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Summary 
Many studies have reported negative effects of urbanisation on bird breeding success, with the role of 

food thought to play a particularly significant role. The negative effects of city environments on birds 

have lead researchers to suggest that urban areas may represent ecological traps, whereby individuals 

settle preferentially in urban habitats but show poor reproductive success relative to other available 

rural habitats. In this context, this thesis sought to test the effects of urbanisation measured at two 

spatial scales on both the breeding success of great tits Parus major, and its food during the breeding 

season. A nested design was used in study sites in northern Belgium with a priori quantified degrees of 

urbanisation at both local and regional scales. Results found breeding success to vary at one or both 

spatial scales of urbanisation for all measured parameters: in urban areas great tits displayed advanced 

laying dates and breeding success was lower than in rural areas, with smaller clutch sizes, lower nestling 

masses and fewer fledglings per egg. Results regarding food showed that the proportion of caterpillars 

provisioned to nestlings varied with local scale urbanisation, with significantly lower proportions of 

caterpillars provisioned to nestlings in urban areas. Moreover, the proportion of caterpillars 

provisioned was found to have a significant positive effect on nestling mass. Provisioning rates and 

caterpillar lengths were not found to vary with urbanisation. Results of this study suggest that food 

quality plays a key role in breeding success in cities, highlight the importance of utilising multiple spatial 

scales in analysing urbanisation effects, and ultimately provide support to the ecological trap 

hypothesis. 
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Layman’s summary  
Urban areas are often viewed as attractive to birds, as they can offer additional sources of food and 

more opportunities for nesting sites. Despite this, urbanisation has been found to have negative effects 

on birds’ reproductive success with differences in food quality and quantity between rural and urban 

environments suggested as a key reason for these differences. This thesis attempted to understand the 

role of urbanisation on the breeding success of a ubiquitous bird, the great tit Parus major, as well as 

on the quantity and quality of its food during the breeding season. To investigate this, this study used 

a nested design whereby nestboxes were placed in subplots (200m x 200m) located within larger plots 

(3km x 3km), and both plot and subplots were selected according to their urbanisation degree - low, 

medium or high. The results showed that the birds’ reproductive success  tended to decline with 

increasing urbanisation; birds in more urban areas laid fewer eggs, had nestlings of lower masses, and 

produced fewer fledglings. Food brought by parents to their nestlings was also found to vary with the 

degree of urbanisation. In urban areas, nestling were provisioned with lower proportions of caterpillars 

when compared with those in rural areas. However, food was provisioned with the same frequency, 

and caterpillar sizes did not differ between sites of different urbanisation. The results also showed that 

nestlings were heavier if their diet consisted of a larger proportion of caterpillars. These results support 

the idea that birds in urban areas have lower reproductive success despite the apparent advantages 

cities may offer, and that differences in food quality have a key role to play in determining breeding 

success. Furthermore, this study highlights that the scale of urbanisation is an important factor in 

affecting bird breeding success. 
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Introduction 
 

Urbanisation and ecological trap theory 

The urbanisation of natural landscapes is accelerating worldwide, changing the physical structure, local 

climates and ecological processes of once natural habitats while irreversibly altering patterns of 

biodiversity (Marzluff 2001; McKinney 2002; Seto et al. 2011). Today, more than half of the world’s 

population lives in cities, while  in Belgium this figure stands at 98 percent (United Nations 2014). The 

expansion of urban landscapes comes into direct conflict with nature, with factors such as increasing 

household density being strongly correlated with negative effects on wildlife (Peterson et al. 2007). 

Urban impacts on wildlife are wide-ranging: urban-driven shifts in land use result in the decline and 

local extinction of numerous taxonomic groups (Ree and McCarthy 2005) and drives biotic 

homogenisation (McKinney 2006). Roughly one-third of the world’s known amphibian species are 

threatened by urbanisation (Hamer and McDonnell 2008), many mammals are ‘urban-avoiders’ 

(McKinney 2002) whose habitat requirements are directly at odds with the fragmented urban landscape 

(Miller and Hobbs 2002; Ree and McCarthy 2005), and bird communities have been shown to lose 

diversity and structural complexity with increasing urbanisation (Clergeau et al. 2006a; Liker et al. 

2008). 

While urban landscapes are markedly different from natural surroundings (Marzluff 2001) they still 

encompass substantially variable habitats ranging from green spaces in city parks to low-density 

suburban areas (Chamberlain et al. 2009).  The tendency for urban spread and the consequent 

envelopment of natural habitat fragments represents a complex conservation problem (Miller and 

Hobbs 2002). Urban environments likely represent a continuum of selective novelty (Clergeau et al. 

2006b) 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 (Goddard et al. 2010). A 

combination of urban spread and the colonisation of these new urban environments has seen several 

species occurring in higher densities in urban areas than more natural habitats (termed ‘urban-positive 

species’ - Stracey 2011). This phenomenon is well documented for several bird species (Hedblom and 

Söderström 2012; Stracey and Robinson 2012). 

Cities represent potentially attractive areas to avian populations for several reasons; they offer 

additional concentrated sources of food such as birds 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,  vegetation that is permanently disturbed due to pruning and mowing 

(Stracey and Robinson 2012), and convenient shelters and nesting sites in the form of nestboxes and 
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city infrastructure (Hedblom and Söderström 2012). These factors can all act as positive cues in 

informing habitat choice, particularly for birds selecting habitats on the basis of food availability and 

vegetation. However, despite these positive cues, urban areas often act as an ‘ecological trap’, whereby 

a poor habitat becomes relatively more attractive, thus “baiting” an individual to settle (Dwernychuk 

and Boag 1972; Gates and Gysel 1978; Robertson and Hutto 2006). For birds in an urban context, this 

occurs when individuals settle in cities and built-up areas despite artificially high levels of disturbance 

and novel sources of mortality (Stracey 2011; Stracey and Robinson 2012).  This mismatch between cue 

and reality arises when rapid environmental change (urbanisation) uncouples the cues that individuals 

use to assess habitat quality from the true quality of the environment (Robertson and Hutto 2006). 

Given that these cues have developed through evolutionary selection, such a trap arises when an 

organism is constrained by its evolutionary past to make a mistake, despite the fact that more suitable 

conditions occur elsewhere (Schlaepfer et al. 2002). In simpler terms, the positive outcome normally 

associated with a species’ fixed preference (and its given cue) becomes a negative outcome 

(Misenhelter and Rotenberry 2000). 

Urbanisation effects 

Given their potential as ecological traps and drivers of behavioural change (Liker et al. 2008), urban 

areas and their effects on bird populations have been closely scrutinised in literature. Chamberlain et 

al. (2009) performed a meta-analysis of studies comparing rural and urban passerine birds in a pair-

wise fashion to determine differences in key breeding success parameters. Evaluating 19 species, they 

found profound effects of urban areas on avian communities, primarily in the form of earlier laying 

dates (16 of 19 studies), smaller clutch sizes (33 of 46 studies) and lower nestling weights (10 of 11 

studies). Similar findings regarding earlier lay dates in urban bird populations were found in a meta-

analysis by Deviche and Davies (2014). This disparity between rural and urban bird populations 

highlights the importance of determining the drivers of this difference. 

In disentangling the causal factors responsible for urban-rural bird population disparities, an 

understanding and comparison of rural and urban habitats is required. Several factors are critical to 

avian breeding success and phenology (Table 1), and the majority of these factors differ strongly 

between rural and urban areas (McKinney 2002; Chamberlain et al. 2009). Of these factors, the role of 

food, environmental conditions (light and temperature) and urban habitat structure are discussed in 

further detail.  
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 UrbanUrbanUrbanUrban RuralRuralRuralRural SourcesSourcesSourcesSources    

FoodFoodFoodFood quantityquantityquantityquantity 

Higher abundances of food 
and food types due to 
anthropogenic food sources 
such as bird feeders and 
refuse. Potentially lower 
natural food abundances 
(e.g. caterpillars) than rural 
areas. 

Tendency (case-specific) 
for lower overall quantity 
of food than urban areas – 
lacking supplementary 
food sources. But 
caterpillar abundances are 
often observed to be 
higher.   
 

Cowie and Hinsley 
1988; Chace and Walsh 

2006; Leston and 
Rodewald 2006; 

Isaksson and Andersson 
2007; Robb et al. 2008; 

Chamberlain et al. 
2009; Mackenzie et al. 

2014 

FoodFoodFoodFood qualityqualityqualityquality 

Lower overall food quality – 
often energy rich but protein 
poor. Supplementary foods 
contain fewer amino acids 
required for egg formation 
and nestling growth. 
Arthropods observed to be 
of lower carotenoid quality.  
  

Higher quality food 
available to nestlings, as 
measured by the 
proportion of caterpillars 
provisioned as well as their 
carotenoid quality.   

Perrins 1991; Solonen 
2001; Isaksson and 

Andersson 2007; 
Harrison et al. 2010; 

Hedblom and 
Söderström 2012 

TemperatureTemperatureTemperatureTemperature 

Warmer – urban ‘heat island’ 
effect maintains higher 
urban temperatures relative 
to rural surrounds.  

Cooler – average ambient 
temperatures are lower 
than urban zones. 

McKinney 2002; 
Shochat et al. 2006; 

Seto et al. 2011; 
Deviche and Davies 

2014 

 

LightLightLightLight 

City lights artificially lengthen 
daily photoperiod. 

Fewer or no lights, 
photoperiod therefore 
defined by actual day 
length. 

Partecke et al. 2004; 
Kempenaers et al. 2010; 

Deviche and Davies 
2014; Solonen and 

Hilden 2014 

 

PredationPredationPredationPredation 

Higher abundance of 
predators (e.g. pet cats) but 
predator activity does not 
necessarily increase 
accordingly (given 
supplementary food for 
predators). Predation may 
not cause additive mortality. 
 

Lower abundance of 
predators, and increased 
variability in predation 
rates in accordance with 
natural population 
fluctuations. 

Marzluff 2001; Baker et 
al. 2008; Chamberlain 

et al. 2009; Stracey 
2011 

HabitatHabitatHabitatHabitat structurestructurestructurestructure    

Natural vegetation largely 
replaced with built habitat 
and managed vegetation 
consisting of fragmented 
tree cover. Typically highly 
fragmented; lack of 
interconnectivity increases 
isolation of breeding sites. 
 

Greater degree of natural 
vegetation. Typically 
comprises larger patch 
sizes exhibiting better 
interconnectivity and fewer 
edge effects. 
 

Friesen et al. 1995; 
Mörtberg 2001; 

McKinney 2002; Chace 
and Walsh 2006; 

Chamberlain et al. 
2009; Banbura and 

Banbura 2012 

Table 1: A literature summary regarding key parameters that may shape avian breeding success and laying date across 

urban and rural habitats 
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Food availability and type 

Numerous bird-related studies have focused on diet and the importance of food type, prey 

provisioning, prey availability and predator-prey timing in determining breeding success (e.g. Perrins 

1991; Verboven et al. 2001; Rytkönen and Krams 2003; Chamberlain et al. 2009; Wilkin et al. 2009). 

Placed within the context of the urban landscape, the subject of food availability and suitability 

becomes ever more relevant (Chamberlain et al. 2009). Food plays a critical role in adult bird condition 

and is highly important during the breeding season, with ramifications for reproductive phenology and 

breeding success (Amrhein 2014). The manner in which food varies with urbanisation therefore has 

strong potential to at least partially explain population differences between rural and urban 

environments.     

Both the quality and quantity of urban food have a key role to play in affecting clutch sizes, nestling 

condition, fledgling success and laying dates (Chamberlain et al. 2009; Harrison et al. 2010; Deviche and 

Davies 2014). In the UK and USA more than 43% and 75% of households regularly feed birds respectively 

(Amrhein 2014). This supplementary food, along with refuse-sourced foods, provides easily accessible 

energy-rich resources to urban populations (Chamberlain et al. 2009). Harrison et al. (2010) showed 

experimentally that food provisioning significantly advanced clutch initiation date in both great and 

blue tits. The advancement in laying is in-part attributable to several food-related factors. 

Supplementary food is likely to produce better pre-laying feeding conditions, allowing females to reach 

nutritional thresholds at an earlier stage (Chamberlain et al. 2009; Harrison et al. 2010). Moreover, the 

availability of earlier food in the breeding season may cue earlier reproductive phenology in the 

expectation of richer foraging conditions during the time of peak nestling demand (the cue/anticipation 

hypothesis: Lack 1954; Perrins 1965). Anthropogenic food sources therefore have the potential to 

trigger a ‘false-start’ in egg laying; a phenomenon with significant repercussions: mistimed breeding 

which misses peak caterpillar abundance can result in higher starvation rates of urban chicks and thus 

poorer nestling condition (Perrins 1991; Chamberlain et al. 2009).  

The relationship between supplementary food and clutch size of wild birds has often been shown to be 

positive (Amrhein 2014). A review by Robb et al. (2008b) reported that 28 studies found that clutch 

sizes of wild birds were increased by supplementary feeding, 34 studies found no effect and just one 

study found a negative effect. It must be noted that the vast majority of these studies took place in 

non-urban habitats. In urban areas clutch sizes are observably smaller relative to non-urban areas (e.g. 

Bailly et al. 2016) despite the fact that food availability is likely higher. This suggests that the food-clutch 

size relationship may not be straightforward in urban environments. This is typified in Harrison et al.’s 

(2010) finding that great tits exhibited smaller clutch sizes when continuously provisioned with 

supplementary food. This may be the a result of protein-poor supplementary food sources, whereby a 
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lack of amino acids limits egg formation (Williams 1996, but see Nager et al. 1997). Alternatively, 

additional food may boost population densities which can in turn reduce clutch sizes on a per brood 

basis (Wilkin et al. 2006). However, density effects may hinge on the heterogeneity of local 

environments; at high densities some birds may be forced into nearby sites of poorer quality (e.g. lower 

food quantity and/or quality) and subsequently lay smaller clutches (Dhondt et al. 1992; Wilkin et al. 

2006). However, variation in clutch size also has a strong genetic element (Postma and van Noordwijk 

2005), which may influence the way in which clutch size and the local environment interact. Clutch sizes 

are more likely to be adaptive to local conditions where immigration between habitats of varying quality 

is low, as an influx of genes from outside areas is prevented (Postma and van Noordwijk 2005; 

Chamberlain et al. 2009). In this case clutch size can be expected to be fixed at the optimum for the 

local environment (Perrins 1965; Leston and Rodewald 2006). If gene flow between heterogeneous 

habitats is sufficiently high to prevent genetic differentiation, two possibilities exist. Firstly, clutch size 

may represent the average optimum across all habitat types, i.e. it is non-adaptive  (Dhondt et al. 1990; 

Postma and van Noordwijk 2005). Or secondly, the genotype underlying clutch sizes illustrates plasticity 

(Husby et al. 2010) which enables clutches of different sizes in accordance with environment (rural or 

urban). In a city context, the degree to which clutch sizes are adaptive is further blurred by the fact that 

the urban areas can result in poorer quality adult birds (Liker et al. 2008), a finding potentially linked 

with food quality (further discussed below). Smaller clutches in urban areas may therefore simply be 

the result of poorer quality breeders (Riddington and Gosler 1995) and not necessarily an adaptive 

response. 

Food quality has been shown to be poorer in urban areas than neighbouring rural areas. Anthropogenic 

food sources may be energy rich, but are often lacking in protein content (Chamberlain et al. 2009), 

and important nestling foods such as caterpillars have been shown to be of lower quality with lower 

carotenoid concentrations (Isaksson and Andersson 2007). Food quality can influence adult condition 

and have knock-on effects for breeding success (Chamberlain et al. 2009). Female tits cannot synthesise 

egg-building nutrients such as carotenoids and must source them from their local environments (Bailly 

et al. 2016), and urban eggs have been shown to be of poorer quality than rural counterparts (Isaksson 

et al. 2008; Bańbura et al. 2010). Urban nestlings hatched from lower quality eggs may therefore be 

placed at a prior disadvantage; nestling growth and survival are strongly linked to egg quality with 

effects extending beyond rearing (Krist 2011; Marri and Richner 2014).  This effect may be compounded 

during nestling development if nestlings receive a lower quantity or poorer quality of caterpillars 

(Isaksson and Andersson 2007; Wawrzyniak et al. 2015), as caterpillars are regarded as high-quality 

dietary items (Wilkin et al. 2009a). Many forms of urban supplementary foods do not constitute good 

nestling-food substitutes (Chamberlain et al. 2009; Harrison et al. 2010) as they fail to meet high protein 
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requirements of the nestling diet (Gosler 1993; Harrison et al. 2010). As such, where high quality foods 

are lacking in urban areas, poorer quality replacement foods (e.g. other arthropods of lower nutritional 

value - Hargitai et al. 2016)  may lead to poorer nestling condition and lower fledgling success rates 

(Chamberlain et al. 2009). Some studies have observed parental compensation for food of lower 

quality, whereby provisioning rates increased in poorer quality habitats (Isaksson and Andersson 2007; 

Mägi et al. 2009). Similar compensation has been observed when prey items delivered to nestlings are 

smaller in size (Van Balen 1973).   

Environmental conditions 

Temperature and light are both factors which are seen to increase as one moves from rural areas 

towards the urban core (McKinney 2002). These conditions play key roles in dictating laying dates of 

birds and can have knock-on effects on breeding success (Deviche and Davies 2014). Increase in day 

length (photoperiod) is a primary driver of reproductive behaviours (e.g. singing, courtship, nesting) in 

birds, but between-year variation means that temperature, rainfall and food abundance act as 

secondary cues (Deviche and Davies 2014). Thus the combination of artificial light sources and the ‘heat 

island’ effect in cities has been shown to trigger earlier laying in many city-dwelling birds (Kempenaers 

et al. 2010; Deviche and Davies 2014; Wawrzyniak et al. 2015). While earlier laying dates in the wild are 

often viewed as advantageous and an indicator of good winter feeding (Robb et al. 2008a), in urban 

areas the advancement of laying dates can have significant repercussions for food availability and thus 

breeding success. City breeding pairs who breed earlier may exhibit a maladaptive laying date leading 

to a mismatch between the time of peak nestling food demand and the peak in food availability itself 

(Lambrechts et al. 1997; Kempenaers et al. 2010). This issue is further complicated by urban-driven 

changes in arthropod lifecycles. Urban environmental conditions can extend the plant growing season 

and plant peak growth, which in turn changes the peak in arthropod abundance as these populations 

seek to exploit new green vegetation (Visser et al. 2006). This represents another novel condition 

generated by urban environmental conditions that urban populations have to adapt to, and may be in 

part responsible for earlier reproductive phenology (Deviche and Davies 2014).  

Urbanisation: habitat structure and scale 

Built-up landscapes comprise a host of infrastructures, from roads and railways to industrial complexes 

and suburban sprawl.  The process of urbanisation transforms landscapes, as land-cover changes see a 

rise in built-up areas and a subsequent loss of natural habitat (Seto et al. 2011). While habitat loss is 

conceptually distinct from fragmentation (Fahrig 2003),  urban driven land-use change also fragments 

the landscape (McKinney 2002). While primarily studied in non-urban habitats (Crooks et al. 2004), 

fragmentation has often been shown to have negative effects on birds (Paton 1994; Chamberlain et al. 

2009). Fragmentation in urban areas is argued to have the same deleterious effects on urban birds as 
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in other fragmented landscapes (Fernández-Juricic and Jokimäki 2001; Evans et al. 2009). Moreover, 

urban habitats are often more highly fragmented than natural landscapes (Chamberlain et al. 2009) 

and can have strong ramifications for breeding success. For example, a high degree of patch isolation 

in the urban environments of Florida has been shown to reduce the breeding success of scrub jays, 

whereby longer dispersal distances reduced breeder survival and isolated patch clusters meant that 

males (not as likely as females to undertake long-distance dispersion) became the limiting sex 

(Breininger 1999).  

As habitats are lost to urban development, remaining natural areas often become increasingly 

fragmented into smaller but potentially more numerous remnant patches (Collins et al. 2000; Mörtberg 

2001; McKinney 2002).  Well-described aspects of fragmentation such as edge effects, patch size and 

patch isolation (Fahrig 2003) are also relevant in urban environments. Within an urban context, these 

mechanisms of fragmentation can be linked with proximate effects that affect bird breeding success.  

Factors such as the urban heat island (Deviche and Davies 2014), artificial sources of light (Kempenaers 

et al. 2010) or increased human disturbance are arguably the manifestations of patch edge effects. In 

rural areas, edge effects have been shown to negatively influence breeding success (e.g. tit breeding 

success improves with increasing distance away from forest edges (Deng and Gao 2005; Wilkin et al. 

2007a), while edge effects have also been described in urban areas. For example, breeding densities of 

most birds studied by Evan et al. (2009) were observably higher in the centre of city parks than at their 

edges. Moreover, elements such food availability may also be affected by fragmentation. Passerine 

provisioning rates have been shown to be higher in smaller forest fragments (as studied in blue and 

great tits - Nour et al. 1998) and important bird prey groups such as insects are highly susceptible to 

the adverse effects of fragmentation (Didham et al. 1996). Fragmentation can negatively influence 

important great tit food sources such as the winter moth (Van Dongen et al. 1994), and aspects such as 

patch size have been investigated in relation to the proportion of food types available in fragmented 

forest habitats (Nour et al. 1998). Oaks and other native trees carry high caterpillar biomass (Perrins 

1991) relative to exotic trees (Mackenzie et al. 2014), and therefore the effects of urbanisation on 

vegetation (e.g. the loss of native species - McKinney 2002; Mackenzie et al. 2014) have consequences 

for avian food availability and quality in cities.  

A key question regarding urban fragmentation is determining whether the edge, size and isolation 

effects are driven at local or larger scales. Different scales can imply different ecological processes or 

pattern. Clergeau et al. (2006b) highlight the diversity of these scales in the urban environment, ranging 

through the habitat level (local scale), the landscape level (e.g. city district), the sub-regional level (e.g. 

whole town) and up to the bio-climate level (continental). They argue that each scale is driven by unique 

processes, and to account for scale dependencies in many taxa urban research should therefore 
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attempt to include multiple spatial scales (Hostetler 2001; Goddard et al. 2010). At a local scale, 

fragmented tree cover in urban parks, streets or gardens has been found to increase direct sunlight on 

nestboxes, thereby raising nest temperatures in already warm urban micro-climates (Banbura and 

Banbura 2012). Moreover, fine-scale tree density has also been shown to affect passerine phenology 

(Wilkin et al. 2007b). At larger scales, factors like patch isolation become important. Some birds show 

a negative response to isolation of habitat patches in the urban matrix and are unwilling to cross urban 

barriers (Evans et al. 2009). This could have important knock-on effects; birds restricted to the city may 

exhibit poorer adult condition (Liker et al. 2008) and ultimately lower breeding success than their rural 

counterparts (Chamberlain et al. 2009). 

Given the important role urbanisation may have in affecting the breeding success of birds, as mediated 

by food, environmental and habitat-structuring effects, this thesis aims to understand the variation of 

both breeding success and the food of great tits Parus major along an urbanisation gradient measured 

at two spatial scales.  

Study species 

A vast collection of literature has been accrued on the great tit Parus major. Aspects of great tit biology 

most pertinent to this study are highlighted here, namely the great tit breeding cycle and behaviour, 

phenology and diet.  

Distribution  

Great tits are widely distributed across Eurasia and are versatile in their habitat preferences. Great tits 

primarily breed in deciduous and mixed forests (showing a preference for oak trees in Europe) but are 

also found widely in a range of anthropogenic landscapes from plantations and orchards to city parks 

and gardens (Gosler et al. 2013).  

Breeding patterns and phenology 

Great tit egg-laying in much of Europe typically begins in April, with nests having been prior built by 

females in tree cavities and nestboxes. The date of clutch laying is closely linked to spring temperature 

as this provides an indicator for optimal timing with peak caterpillar populations (Gosler 1993) – tits 

tend to lay earlier in warm springs because caterpillars emerge earlier (Perrins 1991). Clutches tend to 

be between six and twelve eggs and are incubated for approximately 13 days before hatching. It takes 

a further 18-20 days for nestlings to fledge (Perrins 1991).   

Diet and provisioning 

Gosler (1993) attributes the great tit’s broad geographical range to the diversity of its diet. Great tits 

are omnivorous passerines, primarily opting for a combination of invertebrates and seeds. The demand 
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for these food types is dictated both by season and phenology. The specific targeting of invertebrates 

is linked to a high protein demand during the breeding season as nestlings require the protein for 

growth and development. This need for protein is not limited to the breeding season; great tits are 

regarded as principally insectivorous. This is reflected in their diet; great tits have been shown to target 

more than 135 invertebrate families including 32 families of moths and butterflies (especially larvae), 

21 of beetles, 18 of bugs, 15 of flies, 14 of wasps and allies, and 14 of spiders.  However, when these 

prey are not abundant (during the winter season) the tits primarily forage for seeds. Great tits have 

been shown to take advantage of a wide range of seeds representing more than 40 plant families.  

The quality of early nutrition in tit nestlings can have strong repercussions for offspring size, 

morphology and survival (Wilkin et al. 2009a). During the breeding season great tits are almost 

completely insectivorous and broods require a steady supply of food. Caterpillars (e.g. the Winter Moth 

Operophtera brumata or the Green Tortrix viridana) make up a majority of dietary items as their role 

as high-quality prey items for nestlings is of fundamental importance to tit breeding success (Perrins 

1991; Verboven et al. 2001; Rytkönen and Krams 2003; Isaksson and Andersson 2007; Wilkin et al. 

2009a). At peak food demand (nestlings aged 9-10 days) great tits in Britain have been observed 

bringing caterpillars to the nest at almost one per minute, with over 700 feeding visits per day (Perrins 

1991). To provision at such rates tits synchronise their breeding cycles with the life cycles of caterpillars, 

aiming for periods of peak caterpillar abundance (Van Noordwijk et al. 1995; Isaksson and Andersson 

2007). As aforementioned, this synchronisation is related to temperature and photoperiod, but is also 

reliant on further cues such as the caterpillar population itself (Gosler 1993). Such is the importance of 

this food source that the mean clutch-size of the great tit has been significantly correlated with the 

numbers of caterpillars in a season (Perrins 1991; Verboven et al. 2001), and the proportion of 

caterpillars provisioned has been used as an index for food quality and has been show to improve 

fledgling condition and success (Verboven et al. 2001; Wilkin et al. 2009a). 

Addressing knowledge gaps 

Comparative research on birds in urban and rural settings is a well-explored field, and a series of meta-

analyses has explored urban effects on avian populations (e.g. Marzluff 2001; Chace and Walsh 2006; 

Chamberlain et al. 2009; Deviche and Davies 2014). Great tits have also been studied within an urban-

rural framework (e.g. Horak and Lebreton 1998; Isaksson and Andersson 2007; Banbura and Banbura 

2012), sometimes with the specific aim of observing differences in breeding success and phenology 

(e.g. Solonen 2001; Hedblom and Söderström 2012; Solonen and Hilden 2014). Great tits represent an 

excellent model species for such studies given their readiness to take to nestboxes along a range of 

urbanisation levels. However, many studies lack quantified levels of urban environmental variation and 

large enough sample sizes needed to make substantive claims (Marzluff 2001; Fahrig 2003; 
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Chamberlain et al. 2009). Furthermore, little is known about the role of urban scale in affecting great 

tit demography (but see Wilkin et al. 2007) or about the effects of the interaction between nest sites 

(local environment) and the broader environment. Moreover, the influence of food availability and 

quality on breeding success within the urban context remains a key question (Amrhein 2014).  

To address these issues this study utilised a nested design involving study sites with a priori quantified 

degrees of urbanisation at both local scale and regional scales. Data were collected from twenty 

nestbox plots (and an additional 61 single-box locations) strategically placed across northern Belgium. 

Major Belgian cities such as Antwerp, Brussels and Ghent were used as reference points to set up 

independent replicates, ensuring that plots adequately covered urban, sub-urban and rural areas along 

a quantified rural-urban gradient. The intricacies of this study design and the data collection are further 

clarified in the methodology section. This design provides a framework for answering key questions 

about the relationship between urbanisation, food and great tit breeding success. 
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Aims and objectives 

The overall aim of this thesis is to study the variation in great tit breeding success along an 

urbanisation gradient and the factors driving this variation: 

Aims 

i. To analyse variation in reproductive parameters (laying date, clutch size, nestling weight and 

fledgling success) collected from nestbox plots in 2014 and 2015, and to correlate these data 

with relevant biological and temporal variables 

ii. To ascertain the role of urbanisation at differing spatial scales in driving variation in breeding 

success 

iii. To analyse variation in food data collected from a subset of filmed nestboxes in 2015 and 2016, 

and to correlate these data with relevant biological, environmental and temporal variables 

iv. To ascertain the role of urbanisation at differing spatial scales in driving variation in food 

provisioned to nestlings during the breeding season 

v. To determine if and how variation in food quantity and quality may explain urbanisation 

effects on breeding success  

Predictions and hypotheses 

Regarding the effects of urbanisation on breeding success of great tits: 

i. Earlier laying dates are predicted with increasing levels of urbanisation at one or both measured 

spatial scales  

ii. Declines are expected in all measured breeding parameters (clutch size, nestling weights, 

fledgling success) with increasing levels of urbanisation at one or both measured spatial scales  

iii. The effects of subplot and plot spatial scales are expected to be dependent on one another (i.e. 

a significant interaction is expected) 

Regarding the role of food in explaining breeding success variation: 

i. Breeding success is hypothesised to correlate positively with the proportion of caterpillars in 

nestling diet and with the proportion of larger prey items, and negatively with higher 

provisioning rates 

ii. The proportion of caterpillars provisioned to nestlings and the size of caterpillars is expected 

to decline with increasing urbanisation 
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Methodology 

Study area and design 

The study area and design utilised by this thesis were developed as part of an inter-university project 

entitled ‘Spatial and environmental determinants of Eco-Evolutionary Dynamics (SPEEDY): 

anthropogenic environments as a model’, as a framework to study several target organisms (aquatic as 

well as terrestrial) over strong gradients of urbanisation. This required a spatially explicit design with 

detailed characterisation of landscape structure. The set-up described here is that which pertains to 

this thesis, and its target organism, the great tit.  

In the general SPEEDY design, a total of 27 plots were selected (each 3km x 3km) across three regions: 

Antwerp, Gent and Brussels/Leuven (Figure 1). Plots were classified in ArcGIS into three urban 

categories according to percentage built-up area. The cut-off points for percentage of built-up area 

were defined as 0-3% for ‘low’ urbanisation, 5-10% for ‘moderate’ urbanisation and >15% for ‘high’ 

urbanisation. To ensure that ‘low’ urbanisation areas had high natural value, these plots had to meet 

the additional criterion that they also consisted of >20% of ecologically valuable areas (as defined by 

the ‘Biologische Waarderingskaart’ - Vriens et al. 2011). For simplicity, the three degrees of urbanisation 

(low, moderate, high) are referred to in this thesis as colours: low = green, moderate = yellow and high 

= red.  

 

 

 

 

 

 

 

 

 

 

 
Figure 1: Map of northern Belgium showing the 27 study area plots (3km x 3km – boxes not to scale) in 

the context of urban spread (builit up areas - Agency for Geographical Information Flanders 2016).  
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Red plots (high urbanisation) were characteristically dominated by cities or towns, yellow plots 

(moderate urbanisation) were typically a mixture of farmland or wooded areas and small villages or 

residential areas, while green plots (low urbanisation) were dominated by larger wooded areas and/or 

farmland.   

Each city region (Antwerp, Ghent, and Brussels) contained 3 replicates of green, yellow and red plots. 

One red plot was placed within the main city itself and two others in neighbouring smaller cities to 

ensure spatial independence and to improve statistical power. Each plot was further divided into 200m 

by 200m subplots which were also classified into the three degrees of urbanisation (green, yellow, red) 

using the same criteria as above. Within each plot, nestboxes were installed (or in some cases, existing 

boxes were used) in one subplot of each urbanisation level, resulting in a total of 81 locations (3 

subplots in each of 27 plots). For reasons of logistical feasibility and statistical power, 20 subplots were 

chosen to hold a larger number of nestboxes (typically 15-20 boxes). These contained two replicates of 

each plot/subplot “colour” combination (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”). In the remaining 61 subplots three or four nestboxes were installed with the aim 

of obtaining data from at least one great tit nest.  

Thus, the plot-subplot nested structure of the study design was intended to enable the study of great 

tits at two urban spatial scales: their immediate environment (200m x 200m) and the broader regional 

context (3km by 3km); as well as to inform how the two urban spatial scales interact in affecting great 

tits and their food. A supplementary measure of urbanisation at a local scale – the nestbox urbanisation 

ratio (NUR) – was also calculated. This measured the percentage of built up area within a 200m buffer 

of each nestbox.     

NUR values were calculated to describe fine-scale variation in urbanisation at a local scale. Despite the 

fact that subplot colours were defined a priori, the exact locations of nestboxes within a subplot 

sometimes represented deviations from the expected urbanisation level of that subplot (e.g. a nestbox 

located at the edge of green subplot may be exposed to higher urbanisation from the neighbouring 

area). However, subplot colours were defined based on the assumption that biodiversity effects 

operate mainly at low to modest levels of built up area (i.e. urbanisation thresholds of 0-3%; 5-10%; 

>15%), meaning that NUR values (calculated post-hoc) illustrated a strongly right-skewed distribution. 

NUR values were therefore log transformed to improve their normality and their representation of the 

intended urbanisation gradient.  
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Fieldwork 

Fieldwork took place over three successive breeding seasons from 2014-2016. Fieldwork consisted of 

nestbox checks to gather information relating to breeding success, and the filming of nestboxes to 

collect data on nestling food (Figure 2).  

Breeding data collection 
Breeding data were collected over three consecutive breeding seasons from 2014 to 2016. Nestboxes 

were visited approximately weekly before egg laying (typically in mid-April). 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). Nests were checked when chicks were 8 

days old (henceforth referred to as ‘day 8’); brood details were confirmed: nestlings alive and dead 

were recorded and the number of unhatched eggs noted. On day 14, nestlings were ringed and weighed 

to the nearest 0.01g and any further unhatched eggs were noted. Because of constraints in processing 

the breeding data (requiring multiple data manipulations and quality checks on data collected by 

different researchers), only the fully processed 2014 and 2015 breeding data were analysed in this 

thesis.  

Video data collection 
Video data were successfully collected from 56 nestboxes over both the 2015 (n = 22) and 2016 (n = 

34) breeding seasons. Nestboxes were selected to cover variation in urbanisation at both plot and 

subplot level. The video protocol comprised two sets of equipment: the dummy setup and the recording 

Figure 2: An overview of fieldwork activities and protocols for data collection of great tit breeding and food-

related parameters (videos) over the 2014-2016 field seasons in relation to a typical great tit breeding timeline 
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setup. The dummy setup consisted of a within-nestbox dummy camera, a camera mount (attached to 

the underside of the nestbox lid) and an external cabling box. The recording setup consisted of a within-

nestbox camera (“Mini spy-camera with Infrared Leds 85nm” - www.spywebshop.nl), and an HD digital 

recorder and 12V battery pack (stored in the external cabling box).  

Filming protocol for both seasons was near identical but slight changes were made in 2016 to improve 

video success rates. Dummy cameras were installed in nestboxes in advance of filming to allow breeding 

pairs a period of habituation (Stuber et al. 2014). In 2015, the dummy setup was installed on day 8.  In 

2016 dummy setup installation took place during the egg-laying/ brooding period to allow for a longer 

habituation time. The recording setup was installed at a mean (± SD) nestling age of 11.0 ± 1.4 days 

(range: 9-14 days) in 2015 and a mean nestling age of 7.7 ± 1.3 days (range: 6-12 days) in 2016. 

Recordings were performed earlier in 2016 to increase the number of recordings at younger nestling 

ages. This was done as 2015 data revealed higher levels of starvation prior to filming thereby potentially 

biasing filming toward better-fed nests in this year. Cameras were set at 30fps and motion sequences 

captured during filming were automatically written to an HD digital recorder. Nestboxes were filmed 

for a minimum of two hours (Pagani-Núñez and Senar 2013). Filming generally took place between 

09:00 and 13:00, with dry periods (no or very little rain) targeted to best capture provisioning behaviour 

(Radford et al. 2001; Oberg et al. 2014). 

Filming targeted as many different boxes and areas as were feasible, requiring shorter filming events 

and small and transportable cameras. Other studies often utilise cameras built in to nestbox lids (e.g. 

Stuber et al. 2014) which improves video resolution (often at a much higher expense) but limits mobility 

and sample sizes. The approach of this study thus optimised sample sizes and costs, but at the expense 

of higher image quality. 

Video data capture 

Videos were processed using Matlab (version 1.10.0; 2010) to limit footage to key action sequences; 

namely the arrival and departure events of adult birds. An algorithm developed by Swinnen et al. (2014) 

was used to measure the amount of pixel variation (i.e. changes in motion in the footage) to cut the 

film into individual action events. Each event consisted of the 3 seconds of footage leading up to a point 

of maximum motion detection, and the 3 seconds following. This ensured enough time to view a 

provisioning event in full. Algorithm validation determined that there was a tendency towards false-

positives (e.g. an event triggered by passing pedestrians) meaning that such events had to be manually 

excluded from footage. Processed videos from each nestbox were strung together chronologically using 

Windows Movie Maker (2012) and viewed frame by frame to allow for extraction and calculation of 

relevant data (Table 2). 
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Prey length was defined relative to beak length of the provisioning parent. Gosler (1987) found the 

average beak length in an Oxford population of great tits to be 13.34 ± 0.47 mm (n = 1626), a measure 

used to approximate the true length of prey items. The proportion of caterpillars provisioned to nests 

was calculated as a proxy for quality of nestling diet (Wilkin et al. 2009a). 

Statistical analyses 

Statistical analyses were performed to ascertain the role of urbanisation in affecting both the breeding 

success of great tits and aspects relating to their food during the nestling period. Several generalised 

linear mixed-effects models (GLMMs) were built to explore data from the breeding and food data sets 

using RStudio (R Core Team 2015) and package lme4 (Bates et al. 2015). 

Three model types were built for the analyses of both data sets, to provide insight into how and where 

urbanisation has an effect: 

I. Urbanisation modelsUrbanisation modelsUrbanisation modelsUrbanisation models were built by defining a response variable (e.g. clutch size) and regressing 

it against the urban factor variables ‘plot’ (urbanisation level at a 3km x 3km scale; three levels: 

green, yellow, red) and ‘subplot’ (urbanisation at a 200m by 200m scale; three levels: green, 

MeasureMeasureMeasureMeasure    DefinitionDefinitionDefinitionDefinition    

Filming timeFilming timeFilming timeFilming time    Time between installation and removal of camera 

Disturbance timeDisturbance timeDisturbance timeDisturbance time    
The elapsed time between the camera set-up time and the first recorded provisioning 
event: (1st entry time) – (Set-up time) 

Visit durationVisit durationVisit durationVisit duration    
The amount of time a provision event takes; i.e. The time elapsed between a parent 
entering the nestbox and then leaving again 

Parent genderParent genderParent genderParent gender    
‘Male’, ‘female’ or ‘unidentifiable’ genders recorded – determined by the sexually 
dimorphic trait of the length and width of the breast stripe (Gosler 1993)   

Prey typePrey typePrey typePrey type    Three classes recorded: ‘caterpillar’, ‘other’ or ‘unidentifiable’  

Prey lengthPrey lengthPrey lengthPrey length    
Prey items provisioned were sized relative to the beak length of the great tit, sized to 
the nearest half-beak length (e.g. a caterpillar length of 2.5 beak lengths) 

No. provisionsNo. provisionsNo. provisionsNo. provisions    The number of prey items delivered during a single filming period of a nestbox 

Provisioning timeProvisioning timeProvisioning timeProvisioning time    
The time elapsed between the camera take-down time and the fourth recorded 
provisioning event. First three provisioning events excluded to account for any initial 
abnormal provisioning behaviour (e.g. hesitation, camera examination, etc.) 

Provisioning rateProvisioning rateProvisioning rateProvisioning rate    
(No. of provisions – first 3 provisions) / (Provisioning time). First three provisions 
excluded from the total provision count to retain consistency with provisioning time 
calculation 

     

Table 2: Data recorded and calculated from video footage of nestboxes during 2015-2016 field seasons  
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yellow, red), an interaction term of the two urban levels, the ‘year’ (accounting for inter-annual 

variation between field seasons) and ‘area’ as a random effect.  

II. Full modelsFull modelsFull modelsFull models contained explanatory terms as defined for urbanisation models as well as 

supplementary explanatory variables (e.g. clutch size) deemed important to explaining 

variation in the relevant response variable.  

III. Final models Final models Final models Final models were derived from full models by the step-wise reduction of non-significant terms 

via repeated ANOVA (Analysis of Variance) tests; Type II Wald Chi-square tests for models with 

binomial or Poisson distributions and Type III ANOVA tests for normally-distributed models. 

Model validation was undertaken using a series of standard model validation graphs and checks for 

normality of model residuals (Zuur et al. 2009). Quantile-Quantile plots and histograms of the model 

residual plots were used to assess normality, while residuals versus fitted values plots were used to 

determine the degree of heteroscedasticity in residual variance.  

In addition to standard model interpretation techniques using model intercepts and predictor 

estimates, the R package “effects” (Fox 2003) was used to interpret GLMM model terms. This generated 

data frames and plots (“effect displays”) of model terms by computing model-fitted values for each 

term. The values of other predictors were fixed at typical values (e.g. a covariate fixed at its mean) to 

allow for term-by-term interpretation.  

Breeding data analyses 

Four response variables were explored in the breeding data analysis on how breeding success varies 

with urbanisation on differing spatial scales, namely: laying date (LD), clutch size (CS), fledglings per egg 

(FPE) and mean nestling mass (MNM). These are variables which have been frequently measured in 

assessing breeding success of great tits (e.g. Solonen 2001; Chamberlain et al. 2009; Hedblom and 

Söderström 2012; Mackenzie et al. 2014; Bailly et al. 2016). Mean nestling mass is both a strong 

predictor of survival chance (Garnett 1981; Tinbergen and Boerlijst 1990) and has been shown to be 

strongly linked with food (both quantity and timing) (Naef-Daenzer et al. 2000; Matthysen et al. 2011). 

The breeding parameter ‘fledglings per nest’ (e.g. in Nager et al. 1997) was not formally analysed  given 

its components are encompassed by the combination of ‘fledglings per egg’ and ‘clutch size’  variables 

and given the non-normal nature of its distribution (zero-inflated counts).  

Breeding data were cleaned prior to analyses to separate out unwanted effects and optimise model 

performance. In order to separate out effects of clutch abandonment, data were limited to nests where 

incubation had started (>1 one young hatched). To reduce variation associated with different clutch 

types, the data set was further reduced to first-clutch nests only, thereby excluding any second and 

replacement clutches. First clutches were defined during fieldwork as the first known clutch of a 
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breeding pair. A stricter definition was applied to the laying date model (described below). Laying dates 

were converted to ordinal dates (Julian day = days elapsed since January 1st).... In models which 

incorporated clutch size (either as a response or explanatory variable), the data set was trimmed to 

include only nests where the exact number of eggs in a clutch had been confirmed during fieldwork.  

LD and MNM models comprised continuous response variables (Julian day and mass respectively), and 

both models were fitted with a normal distribution. The CS model modelled count data (number of 

eggs) and was fitted with a Poisson distribution. The FPE model was based on a proportional response 

variable and was subsequently fitted with a binomial distribution.  

The full LD model was identical to the urbanisation model as no additional explanatory variables were 

included. Model validation of the LD model highlighted a distorted effect of outlier data values on the 

model residuals, as reflected by a skewed distribution of the residuals. A fitted vs Pearson residuals plot 

revealed that the outliers consisted of nests initiated substantially later in the season than mean yearly 

laying dates. This was considered a result of the broad definition of first clutches (the first known clutch 

of breeding pair) whereby outliers may have represented second breeding attempts or replacement 

clutches. As such, data were subset by a stricter definition: first clutches were defined as all clutches 

laid within six weeks of the first clutch of the season (2014: day 76-118, 2015: day 78-120; n = 421). 

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 potential between-area differences and urban-level 

variation. Both the normality and homogeneity of model residuals was improved by the data sub-

setting.  

The full CS model included laying date (Julian day) as an additional explanatory variable given its 

potential importance in explaining variation in clutch sizes (Boyce and Perrins 1987; Kempenaers et al. 

2010). 

Both the FPE and MNM models were fitted with several additional explanatory variables. Laying date 

and laying date squared (a second order polynomial term) were included in the full models because 

breeding success is often shown to correlate with a temporal peak in food availability, first increasing 

but then levelling off or even decreasing as the season progresses (Visser et al. 2006; Matthysen et al. 

2011). 

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 (range: 12-16, mean ± SD: 14.88 ± 0.76), 

and brood size (number of nestlings in the nest at the time of weighing) to incorporate effects of within-

nest competition between chicks for food.  
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The full FPE GLMM failed to converge and model residuals failed to show a normal distribution despite 

several transformation attempts of response and explanatory variables. A plot of fitted vs Pearson 

residual values revealed heteroscedasticity of variance in model residuals, while the model summary 

illustrated a negligible contribution of the model’s random effects structure in explaining additional 

variance (i.e. between area variation was nearly zero). To allow for model convergence and improve 

the normality of model residuals, the model was simplified to a GLM (Generalised Linear Model), 

thereby excluding the random effect ‘area’.  

Alternate versions of each breeding model were built, whereby the categorical fixed effect ‘subplot’ 

was replaced with the continuous log-transformed variable ‘NUR’ (Nestbox Urbanisation Ratio). NUR 

models were built for comparative purposes, to provide insight into whether urbanisation classified 

into three classes (at a subplot level) adequately represented variation in urbanisation.  

Food data analyses 

The smaller sample size of the food data set meant that red areas were underrepresented at both plot 

and subplot level. Filming of nests in red areas could not be carried out at times due to poor nestling 

condition or failed nests. Of 56 nests recorded in 13 areas, at the plot level 20 were green, 24 were 

yellow areas and 14 were red, while the subplots consisted of 26 green areas, 20 yellow areas and 12 

red areas. To account for fewer red areas, food-based full and urbanisation models did not include 

interaction terms so as to maintain statistical power and allow for model convergence.  

Three models were built to analyse data regarding food and its provisioning during the nestling period 

and how this varied with urbanisation degree and scale. These tested the response variables 

‘provisioning rate’ (PR), ‘proportion of caterpillars provisioned’ (PCP), and ‘mean caterpillar length’ 

(MCL).  

PR and MCL models were fitted to a normal distribution, while the PCP model was fitted with a Poisson 

distribution. All models contained ‘year’ (2015 or 2016) as a fixed effect to account for inter-annual 

variation, ‘calendar day’ (an ordinal measure of date included to account for changes in prey abundance 

over time), and ‘area’ (n = 12) as a random effect to account for random variation between areas.  The 

full models for PR, MCL and PCP contained the remaining ‘urbanisation model’ explanatory variables 

(plot and subplot), as well as ‘brood size’ (number of nestlings in the nest at time of filming), ‘nestling 

age’ (average age of nestlings at time of filming) and ‘average temperature’   (the regional temperature 

on the day of filming – www.wunderground.com). Models for PR and PCP also included the covariate 

‘calendar day squared’, a second order polynomial term for calendar day to reflect a potential peak in 

prey abundance (Matthysen et al. 2011).  
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A further model was built to test the relationship between mean nestling mass and the aforementioned 

food variables.  The MNMf model (mean nestling mass: food variables) was fitted with a normal 

distribution. MNM was regressed against year as fixed effect, calendar day, and calendar day squared, 

with area as a random effect. In addition, the variables ‘proportion of caterpillars provisioned’  

(caterpillars can be considered as an index for diet quality - Wilkin et al. 2009), ‘mean length of 

caterpillars provisioned’ (a proxy for prey size or biomass of prey delivered to the nest), ‘provisioning 

rate’ and ‘weighing age’ (the age at which nestlings were weighed) were incorporated as explanatory 

variables. 

NUR-based versions of food models were not built as NUR values were not quantifiable for all boxes in 

the food data set.    
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Results 

Breeding analyses 

Breeding analyses were based on a data set of 458 first-clutch nests where incubation could be 

confirmed (≥ 1 young hatched): 197 nests in 2014 and 261 nests in 2015. Breeding pairs typically laid 

their first eggs in April: mean (± SD) ordinal laying dates were 93.3 ± 5.9 days in 2014 (approx. 4 April) 

and 104.5 ± 6.4 days in 2015 (approx. 15 April). Urbanisation at a plot scale was found to explain a 

significant part of the variance in laying dates (LD) (Table 3). LD model estimates showed that laying 

dates were earliest in red plots, followed by yellow plots and lastly green plots (Figure 3). Variation 

explained by inter-annual differences was also significant for the LD model (Table 3), with model 

estimates highlighting later laying dates in 2015 than 2014. (Figure 4).  Subplot-level urbanisation was 

near-significant in explaining LD variation in both the final and urbanisation models (Table 3).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3:  GLMM model-fitted estimates for laying dates at three 

levels of plot urbanisation: green, yellow and red.  Bars indicate 

95% confidence intervals. 
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The average clutch size (CS) across the two years was 8.4 ± 1.9 eggs (9.0 ± 1.8 eggs in 2014; 7.9 ± 1.9 

eggs in 2015) with a range of 3-14 eggs. Urbanisation at both plot and subplot levels (but not their 

interaction) was significant in explaining clutch size variance (Table 4). CS model estimates suggested 

progressively smaller clutches along an increasing urban gradient (green-yellow-red) at both urban 

scales (Figure 5). When comparing extremes, the additive effects of both scales amounted to a marked 

difference with CS estimates of 9.34 (95% CI: 8.54-10.22) in ‘green in green’ sites (green subplot nested 

in a green plot) to 7.34 (95% CI: 6.65-8.09) in ‘red in red’ sites. Laying date was also found to significantly 

explain part of CS variation and the model estimated decreasing clutch sizes with later laying dates 

(Table 4). Inter-annual variation in clutch sizes was deemed insignificant by ANOVA tests (Table 4). 

Analysis of variance tests on the CS urbanisation model (Table 4), which excluded the covariate laying 

date, found plot and year to be significant but saw subplot lose significance in its explanatory power of 

clutch sizes.     

 

 

 

Figure 4: Inter-annual variation in ordinal laying dates for breeding pairs over the 2014 and 2015 

breeding seasons, grouped by plot-level urbanisation classes (green, yellow and red).  
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The mean nestling mass (MNM, measured at day 14) was highly similar over the two breeding seasons: 

16.3 ± 1.6 grams in 2014 and 16.1 ± 1.8 grams in 2015. Analysis of variance tests on MNM GLMM 

variables revealed several terms significant in explaining variance in nestling mass (Table 5). 

Urbanisation at both plot and subplot scales explained significant variation in nestling mass and MNM 

model estimates calculated lower mean nestling masses with increasing urbanisation at both spatial 

scales. The covariates brood size, laying date and weighing age were all found to explain significant 

variation in nestling masses. The MNM model estimated that mean nestling masses were likely to 

increase in smaller broods, that masses decreased with later laying dates and that nestling masses 

increased with increasing weighing age. Subplot urbanisation and weighing age were the only 

explanatory variables which remained significant in explaining MNM in the urbanisation model. The 

MNM model had a near-significant term for the interaction variable ‘Plot: Subplot’ (Table 5). ‘Green in 

green’ areas saw nestlings with the highest mean masses and with the smallest range, while ‘red in red’ 

plots had the lowest mean masses (Figure 6). Data suggested that stronger subplot urbanisation effects 

were observed in green and yellow plots in comparison with red plots (Figure 6).     

 

 

Figure 5: GLMM model-fitted estimates for great tit clutch sizes in relation to 

urbanisation degree (green, yellow, red) at both plot and subplot scales. Bars indicate 

95% confidence intervals. 
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Nests over the two seasons produced an average of 6.2 ± 3.0 fledglings, corresponding on average to 

0.74 ± 0.31 fledglings per egg. More fledglings were produced per attempt in 2014 than 2015; 7.0 ± 3.2 

fledglings and 5.6 ± 2.7 fledglings respectively, and raw data suggested a decline in the mean number 

of fledglings produced per nest with increased levels of urbanisation at both scales (Figure 7). Formal 

GLM analyses of the number of fledglings per egg found the interaction term comprising the two urban 

scales to be significant (Table 6). Model estimates predicted the highest number of fledglings per egg 

in ‘green in green’ areas and the lowest number in ‘yellow in red’ areas (Figure 8). Red plots showed 

the smallest range of subplot differences in FPE, while yellow plots illustrated the largest range (Figure 

8). Laying date and inter-annual differences (year) also explained a significant part of FPE variation 

(Table 6). Model estimates indicated lower FPE ratios in nests initiated later in the season (Table 6). 

Laying date squared was not found to explain significant additional variation in the number of fledglings 

per egg (Table 6). 

 

 

 

Figure 6:  Boxplot summaries of raw data for nestling masses at different subplot urbanisation 

levels (green, yellow, red) grouped by plot scale. 
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Breeding model coefficients of determination and estimates of variance determined by random effect 

‘area’ are summarised in Table 7. The random effect of variable ‘area’ was found to explain considerable 

variation in MNM and LD models, while explaining very little variation in the CS model (Table 7). Model 

Figure 7:  The mean number of fledglings produced per nest in 

relation to three urbanisation classes (green, yellow, red) in both 

plots (3km x 3km) and subplots (200m x 200m). Bars indicate 95% 

confidence intervals.    

Figure 8: GLM model-fitted estimates for the number of fledglings 

per egg in great tit nests in relation to subplot urbanisation degree 

(green, yellow, red) as modified by a significant interaction with plot 

urbanisation degree (green, yellow, red). Bars indicate 95% 

confidence intervals. 
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summaries for alternate breeding models utilising the NUR covariate are found in Appendix I.  Breeding 

models of CS and MNM produced the same final models regardless of whether NUR (continuous) or 

subplot (categorical) was used (Table 14 & Table 15, Appendix I). As in the original full MNM model, the 

MNM alternate model contained a near-significant interaction term for the urban scales, whereby 

green plots showed the strongest effect on the relationship between mass and NUR (Figure 9). The final 

LD model changed with the inclusion of NUR; ‘plot’ was no longer found to be significant, while NUR 

was found to be strongly significant in explaining laying date variation. (Table 13, Appendix I). The FPE 

model also produced a slightly different result with the inclusion of NUR; the ‘year’ term changed from 

significant in the original model (with subplot) to near significant in the alternate model (with NUR) 

(Table 16, Appendix I), but otherwise remained the same.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9:  The relationship between NUR (Nestbox Urbanisation 

Ratio, plotted at log scale) and nestling mass within each plot type, 

as estimated by the MNM alternate GLMM (Table 15, Appendix I). 
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Table 3: GLMM summaries and analyses of variation for the effects of 

urbanisation on great tit laying dates (LD; n=421) observed during the 

2014 and 2015 breeding seasons. Dropped variables indicate terms 

removed in reducing full models to final models as determined by step-

wise ANOVA testing. Urbanisation models include only the two urban 

scales, their interaction, and inter-annual variation represented by year. 

Bold values indicate statistically significant terms (p < 0.05). 
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Table 4: GLMM summaries and analyses of variation for the effects of 

urbanisation and laying date on great tit clutch sizes (CS; n=434) recorded 

during the 2014 and 2015 breeding seasons. Dropped variables indicate 

terms removed in reducing full models to final models as determined by 

step-wise ANOVA testing. Urbanisation models include only the two urban 

scales, their interaction, and inter-annual variation represented by year. Bold 

values indicate statistically significant terms (p < 0.05). 
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Table 5: GLMM summaries and analyses of variation for the effects of 

urbanisation and relevant breeding and measurement parameters on 

great tit mean nestling masses (MNM; n=369) recorded during the 

2014 and 2015 breeding seasons. Dropped variables indicate terms 

removed in reducing full models to final models as determined by step-

wise ANOVA testing. Urbanisation models include only the two urban 

scales, their interaction, and inter-annual variation represented by 

year. Bold values indicate statistically significant terms (p < 0.05). 
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Table 6: GLM summaries and analyses of variation for the effects of 

urbanisation and relevant breeding parameters on the number of 

great tit fledglings per egg (FPE; n=442) recorded during the 2014 and 

2015 breeding seasons. Dropped variables indicate terms removed in 

reducing full models to final models as determined by step-wise 

ANOVA testing. Urbanisation models include only the two urban 

scales, their interaction, and inter-annual variation represented by 

year. Bold values indicate statistically significant terms (p < 0.05). 
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Food analyses 

A total of 133.5 hours of footage was captured for the 56 nests recorded in 2015 and 2016; with a  

mean (± SD) video length of 143.1 ± 20.4 minutes per nest (range: 120.9 – 193.2 minutes). At the plot 

level a total of 19    green, 12 red and 21 yellow areas were filmed, while at subplot level 24 green, 10 

red and 18 yellow areas were filmed. The mean disturbance time was 12.3 ± 10.2 minutes, and the 

average provisioning time recorded was 118.7 ± 22.5 minutes for filmed nests over both seasons. Brood 

sizes of recorded nests ranged from 2 – 13 nestlings, with a mean brood size of 6.9    ± 2.3 nestlings. The 

sex of the provisioning parent was largely unidentifiable; parental sex was successfully determined in 

just 33.2% of provisioning events. In identifiable cases, males and females were found to provision 

59.9% and 40.1% of prey items respectively.  

Prey items were provisioned to nestlings at an average rate of 0.52 ± 0.27 items per minute, with a 

marked difference in provisioning rates (PR) over the two years: 0.70 ± 0.27 items per minute in 2015 

compared to 0.41 ± 0.21 items per minute in 2016.  Neither urbanisation at a plot or subplot scale was 

determined to have a significant effect in explaining provisioning rate variation, as determined by 

analysis of variance tests on PR GLMM variables (Table 8). Of the eight explanatory variables in the full 

PR model, only two variables – year and brood size – were significant in explaining PR variance. Model 

estimates showed that PR increased with brood size and was significantly lower in 2016 (Table 8).  

A total of 3760 provisioning events was recorded, of which 2136 (59.5%) were caterpillars, 611 (17.0%) 

were classified as ‘other’ (e.g. spiders, winged insects, etc.), and 959 (26.7%) were unidentifiable. The 

average proportion of caterpillars (of identifiable prey) (PCP) provisioned to nestlings in non-urban 

subplots was 0.90 ± 0.068 compared to 0.67 ± 0.23 in urban plots. GLMM analysis saw the terms 

calendar day, calendar day squared (second order polynomial term), nestling age and temperature 

significantly explain variance in PCP to nestlings (Table 9). The association between PCP and calendar 

day was non-linear, determined by the model to be a negative quadratic relationship (a concave 

Table 7: Degree of variance explained by random effect ‘area’ for each full 

breeding model. Marginal (fixed effects) and conditional (fixed and random 

effects) coefficients of determination (R2) for breeding models reported 
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function) (Table 9). The model estimated an increase in PCP with an increase in nestling age, and a 

decrease in PCP with higher temperatures (Table 9). Both urbanisation scales were near-significant in 

explaining part of PCP variance, and subplot was found to be significant in the urbanisation model (Table 

9).  The urbanisation model estimated highest PCP proportions in green subplots (0.87), and highly 

similar lower values in yellow (0.67) and red subplots (0.68) (Figure 10).  

The average length of prey delivered to nestlings was approximately 24 ± 4 mm, whereby caterpillars 

were 26 ± 5 mm on average and prey classified as other was generally shorter with an average length 

of 17 ± 4 mm. Other than inter-annual variation represented by the ‘year’ term, no model terms fitted 

to the mean caterpillar length were significant (Table 10).  

Analysis of variance of MNMf (mean nestling mass in relation to food variables) model terms found PCP 

and year to explain significant variance in nestling masses of filmed nests (Table 11). Nestling masses 

were estimated to increase with PCP (Figure 11). Both ‘mean caterpillar length’ and ‘provisioning rate’ 

model terms were determined as ‘near significant’ by ANOVA tests in the full MNMf model (Table 11).  

Coefficients of determination and estimates of variance determined by random effect ‘area’ for all food 

models are summarised in Table 12. The random effect of variable ‘area’ was found to explain 

substantial additional variation in PCP, MCL and MNMf models, while explaining a more limited amount 

of additional variation in the PR model (Table 12).  
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Figure 10: PCP urbanisation model estimates of proportion of 

caterpillars provisioned to nestlings in relation to 

urbanisation degree (green, yellow, red) at a subplot scale. 

Bars indicate 95% confidence intervals. 

Figure 11: The relationship between nestling mass and the 

proportion of caterpillars they are provisioned as modelled 

by a linear model through the raw data (n=48).  

y = 3.4.x + 14.3 

R
2

 = 0.183  
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Table 8: GLMM model summaries and analyses of variation for the effects 

of urbanisation and brood parameters on provisioning rates (PR; n=51) 

determined during the 2015 and 2016 breeding seasons. Dropped 

variables indicate terms removed in reducing full models to final models, 

as determined by step-wise ANOVA testing. Urbanisation models include 

only the two urban scales and inter-annual variation represented by year. 

Bold values indicate statistically significant terms (p < 0.05).  
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Table 9: GLMM model summaries and analyses of variation for the effects 

of urbanisation and brood parameters on the proportion of caterpillars 

provisioned (PCP; n=52) to great tit nestlings in the 2015 and 2016 breeding 

seasons. Dropped variables indicate terms removed in reducing full models 

to final models, as determined by step-wise ANOVA testing. Urbanisation 

models include only the two urban scales and inter-annual variation 

represented by year. Bold values indicate statistically significant terms (p < 

0.05). 
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Table 10: GLMM model summaries and analyses of variation for the 

effects of urbanisation and brood parameters on the mean caterpillar 

length (MCL; n=52) provisioned to great tit nestlings in the 2015 and 

2016 breeding seasons. Dropped variables indicate terms removed in 

reducing full models to final models, as determined by step-wise 

ANOVA testing. Urbanisation models include only the two urban scales 

and inter-annual variation represented by year. Bold values indicate 

statistically significant terms (p < 0.05). 
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Table 11: GLMM model summaries and analyses of variation for the 

effects of food and breeding parameters on mean nestling mass 

(MNM; n=48) measured in the 2015 and 2016 breeding seasons. 

Dropped variables indicate terms removed in reducing full models to 

final models, as determined by step-wise ANOVA testing. Bold values 

indicate statistically significant terms (p < 0.05). 

Table 12: Degree of variance explained by random effect ‘area’ for each full 

food model. Marginal (fixed effects) and conditional (fixed and random effects) 

coefficients of determination (R2) for food models reported. 
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Discussion 

The results of this thesis provide insight into how great tit breeding success and food provisioning during 

the breeding season vary with urbanisation at two spatial scales. Breeding results suggested a clear 

relationship between breeding parameters and urbanisation with overall lower success rates in more 

urbanized areas at both scales, thereby supporting the ecological trap hypothesis (Schlaepfer et al. 

2002; Robertson and Hutto 2006). These findings conform to previous studies evaluating avian breeding 

success in urban-rural contexts (Chamberlain et al. 2009; Deviche and Davies 2014; Bailly et al. 2016). 

All breeding-related predictions were confirmed, barring the prediction of a significant interaction 

between spatial scales for all breeding models - only the fledgling per egg (FPE) model contained a 

significant urban interaction.  Laying dates were found to be more advanced in urban areas than rural 

ones, a well-studied phenomenon with several implications (Deviche and Davies 2014). Breeding 

success was determined to be lower with increasing urbanisation at one or both urban spatial scales, 

as measured by clutch size, nestling masses and the number of fledglings per egg. On the other hand, 

the role of urbanisation in determining the distribution and availability of food was not consistent across 

measured food parameters. As hypothesised, the proportion of caterpillars provisioned to nestlings 

was seen to increase in non-urban areas relative to urban ones at the subplot scale, as modelled by the 

PCP urbanisation model. This reflects findings of higher caterpillar abundances in natural habitats than 

urban habitats (Wawrzyniak et al. 2015). Contrary to predictions, provisioning rates and caterpillar 

lengths did not vary with urbanisation degree, regardless of the spatial scale defined. Results also 

revealed that the proportion of caterpillars provisioned had a significant positive effect on nestling 

weight – a finding with interesting implications given PCP model results. Results therefore suggest 

important connections between breeding success and food during the breeding season, the nuances 

of which are further explored below.  

Laying date 
Results of laying date models suggested a strong effect of plot-scale urbanisation on the timing of great 

tit breeding, whereby laying dates were found to be earlier in more urbanised areas (Figure    3). 

Advanced laying dates in urban areas is a finding reflected in much of the literature comparing urban 

and rural bird populations (Chamberlain et al. 2009; Deviche and Davies 2014). This relationship can be 

tied to several factors thought to influence passerine phenology. Advanced laying dates have been 

correlated with increased temperature and light (Dhondt and Eyckerman 1979; Ahola et al. 2009; 

Kempenaers et al. 2010; Matthysen et al. 2011), both environmental conditions known to be higher in 

cities than surrounding rural areas (Haggard 1990; McKinney 2002). Red plots were positioned in and 

around major towns and cities in Belgium; Brussels, Antwerp and Ghent being the largest examples. It 

follows that these plots were among the hottest and well-lit of the 27 studied (although this was not 
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measured), thereby triggering earlier laying dates. Differences in urban and rural micro-climates have 

been shown to affect birds during the breeding season (Møller et al. 2010; Banbura and Banbura 2012; 

Wawrzyniak et al. 2015)    However, laying dates did not vary significantly among subplot types (although 

it must be noted that the alternate LD model (Appendix I, Table 13) found local-scale urbanisation to 

explain significant variation in laying dates). A likely explanation for this finding is that temperature is 

related to urbanisation at a scale far greater than that of the subplot level (just 200m x 200m). Urban 

heat islands can significantly increase temperatures in and around cities over spatial areas of several 

kilometres (Deviche and Davies 2014; McDonnell and Hahs 2015), an extent certainly large enough to 

influence temperatures in large city parks (i.e. ‘green in red’ areas in this study).  

Beyond the role of temperature and light, food availability is an additional factor shown to affect 

breeding timing and success. Aspects of quantity, temporal availability and quality of food represent 

important elements in understanding how food may affect laying date, as well as other breeding 

parameters still to be discussed. Several studies have reported higher quantities of food in urban 

environments than rural counterparts. Anthropogenic sources foods, such as food from bird feeders, 

waste, and exotic plant species (Mennechez and Clergeau 2001; Robb et al. 2008b; Chamberlain et al. 

2009) may contribute to increased year-round food availability. Adult great tits exploit a wide range of 

foods (Gosler 1993) and it follows that they exploit additional anthropogenic sources of food in cities 

(Chamberlain et al. 2009). While data collected on food in this study found no differences in 

provisioning rates along an urbanisation gradient, this does not necessarily account for additional foods 

available to adult birds given the differences in adult and nestling diets and the strong change in food 

conditions from early to late spring (Gosler 1993). While anthropogenic foods may increase overall food 

abundance, they are suggested to be of lower quality, being energy-rich but protein-poor (Chamberlain 

et al. 2009) and lacking in important nutrients (e.g. carotenoids and calcium) needed for egg formation 

(Bailly et al. 2016).  

The abundance of natural food sources (e.g. caterpillars) in rural and urban areas directly before and 

during the breeding season is somewhat more contested in literature. Isaksson and Andersson (2007) 

found caterpillars to be more abundant in urban areas than rural areas, and provisioning rates to 

nestlings twice as high in urban areas. Conversely, Wawrzyniak et al. (2015) recorded caterpillars as 

being 2-5 times more abundant in natural habitats than urban ones, a finding indirectly reflected by 

this study in that the proportion of caterpillars provisioned (PCP) to nestlings was highest in green 

subplots (Figure 10). Given that caterpillars are regarded as a proxy for a high nestling diet (Wilkin et al. 

2009a), their abundance in rural and urban areas has important implications for breeding success (as 

will be later discussed). An important additional finding in Isaksson and Andersson’s (2007) study was 

that caterpillars in urban areas were of lower nutritional quality (as measured by carotenoid content) 
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than their rural counterparts. This suggests that in addition to poor quality anthropogenic food sources, 

natural food sources may also be of lower quality in urban areas.  

Supplementary feeding experiments have been shown to advance laying date in several bird species 

(Robb et al. 2008a; Robb et al. 2008b) and this phenomenon has been explicitly shown in both blue tits 

and great tits (Harrison et al. 2010). It is here that the relative importance of winter feeding and feeding 

pre-laying become important, especially in interpreting the findings of this study that significantly 

earlier laying dates were found at a plot scale but not a subplot scale (Table 3). Female great tits feeding 

directly before laying are much more likely to do so within a relatively small area around their nestbox 

(although potentially larger than the subplot scale - Wilkin et al. 2009b), given that they roost there 

during laying and even a week or two in advance of laying (Gosler 1993). By contrast, in winter, great 

tits utilise ranges of several hectares to forage for food (Gosler 1993). A study by Robb et al. (2008a) 

may shed light on the relative importance of these feeding periods and the increased abundance of 

food in urban areas. In their study, they artificially provisioned several species of nest-box breeders 

(their target species being blue tits) with peanuts during winter (a typical bird feeder food source), but 

stopped the supplementary feeding six weeks in advance of the breeding season. They found 

significantly advanced laying dates across the nestbox breeding species in the subsequent breeding 

season, highlighting the high relative importance of winter feeding (which occurs at a large scale). In 

the urban context, this suggests tits may take advantage of supplementary anthropogenic food sources 

in winter, which in turn may influence earlier laying in the subsequent season. This line of reasoning 

links with the findings of this study, whereby the larger scale of urbanisation (plot) was found to explain 

variation in laying date. Literature therefore suggests that a combination of higher temperatures, light 

and winter food availability at a large scale in urban areas may influence laying dates in great tits. 

Earlier laying in urban areas, as demonstrated by this study, is also likely to feed back into the dynamics 

of food in urban environments. Great tits time their breeding cycles so as to have young in the nest 

when caterpillar populations are at their peak (Perrins 1991), meaning that nests initiated too early (or 

too late) in the season are likely to miss this peak with significant negative repercussions for nestlings 

(see nestling mass discussion).  

Clutch size 
Clutch sizes were smaller with increasing levels of urbanisation at both modelled spatial scales (Figure    

5).  This complements previous findings; Chamberlain et al.’s (2009) meta-analysis highlighted similar 

urban effects on great tits, whereby urban clutch sizes were smaller than non-urban clutch sizes in six 

comparative studies. While results conform to other studies, they are also novel in that they explain 

clutch size variation across a large set of areas with quantified levels of urbanisation at different scales. 

Other studies tend to lack information regarding spatial scale, and often rely on very strong urban/rural 
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contrasts between few areas (e.g. Solonen 2001; Isaksson and Andersson 2007; Hedblom and 

Söderström 2012; Bailly et al. 2016).  

Explaining why avian clutch sizes are smaller in urban areas is a challenging undertaking, with literature 

providing evidence for a multitude of factors. Clutch size is influenced by female condition, habitat and 

pre-laying conditions (Chamberlain et al. 2009; Bailly et al. 2016), as well as genetic flows and genetic 

inheritance (Dhondt et al. 1990; Postma and van Noordwijk 2005). The role of food in determining 

clutch sizes is therefore complex as it is involved with each of these factors in nuanced ways.  

Clutch size is thought to have a strong genetic link (Postma and van Noordwijk 2005), which suggests 

smaller clutch sizes in urban areas could be adaptive to poorer urban conditions (e.g. lower quality 

foods), thus potentially mitigating the effects of an ecological trap (Schlaepfer et al. 2002). While cities 

are novel environments on an evolutionary time scale, they may represent sufficiently strong selection 

pressures to enable the micro-evolutionary change associated with an adaptive response (McDonnell 

and Hahs 2015), especially if they are of a larger spatial scale (McDonnell and Hahs 2015). However, 

such an adaptive response is likely only possible where gene flow between rural and urban areas is 

highly limited (Dhondt et al. 1990). Studies on gene flow between great tit populations in rural and 

urban areas are scarce (Chamberlain et al. 2009), but findings by Björklund et al. (2010) showed that in 

their study system (urban parks and an adjacent forest population in Barcelona) gene flow between the 

city and neighbouring rural areas was relatively high. In the presence of inter-area gene flow, clutch 

sizes may therefore represent an average of the optimum clutch sizes across habitat types (Dhondt et 

al. 1990). However, this issue is further convoluted by the fact clutch sizes may be relatively plastic 

(Husby et al. 2010), a factor which could allow for variance in clutch sizes in accordance with 

environmental conditions (e.g. poor food quality or quantity). In addition, clutch sizes may also reflect 

poorer quality breeders in urban environments (Liker et al. 2008).  

Tit food abundance is generally higher in urban areas (as discussed in the laying date section), which 

should in theory result in larger clutch sizes given improved female condition (Chamberlain et al. 2009), 

and is a relationship which has been experimentally shown (Nager et al. 1997). However this is a pattern 

not often observed in literature comparing clutch sizes between rural and urban environments 

(Chamberlain et al. 2009). Contrasting evidence has found adult birds in cities to be in poorer condition 

than their rural counterparts, as has been demonstrated in house sparrows (Liker et al. 2008). 

Furthermore, while food abundance may be better in city habitats, food quality is often lower (as 

discussed in the laying date section), and important nutrients needed for egg and yolk formation are 

likely in shorter supply (Bailly et al. 2016). In fact, the quality of supplementary food may be more 

important than its abundance. Harrison et al. (2010) found that food supplementation for several weeks 
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(pre-laying to hatching) reduced brood sizes in great and blue tits. These findings have remarkable 

parallels with patterns in urban environments, and suggest that supplementary food may not always 

improve breeding productivity. Harrison et al. (2010) argued that the fat-rich protein-poor peanut cake 

they used as supplementary food may have limited clutch sizes due to a lack of essential amino acids. 

They further argued that low protein intake at the point of laying may act as predictive cue for lower 

protein later in the season (Drent and Daan 1980 in Harrison et al. 2010). Given that a substantial 

amount of protein is required to rear nestlings (Gosler 1993), they suggest this could limit clutch sizes. 

However, Nager et al. (1997) experimentally found that food quality (tested by two food types of 

different protein content) provisioning during pre-laying and laying did not influence variation in clutch 

size in great tits. But this may not reflect the urban environment as food types in urban areas are far 

more variable than those used by Nager et al. (1997), and the study did not test the effects of 

provisioning over the preceding winter. Given the frequency and consistency with which clutch sizes 

are found to be smaller in urban areas than rural counterparts (Chamberlain et al. 2009), this is 

undoubtedly an area which needs further research to better understand how and if food is a causal 

mechanism in driving clutch sizes.  

The results of this thesis also found smaller clutch sizes with the progress of the breeding season, an 

observation reflected by several authors (Cowie and Hinsley 1987; Goodenough et al. 2009; 

Wawrzyniak et al. 2015). This decline is considered to be a response to changing environmental 

conditions as the season progresses (Perrins 1970), specifically the decrease in available nestling food 

as the number of caterpillars decline (Naef-Daenzer and Keller 1999; Goodenough et al. 2009). 

Nestling mass 
The average weight of nestlings was found to be lower with increasing urbanisation degree at both 

modelled spatial scales (Table 5). Similar findings have been found for a number of other bird species; 

Chamberlain et al. (2009) cite 10 cases (of 11 examined) whereby urban bird populations showed lower 

mean nestling weights than rural counterparts, including a study on great tits (Solonen 2001). This 

thesis provides a novel interpretation of these results given that two spatial scales of quantified 

urbanisation are accounted for across numerous replicate sites.  

Several factors can impact nestling mass, and the results of this study clearly indicate a role for food. 

Nestling masses were found to increase as nestlings were provisioned with greater proportions of 

caterpillars (PCP) during the 2015-2016 breeding seasons (Table 11). Other variables such as 

provisioning rate and mean caterpillar length were found to have near-significant effects on nestling 

weight (Table 11), and understanding their role would likely be improved by a larger data set. Moreover, 

the PCP urbanisation model (Table 9) estimated that caterpillars were found in significantly lower 

proportions in red and yellow subplots compared to green subplots (Figure 10). Subplot was found to 
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have a near significant effect in the full PCP model. PCP was found to have a quadratic relationship with 

calendar day (Table 9), a relationship described in literature as the peak in caterpillar abundance during 

the breeding season (Perrins 1991). Additionally, as temperature increased PCP was predicted to 

decrease by the PCP model (Table 9), alluding to the notion that caterpillar abundances are often higher 

earlier in the breeding season and decline in the second half of the season as spring progresses (Perrins 

1991).  

PCP is often used as a proxy for food quality and has been shown to improve fledgling condition and 

success (Verboven et al. 2001; Wilkin et al. 2009a). This is increasingly relevant in the urban context, 

given the quantity and quality of caterpillars in the urban environment (see discussion in laying date 

section). Results of this thesis clearly highlight a link between food quality (PCP) along an urbanisation 

gradient (Figure 10) and the importance of food quality on bird breeding success (Figure 11). The 

apparent lack of caterpillars in more urbanised subplots could be attributed to lower densities of trees 

such as oak  (Naef-Daenzer and Keller 1999; Wilkin et al. 2007b), and a lower proportion of indigenous 

trees relative to exotic ornamental trees (McIntyre 2000; Helden et al. 2012), and in part could explain 

the observed decline in nestling weights with increasing subplot urbanisation. Given that urban areas 

exhibited earlier laying dates, the urban effect on nestling weights is compounded by the fact that 

earlier laying dates were significantly correlated with lower average nestlings masses (Table 5). Again, 

this has a potential link with food, as early urban nests are possibly poorly timed to exploit peak 

caterpillar abundances (Verboven et al. 2001).  

Interestingly, variation in provisioning rate and mean caterpillar length among areas was not explained 

by urbanisation at either tested spatial scale (Table 8; Table 10). This suggests that irrespective of similar 

provisioning efforts and caterpillars of similar size, nestlings in urban areas were still found to weigh 

less than rural counterparts. This phenomenon has several potential explanations, none of which are 

mutually exclusive. The first explanation has already been explored; urban nestlings received a lower 

proportion of caterpillars and this poorer quality diet could drive weight differences. Compounding this 

diet quality effect, is the finding that caterpillars in rural areas and urban areas may be different in their 

nutritional content (Isaksson and Andersson (2007) – see laying date discussion). Secondly, some 

important differences in overall prey size might explain part of the urban-rural differences in observed 

nestling masses. Urban areas in this study were generally provisioned with a lower proportion of 

caterpillars, and therefore a higher proportion of other food items (typically spiders, beetles and winged 

insects). Not only is this ‘other’ food deemed of lower nutritional value (Wilkin et al. 2009a; Hargitai et 

al. 2016) nor as profitable as caterpillars (Naef-Daenzer et al. 2000), but was also observed to be 

substantially smaller: caterpillars provisioned were approximated to be 26 ± 5 mm on average, while 

‘other’ prey was approximated at 17 ± 4 mm on average. It must however be noted that sizing prey in 
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footage was particularly challenging and some measurement error is expected. Lastly, this difference 

may be tied to differences in egg quality along the urbanisation gradient. While not explicitly measured 

in this study, several authors have shown urban-laid eggs to be of poorer quality than eggs laid in 

neighbouring rural populations (Isaksson et al. 2008; Bańbura et al. 2010). This puts urban nestlings at 

a prior disadvantage, as nestling growth and survival are strongly linked to egg quality with effects even 

extending beyond rearing (Krist 2011; Marri and Richner 2014).    

This final explanation potentially ties in with the observed result that nestling mass models (original –

Table 5, alternate – Table 15, Appendix I) contained near-significant interactions terms for the urban 

scale interaction term (Figure 6, Figure 9). This relationship could hint at the potential modification of 

the subplot-level urbanisation effect by the plot-level urbanisation effect. While breeding females are 

relatively restricted to the nestbox and its immediate surrounds prior to and during laying (Gosler 

1993), they may travel larger distances to source higher quality foods (e.g. calcium rich) for egg 

formation during this period (Wilkin et al. 2009a). If the broader environment consists of relatively 

poorer food sources this may negatively influence the quality of the eggs, and in turn result in poorer 

nestlings (Bailly et al. 2016). It therefore stands to reason that broader conditions may play a role in 

determining how subplot-scale urbanisation influences nestling mass. As illustrated by the results, 

highest average nestling masses where found in ‘green in green’ areas, and progressively declined when 

nested in yellow and red plots (Figure 6). The decline is nestling mass with increasing NUR-scale 

urbanisation was estimated to be steepest in green plots (Figure 9), an indicator of the particularly high 

nestling masses from nestboxes located where NUR was zero (i.e. no built up urbanisation with 200m 

of the nestbox) and nested in a green plot. However, interpretation of the interaction term should be 

cautionary given it was only near-significant in explaining nestling mass variation.  

Nest productivity: fledgling per egg 

The number of fledglings per egg declined with urbanisation at the subplot scale, and the effect of 

subplot urbanisation was dependent on plot-level urbanisation (Table 6). The highest number of 

fledglings per egg were found in ‘green in green’ areas while the lowest number was found in ‘red in 

yellow’ areas (Figure 8). Findings on the influence of urbanisation on avian nest productivity are mixed, 

and often species-specific. Nevertheless, Chamberlain et al.’s (2009) meta-analysis found stronger 

evidence for reduced nest productivity in urban areas compared to rural ones, including two cases for 

great tits. The findings of this study are therefore in accordance with these results, while the evidence 

of a response to different spatial scales and their interaction is both a novel and important finding (as 

will be later discussed).  
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The productivity of a nest, measured by fledglings per egg, is intrinsically linked to the other breeding 

parameters measured by this study, which in turn have all been shown to be negatively affected by 

urbanisation. This has direct consequences for the likelihood of fledgling success. For example, lower 

nestling masses (as found in more urban areas) have been linked with poorer survival in great tits (Both 

et al. 1999; Naef-Daenzer and Keller 1999), especially between time of weighing and fledging 

(Tinbergen and Boerlijst 1990).  Moreover, as discussed in the clutch size and laying date sections, poor 

food quality may negatively influence the quality of eggs females can produce, and in turn result in 

smaller nestlings with a lower chance of fledgling (Marri and Richner 2014). As is the case for mean 

nestling masses, the urbanisation effects on FPE are likely compounded by earlier laying dates in urban 

areas and subsequent mistiming with caterpillar abundance peaks. Nests laid later in the season were 

also found to have fewer fledglings per egg (Table 6); a relationship also attributed in literature to 

mistiming peak nestling food demand and peak caterpillar abundances (Perrins 1991; Verboven et al. 

2001).  

The influence of parameters laying date, clutch size and mean nestling mass on the overall nest 

productivity (FPE) may also explain the interaction found between the two urban spatial scales. Factors 

such as laying date (advanced by increasing urbanisation at a plot scale) may lay the foundations for 

breeding success later in the season. As fully discussed in the laying date section, light, temperature 

and food supply may trigger earlier breeding and subsequent mismatch between prey and nestling 

demand.  If this is the case, subplots nested in yellow and red plots are potentially more likely to show 

lower productivity than those nested in green plots – a finding reflected by this study for every subplot 

colour, barring in ‘yellow in green’ (Figure 8). Interesting model predictions included the very strong 

effect of yellow plots on red subplots (FPE values lowest for ‘red in yellow’ areas), and the fact that 

‘yellow in green’ and ‘red in green’ FPE numbers were highly similar and far lower than ‘green in green’ 

values. This suggests that yellow areas, representative of 5-10% built-up areas, have effects that are 

comparable to red areas (>15% built-up areas) and that the threshold at which urbanisation starts to 

significantly negatively influence nest productivity is relatively low (>5% built-up area).   

A combination of literature and the results of this study have shown that food is likely to play a role in 

driving breeding success along an urbanisation gradient. It has the potential to influence all stages of 

the breeding cycle, from laying date to nest productivity, as is summarised by Figure 12.  
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The importance of urbanisation and its scale 

Urbanisation at either plot or subplot scale was found to explain variation in every urbanisation model 

of breeding parameters (Tables 3-6). In other words, in the absence of important covariates (e.g. brood 

size or laying date) urbanisation was still important in explaining variation in breeding success. It must 

be noted that the clutch size model was relatively poor in explaining variance, and only the laying date 

model explained more than half of the response variable variance (Table 7). Additionally, a large 

proportion of variance in many models (both breeding and food related) was explained by the random 

effect of area (Table 7, Table 12). However, given that models were built for hypothesis testing and not 

predictive capabilities, the impacts on urbanisation are still noteworthy.  

Urbanisation models of food found relatively strong effects of urbanisation on food. The PCP 

urbanisation model found subplot was significant in explaining variation in caterpillars provisioned to 

Figure 12: The urban breeding cycle – a food perspective: Examining the potential role of urban food quality and 

quantity in influencing bird breeding cycles in cities, as derived from literature and the results of this study. 

*Conflicting evidence – supplementary food in cities thought to improve adult body condition leading to earlier 

laying dates (Chamberlain et al. 2009), but urban adult birds have been shown to be in poorer condition than their 

rural counterparts (Liker et al. 2008), a potential knock-on effect of poor nestling development due to poorer diet.  

Literature cited: 
a
this study; 

b
Chamberlain et al. 2009; 

c
Bailly et al. 2016; 

d
Isaksson et al. 2016; 

e
Banbura et al. 2010; 

f
Harrison et al. 2010; 

g
Issakson and Andersson 2007; 

h
Deviche and Davies 2014; 

i
Blount et al. 2000; 

j
Biard et al. 

2005; 
k
Kempenaers et al. 2010; 

l
Wawrzyniak et al. 2015; 

m
Björklund et al. 2010 
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nestlings (Table 9), an important finding given that caterpillars are regarded as high quality food items 

(Wilkin et al. 2009a). PCP was also shown to be significant in driving lower breeding success, even when 

PR and MCL were not correlated (Table 11). PR rate did not vary with urbanisation degree, but it is 

important to note that it is not a direct measure of food availability and may simply also reflect the limit 

at which parents are able to forage (Perrins 1991). . . . Similarly, MCL did not vary with urbanisation, 

although this could be the result of coarse size classes (a result of relatively low video quality) and a 

relatively small data set.   

Model findings highlighted the importance of analysing effects at multiple scales (Goddard et al. 2010). 

Urbanisation at both measured scales (plot and subplot) was represented in final breeding models, 

while a significant interaction was observed between urban spatial scales for the FPE model (Table 6). 

Clergeau et al. (2006) suggest that different scales represent different levels of ecological functioning, 

each defined by specific processes.  In the context of this study, scales effects are likely to influence 

several proximate factors which in turn affect breeding success.  

Urbanisation measured at a large scale was found to have important ramifications for breeding success. 

As discussed in the laying date section, factors such as temperature and light are likely to operate on a 

larger scale in influencing the onset of breeding. Moreover, the influence of food on laying date may 

also operate at a larger scale, and winter foraging (widest in winter - Gosler 1993) has been shown to 

advance tit laying dates in the subsequent breeding season (Robb et al. 2008a). Important landscape 

features such as the isolation of habitat patches, barriers, greenways and corridors are arguably more 

pertinent when viewed at larger scales (Clergeau et al. 2006b). Such features may influence aspects of 

the breeding cycle such as clutch size. Given the role of gene flow in potential determining adaptive 

clutch sizes these landscape-scale features become relevant, especially if they play a role in inhibiting 

or promoting gene flow. This represents a distinct possibility, research has found that the distribution 

of great tits can be attributed to factors like patch isolation (Evans et al. 2009).  

The effects of urbanisation at a large-scale can also determine important aspects of food quality and 

quantity. Insect assemblages are influenced by fragmentation in the urban matrix, with marked changes 

in abundance, diversity and community composition (Gibb and Hochuli 2002; Kutschbach-Brohl et al. 

2010; Carpintero and Reyes-López 2014). This can have potential knock-on effects for bird breeding 

success.  Pollution both locally and at a city scale may affect bird breeding success and condition in 

urban environments, either directly or through their food supply (Eeva et al. 2005; Eeva et al. 2008; 

Hargitai et al. 2016). Eeva et al. (2005) described a shift in provisioning items brought to great tit 

nestlings in polluted environments (air pollution from a copper smelter), with an increase in lower 

quality prey items (beetles, winged insects and spiders) as compared with non-polluted areas. 
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Moreover, detrimental effects pollution on breeding success and changes to provisioning were 

observable 3-4km away from the smelter, again highlighting a role for larger-scale effects. 

While large scale factors clearly need be accounted for, local scale elements such as green space or 

built-up areas can represent contrasting ecological opportunities and have an important role to play 

(Clergeau et al. 2006b). In the context of this study, local scales can have key influences on parameters 

affecting breeding success. Local-scale urbanisation may affect the presence of vegetation and habitats 

with suitable foods. Oak trees can be viewed as surrogates for local caterpillar availability (Wilkin et al. 

2007b), and Wilkin et al. (2007) found oak densities at highly-localised scales (25-70m around 

nestboxes) to have significant effects on great tit breeding phenology. Caterpillars represent a high-

quality food source for nestlings, and their distribution at a small scale has important implications for 

nestling condition and fledgling success, especially as provisioning parents forage for prey at highly 

localised scales during the peak of the breeding season (Gosler 1993). A decrease in oaks or other native 

vegetation (given they carry high caterpillar biomass - Perrins 1991; Mackenzie et al. 2014) is therefore 

likely to have negative consequences on breeding success. Such local scale factors may even influence 

clutch sizes, as females are known to reduce their clutch sizes in accordance with local constraints (Bailly 

et al. 2016) and the local availability of food in urban environments during and pre-laying may have a 

role to play in influencing clutch sizes (Chamberlain et al. 2009).  

Importantly, this thesis has shown that the effects of scale may not always operate independently in 

influencing breeding success. Findings of the FPE model suggest that the various effects of small-scale 

urbanisation (subplot) on breeding success are likely dependent on large-scale urbanisation effects, i.e. 

mechanisms which operate at a larger scale may influence those which operate at smaller scales 

(Clergeau et al. 2006b; Goddard et al. 2010).    A theoretical example illustrates how this may play out in 

the urban context: higher levels of pollution at a city-scale (Liker et al. 2008) may put oak trees under 

oxidative stress and thereby lower the carotenoid quality of their leaves (Isaksson and Andersson 2007). 

This can in turn result in poorer quality caterpillars on these oaks, as they derive their carotenoid 

content from the leaves (Isaksson and Andersson 2007). Great tit parents foraging at a local scale in 

urban areas may therefore provision lower quality food, which is likely to result in lower nestling masses 

and fledgling success (Tinbergen and Boerlijst 1990; Gosler 1993). Without an understanding of the 

effect of scale, this result may be misinterpreted and incorrectly attributed to a localised factor (diet) 

without an understanding of a role for the broader scale (urban pollution).     

The novel findings of this thesis regarding the effects of urbanisation at different spatial scales have 

important implications for research. Several studies have compared great tit success between rural and 

urban areas (e.g. Solonen 2001; Isaksson and Andersson 2007; Bailly et al. 2016). However, many 
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studies lack information regarding spatial scale and tend to examine a limited part of the urban 

gradient, often relying on very strong urban-rural contrasts between few areas. For example, Solonen 

(2001) compared four urban sites (ranging 0.14– 0.30 km2 in size) with just one rural area (2.5 km2), 

without providing a quantifiable measure of urbanisation. In so doing, Solonen (2001) effectively 

compares urban areas measured ‘subplot’ scale with a rural area defined at a ‘plot’ scale. This assumes 

that important parameters (such as laying date) are influenced in the same way at both of these scales, 

an assumption that this study has found to be invalid. Another example derives from Isaksson and 

Andersson (2007). They compared two city plots within the limits of Goeteborg Sweden (population 

size ca 600, 000) with two forest sites approximately 50km south of Goeteborg. A near-identical spatial 

allocation of plots was performed by Bailly et al. (2016), with two city areas and two forest areas in 

eastern France. Roughly converted into the terms used by this thesis, these two studies likely compare 

two ‘yellow in red’ areas with two ‘green in green’ areas. This illustrates (not dissimilarly to Solonen 

2001) that only a small portion of the rural urban gradient is actually utilised in examining urbanisation 

effects (by comparison, this thesis utilised nine “colour” combinations), and tends towards comparing 

extreme situations.  

When assessing the results of this study from a conservation perspective, several important elements 

become apparent. Firstly, the breeding success of great tits (and potentially many other birds along a 

rural urban gradient) is likelier improved when green areas extend well beyond the subplot scale. Large 

scale urbanisation (here 3km x 3km) represented a negative effect on success across all breeding 

parameters. Notably, results suggested that nest productivity is adversely affected by relatively low 

levels of urbanisation, and that yellow plot effects are comparable to those of red plot effects (as 

observed for FPE numbers). In light of this, existing green areas which cover larger areas need to be 

protected, as their larger size is more likely to buffer the effects of neighbouring urbanisation. Secondly, 

where green fragments already exist within an urban matrix, changes to small-scale landscape elements 

can potentially improve breeding success. For example, improving caterpillar abundances (e.g. through 

higher densities of oak tress) in city parks would likely improve nestling masses and subsequent survival. 

However, smaller-scale solutions are still subject to large-scale urbanisation effects. Thirdly, the type 

and temporal availability of supplementary food in cities can have knock on effects for breeding success. 

While supplementation experiments referred to in this study (e.g. Nager et al. 1997; Robb et al. 2008a; 

Harrison et al. 2010) paint a complex picture, an argument can be made for the notion that 

supplementary urban food advances laying date (with potentially detrimental consequences) and can 

reduce clutch sizes, likely as a result of its lower quality (Perrins 1991; Robb et al. 2008a; Harrison et al. 

2010). This has important implications for controllable sources of additional food in cities (e.g. bird 

feeders). While food supplementation typically has pronounced fitness benefits (e.g. Schoech et al. 
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2008), the role of food (both quality and quantity) may play out differently in urban environments. 

Evidently further research is needed on this topic (but see Nager et al. 1997) and small-scale food 

supplementation experiments in different urban areas could represent a good starting point.  

Study limitations and future research 
Many comparative studies have been critiqued for small sample sizes, a lack of replication and study 

sites that are qualitatively defined (Fahrig 2003; Robertson and Hutto 2006). This study sought to 

address these critiques: spatially independent replicates of sites were established and urban levels were 

quantified into classes as defined by percentage built-up area. However, a few study limitations are 

apparent. Firstly, the use of urban classes (green, yellow, red) by the SPEEDY study design may limit the 

amount of variation captured.  But, based on a comparison with NUR-based alternate models, the 

extent of variation lost by the SPEEDY study design seems minimal. Alternate models utilising the ‘NUR’ 

continuous variable (Appendix I) were found to be highly similar to original breeding models which 

utilised the ‘subplot’ categorical variable. Urbanisation was consistently found to explain variation in 

breeding parameters across both model sets, the only exception being a switch in the significance of 

urban scale for the laying date model (‘plot’ in the original model, ‘NUR’ in the alternate model).  While 

this exception demonstrates that there may be value in utilising a study design which incorporates sites 

at the subplot level with a broader range of urbanisation values, model comparisons largely confirm 

that the SPEEDY study design captured sufficient variation in urbanisation using three classes.  

Secondly, a larger food data set would improve modelling capabilities and potentially reveal patterns 

not present in a smaller data set. The collection of videos during fieldwork was hampered by poor video 

success rates in the first season, primarily due to technical issues. Success rates were improved in the 

second season of filming with a few modifications to camera installation procedures.  

It also is important to note that several other aspects, beyond the scope of this study, contribute to the 

dynamics of city environments and potentially the degree to which they act as ecological traps. Factors 

such as predation, light, temperature and fragmentation have important roles to play and need to be 

accounted for in developing a more complete urban picture. Moreover, in fully assessing ecological 

traps, Robertson and Hutto (2006, p.1077) argue that research needs to demonstrate three distinct 

aspects: first, that settling individuals exhibit a preference for one habitat over another or at least an 

equal preference for both; second, that a measure of fitness should differ among habitats; and third, 

that fitness of individuals settling in the (equally) preferred habitat should be lower than fitness in other 

available habitats. This thesis incorporates the second two aspects of this definition, but did not 

formally assess habitat preference. As such, the evidence from this thesis supports but does not 

demonstrate the ecological trap hypothesis. Many studies evaluating urban-rural differences lack 

robust measures for habitat preference (Robertson and Hutto 2006), and instead use weaker indicators 
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of preference such as population densities in urban and rural sites (e.g. Hedblom and Söderström 2012; 

Stracey and Robinson 2012). 

Nevertheless, this study has added clarity to the role of urban areas as ecological traps, and to the role 

of food in driving urban-induced changes in great tit breeding success. This provides a platform for 

further research. While food supplementation experiments have been performed in birds (Robb et al. 

2008a; Robb et al. 2008b; Harrison et al. 2010), they have tended to address food quantity not quality 

(but see Nager et al. 1997). Given the importance of diet quality suggested by the findings of this study, 

it would be of interest to experimentally determine the role of food quality in driving breeding success. 

Another interesting aspect of further study would be to quantify the abundance and quality of prey 

types along an urban gradient, both during and outside of the breeding season. While this has been 

investigated (Isaksson and Andersson 2007; Wawrzyniak et al. 2015), studies tend to compare a low 

number of sites and lack replication. Given the potentially key role of food quality in dictating avian 

breeding success in urban areas, this could add signficant understanding to the field.  

Urban areas as ecological traps 

Urban areas can act as ecological traps when they ‘bait’ individuals to settle using attractive 

environmental cues but in reality have negative effects on fitness when compared with alternative 

habitats (i.e. rural habitats) (Dwernychuk and Boag 1972; Gates and Gysel 1978; Robertson and Hutto 

2006). Literature suggests that cities comprise a number of elements which may bait individuals into 

settling, including supplementary food, an increase in available nesting and shelter sites, and accessible 

water (Isaksson and Andersson 2007; Robb et al. 2008b; Stracey and Robinson 2012).  However, these 

positive cues are not representative of future conditions. This study has underlined the relative negative 

fitness consequences of breeding in urban areas: great tit breeding success was found to be consistently 

lower in urban areas as measured by a series of breeding parameters (clutch size, nestling mass and 

fledgling per egg). Earlier laying dates were also observed in cities. While this phenomenon is usually 

regarded as advantageous in the wild (Robb et al. 2008a), in urban birds it can represent a 

maladaptation leading to a mismatch between breeding timing and prey abundance (Lambrechts et al. 

1997). Furthermore, the role of food was explored and shown to play a potentially strong role in 

determining the conditions which ‘bait’ and ‘trap’ birds in urban areas. Food, while likely more 

abundant in urban areas (‘baiting’) has been shown by this study to be of poorer quality and not 

necessarily more abundant during the breeding season. This finding is also reflected in literature (e.g. 

Isaksson and Andersson 2007; Wawrzyniak et al. 2015). 
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In short, it is likely that positive urban food and environmental cues are misrepresentative, and the 

reality for great tits breeding in cities is that these environments are poorer than rural counterparts 

with significant negative consequences on breeding success.  
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Table 13: GLMM summaries and analyses of variation for the effects 

of urbanisation and relevant breeding and measurement parameters 

on great tit laying dates (LD; n=421) recorded during the 2014 and 

2015 breeding seasons. Dropped variables indicate terms removed in 

reducing full models to final models, as determined by step-wise 

ANOVA testing. Bold values indicate statistically significant terms (p < 

0.05). Presented model represents ‘alternate’ LD model, 

incorporating covariate ‘NUR’ in place of ‘subplot’  

Table 14: GLMM summaries and analyses of variation for the effects of 

urbanisation and relevant breeding and measurement parameters on 

great tit clutch sizes (CS; n=434) recorded during the 2014 and 2015 

breeding seasons. Presented model represents ‘alternate’ CS model, 

incorporating covariate ‘NUR’ in place of ‘subplot’  
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Table 15: GLMM summaries and analyses of variation for the effects 

of urbanisation and relevant breeding and measurement parameters 

on great tit mean nestling mass (MNM; n=369) recorded during the 

2014 and 2015 breeding seasons. Presented model represents 

‘alternate’ MNM model, incorporating covariate ‘NUR’ in place of 

‘subplot’  

Table 16: GLM summaries and analyses of variation for the effects of 

urbanisation and relevant breeding and measurement parameters on 

great tit nest productivity, as measured by fledglings per egg (FPE; 

n=403), in the 2014 and 2015 breeding seasons. Presented model 

represents ‘alternate’ FPE model, incorporating covariate ‘NUR’ in place 

of ‘subplot’  
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Table 17: Degree of variance explained by random effect ‘area’ for full alternate 

breeding models. Marginal (fixed effects) and conditional (fixed and random effects) 

coefficients of determination (R2) for breeding models reported 


