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Abstract 

The urban environment has attracted much scientific attention as it stands at the core of 

environmental changes caused by the growing human population. The responses of bird 

communities to urbanization have been especially frequently studied. Despite the intensive 

research, there are several unresolved questions resonating in the field of urban ecology of 

birds: i) Are cities ordinary components of the original environment with the same 

macroecological bird diversity patterns as can be observed in the surrounding environment 

or do they have some specific impacts on native avifaunas? ii) Which traits are characteristic 

for species being able to persist in cities and for those avoiding urban areas? iii) How does 

the impact of the most important factors influencing urban bird communities - area, habitat 

heterogeneity and spatial position - change with spatial scale? 

Towards answering these questions, data on breeding bird communities were 

extracted from 41 European urban bird atlases, avifaunas of regions in which cities are 

embedded were retrieved from the EBCC Atlas of European Breeding Birds. Finer scale bird 

community data were obtained from the atlas of Prague and by point counts conducted in 

Prague. Data on bird traits were collated from published resources and additional 

environmental and spatial data at the appropriate spatial scales were retrieved from various 

published resources or recorded in the field. 

The basic bird diversity patterns, such as the species-area relationship (SAR) and the 

latitudinal trend of species richness, are to a great extent similar between cities and their 

surrounding environment. However, the avifauna of cities is homogenized in comparison to 

bird assemblages of regions in which the cities are embedded (Chapter 1). Species are 

systematically filtered into urban communities mainly based on traits related to their 

commonness (i.e. geographic distribution or total population size) or directly based on their 

commonness (Chapter 2, 3). The same type of filter works along the urbanization gradient of 

Prague as less common species are restricted to the city periphery (Chapter 4). The area of 

cities is among the most important components of the urban environmental filter as it is the 

main determinant of total bird species richness of cities and of the proportion of speceis 

from regional bird assemblages that enter cities (Chapter 1). At smaller scales, area of 

suitable habitats is the main factor influencing the local avian species richness and presence 

of rarer birds (Chapter 4, 5). Habitat heterogeneity is a further significant constituent of the 

urban filter since it is positively influencing bird species richness in cities across multiple 

spatial scales. The highly heterogeneous character of cities might be the underlying reason 

for their relatively steep SAR (Chapter 1) and positive effects of habitat heterogeneity persist 

at finer scales (Chapter 4, 5). However, at a certain intermediate scale its positive effects are 

expected to be outweighed by negative impacts caused by the associated habitat 

fragmentation and isolation. Finally, the urban environmental filter has an important spatial 

component as its impacts vary along the urbanization gradient of Prague (Chapter 4) and 

also along the large scale latitudinal gradient of continental Europe (Chapter 1). Bird species 

of higher latitudes of Europe are more widespread which makes them more likely to pass 

through the urban filter (Chapter 2, 3).  
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Abstrakt 

Urbánní prostředí přitahuje pozornost vědců, protože je středobodem environmentálních 

změn způsobených rostoucí lidskou populací. Obvzláště často je jejich pozornost věnována 

ptačím společenstvům a jejich odpovědím na probíhající urbanizaci. Přes intenzivní vědecké 

úsilí rezonuje v urbánní ekologii ptáků několik otázek: i) Jsou města běžnou součastí 

původního prostředí se stejnými makroekologickými diverzitními patrnostmi, které 

pozorujeme v okolním prostředí, nebo mají města specifický dopad na původní avifaunu? ii) 

Které vlastnosti jsou charakteristické pro druhy schopné respektive neschopné přežívat ve 

městech? iii) Jak se s prostorovou škálou mění vliv nejdůležitějších faktorů ovlivňujících 

urbánní ptačí společenstva - plochy, heterogenity habitatů a prostorové pozice ? 

S cílem zodpovědět tyto otázky byla použita následující data: složení hnízdních ptačích 

společenstev měst bylo získáno z 41 evropských urbánních atlasů a složení avifauny regionů, 

ve kterých se tato města nacházela, bylo získáno z EBCC Atlas of European Breeding Birds. 

Komunitní data na jemnějších škálách byla získána z atlasu Prahy a pomocí bodového sčítání 

v Praze. Údaje o vlastnostech ptáků byly shromážděny z publikovaných zdrojů. Další 

environmentální a prostorové údaje byly získány z publikovaných zdrojů nebo zaznamenány 

v terénu. 

Základní patrnosti ptačí diverzity, jakými jsou vztah počtu druhů a plochy (species-area 

relationship, neboli SAR) a latitudinální trend druhové diverzity, jsou ve městech a jejich 

okolním prostrědí do značné míry podobné. Nicméně avifauna měst je homogenní ve 

srovnání s avifaunou regionů, ve kterých jsou tato města zanořena (Kapitola 1). Druhy jsou 

systematicky filtrovány do urbánních komunit především na základě vlastností souvisejících 

s jejich běžností (t.j. s geografickým rozšířením a nebo s celkovou populační velikostí) nebo 

přímo na základě jejich běžnosti (Kapitola 2, 3). Stejný typ filtru operuje na urbánním 

gradientu Prahy, kde je výskyt méně běžných druhů omezen hlavně na periferii města 

(Kapitola 4). Rozloha měst je jednou z nejdůležitějších komponent urbánního 

environmentálního filtru, jelikož je hlavní determinantou ptačí druhové bohatosti měst 

a proporce druhů vstupujících z regionálních společenstev do měst (Kapitola 1). Plocha 

vhodných habitatů je i na menších škálách hlavním faktorem ovlivňujícím lokální druhovou 

bohatost avifauny a přítomnost vzácnějších druhů (Kapitola 4, 5). Habitatová heterogenita je 

další významnou složkou urbánního filtru, protože pozitivně ovlivňuje druhovou bohatost 

ptáků ve městech napříč prostorovými škálami. Značně heterogenní charakter měst může 

být v pozadí velkého sklonu jejich SAR (Kapitola 1) a pozitivní efekty habitatové heterogenity 

přetrvávají i na jemnějších škálach (Kapitola 4, 5). Nicméně na jisté střední prostorové škále 

lze očekávat, že pozitivní efekty heterogenity budou převáženy negativními dopady 

přidružené fragmentace a izolace habitatů. Urbánní environmentální filtr má i důležitou 

prostorovou složku, jelikož se jeho dopady mění podél urbanizačního gradientu Prahy 

(Kapitola 4) a také podél velkoškálového latitudinálního gradientu kontinentální Evropy 

(Kapitola 1). Ptačí druhy vyšších evropských zeměpisných šířek jsou rozšířenější, což zvyšuje 

jejich pravděpodobnost překonání urbánního filtru (Kapitola 2, 3).  

2



1. Introduction 

 

Urbanization is a process connected to the concentration of the rapidly growing human 

population in cities and represents a major challenge for sustainable development 

(McDonald, 2008; United Nations World Urbanization Prospects, 2014). Cities are, on the 

other hand, a good model system for studying the impacts of ongoing global changes and a 

potential sources of solutions for the associated problems (Grimm et al., 2008). This thesis 

takes an ecological perspective and studies the avian diversity of cities to contribute to a 

more comprehensive understanding of the dynamics and consequences of urbanization. 

The definition of urban areas is not clear-cut from the socio-economical point of view 

(United Nations World Urbanization Prospects, 2014), but it is even less straightforward 

from the ecological perspective, as spatial delimitation and qualitative description of cities in 

respect to different organismal groups is difficult (MacGregor-Fors, 2010, 2011). Urban areas 

should certainly not be considered as a distinct habitat type equivalent to e.g. woods, 

meadows or wetlands of ex-urban areas as cities are comprised of remnant fragments of 

these habitat types that have been preserved amongst built-up or otherwise modified areas. 

The majority of the original habitats disappears under urban development entirely, while 

being replaced mainly by sealed surfaces and the quality of the remaining patches varies 

from well preserved to heavily managed ones. Note, however, that the term "original 

habitats" does not necessarily refer to habitats free of human modification, as the 

corresponding regions might have been continuously modified and cultivated by humans for 

relatively long periods of time (Antrop, 2000). However, it is reasonable to assume that 

organisms are better adapted to these than to the relatively new challenges of the modern 

urban development, which include habitat alteration, pollution, changes in microclimate, 

disturbance regimes and biotic interactions (Chace & Walsh, 2006; Grimm et al., 2008; 

Marzluff et al., 2008). For the purposes of this study, cities are best described operationally 

as to a different degree modified and disturbed components of the original environment. 

Unfortunately, such a description does not make it easier to clearly define cities from the 

ecological point of view. 

Many partial aspects of the urban environment have been studied and their 

distinctiveness from more natural environments described, which suggests that biological 

communities in cities are influenced by altered ecological conditions and processes 

(reviewed e.g. in McIntyre, 2000; Chace & Walsh, 2006; McKinney, 2008). To reveal how 

biodiversity and community composition patterns reflect these altered relationships, it is 

important to study them from different perspectives (e.g. that of different taxons or diversity 

indicators) and at different spatial scales since the effects of individual factors might 

dramatically change with scale. A striking example is that human presence is positively 

related to vertebrate and plant species diversity at coarse scales, but the relationship is 

exactly the opposite at fine scales (Pautasso, 2007). In accordance with that, urbanized areas 

appear to be relatively rich in bird species from the large scale perspective (MacGregor-Fors 

et al., 2011; Pautasso et al., 2011), but smaller scale studies showed that bird species 
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richness decreases with intensifying human activities and habitat alteration along 

urbanization gradients (Blair, 1996; McKinney, 2002; Melles et al., 2003; Garaffa et al., 2009). 

However, species richness alone is not a sufficient indicator of the impacts of urbanization 

and the community composition perspective has to be considered, as well. Urban biotas 

appear to be relatively homogeneous, which is a reflection of the process of biotic 

homogenization over time - one of the most significant impacts of urbanization (McKinney, 

2006). In this case scale effects appear to play little role as signs of homogenization have 

been detected across multiple spatial scales (Clergeau et al., 2001; Jokimäki & Kaisanlahti-

Jokimäki, 2003; Crooks et al., 2004; Kühn & Klotz, 2006; McKinney, 2006; Blair & Johnson, 

2008; Devictor et al., 2008; Luck & Smallbone, 2011; Lososová et al., 2012). 

Biological communities in urban areas have been studied at small (Blair, 1996; 

Fernández-Juricic, 2001; Melles et al., 2003; Gagné & Fahrig, 2011) through larger (e.g. 

Jokimäki et al., 1996, 2002; Clergeau et al., 1998, 2001; Jokimäki & Kaisanlahti-Jokimäki, 

2003; Lososová et al., 2012; Ricotta et al., 2012; La Sorte et al., 2014) to global scales 

(Pautasso et al., 2011; Aronson et al., 2014), but relatively little has been done to compare 

the effects of different factors on urban communities across spatial scales (but see e.g. 

Melles et al., 2003; Pautasso, 2007; Pecher et al., 2010). The multiple-scale perspective is 

thus essential from the ecological but equally so from the conservation point of view. 

Appropriate landscape management decisions have to be made at larger scales during the 

urban-planning process as well as post hoc at smaller scales to enhance the biodiversity 

within existing cities. Moreover, insights from studies on urban biota at different scales 

should help us to understand how newly arising environmental conditions alter biological 

communities across spatial scales and which species are able to cope better with novel 

conditions in the constantly and ever more quickly changing world. 

Various taxonomic groups have been examined under urban conditions with birds 

being among the best studied taxons (Pautasso et al., 2011; Price et al., 2011; Buczkowski & 

Richmond, 2012; Lososová et al., 2012; Ramalho & Hobbs, 2012; Ricotta et al., 2012). There 

has been a significant interest in how individual bird species respond to urbanization and 

which traits determine their responses, however relatively little consensus has been reached 

on the most important underlying traits (e.g. Bonier et al., 2007; Kark et al., 2007; Croci et 

al., 2008a; Hu & Cardoso, 2009; Conole & Kirkpatrick, 2011; Evans et al., 2011; Leveau, 2013; 

Meffert & Dziock, 2013; Sol et al., 2013a, 2014; Cardoso, 2014; Jokimäki et al. 2014). Results 

regarding the role of phylogeny in determining the ability of birds to respond to urbanization 

are similarly ambiguous (Evans et al., 2011; Cardoso, 2014; Sol et al., 2014). Nonetheless, 

the influence of specific traits can be masked by commonness of birds as it might 

independently affect their presence or absence in urbanized areas (Evans et al., 2011; Sol et 

al., 2014). Some species with traits beneficial for survival in urban areas might be missing in 

cities just by chance, simply because they are rare also in ex-urban habitats (Evans et al., 

2011; Sol et al., 2013b, 2014). On the contrary, some species not particularly well adapted 

for living in urbanized areas might maintain persistent populations there thanks to mass 

effects (Shmida & Wilson, 1985) and constantly immigrating individuals from abundant ex-
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urban populations (Brown & Kodric-Brown, 1977; Hanski 1998). The influence of 

commonness should be therefore always considered in studies looking for factors enabling 

or preventing bird species to persist in cities. 

High quality datasets on bird assemblages are available for many European cities 

(Kelcey & Rheinwald, 2005; Fraissinet & Fulgione, 2008). Such datasets along with bird 

occurrence data available for the whole territory of Europe (Hagemeijer & Blair, 1997), 

detailed environmental data (e.g. provided by the European Environment Agency, EEA, 2010) 

and data on various biological and ecological traits of birds (e.g. Cramp, 2006) represent 

particularly powerful sources of information for research on factors shaping bird 

communities in urbanized areas. In this thesis data on avian assemblages extracted from 41 

European urban atlases of breeding birds and higher-resolution data on the avifauna of the 

city of Prague were utilized. These were supplemeted by data on regional avifauna 

composition (Hagemeijer & Blair, 1997), environmental information at the appropriate 

spatial scale and available bird-trait data. Using these datasets the main aims of this thesis 

are threefold:  

i) To find similarities and discrepancies in bird diversity patterns of cities and regions in 

which they are embedded to identify the impacts of urbanization on native bird 

communities in Europe. Urban avifauna diversity patterns can be expected to be quite 

similar in several aspects to the surrounding environment (Pautasso et al., 2011), however 

based on previous studies we expect the urban bird communities to be relatively 

homogeneous (Clergeau et al., 2006; McKinney, 2006; Luck & Smallbone, 2011). 

ii) To look for the most important ecological, morphological and reproductive traits 

determining the responses of bird species to urbanization in European cities, and to 

compare their importance with that of large scale commonness of birds. Based on previous 

studies it is difficult to clearly identify bird traits determining their ability to respond to 

urbanization (see above). Therefore, we suggest that the commonness of individual bird 

species might be more important in determining their occurrence in cities than previously 

thought.  

iii) To fill in the gap of missing cross-scale evaluations of the effects of urbanization on 

native bird communities while considering the role of the following factors: 

a) Area: the positive relationship between species richness and area, know as the 

species-area relationship (SAR), is a ubiquitous ecological rule (Hill et al., 1994; Rosenzweig, 

1995). Species might be accumulating with increasing area for four main reasons: 1) more 

individuals are sampled which raises the probability of encountering new species; 2) larger 

areas can support more abundant populations which leads to a lower probability of 

extinction and thus to the persistence of more species; 3) more environmental heterogenity 

is captured and species adapted to different conditions are accruing; 4) multiple regions with 

different evolutionary history are sampled (MacArthur & Wilson, 1963, 1967; Rosenzweig, 

1995 and citations therein). 

SAR has been frequently studied in the context of urbanization, and while the last 

explanation is not applicable in the context of current cities, some support has been found 
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for the former three hypotheses. The first one is also known as the sampling effect 

(Arrhenius, 1921). For example, the number of colonists increases with the size of the target 

area, whereby increasing the probability of colonization by some new species (Gilpin & 

Diamond, 1976). However, above that other factors might be responsible for the higher 

number of species in larger samples of individuals. Heterospecific attraction (Mönkkönen et 

al., 1990) might be more pronounced if multiple individuals are present, but such effects are 

difficult to quantify. Finally, both the second (Bolger et al., 1991; Fernández-Juricic, 2004; 

Husté & Boulinier, 2007; Murgui, 2007) and third hypothesis (Chamberlain et al., 2007; 

Shwartz et al., 2008; Evans et al., 2009; MacGregor-Fors et al., 2011; Pautasso et al., 2011) 

received some support. Evidence for a prominent role of area in determining species 

richness of urban bird communities is indeed strong (Jokimäki 1999; Fernández-Juricic 2000, 

2001; Watson et al. 2005; Husté et al. 2006; Palmer et al. 2008; Fontana et al., 2011). Based 

on these studies, at smaller scales it can be expected that the habitat availability or suitable 

habitat patch size is among the most important determinants of urban bird species richness. 

On the other hand, the role of area at larger scales is not fully clarified as the existing studies 

contrasted urbanized areas with relatively uniform ex-urban habitats (MacGregor-Fors et al., 

2011; Pautasso et al., 2011), which is not the most correct approach (as discussed above). 

However, if cities are qualitatively different "islands" in respect to the surrounding 

environment, their SAR should be island-like and thus steeper than that of the contiguous 

surrounding environment (Rosenzweig, 1995). 

b) Heterogeneity: at small scales (i.e. at the scale of habitat patches within cities), 

an increasing number of habitat types, growing species diversity and structural richness of 

vegetation and heterogeneity in its age structure are all factors enhancing feeding and 

nesting opportunities for birds, and habitat requirements of multiple species are met in such 

areas (Mörtberg & Wallentinus 2000; Mörtberg 2001; Husté et al. 2006; Palomino & 

Carrascal 2006; Shwartz et al. 2008; Evans et al. 2009; Fontana et al., 2011; Oliver et al., 

2011). Therefore, it can be expected that bird species richness is positively influenced by 

habitat heterogeneity at smaller scales. Similarly, we can expect a positive effect of spatial 

turnover of habitat types at the scale of entire cities as it might be the one of the underlying 

causes of the steep SAR of cities (MacGregor-Fors et al., 2011; Pautasso et al., 2011). 

Heterogeneity (irrespective of its exact definition) thus seemingly positively influences urban 

avifauna richness across multiple spatial scales. However, it can be anticipated that at an 

intermediate spatial scale habitat heterogeneity (defined as spatial turnover of habitats) 

might even have a negative impact. More habitat types in a certain area mean that each 

habitat type covers a smaller surface on average, moreover fragmentation and isolation 

between patches of a particular habitat might increase, and both potentially have an 

adverse impact on the urban avifauna richness (Fernández-Juricic 2001, 2004; Marzluff & 

Ewing, 2001). 

c) Spatial position: position along the urbanization gradient is a significant factor 

determining the species richness of local bird communities, usually showing a declining 

trend towards heavily urbanized areas (McKinney, 2002; Melles et al., 2003; Garaffa et al., 
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2009), but often peaking in areas with an intermediate level of habitat modification and 

urban development, where the environment tends to be particularly heterogeneous 

(Clergeau et al., 2001; Crooks et al., 2004; Tratalos et al., 2007; Blair & Johnson, 2008; but 

see Minor & Urban, 2010). The impoverishment of heavily urbanized sites is at least partially 

attributable to the disappearance of many sensitive bird species as the level of urbanization 

pressure increases (Jokimäki, 1999; Mörtberg, 2001; Clergeau et al., 2006; Pellissier et al., 

2012). Moreover, peripheral sites of cities can host richer avian communities, because some 

species that are dependent on the influx of individuals, and thus on the proximity of ex-

urban source populations, can persist there (Sandström et al., 2006; MacGregor-Fors & 

Ortega-Álvarez, 2011). The prediction therefore is that peripheral sites of a city should be 

generally richer in bird species and especially the presence of rarer species should be 

responsible for such a pattern. 

Although multiple large-scale studies compared the impacts of urbanization on bird 

communities in different geographic locations (Jokimäki & Suhonen, 1993; Jokimäki et al., 

1996, 2002; Clergeau et al., 1998, 2001, 2006; Jokimäki & Kaisanlahti-Jokimäki, 2003; Blair & 

Johnson, 2008), only few of them have taken the influence of species pools into account 

explicitly (Fraissinet & Fulgione, 2008; Luck & Smallbone, 2011). The urban bird diversity 

patterns and their determinants should be evaluated while taking the properties of regional 

bird assemblages into account to separate the effects of urbanization from those of other 

factors. Although we expect the main spatial trends in species richness of urban bird 

communities to mirror the trends of regional assemblages, a difference in their species 

turnover is expected. The decrease in community similarity with increasing spatial distance, 

known as the distance decay of community similarity (Nekola & White, 1999; Soininen et al., 

2007), should be less steep for urban avifaunas as they are expected to be more 

homogeneous in comparison to the regional assemblages (McKinney, 2006; Luck & 

Smallbone, 2011). Finally, there are specific spatial trends in traits of bird species (Newton & 

Dale, 1996; Cardillo, 2002; Orme et al., 2006; Jetz et al., 2008), therefore we predict that 

avifaunas of different European latitudes might respond to urbanization in different ways. 

 

In summary, towards the aims of this thesis we asked the following questions: 

 

(1) Are cities different in their avifauna richness and composition in comparison to 

their surrounding environment? (Chapter 1) 

(2) Based on which attributes are bird species filtered into urban communities and 

does the filtering vary with spatial scale? (Chapter 2, 3, 4) 

(3) Is the area-effect on urban avifauna consistent across spatial scales? 

(Chapter 1, 4, 5) 

(4) Is the influence of habitat heterogeneity on urban bird communities changing in 

dependence on spatial scales? (Chapter 1, 4, 5) 

(5) How do the effects of urbanization on bird communities vary with space from the 

perspective of different spatial scales? (Chapter 1, 3, 4, 5)  
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2. Main results 

 

2.1 European-scale perspective 

 

Asking if cities differ in their avifauna richness and composition from their surrounding 

landscape we compiled data on urban bird assemblages from bird atlases available for 41 

European cities and data on regional assemblages from the EBCC Breeding Bird Atlas 

(Hagemeijer & Blair, 1997). We found that the slope of species-area relationship (SAR), one 

of the most universal diversity patterns (Rosenzweig, 1995), is not significantly different 

from the slope of SAR of regional bird assemblages (Chapter 1). In contrast, it has been 

previously suggested that cities are relatively rich in bird species and have a steeper SAR 

than other landscape types (MacGregor-Fors et al., 2011). This is at first glance somewhat 

counterintuitive considering the frequent claims on negative impacts of urbanization on 

avian communities (Chace & Walsh, 2006), but the relatively high species richness of urban 

assemblages has been attributed to large scale spatial coincidence of diversified regions and 

urbanized areas (Gaston & Evans, 2004; Evans & Gaston, 2005; Gaston, 2005; Evans et al., 

2007; Pautasso, 2007; Tratalos et al., 2007). The apparently steeper SAR of cities might be 

attributed to their habitat heterogeneity (Cadenasso et al., 2007; Pautasso et al., 2011; 

Pickett et al., 2011) whereas the contrasted ex-urban habitats are usually more 

homogeneous (MacGregor-Fors et al., 2011; Pautasso et al., 2011). The difference in SAR 

slopes indeed disappears if cities are compared to samples of surrounding landscape, 

however they still harbor numerous species for their total area (Pautasso et al., 2011; 

Chapter 1). As further revealed in Chapter 1, the species richness of European cities is above 

the effect of area influenced also by their geographic position. The species richness pattern 

of cities along latitude roughly reflects the richness pattern of the regions in which individual 

cities are embedded. Therefore it seems that cities are not clearly distinct from their 

surrounding environment in terms of species richness. 

We show in Chapter 1 that the existence of a homogenizing filter (Clergeau et al., 

2001; Jokimäki & Kaisanlahti-Jokimäki, 2003; Crooks et al., 2004; McKinney, 2006; Devictor 

et al., 2008) appears to be a symptomatic feature of urbanization as we detected its effects 

also at at a rather large scale of continental Europe. The dissimilarity of within-city bird 

communities (βsim) increases with spatial distance more slowly than that of their respective 

regional assemblages. Moreover, the dissimilarity between two regional bird assemblages 

was always higher than that between the corresponding cities. However, the homogenizing 

urban filter seems to have a spatial component since cities in southern Europe seem to be 

more distinct than the north European cities. This pattern is attributable to a higher 

proportion of birds from regional assemblages entering cities in northern Europe, even after 

city area has been accounted for. South European regional bird assemblages thus seem to be 

more negatively affected by urbanization (Chapter 1). 

The next question therefore was: how does the urban environmental filter work? 

Which species/traits are favoured and which disadvantaged and what causes the spatial 
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variation in urban impacts on European bird communities? Attempts to identify relevant 

traits in respect to urbanization have been focusing on a wide spectrum of traits ranging 

from behaviour (Sol et al., 2013a), through various morphological, ecological, life-history and 

physiological traits (Kark et al., 2007; Croci et al., 2008a; Conole & Kirkpatrick, 2011; Evans et 

al., 2011; Leveau, 2013; Cardoso, 2014; Jokimäki et al., 2014) to their large scale distribution 

and population size (Croci et al., 2007; Bonier et al., 2007; Evans et al., 2011; Sol et al., 

2014). Many of these traits are intercorrelated and we attempted to disentangle their 

individual role (Chapter 2). Characteristics such as geographic or European range size and 

global population size turned out to be the most important ones. It seems that anything that 

shapes large scale distribution of birds has also an effect on their susceptibility to 

urbanization. One option is that traits underlying commonness of individual species, such as 

broader environmental tolerance for example (Bonier et al., 2007; Croci et al., 2007), might 

directly influence their adaptability to urban conditions. We have confirmed the importance 

of traits such as habitat associations (Croci et al., 2008a), showed a possible but weak effect 

of some reproductive traits (see Chace & Walsh, 2006; Kark et al., 2007; Croci et al., 2008a; 

Evans et al., 2011), and explicitly showed a clear taxonomical bias in urban bird communities 

(Sol et al., 2014, but see Evans et al., 2011; Cardoso, 2014). However, the effect of individual 

traits or suites of traits does not have to be necessarily direct. An alternative is that the 

influence of these traits might be indirect through enhancing the population dynamics of 

birds and consequently increasing their potential to become established in the urban 

environment (Chapter 2). Favourable metapopulation (Brown & Kodric-Brown, 1977; Hanski, 

1998) or sink-source dynamics (Pulliam, 1998), mass effects (Shmida & Wilson 1985), 

resistance to local extinction (Purvis et al., 2000), larger initial urban population size 

enhancing adaptation (Kimura, 1983), higher probability of early colonization of cities 

providing more time for adaptation to local urban conditions (Møller et al., 2012) - are all 

phenomena connected to commonness of species, which thus raises the probability of 

establishment and persistence of birds in cities. 

The fact that large scale commonness is the most important factor determining bird 

responses to urbanization could shed light on the varying effect of urbanization at different 

latitudes of Europe. According to the Rapoport´s rule, the range size of species tends, at 

least in northern temperate regions, to increase with latitude (Rapoport, 1982; Stevens, 

1989; Rohde, 1996). If more widespread species are more likely to become established in 

cities, then more species should be able to do so in northern Europe. Indeed, we showed 

that the proportional richness of cities is positively related to the proportion of more 

widespread species in their respective regional assemblages and that the proportion of 

more widespread species increases with latitude (Chapter 3). These results explain the 

latitudinal increase in proportion of birds of regional assemblages occurring within cities 

reported in Chapter 1. The magnitude of impacts of urbanization on native bird communities 

is thus changing with geographical position and is at least partly dependent on the 

characteristics of regional bird assemblages themselves. 
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2.2 City-scale perspective of Prague 

 

At the scale of the city of Prague bird diversity patterns were examined using grid cell 

mapping data and point count data, supplemented by variables describing habitat 

composition and spatial position. Bird species are systematically filtered into urban 

communities as shown above and even at the scale of the city of Prague, it has been 

revealed that communities comprising rarer species tend to be restricted to the periphery of 

the city (Chapter 4). Species thus seem to be further filtered according to their commonness 

also along a within-city urbanization gradient. Such systematic filtering is in accordance with 

the frequently reported homogenization of avian communities along urbanization gradients 

(Clergeau et al., 2006; Garaffa et al., 2009). However, species richness is only negligibly 

influenced by spatial position along  the urbanization gradient of Prague and it is rather 

determined by the availability of suitable habitats (Chapter 4, 5). Moreover, habitat 

availability remains also the most important determinant of the presence of rarer species, in 

spite of a relatively stronger effect of spatial position in their case (Chapter 4). These 

findings emphasize the role of habitat area and indicate a positive SAR in accordance with 

many previous studies (Jokimäki, 1999; Fernández-Juricic, 2000, 2001; Husté et al., 2006; 

Croci et al., 2008b; Evans et al., 2009; Pellissier et al., 2012). The availability of wooded 

habitats is especially important (Chapter 4, 5), as the majority of birds of urban areas are 

woodland-associated species (Croci et al., 2008a; Chapter 2), but they can benefit also from 

the presence of water bodies (Chapter 4, 5). 

Habitat heterogeneity (expressed as Shannon entropy of habitat types) has a positive 

effects on bird species richness, especially if the availability of wooded habitats is low 

(Chapter 4). However, since the higher heterogeneity of habitats might be associated with 

habitat loss, fragmentation and isolation - all having negative impacts on urban bird 

communities (Marzluff & Ewing, 2001; Mörtberg, 2001; Evans et al., 2009) - the role of 

habitat heterogeneity should be considered carefully. Moreover, rarer species which are 

rather important from the point of view of conservation biology do not seem to respond to 

the heterogeneity of habitats in mapping grid cells of Prague. Their presence is rather 

determined by particular fine habitat features, which are only weakly reflected in the values 

of Shannon entropy (Chapter 4). 

Bird species richness of urban greenery at the smallest scale (point count samples in 

Prague) is also enhanced by habitat heterogeneity (Chapter 5). A diversified tree cover 

(Husté et al., 2006; Palomino & Carrascal, 2006; Shwartz et al., 2008; Evans et al., 2009; 

Fontana et al., 2011) or a more heterogeneous age structure of vegetation (Mörtberg & 

Wallentinus, 2000; Donnelly & Marzluff, 2006) both increase the avifauna richness (Chapter 

5). These factors might be relatively easily managed in existing urban green patches, as 

compared to habitat availability, in order to enhance bird species richness of remnant 

wooded patches in the urban environment. 
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3. Conclusions and synthesis 

 

(1) Cities are similar to their surrounding environment in respect to basic diversity patterns, 

such as SAR or the latitudinal trend of species richness, however they are characterized 

by a distinct environmental filter leading to homogenized bird communities (Chapter 1).  

(2) The urban filter seems to act upon traits related to the overall commonness of bird 

species or is directly filtering birds according to their commonness (Chapter 2). The filter 

tends to be qualitatively similar across scales. Less common species tend to drop out from 

urban bird communities at large scales (Chapter 3) as well as at small scales along the 

urbanization gradient from the periphery of Prague towards its centre (Chapter 4). 

(3) Species composition and richness of urban avifaunas is determined by the urban filter 

and area is one of its most important components. The total area of cities is the most 

important determinant of total species richness and of the proportion of regional bird 

assemblages that enter cities (Chapter 1). Similarly, at smaller scales within a particular 

city, the amount of suitable habitats is the most important predictor of local species 

richness and presence of rarer birds (Chapter 4, 5). 

(4) Higher heterogeneity of larger cities might be one of the underlying reasons for the 

positive effect of area on bird species richness exemplified by a relatively steep slope of 

SAR of cities (Chapter 1). However, its influence can change with spatial scale as it might 

be associated with negative impacts of habitat loss, fragmentation and isolation at 

intermediate spatial scales. Finally, habitat heterogeneity represented by diversified 

vegetation with heterogeneous age structure has a clearly positive effect on bird species 

richness at the finest spatial scale (Chapter 5). The role of habitat heterogeneity might 

also depend on variables used to quantify it and it might have a positive influence 

especially under some specific circumstances, for example when suitable habitat 

availability is extremely low (Chapter 4). 

(5) Space seems to be an important component of the urban environmental filter, as the 

impact of urbanization varies spatially not only along the within-city urbanization 

gradient of Prague (Chapter 4), but also along the large scale latitudinal gradient of 

continental Europe (Chapter 1). The large scale variation in the effects of this 

environmental filter is caused by the fact that birds of higher latitudes of Europe are more 

widespread and thus are more likely to pass through the urban filter (Chapter 2, 3). 
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ABSTRACT

Aim To compare macroecological patterns between bird communities of
European cities and regional species assemblages in the surrounding landscape, and
to reveal geographical trends in the urbanization of native avifauna.

Location Forty-one towns and cities in continental Europe.

Methods We compiled data on the species richness and community composition
of urban avifauna from 41 European city breeding bird atlases, and of species
assemblages comprising nine grid cells (each about 50 km × 50 km) from the
EBCC Atlas of European Breeding Birds (hereafter regional assemblages). Species–
area relationships (SARs), latitudinal trends in diversity and the distance decay of
community similarity were compared using regression models (generalized linear
models). Observed urban communities were compared with randomly assembled
ones to reveal systematic effects of the urban environment on native bird commu-
nities across Europe. We employed variance partitioning to quantify the relative
effect of environmental parameters and the spatial position of cities on species
richness.

Results The species–area relationships did not differ significantly between cities
and regional assemblages. Species richness of both types of communities increased
towards higher latitudes, although the relationship was unimodal for regional
assemblages, in contrast to cities. The increase in beta diversity with distance was on
average less pronounced in cities than in regional assemblages, and was lower
between individual cities than between communities of the same size randomly
drawn from regional species assemblages. Moreover, average beta diversity was
lower in northern cities, which are characterized by a relatively higher proportion
of species from regional species pools.

Main conclusions The species–area relationship and latitudinal trends are
largely congruent between cities and the regional assemblages. However, city
avifaunas tend to be relatively more uniform across space, revealing biotic homog-
enization. Urban communities in northern cities are more uniform as a higher
proportion of bird species breeds in cities.
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INTRODUCTION

Urbanization is increasing across the globe and urban areas are

one of the fastest growing land-use types (McDonald, 2008).

Today, more than the half of the world’s population lives in

urban areas. In Europe, about 70% of the population lives in

towns and cities and this number is predicted to increase to 85%

by 2050 (Kabisch & Haase, 2011). Understanding ecological

phenomena and processes in cities is important from both a

scientific (McDonnell & Pickett, 1990; Chiari et al., 2010) and

conservation point of view (Turner et al., 2004; Evans et al.,

2009; Fuller et al., 2009). The negative ecological consequences

of conversion of a habitat to an urban area include a reduction

and fragmentation of natural habitats, intensive disturbance

regimes, anthropogenic light and noise pollution (Gilbert, 1989;

Marzluff et al., 2008) and changes in the species composition

of animal and plant communities (Chace & Walsh, 2006;

McKinney, 2006). These processes have been studied along

urbanization gradients in various taxonomic groups (Pautasso

et al., 2011; Price et al., 2011; Buczkowski & Richmond, 2012;

Lososová et al., 2012; Ramalho & Hobbs, 2012; Ricotta et al.,

2012). Highly urbanized areas, characterized by their relatively

high density of built up areas and high proportion of impervi-

ous surfaces, generally support only a few abundant species

(Møller et al., 2012) that are often the same among different

urban locations. This leads to biotic homogenization

(McKinney, 2006), characterized by a similarity of urban com-

munities across large spatial scales.

Birds are a taxonomic group that is significantly affected by

urbanization, and their species richness and community struc-

ture have been thoroughly studied in this respect (Evans et al.,

2009; Garaffa et al., 2009; Stagoll et al., 2010). To date, the

majority of studies have explored bird–habitat relationships at

the intra-city level, and have focused on comparisons of avian

communities along urbanization gradients (e.g. Blair, 1996;

Fernández-Juricic, 2001; Melles et al., 2003; Gagné & Fahrig,

2011) or in urban and neighbouring rural areas (Crooks et al.,

2004; Fuller et al., 2009; Garaffa et al., 2009). Only a few studies

have compared the avian communities of cities at a continental

scale (Jokimäki et al., 1996, 2002; Clergeau et al., 1998, 2001;

Jokimäki & Kaisanlahti-Jokimäki, 2003). Additionally, most

studies implicitly or explicitly assume that human settlements

are relatively well defined and discernible landscape units

(Clergeau et al., 2001; Garaffa et al., 2009; MacGregor-Fors,

2010; MacGregor-Fors et al., 2011). However, there are few

studies that focus on the actual ecological differences between

cities and adjacent semi-natural landscapes. Recently, Pautasso

et al. (2011) compared the macroecological patterns of bird

assemblages in urbanized and semi-natural ecosystems system-

atically sampled world-wide, and showed that macroecological

patterns do not vary significantly between cities and the sur-

rounding landscape. In contrast, MacGregor-Fors et al. (2011)

showed that human settlements have steeper species–area rela-

tionships than adjacent landscapes. Although these studies

focused on comparing diversity patterns in urban and rural

habitats over larger geographical regions, the areas which were

sampled for estimating avian assemblage structure were rela-

tively small and homogeneous (Pautasso et al., 2011) or were

limited to comparisons between cities within a restricted geo-

graphical region (MacGregor-Fors et al., 2011). Comprehensive

studies of whole cities on a continental scale that investigate the

general impact of urbanization on biological communities are

still lacking.

We compare macroecological patterns between cities and

semi-natural landscape by using datasets on the bird commu-

nities of European cities and of broader regional species assem-

blages. The objective of this study is to test if and how avian

species richness and community structure vary with city size,

geographical position and habitat composition, and how these

patterns differ from patterns in species assemblages in the sur-

rounding landscape. Toward this objective, the following

hypotheses were tested:

1. The species–area relationship is steeper for cities than for

samples taken within the surrounding landscape (MacGregor-

Fors et al., 2011; Pautasso et al., 2011). This hypothesis assumes

that cities represent islands of habitat that is qualitatively differ-

ent from the surrounding semi-natural landscape, and since

island species–area relationships (SARs) have steeper slopes

than contiguous mainland SARs (Rosenzweig, 1995), this

should apply for cities as well.

2. Cities are relatively similar to each other in terms of their

species composition, and beta diversity between cities does not

increase with distance as rapidly as in the case of the semi-

natural surrounding landscape (Luck & Smallbone, 2011). This

hypothesis assumes that cities are occupied by a relatively

uniform set of species which tolerate the particular conditions

of a built-up environment (McKinney, 2002, 2006; Clergeau

et al., 2006).

3. Spatial diversity patterns of cities are consistent with those of

the surrounding landscape. Although cities may differ from the

surrounding landscape in many respects, as previously stated,

the bird fauna present in cities reflects the fauna present in the

surrounding landscape, so that diversity patterns in cities (e.g.

latitudinal trends in species richness) are directly dependent on

the overall diversity patterns of the region.

4. There are latitudinal trends in the proportion of species

which are able to live in cities. There are several latitudinal

trends in species life histories (Cardillo, 2002; Jetz et al., 2008),

abundances and other properties (Newton & Dale, 1996), and it

is thus reasonable to assume that these trends are also revealed in

geographical trends in terms of the degree of adaptability of

different birds to the urban environment. This hypothesis also

predicts that the level of community similarity between cities

will vary across Europe.

MATERIALS AND METHODS

Bird and habitat data

For the purposes of this study we analysed data on native bird

species richness and community composition extracted from

published breeding bird atlases of European cities and towns

M. Ferenc et al.
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(Fig. 1 and Appendix S1 in Supporting Information). City

borders were demarcated as defined by the authors of individual

atlases, which mostly followed the administrative borders of the

cities. Exotic (introduced) bird species were excluded from our

dataset because of the non-natural processes of city colonization

and maintenance of urban populations (Francis & Chadwick,

2012). Older atlases that covered the period before 1980

(London), those which mapped only a restricted part of the city

(Paris) or which did not use standard methods of data collection

(several Italian cities) were excluded from this study. Data on

regional species assemblages were obtained from 50 km × 50 km

grid cells of the EBCC Atlas of European Breeding Birds

(Hagemeijer & Blair, 1997). The regional species assemblages

were defined as sets of bird species breeding in nine grid cells

around each city. The central square included the whole city or

most of the city area if it overlapped the borders of the grid cell.

The remaining eight squares defined the area that surrounded

the central square. To verify that our results were not sensitive

to the specification of regional assemblages, we conducted addi-

tional analyses based on only four grid cells surrounding each

city. The obtained results were very similar and did not change

our conclusions (Appendix S2 in Supporting Information). We

ran separate analyses for all birds and for passerines only (order

Passeriformes) to verify if the patterns concerning all birds also

hold for a phylogenetically and morphologically homogeneous

group. Passerines form a substantial part of urban avifauna

(Chamberlain et al., 2009) and the diversity patterns they

exhibit should be less sensitive to variation introduced by taxo-

nomical differences in the ability to utilize urban areas.

The impacts of the following variables on city species rich-

ness were evaluated for this study: city area, geographical posi-

tion (latitude, longitude), length of the survey period, habitat

composition of the city. City area was calculated as a multiple

of the number of atlas grid cells and the area of a single

grid cell within the city. Data on habitat composition were

extracted using the geographical information system ArcGIS

9.3 (ESRI Institute, 2008) from maps retrieved from CORINE

databases run by the European Environment Agency (EEA,

2010; http://www.eea.europa.eu). Habitat types were grouped

into the following categories (see Appendix S3 for the grouping

of original CORINE variables): artificial surfaces, managed

urban greenery, agricultural landscape, natural biotopes, inland

waters and marine waters. Proportions of these habitat catego-

ries were used to describe the habitat composition of cities

(CITY dataset; see Appendix S4).

Analyses

In analysing the SAR using multiple linear regression, we

attempted to control for the possible confounding effect of the
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length of the atlas survey period. A multiple regression analysis

using city area and length of the survey period as a covariate was

used to assess the effect of latitude on the richness of urban bird

species. A quadratic term of latitude was also used to evaluate

changes in the performance of the model. In order to evaluate

the role of spatial autocorrelation we fitted simultaneous

autoregressive (spatial error) models following Kissling & Carl

(2008) and inspected their potential qualitative differences. The

effect of latitude on proportional species richness, while con-

trolling for the effects of city area and the length of the survey

period, was evaluated using a generalized linear model (GLM)

with quasibinomial distribution of errors and the logit-link

function.

Additional data were generated using simulations according

to the following methods.

1. Random resampling of different numbers of atlas grid cells of

the EBCC Atlas of European Breeding Birds (Hagemeijer &

Blair, 1997) made it possible to construct SARs for regional

species assemblages (n = 100 samples). For each run of the

model, a number ranging from one grid cell to nine grid cells

representing a regional assemblage, were randomly chosen from

each region (3 × 3 grid cells around each city). Subsequently, the

area (as a multiple of the number of chosen cells and a single

EBCC atlas grid cell area) and species richness of each such

sample was calculated. We constructed 100 resampling-based

SARs and compared 95% confidence intervals (CIs) of slopes of

the resampling-based and data-derived SARs.

2. Random resampling (n = 1000 simulations) of a set of

species from regional assemblages was also conducted to create

a simulated ‘city’ in which the number of bird species corre-

sponded to the species richness of a real city. This approach

provided a comparison of beta diversity of cities with the beta

diversity of random species assemblages containing the same

number of species.

Beta diversity was calculated using the Simpson (βsim) index

(Simpson, 1943; Lennon et al., 2001), which only takes into

account dissimilarity due to spatial turnover in species compo-

sition but not due to differences in species richness (Baselga,

2010). The pairwise comparison of beta diversity between cities

versus beta diversity between simulated communities was con-

ducted by the Mann–Whitney U-test. Since multiple tests

(n = 1000) were conducted, the significance level of each test was

adjusted using Bonferroni correction and set to α = 0.05 × 10−3.

The distance decay of similarity was evaluated both between

cities and between their respective regional assemblages by

regressing βsim on a spatial distance of the compared units

(Nekola & White, 1999; Soininen et al., 2007). A bootstrapping

procedure was used to assess 95% CIs for regression coefficients

of these relationships. Spatial variability in beta diversity was

examined by regressing the mean βsim of individual cities and of

regional species assemblages on latitude.

In order to separate the effects of environmental, geographi-

cal (latitude, longitude) and spatial (distances of cities) variables

on bird species richness in European cities, the variance parti-

tioning method was used. The significance of individual parti-

tions was tested by means of multiple regression (Borcard et al.,

2011). Four groups of explanatory variables were compiled. The

first group included city area and habitat composition variables

describing the cities (CITY dataset). The second group of vari-

ables comprised the longitude and latitude of each particular

city representing the main geographical gradients. To account

for the confounding effect of spatial autocorrelation between

European cities, Moran eigenvector maps (MEM) were com-

puted (Dray et al., 2006) and positive eigenvectors representing

positive spatial autocorrelation (Peres-Neto & Legendre, 2010)

were used as the third explanatory dataset. The fourth explana-

tory dataset represented the number of species in regional

species pools of cities (regional assemblages).

There was no need to transform the species richness data

(except for the SAR, which was plotted along logarithmic axes for

both area and species number). Geographical distances and

βsim were square-root transformed, whereas area was log-

transformed. All the statistical analyses were conducted using the

R software (R Development Core Team, 2011). The ‘vegan’

package (Oksanen et al., 2011) was used to compute dissimilarity

indices, variation partitioning and to perform redundancy analy-

sis. The ‘spacemakeR’ package (Dray, 2010) and associated pack-

ages to were used to construct connectivity matrices and MEMs.

Package ‘proj4’ (Urbanek, 2011) was used to project geographical

coordinates (coordinate system WGS 1984) to a projected coor-

dinate system (Lambert azimuthal equal area) and the ‘fields’

package (Furrer et al., 2012) to compute geographical distances.

RESULTS

Species richness of cities

Bird species richness was strongly correlated with city area

(log–log scale, slope = 0.21; P < 0.001; adjusted R2 = 0.62; Fig. 2)

even after accounting for the length of the survey period

(slope = 0.21; P < 0.001; adjusted R2 = 0.61). The SAR for

resampled regional assemblages had a slope of 0.18. However,

the 95% CIs of the slope of SAR for cities [confidence interval

(CI): 0.16–0.26] and for regional assemblages (CI: 0.11–0.28)

overlapped (Fig. 2). The SAR for passerines showed a similar

pattern (slope = 0.16; CI: 0.09–0.22; P < 0.001; adjusted R2 =
0.38) and remained significant after accounting for the con-

founding effect of atlas survey period length (slope = 0.18;

P < 0.001; adjusted R2 = 0.39). The SAR of resampled passerine

regional assemblages was not statistically different (slope = 0.11;

CI: 0.06–0.18) from the passerine SAR of the cities. The propor-

tional species richness increased with increasing city area, with

70–80% of all species from the regional species pool (respective

regional assemblage) present in the largest cities, reaching

almost 100% when considering only passerines.

Bird species richness of European cities, contrary to the pre-

diction, increased with increasing latitude (all species: adjusted

R2 = 0.41; P < 0.001; Fig. 3a; passerines: adjusted R2 = 0.52;

P < 0.001; Fig. 3b). The relationships were linear and a quadratic

term did not improve the performance of the models. Both

relationships remained significant after accounting for the

effects of city area and atlas survey period length (all species:
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adjusted R2 = 0.85; P < 0.001; passerines: adjusted R2 = 0.68;

P < 0.001). In contrast, the species richness of regional assem-

blages was highest in the middle latitudes of the study area in

Europe and slightly decreased towards northernmost locations.

Hence, a quadratic term significantly improved the model

(ANOVA: P < 0.05) in both instances (all species: adjusted

R2 = 0.24; P < 0.01; Fig. 3a; passerines: adjusted R2 = 0.43;

P < 0.001; Fig. 3b). No qualitative changes were detected while

utilizing simultaneous autoregressive error models. The GLM

model revealed that the proportional species richness of entire

urban bird communities (see Fig. 4), as well as the proportional

species richness of passerines, significantly increased with lati-

tude (P < 0.001 in both cases), and this continued to be the case

when controlling for the effect of city area and length of the atlas

survey period.

Figure 5 shows the partitioning of variance in species richness

of cities that might be assigned to city area and habitat compo-

sition, geographical position, regional assemblage richness and

spatial autocorrelation. These variables altogether explained

89.3% of the variance in bird species richness of European cities.

City area together with habitat composition explained a signifi-

cant proportion of the variation (a = 13.6%; P < 0.05). Other

simple variables such as latitude and longitude, regional assem-

blage richness and spatial predictors alone (MEMs) did not

explain a significant proportion of the variance in bird species

richness among European cities (Fig. 5). However, from the

diagram it is clear that the habitat composition and area of

the studied European cities exhibit a relatively strong

autocorrelation, and in combination with MEMs they thus

explain 32.5% of the variance in bird species richness. Some

spatial predictors describe similar patterns to the latitude and

longitude, and these two sets of variables taken together further

explain 14.8% of the species richness. The rest of the variance

(22.1%) can be attributed to the joint influence of MEMs, geo-

graphical trends (latitudinal and longitudinal) and habitat
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descriptors of the studied cities. The influence of species rich-

ness of the regional assemblages was negligible (Fig. 5).

Beta diversity between cities

First, we compared the beta diversity (βsim) between real bird

communities of European cities with beta diversity between

simulated communities. All of the 1000 simulated communities

(both for all birds and passerines separately) had significantly

higher βsim (all 1000 Mann-Whitney U-tests significant at the

Bonferroni corrected significance level α = 0.05 × 10−3), indicat-

ing that there is a higher uniformity of real bird communities in

cities.

The analysis of the distance decay of similarity showed that

beta diversity both between cities (slope = 0.007; t = 15.65;

P < 0.001; bootstrapped 95% CI: 0.0063–0.0081) and between

their regional assemblages (slope = 0.0111; t = 32.43; P < 0.001;

bootstrapped 95% CI: 0.0104–0.0117) increased with increasing

distance (Fig. 6). The beta diversity of regional assemblages

changed more rapidly with distance than beta diversity between

cities, and the 95% CIs of the two slopes did not overlap (1000

replicates; see the CI limits and Fig. 6). The same was true for

passerines, since the βsim of passerine communities in cities

increased with distance at a lower rate (slope = 0.008; t = 16.66;

P < 0.001; bootstrapped 95% CI: 0.0072–0.0093) than it did in

the case of regional passerine assemblages (slope = 0.0126;

t = 34.78; P < 0.001; bootstrapped 95% CI: 0.0119–0.0133).

The mean beta diversity (βsim) between cities showed a sig-

nificant decline with latitude (all species: curvilinear pattern,

adjusted R2 = 0.38; P < 0.001; Fig. 7; passerines: linear pattern,

adjusted R2= 0.23; P < 0.001), meaning that cities in the south-

ern part of our study area are distinct from the other cities

studied and that the dissimilarity of bird communities declines

with cities located at latitudes further north. A similar decline of
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the mean beta diversity with a curvilinear pattern was found for

the regional bird assemblages (all species: adjusted R2 = 0.62;

P < 0.001; Fig. 7; passerines: adjusted R2 = 0.70; P < 0.001).

DISCUSSION

The general aim of this study was to investigate macroecological

patterns of bird communities in cities relative to their surround-

ing landscapes. As predicted, we found a strong SAR for urban

bird communities. Although the SAR has been widely studied in

urban habitat patches of different sizes (Fernández-Juricic &

Jokimäki, 2001; Mörtberg, 2001; Garaffa et al., 2009; Oliver

et al., 2011; Pautasso et al., 2011), such a relationship for the

avifauna of entire human settlements has only recently been

described by MacGregor-Fors et al. (2011) for towns in west-

central Mexico. Interestingly, although the sizes of the human

settlements sampled in Mexico were smaller than those com-

pared in the present study, the slope of the SAR on the log–log

scale was very similar (0.21 in Europe, 0.19 in Mexico). This

suggests that species richness rises relatively uniformly with

increasing city size, irrespective of the geographical region.

The resampling procedure producing SARs of regional

species assemblages revealed that the slope of the SAR of cities

was steeper, but the difference was not significant. Similar results

have been recently shown by Pautasso et al. (2011), who found

no significant difference in SAR between urbanized and non-

urbanized environments. High spatial heterogeneity of habitats

in human settlements (Cadenasso et al., 2007; Pecher et al.,

2010; Pickett et al., 2011) could buffer the lower species richness

attributable to biotic homogenization in the highly urbanized

areas of city centres (Chace & Walsh, 2006; McKinney, 2006).

This may also explain why species richness is reported to

increase faster with sampling area within human settlements

than in narrowly defined, and therefore more homogeneous,

natural habitats (e.g. semi-natural grasslands) (MacGregor-Fors

et al., 2011; Pautasso et al., 2011).

The lack of difference in SAR slope between cities and

regional species assemblages has to be interpreted with caution,

as the area pertaining to the simulated assemblages is larger than

the cities themselves. The possibility that the SAR for cities

would have a different slope from the SAR of rural areas of

smaller size also cannot be ruled out. However, this would

require a nonlinear SAR in the logarithmic space and conse-

quently different slopes of the SARs for different ranges of areas,

which is not supported by our data. In analysing the data in this

study, we cannot reject the hypothesis that the SARs for both

cities and resampled assemblages are effectively identical.

According to the generally reported latitudinal gradient in

species diversity (Hillebrand, 2004; and citations therein), a

decline of bird species richness with increasing latitude was

expected for both regional species assemblages and cities

throughout Europe. However, bird species richness of regional

species assemblages showed a curvilinear relationship, with the

highest number of species living in the middle latitudes of our

study area. This pattern could potentially be caused by the non-

random sample of European bird communities used in this

study. However, there is no clear latitudinal trend in species

richness detectable on a Europe-wide continental scale, as the

peak of bird diversity lies in east-central Europe (Huntley et al.,

2007; Assunção-Albuquerque et al., 2012); this is congruent

with our results.

The number of bird species breeding in cities of continental

Europe showed a similar pattern, but the relationship was linear,

forming a clearly reversed latitudinal trend. This holds true for

both all birds and passerines only, and the relationships

remained highly significant even after accounting for city size.

Moreover, variance partitioning showed that the species rich-

ness of cities was relatively independent of the overall number of

species breeding around the cities (species richness of regional

assemblages). Therefore, phenomena different from the SAR

and the size of the species pool contribute to the latitudinal

increase of urban bird species richness across Europe. We

propose two possible explanations for this. First, environments

with higher climatic variability may promote generalist species

that have larger range sizes, population sizes and wider ecologi-

cal niches (Pielou, 1979; Thuiller et al., 2005; Julliard et al.,

2006), i.e. species which are hypothesized to be better able to

cope with the particular conditions of the urban environment

(Devictor et al., 2008a; Møller, 2009). Indeed, our data show a

latitudinal increase in the proportion of species that are able to

breed in human settlements, relative to the regional species

pools. We suggest that the environmental filter of urban habitats

varies geographically, with more species being able to success-

fully invade urban habitats at higher latitudes. However, a more

detailed analysis of colonization by birds of cities across differ-

ent geographical regions is needed to confirm this (Møller et al.,

2012). Alternatively, the character of cities may systematically

change with latitude due to differences in the history of urbani-

zation or urban planning (Antrop, 2004). However, only a small

portion of the variation in our data could be attributed to the

joint effects of latitude and habitat composition. Thus, we

suggest that latitudinal changes in the character of urbanization

contribute little to the observed latitudinal trend in species

richness.

Investigation of the spatial patterns of avian community com-

position showed that beta diversity of both the cities and their

respective regional assemblages increased with distance (Keil

et al., 2012). However, the distance decay of similarity was much

steeper for regional species assemblages. Also, beta diversity

between real cities was consistently lower than between simu-

lated urban communities. Urban bird communities are thus

more similar to each other across Europe compared with

regional communities of adjacent landscapes, indicating a

homogenization of bird communities caused by urbanization

across a continental scale. The homogenizing effects of urban

areas have also been inferred from studies conducted along

urbanization gradients (Clergeau et al., 2001; Jokimäki &

Kaisanlahti-Jokimäki, 2003; Crooks et al., 2004; McKinney,

2006; Devictor et al., 2008b), with bird species richness decreas-

ing with urbanization, resulting in the dominance of only a few

very abundant species in city centres (e.g. Clergeau et al., 2006;

Garaffa et al., 2009). This phenomenon at the level of entire
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cities was explored just recently by Luck & Smallbone (2011),

who showed a weaker decline in taxonomic similarity with dis-

tance between towns compared with regional species pools in

south-eastern Australia. They also pointed out the significant

contribution of exotic species to community similarity, but since

we excluded exotic species from our analyses, we suggest that the

higher similarity between European cities compared with

regional assemblages is the result of non-random filtering of

regional bird communities by the urban environment (Croci

et al., 2008; Møller, 2009).

Perhaps the most interesting finding of this study is that the

susceptibility of regional communities to the homogenizing

effects of urbanization varies geographically.The beta diversity of

urban avifaunas showed a clear latitudinal pattern across Europe,

revealing that cities in northern areas are more uniform in bird

species composition than those located in southern Europe.

However,we also identified a similar latitudinal trend for regional

species assemblages.This could be due to the higher beta diversity

of Mediterranean fauna and flora (Underwood et al., 2009;

Rueda et al., 2010), which is strengthened by the peninsular effect

(Fraissinet & Fulgione, 2008). On the other hand, cities in south-

ern Europe harbour a lower proportion of the regional bird

community relative to more northern European cities, so this

biogeographical setting may not be the sole effect generating the

higher beta diversity in southern cities. The cities of the middle

and northern latitudes of our study area in Europe share on

average a larger proportion of their avifauna with the other cities

studied. Birds occurring at these latitudes appear to be more

widespread (Orme et al., 2006) and could be more adaptable to

the particular conditions of the urban environment, which can

ultimately lead to less distinct urban bird communities at higher

latitudes. Although our study has some limitations due to the

differing sampling periods and the partial temporal mismatch

between sampling of cities and their respective regional assem-

blages, the general patterns appear to be quite robust. These

findings have important implications for further studies that

focus on variation in the susceptibility of bird communities to

urban environmental filters across large geographical regions.
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Appendix S1. Breeding bird atlases of European cities and towns used in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

City Reference Survey period
Survey period time 

span (years)

Area 

(km
2
)

No. of species
Proportional species 

richness (%)

Bergamo Cairo & Facoetti (2006) 2001-2004 4 39 77 42.54

Berl in Otto & Witt (2002) 1989-2000 12 900 145 85.29

Biel la Bordidgnon (1999) 1998 1 30.7 57 30.32

Bonn Kelcey & Rheinwald (2005) 1989-2000+? 12 141 109 71.24

Bratis lava Kelcey & Rheinwald (2005) 1991-2003 13 376 126 64.29

Brescia Ballerio & Brichetti (2003) 1994-1998 5 15.5 52 28.11

Brussels Kelcey & Rheinwald (2005) 1989-2000 12 162.38 97 56.73

Crema Mastrorilli (2002) 2000-2001 2 22.75 49 26.49

Dortmund Kretzschmar & Neugebauer (2003) 1997-2002 6 310 114 70.37

Dusseldorf Leisten (2002) 1995-2000 6 217 103 60.95

Florence Dinetti (2009) 2007-2008 2 102.4 82 47.4

Forl i Ceccarelli et al. (2006) 2004-2006 3 44.25 63 36.63

Genoa Borgo et al. (2005) 1996-2000 5 57 68 40.48

Gorzow Jermaczek et al. (1992) 1989 1 21.1 79 43.65

Grosseto Giovacchini (2011) 2009-2010 2 17.6 53 37.32

Halberstadt Nicolai & Wadewitz (2003) 1998-2002 5 41 108 57.75

Hamburg Mitschke & Baumung (2001) 1997-2000 4 763 134 72.04

Chemnitz Flöter et al. (2006) 1997-2000 4 188 106 60.23

La_Spezia Biagioni et al. (1996) 1994-1995 2 20 66 41.77

Leszno Kuźniak (1996) 1990-1993 4 37 96 52.46

Linz Weismair et al. (2001) 1998-1999 2 102.75 99 55.31

Lisbon Kelcey & Rheinwald (2005) mid 1980´s -1990´s ca  15 84 41 28.47

Livorno Dinetti (1994) 1992-1993 2 38.1 56 33.94

Lodz Janiszewski et al. (2009) 1994-2002 9 236 123 67.96

Lubl in Kelcey & Rheinwald (2005) 1990+ ca 10 147.55 116 58.29

Mel le Tiemeyer (1993) 1989-1991 3 311 100 61.73

Naples Fraissinet (2006) 2001-2005 5 117.2 62 48.06

Padova Bottazzo & Giacomini (2010) 2001-2004 4 35 55 30.73

Pavia Bernini et al. (1998) 1997-1998 2 33.5 60 32.26

Pisa Dinetti (2003) 1997-1998 2 27.4 62 37.58

Poznan Ptaszyk (2003) 80´s -90´s ca  20 270 96 53.33

Prague Fuchs et al. (2002) 1985-1989 5 519.4 125 68.68

Reggio_Emi l ia Gustin (2002) 1999-2000 2 21.5 44 26.51

Rome Ciginini & Zapparoli (1996) 1989-1993+? ca 20 385 83 58.04

San_Dona_di_Piave Nardo (2003) 1998-1999 2 12.1 53 27.60

Sofia Kelcey & Rheinwald (2005) 1990+ ca 10 181 117 55.98

Sulechow Jermaczek et al. (1990) 1988-1989 2 4.16 58 31.02

Swiebodzin Czwałga (1990) 1988-1989 2 5 60 32.09

Valencia Kelcey & Rheinwald (2005) 1988-2003 16 96.53 59 34.30

Vienna Kelcey & Rheinwald (2005) 1990-1999 10 414.89 131 62.68

Warsaw Luniak et al. (2001) 1980-2000 20 545.3 145 80.11

29



Appendix S2. Supplementary analyses, where regional bird assemblages = communities of four grid 

cells. 

 

A) Distance decay of community similarity 

Beta diversity of bird communities (βsim: square-root transformed) among cities (slope = 0.007; t 

= 15.65; p < 0.001) and among regional species assemblages (defined as four EBCC Atlas grid 

cells) (slope = 0.0099; t = 28.92; p < 0.001), respectively, plotted against geographical distances 

(square-root transformed) among them. 

 

 
 

1a) Analysis of distance decay of community similarity (all species): 

- cities: slope = 0.007; t = 15.65; p < 0.001; bootstrapped 95% CI: (0.0063; 0.0081) 

- regional assemblages = 9 grid cells: slope = 0.0111; t = 32.43; p < 0.001; bootstrapped 95% CI: 

(0.0104; 0.0117) 

- regional assemblages = 4 grid cells: slope = 0.0099; t = 28.92; p < 0.001; bootstrapped 95% CI: 

(0.0093; 0.0104) 

 

1b) Analysis of distance decay of community similarity (passerines) 

- cities: slope = 0.008; t = 16.66; p < 0.001; bootstrapped 95% CI: (0.0072; 0.0093) 

- regional assemblages = 9 grid cells: slope = 0.0126; t = 34.78; p < 0.001; bootstrapped 95% CI: 

(0.0119; 0.0133) 

- regional assemblages = 4 grid cells: slope = 0.0115; t = 30.16; p < 0.001; bootstrapped 95% CI: 

(0.0109; 0.0122)
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B) Proportional species richness vs. latitude 

The latitudinal trend in proportional bird species richness (proportion of species richness of cities 

relative to species richness of regional assemblages (defined as four EBCC Atlas grid cells)) of 

European cities (y-axis = arcsine transformed; R2adj = 0.33; p < 0.001). 

 

 

C) Mean beta diversity vs. latitude 

Latitudinal trend in mean beta diversity (βsim) of European cities (R2adj = 0.38; p < 0.001) and in 

mean beta diversity (βsim) of respective regional species assemblages (defined as four EBCC 

Atlas grid cells) (R2adj = 0.69; p < 0.001). 
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Appendix S3. Grouping of original CORINE habitat types into categories analysed in this study. 

 

Corine land cover Our classification

Airports artificial

Construction sites artificial

Continuous urban fabric artificial

Discontinuous urban fabric artificial

Dump sites artificial

Industrial or commercial units artificial

Mineral extraction sites artificial

Port areas artificial

Road and rail networks and associated land artificial

Sport and leisure facilities artificial

Annual crops associated with permanent crops agricultural

Complex cultivation patterns agricultural

Non-irrigated arable land agricultural

Permanently irrigated land agricultural

Rice fields agricultural

Agro-forestry areas managed greenery

Fruit trees and berry plantations managed greenery

Green urban areas managed greenery

Land principally occupied by agriculture. with significant areas of natural vegetation managed greenery

Olive groves managed greenery

Pastures managed greenery

Vineyards managed greenery

Bare rocks natural

Beaches. dunes. sands natural

Broad-leaved forest natural

Burnt areas natural

Coniferous forest natural

Glaciers and perpetual snow natural

Inland marshes natural

Intertidal flats natural

Mixed forest natural

Moors and heathland natural

Natural grasslands natural

Peat bogs natural

Salines natural

Salt marshes natural

Sclerophyllous vegetation natural

Sparsely vegetated areas natural

Transitional woodland-shrub natural

Water bodies inland waters

Water courses inland waters

Coastal lagoons marine waters

Estuaries marine waters

Sea and ocean marine waters  
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Appendix S4. Habitat composition of European cities analysed. 
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Appendix S5. References to data sources and software packages used in the study. 
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A B S T R A C T 

Urban bird communities are homogenized across large spatial scales, suggesting that the 

urban environment acts as an environmental filter. It is unclear which traits enable species 

to enter cities and persist there or prevent them from doing so. Here we estimated the 

relative importance of taxonomy, reproductive, ecological and morphological traits, and 

commonness of individual bird species. We compiled data on i) breeding bird communities 

of 41 European cities from urban bird atlases, and ii) regional bird assemblages defined by 

nine grid cells of the EBCC Breeding Bird Atlas around each city, and quantified the urban 

affinity of each species by comparing its incidence in cities and in randomly drawn 

communities from respective regional assemblages. Conditional inference tree-based 

random forest analysis was utilized to assess the importance of individual predictors. A sign 

test was used to detect differences between congeneric pairs of species with contrasting 

affinity to cities. Birds associated with woody habitats and those having altricial chicks had 

higher affinity for cities. Of the other reproductive traits, only clutch size showed an 

association with urban affinity. Different bird orders differed significantly in their urban 

affinity, indicating the homogenizing effect of cities. However, by far the most important 

factor affecting bird tolerance to the urban environment was species commonness, 

indicating that either the traits associated with commonness, or population effects driven by 

commonness, are responsible for their presence in cities. 
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Urbanization is a transformation of the environment with far reaching influences on biota, 

including a loss of species richness and functional diversity, and altering ecological processes 

(McKinney 2006; Grimm et al. 2008; Aronson et al. 2014). Considerable evidence for the 

homogenizing effects of urbanization (McKinney 2006; La Sorte et al. 2007; Ferenc et al. 

2014; Sol et al. 2014) suggests that urban areas act as environmental filters and probably 

systematically favour some species based on their traits, as has been shown e.g. for plants 

and invertebrates (Chocholoušková and Pyšek 2003; Williams et al. 2005; Bates et al. 2011; 

Duncan et al. 2011). The identification of biological traits enabling persistence in cities has 

recently received considerable attention in birds, but the outcomes are ambiguous (e.g. 

Bonier et al. 2007; Croci et al. 2008; Hu and Cardoso 2009; Evans et al. 2011; Sol et al. 2013, 

2014). Although many authors agree that off-ground nesting birds have an advantage in 

urban areas due to reduced nest predation pressure (Croci et al. 2008; Conole and 

Kirkpatrick 2011; Evans et al. 2011; Leveau 2013; Cardoso 2014; Jokimäki et al. 2014), results 

regarding other traits are often inconsistent. For example, there are studies showing that 

birds that are tolerant to urban environments tend to be larger (Croci et al. 2008), while 

others claim that they are of intermediate size (Conole and Kirkpatrick 2011) or that body 

size is unimportant (Sol et al. 2014). Conflicting results have also been reported in regard to 

fecundity (Kark et al. 2007; Croci et al. 2008; Evans et al. 2011; Sol et al. 2014). Findings by 

Evans et al. (2011) and Sol et al. (2014) do not support other studies showing that omnivores 

or granivores are advantaged in comparison to insectivores (Croci et al. 2008; Conole and 

Kirkpatrick 2011; Leveau 2013), and that migratory species are disadvantaged under urban 

conditions (Kark et al. 2007; Croci et al. 2008; Leveau 2013). 

If some traits determine the urban tolerance of birds and if these traits are 

phylogenetically conserved, related species should respond to urbanization in a similar 
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manner (Sol et al. 2014). However, contrasting patterns have been revealed at different 

spatial scales. Phylogenetic signal is recognizable on a global scale, as some bird families 

(such as the Columbidae, Corvidae or Sturnidae) tend to have urban representatives in most 

parts of the world (Sol et al. 2014). In contrast, at a smaller scale Evans et al. (2011) and 

Cardoso (2014) found that closely related species often responded to urbanization in 

different ways, and that sensitivity to urbanisation was rather randomly distributed across 

phylogeny. This indicates that various urban-adapted birds may not necessarily share any 

common features that affect their tolerance to urbanization. Different species may benefit 

from the urban environment for very different reasons, and unique sets of traits 

characterizing different species may have unique selection advantages in the urban 

environment. If this is the case, it is reasonable to look for factors other than particular 

morphological or life-history traits that are potentially responsible for the success of species 

in cities. 

For these reasons, we propose a hypothesis postulating that species that are generally 

widespread and common have an advantage for colonization and persistence in the urban 

environment, while those less widespread are more likely to be missing from urban areas. 

The advantage of commonness may be due to, e.g., mass effects supporting colonization 

events (Shmida and Wilson 1985) and/or functioning metapopulation dynamics that reduce 

the extinction probability (Hanski 1998), or just due to a higher ability to adapt to any 

environment, including the urban one. We have previously shown that bird communities of 

European cities are more homogeneous than their species pools (Ferenc et al. 2014), i.e. 

they are more similar to each other than communities of adjacent landscapes. Here we ask 

whether these homogenized urban bird communities are dominated by species with certain 

biological traits or, alternatively, by species that are generally widespread and common. 
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Towards this aim we attempted to assess the role of: i) ecological and morphological traits, 

ii) reproductive traits, iii) taxonomy, and iv) large-scale commonness in determining bird 

species affinities to European cities. 

 

Methods 

 

We collated data on the occurrence of breeding bird species in cities from 41 atlases of 

European cities (see Ferenc et al. 2014, and Supporting Information therein for the 

geographical distribution of the analysed cities and information on their area, habitat 

characteristics and species richness). Since we were interested in the effects of urbanization 

on native European avifauna, exotic (introduced) species were omitted from this study. Data 

on regional species assemblages were obtained from the 50 km x 50 km grid cells of the 

EBCC Atlas of European Breeding Birds (Hagemeijer and Blair 1997). Regional species 

assemblages for each city were defined as the set of bird species breeding in nine (if 

available) grid cells around each city, which has been previously shown to be a suitable 

definition of regional assemblages (Ferenc et al. 2014, and Supporting Information therein). 

The central square included the whole city or most of the city area if it extended beyond the 

borders of the grid cell. The remaining eight squares defined the area that surrounded the 

central square.  

The European breeding range size of each species was calculated as the total number 

of occupied grid cells of the EBCC atlas. Data on European population sizes and global 

breeding range sizes were retrieved from BirdLife International (2013). To quantify species 

affinities to urban areas in Europe, we developed a ranking scheme relating the incidence of 

species in cities to their incidence in respective regional species assemblages. The urban 

42



6 

 

affinity ranks were calculated as follows: bird communities were simulated for each city by 

random resampling of regional assemblages, where the species richness of a real-city 

community and its simulated counterpart was held equal. After repeating this procedure 

1000 times we averaged the incidence of individual species in simulated city-assemblages. 

The ratio between the incidence of each species in real cities and its average incidence 

across simulated city-assemblages gave the urban affinity score. This indicates if a species is 

present in cities more or less often than would be expected based on random sampling of 

species from the regional assemblages. Species ranks based on this scoring were further 

used as the response variable in subsequent analyses (Supplementary material Appendix 1, 

Table A1).  

We also developed another ranking scheme: the basic scores were multiplied by the 

frequency of species occurrences in regional assemblages across our study area, and species 

were ranked according to these new scores. The weighted ranking of urban affinity typically 

gives lower ranks to species occurring in, e.g., only one species pool and city, so that the 

sample size for the basic urban affinity rank calculation is low (Supplementary material 

Appendix 1, Table A1). However, because the analyses based on the weighted ranks gave 

similar results and brought no changes to the interpretations, we present these analyses 

only in Supplementary material Appendix 2.  

We used two sets of traits to explain the affinity of species to urban areas: (i) 

Ecological and morphological traits: body mass, tarsus, wing and bill length; habitat 

association (open, wetland or woodland); migratory strategy (sedentary + short distance 

migrants, long distance migrants) and diet (carnivore, piscivore, granivore, herbivore, 

omnivore, feeding on insects or invertebrates); (ii) Reproductive traits: number of broods 

per year, clutch size, egg mass, reproductive mode (altricial, semi-altricial, precocial) and 
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nest type (arboreal, ground, hole). The data on ecology, morphology and reproduction of 

species were extracted from the interactive version of the Birds of the Western Palearctic 

handbook (Cramp 2006). The taxonomy (classification to orders) of bird species was based 

on IOC World Bird List v2.11 (Gill and Donsker 2012). We ran separate analyses (except for 

the pairwise comparisons of congeneric species) for all birds and for passerines only (order 

Passeriformes) to verify if the results concerning all birds also hold for a phylogenetically and 

morphologically homogeneous group representing a substantial part of urban bird 

communities (Ferenc et al. 2014). The taxonomy and reproductive mode were not included 

as predictors in the case of passerines. 

 

Analysis 

 

To rank explanatory variables according to their importance in predicting urban affinity of 

birds, we applied a modified random forest analysis (Breiman 2001; Cutler et al. 2007) 

utilizing conditional inference trees as base learners (Hothorn et al. 2006). Binary recursive 

partitioning-based conditional inference trees (hereafter CIT) are suitable for the description 

of complex datasets (Hothorn et al. 2006; Strobl et al. 2009). The CIT approach is similar to 

traditional regression tree analysis; both are non-parametric methods insensitive to the 

frequency distribution of variables resulting in no need for their transformation (Jarošík 

2011). Further common advantages are their ability to deal with nonlinear relationships and 

high-order interactions, as well as their robustness to the collinearity of predictors (Breiman 

et al. 1984; De’ath and Fabricius 2000; Jarošík 2011). However, traditional regression trees 

tend to be biased in split criterion selection towards variables with a high number of 

potential cut-off points or many missing values (Hothorn et al. 2006; Strobl et al. 2007), and 
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rely on cross-validation and pruning of overgrown trees while selecting the resulting tree 

(Breiman et al. 1984; Jarošík 2011). In contrast, CITs utilizes permutation tests: i) to perform 

unbiased variable selection at each split and ii) to apply early stopping (instead of pruning) to 

prevent overfitting (Hothorn et al. 2006). The drawbacks of both types of trees are their 

strong dependence on the learning sample and thus their sensitivity to small changes in the 

data, resulting in a high variability in the predictions of individual trees (Strobl et al. 2009).  

To prevent potentially incorrect conclusions derived from a single tree we utilized the 

random forest approach (Breiman 2001; Cutler et al. 2007). To obtain unbiased results, we 

used CIT-based random forest (hereafter CIT-RF). Individual CITs were fitted to 500 different 

subsamples (without replacement) of the original dataset instead of bootstrapped samples 

(Hothorn et al. 2006; Strobl et al. 2007). Data not appearing in the subsamples are called 

out-of-bag (OOB) data and are used for assessing the predictive ability of each tree (Breiman 

2001; Cutler et al. 2007). The importance of predictors can be calculated by randomly 

permuting the values of a predictor for the OOB data and calculating the reduction in model 

accuracy in comparison to the original OOB data (Cutler et al. 2007; Strobl et al. 2007; Jarošík 

2011). We calculated the importance of each variable under the conditional permutation 

scheme ensuring a lower preference for correlated predictors than under the unrestricted 

permutation scheme (Strobl et al. 2008). Finally, the raw predictor importance values were 

converted into percentages. This analysis was separately run for i) reproductive traits and ii) 

ecological and morphological traits. Although the commonness of species is a qualitatively 

different variable, analogical CIT-RF analyses were run with European range size included in 

the explanatory datasets to directly compare its importance with the importance of other 

traits. All analyses were conducted in R software (R Core Team 2013) using the package 

`party´ (Hothorn et al. 2013). 
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To test for the differences in continuous traits between bird species with high versus 

low urban affinity we conducted pairwise comparisons of closely related species (using 

absolute scores instead of ranks in this case). Pairs of congeners were selected such that one 

of them had a higher and the second lower score than the median urban affinity score. In 

some cases it was possible to select multiple pairs of congeners; therefore the contrasted 

pairs were repeatedly randomly chosen (100 randomizations) to ensure a non-arbitrary 

comparison of species couples. Subsequently we tested the differences between congeners 

using the sign test in the R package `BSDA´ (Arnholt 2012), and the proportion of significant 

tests at the Bonferroni corrected significance level was recorded. The shortcoming of this 

analysis is that only a restricted number of pairs of bird species could be used (n = 52 pairs), 

because some species could not be contrasted in respect to the median score (as all had 

either higher or lower scores than the median) or because some genera were represented 

by a single species only. 

The non-parametric Kruskal-Wallis test of analysis of variance was further used to test 

for the differences in ranks of urban affinity among groups of birds characterized by specific 

categorical variables. Correlations between continuous traits and the ranks of urban affinity 

of birds were evaluated using non-parametric Spearman´s rank correlation coefficients. 

Correlations of global breeding range size, European breeding range size and European 

population size (all, except for European breeding range size, were ln-transformed) with the 

rank of urban affinity were analysed using parametric Pearson´s correlation coefficients. 
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Results 

Ecological and morphological traits 

 

Of the ecological and morphological traits tested, the CIT-RF revealed habitat association to 

be the most important predictor of bird urban affinity ranks (Fig. 1a). Species associated with 

woodlands showed a higher affinity to cities than species of open habitats and wetlands 

(Kruskal-Wallis test: H = 38.18, p < 0.001, Fig. 2). The taxonomic status, i. e. species affiliation 

to orders, was the second most important predictor of bird urban affinity (Fig. 1a). Relatively 

species-poor orders of Columbiformes and Apodiformes had the highest ranks, followed by 

more numerous Piciformes and Passeriformes (Fig. 3). Orders with the lowest urban affinity 

included Otidiformes, Procelariiformes, Galliformes, Suliformes and birds of prey. The CIT-RF 

also revealed that wing length was a relatively important predictor of bird urban affinity, as 

there was a relatively high decrease in the predictive power of CITs in the random forest if 

the effect of wing length was removed (Fig. 1a). Simple correlations of morphological traits 

with urban affinity ranks showed that larger birds, especially those with longer wings, tend 

to avoid urban areas (Table 1). All the other predictors included in the CIT-RF analysis had 

relatively low importance in explaining the affinity of bird species to cities. 

The CIT-RF analysis based only on passerines confirmed the importance of habitat 

associations in explaining bird urban affinities (Fig. 1b). Passerines associated with wooded 

habitats tended to have the highest urban affinity ranks (Kruskal-Wallis test: H = 10.66, p < 

0.01; Supplementary material Appendix 3, Fig. A3.1). Body size variables had a much smaller 

effect on urban affinity in passerines, although bill length showed some importance (Fig. 1b). 

Simple correlations suggest that passerines with longer bills tend to avoid urban areas. 
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The comparison of congeneric species by the sign test showed no significant 

differences between species with different urban affinity scores within congeneric pairs. 

 

Reproductive traits 

The taxonomic status (order identity) and reproductive mode were among the most 

important predictors of urban affinity ranks for all bird species (Fig. 1c). Species with altricial 

chicks showed significantly higher affinity to cities compared with the other two strategies 

(Kruskal-Wallis test: H = 46.71, p < 0.001; Appendix 3, Fig. A3.2). Egg mass also appeared to 

be important in predicting the urban affinity ranks (Fig. 1c). Simple correlations suggested 

birds with larger clutch sizes and two or more broods per year are advantaged in cities 

(Table 1). 

For passerines, the clutch size and number of broods per year were also identified as 

relatively important predictors of urban affinity (Fig. 1d). A significant positive correlation 

was detected for clutch size but not for the number of broods per year (Table). The egg mass 

was the most important predictor of urban affinity ranks (Fig. 1d). 

None of the reproductive traits was significantly different among congeneric species 

with different urban affinity scores. 

 

Geographic distribution and population size 

When European range size was included among the predictors in the CIT-RF analysis, all the 

other ecological and morphological or reproductive traits had a negligible relative 

importance (Fig. 5). We found a strong positive correlation between the urban affinity of 

birds and their European and global range sizes and population abundance. The European 

range size was the strongest predictor of urban affinity, followed by population size in 
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Europe and global geographic range (Table 2; Fig. 4). The same pattern was observed if 

woodland species and species of non-woodland habitats were tested separately, a single 

exception being species of woodland habitats for which the correlation between their global 

range size and urban affinity rank was not significant (Supplementary material Appendix 4, 

Table A4). The results were very similar if only passerines were considered (Table 2, Fig. 4 

and Appendix 4, Table A4).  

The analyses comparing congeners showed that species with higher affinity to urban 

areas have significantly larger European and global breeding range sizes, as well as European 

population sizes. All 100 out of 100 sign tests at the Bonferroni corrected significance level 

were significant. The only exception was the global geographic range size, where only 42 out 

of 100 tests were significant.  

 

Discussion 

The main focus of this study was to evaluate which features of individual bird species 

determine their occurrence in cities. For this purpose, we compared the real avian 

communities of 41 European cities with their randomized counterparts drawn from 

respective regional assemblages. Then, we determined which species were present in cities 

more or less often than would be expected based on random sampling from the regional 

assemblages (including those entirely absent from the studied cities) and which traits were 

most strongly associated with this non-random presence. Four major findings emerged. First, 

the range of a species (the worldwide and European distributions) and European population 

size are by far the best correlates of their affinity to cities. Second, woodland birds seem to 

be advantaged in urban areas in contrast to birds of open or wetland habitats. Third, species 

with different urbanization tolerance are non-randomly distributed among taxonomic 
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groups. Fourth, other ecological, morphological and reproductive traits received relatively 

weak support throughout our analyses. 

Our most important result is that birds strongly associated with cities are those that 

are widely distributed in Europe and worldwide, and/or those that have the highest total 

abundances in the European part of their range. We therefore suggest that factors 

determining the overall rarity or commonness of bird species (either expressed in terms of 

their geographic distribution or population size) also determine their ability to persist under 

urban conditions. This could be due to the fact that traits responsible for widespread 

distribution and/or high abundances may simultaneously directly and positively influence 

bird survival in cities. An obvious example is wider environmental tolerance (Bonier et al. 

2007; Croci et al. 2007). Alternatively, traits may act indirectly by enabling some species to 

be widespread and/or abundant, so that their potential for the successful colonization of 

cities is higher (Symonds and Johnson 2006). We propose several mechanisms translating 

rarity/commonness into the urban affinity of birds: 1) Widespread species tend to be locally 

abundant (Gaston et al. 2000), so that common species are more resistant to local extinction 

due to their high local abundances (Purvis et al. 2000), and favourable metapopulation 

dynamics can further enhance their persistence in urban areas via the rescue effect (Brown 

and Kodric-Brown, 1977; Hanski 1998). Rare species, on the other hand, may be absent from 

a city, because their abundances are too low in the surrounding habitats to enable invasion 

and establishment in the city. 2) Urban populations may represent population sinks in many 

species (Chase and Walsh 2006; but see e.g. Mason 2000), so that the ex-urban source 

population size strongly influences the probability of their persistence in cities through mass 

effects (Shmida and Wilson 1985). 3) The currently expanding urban environment represents 

an extreme form of environmental alteration, which requires new adaptive responses of 
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species (Partecke and Gwinner 2007; Ibáñez‐Álamo and Soler 2010). Initial urban 

populations of less common species might be too small for the emergence and fixation of 

beneficial mutations (Kimura 1983), resulting in their lower adaptability and persistence. 4) 

Abundant species may have a higher probability of early colonization of cities. Birds 

inhabiting cities for longer periods of time become gradually adapted to this type of 

environment and attain higher within-city densities (Møller et al. 2012) resulting in higher 

urban population stability and persistence. 

In our analyses, birds primarily associated with woodlands showed higher urban 

affinity in comparison to birds of open and aquatic habitats. The avoidance of cities by many 

open habitat and wetland species might be caused by the lower availability and/or inferior 

quality of non-wooded habitats in urbanized areas (Croci et al. 2008). Alternatively, the 

dramatic decline in the population sizes of many farmland and wetland birds in Europe, due 

to intensifying agriculture and aquaculture (Gregory et al. 2007; Voříšek et al. 2010; 

Wetlands International 2010), potentially contributes to the low incidence of these species 

in urbanized areas. 

A clear taxonomical pattern in the urban affinity of birds was also revealed, indicating 

that specific combinations of traits represented by individual taxa determine the tolerance 

of species to urbanized areas (Kark et al. 2007; Croci et al. 2008; Leveau 2013). Our findings 

therefore explicitly demonstrate the non-random filtering of the assemblages entering cities 

(Bonier et al. 2007; Croci et al. 2008; Evans et al. 2011; Leveau 2013; Meffert and Dziock 

2013), which may ultimately lead to the taxonomically and functionally homogenized 

avifauna of cities (McKinney 2006; Luck and Smallbone 2011; Ferenc et al. 2014; Sol et al. 

2014). In contrast, no phylogenetic signal in urban tolerance was detected by Cardoso (2014) 

and Evans et al. (2011). However, the former study considered only passerines, and the 
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latter disregarded species completely avoiding the urban environment. On the other hand, 

Sol et al. (2014) found, consistently with our results, a non-random pattern in the sensitivity 

to urbanization across phylogeny. 

Morphological traits as predictors of bird urban affinity received relatively weak 

support in our CIT-RF analyses, being surpassed by the influence of habitat choice or 

taxonomy. Moreover, the comparison of congeneric species did not reveal any 

morphological differences between species with high versus low affinity to cities. Similarly, 

reproductive traits did not appear to strongly affect the urban affinity of birds. Although our 

data suggest that birds with altricial nestlings are more frequently found in human 

settlements, it is not clear whether this strategy genuinely enhances their ability to persist in 

cities or if it is just a reflection of the taxonomic bias in urban tolerance. Clutch size was 

moderately correlated with urban affinity, and there was some indication of its importance 

at least in passerines, but the analyses showed variable and unclear results. Moreover, the 

lack of differences in reproductive traits between congeners indicated that closely related 

species with similar reproductive traits can have differing levels of urban tolerance. Higher 

potential reproductive output (i.e. larger clutches and/or the presence of replacement 

clutches) has been suggested to enable birds to be better urban exploiters (Chace and Walsh 

2006; Croci et al. 2008) by enhancing their population persistence (Bennett and Owens 

1997). However, these results were not supported by other studies (Kark et al. 2007; Evans 

et al. 2011) and the role of reproductive traits remains ambiguous. 

The strong support for large-scale commonness as a determinant of the response of an 

individual bird species to urbanization and the much weaker support for other traits might 

seem to contradict the conclusions of Sol et al. (2014). These authors suggest that mainly 

adaptive differences among species cause their differential responses to urbanization. 
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However, our finding that closely related species with differing affinities to cities 

systematically differed only in their large-scale commonness indicates that the non-adaptive 

effects may be quite important. Unfortunately, it is not possible to tease apart the two 

hypotheses (i.e. the independent influence of adaptive vs. non-adaptive features) based on 

our analyses. Some unmeasured traits responsible for the large-scale commonness of a 

species might be similar or identical to the traits providing an advantage in urbanized areas 

(e.g. wider environmental tolerance; Bonier et al. 2007; Croci et al. 2007) and thus the 

urbanisation tolerance hypothesis (Sol et al. 2014) would still apply in such a case. Our 

results therefore do not mean that species differing in their tolerance to cities do not differ 

in their traits, they only show that species commonness is a much stronger predictor of 

urban affinity than any of the traits we explored. 

Our key finding is that the large-scale homogenization of urban bird communities 

(Ferenc et al. 2014) is caused by an urban environmental filter preventing rarer birds to 

invade and/or persist in cities. Traits associated with the ability of bird species to colonize 

urban environments are thus indistinguishable from traits associated with their geographic 

distribution and abundance. The relevant traits might act either directly by influencing the 

urban adaptability and broader environmental tolerance of species, or indirectly by 

influencing their population dynamics. 
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Fig. 1. The relative importance of ecological and morphological (a, b) and reproductive (c, d) 

traits in determining bird species urban affinity ranks based on CIT-RF analyses. Analyses 

were run for all species (a, c) and passerines (b, d) separately. 

 

Fig. 2. The differences in urban affinity ranks between bird species associated with open, 

wetland, and woodland habitats. Boxplots show the median, interquartile ranges, and 

whiskers extending to 1.5 times the interquartile range. 

 

Fig. 3. Boxplots of urban affinity ranks of individual bird orders. Boxplots show the median, 

interquartile ranges, whiskers extending to 1.5 times the interquartile range, and outliers. 

Numbers in brackets indicate the number of species in each order. 

 

Fig. 4. The relationship between European range size and urban affinity ranks of all species (r 

= 0.73; p < 0.001) with passerines shaded in grey. 

 

Fig. 5. The relative importance of the European range size of species, ecological and 

morphological (a, b) and reproductive (c, d) traits in determining bird species urban affinity 

ranks based on CIT-RF analyses. Analyses were run for all species (a, c) and passerines (b, d) 

separately.  
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Table 1. Spearman's rank correlation coefficients between urban affinity ranks and 

continuous traits of bird species (all species and passerines only) considered in this study (* p 

< 0.05; ** p < 0.01; *** p < 0.001; NS: non-significant). 

 

Trait 

Urban affinity ranks 

all species passerines 

body mass -0.38 *** -0.20 * 

tarsus length -0.37 *** -0.23 ** 

wing length -0.39 *** -0.21 * 

bill length -0.36 *** -0.22 ** 

female body mass -0.38 *** -0.19 * 

egg mass -0.43 *** -0.23 ** 

clutch size 0.24 *** 0.18 * 

broods/year 0.29 *** 0.09 (NS) 

 

 

 

Table 2. Pearson´s correlation coefficients between urban affinity ranks and the distribution 

and population abundance of bird species (all species and passerines only), (*** p < 0.001). 

 

Variable  

Urban affinity ranks 

all species passerines 

geographic range (World) 0.20 *** 0.32 *** 

range size (Europe) 0.73 *** 0.67 *** 

population size (Europe) 0.62 *** 0.60 *** 
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Supplementary Material 

 

Appendix 1. Two types of species ranking based on their affinity to cities. 

 

Appendix 2. Analyses based on weighted urban affinity ranks.  

 

Appendix 3. Boxplots of urban affinity ranks of passerines associated with open, wetland, 

and woodland habitats (Fig. S3.1), and of bird species with altricial, precocial or semi-altricial 

chicks (Fig. S3.2). Boxplots show the median, interquartile ranges, whiskers extending to 1.5 

times the interquartile range, and outliers. 

 

Appendix 4. Correlation coefficients between urban affinity ranks and the distribution and 

population abundance of i) all species and ii) passerines, associated with wooded or non-

wooded habitats (* p < 0.05; ** p < 0.01; *** p < 0.001; NS: non-significant). 
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Appendix 2. 

 

Fig. A2.1. The relative importance of ecological and morphological (a, b) and reproductive (c, 

d) traits in determining bird species weighted urban affinity ranks based on CIT-RF analyses. 

Analyses were run for all species (a, c) and passerines (b, d) separately. 
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Fig. A2.2. Boxplots of weighted ranks of urban affinity of bird species associated with open, 

wetland, and woodland habitats (Kruskal-Wallis test - H = 33.12, p < 0.001). Boxplots show 

the median, interquartile ranges, and whiskers extending to 1.5 times the interquartile 

range. 
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Fig. A2.3. Boxplot weighted urban affinity ranks of individual bird orders. Boxplots show the 

median, interquartile ranges, and whiskers extending to 1.5 times the interquartile range. 

Numbers in brackets indicate the number of species in each order.  
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Fig. A2.4. Boxplot of weighted urban affinity ranks of passerines associated with open, 

wetland, and woodland habitats (Kruskal-Wallis test: H = 13.36, p < 0.01). Boxplots show the 

median, interquartile ranges, and whiskers extending to 1.5 times the interquartile range.  
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Fig. A2.5 Boxplot of urban affinity ranks of bird species with altricial, precocial or semi-

altricial chicks (Kruskal-Wallis test: H = 39.35, p < 0.001). Boxplots show the median, 

interquartile ranges, and whiskers extending to 1.5 times the interquartile range.  
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Table A2. Spearman's rank correlation coefficients between weighted urban affinity ranks 

and continuous traits of bird species (all species and passerines only) considered in this study 

(* p < 0.05; ** p < 0.01; *** p < 0.001; NS: non-significant). 

 

Trait  

Weighted urban affinity ranks 

all species passerines 

body mass -0.34 *** -0.15 (NS) 

tarsus length -0.34 *** -0.21 * 

wing length -0.36 *** -0.14 (NS) 

bill length -0.32 *** -0.19 * 

female body mass -0.34 *** -0.15 (NS) 

egg mass -0.39 *** -0.19 * 

clutch size 0.27 ** 0.22 ** 

broods/year 0.27 *** 0.10 (NS) 
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Appendix 3. 

 

Fig. A3.1. Boxplot of urban affinity ranks of passerines associated with open, wetland, and 

woodland habitats (Kruskal-Wallis test: H = 10.66, p < 0.01). Boxplots show the median, 

interquartile ranges, whiskers extending to 1.5 times the interquartile range, and outliers. 
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Fig. A3.2 Boxplot of urban affinity ranks of bird species with altricial, precocial or semi-

altricial chicks (Kruskal-Wallis test: H = 46.71, p < 0.001). Boxplots show the median, 

interquartile ranges, whiskers extending to 1.5 times the interquartile range, and outliers. 
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Appendix 4. 

 

Table A4. Pearson´s correlation coefficients between urban affinity ranks and the 

distribution and population abundance of i) all species and ii) passerines, associated with 

wooded or non-wooded habitats (* p < 0.05; ** p < 0.01; *** p < 0.001; NS: non-significant; 

x: not evaluated – see text). 

 

Variable 

Urban affinity ranks 

all species passerines 

wooded non-wooded wooded non-wooded 

geographic range 

(World) 
0.11 (NS) 0.30 *** 0.33 ** 0.40 *** 

range size (Europe) 0.69 *** 0.71 *** 0.70 *** 0.63 *** 

population size 

(Europe) 
0.57 *** 0.58 *** 0.54 *** 0.59 *** 
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ABSTRACT 

 

The response of European bird communities to urbanization apparently varies in space as 

proportionally more species from regional assemblages occupy cities at higher latitudes. The 

best predictor of the response of bird species to urbanization is their large scale 

commonness, which is expected to show a latitudinal trend - known as Rapoport´s rule - 

with more widespread species living at higher latitudes. This pattern might be the underlying 

reason for the latitudinal increase in number of species being able to pass through the urban 

filter and persist in cities. To test this hypothesis we compiled data on: i) bird communities 

from breeding bird atlases of 41 European cities; ii) regional bird assemblages represented 

by nine grid cells of the EBCC atlas coinciding with each city. We revealed that the 

proportion of species of regional assemblages entering cities (i.e. proportional richness) is 

positively related to the proportion of relatively widespread birds in these assemblages. As 

the proportion of widespread species increased with latitude, a positive relationship 

between the proportional richness and latitude followed. These findings are important for 

assessing the impacts of urbanization on bird communities in different geographical 

locations. 

 

 

KEYWORDS: urbanization, latitudinal gradient, range size, bird communities, Europe, cities, 

Rapoport´s rule 
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INTRODUCTION 

 

Urbanization is a process substantially transforming the original environment and its impacts 

are perceivable at all spatial scales (Grimm et al., 2008; Seto et al., 2012). The urban biota 

has received much attention recently as the urban sprawl is heavily affecting all kinds of 

organisms and ecosystems (e.g. Chace & Walsh, 2006; McKinney, 2006; Aronso et al., 2014). 

Urbanized areas act as systematic environmental filters resulting in perhaps the most 

significant ecological impact of urbanization, documented especially on avian communities, 

i.e. the homogenizing effect reported across multiple spatial scales (Jokimäki & Kaisanlahti-

Jokimäki, 2003; Clergeau et al., 2006; McKinney, 2006; Luck & Smallbone, 2011; Ferenc et 

al., 2014; Sol et al., 2014). It is exemplified by higher avifauna similarity among 

corresponding habitats of different cities than among different habitats within individual 

cities (Clergeau et al., 2001, 2006), or by higher similarity among cities than among their 

species pools (Luck & Smallbone, 2011; Ferenc et al., 2014). The latter example represents a 

large scale homogenizing effect and is apparently stronger at higher latitudes of Europe. 

However, this is the result of proportionally more species from the regional assemblages 

entering north European cities (Ferenc et al., 2014). The question therefore is: what makes 

birds of higher latitudes better predisposed to persist in cities as compared to south 

European bird species. 

Many studies focused on ecological, behavioural or life-history traits of birds enabling 

or preventing them to persist in cities (e.g. Bonier et al., 2007; Kark et al., 2007; Croci et al., 

2008; Hu & Cardoso, 2009; Conole & Kirkpatrick, 2011; Evans et al., 2011; Leveau, 2013; 

Meffert & Dziock, 2013; Sol et al., 2013, 2014; Cardoso, 2014; Jokimäki et al. 2014). Recently 

it has been shown that commonness (i.e. range or total population size) is the best predictor 
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of the affinity of European bird species to cities (Ferenc et al., in review.). However, 

commonness varies in space (Orme et al., 2006) and species of higher latitudes tend to have 

larger ranges (Rapoport, 1982; Stevens, 1989). Despite being criticised, this so called 

Rapoport’s rule holds quite well at least at the northern hemisphere (Rohde, 1996; Gaston et 

al., 1998). It is thus possible that it affects the bird responses to urbanization across latitudes 

in Europe. The proportion of species from regional assemblages occuring in cities might thus 

be determined by the proportion of widespread species in these assemblages. In this study 

we aim to test the following hypothesis: latitude affects species richness of European urban 

avifaunas through its effect on range sizes of birds. 

 

 

MATERIALS AND METHODS 

 

Data on native breeding bird communities in 41 European cities were extracted from urban 

bird atlases (see Ferenc et al., 2014 and Supporting information therein for further 

references, geographical position, area, habitat characteristics and species richness of the 

analysed cities). The composition and richness of regional bird communities was retrieved 

from the EBCC Atlas of European Breeding Birds (Hagemeijer & Blair, 1997). The regional 

avifauna for each city was defined as the bird assemblage of nine - if available - atlas grid 

cells (cell size: 50 km x 50 km) surrounding each city. The central square included the city or 

most of the city area and the remaining eight squares surrounded the central square (see 

Ferenc et al., 2014). 

Subsequently, we calculated the proportion of species of the regional assemblages 

occupying individual cities (hereafter proportional richness). Both city area and time span of 
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data collection of urban bird atlases influence the recorded species richness and 

consequently also proportional richness of each city (Ferenc et al., 2014). Therefore we 

utilized GLM to account for their influence and the residuals of this model (hereafter 

proportional richness residuals) were extracted and used in subsequent analyses. 

To test our central hypothesis that latitude influences the proportional species 

richness of cities through its effects on range sizes of birds we proceeded as follows: First, 

the European breeding range size of all species considered in this study was determined (as 

the total number of occupied grid cells of the EBCC atlas) and their average range size was 

calculated. Second, in each regional assemblage the proportion of species having larger 

range sizes than the average was recorded. Third, we regressed i) the proportional richness 

residuals on proportion of widespread species in the regional assemblages and ii) the 

proportion of widespread species in the regional assemblages on latitude. All analyses were 

carried out in R software (R Core Team, 2014). 

 

 

RESULTS AND DISCUSSION 

 

The proportional richness of birds in cities (residuals after accounting for the effects of area 

and time span of data collection, see Methods) increases with the proportion of widespread 

species present in regional assemblages (R2adj = 0.29, p < 0.001; Fig. 1a). Since the 

proportion of widespread species in regional assemblages increases with latitude (slope = 

0.01, R2adj = 0.53, p < 0.001; Fig. 1b), there is a significant positive relationship between 

(residual) proportional bird species richness of cities and latitude (slope = 0.06, R2adj = 0.48, 
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p < 0.001). Our findings thus suggest that bird communities at higher latitudes seem to cope 

better with urbanization, because they are composed of more common species. 

Great attention has been paid to traits that are responsible for the differential ability 

of birds to respond to urbanization (e.g. Bonier et al., 2007; Croci et al., 2008; Evans et al., 

2011; Sol et al., 2013, 2014). However, it has proven difficult to clearly determine these 

traits (Kark et al., 2007; Croci et al., 2008). This might be partly attributed to methodological 

difficulties in determining the strength of association of birds with urban areas (Evans et al., 

2011; Sol et al., 2013, 2014). Additionally, commonnes (and thus its underlying traits) might 

have a considerable impact on the ability of birds to persist in cities. Less common birds 

might have a high extinction risk in urban areas or a lower probability of their colonization 

(Sol et al., 2014). Our findings imply that the more widespread species of higher latitudes are 

better able to cope with urban conditions. Birds experiencing higher climatic variability of 

higher latitudes (either seasonally or in long-term) might have broader environmental 

tolerance (Pielou, 1979; Stevens, 1989; Brown, 1995), which could be beneficial under urban 

conditions (Bonier et al., 2007). Alternatively, species with larger ranges tend to be more 

numerous locally (Brown, 1984, 1995; Gaston et al., 2000; Gaston & Blackburn, 2000), which 

could enhance their occurrence in cities due to mass effects (Shmida & Wilson, 1985), 

favourable metapopulation dynamics (Brown & Kodric-Brown, 1977; Hanski 1998) or by 

lowering their local extinction risk (Purvis et al., 2000). Traits of widespread species thus 

might be directly beneficial for survival in cities or they might be only indirectly connected to 

urbanization by influencing the commonness of species (Ferenc et al., in review.). 

In either case, our findings have some important implications for assessing the 

ecological impacts of urbanization on birds in different geographic locations. Bird 

assemblages of north European cities are more similar to each other (Ferenc et al., 2014), 
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but based on our results it is a sign of an enhanced potential of more widespread species to 

persist in cities rather than that of a more severe impact of homogenization. On the other 

hand, the greater distinctness of south European urban avifaunas does not imply that the 

urban filter is more permeable in these regions as their species richness is relatively lower in 

comparison to the northern ones (Ferenc et al., 2014). The growth of cities thus poses a 

greater threat to the bird assemblages in south European regions, because they are 

composed of less widespread species with lower ability to respond to the challenges of 

urbanization.
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Fig. 1: Relationship between: a) proportional richness residuals (i.e. residuals of proportional richness after accounting for city area and time 

span of data collection of respective urban atlases) plotted against the proportion of widespread species in regional assemblages; b) proportion 

of widespread species in regional assemblages plotted against latitude. 
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Abstract 

 

The prominent role of the absolute amount of (semi)natural habitats on urban avifauna 

richness is well documented; however the relative role of habitat availability, heterogeneity 

and spatial position at the scale of a whole city has not been investigated so far. The main 

objective of this study was to evaluate the relative influence of these variables on the species 

richness and rarity value of bird communities in the city of Prague, Czech Republic. We used 

three modes to describe the urban environment, resulting in different habitat category 

resolutions. Coarse habitat descriptors were good enough for predicting species richness, but a 

more detailed resolution was better in explaining the distribution of communities comprising 

rarer species. The availability of wooded habitats was consistently the most important variable 

explaining both richness and rarity of bird communities. Habitat heterogeneity enhanced 

species richness, especially in highly urbanized areas where wooded habitats were scarce. 

However, rarer species responded to habitat heterogeneity only weakly. The influence of grid 

cell spatial position on bird community richness was overridden by the impacts of habitat 

availability and heterogeneity. However, communities comprising rarer species tended to 

breed at peripheral sites encompassing open habitats and large woodlands. The preservation 

of sufficient wooded habitats including small patches remains the key tool for bird 

conservation in cities, and habitat heterogeneity should be supported in areas with less than 

ca. 3% of wooded habitats. Rarer species benefit from the maintenance of more extensive 

patches of greenery in peripheral urban areas.  
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Highlights 

 

 Species richness is mainly driven by the total area of (semi)natural habitats 

 Habitat heterogeneity enhances species richness where wooded habitats are scarce 

 Rare species inhabit open habitats and large woodlands at the city periphery 

 Coarse habitat descriptors are good for predicting species richness, finer for rarity 

 

Keywords: urban birds; atlas data; rarity; habitat heterogeneity; habitat availability; random 

forest
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1. Introduction 

 

A remarkable global phenomenon of the past several decades has been the rapid urban 

development caused by human population growth and massive migrations of rural populations 

to cities, with associated environmental changes significantly affecting biological 

communities (Grimm, Faeth, Golubiewski, Redman, Wu, Bai, & Briggs 2008). Identifying 

the key environmental factors influencing the diversity of animal communities in urban areas 

has been of central interest (reviewed in Chace & Walsh, 2006; McKinney, 2008; Evans, 

Newson, & Gaston, 2009; Fontana, Sattler, Bontadina, & Moretti, 2011), with birds 

frequently studied as a model group (Marzluff, Bowman, & Donnelly, 2001; Stagoll, 

Manning, Knight, Fischer, & Lindenmayer, 2010).  

The total species richness of bird communities in European cities is relatively high 

(Ferenc, Sedláček, Fuchs, Dinetti, Fraissinet, & Storch, 2014b), partly due to the spatial 

coincidence of human populated areas and diversified natural ecosystems (Gaston & Evans, 

2004; Evans & Gaston, 2005; Gaston, 2005; Evans, Greenwood, & Gaston, 2007; Pautasso, 

2007; Tratalos, Fuller, Evans, Davies, Newson, Greenwood, & Gaston, 2007). However, the 

local avian species richness varies considerably along urbanization gradients, which may be 

attributable to spatial changes in, for example, the intensity of disturbances, habitat 

heterogeneity or the spatial extent of artificial and natural habitats (Chace & Walsh, 2006; 

Evans et al., 2009; Chiari, Dinetti, Licciardello, Licitra, & Pautasso, 2010). The prominent 

role of habitat availability in maintaining diverse urban bird communities is well documented 

across continents although not necessarily across seasons (see Evans et al., 2009 for 

references; Murgui, 2009). Larger habitat patches or areas with a higher proportion of 

(semi)natural habitats have a greater potential for maintaining persistent populations of 

individual species (Bolger, Allison, & Soule, 1991; Fernández-Juricic, 2004) and are 
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attracting rarer and more demanding species (Jokimäki, 1999; Fernández-Juricic, 2000; 

Mörtberg, 2001). Natural habitats tend to become scarcer towards city centres, which could be 

an explanation for the associated decrease in species richness (Clergeau, Jokimäki, & Savard, 

2001; Turner, Nakamura, & Dinetti, 2004; Garaffa, Filloy, & Bellocq, 2009). 

Moreover, such variation in habitat patch size along urbanization gradients leads to 

differences in spatial turnover, i.e. heterogeneity, of habitat types. Heterogeneity of urbanized 

sites with an intermediate level of habitat modification (Blair, 1996; McKinney, 2002; Evans 

et al., 2009) is often invoked as the explanation for the hump-shaped richness patterns across 

wide urbanization gradients (Marzluff, 2005; Evans et al., 2007; Tratalos et al., 2007). The 

influence of within-city habitat heterogeneity on bird species richness, however, remains 

unclear, as it might have two counteracting effects. A higher heterogeneity of habitats might 

indicate (although not necessarily) higher levels of fragmentation, isolation and loss of 

suitable habitats (Evans et al., 2009), and all these factors have negative impacts on urban bird 

communities (Andrén, 1994; Marzluff & Ewing, 2001). On the other hand, more 

heterogeneous sites might promote richer bird assemblages by providing suitable habitats for 

species with different habitat requirements (Andrén, 1994). Therefore, it may be assumed that 

habitat heterogeneity could influence bird species richness both positively and negatively 

depending on the wider urban context. In addition, the spatial context of the focal sites might 

co-determine their bird species richness as, for example, some sensitive species could require 

the proximity of ex-urban source populations for their persistence and could be restricted to 

the periphery of cities (Sandström, Angelstam, & Mikusinski, 2006; Murgui, 2009; 

MacGregor-Fors & Ortega-Álvarez, 2011). 

A common feature of studies evaluating the effects of urban habitat attributes on bird 

species richness is that they use predefined habitat patches or an arbitrary zonation of 

urbanization gradients - typically urban, peri-urban and rural zones (e.g. Blair, 1996; Clergeau 
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et al., 2001; Fernández-Juricic & Jokimäki, 2001). However, we do not have any proof that 

such definitions of landscape units are the most relevant in respect to the birds´ perception of 

the environment. Therefore, little is known about how detailed the habitat description should 

be and which habitat categories ought to be distinguished in order to capture the most 

important environmental variation influencing urban bird communities. 

Urban bird atlases represent an unexploited opportunity and are suitable for studying 

bird-environment associations (Donald & Fuller, 1998) while providing several advantages: i) 

they are an easily available high-quality data source; ii) networks of grid cells used for 

mapping urban bird communities represent a sampling method free of the subjective 

definitions of, e.g. habitat patches; iii) they provide a continuous coverage of extensive urban 

development gradients within cities, and iv) land use data at the corresponding spatial scale 

have recently become available. In this study, we utilized the breeding bird atlas of Prague 

(Fuchs, Škopek, Formánek, & Exnerová, 2002), and tested the effects of habitat availability, 

habitat heterogeneity and spatial position on the species richness and rarity value of urban 

bird communities in individual atlas grid cells. Specifically, we addressed the following 

hypotheses: 

(1) Habitat heterogeneity enhances bird species richness in atlas grid cells with a low 

availability of (semi)natural habitats, whereas this effect will be weaker in cells with a higher 

availability of suitable habitats, where heterogeneity might be associated with the negative 

effects of habitat fragmentation and/or isolation. This hypothesis implies an interaction 

between habitat availability and heterogeneity. 

(2) The spatial position determines, e.g. the intensity of urban sprawl or the connectivity 

between the focal population of each species and another populations within its 

metapopulation network. This in turn influences the persistence of avian species and 

consequently the richness of communities. 
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(3) Rarer species are hypothesized to respond more strongly to spatial position and 

gradients of urbanization. A positive influence of the proximity of source ex-urban 

populations and more suitable conditions for the possibly rarer specialist birds at less 

urbanized peripheral sites is expected. 

To test these hypotheses we used three modes to describe the urban environment, 

resulting in different habitat category resolutions. 

 

 

2. Methods 

 

2.1. Study area 

 

This study was conducted in the city of Prague (Czech Republic, 50.08° N, 14.42° E, altitude 

range 172 - 399 m a.s.l.) with a population of ca. 1,215,000 inhabitants in 1990 

(http://www.czso.cz). The study area (about 520 km
2
) was defined by the administrative 

borders of Prague and comprises the core settlement, as well as suburban villages, satellites, 

industrial estates, adjacent fields, meadows and forest fragments on the city outskirts. 

The historical center of the city of Prague has been settled at least since the 9th century, 

but most of the existing buildings were built between the 13th and 18th centuries. Large areas 

of block-houses were built up around the historical center and industrial areas were 

established during the 19th and first half of the 20th century. Large residential areas and 

housing estates were built during the second half of the 20th century. The suburban matrix 

consists of a mosaic of farmland, forest fragments, and old, formerly independent villages, 

which are surrounded by recently built up satellites. The city of Prague comprises extensive 
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urban green areas covering about 15% of the city area (http://envis.praha-mesto.cz; see Fig. 

S1 in the Appendix).  

 

 

2.2. Data 

 

Species richness of individual atlas grid cells were taken from the atlas of breeding birds in 

Prague (Fuchs et al., 2002). The grid cells were derived from the Czech national standard 

mapping rectangles covering 10´ in longitude and 6´ in latitude (Šťastný, Procházka, Bejček, 

& Hudec, 1997). These rectangles were modified for the mapping of Prague by dividing into 

277 smaller cells of size 1.5 km in longitude and 1.25 km in latitude. 276 of these grid cells 

were mapped by 153 experienced volunteer ornithologists during the breeding seasons from 

1985 until 1989. The recorders visited the pre-assigned grid cells repeatedly, with the time 

spent in each habitat type being proportional to its area in each grid cell. All three categories 

of possible, probable and confirmed breeding (see Sharrock, 1976 for definitions) were 

considered in our analyses. Despite the coverage of the atlas of Prague dates back to the 

1980´s, the questions asked here are general enough for the results to be relevant also today. 

Although recent bird extinctions and/or colonizations of the urban environment undoubtedly 

occur, we do not expect these processes to substantially alter the general diversity patterns and 

their relation to environmental variables considered in our study. 

We evaluated the rarity of urban bird communities in Prague based on the rarity of the 

bird species in the Czech Republic. The Atlas of breeding birds of the Czech Republic 

(Šťastný et al., 1997) - which covers the same period as the Prague city atlas (Fuchs et al., 

2002) - was used to evaluate the relative occupancy of individual bird species as the 

percentage of occupied grid cells. The inverse of relative occupancy reflects the rareness 
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value of each species within the Czech Republic. Rareness was summed across community 

members of individual grid cells of the Prague city atlas and regressed on the species richness 

of these grid cells. We recorded the residuals ("rarity value" hereafter) which express whether 

individual grid cells (with a given species richness) hosted communities consisting of rarer or 

more common species (indicated by positive and negative residuals, respectively). 

Detailed aerial photographs (orthophotomaps: resolution 364 pixels/km) from the 1990s 

provided by the Municipality of Prague were used as a data source for particular grid cell 

habitat composition. We applied three different modes of habitat composition descriptions for 

individual grid cells: 

(1) habitat elements – five categories of elements constituting urban habitats: a) 

buildings; b) bare surfaces (streets, pavements, construction sites, etc.); c) trees and shrubs; d) 

grasslands (lawns, meadows, fields, etc.); e) water bodies (including littoral vegetation). 

 (2) coarse habitat types – the main habitat types distinguishable in the urban mosaics: 

a) settlements; b) woodlands; c) grasslands; d) wetlands (water bodies and littoral vegetation). 

The last type is identical to the habitat element "water bodies". Other habitat types usually 

comprise more habitat elements (e.g., the habitat type "settlements" consists commonly of the 

habitat elements buildings, bare surfaces, trees and grasslands). 

(3) fine habitat types – coarse habitat types were further divided into more detailed 

categories. For settlements, the following categories were distinguished: a) blocks of old 

houses; b) housing estates; c) villages and residential houses; d) industrial areas; e) farm 

houses; f) bare soil (sport grounds or construction sites). For woodlands, the following 

categories were distinguished: a) woods; b) parks; c) cemeteries; d) unmanaged vegetation 

with trees; e) gardens and orchards; f) garden colonies. Within the open landscape, we 

distinguished: a) meadows; b) fields; c) ruderal grasslands. Finally, for wetlands we 

distinguished a) ponds; b) rivers or streams. 
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Each grid cell was divided into particular habitat types and the area of each habitat type 

and the length and width of linear structures (rivers and streams) were measured using 

SigmaScan Pro 5.0 software (SPSS Inc., 1999). Then, the proportional representation of 

habitat types in individual grid cells was calculated. The proportion of habitat elements in 

coarse habitat types was estimated to the nearest 10% (from 10-100%) and to 1% or 5% in 

case of rare habitat elements, and re-calculated into proportional cover within each grid cell 

(see Fig. S1 in the Appendix).  

Shannon entropy (Shannon, 1948), expressing the habitat heterogeneity of grid cells, 

was calculated for each habitat description mode and used as a further explanatory variable. 

The spatial position of each grid cell was characterised by its position on an ordinal scale 

from north to south and from east to west, by its distance from the city centre (defined as the 

geometric centre of Prague), and from the edge of the core city (the core city was defined as 

encompassing those central grid cells with more than 50% cover of built-up area). 

 

 

2.3. Analyses 

 

Regression tree analysis based on binary recursive partitioning (Breiman, Friedman, Olshen, 

& Stone, 1984; De’ath & Fabricius, 2000) was conducted in the R software (R-development 

Core Team, 2013) package: `rpart´ (Therneau, Atkinson, & Ripley, 2013), to define grid cells 

homogeneous in their bird species richness or presence of less/more common species (rarity 

value) with respect to environmental descriptors and spatial variables (see above). The 

advantages of this non-parametric method reside in its ability to deal with nonlinear 

relationships and high-order interactions, and in its robustness to spatial autocorrelations and 

collinear variables (De’ath & Fabricius 2000; Jarošík, 2011). Trees were grown to full size 
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and then prunned to the size of the best tree, which was chosen based on 10-fold cross-

validation. The best tree was defined, according to the 1-SE rule, such that it was the smallest 

tree with cross-validated relative error (i.e. estimated residual sum of squares) within one 

standard error of the minimum (Breiman et al., 1984). After repeating the cross-validation 

procedure 50 times, the most frequent tree was chosen as the optimal one for interpretation 

and its total variance explained was calculated as R
2
 = 1 – relative error (De’ath & Fabricius, 

2000; Jarošík, 2011). Each split was characterised by a splitting rule and an alternative 

splitting rule, and the associated improvement values, which corresponded to the reduction in 

unexplained variability at the given split. The optimal tree was chosen for the description and 

its Node 1 (root) represents the basic dataset, whereas the terminal nodes represent the most 

homogeneous groups of response variables with respect to the explanatory variables. 

To rank explanatory variables according to their importance in constructing regression 

trees, we applied the random forest (RF) method (Breiman, 2001; Cutler, Edwards, Beard, 

Cutler, & Hess, 2007), package: randomForest (Liaw & Wiener, 2002). The RF was 

populated by regression trees fitted to 500 different bootstrapped subsamples of the dataset, 

with a random subset of explanatory variables chosen as potential splitters at each node. Data 

not appearing in the bootstrapped subsample are called out-of-bag (oob) data and were used to 

assess the predictive ability of each tree. After randomly permuting the values of a specific 

predictor for the oob data and calculating the reduction in model accuracy in comparison to 

the unpermuted oob data, the importance of that predictor was evaluated (Cutler et al., 2007; 

Strobl, Malley, & Tutz, 2009; Jarošík, 2011). The advantage of this procedure is that the 

importance estimates for predictors are not strongly influenced by the instability of individual 

regression trees and that they comprise the separate effect of each predictor, as well as its 

effect in interactions with other variables (Strobl et al., 2009). This method more clearly 

exposes the impact of individual predictors, some of which may be important but never 
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appear as primary splitting rules (and appear only as surrogate variables) in the optimal 

regression tree (Strobl et al., 2009). 

 

 

3. Results 

 

3.1. Species richness 

 

The total number of breeding bird species recorded in Prague during the census in 1985-1989 

was 127, and the species richness of individual grid cells ranged from 8 to 88 (mean = 51.62 ± 

0.87 SE; Fig 1a). The best regression tree with habitat elements used as predictors (R
2
 = 

45.58%) showed that the highest species richness (Fig. 2, Terminal node 6) was in grid cells 

with higher tree and shrub cover (Fig. 2, Node 1; improve = 0.18; alternative split: eH, 

improve = 0.13), a lower proportion of buildings (Fig. 2, Node 3; improve = 0.15; alternative 

split: bare ground, improve = 0.13) and a higher proportion of water bodies (Fig. 2, Node 4; 

improve = 0.13; alternative split: trees and shrubs, improve = 0.07). A lower proportion of 

water bodies in similar grid cells is partly outweighed by higher tree and shrub cover (Fig. 2, 

Node 5; improve = 0.12; alternative split: grasslands, improve = 0.07). On the other hand, the 

most species-poor grid cells of Prague (Fig. 2, Terminal node 1) were characterized by very 

low tree and shrub cover (less than 1%, Fig. 2, Node 2; improve = 0.42; alternative split: 

buildings, improve = 0.31). The RF analysis (R
2
 = 50.32%; Table 1), which sorts the variables 

according to their importance, showed that the proportion of tree and shrub cover was the 

most important predictor of bird species richness, followed by heterogeneity of habitats 

(Shannon entropy, eH), the proportion of bare ground, buildings and grasslands (Fig. 3, dark 
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bars). Other variables were relatively weak predictors of bird species richness. Correlation 

coefficients of particular variables with species richness are summarised in Table 2.  

The optimal regression tree with coarse habitat types used as predictors (R
2
 = 50.30%) 

revealed that grid cells with the most species-rich bird communities (Fig. 4, Terminal node 7) 

contained a higher proportion of woodland habitats (Fig. 4, Node 1; improve = 0.23; 

alternative split: cH, improve = 0.21) and wetlands (Fig. 4, Node 3: improve = 0.13; 

alternative split: settlements, improve = 0.11; Node 5: improve = 0.14; alternative split: 

settlements, improve = 0.14). If wetlands were uncommon, grid cells with a higher proportion 

of woodlands (Fig. 4, Node 4; improve = 0.30; alternative split: cH, improve = 0.13) or with a 

lower proportion of settlements (Fig. 4, Node 6; improve = 0.13 ; alternative split: woodland, 

improve = 0.11) supported richer communities (Fig. 4, Terminal node 4 and 6, respectively). 

Grid cells with poor bird community species richness were characterized by a very low cover 

of woodlands (Fig. 4, Node 1). The interaction of woodland cover with habitat heterogeneity 

represented by Shannon entropy (cH) indicated that if woodlands were largely unavailable, 

the diversity of habitats somewhat increased the species richness of grid cells´ avifauna (Fig. 

4, Node 2; improve = 0.36; alternative split: settlements, improve = 0.27). The RF analysis 

(R
2
 = 50.59%; Tab. 1) revealed that the proportion of woodlands was the most important 

predictor of bird species richness, followed by cH and the proportion of wetlands (Fig. 5, dark 

bars). Other variables were relatively weaker predictors of bird species richness (see Table 2). 

A single split regression tree was obtained if using fine habitat descriptors as predictors 

(R
2
 = 24.61%), where again grid cells with a very poor cover of forests or woods (less than 

about 1.5% of the grid cell area) hosted poorer bird communities (improve = 0.25; alternative 

split: fields, improve = 0.19). The proportion of forests and woods was the most important 

explanatory variable, followed by Shannon entropy (fH) and the proportion of fields in the 
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grid cell (Fig. 6, dark bars), as shown by the RF analysis (R
2
 = 49.75%; Tab. 1). Correlations 

of particular variables with species richness are given in Table 2. 

 

 

3.2. Rarity 

 

It was not possible to obtain any optimal regression trees when the rarity value (i.e. residuals 

of summed rareness of species in individual grid cells after accounting for the number of 

species; Fig. 1b) was used as the response variable. 

The RF using habitat elements as predictors of rarity (R
2
 = 11.70%; Tab. 1) highlighted 

the importance of grasslands and bare surfaces, which does not correspond to the best 

predictors of overall species richness (trees and shrubs, Shannon entropy of habitat 

composition, followed by bare ground). The other variables appeared to be relatively less 

important (Fig. 3, light bars). The RF with coarse habitat variables (R
2
 = 10.16%; Tab. 1) 

again ranked the proportion of grasslands as the most important predictor of rarity, together 

with the position of grid cells on the east-west gradient of the city (Fig. 5, light bars). The RF 

analysis on fine habitat variables (R
2
 = 18.42%; Tab. 1) highlighted the prominent importance 

of larger forests and woods, followed again by position of the grid cells on the east-west 

gradient (Fig. 6, light bars). Generally, the importance of spatial predictors (especially of the 

east-west gradient) increased in comparison to the analysis of species richness, whereas the 

influence of habitat heterogeneity (Shannon entropy) on rarity of bird communities was 

weakened. The correlation coefficients between individual variables and rarity are given in 

Table 2. 

 

3.3. Habitat description modes 
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In the case of species richness, the explanatory power of random forests was approximately 

the same across all three habitat description modes and was close to 50% (Tab. 1). If the rarity 

of communities was the response, the explanatory power of RFs was considerably lower. 

However, it was unequal among the three habitat description modes (Tab. 1) and increased 

from coarse habitat descriptors (10.16%), habitat elements (11.70%), to fine habitat 

descriptors (18.42%). 

 

 

4. Discussion 

 

In this study we aimed to disentangle the role of habitat availability, habitat heterogeneity and 

spatial position in shaping local bird communities within the city of Prague, and three 

different habitat description modes were used to determine if birds respond more strongly to 

finer or coarser habitat features. We found that the availability of wooded habitats followed 

by habitat heterogeneity were the most important variables determining the bird species 

richness of individual atlas grid cells, regardless of their spatial position. In contrast, spatial 

position was a relatively more important predictor of the occurrence of rare species, as they 

tended to inhabit large woodlands or open habitats at the city periphery. Our results also 

suggest that coarser habitat descriptors are sufficiently good predictors of bird species 

richness at the scale of Prague´s atlas grid cells; however, the presence of rarer bird species 

seems to be slightly better predicted by more finely defined habitat attributes. 

 

 

4.1. Species richness 
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Bird species richness increased with the proportion of wooded habitats in individual mapping 

grid cells, consistent with our hypothesis, and this was the highest-ranked variable in all RF 

analyses. The availability of wooded habitat patches in cities is therefore essential for the 

persistence of relatively diverse bird communities, as has been documented at different spatial 

scales (Jokimäki, 1999; Murgui, 2009; Ferenc, Sedláček, & Fuchs, 2014a; Melles, Glenn, & 

Martin, 2003). Interestingly, the regression trees indicated that even a relatively low cover of 

woody vegetation (trees or shrubs), exceeding just a few per cent of the grid cells´ area (1 - 

3%, representing ca. 1.9 - 5.6 ha at this scale), considerably enhanced avian species richness. 

Even small patches of greenery might serve as valuable refuges for a number of species 

(Jokimäki, 1999; Fernández-Juricic, 2000; Husté, Selmi, & Boulinier, 2006; Croci, Butet, 

Georges, Aguejdad, & Clergeau, 2008) despite the pronounced negative impacts of edge 

effects (Fernández-Juricic, 2001). Moreover, a further positive influence of water bodies or 

wetlands emerged. Obviously, species associated with wetlands profit if such habitats are 

available, but species primarily associated with other than wetland habitats also seem to 

benefit from the presence of water bodies, at least in Prague (Ferenc et al., 2014a). 

If only small patches of suitable habitats are available then only the most resilient and 

urban-adaptable species are able to persist (Mörtberg, 2001; Jokimäki, 1999; Fernández-

Juricic, 2000, 2004). However, if habitat heterogeneity increases under such conditions, the 

species richness of avifauna should also tend to increase (Andrén, 1994), either because more 

habitat types are available or because the proportion of different habitats is more even. 

Therefore we hypothesized that the habitat heterogeneity of individual grid cells should 

increase avian species richness if there are few (semi-)natural habitats available. Indeed, such 

an explicit interaction of habitat heterogeneity with habitat availability was revealed in the 

regression tree using coarse habitat variables as predictors. The Shannon entropy of habitats 
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was positively correlated with species richness, and was frequently an alternative split in 

regression trees with similarly positive effects as the cover of greenery. However, the 

heterogeneity of habitats in cities might be sometimes closely related to fragmentation, 

isolation and the consequent loss of remnant patches of natural habitats (Evans et al., 2009), 

all with negative impacts on urban avifauna (Andrén, 1994; Marzluff & Ewing, 2001; see 

Marzluff et al., 2001; Chace & Walsh, 2006 for reviews). In accordance with that, the positive 

influence of the high habitat diversity of moderately urbanized landscapes on avifauna 

richness reported in some studies (Marzluff, 2005; Evans et al., 2007, 2009; Tratalos et al., 

2007) is not supported unequivocally (see McKinney, 2002 and citations therein). These 

results suggest that the impacts of habitat heterogeneity on bird diversity might be non-linear. 

Especially in areas with a high proportion of artificial surfaces, the presence of even small 

patches of different habitat types substantially enhances avian species richness. Nevertheless, 

higher species richness in such grid cells might also mean lower numbers of individuals per 

species and therefore small local populations prone to extinction (Purvis, Gittleman, 

Cowlishaw, & Mace, 2000). It is therefore important to consider abundances of individual 

bird species in future studies to fully understand the positive and negative effects of habitat 

heterogeneity on urban bird communities.  

The performance of spatial variables in predicting the species richness of mapping grid 

cells in Prague was negligible. Any spatial effects influencing bird species richness were 

overridden by the effects of local habitat availability and heterogeneity, highlighting the 

importance of the local environment and the rather weak influence of adjacent landscapes 

(Clergeau et al., 2001). This is surprising, since species richness patterns of urban bird 

communities reportedly also vary depending on spatial position within cities, due to different 

intensities of human activities along urbanization gradients (McKinney, 2002; Clergeau, 

Croci, Jokimäki, Kaisanlahti-Jokimäki, & Dinetti, 2006; Murgui, 2009). Additionally, the 
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spatial position within a city is presumably important for individual species due to differing 

distributions of their ex-urban populations and their sensitivity to urban sprawl (McKinney, 

2008). 

 

 

4.2. Rarity 

 

In our study, the rarity value, expressing if a community comprised rarer or more common 

species, was predicted by a less clearly defined set of variables. The somewhat increased 

importance of open habitats in the RF analyses could possibly be attributable to the presence 

of some rarer species at such sites (Meffert & Dziock, 2013), and in the case of habitat 

elements the importance of bare surfaces might be connected to the sensitivity of rare species 

to heavily managed areas (Sorace & Gustin, 2010). When using habitat elements and coarse 

habitat descriptors as explanatory variables, the importance of tree cover dropped 

considerably compared to the species richness analysis. This is probably attributable to the 

inclusion of a relatively wide variety of habitats (such as remnant forest patches along with 

parks or gardens) into this category. On the other hand, the availability of wooded habitats 

was among the most important variables if using fine habitat descriptors as predictors, 

similarly as in the case of species richness. This indicates that habitat availability remains the 

key factor also determining the presence of rarer species (Fernández-Juricic, 2000; Latta, 

Musher, Latta, & Katzner, 2013).  

More importantly, the influence of habitat diversity on rarity was less pronounced in 

comparison to its effects on species richness. If we assume that at least some of the less 

common birds are associated with rarer habitat types, then the presence of small sized rare 

habitat patches should increase the probability of the occurrence of such species. However, 
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the presence of such habitats (due to their small area) is not markedly reflected by the habitat 

diversity measure (Shannon entropy), resulting in its low explanatory power. In contrast, the 

importance of spatial variables, especially the position on the east-west gradient, increased 

considerably in comparison to analyses of total species richness. Possible causes of this 

pattern might be attributed to differences in the extent of ex-urban forests in different 

directions from Prague and in their differing connectivity to the wooded areas within the city. 

For example, the presence of vegetation along larger streams flowing into the Vltava River 

from the east might enhance the inward migration of rarer species. Larger ponds are also 

predominantly located in the eastern part of the city, which might enhance the presence of 

rarer water birds. In sum, rarer and more specialized species are more likely to be sensitive to 

human activities (Sandström et al., 2006; Patón, Romero, Cuenca, & Escudero, 2012) and 

require high-quality habitats (Murgui, 2009; Sorace & Gustin, 2010). It can be assumed that 

conditions are more favourable for these species at the city periphery (Sandström et al., 2006; 

MacGregor-Fors & Ortega-Álvarez, 2011; Patón et al., 2012), which resulted in a marked 

increase in the importance of spatial variables in their case. 

 

 

4.3. Habitat description modes 

 

Individual members of urban avifaunas have different habitat requirements, so we assumed 

that predictions of species richness or rarity should be more precise when using broader 

habitat categories capturing the requirements of multiple species. It turned out that all three 

habitat description modes performed approximately equally well in predicting the species 

richness of grid cells. Therefore, we conclude that it is sufficient to use a relatively coarse 

description of the urban environment in studies of avian species richness at scales similar to 
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that used in this study. In contrast, the fine habitat description mode gave the best performing 

explanatory dataset when analysing the rarity value of bird communities. More refined 

variables, such as the character of wooded habitats and types of buildings, seem to better 

predict occurrences of rarer species with more specialized habitat requirements. In conclusion, 

descriptions of urban habitats vary among studies according to their needs and scale (e.g. 

Clergeau et al., 2001; Mörtberg, 2001; Ferenc et al., 2014a,b), and a coarse urban 

environment description should be sufficient when interested mostly in species richness 

patterns. However, finer habitat categories should be used if more detailed community 

attributes are of interest. 

 

5. Conclusions 

 

We found that the total amount of natural habitats is the most influential factor shaping urban 

bird communities at the scale of 1.5x1.25 km grid cells in Prague, both in terms of species 

richness and the presence of rarer bird species. Species richness was especially high in grid 

cells with a high proportion of tree cover and water bodies present, irrespective of their spatial 

position within the city. This result confirms the conclusions of a majority of urban studies 

showing that substantial reductions of the total amount of (semi)natural habitats in cities can 

only hardly be replaced by managing other habitat attributes. The heterogeneity of habitats, 

i.e. the presence and evenness of different habitats in grid cells, was a relatively less important 

predictor of community richness, but its influence was pronounced in heavily urbanized areas. 

This means that in grid cells with a high proportion of buildings and pavements, even small 

patches of natural habitats markedly enhance the species richness of bird communities. We 

quantified that the avifauna is considerably enriched when only 1-3% of a grid cell is covered 

by wooded habitats, including small parks and gardens. Bird communities comprising rarer 
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bird species of conservation importance were, on the other hand, mostly confined to larger 

habitat patches (woodlands and grasslands) at the city outskirts. These results imply that rare 

species in Central Europe are more area-sensitive and rather avoid highly urbanized areas 

comprising small fragments of habitats, which are more isolated from the peri-urban source 

populations. Detailed knowledge of the habitat requirements of these rare specialists seems to 

be important for their successful conservation in urbanized areas, as they respond to different 

habitat attributes than the majority of bird species breeding in urban environments. 
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Fig. 1. a) Species richness in 1.5 km x 1.25 km grid cells of the Atlas of breeding birds of the 

Czech Republic (shades of grey represent the number of species; X = missing data). b) The 

rarity value (only positive values shown) of bird communities in grid cells of Prague, where 

higher values (darker squares) represent communities comprising rarer species (for details see 

Methods; X = missing data).  

Fig. 2. Optimal regression tree explaining species richness (values indicated below each node) 

of atlas grid cells of Prague using habitat elements as the explanatory dataset. Each split is 

characterized by a splitting criterion (if the criterion is fulfilled proceed to the left, if not, 

proceed to the right). Grid cells with higher species richness are located in the right branch of 

each split, those with lower species richness in the left branch. Terminal nodes contain the 

most homogeneous groups of grid cells in terms of species richness. 

Fig. 3. Relative importance values of habitat elements in explaining species richness (dark 

bars) and rarity (light bars) based on random forest analysis. 

Fig. 4. Optimal regression tree explaining species richness of atlas grid cells of Prague using 

habitat elements as the explanatory dataset. Each split is characterized by a splitting criterion 

(if the criterion is fulfilled proceed to the left, if not proceed to the right). Grid cells with 

higher species richness are located in the right branch of each split, those with lower species 

richness in the left branch. Terminal nodes contain the most homogeneous groups of grid cells 

in terms of species richness. 

Fig. 5. Relative importance values of coarse habitat descriptors in explaining species richness 

(dark bars) and rarity (light bars) based on random forest analysis. 

Fig. 6. Relative importance values of fine habitat descriptors in explaining species richness 

(dark bars) and rarity (light bars) based on random forest analysis.
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Fig. 3.  
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Fig. 4.  
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Fig. 5. 
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Fig. 6. 
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Table 1. Variance explained by random forests using different habitat description modes. 

 

Habitat 

description mode 

Response variable 

species richness rarity 

elements 50.32 % 11.70 % 

coarse 50.59 % 10.16 % 

fine 49.75 % 18.42 % 
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Table 2. Spearman rank correlation coefficients of habitat variables under three different 

habitat description modes with i) species richness and ii) rarity values of communities in 

Prague atlas grid cells. (NS: non-significant; * p < 0.05; ** p < 0.01; *** p < 0.001). 

 

Habitat 

description 

mode 

Habitat 

variable 
species richness rarity 

coarse 

woodlands 0.52 *** 0.22 *** 

cH (Shannon) 0.50 *** 0.25 *** 

wetlands 0.40 *** 0.10 (NS) 

grasslands -0.16 ** 0.03 (NS) 

settlements -0.05 (NS) -0.10 (NS) 

fine 

woods 0.53 *** 0.36 *** 

river 0.38 *** 0.10 (NS) 

fH (Shannon) 0.34 *** 0.10 (NS) 

ponds 0.33 *** 0.02 (NS) 

unmanaged 0.25 *** 0.10 (NS) 

meadows 0.24 *** 0.04(NS) 

blocks -0.22 *** -0.21 *** 

residential 0.21 *** 0.16 ** 

fields -0.18 ** 0.06 (NS) 

industrial -0.18 ** -0.10 (NS) 

colony 0.13 * 0.17 ** 

gardens 0.10 (NS) 0.10 (NS) 

bare -0.07 (NS) -0.08 (NS) 

cemetery 0.07 (NS) 0.03 (NS) 

ruderal 0.04 (NS) -0.06 (NS) 

parks -0.01 (NS) -0.20 *** 

farms 0.01 (NS)  < 0.001 (NS) 

estates 0.01 (NS) -0.09 (NS) 

elements 

trees & shrubs 0.44 *** 0.20 *** 

water 0.33 *** 0.02 (NS) 

grasslands -0.16 ** 0.07 (NS) 

bare -0.13 * -0.20 *** 

eH (Shannon) 0.12 * -0.04 (NS) 

buildings -0.06 (NS) -0.11 (NS) 

spatial 

variables 

NS 0.21 *** 0.15 * 

centre 0.09 (NS) 0.15 * 

WE 0.07 (NS) -0.11 (NS) 

edge -0.02 (NS) -0.18 ** 
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Appendix 

 

Fig. S1: The spatial distribution of selected habitat types in mapping grid cells in Prague, the 

Czech Republic. The grey scale corresponds to proportions of particular fine habitat types: a) 

blocks of old houses, b) housing estates, c) residential houses and villages; and rough habitat 

types: d) grasslands, e) woodlands, f) wetlands (note the different scales used). 
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Abstract Wooded habitats represent hotspots of urban biodiversity, however, urban develop-
ment imposes pressure on biota in these refuges. Identification of the most influential habitat
attributes and the role of local urban characteristics is crucial for proper decisions on manage-
ment practices supporting biodiversity. We aimed to identify well manageable fine-scale habitat
attributes to suggest specific, feasible and affordable management recommendations for green
space in cities. We analysed species richness of woodland-associated bird communities and
incidence of individual species at 290 sites in a wide variety of green areas scattered across the
city of Prague, Czech Republic. Generalized linear mixed models (GLMM) and regression tree
analyses were used to identify site-scale (100m radius sampling sites) and local-scale (200m and
500 m radius plots) habitat attributes shaping the bird communities at individual sites. Logistic
regression was used to assess the responses of individual species to habitat characteristics. Our
results imply that at the site scale, management practices should focus on maintenance and
promoting species-diverse and older tree stands, with a mixture of coniferous and deciduous
trees. Water-bodies and accompanying riparian habitats should be maintained and carefully
managed to preserve high-quality remnants of natural vegetation. Presence of a few old trees
(about 12 % of tree cover with DBH>50 cm) or small urban standing water and watercourses
enrich the bird community by at least two species. Species richness of woodland avifauna at
particular sites is further supported by the total amount of tree cover in the surroundings,
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Introduction

The rapid urbanization caused by human population growth and massive migration from rural
areas to cities is a remarkable global phenomenon occurring over the past several decades
(Grimm et al. 2008). The need to understand the ongoing processes associated with fundamen-
tal land-use changes has prompted a commensurate interest in urban ecology (Marzluff et al.
2008; McDonnell et al. 2009). Much of this concern has focused on investigating the key
habitat factors that are most important for the maintenance of biodiversity in an urban
environment (reviewed in Chace and Walsh 2006; McKinney 2008; Evans et al. 2009). Bird
communities represent important components of biodiversity in cities and a suitable and
frequent model for the evaluation of environmental changes in urban areas (Marzluff et al.
2008). Birds are relatively easy to survey, and respond in complex ways to habitat alterations
due to their considerable spatial requirements, and sensitivity to environmental change and
disturbance (Croci et al. 2008). Moreover, birds are relatively well known and popular to non-
scientific public (Fuller et al. 2007, but see Dallimer et al. 2012) and urban greenspaces are
often the only places where citizens encounter biodiversity. Since Dallimer et al. (2012)
reported low bird-identification skills of city-dwellers, the enhancement of bird communities
is highly desirable also for educational purposes, especially if education is potentially the first
step towards more effective nature conservation (McKinney 2002; Turner et al. 2004).

Urban areas, including suburbs and remnants of natural habitats are often reported to
support relatively high proportion of species from the regional species assemblages (Kelcey
and Rheinwald 2005; Evans et al. 2007). For example, 127 out of the 199 bird species
breeding in the Czech Republic occur within administrative borders of Prague (Fuchs et al.
2002). Although the reported patterns of bird species richness along urbanisation gradients
differ, the city centres are consistently dominated by only a few very abundant species (e.g.
Clergeau et al. 2001; McKinney 2002; Tratalos et al. 2007; Blair and Johnson 2008; Garaffa
et al. 2009). It is suggested that biotic homogenisation and decrease of specialist species is
caused mainly by a high proportion of artificial habitats (bare surfaces and buildings),
intensive disturbance by people in densely populated areas but also by pollution causing
e.g. lower quantity and quality of invertebrate food (Fernández-Juricic 2001; Platt and Lill
2006; Blair and Johnson 2008; Eeva et al. 2009).

The most important habitat types enhancing bird species richness in cities are urban green
patches (Jokimäki 1999; Fernández-Juricic 2000, 2001; Husté et al. 2006; Croci et al. 2008;
Evans et al. 2009; Pellissier et al. 2012). Woods and parks represent remnants of natural and
semi-natural habitats in urban matrix that function as refuges for woodland species (Fernández-
Juricic 2000; Fernández-Juricic and Jokimäki 2001; Donnelly and Marzluff 2004; Croci et al.
2008). We have strong evidence of positive relationship between bird species richness and
increasing habitat patch size and reduced isolation (Jokimäki 1999; Fernández-Juricic 2000,
2001; Watson et al. 2005; Palmer et al. 2008), and connectivity to the regional populations of
large suburban forests (Fernández-Juricic 2000; Clergeau et al. 2001; Husté et al. 2006). Even
though this information is important for urban planning of new development areas, its imple-
mentation is difficult in existing urban areas. Expansion of wooded habitats in cities at the
expense of build-up areas and transport infrastructure seems to be difficult (Fernández-Juricic
and Jokimäki 2001). Therefore, the conservation efforts should focus on the maintenance of
habitat diversity and structural complexity of vegetation in existing patches in areas subject to
urbanization and on the enhancement of their functional connectivity (Evans et al. 2009;
Fontana et al. 2011).

An increasing number of studies in urban areas focus on quantification of fine scale
habitat features that influence abundances, diversity and composition of bird communities
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(Evans et al. 2009; Fontana et al. 2011; Pellissier et al. 2012). These studies provide
important information on effects of single habitat variables on local bird biodiversity and
could bring relatively simple and explicit advices for effective planning and decisions on
management practices at particular green patches (Fontana et al. 2011). The main factors that
have been identified to enhance bird species richness at a site scale included high amount
and species richness of the tree layer, including balanced mixture of coniferous and
deciduous trees and dominance of native species (Chace and Walsh 2006; Palomino and
Carrascal 2006; Fontana et al. 2011), higher proportion of older tree stands (Mörtberg and
Wallentinus 2000; Donnelly and Marzluff 2006) and the amount of shrubs (Fernández-
Juricic 2004; Sandström et al. 2006). All these variables increase structural vegetation
diversity, which have been shown to have positive effect on avifauna in urban green patches
(Böhning-Gaese 1997; Evans et al. 2009). Nevertheless, the influence of habitat composition
on avifauna has often been investigated at a scale of the whole habitat patches and a
comprehensive evaluation of particular habitat attributes at finer scale is still missing.

The city of Prague offers very diverse urban greenery from larger remnants of semi-natural
forests (up to ca. 320 ha), parks and wooded habitats of different age, to private gardens and
small sites with tree cover on public spaces in the city centre (as small as 0.1 ha). History and
management practices of tree, shrub and herb layer differ substantially among these sites.
Besides remnants of former woods, substantial part of the green areas was established de novo
in residential neighbourhoods to serve for citizens as quiet oases in the heart of the city.
Management practices often concentrate on recreation functions with a special regard on
aesthetics and security. These green areas are also important places where citizens come into
contact with nature and birds undoubtedly represent one of the most important groups of
organisms due to their popularity and conspicuousness.

The aim of our study was to investigate key habitat features that maximise bird species
richness and increase probability of individual species occurrence at individual sites. We
estimated how many bird species can a citizen observe and rejoice at one particular place and
which small-scale factors enhance this species diversity. We focused on the identification of
relatively well manageable fine-scale habitat attributes to suggest specific, feasible and afford-
able management recommendations for green space in established cities. Specifically, we
analysed the influence of habitat structure at sampling sites and habitat composition of their
immediate surroundings on species richness, as well as on the presence/absence of particular
species of woodland birds. We attempted to test these particular predictions: 1) Species richness
of woodland birds at particular sites in urban green space is influenced by both site-scale
(vegetation characteristics) and local-scale (habitat composition of wider surroundings) habitat
variables. At the site scale, species richness of birds is supported by (2) older tree stands, (3)
higher species diversity of trees, (4) presence of water bodies (river, streams, small ponds) and
(5) higher proportion of shrubs. (6) Total amount of tree layer in surrounding urban space,
including private gardens, further enhances the species richness of birds at sampling sites.

Materials and methods

Study area and bird sampling

The study took place in Prague, city (1 270 000 inhabitants) located in a continental
temperate climate of central Europe (centre 50.04 N, 14.25 E, altitude range 170–
400 m a.s.l., Czech Republic). Artificial surfaces cover approximately 43 %, urban greenery
9 %, nature-like greenery 8 %, various agricultural habitats 39 % and water bodies 1 % of the
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city (EEA 2010). The study was carried out in all types of urban green areas with various
extents of management activities (grass mowing, shrub and tree removal and cutting). The
sampled green areas included semi-natural woodlands, parks, cemeteries, small urban green
areas in public places (crossroads, squares), small open recreation spaces lined with trees and
residential areas with private gardens. The units of our interest, i.e. individual sampling sites
(290 in total) were located along the whole urbanization gradient extending over the whole
city of Prague (see Fig. 1). To introduce a systematic sampling design, we used six transects
of sixty 1.5×1.25 km grid cells of Prague (formerly used for mapping of breeding bird
distribution, Fuchs et al. 2002) as a guide. These transects were in different directions across
the whole city. We placed up to 7 sampling sites (if possible) in all types of urban green in
each of the grid cells (see Fig. 1).

Birds were surveyed using point count method with a fixed 100-m radius (hereafter
“sampling site”, Bibby et al. 2000) in 2007 and 2008. We focused on bird species associated
with tree and shrub cover (woodland birds), all non-woodland bird species (e.g. Common
Swift, Apus apus or Rock Dove, Columba livia, Black Redstart, Phoenicurus ochruros),
birds of prey and aquatic species were removed from further analyses (Online resource 5). At
each sampling site, all birds seen and heard were recorded during a counting period of five
minutes. If the green area (often not continuous) was smaller than our sampling site (100 m
radius), only individuals really associated with particular green sites within the radius were
recorded (singing, foraging, feeding young etc.). The spacing of point count sites varied
between 200 m and 500 m to avoid double counting of the same individuals. Bird surveys
were conducted during clear and calm days between 05:00 to 10:00 a.m. Bird surveys were
conducted three times during one breeding season at each site, between the last third of April

Fig. 1 Location of sampling sites (290 in total) in urban green areas (shaded in grey) in Prague, Czech
Republic. Enlarged area shows an aerial photograph with a sample of detailed placement of the sampling sites
(counting points) within various green areas. The line around the city of Prague represents its administrative
borders. Figures based on maps downloaded from EEA (2010) and www.mapy.cz
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and first third of June. Species richness for each sampling site was defined as the total
number of species detected during the three visits and abundance as the maximum number of
individuals present in any of the three visits.

Habitat structure of sampling sites and their surroundings

We described habitat characteristics of the sampling site (hereafter “site scale”, 100m radius) and
the surrounding environment (hereafter “local scale”, 200 m and 500 m radius). The variables
measured for the sampling sites were much more complex and detailed. First, we estimated the
absolute area covered by urban greenery within each sampling site (hereafter “surveyed area”)
using aerial photographs (www.mapy.cz). This variable (surveyed area) has been used as a
covariate in further analyses to account for total amount of focal habitat sampled at particular
sites. Further, we estimated the relative cover of sparse and dense herbaceous vegetation, sparse
and dense shrubs and different age cohorts of trees (according to the diameter at breast height
(DBH): (i)<30 cm, (ii) 31–50 cm and (iii) above 50 cm) within the surveyed area. We recorded
the number of tree species that covered at least 5 % of the surveyed area and the ratio of
deciduous and coniferous trees. The presence of water body (streams, ponds) at sampling sites
has also been recorded. All these site scale characteristics were recorded directly in the field.

To characterise habitat composition of local scale, we calculated several metrics describing
composition of urban landscapes in two distances around the sampling sites, within a radius of
200 m and 500 m. The idea was to quantify the amount of suitable habitat (tree cover) and built-
up areas (building and pavements) in a closer (200 m) and wider (500 m) context of the
sampling sites. We recorded the percentage of area covered by (i) trees (parks or woods), (ii)
scattered trees, (iii) lawns, (iv) lower buildings (two-storey houses), (v) high buildings, (vi)
pavements, (vii) bare ground, (viii) fields and (ix) water. The habitat variables were collected
using recent aerial photographs (http://www.mapy.cz) and measured using ImageTool 3.00
software (Wilcox et al. 2002).

In our study, we used total amount of tree cover around the sampling sites (local scale) as
a proxy of habitat availability for woodland bird populations at any particular place within
the city. We used this approach for two main reasons. First, our sampling was not restricted
to well defined urban green patches (such as parks surrounded by built-up areas) and the
accurate boundary delineation of various green areas by using a standardized approach was
not possible (see Fig. 1 for an example). Second, we tried to avoid arbitrary approach for
defining habitat boundaries for the whole woodland bird community. Habitat requirements
are species-specific and many birds utilize various types of urban green areas, which
gradually transit into each other. For example, parks and adjacent gardens can be perceived
as one breeding habitat by many woodland birds (Goddard et al. 2010). Nevertheless it was
necessary to account for possible spatial autocorrelation of management practices (i.e. within
the same woodland, park or residential area), we assigned patch identity to each sampling
site. We defined 145 such patches, and 62 of them contained multiple sites. Patch identity
was used as a random factor in statistical analyses.

Each sampling site was further characterised by geographic position within the city (sites
ordered from N to S and W to E), and distance from the margin of the core city. The core city
was defined as an area around the city centre, where buildings cover more than 50 % of the
urban area. We ranked the positions of sampling sites based on their distance to the nearest
core-city margin. To avoid assigning negative values to sites placed outside the core-city
margin, we rescaled them as follows: the value=1 was assigned to the site located closest to
the core-city margin, and value=0 to the outermost site. Positions of all other sites were
rescaled accordingly so the values increased towards the most central site. We assume this
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variable to be a more accurate proxy of urbanization compared to measuring the distance
from the city centre, because of largely asymmetric shape of Prague city area.

Statistical analyses

Individual vegetation characteristics (e.g. the age of tree layer and proportion of shrub and herb
layer) cannot be considered as independent explanatory variables (ter Braak and Šmilauer
2002). In order to account for multicollinearity between the variables and to reduce their
number, we performed principal component analysis (PCA) using Canoco for Windows 4.5
software package (ter Braak and Šmilauer 2002). Our aim was to identify the main gradients in
overall habitat characteristics of the sampling sites. One PCA analysis has been used to describe
the habitat composition at the site scale (s-PCA) and the second at the local scale (l-PCA, 200m
and 500 m radiuses together). This enabled us to identify the main gradients in urban habitat
types and their typical vegetation structure. For further analyses, we used scores of particular
sampling sites on the four main PCA axes from each analysis.

The species richness and abundances of birds at particular sites were highly correlated
(r=0.55; p-value=< 0.001; n=290). Therefore, we focused only on species richness in further
analyses. First, we regressed the species richness (number of species) at sampling sites
against the habitat variables using generalized linear mixed models (GLMM) in nlme
package of R, version 3.1-98 (Pinheiro et al. 2011). Environmental variables entering the
initial model were: four PCA axes of habitat variables at site scale (s-PCA) and four axes at
local scale (l-PCA), number of tree species at sampling sites, presence of water body and the
position of sampling sites on the south-to-north and west-to-east gradient. Backward elim-
ination has been used to construct the minimal adequate model. The species richness was
log-transformed in order to achieve normal distribution of the data. The other variables
entering the initial model were checked for normality as well, and the number of tree species
was raised to the power of 2 to meet the assumption of normality. The presence of water
body was included as a factor (presence/absence). Only slight spatial autocorrelation was
detected in the residuals after fitting the model (maximum Moran’s I<0.17, although
significant in some distance classes). Hence, we suggest that the model accounted for spatial
autocorrelation sufficiently in our dataset and no spatially explicit model was needed.

Similarly, we analyzed the response of particular bird species (only 25 species with
incidence higher than 10 %) to habitat composition gradients at sampling sites and their
surroundings using linear mixed effect model with binomial error distribution and logit link-
function (lme4 package in R; Bates et al. 2011). The same explanatory variables were used
as in the bird species richness model. Backward elimination of explanatory variables was
used to obtain the minimal adequate model.

To provide a more direct analysis of the effects of particular environmental variables on bird
species richness at sampling sites, we also applied an alternative approach based on binary
recursive partitioning method - regression tree analysis (Jarošík 2011) in R software (package:
rpart, Therneau et al. 2011). This method enabled us to identify homogeneous groups of
sampling sites according to their relation of bird species richness to environmental variables.
Regression trees are nonparametric models that are able to use combinations of explanatory
variables that are either categorical and/or numerical. They are also able to deal with nonlinear
relationships and high-order interactions and are robust to spatial autocorrelations (De’ath and
Fabricius 2000). As the nonnormal distribution and collinearity do not prevent reliable param-
eter estimates, we used original untransformed data for the analyses. The regression tree was
constructed using a 10-fold crossvalidation under the minimal cost tree criterion, i.e. the tree
with the minimal crossvalidation error has been selected. This procedure has been repeated 50
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times and the most frequent tree was selected as the optimal one. The variance explained by the
optimal tree has been calculated as R2=1 – relative error (the decline of errors relative to the null
model). The quality of each split was expressed by its improvement value, corresponding to the
proportional decrease in the residual sum of squares. The best trees were represented graphi-
cally, with the root standing for undivided data at the top, and the terminal nodes, describing the
most homogeneous groups of data, at the bottom of the hierarchy.

Results

Habitat characteristics of sampling sites

We used the principal component analysis (PCA) in order to reduce the number of environ-
mental variables measured at census sites and to account for their inter-correlations. This
analysis revealed the main gradients in habitat composition at site scale (i. e. at 100 m radius
around sampling sites), represented by four principal component axes that explained 85.0 %
of variance (Table 1; Online Resource 1).

Separate PCA analysis was conducted to describe habitat composition at local-scale (i.e.
within 200 m and 500 m radius around the sampling sites). The first four PCA axes
explained 63.1 % of variance in data (Table 1; Online Resource 2). The proportion of
particular habitat types in these two distance classes around sampling sites was highly
correlated (Online Resource 2).

Bird species richness

In total, we recorded 52 bird species during the point counts in green areas of Prague (see Online
Resource 3). The mean species richness was 12.25 (SD=2.84; min=3; max=19), and the mean

Table 1 Results of PCA analysing the relationships among vegetation characteristics of the bird sampling
sites (site-scale at 100 m radius; s-PC 1-4) and environmental characteristics of the wider surroundings of
sampling sites (local-scale at 200 m and 500 m radius; l-PC: 1-4). Individual axes are described using
variables with correlation coefficients above 50 % (see Online Resource 1 and 2)

Axis Variance explained
(%)

Environmental correlates of the axes

s-PC1 38.71 Gradient from sites with high cover of dense herb layer representing
mainly managed lawns to sites with younger trees (DBH<30 cm)
with sparse to moderately dense shrub and herb undergrowth

s-PC2 22.25 Gradient from older tree stands (DBH more than 30 cm) to sites
with younger trees (DBH<30 cm)

s-PC3 12.96 Separates sites with dense managed hedges

s-PC4 11.11 Gradient from the oldest tree stands (DBH>50 cm) that are typical
for central parks, to moderately old tree stands (DBH>30 cm)
representing generally less managed sites

l-PC1 25.27 Gradient from the city centre with high buildings and pavements
to areas with high tree cover

l-PC2 17.06 Defines sites surrounded by residential areas with mosaic of houses
and discontinuous tree cover

l-PC3 11.56 Separates sampling sites surrounded by managed lawns

l-PC4 9.19 Separates sampling sites placed close to water bodies
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overall abundance of birds was 21.66 individuals per counting point (SD=6.72; min=4;
max=71).

A minimal adequate model of influence of environmental variables on bird species richness
at sampling sites included five explanatory variables (Table 2). We found that the species
richness of birds was positively associated with the diversity of tree species and presence of
water bodies at sampling sites. The significance of second site-scale PCA axis (s-PC2) indicates
positive association of bird species richness with older tree stands (DBH higher than 30 cm) and
a negative association with younger tree cohorts and dense shrub layer. The next significant
variable included in minimal adequate model was the first local-scale (habitat surroundings of
sampling sites) PCA axis (l-PC1). The negative influence of this variable indicates that bird
species richness is lower at sampling sites surrounded by highly urbanized areas (high propor-
tion of buildings and pavements) and conversely, higher at sampling sites surrounded by high
proportion of tree cover. The influence of the second local-scale PCA axis (l-PC2) describing
habitat surroundings suggests that bird species richness is positively affected by high proportion
of residential areas around the sampling sites.

The regression tree analyses enabled us to model the bird species richness against original
habitat variables instead of the principal component axes and were used as an alternative
approach supplementing the GLMM. The best regression tree that included environmental
variables describing the vegetation at site scale (habitat composition of sampling sites)
explained 33.7 % of the variability in bird species richness (Fig. 2). The first split (Node 1;
improve=0.11) just indicated that the bird species richness was affected by the overall cover of
urban green within the basic sampling plots, i.e. it was lower at 64 sampling sites, where the
urban green covered only less than ca. 50 % of the 100 m radius plot (Terminal node 1). The
highest number of bird species (mean=16.2) occupied sampling sites with proportion of old
trees (DBH>50 cm) higher than 12% (Node 2; improve=0.08), presence of water bodies (Node
3; improve=0.08), and placed in eastern part of the city (Terminal node 7; improve=0.04). If no
water body was present at the sampling sites, the bird species richness increased with increasing
distance from the city centre (Terminal node 5; improve=0.12) and towards the North of the city
(Terminal node 6; improve=0.17). Terminal nodes 3, 4, 6 and 7 mirror specific local features of
the city of Prague, especially the distribution of larger urban woods. The lowest bird species
richness was found at sampling sites with low overall cover of vegetation (Terminal node 1) and
low proportion of old trees (Terminal node 2).

The best regression tree based on all explanatory variables at both the site- and local-scale
explained 20.63 % of the overall variability. We found only two significant factors affecting

Table 2 Minimal adequate mixed effect model explaining the number of bird species present at individual
sampling sites. The covariate (surveyed area) has been retained, despite it is not significant, to account for its
effect. The model has been selected using backward selection

Coefficient Std. error df t-value p-value

Intercept 2.39 0.06 144 43.14 < 0.001

Covariate (surveyed area) −7.00×10−7 2.39×10−6 139 0.29 NS

Tree species diversity 4.92×10−3 2.03×10−3 139 2.43 < 0.05

Water bodies 0.09 0.04 139 2.37 < 0.05

s-PC2 0.04 0.01 139 2.57 < 0.05

l-PC1 −0.07 0.02 139 −3.30 < 0.01

l-PC2 0.04 0.01 139 2.37 < 0.05
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the bird species richness at local scale (Fig. 3). The highest bird species richness (mean 13.7)
was found at sampling sites with higher proportion (more than about 47 %) of tree cover in
500 m circle around the sampling sites (Terminal node 3; improve=0.14). On the other hand,
the lowest number of bird species was at sites surrounded by high buildings covering more
than about 20 % of the area within a 200 m radius (Terminal node 1; improve=0.12).

|
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Fig. 2 Regression tree analysis describing the influence of site-scale variables on species richness at sampling
sites in green areas in Prague, Czech Republic. Each node of the tree is described by the splitting variable and
its split value, mean of the number of bird species, and the number of samples (sampling sites) at that node
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Fig. 3 Regression tree analysis describing the influence of local-scale variables on species richness at sampling
sites in green areas in Prague, Czech Republic. Each node of the tree is described by the splitting variable and its
split value, mean of the number of bird species, and the number of samples (sampling sites) at that node
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Individual species occurrence patterns

We also tested the response of particular bird species to the recorded environmental
characteristics of sampling sites. The frequency of 25 bird species was high enough
(incidence higher than 10 %) to be included in the analyses. The GLMM with binomial
errors revealed that 18 bird species responded to environmental variables measured at site-
and local scale in Prague (Table 3).

The habitat composition gradients at the site-scale significantly influenced the presence of 15
bird species at sampling sites (Table 3). Eurasian Collared Dove (Streptopelia decaocto),
European Magpie (Pica pica), European Starling (Sturnus vulgaris) and European
Greenfinch (Carduelis chloris) occurred more likely at sites with high cover of dense herb
layer representing managed lawns (negative values on s-PC1). European Robin (Erithacus
rubecula) occurred at the opposite side of this gradient, i.e. at sites with younger tree stands with
high cover of sparse shrub undergrowth and sparse herb layer (positive values on s-PC1).
Eurasian Collared Dove, Great Spotted Woodpecker (Dendrocopos major), Eurasian Nuthatch
(Sitta europaea) and Short-toed Treecreeper (Certhia brachydactyla) were present more often
at sites with older tree stands (DBH>30 cm; positive values of s-PC2), whereas Common
Pheasant (Phasianus colchicus) and Common Blackbird was associated with younger tree
stands (DBH<30 cm; negative values of s-PC2). The positive association of Garden Warbler
(Sylvia borin) and Common Blackbird with the s-PC3 indicate their inclination to green areas

Table 3 The significant results of logistic regression mixed effect models explaining the influence of
environmental variables on presence of individual bird species at sampling sites in green areas in Prague,
Czech Republic. The mark indicates a positive or negative effect of the variable on the presence of particular
bird species at sampling sites. The estimates of individual coefficients with their statistical significance are
presented in Online Resource 4

Bird species Site scale Local scale

Water sPC1 sPC2 sPC3 sPC4 lPC1 lPC2 lPC3 lPC4

Phasianus colchicus + −
Columba palumbus −
Streptopelia decaocto − + −
Dendrocopos major +

Troglodytes troglodytes + − −
Erithacus rubecula + − + −
Phoenicurus phoenicurus +

Turdus merula − + +

Sylvia borin + +

Phylloscopus sibilatrix − −
Phylloscopus collybita +

Parus major −
Sitta europaea + − −
Certhia brachydactyla +

Pica −
Sturnus vulgaris + −
Fringilla coelebs − −
Carduelis chloris − +
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with occurrence of dense shrubs. On the other hand, Common Wood Pigeon and Chaffinch
(Fringilla coelebs) avoid such areas. The association of Wood Warbler (Phylloscopus
sibilatrix), Great Tit (Parus major) and Eurasian Nuthatch with the fourth axis (s-PC4) show
their association with older tree stands with tree DBH between 30–50 cm.We found thatWinter
Wren (Troglodytes troglodytes), Common Blackbird (Turdus merula) and European Starling
were positively influenced by the presence of water bodies.

The presence of 11 bird species at sampling sites was also significantly affected by the
habitat composition at local-scale, i.e. by the wider surroundings of our sampling sites (Table 3).
WinterWren, European Robin,WoodWarbler and Eurasian Nuthatch had increased probability
of occurrence at sites with high amount of woods within up to 500 m of the sampling sites
(negative values of l-PC1) and mostly avoided urbanized central parts of the city (positive
values of l-PC1). European Robin, Common Redstart (Phoenicurus phoenicurus), Common
Blackbird, Garden Warbler, Common Chiffchaff (Phylloscopus collybita) and European
Greenfinch occurred mostly at sampling sites surrounded by residential areas with scattered
trees and lower buildings (positive values of l-PC2), whereas Chaffinch avoided such places.

Discussion

In accordance with the general species-area relationship (SAR), larger areas of remnant wooded
habitats in cities (parks, cemeteries, urban woodlands) are likely to promote higher species
richness of bird communities (Evans et al. 2009; MacGregor-Fors et al. 2011; Pautasso et al.
2011). However, additional areas of green space do not become available in the most of urban
environments as the cities have little potential to considerably increase the amount of wooded
habitats e.g. at the expense of build-up areas and transport infrastructure. The aim of our study
was therefore to investigate relatively well manageable, fine-scale habitat attributes that
maximize bird species richness and increase probability of individual species occurrence, to
suggest specific, feasible and affordable management recommendations for green space in
established cities. We found that the tree species richness, proportion of older tree stands and
presence of water bodies represent the most important habitat variables at the site scale (100 m
radius plots). The diversity of woodland bird communities at a particular site was further
positively influenced by both the amount of continuous tree cover (e.g. parks, urban wood-
lands), or scattered trees of residential areas around the sampling sites.

Site scale determinants of bird species richness

We found that the number of tree species in urban green areas has a positive effect on local
nesting bird species richness, which is in accordance with several previous studies (Husté et al.
2006; Palomino and Carrascal 2006; Shwartz et al. 2008; Evans et al. 2009). We suggest that
diverse woody plant composition might enhance structural complexity and spatial heterogene-
ity of habitats, which are generally confirmed to be important predictors of bird species richness
in urban green areas (Husté et al. 2006; Murgui 2007; Shwartz et al. 2008; Evans et al. 2009).
Our results also supported the results of Palomino and Carrascal (2006) and Fontana et al.
(2011) who showed that the balanced mixture of coniferous and deciduous trees maximizes
total number of bird species, because of supporting both habitat generalists as well as specialists
that prefer particular foliage type. Different species of native trees can also provide diversified
resources and protection for birds such as more abundant and diverse diet for granivores and
insectivores, or various nesting opportunities (Fernández-Juricic 2004; Husté et al. 2006; Young
et al. 2007; Murgui 2007). The tree species richness at sampling sites was, however, not found
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to support the presence probability of any particular bird species. The absence of direct
responses of individual bird species to tree species diversity is probably caused by the complex
associated effects, which could vary according to specific tree species composition at particular
sites. However, the positive correlation of bird and tree species richness at the site scale provides
an important management implication – to maximize tree species diversity in urban green
spaces with a mixture of native coniferous and deciduous trees.

The second important predictor of bird species richness confirmed in our study was the age
of the tree stands – older trees support more bird species. More specifically, we showed that
mature tree stands with DBH at least 30 cm support richer woodland bird communities. Our
detailed analysis further identified that a bird community is richer by two species of woodland
birds at sites covered by at least 12% of the oldest tree cohort (DBH>50 cm). Simply speaking,
the presence of a few very old trees at particular sites can be very important for maintaining
diverse local bird communities. This positive effect of vegetation age probably stems from an
increase in the diversity and quantity of feeding and nesting resources (Murgui 2007). Tree
height, foliage density, trunk and bark volume and structural diversity increase with tree age,
whichmight enhance abundance of food resources, as well as diversity of nesting opportunities,
including cavities (Mörtberg andWallentinus 2000; Mörtberg 2001). Indeed, higher proportion
of older trees increased the probability of occurrence of Short-toed Treecreeper (Certhia
brachydactyla), Eurasian Nuthatch (Sitta europea) and Great Spotted Woodpecker
(Dendrocopos major) which represent the bark foraging guild typically requiring well devel-
oped older stands of trees with more structured bark and great amount of cavities (Minor and
Urban 2010). Our results therefore suggest that, where possible, older tree stands should be
maintained and viability of mature trees should be supported instead of their often thoughtless
and unnecessary removal in urban areas.

Our results of both GLMM model and regression tree surprisingly showed a positive
association of woodland bird species richness with the presence of water bodies. Moreover,
the regression tree identified that the presence of small ponds, river or stream at sites enhances
the species richness of associated urban green by about two bird species on average. This
supports some earlier studies showing that water bodies have generally positive effect on species
richness of avian communities in urban landscapes (Melles et al. 2003; Husté et al. 2006;
Shwartz et al. 2008). However, compared to other studies, we did not record any wetland birds
during our surveys. The novelty of our finding is therefore that the presence of water bodies
enhances also the species richness of birds primarily associated with woodland habitats and not
with water bodies. We suggest that they may benefit from the near water resource and richer
foraging opportunities or that accompanying vegetation of rivers, streams and ponds is usually
less affected by human disturbance and intensive management compared to other urban green
areas (Luther et al. 2008). Riparian habitats can be therefore spatially and vertically heteroge-
neous (Pennington et al. 2010) and are likely to support species-rich bird communities (Groom
and Grubb 2002; Luther et al. 2008; Palmer et al. 2008). Besides these possible effects at the
community level, we found that water bodies increased occurrence probability of several
individual bird species. We suggest that Eurasian Wren (Troglodytes troglodytes) preferably
occupies habitats of dense riparian shrubs accompanying water bodies, Common Starling
(Sturnus vulgaris) may find here suitable nesting holes in older trees (especially poplar trees)
and Common Pheasant (Phasianus colchicus) is a species of mainly open habitats that probably
favours shelters near water. Our results suggesting the importance of water bodies for forest birds
have important management implications. All existing water bodies should be maintained and
intensive management activities such as technical regulations of urban standing water and
watercourses should be carefully planned and minimized where possible. The accompanying
semi-natural riparian vegetation should be protected and human disturbances should be reduced
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in these zones. Moreover, attention should be paid to investigation of potential positive effects of
other habitat types, such as e.g. farmland, shrubland and meadows on woodland birds in cities.

Local scale determinants of bird species richness

Today, we have strong evidence that bird diversity and species composition of a particular urban
green area is influenced by land-use composition of the surrounding environment (Clergeau
et al. 2001; Croci et al. 2008; Evans et al. 2009; Pellissier et al. 2012). However, majority of
studies focused on investigating bird communities at the scale of habitat patches, mainly parks
of different sizes (e.g. Jokimäki 1999; Mörtberg 2001; Donnelly and Marzluff 2004; James
et al. 2010; Fontana et al. 2011; Oliver et al. 2011). In our study, we focused on much wider
variety of urban green areas with continuous transitions and no clear boundary delineation.
Therefore, we aimed on investigating the local context of our sampling sites and evaluated the
influence of habitat composition of surrounding urban environments on avian communities. We
found that the overall richness of bird communities was supported by higher proportion of total
tree cover surrounding our sampling sites in urban green and declined towards more urbanized
areas with higher housing density and cover of pavements (l-PC1 axis). More specifically, we
identified that bird communities were enriched by about two species, if more than half of the
500 m surroundings (corresponding to about 40 ha in total) were covered by trees. This implies
that not only habitat patch size (Husté et al. 2006; Evans et al. 2009) but also total amount of tree
cover scattered in an urbanized area (Pellissier et al. 2012) is important for species richness of
woodland bird communities. On the other hand, bird communities with the lowest number of
species were present at sites surrounded by build-up areas exceeding 20 % of closer
neighbourhood (200 m). Human disturbance (Fernández-Juricic and Jokimäki 2001) and a
variety of effects associated with fragmentation (Marzluff and Ewing 2001) can be the
underlying causes. We identified that birds sensitive to housing density around green areas
were mainly ground nesting insectivores - Eurasian Wren (Troglodytes troglodytes), European
Robin (Erithacus rubecula), and forest specialists -WoodWarbler (Phylloscopus sibilatrix) and
Eurasian Nuthatch (Sitta europea). We suggest that ground nesters may suffer from high nest
predation in city centre (Clergeau et al. 2006; Pellissier et al. 2012) and forest specialists are
known to be particularly susceptible to fragmentation in urban areas (Mörtberg 2001; Evans
et al. 2009).

Considerable amount of tree cover in urban areas is confined not only to larger public
green spaces but also to private gardens (Goddard et al. 2010). Our results identified that bird
species richness at sampling sites is also positively influenced by neighbouring residential
areas (l-PC2 axis), i.e. more species are present at places surrounded by residential areas
with heterogeneous mosaic of lower buildings and scattered trees and shrubs. We suggest
that this kind of habitat can improve the connectivity between optimal patches of habitat
(Mörtberg 2001; Hodgson et al. 2007; Evans et al. 2009) and may be suitable for nesting of
many open woodland bird species (Caula et al. 2008; Chamberlain et al. 2004; Lerman and
Warren 2011). In particular, we found that Common Redstart (Phoenicurus phoenicurus),
Common Blackbird (Turdus merula), Garden Warbler (Sylvia borin), Common Chiffchaff
(Phylloscopus collybita), European Greenfinch (Carduelis chloris) and European Robin
benefit from the presence of residential areas with private gardens. It has been formerly
demonstrated that gardens support high overall biodiversity (Shwartz et al. 2013) and may
host a substantial part of the overall populations of these species in cities (Bland et al. 2004;
Sedláček et al. 2004). These results show that at least part of the woodland species does not
distinguish between the habitat patches of continuous tree cover and the scattered greenery
of residential areas. Management at the level of particular administrative units of a city
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should therefore focus on maintenance and promoting of the total amount of greenery,
including smaller areas of public spaces (e.g. squares), wooded streets and private gardens.

Conclusions

Our study stressed the importance of total tree cover for woodland species in cities,
including scattered trees of private gardens and small public green spaces. The regression
tree analysis showed that important threshold for woodland species diversity at a particular
site is about 50 % of tree cover in the surrounding urban space. The bird species richness
was, however, strongly influenced also by site-level habitat attributes, which are relatively
easily manageable in particular urban green areas. It follows from our analyses that conser-
vation efforts at particular habitat sites should preferentially focus on promoting species-
diverse and older tree stands. Where possible, water-bodies and accompanying riparian
habitats should be maintained within habitat patches and should be carefully managed to
preserve high-quality remnants of natural vegetation. We conclude that proper management
at site scale has the potential to increase biodiversity of the urban environment.
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Online Resource 1. Results of PCA analysing the relationships among vegetation characteristics of the bird 

survey sites at the site-scale (100m radius). Explained variability and correlation coefficients are given for the 

first four principal components axes. Correlation coefficients higher than 50% are in bold.  

 
 s-PC1 s-PC2 s-PC3 s-PC4 

variance explained (%) 38.71 22.25 12.96 11.11 

 trees <30cm DBH    0.7123 -0.5154 -0.0343 0.0454 

 trees 30cm - 50cm DBH 0.0353 0.7671 -0.0294 -0.5592 

 trees >50cm DBH -0.2914 0.6267 0.3437 0.6044 

 sparse shrubs   0.6859 0.0176 -0.2899 0.2519 

 dense shrubs  -0.3321 -0.4736 0.7066 -0.1769 

 sparse herb layer  0.8783 0.1525 0.3141 -0.0502 

 dense herbs layer -0.8741 -0.251 -0.324 0.0273 
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Online Resource 2. Results of PCA analysing the relationships among sampling site distance to the city margin 

and environmental characteristics of the bird survey sites at local scale (200m and 500m surroundings). 

Explained variability and correlation coefficients are given for the first four principal components axes. 

Correlation coefficients higher than 50% are in bold.  

 
            l-PC1      l-PC2      l-PC3      l-PC4 

variance explained (%) 25.27 17.06 11.56 9.19 

distance to city margin    0.6786 -0.2693 0.0035 -0.0031 

trees 200m   -0.7835 -0.3876 -0.3514 -0.0606 

trees 500m -0.7482 -0.4164 -0.346 -0.0479 

lawns 200m    -0.1895 0.0725 0.6845 0.0646 

lawns 500m -0.4286 0.0274 0.6401 0.0154 

scattered trees 200m 0.0081 0.7432 -0.1821 0.1583 

scattered trees 500m -0.2412 0.7202 -0.2084 0.1216 

low buildings 200m 0.1393 0.7845 -0.1585 0.2138 

low buildings 500m 0.0537 0.7887 -0.2202 0.1449 

pavements 200m 0.8718 0.0997 0.0619 -0.08 

pavements 500m 0.7913 0.2043 0.0241 -0.0316 

water 200m 0.0155 -0.1987 0.2816 0.7749 

water 500m 0.0575 -0.2686 0.3235 0.7669 

bare ground 200m    -0.0064 0.1488 0.4586 -0.084 

bare ground 500m    0.0257 0.191 0.4488 -0.1502 

high buildings 200m 0.8226 -0.2816 -0.0529 -0.1687 

high buildings 500m 0.8343 -0.3416 -0.0441 -0.0969 

fields 200m -0.1713 0.2051 0.4458 -0.43 

fields 500m    -0.2736 0.2672 0.3489 -0.4245 
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Online Resource 3. Incidence and frequency of woodland bird species recorded at 290 counting points in urban 

greenery of Prague, Czech Republic. 

 

English name Scientific name Incidence Frequency (%) 

Great Tit Parus major 285 0,98 

Common Blackbird Turdus merula 278 0,96 

Eurasian Blue Tit Cyanistes caeruleus 276 0,95 

Eurasian Blackcap Sylvia atricapilla 272 0,94 

Common Chaffinch Fringilla coelebs 237 0,82 

Common Chiffchaff Phylloscopus collybita 220 0,76 

Common Wood Pigeon Columba palumbus  201 0,69 

Eurasian Jay Garrulus glandarius 172 0,59 

Eurasian Nuthatch Sitta europaea 165 0,57 

European Robin Erithacus rubecula 154 0,53 

Great Spotted Woodpecker Dendrocopos major 146 0,5 

Eurasian Magpie Pica pica 104 0,36 

Song Thrush Turdus philomelos 94 0,32 

European Greenfinch Carduelis chloris 83 0,29 

Short-toed Treecreeper Certhia brachydactyla 64 0,22 

Eurasian Collared Dove Streptopelia decaocto 60 0,21 

Common Redstart Phoenicurus phoenicurus 60 0,21 

European Green Woodpecker Picus viridis 55 0,19 

Long-tailed Tit Aegithalos caudatus 52 0,18 

Common Pheasant Phasianus colchicus 51 0,18 

Eurasian Wren Troglodytes troglodytes 50 0,17 

Wood Warbler Phylloscopus sibilatrix 46 0,16 

Willow Warbler Phylloscopus trochilus 44 0,15 

Common Starling Sturnus vulgaris 43 0,15 

Garden Warbler Sylvia borin 33 0,11 

Collared Flycatcher Ficedula albicollis 29 0,1 

Hawfinch Coccothraustes coccothraustes 26 0,09 

Lesser Whitethroat Sylvia curruca 25 0,09 

Coal Tit Periparus ater 23 0,08 

Jackdaw Coloeus monedula 22 0,08 

Willow Tit Poecile montanus 17 0,06 

Marsh Tit Poecile palustris 17 0,06 

Dunnock Prunella modularis 16 0,06 

Common Nightingale Luscinia megarhynchos 15 0,05 

Eurasian Treecreeper Certhia familiaris 15 0,05 

Goldcrest Regulus regulus 11 0,04 

Yellowhammer Emberiza citrinella 11 0,04 

House Sparrow Passer domesticus 10 0,03 

Eurasian Tree Sparrow Passer montanus 9 0,03 

Rook Corvus frugilegus 8 0,03 

Spotted Flycatcher Muscicapa striata 6 0,02 

European Pied Flycatcher Ficedula hypoleuca 6 0,02 

Common Whitethroat Sylvia communis 5 0,02 
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Mistle Thrush Turdus viscivorus 5 0,02 

Middle Spotted Woodpecker Dendrocopos medius 4 0,01 

Common Cuckoo Cuculus canorus 3 0,01 

Black Woodpecker Dryocopus martius 3 0,01 

Common Firecrest Regulus ignicapillus 3 0,01 

European Serin Serinus serinus 3 0,01 

European Goldfinch Carduelis carduelis 2 <0.01 

Icterine Warbler Hippolais icterina 2 <0.01 

Eurasian Golden Oriole Oriolus oriolus 2 <0.01 
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Online Resource 4. Parameter estimates (regression coefficients) of logistic regression in single species models 

(only models with at least one significant explanatory variable reported). * p < 0.05, ** p < 0.01, *** p < 0.001.  

 

species intercept water bodies s-PC1  s-PC2 s-PC3 s-PC4 l-PC1 l-PC2 l-PC3 l-PC4 

Carduelis chloris 1.70 * 

 

-0.51 * 

    

0.38 * 

  Certhia brachydactyla -2.07 *** 

  

0.65 *** 

      Dendrocopos major -2.13 *** 

  

0.60 *** 

      Erithacus rubecula -0.47 NS 

 

0.62 ** 

   

-0.68 * 0.36 * -0.39 * 

 Fringila coelebs 2.48 *** 

   

-0.44 * 

  

-0.78 *** 

  Phoenicurus phoenicurus -0.51 NS 

      

1.00 *** 

  Phylloscopus collybita -0.02 NS 

      

0.91 *** 

  Phylloscopus sibilatrix -5.89 ** 

    

-0.84 ** -1.12 * 

   Pica pica -0.04 NS 

 

-0.77 *** 

       Sitta europaea 0.35 NS 

  

0.46 ** 

 

-0.39 * -0.77 ** 

   Streptopelia decaocto -0.77 NS 

 

-0.96 *** 0.59 ** 

    

-0.93 ** 

 Sturnus vulgaris -6.29 *** 3.25 ** -1.25 * 

       Sylvia borin -3.39 *** 

   

0.73 ** 

  

0.65 ** 

  Troglodytes troglodytes -1.6 NS 1.92 *** 

    

-1.23 ** 

  

-0.54 * 

Turdus merula 6.02 *** 

  

-1.05 * 1.59 * 

  

1.77  * 

  Phasianus colchicus -5.24 *** 1.19 * 

 

-0.81 ** 

      Columba palumbus 1.22 ** 

   

-0.31 * 

     Parus major 22.77 NS         -2.08 *         
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Online Resource 5. List of bird species primarily associated with other than woodland habitats or recorded as 

flying over the sampling sites. These species were excluded from further analyses. 

 

English name Scientific name 

Little Grebe Tachybaptus ruficollis 

Mallard Anas platyrhynchos 

Tufted Duck Aythya fuligula 

Marsh-harrier Circus aeruginosus 

Common Buzzard Buteo buteo 

Common Kestrel Falco tinnunculus 

Sparrowhawk Accipiter nisus 

Common Moorhen Gallinula chloropus 

Eurasian Coot Fulica atra 

Feral Pigeon Columba livia 

Common Swift Apus apus 

Barn Swallow Hirundo rustica 

House Martin Delichon urbicum 

Black Redstart Phoenicurus ochruros 
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