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While numerous studies have reported negative effects of urbanisation on birds, few 
have examined the role of urban scale in influencing breeding success. Furthermore, 
many studies have relied on qualitative rather than quantitative assessments of urban-
isation. This study sought to address these issues by testing the effects of urbanisation, 
measured at two spatial scales, on the breeding success of great tits Parus major. A 
nested study design, incorporating over 400 nestboxes, was used in study sites across 
northern Belgium with a priori quantified degrees of urbanisation at both local and 
regional scales. All measured breeding parameters were found to vary at one or both 
spatial scales of urbanisation; in more urbanised areas great tits displayed advanced 
laying dates but lower breeding success compared to rural areas, with smaller clutch 
sizes, lower nestling masses and fewer fledglings per egg. Importantly, urbanisation 
effects were not limited to big cities as birds breeding in gardens or parks in small 
towns also had comparatively low success. We found that both regional- and local-scale 
urbanisation had consistent significant effects on laying date, clutch size and nestling 
mass, while the number of fledglings per egg was negatively influenced by local-scale 
urbanisation only. Results of this study therefore highlight the importance of utilising 
multiple spatial scales in analysing urbanisation effects, as well as the potential nega-
tive impact of local urbanisation on breeding success. This calls for further investiga-
tion into mechanisms driving urbanisation effects and how these may vary at different 
scales.
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Introduction

The urbanisation of natural landscapes is accelerating worldwide, changing the physi-
cal structure, local climates and ecological processes of once natural habitats and irre-
versibly altering patterns of biodiversity (Marzluff 2001, McKinney 2002, Seto et al. 
2011). Urban impacts on wildlife are wide-ranging; increasing household density 
is strongly correlated with negative effects on wildlife (Peterson  et  al. 2007), while 
urban-driven shifts in land use result in the decline and local extinction of numerous 
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taxonomic groups (Ree and McCarthy 2005, Hahs  et  al. 
2009) and drive biotic homogenisation (McKinney 2006, 
Aronson et al. 2014, Ibáñez-Álamo et al. 2017). The nega-
tive effects of urbanisation on birds have been well studied 
(Chace and Walsh 2006, Chamberlain et al. 2009, Gil and 
Brumm 2013) and numerous studies have reported poor 
breeding success in urban birds compared with their rural 
counterparts (Horak 1993, Mennechez and Clergeau 2006, 
Chamberlain et al. 2009, Seress et al. 2012, Wawrzyniak et al. 
2015, Bailly et al. 2016).

While urban landscapes are markedly different from their 
natural surroundings (Marzluff 2001) they still encompass 
substantially variable habitats (Chamberlain  et  al. 2009). 
Urban environments represent a continuum ranging from 
remnant natural areas exposed to urban pressures, to wholly 
novel environments such as newly created urban green spaces 
like city parks and gardens (Clergeau  et  al. 2006). A com-
bination of urban spread and the colonisation of these new 
urban environments has given rise to ‘urban-positive’ species 
(Stracey 2011) – the phenomenon whereby a species occurs 
in higher densities in urban areas compared with their natu-
ral habitats. This phenomenon has been observed for a vari-
ety of taxa (Francis and Chadwick 2011) and is particularly 
well documented for several bird species (Johnston 2001, 
Stracey 2011, Hedblom and Söderström 2012, Stracey and 
Robinson 2012). In contrast, ‘urban-negative’ or ‘-absent’ 
species occur in lower densities or are absent from urban areas 
(Stracey 2011) due to, for example, the removal of native 
vegetation (and a resulting scarcity of food sources or nest-
ing sites) or high disturbance (McKinney 2006, Bonier et al. 
2007, Croci et al. 2008).

Cities represent potentially attractive areas to urban-
positive birds, offering several positive cues for habitat selec-
tion: they comprise concentrated sources of food such as 
bird feeders, urban waste and fruit-bearing exotic shrubs and 
trees (Mennechez and Clergeau 2001, Robb  et  al. 2008a, 
Chamberlain et al. 2009), as well as readily available water 
and convenient nesting sites in the form of nestboxes or 
crevices in houses (Reynolds et al. 2019). However, despite 
these positive cues, urban areas can act as ‘ecological traps’ 
(Dwernychuk and Boag 1972, Gates and Gysel 1978). This 
phenomenon can occur when an environmental change (e.g. 
urbanisation) acts to uncouple the cues that individuals use 
to assess the environment from its true quality; thus individu-
als mistakenly prefer habitats where their fitness is lower than 
in other available habitats (Gates and Gysel 1978, Robertson 
and Hutto 2006, Hale and Swearer 2016). For birds in an 
urban context, this can occur when individuals settle in built-
up areas (rather than more natural areas) despite artificially 
high levels of disturbance, insufficient resources and/or novel 
sources of mortality (Stracey 2011, Stracey and Robinson 
2012). If ecological traps are also sink habitat – areas with 
negative net population growth reliant on immigration 
from surrounding source populations to sustain their exis-
tence (Pulliam 1988) – then such traps can drive regional 

populations to extinction (Kristan 2003, Robinson and 
Hoover 2011, Stracey and Robinson 2012).

Observations of poor breeding success of many bird species 
in urban areas have stimulated a growing interest in urban bird 
ecology (Chace and Walsh 2006, Chamberlain et al. 2009, 
Rodewald et al. 2011). Several studies have highlighted smaller 
clutch sizes (Perrins 1965, Solonen 2001, Chamberlain et al. 
2009, Glądalski  et  al. 2015, Wawrzyniak  et  al. 2015) and 
poorer nestling condition in cities (Cowie and Hinsley 1988, 
Mennechez and Clergeau 2006, Chamberlain  et  al. 2009, 
Hedblom and Söderström 2012). Additionally, urbanisa-
tion effects have been found to influence avian phenology 
(Deviche and Davies 2014) with multiple studies having 
reported earlier breeding attempts in urban birds compared 
with rural conspecifics (Dhondt  et  al. 1984, Cowie and 
Hinsley 1987, Antonov and Atanasova 2003, Liker  et  al. 
2008, Hedblom and Söderström 2012, Solonen and Hilden 
2014, Møller  et  al. 2015, Wawrzyniak  et  al. 2015). A set 
of strongly contrasting environmental pressures in cities 
and birds’ native habitats may underlie the observed differ-
ences in breeding success and phenology (McKinney 2002, 
Bailly  et  al. 2016, Marzluff  et  al. 2016). Widely discussed 
in urban ornithological literature are the respective roles 
of food (quality and quantity), environmental cues (such 
as light and temperature), predation and habitat structure 
(Chamberlain et al. 2009). Urban-induced changes in these 
factors, such as higher temperatures, greater food abundance 
or a reduction in native vegetation, can influence the breed-
ing success and phenology of city birds (Table 1).

While numerous studies have sought to observe and 
explain urbanisation effects on birds by contrasting strongly 
urbanized areas with much less disturbed peripheral urban 
or even rural areas, few studies have examined the role of 
urban spatial scale. The various effects of urbanisation (e.g. 
changes in temperature, pollution, insect abundance, and/or 
nest sites) can operate at a variety of scales, each driven by 
unique processes (Clergeau et al. 2006, Merckx et al. 2018) 
and therefore may influence birds in a scale-dependent man-
ner. The role of urban-induced temperature change illustrates 
this point: urban heat island effects significantly increase tem-
peratures in urban areas over several kilometres (Deviche and 
Davies 2014, McDonnell and Hahs 2015) and therefore may 
compound local-scale temperature effects. As an example of 
the latter, fragmented tree cover in urban parks may allow 
for increased direct sunlight on nestboxes (Banbura and 
Banbura 2012) and thus raise nest temperatures in already 
warm urban micro-climates. Such scale effects become par-
ticularly interesting when examining birds breeding in highly 
contrasting environments; for example semi-natural forest 
remnants nested in the heart of highly urbanised areas, versus 
gardens in small built-up areas surrounded by a rural land-
scape. As such, to account for potential scale dependencies, 
urban research should attempt to include multiple spatial 
scales when analysing urbanisation effects (Hostetler 2001, 
Goddard et al. 2010).
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In addition to the previous, many urban bird studies 
lack a quantitative characterisation of degree of urbanisa-
tion (Chamberlain et al. 2009), instead deriving conclusions 
from qualitative urban–rural contrasts, typically by compar-
ing urban parks to forests (Isaksson and Andersson 2007, 
Björklund et al. 2010, Glądalski et al. 2015, Wawrzyniak et al. 
2015, Bailly  et  al. 2016, Biard  et  al. 2017, Salmón  et  al. 
2017). To address these issues, in this study we utilised a 
nested sampling design involving study sites with a priori 
quantified degrees of urbanisation at two different scales 
(Merckx et al. 2018). Moreover, instead of focusing on a sin-
gle large city, we collected data from a large urbanised region 
in northern Belgium containing several large urban centres 
but also smaller towns and traditional rural areas. This design 
was used to test urbanisation effects on breeding success of 
great tits Parus major at two distinct spatial scales. Based on 
previous studies, we hypothesised that great tits would lay 
earlier, but also show poorer breeding success in all measured 
breeding parameters (clutch size, nestling mass and fledglings 
per egg and per nest) with increasing urbanisation at one or 
both measured spatial scales. We did not make predictions 
of scale-specific effects on breeding success, given a lack of 
information on underlying drivers at different scales (e.g. 
food availability).

Material and methods

Study design and data collection

Data were collected from 27 plots (each 3 × 3 km) scat-
tered in northern Belgium, encompassing the major urban 
areas of Antwerp, Ghent and Brussels over two years (2014 
and 2015) (Fig. 1). Plots were chosen as part of a multi-
taxon research project (Brans et al. 2017, Piano et al. 2017, 
Merckx et al. 2018). In this design, nine plots were chosen 
in each of three urbanisation categories according to per-
centage built-up area. The choice to use built-up area as the 
sole criterion was driven by the need to use a general char-
acterisation of the urban gradient that would be useful for 
widely different organisms and at multiple spatial scales (see 
below). Information on % built-up area was derived from 
an object-oriented reference map with precise contours of all 
buildings, excluding roads and parking infrastructures as a 
vector layer (GRB, <www.agiv.be/international/en/products/
grb-en>). The cut-off points were arbitrarily defined as 0–3% 
built-up area for ‘low’ urbanisation, 5–10% for ‘moderate’ 
urbanisation and > 15% for ‘high’ urbanisation. Given that 
only buildings are considered for the calculation of percent-
age built-up area, values of 15% can be considered highly 

Table 1. Changes in key factors in urban environments (relative to more rural environments), the potential underlying reasons for these 
changes, and the potential effects of the changes on the breeding success and phenology of great tits Parus major in urban areas. Arrow 
symbols: ↑ = increased; ↓ = decreased; → = no apparent change.

Factor Urban habitat change Potential reason Potential effect

Food quantity1 ↑ food abundance
↑ food types

Anthropogenic food sources e.g. bird feeders, 
refuse and exotic fruiting plants 

Advanced laying dates; increased 
attraction to urban habitat

Food quality2 ↓ food quality
↓ caterpillar 

abundance

Anthropogenic food sources often energy rich 
but protein poor. Caterpillars limited by lack 
of (native) trees and vegetation

Poorer laying capacity and egg 
quality; poorer nestling 
condition and survival

Environmental cues3 ↑ temperature
↑ light

Urban ‘heat island’ effect maintains higher 
urban temperatures relative to rural 
surroundings. City lights artificially lengthen 
daily photoperiod

Advanced laying dates 

Predation4 ↑ predator abundance
→ predation rate

Greater urban food availability and presence of 
domestic predators (e.g. cats), but 
supplementary food sources (e.g. refuse or 
deliberately provided food) may decouple 
predator abundance and predation rates

Increase in whole nest failures 
(but pattern of predation rates 
unclear in urban areas)

Habitat structure5 ↑ built habitat
↑ fragmentation
↓ (native) vegetation

Increased human population density, road 
density and impervious sealed surface 
(pavement, asphalt and buildings), increases 
in urban gardens and parks with managed, 
exotic, ornamental vegetation

Habitat loss, increase in 
deleterious effects of 
fragmentation (e.g. edge 
effects), poorer natural prey 
availability (e.g. Winter Moth 
Operophtera brumata) 

1References: Lack 1954, Perrins 1965, Cowie and Hinsley 1988, Chace and Walsh 2006, Leston and Rodewald 2006, Isaksson and Ander-
sson 2007, Marciniak and Nadolski 2007, Robb et al. 2008a,b, Chamberlain et al. 2009, Harrison et al. 2010, Amrhein 2014, Deviche and 
Davies 2014, Mackenzie et al. 2014, Glądalski et al. 2015, Wawrzyniak et al. 2015.
2References: Perrins 1991, Williams 1996, Solonen 2001, Isaksson and Andersson 2007, Peach et al. 2008, Chamberlain et al. 2009, Har-
rison et al. 2010, Hedblom and Söderström 2012, Bailly et al. 2016, Narango et al. 2018.
3References: McKinney 2002, Partecke et al. 2004, Schochat et al. 2006, Kempenaers et al. 2010, Seto et al. 2011, Deviche and Davies 
2014, Solonen and Hilden 2014.
4References: Gering and Blair 1999, Jokimäki and Huhta 2000, Haskell et al. 2001, Marzluff 2001, Solonen 2001, Thorington and Bowman 
2003, Baker et al. 2008, Chamberlain et al. 2009, Stracey 2011.
5References: Friesen et al. 1995, McIntyre 2000, Naef-Daenzer et al. 2000, Fernández-Juricic and Jokimäki 2001, Mörtberg 2001, McKinney 
2002, Chace and Walsh 2006, Wilkin et al. 2007, Chamberlain et al. 2009, Evans et al. 2009, Banbura and Banbura 2012, Helden et al. 
2012.
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urbanised. To ensure that ‘low’ urbanisation areas had high 
natural value and were likely to harbour local populations 
of multiple taxa of interest, these plots comprised > 20% 
‘ecologically valuable areas’ (Vriens et al. 2011). For simplic-
ity, the three degrees of urbanisation (low, moderate, high) 
are henceforth referred to as colours: low = green; moder-
ate = yellow; and high = red. ‘Red’ plots were characteristically 
embedded in large to medium-sized cities or towns, ‘yellow’ 
plots were typically a mixture of farmland or wooded areas 
and small villages or residential areas, while ‘green’ plots were 
dominated by larger wooded areas and/or farmland. Each of 
the 27 plots was further divided into 200 m by 200 m sub-
plots which were again classified into the three degrees of 
urbanisation (green, yellow, red) as defined above. Within 
each plot, nestboxes were installed (or in some cases, existing 
boxes were used) in at least one subplot of each urbanisation 
level, resulting in a total of 81 locations (3 subplots in each 
of the 27 plots). Thus, all locations were characterized by two 
hierarchical levels of urbanization (e.g. nestboxes in a small 
town would be in a ‘red’ 200 × 200 m subplot within a ‘green’ 
3 × 3 km plot). An illustration of the land-cover in plots and 
subplots characterised as urban, suburban and rural can be 
found in Supplementary material Appendix 1.

The number of nestboxes varied among locations. For 
reasons of logistical feasibility and statistical power, 20 of 
these locations were chosen to hold a larger number of nest-
boxes (typically 15–20 boxes in one or possibly two adjacent 
subplots of the same urbanisation level). These 20 locations 
contained two replicates of each plot–subplot ‘colour’ combi-
nation (e.g. two ‘red-in-green’ combinations, meaning a ‘red’ 
subplot within a ‘green’ plot) plus two additional replicates 
of the most extreme combinations (‘red-in-red’, and ‘green-
in-green’). Due to the heterogeneous nature of the various 
locations in terms of size, shape and habitat (e.g. city parks 
or large gardens with scattered trees or large open spaces) 
no attempt was made to standardize nestbox densities, but 

nearby boxes were typically at least 20–30 m apart regardless 
of urbanization level. In two cities (Ghent and Sint-Niklaas), 
boxes were not concentrated in a small area, but scattered in 
gardens and small greenspaces across the city; here, all boxes 
with the same urbanisation level were considered as belonging 
to a single location. Since we did not investigate any effects 
of habitat patch sizes or local population characteristics per 
se, nor investigated interactions between neighbouring nests, 
this alternative design is unlikely to have affected our results. 
Supplementary material Appendix 1 Table A1 gives a brief 
characterization of the habitat and surrounding landscape for 
each of these 20 locations, which accounted for 281 of all 
analysed nests. In each of the remaining 61 subplots three 
or four nestboxes were installed with the main purpose of 
sampling nest parasites (not a part of this study). Data on 
breeding success of these nests were also incorporated in the 
present study, adding 150 nests to the dataset. The final data 
set thus comprised 430 nests: 104 in green plots (according 
to subplot ‘colour’: 46 green, 29 yellow and 29 red), 191 in 
yellow plots (88 green, 71 yellow and 32 red) and 135 in red 
plots (30 green, 30 yellow and 75 red).

Breeding data were collected over two consecutive breed-
ing seasons (2014 and 2015). Nestboxes were visited approxi-
mately weekly before egg laying. First-egg dates (‘laying date’) 
were estimated after the first observation of a partially laid 
clutch, under the assumption that one egg is laid per day 
(Perrins 1965, Matthysen et al. 2011). Nestlings were ringed 
and weighed to the nearest 0.1 g on day 14 (or as close to day 
14 as logistics allowed), the number of nestlings (alive and 
dead) recorded, and any unhatched eggs were noted.

Statistical analyses

Since individual parents were not ringed and pairs often re-
nest in a different nestbox, we were unable to link poten-
tial second or replacement broods with a previous nesting 

Figure 1. Left: Map of northern Belgium showing the 27 study plots (3 × 3 km – boxes not to scale) with degree of urbanisation in colour 
(based on % built up area – Agency for Geographical Information Flanders 2016). Right: enlargement of the Antwerp plot (3 × 3 km) with 
subplots (200 × 200 m) colour-coded in the same way as the plots (green, yellow, and red; orange subplots were intermediate [10–15% 
built-up area] and not used in the study) similarly overlaid on coarse-scale urban build up. Star symbols indicate subplots containing nest-
boxes used in this study.
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attempt. Conversely, we could not identify whether early 
failed nests were potentially compensated by replacement 
nests. We therefore decided to focus only on the success of 
first broods where at least one young hatched. First clutches 
were defined as all clutches laid within six weeks of the first 
clutch of the season (2014: day 72–114, 2015: day 78–120; 
n = 430). First clutches have been defined as clutches laid 
within the first four weeks of the season (Visser et al. 2003), 
but this study used six weeks to account for the large range 
of first clutch dates among plots of differing urbanisation 
degree. Laying dates were converted to ordinal dates (Julian 
day = days elapsed since 1st January).

Five response variables – laying date (LD), clutch size 
(CS), mean nestling mass (MNM), fledglings per egg (FPE) 
and fledglings per nest (FPN) – were analysed using gen-
eralised linear mixed-effects models (GLMMs) in R ver. 
3.3.3 (R Core Team), using the lme4 package (ver. 1.1-12). 
GLMMs were fitted by restricted maximum likelihood esti-
mation; LD, CS, MNM and FPN models were specified with 
normal distributions (clutch size [CS] and fledglings per nest 
[FPN], despite being count data, reflected a normal distribu-
tion), while the FPE model was specified with a binomial 
distribution. Prior to model selection, normality of model 
residuals was validated using quantile–quantile plots and his-
tograms (Zuur et al. 2009). Model selection was undertaken 
in R using the dredge function (‘MuMIn’ package – Bartoń 
2016) to identify the most parsimonious (henceforth ‘best-
fit’) model (Katzenberger  et  al. 2015, Oleksy  et  al. 2019), 
whereby all possible combinations of variables within the 
full model were ranked using the second order Akaike infor-
mation criterion (AICc) (Burnham and Anderson 2002). 
Results are reported from best-fit models, i.e. models with 
the lowest AICc values. Where best-fit models did not out-
rank competing models by ΔAICc > 2, the average parameter 
estimates of the ‘equivalent’ top-ranked models (i.e. ΔAICc 
< 2) were calculated for comparison (Symonds and Moussalli 
2011, Bartoń 2016).

Full models were fitted for each response variable and were 
built by regressing a response variable (e.g. clutch size) against 
urban factor variables ‘plot’ (urbanisation level at a 3 × 3 km 
scale with three levels: green, yellow, red) and ‘subplot’ (urban-
isation at a 200 m by 200 m scale with three levels: green, yel-
low, red), an interaction term of the two urban scales, ‘year’ 
(accounting for inter-annual variation between field seasons), 
a random effect ‘location’ (the identity of the 3 × 3 km plot 
in which nestboxes were located) and appropriate covariates 
(e.g. brood size) deemed important in explaining variation 
in the relevant response variable. Additionally, we tested full 
models without covariates – ‘no-covariate models’ – to deter-
mine whether urbanisation effects might be masked by effects 
on other traits (e.g. laying date or brood size).

The full LD model did not include additional individ-
ual-level covariates. The full CS model included ‘laying 
date’ (Julian day) given its potential importance in explain-
ing variation in clutch sizes (Boyce and Perrins 1987, 
Kempenaers et al. 2010). MNM and FPE full models were 

fitted with several additional explanatory variables; ‘laying 
date’ and ‘laying date squared’ (a second order polynomial 
term) were included as breeding success has been shown 
to correlate with a temporal peak in food availability, first 
increasing but then levelling off or even decreasing as the sea-
son progresses (Visser  et  al. 2006, Matthysen  et  al. 2011). 
However, the ‘laying date squared’ term was dropped from 
the binomial FPE full model to aid model convergence. The 
MNM full model included two further explanatory variables: 
‘weighing age’ was included to reflect the differences in the age 
at which nestlings were weighed (mean ± SD: 14.90 ± 0.78, 
range: 9–18) and ‘brood size’ (number of nestlings in the nest 
at the time of weighing) to incorporate effects of within-nest 
competition between nestlings for food. The FPN model did 
not include any individual-level covariates, as we used this to 
assess overall productivity per nest.

Results

Breeding analyses were based on a data set of 430 first-clutch 
nests with at least one young hatched: 181 nests in 2014 and 
249 nests in 2015. Laying was considerably earlier in 2014 
than 2015 (average first egg laid on 3 April 2014 and 14 April 
2015). The laying date model of best fit (df = 12, ΔAICC = 13.0, 
R2 = 0.63) showed a significant interaction term between the 
two urban scales, with an additional year effect (Table 2). 
Laying dates were observed to be earlier with increasing urban-
isation at plot level, with a less clear effect of subplot level; 
average model-predicted laying dates within plots were 7 April 
in red plots, 9 April in yellow plots and 11 April in green plots. 
Model estimates predicted the earliest laying dates in ‘yellow in 
red’ areas and the latest laying dates in ‘green in green’ areas, 
almost six days later on average (Fig. 2).

The average clutch size (CS) across the two years was 
8.5 ± 1.8 eggs (range: 4–14). The CS model of best fit (df = 8, 
ΔAICC = 3.1, R2 = 0.31) retained plot, subplot (no interaction) 
and laying date (Table 2). CS model estimates suggested pro-
gressively smaller clutches along the urban gradient at both 
urban scales (Fig. 3). When comparing extremes, the additive 
effects of both scales amounted to a difference of 1.65 eggs 
between green-in-green and red-in-red clutches. Additionally, 
clutch sizes decreased with later laying dates (Table 2). The 
CS model without laying date showed a significant plot effect 
(no subplot effects or interaction) and a significant year term 
(Supplementary material Appendix 1 Table A2).

The mean nestling mass (MNM) was 16.2 ± 1.8 g. The 
MNM model of best fit (df = 14, ΔAICC = 0.6, R2 = 0.30) 
retained all explanatory variables including the plot–sub-
plot interaction, with the exception of year and laying 
date squared, and all variables were significant (Table 2). 
Model selection indicated three alternate candidate mod-
els deemed equivalent (ΔAICc < 2) to the MNM best-fit 
model (Supplementary material Appendix 1 Table A3). 
Differences between candidate models were minimal; all 
four top-ranked models retained the same urban explanatory 
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variables (Supplementary material Appendix 1 Table A3), 
and averaged parameter estimates (Table 3) showed simi-
lar trends to those of the best fit model (Table 2). Nestling 
mass was generally low in red plots for any level of subplot 
urbanization; while green subplots nested within green and 
yellow plots contained the highest nestling masses (Fig. 4). As 
expected, MNM models estimated that mean nestling masses 
were likely to increase in smaller broods and with increasing 
weighing age, and decrease with later laying dates (Table 3). 
As for all top-ranked MNM models, the MNM no-covariate 
model found the plot–subplot interaction term to explain 
significant variation in nestling mass (Supplementary mate-
rial Appendix 1 Table A2) and estimated an analogous rela-
tionship between urbanisation and nestling mass.

Nests over the two seasons produced an average of 
6.3 ± 3.0 fledglings, corresponding on average to 0.73 ± 0.31 
fledglings per egg. The FPE model of best fit (df = 5, 
ΔAICC = 0.3, R2 = 0.21) retained covariates subplot (no inter-
action) and year with both found to be significant (Table 2). 
Model estimates predicted an average of 0.84 fledglings per 
egg in green subplots compared with 0.62 in red subplots 
(Fig. 5). Model selection indicated an additional candidate 
model to the FPE best-fit model (ΔAICC = 0.3). This second-
ranked FPE model retained the same urban covariates as the 
best-fit FPE model, but included the laying date covariate 
(Supplementary material Appendix 1 Table A3). Irrespective 
of this addition, models were highly similar in their estima-
tion of subplot-scale urban effects and the averaged param-
eter estimates maintained that the number of fledglings per 
egg decreased with increasing urbanisation (Table 3). The 
FPE model without individual-level covariates confirmed 
the subplot-level urbanisation effect combined with a signifi-
cant year effect (Supplementary material Appendix 1 Table 
A2). Similarly, the FPN no-covariate model (Supplementary 
material Appendix 1 Table A2) found subplot-level urbanisa-
tion to explain significant variation in the number of fledg-
lings per nest, and predicted 7.2 fledglings per nest in green 
subplots, 5.9 fledglings in yellow subplots and 5.0 fledglings 
in red subplots.

Discussion

This study provides novel insight into how great tit breed-
ing success varies with urbanisation at two spatial scales. 
Results across measured breeding parameters suggest a clear 
negative relationship between breeding success and urbanisa-
tion at one or both measured spatial scales – with negative 
effects notable even at relatively low levels of urbanisation. 
All measured breeding parameters were significantly corre-
lated with local (subplot) and/or regional (plot) scale urban-
isation. As hypothesised, laying dates (LD) were found to be 
more advanced in more urbanised areas than in rural ones, 
a well-studied phenomenon with important repercussions 
(Deviche and Davies 2014). As further hypothesised, breed-
ing success was found to be consistently lower with increasing 
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Figure 2. Model-fitted estimates (points with bars indicating 95% confidence intervals) and violin plots of great tit laying date in relation 
to urbanisation degree (green, yellow, red) at subplot scale, grouped by plot scale. Violin plots depict the data’s distribution (kernel probabil-
ity density), i.e. the width of the shape represents the proportion of the data located there. For reference, the grey-shaded area indicates the 
model-predicted 95% confidence interval for laying dates in ‘green in green’ areas. Sample size (n) indicated in brackets along the x axis. For 
reference, day 70 = 11th March.

Figure 3. Model-fitted estimates (points with bars indicating 95% confidence intervals) and violin plots of great tit clutch sizes in relation 
to urbanisation degree (green, yellow, red) at both plot and subplot scales.
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urbanisation, as reflected by smaller urban clutch sizes (CS), 
lower mean nestling masses (MNM), and fewer fledglings 
per egg (FPE) when compared with more rural areas along 
the urbanisation gradient. Mean nestling mass, an important 
predictor of fledging success (Tinbergen and Boerlijst 1990), 
decreased with urbanization at both scales, highlighting that 
negative urbanisation effects on breeding success are not lim-
ited to large cities but also extend to localised areas of urban 
build-up such as suburban settlements or even small residen-
tial areas outside major cities.

The finding that urbanisation lowers the breeding success 
in great tits – a potential model study species for many urban 
passerines – is an anticipated phenomenon which aligns with 
previous studies (Chamberlain et al. 2009). Importantly, this 
study confirmed that urbanisation effects persisted through-
out the breeding season; models without individual-level 
covariates confirmed that the ‘gross’ effects of urbanisation 
were evident at subsequent stages of the breeding cycle. This 
rules out the possibility that effects early in the breeding 
season, on laying date or clutch size for example, are com-
pensated for at a later stage in the breeding season at least 
regarding first clutches. While urban scale interactions were 
present (for LD and MNM), their effects were relatively 

subtle and did not markedly change the overall influence of 
additive urban scale effects.

Our study highlights that urbanisation effects are not con-
fined to major cities, but that birds breeding in small residen-
tial areas are also negatively affected by localised urbanisation, 
and often equally as severely as birds in broad-scale urban-
ised environments. For example, low nestling masses in 
sites with localised urban build-up in a broader rural con-
text (‘red’ subplots in a ‘green’ plot) were comparable with 
highly urbanised sites such as city parks (‘red’ plots) (Fig. 4). 
In addition, localised urbanisation was correlated with the 
number of fledglings, with a relatively low average number 
of fledglings per egg in more urbanised settings at a local 
scale (Fig. 5). Importantly, several of these findings indicate 
how urbanisation effects can negatively influence breed-
ing success at low levels of urbanisation (Peach et al. 2008, 
Seress et al. 2012), an insight often overlooked by previous 
urban ecology research on birds which has largely focused 
on dichotomous comparisons of highly urbanised areas with 
(semi-)natural environments outside or at the periphery of 
major cities (Chamberlain  et  al. 2009, Sprau  et  al. 2017). 
Results regarding birds breeding in major cities also reveal 
important patterns, particularly with regards to the role of 
small forested areas or city parks nested in the heart of highly 
urbanised areas. Laying dates within highly urbanized regions 
were largely similar regardless of the urbanisation degree at 
local (subplot) level (Fig. 2), as were mean nestling masses 
(Fig. 4). This suggests that despite comprising > 20% ‘eco-
logically valuable areas’ (Vriens et al. 2011), local-scale green 
areas in cities are low-quality habitats – containing non-
native plant species and less preferred dietary items of lower 
nutritional value (de Satgé unpubl., Narango et al. 2018) – 
and are subject to the effects of regional-scale urbanisation 
(Strohbach et al. 2013).

Advanced laying dates in urbanised areas, as observed in 
this study, are hypothesised to be caused by various factors 
such as increases in light, temperature and food in urban areas 
(Deviche and Davies 2014, Sprau et al. 2017). These factors 
all illustrate spatial variance in urban environments: higher 
urban temperatures are driven by the large-scale urban heat-
island effect (McDonnell and Hahs 2015) which may com-
pound the effects of warm urban microclimates (Banbura and 
Banbura 2012); increases in urban light result from regional 
artificial light emission or ‘sky-glow’ effects (Longcore and 
Rich 2004) which likely compound the effects of localised 
light sources such as street lamps (Kempenaers et al. 2010); 
and increases in urban food sources (e.g. refuse and bird feed-
ers) are exploited by adult great tits at both regional scales 
(during winter and pre-laying periods) and local scales (dur-
ing the breeding season) (Gosler 1993, Wilkin et al. 2009a). 
Our data show that advancement in laying date is largely 
linked with urbanization at the plot level, suggesting that 
factors affecting laying date operate mostly at the larger 
scale. However, within the intermediate category of urban-
ization, the most urban subplots are as early as the heavily 
urbanized plots, while the least urban subplots are similar 
to the rural plots (Fig. 2). Thus, there is still evidence for a 

Table 3. Average parameter estimates of top-ranking equivalent 
models (Supplementary material Appendix 1 Table A3) for great tit 
mean nestling mass (MNM) and fledglings per egg (FPE).

Model Fixed effect Estimate SE z value p

MNM
Intercept 17.334 0.336 51.40 < 0.001
Brood size −0.388 0.098 3.96 < 0.001
Laying date −0.401 0.145 2.75 0.006
Plot
 Yellow −0.329 0.428 0.77 0.444
 Red −2.133 0.497 4.28 < 0.001
Subplot
 Yellow −1.945 0.447 4.34 < 0.001
 Red −1.344 0.474 2.83 0.005
Weighing 

age
0.109 0.117 0.93 0.352

Year 0.198 0.281 0.70 0.482
Plot × 

subplot
 Yellow × 

yellow
1.103 0.540 2.04 0.042

 Red × 
yellow

2.317 0.662 3.49 < 0.001

 Yellow × 
red

−0.323 0.622 0.52 0.605

 Red × red 0.758 0.639 1.18 0.238
FPE

Intercept 1.987 0.185 10.69 < 0.001
Laying date −0.042 0.065 0.65 0.52
Subplot
 Yellow −0.838 0.125 6.70 < 0.001
 Red −1.187 0.132 8.94 < 0.001
Year −0.574 0.131 4.39 < 0.001

Low-level urbanisation (i.e. Green) set as the reference category.
Significant values (p < 0.05) shown in bold. SE standard error.
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possible additive effect of low-scale urbanisation. Recently, 
Sprau et al. (2017) showed that differences among great tits 
breeding in urban and forest areas persisted after controlling 
for temperature, humidity, light and noise. This suggests that 
food abundance may be the most important driver of laying-
date differences at both spatial scales. This is indirectly sup-
ported by our results on nestling condition and clutch size.

Our results found smaller clutch sizes with increasing lev-
els of urbanisation, with clearly additive effects at regional 

and local scale, but only in the model controlling for lay-
ing date (Fig. 3). The model without laying date shows that 
overall clutches decreased with regional, but not local urban-
ization. The phenomenon of small urban clutches has been 
hypothesised to be food related: despite the potential avail-
ability of supplementary food in urban environments, the 
poor quality of urban-sourced foods may result in a lack of 
key nutrients required for egg formation (Williams 1996, 
Bailly  et  al. 2016) thereby limiting clutch sizes and reduc-
ing egg quality (Isaksson  et  al. 2008, Banbura  et  al. 2010, 
Harrison  et  al. 2010). Our findings thus suggest that this 
effect operates mostly at a larger scale. This might be either 
because food availability is affected by urbanization at rela-
tively large scale, and/or that female birds forage over rela-
tively wide areas while building up reserves for egg laying. 
In winter great tits are not bound to breeding territories and 
may travel over 500m from roost sites to visit garden feed-
ers in a peri-urban landscape (Matthysen unpubl.). Cox et al. 
(2016) showed that movements among feeders are highly 
influenced by features such as vegetation cover and roads. An 
alternative explanation which we could not test in this study, 
might be that birds strategically produce smaller clutches in 
response to lower food availability for rearing young (with-
out success, given lower nestling mass in urban areas) and/or 
higher survival prospects for themselves (Sepp et al. 2018). 
Yet another alternative, which may also apply to other breed-
ing success measures, is that urban areas are settled by birds 
of lower or different phenotypic quality (Rodenhouse et al. 
1997, Chamberlain et al. 2009).

Figure 4. Model-fitted estimates (points with bars indicating 95% confidence intervals) and violin plots of great tit nestling mass in relation 
to urbanisation degree (green, yellow, red) at subplot scale, grouped by plot scale. For reference, the grey-shaded area indicates the model-
predicted 95% confidence interval for laying dates in ‘green in green’ areas.

Figure  5. Model-fitted estimates (points with bars indicating 95% 
confidence intervals) and violin plots of great tit fledglings per egg in 
relation to urbanisation degree (green, yellow, red) at subplot scale.
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In addition to smaller clutch sizes, we observed that nest-
ling mass decreased with increasing urbanisation at both spa-
tial scales (Fig. 4), a finding hypothesised to be linked with 
urban-driven changes in food availability. Foods obtained 
from anthropogenic sources like refuse or bird feeders are 
relatively rare in nestling diets (O’Leary and Jones 2006, 
Chamberlain et al. 2009) and are thus unlikely to compen-
sate for a potential lack of natural foods – such as high-qual-
ity prey items like caterpillars – in urban areas (Marciniak 
and Nadolski 2007, Kaliński et al. 2009, Wawrzyniak et al. 
2015, Seress et al. 2018). Indeed, analyses of 51 two to three 
hour video-recordings made in 2015 and 2016 on a subset 
of nests showed a strong reduction in proportion of caterpil-
lars in the provisioned food in yellow (67%) and red (68%) 
compared to green (90%) subplots, though prey sizes did 
not differ significantly (de Satgé unpubl.). Urban declines in 
natural food sources are thought to be linked to urbanisation 
effects at multiple scales; localised absences of native vegeta-
tion in cities and gardens can substantially lower the pres-
ence of important arthropod species (Wilkin  et  al. 2009b, 
Helden et al. 2012, Mackenzie et al. 2014), while increases 
in regional levels of pollution can both change arthropod 
community composition (Eeva et al. 2005) and potentially 
result in prey items of lower nutritional value (Isaksson and 
Andersson 2007). A recent study using the same spatial sam-
pling design – though not the actual locations – showed that 
arthropod abundance and diversity generally decreased with 
urbanisation but that different groups were affected by dif-
ferent scales (Merckx et al 2018). These authors found that 
macro-moths – a main source of food for great tit nestlings in 
natural areas (Table 1) – were comparatively strongly affected 
relative to other groups such as spiders or beetles, and were 
most sensitive to urbanisation at rather broad (3 km) scales.

While multi-scale urbanisation effects were found to influ-
ence great tit laying date, clutch size and nestling mass, nest 
productivity (fledglings per egg and nest) was only signifi-
cantly related to localised urbanisation. However, the effect 
of this reduced reproductive output on fitness may be com-
pounded by urbanisation at regional scales given that lower 
nestling mass is deemed to be an important factor after fledg-
ing in terms of future survival until the first breeding sea-
son (Tinbergen and Boerlijst 1990, Naef-Daenzer and Keller 
1999, Bouwhuis  et  al. 2015). For example, long-term data 
on recruitment from one of our study areas in a moderately 
urbanized landscape (Matthysen2002) show that a reduction 
in fledging mass of 2 g – equal to the difference between most 
and least urbanized sites – would correspond with a reduc-
tion of more than 65% in recruitment (unpubl.). In conclu-
sion, our study suggests that urbanisation effects at different 
scales likely work in tandem to additively reduce breeding 
success of great tits at successive stages of the breeding season.

An important restriction of our study is that we did not 
measure productivity per season, but only for first broods that 
succeeded at least to the stage of hatching. Thus, we cannot 
fully exclude the possibility that urban birds may compensate 
for poor initial breeding success by successfully re-nesting later 

in the breeding season. However, other studies have similarly 
shown poorer success in great tit second broods in urban com-
pared to rural areas (Bailly  et  al. 2016, Seress  et  al. 2018). 
Furthermore, productivity of second broods – and recruit-
ment to the next year – is typically much lower in second 
than first broods (Verboven and Visser 1998, Matthysen et al 
2011). Conversely, we did not include data on early failed nests 
since we have no information which of these pairs re-nested. 
However, inspection of the data shows that these early failures 
were relatively uncommon (less than 10%) and occurred in 
almost all (16 out of 20) of the main study locations, so it 
is very unlikely that their inclusion would have changed the 
outcomes. Other factors than renesting might also potentially 
compensate for lower productivity, such as reduced competi-
tion among first-year birds (Reed et al. 2013). Given that we 
have no information on actual population densities in urban 
areas, especially in relation to the available resources, we cannot 
speculate on the role of density-dependence. We do want to 
point out, however, that given the strong gradients in breeding 
success and offspring quality over relatively short distances (i.e. 
urbanisation effects operating at the subplot scale) it is well 
possible that young birds fledging in urban conditions and 
in poor condition, will already compete with dispersers from 
more productive areas early in life, thus reducing any beneficial 
effects of relaxed competition.

As poor urban breeding success is unlikely to be compen-
sated for by higher post-fledging survival or re-nesting, urban 
areas may be sinks reliant on immigration from surrounding 
source habitats (i.e. forests) to maintain their existence (Pulliam 
1988, Bailly et al. 2016, Seress et al. 2018). Furthermore, if 
individuals show consistent preference towards sink habitats, 
these habitats may become ecological traps – poor quality habi-
tats that nonetheless attract individuals despite reduced fitness 
relative to alternate habitats (Schlaepfer  et  al. 2002, Kristan 
2003, Hale and Swearer 2016). For both sinks and ecologi-
cal traps we expect poorer breeding success relative to alter-
nate (source) habitats, hence our findings of reduced breeding 
success in urban environments relative to rural ones are com-
patible with both source–sink and ecological trap hypotheses. 
However our findings do not explicitly support these theories, 
since establishing whether cities are sinks requires habitat-
specific information on survival and recruitment of great tits 
(Horak and Lebreton 1998, Seress et al. 2018), while ecologi-
cal trap theory stipulates the measurement of habitat prefer-
ence (Robertson and Hutto 2006).

Our findings have important implications for urban 
research and management. Firstly, this study makes a strong 
case for re-evaluating the relationship between urbanisation 
and breeding success by including multiple spatial scales. 
While several studies have compared avian breeding success 
between rural and urban areas (Solonen 2001, Isaksson and 
Andersson 2007, Björklund et al. 2010, Glądalski et al. 2015, 
Wawrzyniak et al. 2015, Bailly et al. 2016) and some along 
urbanisation gradients (Peach  et  al. 2008, Brahmia  et  al. 
2013), the majority lack information regarding spatial scale, 
thereby excluding the potential for additive urban effects or 
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local–regional urbanisation interactions. Secondly, this study 
highlights the importance of a quantitative definition for 
urbanisation (Marzluff 2001, Chamberlain et al. 2009); the 
fluid use of the term ‘urban’ among various studies incor-
porates a variety of inconsistent classifications across stud-
ies, making cross-study comparisons challenging (Moll et al. 
2019). To improve the development of urban ecological 
theory and enable comparison among studies, Moll  et  al. 
(2019) propose that urban ecological studies follow concep-
tual frameworks which identify: (a) the urban component 
measured (this study: built structures), (b) the method of 
measurement (this study: a singular measurement – the pro-
portion of built-up area), (c) the metric’s spatial scale (this 
study: two explicitly defined scales) and (d) the metric’s tem-
poral nature (this study: a static snapshot of urban build-up). 
In this study, we chose a single structural component (build-
ings) rather than multiple (green, grey, blue) components as 
advocated by Moll et al. (2019), driven by the need for a sim-
ple metric that could be easily quantified at multiple spatial 
scales. Similar built-structure urban classifications have been 
used in many other studies (Coelho et al. 2012, Hager et al. 
2012, Calegaro-Marques and Amato 2014, Vaugoyeau et al. 
2016); and built-up area correlates strongly with other land-
cover types across our study plots (Supplementary material 
Appendix 1). We nevertheless agree with Moll et al. (2019) 
that there is a need to evaluate multiple metrics at multiple 
scales, but this was not feasible within our study. Thirdly, our 
study makes apparent that spatial variation of key urban fac-
tors such as light, temperature and food is likely highly rel-
evant to understanding poor avian breeding success in cities 
and requires further investigation. Finally, given that our find-
ings indicate that urbanisation, even at low levels, has nega-
tive effects on breeding performance of great tits, there are 
important implications for urban management. For example, 
the public should be aware that the placement of nest boxes 
in (sub-) urban environments does not guarantee the support 
of urban bird populations, given the negative consequences 
on fledging success and the potential for increased nestling 
starvation. Moreover, campaigns which advocate the distri-
bution of urban nestboxes should simultaneously promote 
the planting of native trees or other measures of enhancing 
insect populations (Seress et al. 2018). Our results also show 
that remnant patches of forest in highly urbanised areas are 
unlikely to buffer the effects of surrounding urbanisation, 
giving weight to the argument that large-scale native forest 
patches should be protected.

Data availability statement

Data available from the Dryad Digital Repository: < http://
dx.doi.org/10.5061/dryad.xgxd254bw > (de Satgé  et  al. 
2019).

Acknowledgements – We thank Aimeric Teyssier, Lisa Baardsen and 
Sophie Philtjens for assisting in data collection, and Hans Matheve 
for assistance in setting up the sampling design.

Funding – This project was funded by the BELSPO project 
‘SPEEDY’. JDS was supported with funding from the Erasmus 
Mundus Action 2 Partnerships scholarship programme EUROSA.
Conflict of interest – The authors declare that they have no conflict 
of interest.
Author contributions – The research idea was conceptualised by EM. 
The sampling design was developed and coordinated by DS and FA 
with input from EM, JE and JDL. JE, FA and JDL contributed to 
data collection in the field. FA was responsible for environmental 
variables and quality control of the final dataset. JDS performed 
statistical analyses and wrote the majority of the manuscript, with 
input and editorial guidance from EM. All authors provided input 
to draft versions of the manuscript.
Permits – All applicable institutional and/or national guidelines for 
the care and use of animals were followed. The ANB (Agentschap 
Natuur & Bos) permit number for research was ANB/BL/FF-V13-
00194.

References

Amrhein, V. 2014. Wild bird feeding (probably) affects avian urban 
ecology. – In: Gil, D. and Brumm, H. (eds), Avian urban ecol-
ogy. Oxford Univ. Press, pp. 29–37.

Antonov, A. and Atanasova, D. 2003. Small-scale differences in the 
breeding ecology of urban and rural magpies Pica pica. – Ornis 
Fenn. 80: 21–30.

Aronson, M. F. J., La Sorte, F. A., Nilon, C. H., Katti, M., God-
dard, M. A., Lepczyk, C. A., Warren, P. S., Williams, N. S. G., 
Cilliers, S., Clarkson, B., Dobbs, C., Dolan, R., Hedblom, M., 
Klotz, S., Kooijmans, J. L., Kuhn, I., MacGregor-Fors, I., 
McDonnell, M., Mortberg, U., Pysek, P., Siebert, S., Sushinsky, 
J., Werner, P. and Winter, M. 2014. A global analysis of the 
impacts of urbanization on bird and plant diversity reveals key 
anthropogenic drivers. – Proc. R. Soc. B 281: 20133330.

Bailly, J., Scheifler, R., Berthe, S., Clément-Demange, V.-A., Leb-
lond, M., Pasteur, B. and Faivre, B. 2016. From eggs to fledg-
ing: negative impact of urban habitat on reproduction in two 
tit species. – J. Ornithol. 157: 377–392.

Baker, P. J., Molony, S. E., Stone, E., Cuthill, I. C. and Harris, S. 
2008. Cats about town: is predation by free-ranging pet cats 
Felis catus likely to affect urban bird populations? – Ibis 150: 
86–99.

Banbura, J. and Banbura, M. 2012. Blue tits Cyanistes caeruleus and 
great tits Parus major as urban habitat breeders. – Int. Stud. 
Sparrows 36: 66–72.

Banbura, M., Sulikowska-Drozd, A., Kaliński, A., Skwarska, J., 
Wawrzyniak, J., Kruk, A., Zieliński, P. and Bańbura, J. 2010. 
Egg size variation in blue tits Cyanistes caeruleus and great tits 
Parus major in relation to habitat differences in snail abundance. 
– Acta Ornithol. 45: 121–129.

Bartoń, K. 2016. MuMIn: multi-model inference. – R package ver. 
1.15.6, <https://cran.r-project.org/web/packages/MuMIn/
index.html>.

Biard, C., Brischoux, F., Meillère, A., Michaud, B., Nivière, M., 
Ruault, S., Vaugoyeau, M. and Angelier, F. 2017. Growing in 
cities: an urban penalty for wild birds? A study of phenotypic 
differences between urban and rural great tit chicks (Parus 
major). – Front. Ecol. Evol. 5: 1–14.

Björklund, M., Ruiz, I. and Senar, J. C. 2010. Genetic differentia-
tion in the urban habitat: the great tits (Parus major) of the 
parks of Barcelona city. – Biol. J. Linn. Soc. 99: 9–19.



12

Bonier, F., Martin, P. R. and Wingfield, J. C. 2007. Urban birds 
have broader environmental tolerance. – Biol. Lett. 3: 670–673.

Bouwhuis, S., Vedder, O., Garroway, C. J. and Sheldon, B. C. 
2015. Ecological causes of multilevel covariance between size 
and first‐year survival in a wild bird population. – J. Anim. 
Ecol. 84: 208–218.

Boyce, M. S. and Perrins, C. M. 1987. Optimizing great tit clutch 
size in a fluctuating environment. – Ecology 68: 142–153.

Brahmia, Z., Scheifler, R., Crini, N., Maas, S., Giraudoux, P. and 
Benyacoub, S. 2013. Breeding performance of blue tits (Cyanistes 
cæruleus ultramarinus) in relation to lead pollution and nest 
failure rates in rural, intermediate and urban sites in Algeria. 
– Environ. Pollut. 174: 171–178.

Brans, K. I., Govaert, L., Engelen, J. M. T., Gianuca, A. T., Souf-
freau, C. and De Meester, L. 2017. Eco-evolutionary dynamics 
in urbanized landscapes: evolution, species sorting and the 
change in zooplankton body size along urbanization gradients. 
– Phil. Trans. R. Soc. B 372: 20160030.

Burnham, K. P. and Anderson, D. R. 2002. Model selection and 
multimodel inference: a practical information–theoretic 
approach. – Springer.

Calegaro-Marques, C. and Amato, S. B. 2014. Urbanization breaks 
up host-parasite interactions: a case study on parasite commu-
nity ecology of rufous-bellied thrushes (Turdus rufiventris) along 
a rural-urban gradient. – PLoS One 9: e103144.

Chace, J. F. and Walsh, J. J. 2006. Urban effects on native avifauna: 
a review. – Landsc. Urban Plan. 74: 46–69.

Chamberlain, D. E., Cannon, a. R., Toms, M. P., Leech, D. I., 
Hatchwell, B. J. and Gaston, K. J. 2009. Avian productivity in 
urban landscapes: a review and meta-analysis. – Ibis 151: 1–18.

Clergeau, P., Jokima, J. and Snep, R. 2006. Using hierarchical lev-
els for urban ecology. – Trends Ecol. Evol. 21: 660–661.

Coelho, I. P., Teixeira, F. Z., Colombo, P., Coelho, A. V. P. and Kin-
del, A. 2012. Anuran road-kills neighboring a peri-urban reserve 
in the Atlantic Forest, Brazil. – J. Environ. Manage. 112: 17–26.

Cowie, R. J. and Hinsley, S. A. 1987. Breeding success of blue tit 
and great tit in suburban gardens. – Ardea 75: 81–90.

Cowie, R. and Hinsley, S. 1988. Feeding ecology of great tits (Parus 
major) and blue tits (Parus caeruleus), breeding in suburban 
gardens. – J. Anim. Ecol. 57: 611–626.

Cox, D. T. C., Inger, R., Hancock, S., Anderson, K. and Gaston, 
K. J. 2016. Movement of feeder-using songbirds: the influence 
of urban features. – Sci. Rep. 6: 37669.

Croci, S., Butet, A. and Clergeau, P. 2008. Does urbanization filter 
birds on the basis of their biological traits? – Condor 110: 
223–240.

de Satgé, J., Strubbe, D., Elst, J., De Laet, J., Adriaensen, F. and 
Matthysen, E. 2019. Data from: urbanisation lowers great tit 
Parus major breeding success at multiple spatial scales. – Dryad 
Digital Repository, <http://dx.doi.org/10.5061/
dryad.xgxdd254bw>.

Deviche, P. and Davies, S. 2014. Reproductive phenology of urban 
birds: environmental cues and mechanisms. – In: Gil, D. and 
Brumm, H. (eds), Avian urban ecology. Oxford Univ. Press, pp. 
98–115.

Dhondt, A. A., Eyckerman, R., Moermans, R. and Huble, J. 1984. 
Habitat and laying date of great tit Parus major and blue tit 
Parus caeruleus. – Ibis 126: 388–397.

Dwernychuk, L. W. and Boag, D. A. 1972. Ducks nesting in asso-
ciation with gulls – an ecological trap? – Can. J. Zool. 50: 
559–563.

Eeva, T., Ryömä, M. and Riihimäki, J. 2005. Pollution-related 
changes in diets of two insectivorous passerines. – Oecologia 
145: 629–639.

Evans, K. L., Newson, S. E. and Gaston, K. J. 2009. Habitat influ-
ences on urban avian assemblages. – Ibis 151: 19–39.

Fernández-Juricic, E. and Jokimäki, J. 2001. A habitat island 
approach to conserving birds in urban landscapes: case studies 
from southern and northern Europe. – Biodivers. Conserv. 10: 
2023–2043.

Francis, R. A. and Chadwick, M. A. 2011. What makes a species 
synurbic? – Appl. Geogr. 32: 514–521.

Friesen, L. E., Eagles, P. F. J. and Mackay, R. J. 1995. Effects of 
residential development on forest-dwelling neotropical migrant 
songbirds. – Conserv. Biol. 9: 1408–1414.

Gates, J. E. and Gysel, L. W. 1978. Avian nest dispersion and fledg-
ing success in field-forest ecotones. – Ecology 59: 871–883.

Gering, J. C. and Blair, R. B. 1999. Predation on artificial bird nests 
along an urbanisation gradient: predatory risk or relaxation in 
urban environments? – Ecography 22: 532–541.

Gil, D. and Brumm, H. 2013. Avian urban ecology. – Oxford Univ. 
Press.

Glądalski, M., Bańbura, M., Kaliński, A., Markowski, M., Skwar-
ska, J., Wawrzyniak, J., Zieliński, P., Cyzewska, I. and Bańbura, 
J. 2015. Inter-annual and inter-habitat variation in breeding 
performance of blue tits (Cyanistes caeruleus) in central Poland. 
– Ornis Fenn. 92: 34–42.

Goddard, M. A., Dougill, A. J. and Benton, T. G. 2010. Scaling 
up from gardens: biodiversity conservation in urban environ-
ments. – Trends Ecol. Evol. 25: 90–98.

Gosler, A. 1993. The great tit. – Reed International Books Limited.
Hager, S. B., Cosentino, B. J. and Mckay, K. J. 2012. Scavenging 

affects persistence of avian carcasses resulting from window col-
lisions in an urban landscape. – J. Field Ornithol. 83: 203–211.

Hahs, A. K., McDonnell, M. J., McCarthy, M. A., Vesk, P. A., 
Corlett, R. T., Norton, B. A., Clemants, S. E., Duncan, R. P., 
Thompson, K., Schwartz, M. W. and Williams, N. S. G. 2009. 
A global synthesis of plant extinction rates in urban areas.  
– Ecol. Lett. 12: 1165–1173.

Hale, R. and Swearer, S. E. 2016. Ecological traps: current evidence 
and future directions. – Proc. R. Soc. B 283: 20152647.

Harrison, T. J. E., Smith, J. A., Martin, G. R., Chamberlain, D. 
E., Bearhop, S., Robb, G. N. and Reynolds, S. J. 2010. Does 
food supplementation really enhance productivity of breeding 
birds? – Oecologia 164: 311–320.

Haskell, D. G., Knupp, A. M. and Schneider, M. C. 2001. Nest 
predator abundance and urbanisation. – In: Marzluff, J. 
M. et al. (eds), Avian ecology and conservation in an urbanizing 
world. Kluwer, pp. 243–258.

Hedblom, M. and Söderström, B. 2012. Effects of urban matrix 
on reproductive performance of great tit (Parus major) in urban 
woodlands. – Urban Ecosyst. 15: 167–180.

Helden, A. J., Stamp, G. C. and Leather, S. R. 2012. Urban bio-
diversity: comparison of insect assemblages on native and non-
native trees. – Urban Ecosyst. 15: 611–624.

Horak, P. 1993. Low fledging success of urban great tits. – Ornis 
Fenn. 70: 168–172.

Horak, P. and Lebreton, J.-D. 1998. Survival of adult great tits 
Parus major in relation to sex and habitat: a comparison of 
urban and rural populations. – Ibis 140: 205–209.

Hostetler, M. 2001. The importance of multi-scale analyses in avian 
habitat selection studies in urban environments. – In: Marzluff, 



13

J. M. et al. (eds), Avian ecology and conservation in an urban-
ising world. Kluwer Academic, pp. 139–154.

Ibáñez-Álamo, J. D., Rubio, E., Benedetti, Y. and Morelli, F. 2017. 
Global loss of avian evolutionary uniqueness in urban areas.  
– Global Change Biol. 23: 2990–2998.

Isaksson, C. and Andersson, S. 2007. Carotenoid diet and nestling 
provisioning in urban and rural great tits Parus major. – J. Avian 
Biol. 38: 564–572.

Isaksson, C., Johansson, A. and Andersson, S. 2008. Egg yolk carot-
enoids in relation to habitat and reproductive investment in the 
great tit Parus major. – Physiol. Biochem. Zool. 81: 112–118.

Johnston, R. F. 2001. Synanthropic birds of North America. – In: 
Marzluff, J. M. et al. (eds), Avian ecology and conservation in 
an urbanizing world. Kluwer Academic Publishers, pp. 49–68.

Jokimäki, J. and Huhta, E. 2000. Artificial nest predation and 
abundance of birds along an urban gradient. – Condor 102: 
838–847.

Kaliński, A., Wawrzyniak, J., Bańbura, M., Skwarska, J., Zieliński, 
P. and Bańbura, J. 2009. Haemoglobin concentration and body 
condition of nestling great tits Parus major: a comparison of 
first and second broods in two contrasting seasons. – Ibis 151: 
667–676.

Katzenberger, J., Tate, G., Koeslag, A. and Amar, A. 2015. Black 
sparrowhawk brooding behaviour in relation to chick age and 
weather variation in the recently colonised Cape Peninsula, 
South Africa. – J. Ornithol. 156: 903–913.

Kempenaers, B., Borgstrom, P., Loes, P., Schlicht, E. and Valcu, M. 
2010. Artificial night lighting affects dawn song, extra-pair sir-
ing success and lay date in songbirds. – Curr. Biol. 20: 
1735–1739.

Kristan, W. B. I. 2003. The role of habitat selection behavior in 
population dynamics: source–sink systems and ecological traps. 
– Oikos 103: 457–468.

Lack, D. 1954. The natural regulation of animal numbers. – Oxford 
Univ. Press.

Leston, L. F. V and Rodewald, A. D. 2006. Are urban forests eco-
logical traps for understory birds? An examination using north-
ern cardinals. – Biol. Conserv. 131: 566–574.

Liker, A., Papp, Z., Bókony, V. and Lendvai, Á. Z. 2008. Lean birds 
in the city: body size and condition of house sparrows along 
the urbanization gradient. – J. Anim. Ecol. 77: 789–795.

Longcore, T. and Rich, C. 2004. Ecological light pollution. – Front. 
Ecol. Environ. 2: 191–198.

Mackenzie, J. A., Hinsley, S. A. and Harrison, N. M. 2014. Parid 
foraging choices in urban habitat and their consequences for 
fitness. – Ibis 156: 591–605.

Marciniak, B. and Nadolski, J. 2007. Habitat and annual variation 
in arthropod abundance affects blue tit Cyanistes caeruleus 
reproduction. – Acta Ornithol. 42: 53–62.

Marzluff, J. M. 2001. Worldwide urbanisation and its effects on 
birds. – In: Marzluff, J. M. et al. (eds), Avian ecology and con-
servation in an urbanising world. Kluwer Academic, pp. 19–48.

Marzluff, J. M., Clucas, B., Oleyar, M. D. and DeLap, J. 2016. 
The causal response of avian communities to suburban develop-
ment: a quasi-experimental, longitudinal study. – Urban Eco-
syst. 19: 1597–1621.

Matthysen, E. 2002. Boundary effects on dispersal between habitat 
patches by forest birds (Parus major, P. caeruleus). – Landsc. 
Ecol. 17: 509–515.

Matthysen, E., Adriaensen, F. and Dhondt, A. a. 2011. Multiple 
responses to increasing spring temperatures in the breeding 

cycle of blue and great tits (Cyanistes caeruleus, Parus major). 
– Global Change Biol. 17: 1–16.

McDonnell, M. J. and Hahs, A. K. 2015. Adaptation and adapted-
ness of organisms to urban environments. – Annu. Rev. Ecol. 
Evol. Syst. 46: 261–280.

McIntyre, N. E. 2000. Ecology of urban arthropods: a review and 
a call to action. – Ann. Entomol. Soc. Am. 93: 825–835.

McKinney, M. L. 2002. Urbanisation, biodiveristy and conserva-
tion. – Bioscience 52: 883–890.

McKinney, M. L. 2006. Urbanization as a major cause of biotic 
homogenization. – Biol. Conserv. 127: 247–260.

Mennechez, G. and Clergeau, P. 2001. Settlement of breeding 
European Starlings in urban areas: importance of lawns vs 
anthropogenic wastes. – In: Marzluff, J. M. et al. (eds), Avian 
ecology and conservation in an urbanizing world. Kluwer Aca-
demic, pp. 275–287.

Mennechez, G. and Clergeau, P. 2006. Effect of urbanisation on 
habitat generalists: starlings not so flexible? – Acta Oecol. 30: 
182–191.

Merckx, T., Souffreau, C., Kaiser, A., Baardsen, L., Backeljau, T., 
Bonte, D., Brans, K., Cours, M., Dahirel, M., Debortoli, N., 
De Wolf, K., Engelen, J., Fontaneto, D., Gianuca, A., Govaert, 
L., Hendrickx, F., Higuti, J., Lens, L., Martens, K., Matheve, 
H., Matthysen, E., Piano, E., Sablon, R., Schön, I., Van Don-
inck, K., De Meester, L. and Van Dyck, H. 2018. Body-size 
shift in aquatic and terrestrial urban communities. – Nature 
558: 113–116.

Moll, R. J., Cepek, J. D., Lorch, P. D., Dennis, P. M., Tans, E., 
Robison, T., Millspaugh, J. J. and Montgomery, R. A. 2019. 
What does urbanization actually mean? A framework for urban 
metrics in wildlife research. – J. Appl. Ecol. 1289–1300.

Møller, A. P., Díaz, M., Grim, T., Dvorská, A., Flensted-Jensen, E., 
Ibáñez-Álamo, J. D., Jokimäki, J., Mänd, R., Markó, G., 
Szymański, P. and Tryjanowski, P. 2015. Effects of urbanization 
on bird phenology: a continental study of paired urban and 
rural populations. – Clim. Res. 66: 185–199.

Mörtberg, U. M. 2001. Resident bird species in urban forest rem-
nants: landscape and habitat perspectives. – Landsc. Ecol. 16: 
193–203.

Naef-Daenzer, B. and Keller, L. F. 1999. The foraging performance 
of great and blue tits (Parus major and P. caeruleus) in relation 
to caterpillar development, and its consequences for nestling 
growth and fledging weight. – J. Anim. Ecol. 68: 708–718.

Naef-Daenzer, L., Naef-Daenzer, B. and Nager, R. G. 2000. Prey 
selection and foraging performance of breeding great tits Parus 
major in relation to food availability. – J. Avian Biol. 31: 
206–214.

Narango, D. L., Tallamy, D. W. and Marra, P. P. 2018. Nonnative 
plants reduce population growth of an insectivorous bird.  
– Proc. Natl Acad. Sci. USA 115: 11549–11554.

O’Leary, R. and Jones, D. N. 2006. The use of supplementary foods 
by Australian magpies Gymnorhina tibicen: implications for 
wildlife feeding in suburban environments. – Austral Ecol. 31: 
208–216.

Oleksy, R. Z., Ayady, C. L., Tatayah, V., Jones, C., Howey, P. W., 
Froidevaux, J. S. P., Racey, P. A. and Jones, G. 2019. The move-
ment ecology of the Mauritian flying fox (Pteropus niger): a 
long-term study using solar-powered GSM/GPS tags. – Mov. 
Ecol. 7: 1–12.

Partecke, J., Van’t Hof, T. and Gwinner, E. 2004. Differences in the 
timing of reproduction between urban and forest European 



14

blackbirds (Turdus merula): result of phenotypic flexibility or 
genetic differences? – Proc. R. Soc. B 271: 1995–2001.

Peach, W. J., Vincent, K. E., Fowler, J. A. and Grice, P. V. 2008. 
Reproductive success of house sparrows along an urban gradi-
ent. – Anim. Conserv. 11: 493–503.

Perrins, C. M. 1965. Population fluctuations and clutch-size in the 
great tit, Parus major L. – J. Anim. Ecol. 34: 601–647.

Perrins, C. M. 1991. Tits and their caterpillar food supply. – Ibis 
133: 49–54.

Peterson, M. N., Peterson, M. J., Peterson, T. R. and Liu, J. 2007. 
A household perspective for biodiversity conservation.  
– J. Wildl. Manage. 71: 1243–1248.

Piano, E., De Wolf, K., Bona, F., Bonte, D., Bowler, D. E., Isaia, 
M., Lens, L., Merckx, T., Mertens, D., van Kerckvoorde, M., 
De Meester, L. and Hendrickx, F. 2017. Urbanization drives 
community shifts towards thermophilic and dispersive species 
at local and landscape scales. – Global Change Biol. 23: 
2554–2564.

Pinheiro, J. and Bates, D. 2006. Mixed-effects models in S and 
S-PLUS. – Springer.

Pulliam, H. R. 1988. Sources, sinks and population regulation.  
– Am. Nat. 132: 652–661.

Ree, R. and McCarthy, M. A. 2005. Inferring persistence of indig-
enous mammals in response to urbanisation. – Anim. Conserv. 
8: 309–319.

Reed, T. E., Jenouvrier, S. and Visser, M. E. 2013. Phenological 
mismatch strongly affects individual fitness but not population 
demography in a woodland passerine. – J. Anim. Ecol. 82: 
131–144.

Reynolds, J. S., Ibáñez-Álamo, J. D., Sumasgutner, P. and Mainwar-
ing, M. C. 2019. Urbanisation and nest building in birds: a 
review of threats and opportunities. – J. Ornithol. 160: 
841–860.

Robb, G. N., McDonald, R. A, Chamberlain, D. E., Reynolds, S. 
J., Harrison, T. J. E. and Bearhop, S. 2008a. Winter feeding of 
birds increases productivity in the subsequent breeding season. 
– Biol. Lett. 4: 220–223.

Robb, G. N., McDonald, R. A., Chamberlain, D. E. and Bearhop, 
S. 2008b. Food for thought: supplementary feeding as a driver 
of ecological change in avian populations. – Front. Ecol. Envi-
ron. 6: 476–484.

Robertson, B. A. and Hutto, R. L. 2006. A framework for under-
standing ecological traps and an evaluation of existing evidence. 
– Ecology 87: 1075–1085.

Robinson, S. K. and Hoover, J. P. 2011. Does forest fragmentation 
and loss generate sources, sinks and ecological traps in migra-
tory songbirds? – In: Sources, sinks and sustainability. Cam-
bridge Univ. Press, pp. 423–449.

Rodenhouse, N. L., Sherry, T. W. and Holmes, R. T. 1997. Site-
dependent regulation of population size: a new synthesis.  
– Ecology 78: 2025–2042.

Rodewald, A. D., Shustack, D. P. and Jones, T. M. 2011. Dynamic 
selective environments and evolutionary traps in human-dom-
inated landscapes. – Ecology 92: 1781–1788.

Salmón, P., Nilsson, J. F., Watson, H., Bensch, S. and Isaksson, C. 
2017. Selective disappearance of great tits with short telomeres 
in urban areas. – Proc. R. Soc. B 284: 20171349.

Schlaepfer, M. A., Runge, M. C. and Sherman, P. W. 2002. Eco-
logical and evolutionary traps. – Trends Ecol. Evol. 17: 474–480.

Schochat, E., Warren, P. S., Faeth, S. H., McIntyre, N. E. and 
Hope, D. 2006. From patterns to emerging process in mecha-
nistic urban ecology. – Trends Ecol. Evol. 21: 186–191.

Sepp, T., McGraw, K. J., Kaasik, A. and Giraudeau, M. 2018. A 
review of urban impacts on avian life-history evolution: does 
city living lead to slower pace of life? – Global Change Biol. 
24: 1452–1469.

Seress, G., Bókony, V., Pipoly, I., Szép, T., Nagy, K. and Liker, A. 
2012. Urbanization, nestling growth and reproductive success 
in a moderately declining house sparrow population. – J. Avian 
Biol. 43: 403–414.

Seress, G., Hammer, T., Bókony, V., Vincze, E., Preiszner, B., Pip-
oly, I., Sinkovics, C., Evans, K. L. and Liker, A. 2018. Impact 
of urbanization on abundance and phenology of caterpillars and 
consequences for breeding in an insectivorous bird. – Ecol. 
Appl. 0: 1–14.

Seto, K. C., Fragkias, M., Guneralp, B. and Reilly, M. K. 2011. A 
meta-analysis of global urban land expansion. – PLoS One 6: 
1435–1439.

Solonen, T. 2001. Breeding of the great tit and blue tit in urban 
and rural habitats in southern Finland. – Ornis Fenn. 78: 
49–60.

Solonen, T. and Hilden, M. 2014. Breeding phenology in great and 
blue tits (Parus spp.): are urban populations more resistant to 
climate change than rural ones? – Ornis Fenn. 91: 209–219.

Sprau, P., Mouchet, A. and Dingemanse, N. J. 2017. Multidimen-
sional environmental predictors of variation in avian forest and 
city life histories. – Behav. Ecol. 28: 59–68.

Stracey, C. M. 2011. Resolving the urban nest predator paradox: 
the role of alternative foods for nest predators. – Biol. Conserv. 
144: 1545–1552.

Stracey, C. M. and Robinson, S. K. 2012. Are urban habitats eco-
logical traps for a native songbird? Season-long productivity, 
apparent survival and site fidelity in urban and rural habitats. 
– J. Avian Biol. 43: 50–60.

Strohbach, M. W., Lerman, S. B. and Warren, P. S. 2013. Are small 
greening areas enhancing bird diversity? Insights from commu-
nity-driven greening projects in Boston. – Landsc. Urban Plan. 
114: 69–79.

Symonds, M. R. E. and Moussalli, A. 2011. A brief guide to model 
selection, multimodel inference and model averaging in behav-
ioural ecology using Akaike’s information criterion. – Behav. 
Ecol. Sociobiol. 65: 13–21.

Thorington, K. K. and Bowman, R. 2003. Predation rate on arti-
ficial nests increases with human housing density in suburban 
habitats. – Ecography 26: 188–196.

Tinbergen, J. M. and Boerlijst, M. C. 1990. Nestling weight and 
survival in individual great tits (Parus major). – J. Anim. Ecol. 
59: 1113–1127.

Vaugoyeau, M., Adriaensen, F., Artemyev, A., Bańbura, J., Barba, 
E., Biard, C., Blondel, J., Bouslama, Z., Bouvier, J. C., Cam-
prodon, J., Cecere, F., Charmantier, A., Charter, M., Cichoń, 
M., Cusimano, C., Czeszczewik, D., Demeyrier, V., Doligez, 
B., Doutrelant, C., Dubiec, A., Eens, M., Eeva, T., Faivre, B., 
Ferns, P. N., Forsman, J. T., García-del-Rey, E., Goldshtein, A., 
Goodenough, A. E., Gosler, A. G., Grégoire, A., Gustafsson, 
L., Harnist, I., Hartley, I. R., Heeb, P., Hinsley, S. A., Isen-
mann, P., Jacob, S., Juškaitis, R., Korpimäki, E., Krams, I., 
Laaksonen, T., Lambrechts, M. M., Leclercq, B., Lehikoinen, 
E., Loukola, O., Lundberg, A., Mainwaring, M. C., Mänd, R., 
Massa, B., Mazgajski, T. D., Merino, S., Mitrus, C., Mönk-
könen, M., Morin, X., Nager, R. G., Nilsson, J. Å., Nilsson, S. 
G., Norte, A. C., Orell, M., Perret, P., Perrins, C. M., Pimentel, 
C. S., Pinxten, R., Richner, H., Robles, H., Rytkönen, S., 
Senar, J. C., Seppänen, J. T., Pascoal da Silva, L., Slagsvold, T., 



15

Solonen, T., Sorace, A., Stenning, M. J., Tryjanowski, P., von 
Numers, M., Walankiewicz, W. and Møller, A. P. 2016. Inter-
specific variation in the relationship between clutch size, laying 
date and intensity of urbanization in four species of hole-nest-
ing birds. – Ecol. Evol. 6: 5907–5920.

Verboven, N. and Visser, M. E. 1998. Seasonal variation in local 
recruitment of great tits: the importance of being early. – Oikos 
81: 511–524.

Visser, M. E., Adriaensen, F., Van Balen, J. H., Blondel, J., Dhondt, 
A. A, Van Dongen, S., Du Feu, C., Ivankina, E. V, Kerimov, A. 
B., De Laet, J., Matthysen, E., McCleery, R., Orell, M. and Thom-
son, D. L. 2003. Variable responses to large-scale climate change 
in European Parus populations. – Proc. R. Soc. B 270: 367–372.

Visser, M. E., Holleman, L. J. M. and Gienapp, P. 2006. Shifts in 
caterpillar biomass phenology due to climate change and its 
impact on the breeding biology of an insectivorous bird. – 
Oecologia 147: 164–172.

Vriens, L., Bosch, H., De Knijf, G., De Saeger, S., Guelinckx, R., 
Oosterlynck, P., Van Hove, M. and Paelinckx, D. 2011. De 
Biologische Waarderingskaart. Biotopen en hun verspreiding in 
Vlaanderen en het Brussels Hoofdstedelijk Gewest. – Het 
Instituut voor Natuur-en Bosonderzoek (INBO).

Wawrzyniak, J., Kaliński, A., Glądalski, M., Bańbura, M., 
Markowski, M., Skwarska, J., ZielińSki, P., Cyżewska, I. and 
Bańbura, J. 2015. Long-term variation in laying date and clutch 
size of the great tit Parus major in central Poland: a comparison 
between urban parkland and deciduous forest. – Ardeola 62: 
311–322.

Wilkin, T. A., Garant, D., Gosler, A. G. and Sheldon, B. C. 2007. 
Edge effects in the great tit: analyses of long-term data with GIS 
techniques. – Conserv. Biol. 21: 1207–1217.

Wilkin, T. A., Gosler, A. G., Garant, D., Reynolds, S. J. and Shel-
don, B. C. 2009a. Calcium effects on life-history traits in a wild 
population of the great tit (Parus major): analysis of long-term 
data at several spatial scales. – Oecologia 159: 463–472.

Wilkin, T. A., King, L. E. and Sheldon, B. C. 2009b. Habitat qual-
ity, nestling diet and provisioning behaviour in great tits Parus 
major. – J. Avian Biol. 40: 135–145.

Williams, T. 1996. Variation in reproductive effort of female zebra 
finches in relation to nutrient-specific dietary supplements dur-
ing egg laying. – Physiol. Zool. 69: 1255–1275.

Zuur, A. F., Ieno, E. N., Walker, N. J., Saveliev, A. A. and Smith, 
G. M. 2009. Mixed effects models and extensions in ecology 
with R. – Springer.

Supplementary material (available online as Appendix jav-
02108 at < www.avianbiology.org/appendix/jav-02108 >). 
Appendix 1.


