals from the urban 

population. 
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Table 3: For female and male blackbirds, slope estimates and Markov chain Monte Carlo P-values of fixed effects 

in linear mixed-effects models for testosterone concentrations (log-transformed) before the simulated territorial 

intrusion (STI) experiments. The intercept represents rural individuals in spring (reference levels) and estimates 

represent treatment contrasts. “Attack” refers to the number of attacks in the STI (log[x+1] transformed). A unit 

increase in “Attack” corresponds to an increase in log (testosterone) of 0.3673 for females in spring, 0.2394 for 

males in spring, and 0.3048 for males in summer. 

 

 Females Males 

 β ± SE P β ± SE P 

Intercept -1.5309 ± 0.1158 < 0.0001 -0.1211 ± 0.0994 0.2364 

Summer -0.0161 ± 0.1212 0.9000 -1.2929 ± 0.1098 < 0.0001 

Autumn 0.0481 ± 0.1229 0.7186 -1.3089 ± 0.1065 < 0.0001 

Urban 0.1288 ± 0.0838 0.1676 -0.0761 ± 0.0789 0.3400 

Spring x Attack 0.3676 ± 0.1563 0.0248 0.2394 ± 0.1191 0.0482 

Summer x Attack 0.0949 ± 0.2091 0.6358 0.3048 ± 0.1454 0.0410 

Autumn x Attack -0.2808 ± 0.1860 0.1614 -0.0903 ± 0.1018 0.3796 

 

GnRH Challenge 

After the GnRH-challenge in spring, testosterone levels were significantly increased at both 15 

and 30 mins in females of both origins and in urban males (Table 4, Figure 4). Although rural 

males showed a slight increase in testosterone concentrations 15 and 30 minutes after the GnRH 

injection, this was not statistically significant (Table 4, Figure 4). 

Individual consistency in behaviour and hormone plasma levels 

The number of attacks was consistent across seasons at the individual level (Radj ± SE = 0.41 ± 

0.08, P < 0.001). Testosterone concentrations before the simulated territorial intrusions did not 

show individual repeatability across different seasons for females (Females: R ± SE = 0.00 ± 0. 

07, P = 0.136) or males (Radj ± SE = 0.00 ± 0.06, P = 0.215). However, initial testosterone levels 

in spring were individually repeatable across the STI and the GnRH experiments, which were 
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performed in different years at approximately the same time of the annual cycle (see materials 

and methods). This was true both for females (R ± SE = 0.227 ± 0.126, P=0.029) and males (R ± 

SE = 0.442 ± 0.122, P = 0.002). 

 

 

Figure 4: For each sex and season, testosterone concentrations the GnRH challenge by the rural (light grey) and the 

urban (dark grey) population. Values represent back-transformed means and standard errors. T0 refers to the time of 

the GnRH injection, and to T15 and T30, to 15 and 30 minutes after. 

 

Table 4: For female and male blackbirds, slope estimates and Markov chain Monte Carlo P-values of fixed effects 

in linear mixed-effects models for testosterone concentrations (log-transformed) during the GnRH challenge. The 

intercept represents rural individuals at time 0 (reference levels) and estimates represent treatment contrasts. 

 

 Females Males 

 β ± SE P β ± SE P 

Intercept -0.9534 ± 0.1037 < 0.0001 0.3512 ± 0.1123 0.0016 

Urban 0.0261 ± 0.1416 0.9046 -0.1398 ± 0.1661 0.3570 

Rural x T15  0.4533 ± 0.1125 < 0.0001 0.1202 ± 0.0922 0.2958 

Urban x T15 0.4132 ± 0.0997 0.0004 0.4431 ± 0.0957 0.0004 

Rural x T30 0.3502 ± 0.1125 0.0036 0.1094 ± 0.0922 0.3376 

Urban x T30 0.3128 ± 0.0997 0.0046 0.3819 ± 0.0957 0.0014 
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Discussion 

In this common-garden experiment, we tested whether aggression and associated hormonal traits 

differed between a rural and an urban population of blackbirds raised under identical conditions. 

Aggression showed long-term individual consistency and differences between rural and urban 

blackbirds. In both sexes, aggression was seasonally related to plasma testosterone, but androgen 

levels did not differ between rural and urban individuals and did not increase following 

aggression. Our results suggest that behavioural differences between rural and urban individuals 

are probably controlled by factors other than differences in circulating testosterone. 

Behavioural responses to simulated territorial intrusions 

Attack behaviour was consistent within individuals across different seasons. This behavioural 

trait differed between rural and urban individuals, with rural individuals showing higher 

aggressiveness than their urban counterparts in two of the three seasons we sampled (Figure 1, 

Table 1). 

In studies in the wild, one study including 15 bird species suggested that urban birds were 

more aggressive than their rural counterparts (Møller & Ibáñez-Álamo, 2012). However, several 

other studies pointed into different directions, i.e. either they did not find differences in 

aggression between rural and urban birds (Knight et al., 1987) or rural birds were more 

aggressive than urban birds  (Józkowicz & Górska-Kłęk, 1996; Evans et al., 2010; Lowry et al., 

2011; Scales et al., 2011). 

Since all of these studies were conducted on wild-caught adults, the previous studies 

could not exclude experiential effects (like habituation or learning) from the individuals exposure 

to its natural (urban or rural) environment. Because our birds were hand-raised from a very early 

age, we could eliminate most such experiental effects. Although we cannot rule out early 
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experiences in the nest and/or pre- and perinatal maternal effects, our results suggest that certain 

selection pressures in the urban environment might have promoted a decrease in aggression in 

urban individuals. Selection could have either acted prior to colonization (e.g. only less 

aggressive birds that could not establish a territory in the original forest habitats colonized new 

urban habitats) or after the colonization due to selective pressures inherent to the urban habitat. It 

has been hypothesised that elevated aggression towards conspecifics is more likely in 

populations in which individuals have a lower probability to survive to the next breeding season 

(Yoon et al., 2012). This might be the case for blackbirds in the rural habitat, where there are 

greater seasonal fluctuations in food resources and ambient temperature, and where the 

likelihood to migrate to wintering areas is higher. In contrast, more competitive environments, 

such as those with high conspecific densities – which is normally the case in urban blackbirds – 

have been thought to favour higher aggressiveness to acquire and defend resources (Yoon et al., 

2012). 

Even though the existing data suggest that urbanization has led to microevolutionary 

changes in behavioural suites, a generalization can only be made by conducting common-garden 

studies with multiple rural–urban population pairs. A recent study using candidate genes for 

behavioural traits compared several rural and urban blackbird populations across Europe 

(Mueller et al., 2013). The results of this study support our idea of adaptive microevolutionary 

changes: a candidate gene (for harm avoidance behaviour) was found to be significantly 

associated with urbanization. 

Physiological responses to simulated territorial intrusions 

Testosterone concentrations after the STI were not related to the birds’ population of origin for 

neither of the sexes. Furthermore, we did not find changes in testosterone levels as a response to 

the simulated territorial intrusion in female or male blackbirds (Figure 2, Table 2). Although our 
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simulation with hand-raised birds in a home-cage may have elicited different responses than a 

real territorial intrusion, the birds’ attack behaviour was similar to blackbirds facing a real 

intruder in the wild (A.C.M, personal observation). Supporting our results, the lack of an 

androgen response to STI has been observed in the majority of others studies with male 

songbirds in the wild (see meta-analyses and discussion in Goymann et al., 2007; Goymann, 

2009). 

Linking aggression and testosterone in simulated territorial intrusions 

To understand how hormones might shape behaviours under different selection pressures, it is 

essential to investigate the co-variation between hormonal and phenotypic traits and how those 

could relate to fitness. Although it is commonly assumed that differences in baseline or 

maximum testosterone levels are related to individual consistent behavioural traits, such 

correlations have rarely been found (Johnsen, 1998; McGlothlin et al., 2007). One of the causes 

might be that these correlations are not stable during the annual cycle, but rather transient 

(reviewed in Adkins-Regan, 2005). Supporting this idea, both in males and females we found a 

positive relationship between plasma testosterone and agonistic behaviour, that seems to be 

present only during periods when testosterone is naturally high (Figure 3, Table 3). 

In females, the link between testosterone and aggression has rarely been studied. Our 

results show that female blackbirds can also show this seasonal link between natural circulating 

levels of testosterone and aggression. In dark-eyed juncos, studies during the breeding season 

suggest that while aggression is not related to circulating testosterone (Jawor et al., 2006a), the 

ability of producing testosterone in response to a GnRH injection relates to measures of 

aggression (Cain & Ketterson, 2012). 
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Testosterone Responses to the GnRH Challenge 

The results of the GnRH challenge suggest that although birds did not increase their testosterone 

levels in spring following the STI, females and urban males had the physiological capacity to do 

so. The lack of an increase in testosterone levels during the GnRH challenge in rural males was 

probably related to differences in the timing of reproduction between rural and urban blackbirds 

(Partecke et al., 2004, 2005). 

Until recently, one may have assumed that bird species that lacked an increase in 

testosterone during STIs simply lacked the capacity of increasing their testosterone levels, i.e. 

they may have already expressed maximum testosterone concentrations. However, two recent 

studies with black redstarts and Cassin’s sparrows have shown that males of these species fail to 

increase testosterone during a STI, but are fully able to increase testosterone after a GnRH 

challenge (Apfelbeck & Goymann, 2011; Deviche et al., 2012). Results for other species in 

which testosterone concentrations after STI and GnRH induction were assessed separately 

suggest that these results may be generalized for other songbird species as well (Meddle et al., 

2002; Moore et al., 2002, 2004; McGlothlin et al., 2007). To our knowledge, our study is the first 

that observes a similar result in females. 

Mechanisms underlying urbanization-related differences in aggression 

In our study, differences between rural and urban blackbirds in agonistic behaviour did not seem 

to be caused by differences in circulating testosterone concentrations between the two 

populations, because testosterone was only seasonally linked to agonistic behaviour, but did not 

differ between rural and urban individuals. Furthermore, even though rural males lacked an 

increase testosterone after a GnRH injection in spring, they showed higher levels of aggression 

than urban males following the STI (behaviour and hormone data were collected in subsequent 



Chapter 4. What makes a blackbird tick? Impacts of sex and the city on aggressive and testosterone responses 

 

 

69 

years but at the same time of year). These pieces of evidence suggest that physiological 

mechanisms other than differences in circulating testosterone are mediating the intrinsic 

differences in aggression between the rural and the urban blackbirds. Possibilities include 

differences in the number or the sensitivity of androgen receptors, differences in other hormones, 

or hard-wired (neural) differences that are not under hormonal control, but this needs to be 

addressed in future studies. 

Repeatability of testosterone 

Baseline testosterone concentrations following the STIs were not repeatable across different 

seasons neither in females nor in males. Thus, an individual that, for example, has higher than 

average baseline levels of testosterone in spring does not necessarily have higher than average 

levels in summer or autumn. However, we found individual consistency in baseline testosterone 

concentrations in the same season (spring) in two consecutive years (first trial of the STI and 

GnRH) for both female and male blackbirds. Thus, an individual that expresses high (or low) 

baseline levels of testosterone in one spring is likely to express high (or low) levels in the 

following spring. Although our data argue that baseline testosterone might be seasonally 

repeatable in blackbirds, this is difficult to generalize. To understand how selection acts on 

endocrine traits it is of essential importance to focus on the sources of variation in hormone 

profiles between individuals. But studies focusing on the repeatability of testosterone are scarce 

and have mixed results. Jawor et al. (2006b) found that plasma testosterone is not repeatable 

across breeding stages in male dark-eyed juncos (Junco hyemalis). On the other hand, van Oers 

et al. (2011) have found plasma testosterone levels to be repeatable between different seasons in 

male great tits (Parus major), and While et al. (2010) showed repeatability of plasma 

testosterone concentrations measured two months apart for male and female Australian lizards 

Egernia whitii.  
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Conclusions 

In hand-raised European blackbirds, aggressive behaviour during a simulated territorial intrusion 

was (i) individually consistent across different times of the annual cycle, (ii) different between 

birds from a rural and an urban population, and (ii) seasonally linked to baseline testosterone 

levels for each of the sexes. However, neither males nor females increased testosterone during 

STIs, and testosterone levels did not differ between the two populations for neither of the sexes. 

These results with hand-raised birds that never experienced the natural environment outside their 

nests suggest that, although endogenous testosterone seems to be seasonally related to aggressive 

behaviour in male and female blackbirds, other factors may be important in mediating the 

differences in agonistic behaviour between rural and urban conspecifics. Further studies are 

needed to clarify the mechanisms underlying intrinsic differences in aggressive behaviour 

between rural and urban populations. 
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Abstract 

Environmental challenges such as urbanization can influence animal behaviour, and recent 

studies suggest that differences in behaviour between rural and urban conspecifics might be not 

only due to the effect of phenotypic plasticity, but also to microevolution in the urban 

environment. If this is true, the behaviours under selection should be both repeatable and 

heritable. Furthermore, recent research suggests that different selection pressures in different 

environments might influence the integration of behaviours in correlated suites. Thus, it is 

possible that urbanization causes changes in the structure of behavioural syndromes. 

In this study we use hand-raised European blackbirds Turdus merula from a rural and an 

urban population, for which differences in average behaviour have previously been reported. 

Here, we investigated repeatability and broad-sense heritability of behavioural elements and the 

existence of a behavioural syndrome for behaviour (neophobia, neophilia, aggression, and 

latency to enter a novel environment) in those two populations. In addition, we investigated 

whether the correlation structure of behaviour varied between the rural and the urban population.  

Our results, derived from a full-sib design with hand-raised blackbirds, imply that (i) 

neophobia, neophilia, aggression, and latency to enter a novel environment are highly repeatable 

and possibly heritable, in the urban and the rural population, (ii) we did not find evidence for 

correlations between behaviours within populations neither at the between individual nor at the 

between nest levels, and (iii) we did not find evidences for differences between the rural and the 

urban population concerning the variance structure of behavioural traits. This research is an 

initial step in investigating the evolutionary consequences of urbanization on the variance 

structure of behavioural traits. 
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Introduction 

Between-individual variation in behaviour is a hot topic in behavioural and evolutionary ecology, 

and it has been studied under the terms ‘animal personalities’ or ‘behavioural syndromes’ (Sih et 

al., 2010b). Animal personalities are present when, within a population, individual animals show 

differences in behaviour that are consistent over time, or across different situations or contexts 

(Dall et al., 2004; Sih et al., 2004). Recent studies suggest that personalities can be shaped by 

selection (but see Smith & Blumstein, 2008 for a literature review). Crucial points in the study of 

animal personality are investigating the individual temporal consistency (repeatability) of 

behaviours, and the structure of correlation between different behaviours (Sih et al., 2004; Bell et 

al., 2009; Dingemanse et al., 2010). To study the evolution of animal personalities, it is also 

essential to gather information about their genetic structure (Dochtermann & Roff, 2010; 

Dingemanse & Dochtermann, 2013). 

Recent research has focused on how to integrate behavioural variation between 

individuals (personality) and variation within individuals (plasticity) in behavioural studies 

(Araya-Ajoy & Dingemanse, 2013; Dingemanse & Dochtermann, 2013). For studies with 

repeated measures of behavioural elements in which family effects can be estimated, it is 

possible to start revealing the proximate basis of individual variation. Between nest variation 

points to the existence of genetic, early environment or maternal effects. On the other hand, 

between-individual (within-nest) variation points to the existence of permanent environment 

effects, characteristics of each individual that make them unique. 

An individual’s behavioural phenotype is a set of elements that is crucial for coping with 

environmental challenges such as urbanization and that might be related with major life-history 

decisions (as whether to colonize new habitats or not) and their outcome. Urbanization is a 

relatively new and strong selection pressure challenging organismal adaptation capabilities. The 
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environmental changes driven by urbanization can result in a variety phenotypic shifts, including 

shifts in behaviour (Partecke, 2013; Sol et al., 2013). Plastic and genetic variation in behaviour 

are essential aspects that allow species to respond to environmental changes as urbanization, and 

individuals from species with a large variation in their behavioural phenotypes might cope better 

with the new environmental challenges in urban areas than species with narrower ranges of 

behavioural phenotypes (Sih et al., 2010a). For urban colonizers, the new urban environments 

might induce directional or stabilizing selection. It is currently thought that pre or post 

colonization selective pressures might favour different behaviours in urban colonizers than those 

present in the wild original environments (Evans et al., 2010; Scales et al., 2011; Atwell et al., 

2012; Miranda et al., 2013). Hence, another expectation is that urban populations might show 

less between-individual variation (or lower heritability) in behaviour. Furthermore, urbanization 

might act on behavioural syndromes by changing the correlations between behaviours via 

correlational selection (Bell & Sih, 2007) or directly by disrupting certain behavioural traits 

(Royauté et al., 2013). A new and relatively unexplored topic of research in behavioural ecology 

is linking shifts in variation of behavioural traits to the urbanization phenomenon (Scales et al., 

2011; Bókony et al., 2012). 

In the present study we use hand-raised European blackbirds (Turdus merula) from a 

rural and an urban population. In these individuals, some behaviours that relate to risk-taking 

have been previously shown to be repeatable, and to differ in mean between rural and urban 

individuals (Miranda et al., 2013, Chapter 4). Here, our objectives were to investigate the (i) 

repeatability and broad-sense heritability of behavioural elements, (ii) existence of a behavioural 

syndrome integrating the studied behaviours, and (iii) existence of differences in variance 

components and in behavioural correlations between the two populations. We thereby provide 
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quantitative information on the genetic architecture of behaviour that will facilitate future 

research on the evolutionary consequences of urbanization. 

Methods 

Study Species, experimental setup & behavioural tests 

Blackbird nestlings were collected from a rural (14 males and 11 females from 9 nests) and an 

urban habitat (14 males and 14 females from 9 nests) as described in Miranda et al. (2013). 

Urban birds were collected in the city centre of Munich (48°07′N, 11°34′E; 518 m asl), and rural 

birds in a managed forest (Raisting 47°53′N, 11°04′E; 553 m asl) ca. 40 km southwest of 

Munich, and from this point on we refer to them as ‘the urban’ and ‘the rural’ population. The 

nestlings were hand-raised and kept under common-garden conditions, housed in individual 

home cages in a single room (birds could hear but not see each other) with simulated natural 

photoperiod, constant temperature (20 ± 2 °C), and ad libitum water and food (Granvit, Chemi-

Vit, Quattro Castella, Italy). 

For each individual, we performed three repeated trials of four behavioural tests to assess 

the following behavioural traits: (i) object-neophilia, defined as the latency to approach a novel 

object in a familiar environment (for details see Miranda et al., 2013) ; (ii) object-neophobia, 

defined as the duration of the avoidance to a novel object in a foraging context (for details see 

also Miranda et al., 2013); (iii) aggression, measured as the number of attacks towards a 

blackbird decoy of the same sex (Chapter 4); and (iv) latency to enter a novel environment 

(Appendix 4). 

Statistical Analyses 

All the statistical analyses were performed in R v3.0.1 (R Development Core Team, 2013). 
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Univariate mixed-effect models 

We partitioned phenotypic variance for each of the behaviours in three different levels; between 

nests, between individuals and within individuals, using univariate animal mixed-effect models. 

The univariate mixed-effect models had random intercepts for nest identity (n=18) and individual 

identity (n=53). Sex (female and male), origin (rural and urban) and trial (1, 2 and 3) were 

included as fixed effects in all models, as these affect the focal behaviours (Miranda et al., 2013, 

Chapter 4, Appendix 4). Because we were interested in comparing the different variance 

components between the rural and the urban population we estimated separate between-nest 

variance, between-individual variance and within-individual variance for each of the two origins 

(rural vs urban). All behavioural data were log 10 or log 10 (x + 1)-transformed to achieve 

normality and therefore all were modelled with a Gaussian error distribution. 

From the variance components estimates we calculated heritability and broad-sense (or 

full-sib) heritability following Wilson et al. (2010). 

Multivariate animal mixed-effect models 

We estimated behavioural correlations at the between-nest and between-individual levels using 

multivariate mixed-effect animal models. We performed the analyses both overall and separately 

per population, while correcting for the same fixed and random effects mentioned above 

(Dingemanse & Dochtermann, 2013). We could not estimate the covariance at the within 

individual levels because the different behaviours were never measured at the same time interval 

(trial 1 in one experiment was not temporally coincident with trial 1 in another experiment), so 

we constrained the covariance at this level to be zero. 
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Parameter estimation methods 

We fitted all univariate and multivariate animal mixed-effect models using Monte Carlo Markov 

chains (package MCMCglmm, Hadfield, 2009). We ran the chains for 130000 iterations, the 

burning period was set to 30000 iteration burn-in and the thinning interval to 100 iterations. This 

resulted in Monte Carlo Markov Chains (MCMC) with a sample size of 1000 and low 

autocorrelation values. We ran the univariate and multivariate models using an inverse Wishart 

prior specification. Additionally, to investigate whether our estimates were influenced by the 

choice of the prior, we ran each analysis for other prior settings: for univariate models we used a 

prior where the variance of behaviour was equally distributed by the different variance structures; 

in the multivariate models we considered more adequate to use an inverse Gamma prior. The 

results using the inverse Wishart prior are presented along the chapter, and the results for the 

other priors are presented in Appendix 5. We sampled 1000 estimates with the aim to calculate 

the most likely value for each parameter (the mode of the distribution, referred in the test as point 

estimates), as well as its 95% credible interval. Statistical significance was assessed by checking 

whether credible intervals approached zero. 

Results 

Heritability of behaviour in hand-raised blackbirds 

Repeatability ranged between 0.55 and 0.71, and broad-sense heritability ranged between 0.28 

and 0.36, and the credible intervals never approached zero (Table 1), supporting the presence of 

considerable between-nest variation. 

The comparison of credible intervals in the variance estimates, but also in the 

repeatability and heritability estimates, did not evidence for differences between the two 

populations regarding variation in behaviour (Table 1). 
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Table 1: For the four different studied behaviours, sources of variation in the random structure of univariate mixed-

effect models, and heritability estimates (see Methods for further details). For each univariate model, the variation 

was partitioned between the rural and the urban population. For each parameter we present point estimates and, 

between parenthesis, the 95% credible interval 

 

  ID Nest ID Residual Repeatability Heritability 

Neophobia 

Overall 0.09 (0.05,0.17) 0.08 (0.05,0.19) 0.14 (0.11,0.18) 0.60 (0.48,0.71) 0.32 (0.17,0.45) 

Rural 0.12 (0.06,0.29) 0.13 (0.05,0.31) 0.14 (0.10,0.22) 0.68 (0.52,0.82) 0.33 (0.17,0.55) 

Urban 0.11 (0.06,0.29) 0.13 (0.06,0.35) 0.17 (0.10,0.23) 0.70 (0.53,0.83) 0.31 (0.15,0.54) 

Neophilia 

Overall 0.08 (0.04,0.17) 0.10 (0.06,0.2) 0.15 (0.12,0.2) 0.55 (0.44,0.69) 0.30 (0.15,0.45) 

Rural 0.16 (0.05,0.3) 0.12 (0.06,0.33) 0.16 (0.10,0.22) 0.67 (0.49,0.79) 0.29 (0.15,0.52) 

Urban 0.10 (0.05,0.28) 0.12 (0.06,0.33) 0.15 (0.1,0.21) 0.68 (0.53,0.82) 0.38 (0.19,0.57) 

Attack 

Overall 0.09 (0.05,0.16) 0.08 (0.05,0.18) 0.12 (0.09,0.15) 0.65 (0.52,0.76) 0.28 (0.19,0.48) 

Rural 0.15 (0.06,0.35) 0.11 (0.06,0.37) 0.16 (0.11,0.23) 0.67 (0.53,0.83) 0.31 (0.16,0.57) 

Urban 0.10 (0.05,0.22) 0.09 (0.05,0.25) 0.10 (0.07,0.13) 0.71 (0.58,0.84) 0.36 (0.2,0.56) 

Enter new 

environment 

Overall 0.10 (0.05,0.26) 0.11 (0.05,0.31) 0.22 (0.13,0.32) 0.57 (0.42,0.74) 0.28 (0.14,0.49) 

Rural 0.14 (0.06,0.4) 0.20 (0.06,0.45) 0.23 (0.13,0.39) 0.65 (0.43,0.8) 0.31 (0.14,0.54) 

Urban 0.19 (0.06,0.53) 0.15 (0.06,0.59) 0.17 (0.09,0.42) 0.70 (0.45,0.87) 0.31 (0.10,0.58) 

 

Between-individual and between-nest behavioural correlations 

Our multivariate models using the four response variables simultaneously mostly resulted in 

weak correlations among behaviours both at the between-individual and at the between-nest 

levels (Table 2). There were a few moderate correlation point estimates both at the between- 

individual and at the between-nest levels (between 0.10 and 0.32) and, at some instances, these 

point estimates differed between the rural and urban populations. However, the credible intervals 

always overlapped zero and thus did not support the existence of non-zero correlations nor the 
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existence of differences in covariance structure (i.e. behavioural syndromes) between the two 

populations (Table 2). 

 

Table 2: Estimates of between-individual and between-nest correlations based on a multivariate mixed-effect model 

for the four studied behaviours (see Methods for further details). For each parameter we present the mode and, 

between parenthesis, the 95% credible interval 

  Between individuals Between nests 

Neophobia & Neophilia Overall 0.17 (-0.23,0.43) 0.10 (-0.26,0.42) 

Rural 0.14 (-0.47,0.44) 0.08 (-0.4,0.48) 

Urban -0.04 (-0.38,0.49) 0.05 (-0.40,0.47) 

Neophobia & Attack Overall 0.03 (-0.31,0.37) 0.04 (-0.31,0.36) 

Rural 0.12 (-0.41,0.48) -0.02 (-0.40,0.55) 

Urban -0.07 (-0.43,0.42) 0.02 (-0.47,0.42) 

Neophobia & Enter environment Overall 0.02 (-0.38,0.36) -0.07 (-0.38,0.39) 

Rural 0.05 (-0.52,0.41) -0.07 (-0.47,0.49) 

Urban 0.09 (-0.48,0.47) -0.07 (-0.45,0.49) 

Neophilia & Attack Overall 0.04 (-0.39,0.31) -0.05 (-0.40,0.30) 

Rural -0.13 (-0.45,0.47) -0.01 (-0.54,0.43) 

Urban 0.04 (-0.47,0.41) -0.02 (-0.48,0.44) 

Neophilia & Enter environment Overall 0.02 (-0.33,0.40) 0.07 (-0.34,0.38) 

Rural -0.04 (-0.48,0.49) -0.04 (-0.44,0.47) 

Urban -0.09 (-0.47,0.54) 0.00 (-0.44,0.52) 

Attack & Enter environment Overall 0.07 (-0.34,0.40) 0.11 (-0.37,0.34) 

Rural -0.04 (-0.46,0.51) -0.03 (-0.43,0.51) 

Urban -0.09 (-0.45,0.47) -0.17 (-0.49,0.41) 
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Discussion 

In previous studies, we showed that individual blackbirds collected as nestlings from a rural and 

an urban population and hand-raised in common garden conditions showed consistent individual 

differences in four behavioural traits (Miranda et al., 2013, Chapter 4, Appendix 4). Here, 

through Bayesian mixed models, we show that each studied behaviour might not only be 

repeatable, but also show high broad-sense heritability, while we don’t find evidence of 

correlations between the behavioural traits. Furthermore, our study did not support the existence 

of differences between the rural and the urban population in behavioural variances. 

Repeatability and Heritability of behaviour in hand-raised blackbirds 

Supporting our previous results (Miranda et al., 2013, Chapter 4), we found high intra individual 

consistency in the four studied behaviours (modes between 0.55 and 0.71 and credible intervals 

not approaching zero). The high and significant broad-sense heritabilities (between 0.28 and 

0.36, with credible intervals not approaching zero), suggest the existence of genetic, maternal or 

early environment effects. Although it has been suggested that estimates of heritability under 

controlled conditions might potentially differ from estimates of heritability in natural populations 

(Riska et al., 1989; Dingemanse et al., 2002; Drent et al., 2003), studies have shown that 

heritability estimates in captive animals are comparable to the heritability in natural populations 

(Weigensberg & Roff, 1996; Bryant & Meffert, 1998; Blanckenhorn, 2002). In our study, as the 

blackbird nestlings were up to 11 days in their natural environment, we cannot exclude maternal 

or early environmental effects from the heritability estimates. Supporting the idea of a genetic 

basis for the four studied behaviours, Van Oers et al (2004) found that, although maternal effects 

are present in great tits, they are relatively small compared with additive and dominant genetic 

effects. Hormones are key elements in the expression of behaviour, and we found in a previous 
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study that circulating testosterone levels are related to aggressive behaviour, although they did 

not differ between the urban and the rural population (Chapter 4). 

The use of a different prior resulted in significant, although lower overall repeatability 

estimates (modes between 0.38 and 0.46), and in lower heritabilities (modes between 0.13 and 

0.21) whose credible intervals approached zero (Appendix 5, Table S1). Although the inverse 

Wishart prior seemed to result in models with better fit (based on the visual assessment of 

density plots), a further step in our analysis is considering different prior specifications to ensure 

that we obtained correct repeatability and heritability estimates. 

Between-individual and between-nest correlations 

Our study does not find significant correlations between the different analysed behaviours (see 

Table 2, Appendix 5 – Table S2). This suggests that the behaviours were not subject to 

correlational selection as seems to happen with other species and behaviours (van Oers et al., 

2004). Thus, in our case, selection of one of the studied traits does not seem to affect the 

evolution of other traits. In a previous study, we have found correlations between neophobia and 

neophilia (Miranda et al., 2013). These correlations were calculated with a Spearman rank 

calculation and thus did not account for family effects, which might have caused the significant 

correlation between neophobia and neophilia. When estimating correlations within a population, 

one might argue that a sample size of nine nests might be too low, but we should note that 

pooling the origins together (and thus obtaining a sample size of 18 nests) gave similar results.  

To date, few publications have focused on assessing the effects of urbanization on 

shaping the strength and direction of behavioural syndromes, but it has been suggested that 

covariation between certain behavioural elements could be disrupted in the urban environment 

(Scales et al., 2011; Bókony et al., 2012; Royauté et al., 2013). Variation in syndrome structures 

between different populations may reflect adaptation to local environmental conditions (Bell, 
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2005; Dingemanse et al., 2007). However, selection can also act on independent behavioural 

traits. In either case, proving that these traits are adaptive would require the evaluation of 

selection gradients, such as estimating the survival of each behavioural type in natural conditions 

(Bell & Sih, 2007; Sweeney et al., 2013). 
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In recent times, humans have rapidly, and sometimes irreversibly, transformed Earth’s natural 

ecosystems. Animals living in urban environments face many challenges, including alterations to 

their habitats and resources, pollution, and a different species composition (Shanahan et al., 

2013). In order to mitigate and potentially remediate the effects of urbanization on animal 

organisms, we first need to understand the mechanisms that allow these animals to cope, both 

behaviourally and physiologically, with our new urban world. 

The main goals of my PhD thesis were to investigate differences in behaviour between 

rural and urban animals, to explore the physiological mechanisms underlying shifts in behaviour 

related to the urbanization process, and to investigate the existence of evolutionary mechanisms 

related to such changes in behaviour in urban animals. 

I showed through a literature review that behavioural shifts in urban species are an 

extremely common and cross-taxonomical phenomenon. Chapter 2 shows differences in song 

behaviour between rural and urban European blackbirds (Turdus merula). Specifically, this 

chapter illustrates that higher frequency songs in urban habitats might be due to an increase in 

amplitude of the song elements. This increase in song amplitude and frequency allows urban 

birds to, in a very effective manner, counteract the effects of anthropogenic noise. Subsequently, 

in a common-garden experiment, I showed consistent individual differences between rural and 

urban blackbirds in aggressiveness, and in behavioural reactions towards novel objects and 

situations. Although I cannot exclude maternal or early environment effects, the results from the 

common-garden experiment with hand-raised birds suggest microevolution as an ultimate cause 

for behavioural changes in urban animals. In Chapter 4, again with our hand-raised birds, I show 

that although testosterone and aggressive behaviour are linked, there are probably other factors 

responsible for the behavioural differences between rural and urban blackbirds. Finally, I 

assessed the quantitative genetics of individual behaviours in the urban and the rural hand-raised 
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population. The studied behaviours were highly repeatable and might be heritable, but we found 

no evidence for correlated evolution in this set of behaviours. 

In general, this thesis contributes to a broader comprehension of the evolutionary and 

behavioural ecology of species colonizing urban habitats. 

Implications and future directions 

Anthropogenic noise and communication behaviour 

In order to live in cities, animals have to cope with a substantial increase in anthropogenic noise. 

The transmission of sound is essential to most animals’ survival and reproduction (Bradbury & 

Vehrencamp, 2011a). Acoustic cues might be critical for interactions with other species, such as 

potential prey and predators, but also to communicate with conspecifics in a wide range of 

contexts, including reproduction, parental care and territory defence. In birds, it is known that 

anthropogenic noise negatively affects the density and diversity of breeding animals (Habib et 

al., 2007; Bayne et al., 2008; Francis et al., 2009). In response to increased noise levels, urban 

birds can alter their vocal behaviour in several ways, including changes in the amplitude, 

frequency, duration, timing, and content of their songs (see Gil & Brumm, 2013 for a review). 

But changes in vocal behaviour as the ones described in Chapter 2 might have important fitness 

costs, such as a higher predation risk, or reduced attractiveness in reproductive contexts 

(Patricelli & Blickley, 2006). According to the last revision of the World Urbanization Prospects 

(United Nations, 2012), it is likely that our urbanizing world will grow even louder in the near 

future. Therefore, future studies should assess in an integrative manner the fitness consequences 

of shifts in animal vocal behaviour under the effects of anthropogenic noise. 
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The evolutionary consequences of urbanization 

While an increasing number of studies have focused on the ecological consequences of 

urbanization, the evolutionary effects of this phenomenon have received very little attention so 

far (Diamond, 1986; Shochat et al., 2006; Sih et al., 2011; Tuomainen & Candolin, 2011). 

Plasticity plays an important role on the phenotypic responses related to urbanization (Partecke, 

2013). Only by experimentally excluding the effects of plasticity we can start to understand the 

evolutionary effects of urbanization on animal behaviour. Our study with hand-raised rural and 

urban blackbirds could rule out the effects of plasticity to the environment from the moment 

birds leave their nests, as the birds were collected from their nests before fledging. Another 

recent study suggesting intrinsic behavioural changes in animals colonising urban areas found 

differences in one behaviour between rural and urban dark-eyed juncos (Junco hyemalis) kept 

since juveniles (ca. 40 days) under a common-garden setup (Atwell et al., 2012). Taken together, 

these results suggest that different selection pressures in the urban population might have driven 

microevolutionary shifts in behavioural traits. However, a generalization can only be made 

through common-garden studies focusing on multiple rural-urban population pairs. Furthermore, 

early experience in the nest environment or pre- and perinatal maternal effects could not be ruled 

out either in our study or in the study by Atwell et al. (2012). 

The idea of a genetic basis for behavioural shifts in urban individuals is further supported by 

a recent comparative study that assessed candidate genes for behavioural traits on several rural 

and urban blackbird populations across Europe (Mueller et al., 2013). In the aforementioned 

study, a candidate gene for harm avoidance behaviour (the SERT gene) exhibited a significant 

association with habitat type. Intrinsic differences in personality traits between rural and urban 

populations could be achieved via two different evolutionary mechanisms: (i) microevolution of 

personality traits in response to new selection regimes, where there are new optimal behaviours 
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(post-colonization adaptation) or (ii) microevolution of personality traits by non-random gene 

flow, where the colonization of the urban habitat is personality-dependent (pre-colonization 

adaptation, Edelaar & Bolnick, 2012). It is also conceivable that the two mechanisms act 

simultaneously, with different behavioural optima selected at different stages of the colonization 

process. In fact, one study suggests that recent colonisers of urban habitats show higher neophilia 

than more established urban populations (Martin & Fitzgerald, 2005). To test these hypotheses, 

future studies should focus on the measurement of selection in wild rural and urban 

environments. 

Physiology and urbanization 

The endocrine system is an essential causal mechanism behind animal behaviour. Thus, 

understanding how the endocrine system responds to an urbanizing world is a crucial focus of 

research in behavioural urban ecology. However, knowledge about the effects of urbanization on 

the endocrine system is still very limited (Evans, 2010; Buchanan & Partecke, 2012; Partecke, 

2013). In recent years, several urban studies have focused on glucocorticoid steroid hormones, 

such as corticosterone, that might improve the chances of survival under adverse environmental 

conditions. Studies with captive bird populations suggest the existence of an intrinsically reduced 

acute corticosterone stress response in urban animals (Partecke et al., 2006; Atwell et al., 2012). 

However, field studies on the subject provided less clear results (Schoech et al., 2004; French et 

al., 2008; Fokidis et al., 2009). The lack of knowledge is even greater when considering 

hormones associated with the hypothalamic-pituitary-gonadal axis (HPG), such as estrogens or 

androgens (Buchanan & Partecke, 2012). An existing study suggests that, in the wild, male rural 

blackbirds have higher levels of plasma testosterone and luteinizing hormone than urban males 

(Partecke et al., 2005). Higher testosterone levels may lead to lower song frequencies (Cynx et 

al., 2005, but see Ritschard et al., 2011), and thus could account for the lower song frequencies 
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of forest blackbirds found in Chapter 2 of this thesis, and in other studies (Nemeth & Brumm, 

2009; Ripmeester et al., 2010). Testosterone is typically correlated with aggressive behaviour in 

reproductive contexts, and thus higher testosterone levels could also account for the higher 

aggressiveness of the rural hand-raised birds that we found in Chapter 4. Although we observed a 

seasonal positive relationship between testosterone and aggressive behaviour, we did not observe 

differences between rural and urban individuals in testosterone concentrations, suggesting that 

testosterone is not the immediate factor behind differences in behaviour between rural and urban 

individuals. The observed differences in behaviour could be related to other aspects of the HPG 

axis, such as differences in the number or sensitivity of hormone receptors. To test this 

hypothesis, future studies should measure these factors in rural and urban animals. 

Behavioural variation and urbanization 

To understand how animals cope with an urbanizing world, scientists need to study the variation 

in behavioural traits. Individuals from species with large variation in their behavioural 

phenotypes are more likely to better cope with new environmental challenges in urban areas than 

species with narrower ranges of behavioural phenotypes (Sih et al., 2010a). Our results in 

European blackbirds show that individuals are at simultaneously flexible and consistent in their 

behaviours. For example, although aggression tended to be higher in the spring, an individual 

that is more aggressive than the average in spring is likely to be more aggressive in other 

seasons. Individual consistent differences in behaviour have been shown in many other species, 

and studies suggest they have a genetic component (van Oers et al., 2004; Van Oers et al., 2005; 

Schielzeth et al., 2011). Thus, variation in behavioural responses may result from the individuals’ 

reaction to its environment, and from genetic adaptation (Charmantier et al., 2008; Hendry et al., 

2008; Dingemanse et al., 2010; Sih et al., 2011; Van Buskirk, 2012). An important question that 

has not been studied is whether urban and rural individuals differ in their flexibility. We found no 
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evidence for differences in variance of behaviour between the rural and the urban population, 

although we found profound and individually consistent differences in behavioural expressions 

between the two populations. This argues in favour of a directional selection of behavioural traits 

in the urban habitat. 

Urbanization might also act on suites of behaviours by changing the correlations between 

behaviours via correlational selection (van Oers et al., 2004; Bell & Sih, 2007), or directly by 

disrupting certain behavioural traits (Royauté et al., 2013). In our study, selection might be 

acting independently on each behavioural trait, or behaviours might be integrated in behavioural 

syndromes with other unstudied behaviours. The presently rapid and dramatic increase in 

urbanization is a great opportunity for behavioural ecologists to study the evolution and 

correlated evolution of behaviour. 

Conclusion 

Currently, we only have rudimentary knowledge about the mechanisms that allow some species 

to cope with anthropogenic environmental change. Developing a realistic interpretation of the 

mechanisms behind differences in behaviour in urban animals requires an integrative approach, 

of behaviour, physiology, ecology, genetics and evolution of urban populations. The answers are 

likely to be complex, but the research presented in this thesis will hopefully contribute to unravel 

the evolutionary ecological consequences of urbanization. 
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Abstract 

Individuals can vary considerably in performance traits, for example their degree of reproductive 

investment. Such performance may be influenced substantially by cumulative tissue damage 

from past experiences, akin to bodily wear and tear. However, at present it is unclear how to 

reliably assess individual cumulative tissue damage in wild vertebrate populations. We therefore 

exposed wild-derived adult European blackbirds (Turdus merula) to repeated immune and 

disturbance stressors in captivity for over one year and determined effects on potential 

biomarkers such as telomere shortening, oxidative stress load, stress hormones, body mass and 

locomotor activity. By the end of the experiment, stress-exposed birds showed increased cellular 

ageing (i.e., decreased telomere lengths) while control birds, not exposed to stressors, were able 

to maintain their telomeres. Stress-exposed birds also showed greater oxidative stress load, with 

higher levels of plasma hydroperoxides and red blood cell glutathione peroxidase. Locomotor 

activity was increased in stress-exposed versus control birds while body mass and stress hormone 

traits were indistinguishable between treatment groups. Across groups, individuals that showed 

stronger telomere shortening over time also exhibited larger changes in maximal stress hormone 

secretion, and up-regulation of blood enzymatic and non-enzymatic antioxidant concentrations. 

These data demonstrate that repeated exposure to stressors affects the rate of cellular ageing in 

adult wild-derived blackbirds. Furthermore, changes in oxidative stress, antioxidant defences, 

and maximal stress hormone secretion were related to the degree of cellular ageing in individuals 
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and thus could serve as biomarkers of cumulative tissue damage. 

Introduction 

Within populations of wild animals, individuals can show vast variation in performance, for 

example in reproductive traits such as number of offspring produced, number of breeding 

attempts per season and amount of parental care provided (1). Understanding the causes and 

consequences of variation in performance has long been a subject of intensive research in the 

field of biology (2), also permeating the demographic and medical fields (3, 4). Performance is 

shaped by a number of factors including genetic quality and conditions during development. In 

addition, current health and past stressful experiences that may have caused cellular damage akin 

to bodily wear and tear also contribute to performance. The extent of cellular damage that an 

individual has accumulated is expected to impact its performance through effects on physical 

fitness, resource allocation and mortality risk (4-14). However, although scientific and popular 

interest in the genetic, physiological and evolutionary factors underlying cumulative damage has 

intensified (15-20), it is still unclear how it can be reliably assessed in wild vertebrates (21-25).  

The mechanisms that underlie cumulative damage (or senescence and ageing in general) 

are currently being lively debated (17,19,24,26,27). One predominant concept is the oxidative 

stress theory of aging, which assumes that living cells continuously generate endogenous oxygen 

radicals which, especially when produced at elevated rates, damage essential molecules such as 

DNA, lipids and proteins (reviews in 11,15,28-30). Another popular concept focuses on the 

attrition of telomeres (reviews in 9,12,31-34). Telomeres are repetitive sequences of DNA at the 

ends of eukaryote chromosomes that shorten with each replication event and when reaching a 

critical length, induce a permanent arrest in the cell cycle (i.e., cellular senescence; 35,36). The 

oxidative stress theory of ageing and the telomere attrition theory may be mechanistically linked 



Appendix 1 – Repeated stressors increase oxidative stress and cellular ageing 

 

 

127 

since it has been proposed that telomere shortening is mainly arising from oxidative damage (37). 

A third group of hypotheses, the allostatic load/reactive scope theories suggest that the adaptive 

function of the catecholamine and glucocorticoid systems to cope with disturbances can turn 

pathophysiological when becoming chronically over-activated in stressed individuals (reviews in 

38-40). Finally, the hyperfunction theory has recently been proposed, which assumes that early-

life processes that promote growth and reproduction may become detrimental later in life when 

continuing to function at elevated levels (i.e., hyperfunction, reviewed in 19).  

While these theories are not mutually exclusive and their proposed mechanisms likely 

interact in complex ways (22,32), they provide a number of potential blood-derived biomarkers 

that could serve as indicators of individual health and cumulative tissue damage in wild 

populations: measures of oxidative stress load, telomere dynamics, and concentrations of stress 

hormones. Much progress has been made in understanding some links between those markers 

and cumulative tissue damage, however most studies may have been limited by concentrating on 

single variables or certain physiological systems only, and/or by collecting data cross-sectionally 

on a population level.   

Thus, to improve our understanding of the factors that predict an individual’s cumulative 

cellular damage, and to identify the physiological phenotype that characterises particularly 

susceptible individuals, we conducted a longitudinal common garden study on adult hand-raised 

European blackbirds (Turdus merula). We exposed one group of birds to repeated immune and 

disturbance challenges, while the control group experienced identical conditions but was not 

subject to these stressors. We chose birds as study subjects because avian species are particularly 

long-lived for their body size, rendering them ideal study subjects for investigations on the 

proximate mechanisms of longevity and senescence (22,23,28,41).   

Based on the theories mentioned above and known relationships among the above 
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peripheral markers, we made several specific predictions for the outcome of our experiment. We 

expected that individuals from our stress-exposed group would have shortened telomere lengths 

by the end of the experiment. We chose telomere length as the endpoint for cumulative cellular 

damage in our experiment, because studies in several vertebrate species including humans have 

shown that both absolute telomere length as well as the rate at which telomeres shorten are linked 

to individual life span and disease risk (5,7,8,10,13,14,42). In addition, telomere dynamics are 

impacted by stressors both through stress hormones and oxidative stress pathways 

(9,27,29,32,42-47). Furthermore, glucocorticoid stress hormones may increase oxidative stress 

and thereby further contribute to telomere shortening rates (47). Both circulating baseline and 

stress-induced glucocorticoid concentrations have been used traditionally to assess an 

individual’s exposure to stressors (38,48,49). We predicted that individuals from our stress-

exposed group would show increased concentrations of baseline corticosterone (the main 

glucocorticoid in birds), muted peak corticosterone secretion after disturbance, and a delayed 

negative feedback (shut-down of corticosterone secretion once a stressor has abated). Such traits 

are typically considered hallmarks of chronically stressed individuals (e.g., 38,48,49). Oxidative 

stress is thought to affect telomere dynamics in two ways: firstly by directly targeting telomeric 

DNA, which is particularly vulnerable to reactive oxygen species (ROS) (37,50), and secondly 

by damaging telomerase, the enzyme that can rebuild telomeres (25,32,37,51). Oxidative stress 

can result from demanding experiences such as high physical activity (28), immune challenges 

(7,52-54), egg production (55), or embryonic exposure to stress hormones (47). We expected 

stress-exposed individuals to display a greater oxidative stress load, possibly also an up-

regulation of antioxidant defences compared to control birds. More generally, we expected 

stress-exposed birds to lose body mass and to alter locomotor behaviour. 
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Methods 

Study species  

The European blackbirds used for this experiment were 2.5 years old at the start of the 

experiment. The birds (initial sample size: 49; 12 urban males, 14 urban females, 12 rural males 

and 11 rural females) were originally collected in 2007 at an age of 5-11 days from 9 urban and 9 

rural nest (see Text SI for details) and hand-raised under identical conditions (see 56). Birds were 

kept in individual recording cages and were exposed to a simulated local natural photoperiod in 

Radolfzell, Germany (see Text SI for details). Before the experiment started we measured tarsus 

length of all birds as a measure of structural size to the nearest 0.1 mm with a dial caliper and 

body mass with a digital balance to the nearest 0.1 g. Body mass was assessed repeatedly during 

the experiment, when we caught the birds for blood sampling. When establishing experimental 

groups we made sure that sex and origin were balanced among control and stress-exposed 

groups. The stress-exposed group was exposed to one of two stress treatments about every 6 

weeks (for timeline and sequence of treatments see Figure 1): a.) an immune challenge consisting 

of an injection of bacterial lipopolysaccharide (LPS), and b.) four periods of disturbances for 30-

60 minute per day for a duration of 10 days.  

Stress treatments  

We injected a dose of 2.0 µg LPS (Sigma L2880) diluted in phosphate-buffered saline (PBS) per 

gram body mass into the breast muscle (see Text SI for details). Control birds were injected with 

PBS only (but only for the first two periods when cytokine concentrations after injection were 

compared between treatment groups). The concentration of LPS used successfully induces an 

acute phase response including fever and sickness behavior in other songbird species (57,58). 
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Figure 1: Timeline of experiment (treatment types:       LPS injections,         chronic disturbance) and sampling 

periods (biomarker types:        telomeres,       oxidative stress,       stress hormones,       cytokines). 

 

Our chronic disturbance regime represented a milder version of existing chronic stress 

protocols for small passerines (i.e. fewer disturbances per day and fewer days with disturbances 

than in 59,60). Every day, for 10 consecutive days, we applied each of the following four 

treatments to birds in the stressed group, in a random order and at random times, but always 

during daylight hours: 30 min of chasing (waving a catching net with a yellow plastic bag 

attached in front of and over the top of the cage for a conspicuous and noisy disturbance), 30 min 

of crowding (adding 2-3 other birds to a single cage), 60 min of restraint (putting an individual 

into a cloth bag) and 60 min of loud radio playing in the room. 

Biomarkers 

In total, stress-exposed birds were subject to 4 immune challenges and 3 chronic disturbance 

stress periods during the year-long experiment. All (control and stress-exposed) birds were 

sampled for biomarkers at the same time periods (see Figure 1). Blood samples were collected 

from the wing vein in heparinised capillary tubes and stored on ice until centrifugation. The 

plasma fraction was frozen for later hormone and oxidative stress analyses, the red blood cells 

either stored in cryoprotectant buffer for telomere analyses or frozen for glutathione peroxidase 

analyses (see Text SI for details). We measured the oxidative status of plasma and red blood cells 

at the beginning (Dec 2009) and at the end of the experiment (Jan 2011, Figure 1) to determine 
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the long-term effects of treatment. In October 2010 we also measured the short-term effects of 

LPS injection, and in November 2010 the short-term effects of the chronic stress protocol to 

confirm that our treatments were capable of inducing changes in oxidative status. 

Plasma samples for IL-6 analyses were taken 6 hrs after the first LPS injection (in Jan 

2010), in line with earlier research in songbirds suggesting that they would be elevated around 

this time (57). IL-6-like bioactivity of plasma was determined via bioassay of cell proliferation in 

mouse B-cell hybridoma cells, using the methods of Van Oers et al. (61) with minor modification 

(57, see SI Text for details).  

Plasma hydroperoxides were determined using the d-ROMs test (Diacron International, 

Grosseto, Italy). Hydroperoxides are intermediate oxidative damage compounds and precursors 

of several end-products of lipid peroxidation, such as malondialdehyde, hydroxynonenal and 

isoprostanes. The OXY-Adsorbent test (Diacron International) was used to quantify the ability of 

plasma non-enzymatic antioxidant compounds (vitamins, carotenoids, uric acid, thiol proteins). 

The concentration of glutathione peroxidase in red blood cells was quantified using the Ransel 

assay (Randox Laboratories, Crumlin, UK). For further details on all procedures see (62) and SI 

Text.  

Total locomotor activity of individual birds was recorded in two-minute-intervals using 

passive infrared motion detectors (see SI Text for more details). For each individual bird, we 

calculated mean activity over five days during the same periods (20-24
th

 Jan) at the beginning 

(2010) and the end of the experiment (2011). Comparing the activity levels between the two 

groups at the same time of year allowed us to distinguish whether differences in individual 

activity were due to treatment versus age effects while controlling for possible seasonal changes 

in activity.  

Telomeres were measured with the Telomere Restriction Fragment (TRF) assay and the 
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procedure was carried out on whole blood as in previous studies (47, see SI Text for more 

details). Leukocytes account for less than 0.2% of the blood volume in birds, and so TRF 

measurements largely reflect erythrocyte telomeres.  

 Our protocol for the assessment of the functioning of the endocrine stress axis was 

modified from existing protocols (59,63,64). We conducted the stress axis assessment on a subset 

of individuals from both groups each day, sampling as many individuals as was feasible within 

three minutes of entering the room. Remaining individuals were sampled on consecutive days in 

an identical manner, with sample collection of the entire study population being completed 

within a total of 3-4 days for each sampling period (always changing the sequence of sampled 

individuals between each sampling period). Samples (100 µl blood) for baseline corticosterone 

concentrations (BaseCort) were always taken within 3 min of entering the experimental room. 

Stress-induced samples (100 µl blood, StressCort) were taken after 30 min of restraint in 

individual cloth bags. Birds then were injected intramuscularly with a dose of 1000 µg/kg 

dexamethasone (DEX; stock solution 4 mg/ml, Bela-Pharm, Germany) dissolved in 0.9 % saline 

(Braun), to induce negative feedback and a concomitant reduction in plasma Cort concentrations. 

Blood samples were taken 90 minutes following injection with DEX (DEXCort). Following this 

sample, we injected the individuals intramuscularly with a dose of 100 IU/kg of 

adrenocorticotropic hormone (ACTH; Sigma-Aldrich) to assess the maximal capacity of the 

adrenal gland to secrete corticosterone. A final blood sample was taken 30 min following ACTH 

injection (ACTHCort). Following this final blood sample, all birds were returned to their home 

cages. We determined plasma hormone concentrations using radioimmunoassays (see 65), 

following a double ether extraction of all samples (see SI Text for more details).  

Statistics 

One bird was excluded entirely from all analyses because of developmental problems. Data were 
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tested for normal distribution and homogeneity of variances using a combination of 

Kolmogorov-Smirnov and Levene tests as well as visual observations of histograms of models’ 

residuals. Sample sizes for different analyses vary because outliers with strong influences on the 

distribution of the data had to be removed from some final statistical models (we considered data 

as outliers if outside of 3 standard deviations and/or flagged by Durbin-Watson diagnostics; for 

sample sizes see Tables and Figures). Data were then either used raw or transformed (indicated 

in the Results section) appropriately before statistical analysis. Short-term efficacy of LPS 

injection on body mass, cytokines (samples taken in Jan ’10) and oxidative stress (samples taken 

in Oct ’10), and of chronic disturbance treatment on body mass, oxidative stress (samples taken 

in Nov ’10) and stress hormones (samples taken in Dec ’09 and Mar ’10) were analysed using 

linear mixed models in which we always included ‘treatment’ (vehicle versus LPS-injection, 

control or stress-exposed, respectively), the interaction of treatment with ‘time’ (before versus 

after injection or stress exposure, respectively) as fixed effects and individual ID, as well as ID 

nested within nest ID (to account for the fact that some individuals were siblings) as random 

factors. Sex was included as a fixed variable if it significantly improved model fit (as determined 

from AICc comparisons). Sex effects will only be reported here when significant, however for 

some analyses those results should be treated with caution because of low sample sizes. 

To analyse the long-term effects of treatment (comparing the first samples taken at the 

beginning with the last ones taken at the end of the experiment; these measurements were taken 1 

year apart from each other, thus eliminating possible seasonal variations), we compared repeated 

measurements of individuals in telomeres, body mass, oxidative status, and stress hormones 

using LMMs as described above.   

On a subset of individuals for which we were able to obtain data on all biomarkers both at 

the beginning and at the end of the experiment we asked which biomarker best explained 
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individual changes in telomere length. For this analysis we calculated the percent change from 

the initial value in telomere length and the other biomarkers from first measurement at the 

beginning of the study to the last. We used percent changes rather than raw values as it served to 

‘normalise’ all data to values between 0 and 1 and allowed us to compare among variables of 

different dimensions. Analyses using raw variables gave qualitatively similar results. Variables 

were log10- or square-root transformed if judged necessary after visual inspection of data 

distribution. We then ran LMMs with changes in telomere length as the dependent variable and 

with treatment (fixed effect) and nestID (random effect) always included. We ran various models 

in which each biomarker was either included separately as an independent variable or in 

combination with other biomarkers, as well as in interaction with treatment. We identified the 

most parsimonious models from AICc values (Table S1). All statistics were done in SPSS v 21.0 

(Chicago).  

Data will be made publically available at Dryad (https://datadryad.org). 

Results 

Treatments were effective in delivering short-term physiological challenges  

Plasma interleukin (IL)-6-like bioactivity was 2 times higher in LPS-injected than in vehicle 

(PBS) injected birds 6 hr after injection (log10cytokines, injection type: F(1,47)= 29.99, p<0.0005, 

Table S1). Both groups of birds lost body mass following the injection (effect of time: F(1,50.7)= 

695.37, p<0.0005), but LPS-injected birds lost significantly more body mass than PBS-injected 

individuals (effect of treatment*time: F(1, 50.73)=184.92, p<0.0005, Table S1).  

LPS injected birds showed a nearly 3-fold increase in plasma hydroperoxide levels 24 

hours after LPS injection, while PBS-injected individuals displayed consistently low 

hydroperoxide levels (sqrt-transformed hydroperoxides: time*treatment: F(1, 39.58)=53.5, 
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p<0.0005, effect of treatment: F(1, 43.77)=16.15, p<0.0005, effect of time: F(1, 39.58)=52.25, 

p<0.0005, Table S1). LPS-injected birds also increased non-enzymatic antioxidant levels, 

whereas PBS-injected birds maintained non-enzymatic antioxidant levels steady (time*treatment: 

F(1, 43.11)=10.17, p=0.003; effect of time: F(1, 43.11)=9.91, p=0.003, effect of treatment: p>0.1, Table 

S1). Furthermore, although both groups decreased glutathione peroxidase levels over time, LPS 

injected birds decreased glutathione peroxidase levels more strongly than control-injected birds 

(time*treatment: F(1, 46)=4.36, p=0.042; effect of time: F(1, 46)= 42.14, p<0.0005, effect of 

treatment p>0.3, Table S1).  

As a consequence of the 10-day repeated disturbance treatment, all birds lost body mass 

(effect of time: F(1, 45.03)= 74.46, p<0.0005), but birds in the stress-exposed group decreased body 

mass more strongly than control birds (interaction treatment*time: F(1, 45.03)= 6.36, p=0.015; 

effect of treatment: p>0.6, Table S2). Control birds had overall lower plasma hydroperoxide 

levels than stress-exposed birds (effect of treatment: F(1, 53.05)= 7.73, p=0.007). Furthermore, 

control birds increased while stress-exposed birds decreased plasma hydroperoxides from before 

to after the chronic stress period (interaction time*treatment: F(1, 43)= 7.47, p=0.009, Table S2). 

Plasma non-enzymatic antioxidants did not vary over time (p>0.4), nor between groups (p>0.3, 

interaction time*treatment: p>0.6, Table S2). Blood cell glutathione peroxidase levels were 

overall higher in stress-exposed birds (effect of treatment: F(1, 44)= 8.15, p=0.007), and did not 

change over time (effect of time, p>0.08). However, stress-exposed birds tended to decrease 

glutathione peroxidase levels over time (interaction treatment*time: p=0.066, Table S2). 

Following the 10-day repeated disturbance regime body mass of all birds decreased over 

time (comparing Nov 09 to Mar 10: F(1, 46.99)=15.06, p<0.0005), with birds from the stress-

exposed group having an overall lower body mass (effect of treatment: F(1, 48.52)=4.62, p=0.037, 

interaction time*treatment: p>0.7, Table S2). BaseCort increased in both groups over time (effect 
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of time: F(1, 47.53)=22.12, p<0.0005), but did not differ between groups (p>0.4, interaction 

time*treatment p>0.6, Table S2). StressCort also increased in both groups over time (effect of 

time: F(1, 48.02)=12.06, p=0.001), with stress-exposed birds generally having lower StressCort 

(effect of treatment: F(1, 48.7)=5.36, p=0.025, interaction time*treatment p>0.3, Table S2). 

DEXCort decreased in both groups over time (effect of time: F(1, 46.99)=5.68, p=0.021), but did not 

differ between groups (effect of treatment: p>0.1, interaction time*treatment: p>0.3, Table 2). 

Finally, ACTHCort increased over time in both groups (effect of time: F(1, 47.88)=29.51, 

p<0.0005), but again did not differ between groups (p>0.8, interaction time*treatment: p>0.1, 

Table S2). 

Stress-exposed birds suffered cumulative cellular damage 

As a long-term consequence of the treatment telomere dynamics of birds from the two groups 

began to diverge (interaction time*treatment: F(1,37.03)=5.34, p=0.026): control birds maintained 

or possibly increased telomere length while stress-exposed birds decreased telomere lengths from 

the beginning of the end of the experiment (Figure 2a). There were no overall differences 

between groups (p>0.6), nor general changes over time (p>0.9). All birds strongly decreased 

circulating hydroperoxides (log10-transformed hydroperoxides, effect of time: F(1,40.86)=57.96, 

p<0.0005, Figure 2b), but this decrease was stronger in control than stress-exposed birds 

(interaction time*treatment: F(1,40.86)=6.11, p=0.018). Plasma non-enzymatic antioxidants also 

decreased over time (effect of time: F(1,44.63)=13.82, p=0.001), but did not differ between groups 

(p>0.08, interaction time*treatment: p>0.15, Figure 2c). By contrast, glutathione peroxidase 

concentrations in red blood cells increased over time (effect of time: F(1,43.27)=114.09, p<0.0005, 

Figure 2d). Furthermore, stress-exposed birds had overall higher glutathione peroxidase levels 

(effect of treatment: F(1,47.38)=5.31, p=0.026), and also increased glutathione peroxidase levels 

over time more strongly than control birds (time*treatment: F(1,43.27)=5.75, p=0.021). Moreover, 
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while stress-exposed birds showed overall higher locomotor activity (effect of treatment: 

F(1,47.2)=7.6, p=0.008), and locomotor activity changed in both groups over time (effect of time: 

F(1,45.25)=9.84, p=0.003), control birds decreased locomotor activity more strongly than stress-

exposed birds over the course of the experiment (interaction time*treatment: F(1,45.25)=7.8, 

p=0.008, Figure 2e).  

All birds increased body mass slightly over time (by about 1 g, roughly a 1% increase), 

irrespective of treatment (log10-transformed body mass; effect of time: F(1,41.1)=5.56, p=0.023). 

Already from the start of the experiment control birds were generally slightly heavier than stress-

exposed birds, for unknown reasons (effect of treatment: F(1,46.03)=4.41, p=0.041, interaction 

time*treatment: p>0.8, Figure 2f). BaseCort (square-root-transformed) did not vary over time 

(p>0.3) nor between treatment groups (p>0.5, interaction treatment*time: p>0.3, Figure 2g). 

StressCort (log-transformed) tended to decrease over time (F(1,46.15)=3.47, p=0.069), but treatment 

groups did not differ (p>0.1, interaction treatment*time: p>0.7, Figure 2h). DEXCort (log-

transformed) strongly decreased over time (F(1,44.93)=16.92, p<0.0005), but groups did not differ 

(effect of treatment: p>0.4, interaction time*treatment: p>0.7, Figure 2i). ACTHCort (log-

transformed) also decreased over time (F(1,49.65)=4.8, p<0.033), but again groups did not differ 

(p>0.7, interaction time*treatment: p>0.9, Figure 2k).  
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Figure 2: Long-term effects of treatment on (a) telomere length, (b) plasma hydroperoxide concentrations, (c) 

plasma non-enzymatic antioxidant capacity, (d) red blood cell glutathione peroxidase, (e) locomotor activity, (f) 

body mass, and plasma concentrations of (g) baseline corticosterone, (h) stress-induced corticosterone, (i) 

corticosterone after injection of dexamethasone, (k) corticosterone after injection of ACTH. Open circles: control 

group, filled circles: stress-exposed group, numbers indicate sample sizes. All data are mean±1SEM. Results as 

derived from LMMs (see text): * interaction time*treament p<0.05, ^  treatment p<0.05, # time p<0.05. 
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Certain physiological phenotypes were more susceptible to cumulative 

cellular damage 

Absolute telomere lengths of birds in both treatment groups overlapped both at the beginning and 

the end of the experiment, and in both groups we found individuals that decreased and 

individuals that slightly increased telomere lengths over time. Across groups, the percent 

decrease in telomere length of individuals from their initial value (square-root transformed) was 

best explained by a model that in addition to treatment (β=-1.22, SE=0.37, t=-3.23, p=0.003) 

included percent change in ACTHCort (square-root transformed, β=-0.051, SE=0.034, t=-1.47, 

p>0.15), the interaction percent change in ACTHCort*treatment (β=0.167, SE=0.043, t=3.88, 

p=0.001), and percent change in plasma non-enzymatic antioxidants (log10-transformed, β=-

0.897, SE=0.39, t=-2.29, p=0.029). All of the top models (within 2 AICc’s from the most 

parsimonious model, Table S3) included ACTHCort and ACTHCort*treatment, while the second 

and third best models also included glutathione peroxidase levels (square-root transformed). 

Hence, individuals from the control group that decreased ACTHCort and stress-exposed birds 

that increased ACTHCort, and individuals from both groups that increased plasma non-

enzymatic antioxidant levels and glutathione peroxidase levels from the beginning to the end of 

the experiment tended to lose telomere length the most and thus were most susceptible to the 

treatment. 

Discussion 

Repeated exposure to stressors increased the rate of cellular ageing (i.e., accelerated the 

shortening of telomere lengths) in adult handraised European blackbirds indicating that they 

suffered increased cumulative cellular damage. Furthermore, over the course of the year-long 
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experiment, birds from the stress-exposed group incurred greater oxidative damage (had higher 

levels of plasma hydroperoxides at the end of the experiment), increased antioxidant defences 

(up-regulated more strongly levels of the antioxidant enzyme glutathione peroxidase), and 

exhibited higher locomotor activity (decreased locomotor activity to a lesser extent) than control 

birds (Figure 2). Individuals that showed the greatest decrease in telomere lengths over the 

course of the experiment (i.e. individuals more susceptible to cumulative cellular damage) were 

characterised by a larger modulation in ACTH-induced glucocorticoid secretion (down in control 

and up in stress-exposed birds) and a stronger increase in non-enzymatic plasma antioxidants and 

glutathione peroxidase levels in red blood cells. Hence, a combination of an upregulation of 

antioxidant defenses and a modulation of the maximal glucocorticoid secretion capacity appears 

to be associated with an individual’s cellular ageing (telomere shortening), and likely identifies 

an individual that has incurred greater biomolecular damage. 

Treatments caused short-term physiological challenges 

Both of our stress treatments (i.e. immune challenge and daily disturbances) were effective in 

delivering stressful stimuli to our study individuals, in particular by increasing their oxidative 

stress (Tables S1, S2). Injections of LPS are known to cause robust immune responses in 

vertebrates by inducing the energetically costly acute phase immune response that can include 

fever, anorexia and sickness behavior in birds (e.g., 57,58). LPS is a protein expressed on 

bacterial cell walls, representing an ecologically relevant stimulus that individuals in the wild 

likely experience during their lives. As in a previous study (57), cytokine secretion of European 

blackbirds in our study was significantly increased within 6 hours after LPS-injection. 

Furthermore, corroborating previous studies showing that immune responses can induce 

oxidative damage and change antioxidant status (e.g., 52-54), LPS-injected individuals in our 

study lost body mass, had increased levels of circulating hydroperoxides and non-enzymatic 
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antioxidants while decreasing glutathione peroxidase concentrations within 24 hrs (Table S1). 

Likewise, birds exposed to 10 days of the chronic disturbance treatment lost mass (see 

also 60), decreased plasma hydroperoxides and tended to decrease glutathione peroxidase 

concentrations compared to control birds (Table S2). Surprisingly, effects of the chronic 

disturbance treatment on the functioning of the endocrine stress axis were absent (Table S2). Our 

chronic disturbance protocol represented a milder version of that used previously in studies on 

European starlings (Sturnus vulgaris), in which more disturbances per day (up to 6) and for 

longer periods of time (up to about 3 weeks) resulted in reduced baseline and stress-induced 

corticosterone concentrations as well as a reduced maximal corticosterone secretion after ACTH 

injection (59,60,64). It is highly likely that in our experiments each individual disturbance 

treatment on a given day induced an endocrine stress response, especially in the beginning of the 

treatment period (like in 59), and that a longer duration of the disturbance regime may have 

resulted in an alteration of the endocrine stress axis. At the same time, the lack of significant 

changes in the endocrine stress axis in the current study suggests that the chronic disturbance 

treatment did not induce pathological processes within the HPA axis.  

Treatments caused cellular damage 

Control and stress-exposed birds diverged in telomere dynamics from the beginning to the end of 

the experiment: control birds maintained or even increased telomere lengths, whereas stress-

exposed birds decreased telomere lengths (Figure 2). Since decreased telomere lengths indicate 

increased cellular aging, this result indicates that stress-exposed blackbirds incurred greater 

cumulative cellular damage or ‘wear and tear’. While we were not able to follow the survival of 

our experimental birds, it is possible that our stress-exposed blackbirds would have suffered a 

greater mortality risk since previous studies on vertebrate species including humans have shown 

that individuals with shorter telomeres or an increased rate of telomere shortening have shorter 
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life spans (5,7,8,10,13,14,42). Several studies have suggested that the rate of telomere loss is 

highest during early age (10,12,32,66), but our data demonstrate that challenging life time 

experiences can also affect cellular ageing in adulthood (see also 7,42,67). The observed increase 

in telomere length in some birds was unexpected, though telomere elongation has been reported 

by other longitudinal studies (e.g., 68-70). Currently, there is debate over whether longitudinal 

increases in telomere length represent a true biological phenomenon or are within the normal 

measurement error for telomere measurement assays (71). Avian species do have higher levels of 

the enzyme telomerase compared to other long-lived species (72), and further work is needed to 

determine whether telomere lengthening in this species is occuring.   

Over the course of the current experiment, stress-exposed birds maintained higher 

hydroperoxide and glutathione peroxidase levels and showed higher levels of locomotor activity 

than control birds (Figure 2). This corroborates previous findings indicating that immune 

challenges, increased locomotor activity (caused for example by forced exercise) and 

psychological stress can cause oxidative damage (e.g., 11,29,52-54). By contrast, specific effects 

of treatment could not be detected in other biomarkers (body mass, non-enzymatic antioxidants, 

corticosterone traits). While the lack of a detectable treatment effect on some biomarkers could 

be due to the limited sample sizes in our experimental groups, our results suggest that stress-

exposed birds incurred considerable oxidative damage, which despite an upregulation of some 

antioxidant defenses, caused cellular damage (telomere shortening).  

We determined circulating concentrations of hydroperoxides and non-enzymatic 

antioxidants from plasma while glutathione peroxidase and telomere measures were obtained 

from red blood cells. Plasma and red blood cells are components of the same tissue (blood) and 

preliminary data show a significant covariation of measures derived from blood components with 

oxidative processes in other tissue (73). Also, a covariation among oxidative markers of red 
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blood cells and of plasma similar to those used in the present study was demonstrated in another 

songbird species (62). By investigating biomarkers from blood samples we aimed at capturing 

the systemic effects of the stressors, but we can currently not exclude that oxidative stress and 

telomere dynamics damage in other tissue types showed different patterns. 

Susceptible phenotypes 

Individuals that showed a strong decrease in telomere length were the ones that displayed a 

strong modulation of ACTHCort (downregulation in control and upregulation in stress-exposed 

birds), and a greater upregulation of non-enzymatic antioxidant and glutathione peroxidase levels 

(Table S3). The results on antioxidant enzymes largely confirm our findings from the 

comparisons between treatment groups and indicate that considerable upregulation of antioxidant 

defences is symptomatic for the damage that individuals incurred. Interestingly, in analyses of 

individual variation, one endocrine trait also was of importance: maximal corticosterone 

secretion in response to ACTH injection. At present, it remains unclear why the direction of the 

relationship of ACTHCort and telomere dynamics was opposite in the two treatment groups (see 

Results). However, it is important to keep in mind that our sample sizes in these analyses were 

limited (17 control, 11 stress-exposed individuals). An earlier study in European starlings 

revealed that individuals exposed to a similar chronic disturbance paradigm decreased 

corticosterone responses to ACTH injection (59), while in other species glucocorticoid secretion 

following ACTH injections was increased as a result of chronic stress (sensitization/facilitation, 

e.g., 74,75), suggesting a diversity in mechanisms by which chronic stress may alter the 

endocrine stress axis (49,75). While the correlations shown in this study may not need to 

represent causal relationships, there is evidence for causal connections both between telomere 

dynamics and oxidative stress as well as stress hormones (e.g., 9,32,42,47).  

All analyses reported above took advantage of the repeated-measures design of our study, 
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which allowed us to analyse individual trajectories over time while controlling for individual 

variation. However, in free-living populations it is often difficult or even impossible to re-capture 

individuals (e.g., 76). To understand whether a one-time (‘snapshot’) sample of peripheral 

biomarkers would provide a reliable indication of individual cumulative damage (i.e., changes in 

telomere length) we also conducted a preliminary set of linear mixed model analyses similar to 

the ones reported above using only the final sample for each biomarker as explanatory variables 

(data not shown). Indeed, there was congruence among our results because in latter analyses 

individuals that incurred the greatest telomere loss were those that had the highest non-enzymatic 

antioxidant and glutathione peroxidase levels during the last sampling period. Also, more 

damaged individuals reached higher ACTH-induced Cort levels and exhibited higher levels of 

locomotor activity (the latter being quite a strong predictor of percent change in telomere length). 

Hence, it may even be possible to use single blood samples to assess in a cross-sectional way the 

health status of individuals, although careful validations regarding the effect of seasonal 

variations in biomarkers (which were present in our data, unpubl. results) and the impact of other 

types of stressors will be required for different study species. 

Conclusions 

Effects of treatment on telomere dynamics were observed in adult, known-age individuals held 

under environmentally benign conditions (e.g., mild temperatures, absence of predation, food ad 

libitum) in the laboratory. Thus, consequences of exposure to stressors may be more pronounced 

in free-living individuals that are usually exposed to an array of more severe challenges and a 

greater limitation of resources than the captive individuals in our study. Other long-term stressors 

present in nature, for example social challenges, predation pressure, infections, parasites, as well 

as anthropogenic disturbances, noise, or pollutants may similarly affect telomere dynamics, 

likely reducing the fitness of individuals in the wild. Individuals that showed the greatest cellular 
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aging were characterized by a considerable upregulation of antioxidant defense mechanisms and 

a modulation of maximal corticosterone secretion capability. Hence, concentrations of 

antioxidant defences and of maximal glucocorticoid secretion can serve as biomarkers for 

cumulative cellular damage in individuals of a passerine bird, and possibly other taxa as well.  
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–  

Urbanization and its effects on personality traits: a result of 

microevolution or phenotypic plasticity? 

 

 

Data S1  Literature search terms and description of included behavioural categories 

1. Literature search terms in ISI Web of Knowledge (18
th

 January 2013) 

 

Topic=(Aggression OR Alarm OR Anti-predator OR Behavioural-Syndrome OR Bold OR 

Defense OR Escape OR Exploration OR Fear OR Flight-initiation-distance OR Flush OR 

Innovation OR Neophilia OR Neophobia OR Novel OR Personality OR Risk-taking OR Shy OR 

Temperament) AND Topic=(Urbani* OR (Urban NEAR/1 Rural)
a
 OR "Exposure to Humans") 

AND Topic=(Behaviour) AND Topic=(Animal or Species) 

 

a
 ‘Urban NEAR/1 Rural’ finds records of the keywords ‘urban’ and ‘rural’ within one word of 

each other 

 

2. Description of behavioural categories included in the literature review 

  

Aggression: Attack behaviour or other aggressive signals/displays. 

Alarm: Alarm call response to a disturbing stimulus. 

Escape: Retreat behaviours when facing disturbing/threatening stimuli. 

Exploration: Exploration of new environment. 

Innovation: Capacity to solve a problem, usually in relation to food reward. 

Neophobia: Novelty avoidance. 

Risk-taking: Exposure to risk. 

  



Appendix 2 – supporting information for Chapter 3 

   

 

156  

 

 

Figure S1  (a) Novel objects used for each trial of the neophilia tests; (b) novel objects used for 

each trial of the neophobia tests; (c) an individual home cage: the novel objects were placed on a 

perch in the middle of the cage (A) for the neophilia test and on a perch in front of the feeder (B) 

for the neophobia test. 

 

 

(a) (c) 

(b) 
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Table S1  Full model slope estimates and MCMC based p-values for the fixed effects in LMMs 

for neophilia and neophobia (control day, first experimental day, and second experimental day). 

The intercept represents rural females in trial 3 (the reference levels), while the other estimates 

represent treatment contrasts. T1, T2 and ♂ represent trial 1, trial 2, and males, respectively. 

 

 Neophilia Neophobia control Neophobia day 1 Neophobia day 2 

Parameter β ± SE p β ± SE P β ± SE p β ± SE p 

Intercept 5142.7 ± 679.0 <0.001 5.327 ± 0.273 <0.001 7.758 ± 0.331 <0.001 5.693 ± 0.360 <0.001 

Urban -489.6 ± 916.7 0.573 -0.113 ± 0.369 0.750 0.050 ± 0.447 0.902 0.459 ± 0.486 0.360 

T1 -3406.5 ± 698.3 <0.001 0.006- ± 0.305 0.988 0.001 ± 0.358 0.990 0.176 ± 0.424 0.721 

T2 -2470.0 ± 698.3 0.005 -0.344 ± 0.305 0.332 -1.202 ± 0.358 0.006 -0.198 ± 0.424 0.690 

♂ 613.7 ± 848.1 0.469 -0.209 ± 0.335 0.549 -0.238 ± 0.421 0.624 -0.017 ± 0.449 0.990 

♂ x urban 139.7 ± 1187.5 0.845 0.100 ± 0.470 0.801 0.827 ± 0.589 0.1632 0.225 ± 0.629 0.744 

♂ x T1 -1016.9 ± 933.1 0.382 -0.306 ± 0.408 0.524 0.133 ± 0.478 0.8188 -0.150 ± 0.567 0.812 

♂ x T2 405.6 ± 933.1 0.718 0.641 ± 0.408 0.177 0.585 ± 0.478 0.3204 -0.128 ± 0.567 0.838 

Urban x T1 1355.5 ± 933.1 0.242 -0.090 ± 0.408 0.852 0.448 ± 0.478 0.4368 -0.091 ± 0.567 0.883 

Urban x T2 3105.6 ± 933.1 0.009 0.671 ± 0.408 0.166 0.652 ± 0.478 0.2526 0.396 ± 0.567 0.544 

♂ x urban x T1 -437.7 ± 1286.9 0.755 0.740 ± 0.566 0.302 -0.924 ± 0.659 0.2492 -0.462 ± 0.782 0.623 

♂ x urban x T2 -1229.5 ± 1286.9 0.426 -0.330 ± 0.562 0.589 -1.155 ± 0.659 0.1478 -0.453 ± 0.782 0.621 
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What makes a blackbird tick? Impacts of sex and the city on 

aggressive and testosterone responses 

 

Table S1: Percent recovery for chicken plasma with a known concentration of testosterone 

(20pg/tube) with the old (degraded) and a fresh (intact) recovery label. Because the uncorrected 

raw concentrations, i.e. the concentrations that were not yet corrected for the efficiency of 

extraction, were similar between samples incubated with the old (degraded) and the fresh (intact) 

label were similar we concluded that the extraction efficiency of the samples used in the GnRH 

experiment was similar to previous extractions done in the laboratory. We thus used the long-

term average of 0.90 for the calculation of hormone concentrations in blackbirds. 

 

Trial State of recovery label % recovery  Raw concentration 

(pg/tube) 

1 Degraded 44  20.22 

2 Degraded 47  20.66 

3 Degraded 47  19.92 

4 Degraded 47  18.76 

5 Degraded 46  19.91 

6 Degraded 61  19.39 

7 Intact 82  19.68 

8 Intact 85  18.93 

9 Intact 85  19.553 

10 Intact 83  18.99 

11 Intact 94  18.57 

12 Intact 94  18.59 

13 Intact 95  18.68 

14 Intact 81  18.60 

15 Intact 91  17.69 
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Table S2: For female and male blackbirds, slope estimates and Markov chain Monte Carlo P-

values of fixed effects in linear mixed-effects models for testosterone concentrations (log-

transformed) after the simulated territorial intrusion (STI) experiments. The intercept represents 

rural individuals in spring (reference levels) and estimates represent treatment contrasts. “Attack” 

refers to the number of attacks in the STI (log[x+1] transformed). A unit increase in “Attack” 

corresponds to an increase in log (testosterone) of 0.3673 for females in spring, 0.2394 for males 

in spring, and 0.3048 for males in summer. 

 

 Females Males 

 β ± SE P β ± SE P 

Intercept -1.48657 ± 0.12708 < 0.0001 -0.1943 ± 0.1254 0.1678 

Summer -0.07024 ± 0.11967 0.5608 -1.0612 ± 0.1334 < 0.0001 

Autumn 0.07848 ± 0.12208 0.5574 -1.2133 ± 0.1304 < 0.0001 

Urban 0.07237 ± 0.11235 0.4050 -0.0177 ± 0.1007 0.8654 

Spring x Attack 0.34404 ± 0.16011 0.0478 0.1631 ± 0.1487 0.4132 

Summer x Attack 0.29467 ± 0.21092 0.2080 0.0652 ± 0.1848 0.7536 

Autumn x Attack -0.15027 ± 0.19366 0.4348 0.0566 ± 0.1277 0.8366 
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Methods 

The general experimental setup and statistical analysis are detailed in Chapter 3. 

Novel environment experiment 

The novel environment experiment (adapted from Verbeek et al., 1994) was performed in 

October/November 2007 (trial 1), April/May 2008 (trial 2) and September/October 2008 (trial 3). 

In the day before being experimented birds were transferred to individual home cages with ad 

libitum food and water. These home cages were identical to the ones the individuals lived in, and 

were adjacent to a room. An opaque sliding door connected each of the cages to the novel room, 

which had four artificial trees and a plate with food. This sliding door was open and the 

individuals were able to visually explore the new room through a plastic window. In the 

following morning (day 1), the sliding door was shut and the plastic window removed. Each bird 

was tested individually by slowly opening the sliding door and thus opening access to the new 

room. The bird could choose to enter the novel environment or remain in its home cage until the 

end of the experiment, which lasted one hour. 

Results 

Along the three trials the individuals of both sexes seemed to be more and more hesitant to enter 

in the novel environment, until the extreme where no urban males entered the room in the third 

trial (Figure S1, P < 0.001 for “trial 1 vs trial 3” and “trial 2 vs trial 3”). While differences 

between rural and urban females did not seem to be present (Figure S1), rural males were the 

quickest to enter the novel environment along all the trials, entering in average 13 minutes before 

the others (Figure S1, P < 0.003 for the interaction “origin x sex”). 
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Figure S1: Latencies to perch near the novel object (in minutes) in the object-neophobia test for 

rural (light grey) and urban (dark grey) individuals. The error bars represent mean ± standard 

error. Trials 1, 2 and 3 were performed respectively in December 2007/January 2008, 

August/September 2008 and November/December 2008 and lasted four hours. 
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Quantitative genetics of behavioural traits in a rural and an 

urban population of European blackbirds (Turdus merula) 

 

Table S1: For the four different studied behaviours, sources of variation in the random structure of univariate 

mixed-effect models, and repeatability and heritability estimates (see Methods for further details). For each 

parameter we present point estimates and, between parenthesis, the 95% credible interval 

 

  ID Nest ID Residual Repeatability Heritability 

Neophobia 

Overall 0.02 (0.01,0.10) 0.05 (0.01,0.11) 0.14 (0.11,0.18) 0.38 (0.26,0.57) 0.16 (0.04,0.41) 

Rural 0.03 (0.01,0.11) 0.02 (0.01,0.11) 0.14 (0.10,0.21) 0.32 (0.18,0.60) 0.08 (0.03,0.40) 

Urban 0.04 (0.01,0.15) 0.03 (0.01,0.19) 0.14 (0.10,0.20) 0.46 (0.28,0.69) 0.15 (0.06,0.53) 

Neophilia 

Overall 0.03 (0.01,0.10) 0.04 (0.01,0.12) 0.15 (0.12,0.21) 0.39 (0.22,0.53) 0.21 (0.05,0.40) 

Rural 0.04 (0.01,0.13) 0.03 (0.01,0.11) 0.14 (0.10,0.22) 0.39 (0.19,0.60) 0.10 (0.03,0.38) 

Urban 0.03 (0.01,0.13) 0.06 (0.01,0.18) 0.12 (0.09,0.20) 0.49 (0.28,0.70) 0.30 (0.07,0.55) 

Attack 

Overall 0.06 (0.01,0.10) 0.03 (0.01,0.10) 0.11 (0.08,0.14) 0.46 (0.28,0.60) 0.16 (0.05,0.41) 

Rural 0.04 (0.01,0.17) 0.03 (0.01,0.19) 0.13 (0.10,0.22) 0.53 (0.26,0.70) 0.12 (0.03,0.51) 

Urban 0.02 (0.00,0.08) 0.02 (0.00,0.08) 0.08 (0.06,0.11) 0.44 (0.23,0.65) 0.18 (0.04,0.44) 

Enter new 

environment 

Overall 0.04 (0.01,0.15) 0.04 (0.01,0.17) 0.21 (0.13,0.31) 0.41 (0.18,0.61) 0.13 (0.05,0.43) 

Rural 0.03 (0.01,0.14) 0.05 (0.01,0.20) 0.21 (0.12,0.34) 0.36 (0.13,0.62) 0.13 (0.02,0.46) 

Urban 0.07 (0.01,0.27) 0.03 (0.01,0.25) 0.17 (0.07,0.33) 0.52 (0.17,0.80) 0.12 (0.02,0.53) 
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Table S2: Estimates of between-individual and between-nest correlations based on a multivariate mixed-effect 

model for the four studied behaviours (see Methods for further details). For each parameter we the mode and, 

between parenthesis, the 95% credible interval 

  Between individuals Between nests 

Neophobia & Neophilia Overall 0.16 (-0.26,0.57) 0.17 (-0.23,0.58) 

Rural 0.22 (-0.51,0.59) 0.17 (-0.4,0.62) 

Urban 0.18 (-0.42,0.63) 0.34 (-0.43,0.62) 

Neophobia & Attack Overall 0.09 (-0.34,0.5) 0.08 (-0.29,0.51) 

Rural 0.14 (-0.54,0.53) 0.10 (-0.48,0.61) 

Urban -0.03 (-0.47,0.55) 0.11 (-0.48,0.55) 

Neophobia & Enter environment Overall 0.08 (-0.43,0.52) -0.06 (-0.41,0.46) 

Rural 0.02 (-0.55,0.53) -0.03 (-0.58,0.54) 

Urban 0.22 (-0.53,0.6) 0.03 (-0.49,0.63) 

Neophilia & Attack Overall -0.08 (-0.47,0.35) -0.04 (-0.49,0.34) 

Rural 0.09 (-0.6,0.53) -0.05 (-0.56,0.48) 

Urban -0.19 (-0.56,0.47) 0.02 (-0.59,0.38) 

Neophilia & Enter environment Overall 0.07 (-0.37,0.54) 0.02 (-0.37,0.49) 

Rural -0.06 (-0.59,0.53) 0.01 (-0.6,0.48) 

Urban 0.33 (-0.45,0.65) -0.02 (-0.48,0.62) 

Attack & Enter environment Overall 0.15 (-0.41,0.47) -0.02 (-0.4,0.47) 

Rural 0.10 (-0.51,0.59) 0.18 (-0.47,0.66) 

Urban -0.04 (-0.5,0.54) -0.14 (-0.53,0.51) 
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