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Abstract 

 
 

Human activities cause widespread and irreversible modifications to once natural and semi-

natural environments, creating novel conditions and challenges for wildlife. In particular, the 

ongoing combined effects of increasing urbanisation and global climate change are likely to 

result in some of the most extreme and significant changes to once natural landscapes, with 

profound impacts across multiple ecological levels, including individual organisms and 

populations. Yet despite increasing evidence to suggest that climate change is already 

exacerbating the effects of urbanisation, few studies have considered how species may 

respond to the combined impacts of these two factors. In particular, considering that 

reproductive success is crucial to the long-term stability of populations and the survival of 

species, there is a clear need to better understand how breeding phenology and success are 

affected by increasing urbanisation, and variation in weather conditions in these already 

heavily impacted systems.  

This thesis focuses on a population of Blue Tits, a small hole-nesting passerine, that is widely 

considered to be an urban-adapted species and is commonly used in urban-rural 

comparative research. Using a quantitative and hierarchical mixed modelling approach I 

investigated how breeding success during two reproductive phases (pre-hatching and 

brood-rearing) varied across a short, high resolution intra-city urban gradient in the city of 

Birmingham, UK using demographic data from consecutive years (2013-2018). The aims of 

the work were to: 1) identify the key habitat and landscape-scale factors that impact 



breeding outcomes, 2) determine if the strength and direction of these effects vary across 

the different phases of breeding, 3) use critical climate time window analyses to explore the 

influence of variation in both temperature and rainfall across the urban gradient on a 

selection of breeding responses identified as key drivers in determining breeding success in 

this population.  

I found evidence for a subtle yet quantifiable negative effect of increasing urbanisation 

across both breeding stages. However, the brood-rearing phase appeared particularly 

sensitive to variation in urbanisation, with the mean body mass of nestlings, individual 

fledging probability and rates of fledging success all declining with increasing built 

landcover. Crucially brood reduction during the early phase of nestling development, and an 

increased risk of complete breeding failure during brood-rearing appeared to be the main 

drivers of observed reduced breeding success across a city scale urban gradient. At the site 

level, variation in the composition and structure of vegetation within greenspaces, in 

particular the number of native broadleaved trees and the diversity of tree species was also 

found to significantly influence breeding outcomes. Aligned with these findings, the early 

brood rearing stage was also determined to potentially be the most sensitive to changes in 

the prevailing weather conditions. The urban environment appeared to buffer the effects of 

cold temperatures, whilst increased maximum temperatures were associated with heavier 

nestlings and higher rates of fledging success. However, model predictions suggested a 

critical threshold at which point higher maximum temperatures were linked to lower 

fledging success. Higher rainfall during this period was also associated with lighter nestling 

body mass and reduced fledging success. Furthermore, there was tentative evidence to 

suggest that the detrimental effects of adverse weather may be compounded by the urban 

gradient. My study demonstrates that the impacts of both urbanisation and weather 



variation are complex and unlikely to be consistent across the breeding season. However, 

findings did suggest that environmental conditions during the critical brood-rearing phase 

are likely crucial to nestling growth, development and survival to fledging. As condition of 

chicks when they leave the nest determines their long-term survival and future reproductive 

success these findings have wider implications for the future of this and other populations 

of urban breeding birds, already undergoing increasing environmental stress from the 

multiple threats of further rapid urbanisation and the increasing intensity and duration of 

extreme weather associated with climate change.  

Keywords: Breeding success, birds, urbanisation, urban gradient, urban metrics, climate 

change, extreme weather events, hierarchical modelling, spatial scale, Cyanistes caeruleus  
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Glossary 
 

ALD: April Laying Date. Estimated date that the first egg in a clutch was laid.  

AHD: April Hatching Date. Estimated date that the first chick hatched.  

ASYM: Brood weight asymmetry. The range in weight between the lightest and heaviest 

nestling within a brood.  

%BLC: Percentage of built landcover within a 500m concentric buffer from the centre of 

each site.  

BOS Trees: The average (combined) number of Birch, Oak, and Sycamore trees within a 10m 

radius of nestboxes. Average calculated from 4 nestbox surveys conducted at each site.  

BROOD ID: Identifying code given to each breeding attempt using a combination of the site, 

nest box and year of the breeding season. (e.g. HOL310_18 = Holders Lane, nestbox 310/310 

(of the total nestboxes distributed across 31 sites) and year = 2018.  

BS: Proportional breeding success. The proportion of eggs that were initially incubated that 

successfully fledged a chick for each breeding attempt.  

probBS: Binary Breeding Success. The probability (0,1) that a nest will fledge at least one chick 

from the initial clutch that was laid.  



BTO: British Trust for Ornithology  

CS: Clutch Size. The maximum number of eggs laid during a nesting attempt that reached 

the incubation stage.  

EBS: Early stage brood success. The proportion of nestlings surviving to ringing age (at least 

8 days post-hatching) relative to the number of chicks initially hatched.  

Edge Distance: The mean distance of nestboxes within a site to the edge of connected tree 

cover.  

FN: Fledgling numbers. The estimated number of nestlings that fledged the nest after ~20 

days.  

FS: Fledging success. The proportion of chicks hatched that successfully fledged after ~20 

days.  

probFS: Binary fledging success. The probability (0,1) of a nest fledging at least one chick that 

hatched.  

GBH: Girth at breast height.   

%GLC: Percentage of residential garden landcover within the urban matrix, (measured 

within a 500m concentric buffer from the centre of each site).  

GLMMs: Generalised Linear Mixed Models 

HN: Hatching numbers. The maximum brood size estimated at hatching.  

HS: Hatching success. The proportion of eggs that hatched in each breeding attempt.   

probHS: Binary hatching success. The probability that nests hatch at least one egg from the 

total clutch laid.  



InvSI: Mean reciprocal Simpson’s diversity index score calculated for each site from 4 

habitat surveys. Diversity scores are for all native and non-native broadleaved trees counted 

within a 10m radius of nestboxes.  

LBS: Late stage brood success. The proportion of nestlings surviving to fledge, relative to the 

number alive during the ringing visit.  

LMMs: Linear Mixed Models.  

LULC: Land-use and landcover 

Mean BOS Trees: The mean number of Birch, Oak and Sycamore trees within a 10 m radius 

of nestboxes for each site. (Mean calculated from the total tree counts for the three species 

across 4 habitat surveys conducted at each site). 

 MeanRBC: Average body condition index: Residuals for all nestlings were extracted from 

the regression of raw body mass on tarsus length and an average residual value was derived 

for each brood.  

Mean NDB: Mean number of native deciduous broadleaved trees within a 10m radius of 

nestboxes (calculated from 4 habitat surveys conducted at each site).  

MNM: Mean nestling mass (g). Average weight of nestlings within each brood.  

MTL: Mean tarsus length. Average length of the tarsi measured for all nestlings in a brood.  

NDB Trees: The number of native deciduous broadleaved trees (averaged) within 10m of 

nestboxes within each site.  

NESTBOX ID: Identifying code for each nestbox in each site (e.g. HOL310 = Holders Lane, 

Nestbox 310/310 (of the total nestboxes distributed across sites).  



PBR: The proportion of nestling deaths that occurred during the early stage of brood rearing 

relative to all post-natal deaths.  

PNS: Probability of individual nestling survival to fledging.  

SITE ID: Identifying code for each of the 31 sites (e.g. WGVP = Woodgate Valley Country 

Park).  

ULC: Urban land cover: Classification of sites into one of 5 urban land classes using arbitrary 

cut-off values of %BLC. Classes range from ULC1 = Suburban to ULC5 = Dense Urban.  

UHI: Urban heat island effect.  

VIF: Variance inflation factor.  

ZI: Zero Inflation model used in glmers for ecological data that is zero inflated.  
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Chapter One 
 

 

 

 

General Introduction 
  

 

1.1. URBANISATION AS A DRIVER OF ENVIRONMENTAL CHANGE   

The world’s human population is growing rapidly (Mackay et al. 2017) and with it 

urbanisation is accelerating at an unprecedented rate (Grimm 2008; Seto et al. 2011, 2012). 

By 2050, 66% of the global human population will be living in urbanised areas (United 

Nations 2018), whilst the total area of urban landcover is projected to triple in extent from 

current levels (3-4%) by 2030 (Grimm 2008; Seto et al. 2011,2012). It is therefore not 

surprising that urbanisation is considered one of the most pervasive and extreme forms of 

environmental change globally (Sol et al. 2014), representing one of the biggest current 

threats to species extinction (Mcdonald et al. 2008; Goddard et al. 2010) and one of the 

major drivers of biodiversity loss (Marzluff 2016; Isaksson 2018). Consequently, the 

conservation of biodiversity in urban areas has become a leading priority (Marzluff 2001; 

Hostetler et al. 2011). 

The UK has a long history of urban development, with growth having especially intensified 

since the end of World War II (Tratalos et al. 2007a). Approximately 6-10% of the land area 

is categorised as built landcover (Evans et al. 2011; Rae 2017) and 83% of the population is 

classified as living in urban/suburban areas (Hall 2022) making it one of the most urbanised 
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countries in Europe (Nuissl et al. 2009). In the UK urban transformation and development is 

associated with both the densification of towns and cities (an increase in the density of 

urban land-use and landcover) and urban sprawl (the encroachment of the urban fringe into 

rural habitats), primarily to meet current and future housing needs (Marzluff 2001; Sadler et 

al. 2006; Dallimer et al. 2011). Such rapid, extensive and irreversible physical restructuring 

of the landscape leads to wide-ranging impacts on already human-altered ecosystems 

(LaPoint et al. 2015). This includes the further loss of natural vegetation and increasing 

fragmentation of remaining habitat (McKinney 2006; Tratalos et al. 2007b; Grimm et al. 

2008); altered habitat connectivity (Trepl 1995; Niemelä 1999a,b) and the creation of novel 

habitat types (Goddard et al. 2010). Ultimately, and particularly in the industrial and 

commercial heartlands of cities where > 80% of landcover is typically artificial (McKinney 

2008), only a few remnant smaller, more isolated patches of habitat that are less suitable 

for wildlife remain (Dallimer et al. 2011; Delaney 2014; LaPoint et al. 2015). 

1.1.1. Biotic and abiotic impacts of urbanisation on wildlife 
 

The environment of urban areas is markedly different compared with the natural and semi-

natural landscapes that surround them (Marzluff 2001; Chace and Walsh 2006; Chamberlain 

et al. 2009). Urban areas are highly heterogenous (McDonnell and Pickett 1990; Sadler et al. 

2006) and geometrically complex (McKinney 2008; Hale et al. 2012), encompassing a diverse 

range of habitats ranging from undisturbed remnant patches of native vegetation to 

brownfield sites and newly transformed, intensively managed greenspaces (Aronson et al. 

2014; Lepczyk et al. 2017). Furthermore, they are characterised by human-mediated 

modifications to climate systems, hydrological and biogeochemical cycles and ecological 

processes resulting in novel conditions and pressures (Grimm 2008; Seto et al. 2011). Novel 
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abiotic changes include, for example: higher ambient temperatures (the urban heat island 

effect Grimm 2008; Imhoff et al. 2010; Diamond and Martin 2020) and increased levels of 

pollutants including chemicals, particulates and heavy metals (Isaksson 2010; Brahmia et al. 

2013; Salmón et al. 2018a), noise (Slabbekoorn and Ripmeester 2008; Halfwerk et al. 2011; 

Injaian et al. 2018a) and light (Gaston et al. 2013; Dominoni 2015; de Jong et al. 2015) as 

well as localised changes to weather conditions (Haggard 1990). Urbanisation also triggers 

changes in the biotic characteristics of the landscape (Marzluff 2001), through the 

introduction of invasive species (Gaertner et al. 2017; Borden and Flory 2021); disturbance 

due to human activity (Fernández-Juricic and Tellería 2000; Glądalski et al. 2016a); 

differences in the quality and availability of food resources (Fuller et al. 2008; Jones and 

Reynolds 2008; Robb et al. 2008a); variation in competition pressures (Anderies et al. 2007; 

Shochat et al. 2010a); altered risks of predation (Haskell et al. 2001; Sorace 2002; Baker et 

al. 2005) and exposure to novel parasites and disease agents (Brittingham and Temple 1986; 

Bradley and Altizer 2007; Evans et al. 2009a).   

In turn, these changes have wide-ranging impacts on wildlife, leading to the decline and 

local extirpation of species, and driving both biodiversity loss (Evans et al. 2011) and biotic 

homogenization (Aronson et al. 2014; Sullivan et al. 2015). Urban development and its 

associated impacts, for example have been implicated in the recent widespread decline in 

the distribution and abundance of herpetofauna (Hamer and McDonnell 2008, 2010), the 

global collapse of insects (Fengolio et al. 2020, 2021) and the local loss of many terrestrial 

mammal species, in particular large carnivores, which being highly sensitive to habitat 

fragmentation avoid urban areas or are extirpated due to wildlife-human conflict (Crooks 

and Soulé 1999; Mueller et al. 2018; Łopucki et al. 2019). The diversity of bird assemblages 

in urban areas has also shown extensive declines globally, with losses particularly associated 
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with habitat specialists including insectivores and open habitat species resulting in changes 

to community and guild structure (Clergeau et al. 2006a; Silva et al. 2016). In a global 

assessment of the status of bird diversity, Aronson et al. (2014) determined that on average 

only 8% of native species are present in urban areas.  

1.1.2. Species’ adaptations to the urban environment 
 

The conditions, for wildlife in urban areas would, therefore, seemingly be unfavourable 

(Croci et al. 2008). However, the tolerance of species to disturbance caused by urbanisation 

(sensu Sol et al. 2014) is dependent upon a suite of physiological, behavioural and life-

history traits that shape resource use, and ecological interactions of organisms (Bonier et al. 

2007; Croci et al. 2008). Birds in particular, exhibit huge variation in their sensitivity to 

urban-driven environmental change, with the majority of species classified as urban 

avoiders (i.e. those with limited tolerance to disturbance) compared with those that persist 

(‘urban adapters’) or even thrive and expand their range (‘urban exploiters’) (Blair 1996; 

McKinney 2002; Sol et al. 2014; Fischer et al. 2015).  

This creates a non-random filtering process (Shanahan et al. 2014; Hagen et al. 2017), 

resulting in the decline and localised loss of native species (Marzluff 2001; McKinney 2002), 

reduced species’ richness (McKinney 2008; Evans et al. 2011; Newbold et al. 2015) and 

overall biotic-homogenisation (Clergeau et al. 2006a; McKinney 2006; Evans et al. 2011). In 

the long term this potentially can have widespread knock-on effects to overall ecosystem 

functioning and services (Shochat et al. 2010b; Solonen and Hildén 2014; Sol et al. 2020). 

Urban adapted species are likely initially attracted to cities by a number of positive 

environmental cues that are normally used in the rapid assessment and selection of habitat, 

including the widespread availability of concentrated food resources (bird feeders, refuse 
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and highly productive (fertilised) lawns and ornamental fruiting plants: Robb et al. 2008a,b; 

Chamberlain et al. 2009; Stracey and Robinson 2012) and the ready availability of nesting 

sites (nestboxes and buildings: Sumasgutner et al. 2014; Reynolds et al. 2019). However, 

these normally reliable cues are uncoupled from the true quality of the habitat in cities, 

leading to birds to settle in areas where their fitness, and in particular breeding productivity 

and survival are lower compared with more natural habitats (Robertson and Hutto 2006; 

Stracey and Robinson 2012; Hollander et al. 2013). Increased population density and 

associated competition for resources caused by the attraction of birds into cities by food 

and the warmer microclimate during the winter may also impose further constraints on 

urban-dwelling organisms (Chace and Walsh 2006; Hedblom and Söderström 2012; 

Demeyrier et al. 2017). Finally, mismatches between population density and habitat quality 

in urban environments may also arise as a consequence of dominant individuals forcing out 

less fit individuals from surrounding high quality natural landscapes into suboptimal habitats 

(i.e. despotic distributions; Fischer et al. 2015).  

There is growing concern, therefore, that although adapted species are able to take 

advantage of and benefit from human-provided resources, cities may be acting as 

‘ecological traps’ (reviewed in Battin 2004; Schlaepfer et al. 2002; Robertson and Hutto 

2006; Robinson and Hoover 2011) resulting in mismatches between the quality of habitat 

and the size of populations that that they can support (Fischer et al. 2015; de Satgé et al. 

2019; Corsini et al. 2021). Moreover, in the long-term, urban areas could become habitat 

sinks if population stability remains reliant on the immigration of individuals from 

surrounding areas (Pulliam 1988; Balogh et al. 2011; Robinson and Hoover 2011; Stracey 

and Robinson 2012).  
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1.1.3. Avian responses to urbanisation 
 

Birds are one of the most intensively studied taxa in the field of urban ecology (McDonnell 

and Hahs 2015; Seress and Liker 2015). The impacts of urbanisation due to changes in 

spatiotemporal patterns of activity (Chace et al. 2003; Fuller et al. 2007; Dominoni et al. 

2013, 2015) and behaviour (Lowry et al. 2013; Sol et al. 2013; Samia et al. 2017; Jarrett et al. 

2020); morphology (Liker et al. 2008; Evans et al. 2009b; Thompson et al. 2022), metabolism 

(Nord and Nilsson 2011; DuRant et al. 2013; Brischoux et al. 2017) and physiology (Partecke 

et al. 2006; Isaksson 2010; Salmón et al. 2016, 2018b; Watson et al. 2017) and life history 

traits including reproduction (Chamberlain et al. 2009; Deviche and Davies 2014) have been 

well documented. Of particular significance to my research, marked disparities in the 

breeding density, phenology and success of urban compared with suburban and rural 

populations have been widely reported across a large number of studies and for several 

different species, which have been the focus of reviews and meta-analyses (e.g. 

Chamberlain et al. 2009; Seress and Liker 2015; Marzluff 2016; Sepp et al. 2018). More 

specifically, compared with their forest and suburban conspecifics, urban birds typically 

initiate breeding earlier (Dominoni et al. 2013, 2020; Solonen and Hildén 2014) and lay 

smaller clutches (Hedblom and Söderström 2012; Vaugoyeau et al. 2016; Glądalski et al. 

2015; Wawrzyniak et al. 2015), fledge fewer young (Cowie and Hinsley 1987; Hõrak 1993; 

Solonen 2001), raise nestlings in lower body condition (Eeva et al. 2008; Mackenzie et al. 

2014; Bailly et al. 2016; Biard et al. 2017) and suffer an increased frequency of partial or 

complete brood failure (Peach et al. 2008; Glądalski et al. 2017; de Satgé et al. 2019; Muller 

et al. 2020; c et al. 2020).  
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Using dichotomous urban-rural comparisons, studies have begun to disentangle the various 

biotic and abiotic components of urbanised environments that are likely driving lower 

reproductive performance and breeding success. In particular, comparative studies have 

highlighted that compared with natural breeding habitat, urban greenspaces are typically 

smaller and highly fragmented (Shanahan et al. 2014; Wawrzyniak et al. 2020), and have a 

widely contrasting vegetation structure and composition (Mörtberg 2001; Hinsley et al. 

2008; Pennington and Blair 2011; Pollock et al. 2016). This reduces the quality of habitat 

with knock-on adverse effects on the availability and quality of preferred natural food 

resources including caterpillars (Demeyrier et al. 2017; Seress et al. 2020; Derryberry and 

Coomes 2020). Novel environmental conditions including higher ambient temperatures and 

increased light and noise pollution can also alter the seasonal cues many species use to 

initiate breeding, resulting in earlier and potentially mis-timed breeding (Partecke et al. 

2004; Dominoni et al. 2013, 2020; Vaugoyeau et al. 2016; but see de Jong et al. 2018). 

Variation in breeding success between urban and rural areas has also been linked to 

physiological and phenotypic differences of breeding individuals, including parental quality 

(Doutrelant et al. 2008; Pagani-Núñez and Senar 2014), and fitness (Gustafsson et al. 1994; 

Norte et al. 2009; Knowles et al. 2010)  and age (i.e. breeding experience: Pärt 1995; Sanz et 

al. 2001; Grieco et al. 2002). 

1.1.4. Introducing the urban-rural gradient framework  
 

Although breeding success in urban areas has been well described, the majority of studies 

up until recently have investigated urbanisation impacts on birds within a dichotomous 

urban-rural qualitative framework (e.g. Hinsley et al. 2008; Wawrzyniak et al. 2015, 2020; 

Glądalski et al. 2016b, 2017; Biard et al. 2017; Charmantier et al. 2017; Seress et al. 2018). 
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However, this coarse-grained comparative approach in which the urban-rural gradient is 

reduced to a simple dichotomy precludes the detection of fine-scale and potentially non-

linear responses of birds to (sub)urban-rural transitions (Alberti 2015; Batáry et al. 2018), 

including parameters of breeding behaviour and success (Hedblom and Söderström 2012; 

Biard et al. 2017). Researchers such as Filloy et al. (2019), Xie et al. (2019), Moll et al. (2019) 

and Di Pietro et al. (2020) have also highlighted how differences in urban classification can 

bias conclusions of such research and inhibit the comparison of results between studies, 

regions, populations and species. This is particularly crucial as it is becoming increasingly 

apparent that the impacts of urbanisation on breeding behaviour and success are likely 

species-, population- and/or region-dependent (e.g. see Bailly et al. 2016; Vaugoyeau et al. 

2016; Sepp et al. 2018; de Satgé et al. 2019). Therefore, there is a growing call to shift the 

focus of research to the adoption of high-resolution and quantitative approaches, and to 

incorporate multiple-spatial scale frameworks in study designs to investigate the potential 

scale-dependency effects of urbanisation (Hostetler 2001; Mayor et al. 2009; Goddard et al. 

2010; Moll et al. 2019). Yet up until recently, very few studies have explicitly incorporated 

these recommendations (but see Demeyrier et al. 2016; Vaugoyeau et al. 2016; Corsini et al. 

2017, 2021; de Satgé et al. 2019; Strubbe et al. 2020).  

Less discussed is the paucity of information derived from the most densely built-up regions 

within cities, which is primarily due to a lack of suitable sample sites or available data at this 

extreme of the urban gradient e.g. as also discussed by de Jong et al. (2018). Gaps in data 

collection across such gradients are also common where, despite high sampling effort (e.g. 

Peach et al. 2008), few breeding attempts by target species are recorded. Ultimately few 

studies have specifically explored how breeding varies across fine-scale highly urbanised 

intra-city gradients. Additionally, relatively few studies have sought to investigate habitat-
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level factors (e.g. the vegetation structure and composition immediately surrounding 

nesting sites, habitat quality, patch size and fragmentation of urban greenspaces), 

coincidentally with the external influence of the urban matrix (e.g. extent of built landcover 

surrounding greenspace) and how they may interact to impact on avian breeding 

performance (Hedblom and Söderström, 2010, 2012; de Satgé et al. 2019).   

Consequently, understanding  how fine-scale variability within the urban landscape impacts 

on intra-city and individual-level breeding behaviour and reproductive success has been 

highlighted as a key research priority (Pollock et al. 2017; Moll et al. 2019; Plummer et al. 

2020).  

1.2. CLIMATE CHANGE AND EXTREME WEATHER EVENTS 

In addition to urbanisation, human-induced global climate change is creating novel 

environmental conditions for wildlife (Coumou and Rahmstorf 2012; Marrot et al. 2018) and 

exerting an equally pervasive force on ecosystems (Shryock et al. 2017; Socolar et al. 2017). 

Over the last century global mean temperatures have warmed by approximately 1oC in 

response to an increase in greenhouse gas emissions associated with human activities (IPCC 

2021). Moreover, as the process of warming continues to accelerate (Heim 2015; Socolar et 

al., 2017), global temperature increases could reach or exceed 1.5oC within the next twenty 

years (IPCC 2018).   

Whilst climate change is primarily characterised by a rise in the mean and variation in 

ambient temperature (Marrot et al. 2017, 2018) its effects are observable in changes to 

many other climate variables (Heim 2015; Pipoly et al. 2013). Minimum temperatures are 

rising faster than other temperature signals in many regions across the globe, resulting in 

reduced daily temperature ranges (Ummenhofer and Meehl 2017). In Europe there has 
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been a shift in the ratio of daily high to low temperature records (Beniston 2015). Future 

projections suggest that the number of warm days will continue to increase, whilst the 

number of cold nights will decrease (Ummenhofer and Meehl 2017) resulting in a greater 

probability of more record highs (Beniston 2015). Concomitantly, mean rainfall levels 

(Marvel and Bonfils 2013) and windspeeds (Young et al. 2011) are also both projected to 

increase in temperate regions of Europe. 

 The frequency, duration and intensity of extreme climate events have also increased in 

recent decades (IPCC 2012; Alexander 2016), and are projected to continue increasing in the 

future, with predictions suggesting daily extremes in temperature and precipitation will be 

most affected leading to an increase in the number of hot days, extreme rainfall and longer 

drought periods (Pipoly et al. 2013; Marrot et al. 2017; Ummenhofer and Meehl 2017). 

More specifically, in Europe, which has witnessed a steady increase in the frequency of 

heavy rainfall events since the 1950s, extreme precipitation is expected to intensify in the 

future under the current climate change scenario increasing the risk of flooding (Buonomo 

et al. 2007; Pall et al. 2011; Hartmann and Stocker 2013).  

1.2.1. The impacts of Climate Change on wildlife 
 

 Several ecological studies have been published over the last couple of decades 

documenting the biological impacts of climate change across many different taxa and 

regions including birds (Møller et al. 2010; Şekercioğlu et al. 2012; Simmons et al. 2014), 

insects (Robinet and Roques 2010; Kiritani 2013; Yang et al. 2021), plants (Short and Neckles 

1999; Bellard et al. 2012; Parmesan and Hanley 2015) and mammals (Learmonth et al. 2006; 

Boutin and Lane 2014; Hetem et al. 2014) and across different ecological scales ranging 

from populations to communities and ecosystems (Parmesan and Yohe 2003; Marrot et al 
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2017; Bramer et al. 2018). From this research, a general pattern of important global effects 

of climate change, in particular the impacts of warming, on wildlife has emerged. This 

includes advances in early seasonal phenological responses (particularly in northern 

latitudes) including tree budburst and first flowering, insect emergence, migration and 

reproduction (Parmesan and Yohe 2003; Yang and Rudolf 2010); shifts in species 

distribution and ranges (Root et al. 2003; Lenoir et al. 2008; Chen et al. 2011); changes in 

physiological and morphological traits including body size (Sheridan and Bickford 2011), 

mass (CaraDonna et al. 2018; Prokosch et al. 2019) and fitness (Walker et al. 2019); 

behavioural traits (Sih 2013; Buchholz et al. 2019); demographic rates including survival and 

reproduction (McMahon and Burton 2005; Selwood et al. 2015) and multi-trophic 

interactions (Walther et al. 2002; Van der Putten et al. 2010; Walther 2010).  

Some of the most significant impacts of climate change on weather variation, and in 

particular temperature and precipitation anomalies associated with weather extremes, have 

been observed during the spring and summer, therefore coinciding with breeding periods 

and the peak in biological productivity for many species including temperate passerines 

including the Blue Tit (Pipoly et al. 2013).  

However, the majority of studies have focused on only a few biological responses, in 

particular including breeding phenology. Consequently, the influence of weather conditions 

on many other aspects of life-history, including the various components of the avian 

reproductive cycle, for example nestling development and survival are less well described 

and understood (Mainwaring and Hartley 2016; Radchuk et al. 2019; Marques-Santos and 

Dingemanse 2020).  
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Therefore, examining the effects of variation and extremes in weather characteristics on 

breeding phenology and reproductive success at the individual and population level has 

been highlighted as a research priority. In particular, such research will be fundamental to 

increasing our understanding of the underlying processes influencing demographic rates 

and species adaptations to climate change (through phenotypic plasticity and/or 

evolutionary change), and ultimately the resilience of animal populations facing future rapid 

climate change and an increase in the intensity and frequency of extreme weather (Pipoly et 

al. 2013; Marrot et al. 2017; Radchuk et al. 2019; D’Amelio et al. 2022).   

 1.2.2. The combined effects of urbanisation and climate change  

One of the most well known and consistent changes to local and regional climate associated 

with urbanisation is the urban heat island effect (Manley 1958; Oke 1973; Chapman et al. 

2017; Shryock et al. 2017). A unique form of meso- or micro-climate (Haggard 1990), the 

urban heat island is primarily attributable to the combined effects of higher absorption of 

heat by impervious buildings and other infrastructure and the scattering effects of air 

pollution which traps radiated heat within the atmosphere (Oke 1982; Quattrochi and Ridd 

1994; Arnfield 2003; Imhoff et al. 2010). This results in a very distinctive climate, with the 

most noticeable changes including higher ambient temperatures and increased humidity 

(Haggard 1990; Imhoff et al. 2010): both of which are key climate variables that influence 

crucial life-history processes and events including reproduction and survival (Sumasgutner 

et al. 2020). More specifically cities are on average 2.9oC warmer compared with the 

surrounding countryside (Imhoff et al. 2010), have notably higher minimum night-time 

temperatures (Haggard 1990) and experience smaller fluctuations in daily temperatures 

(Arnfield 2003). 
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The associated changes to precipitation in urban areas are not as consistent (Shryock et al. 

2017). However, several studies have documented localised increases of 5-15% in 

precipitation during autumn, winter and spring months in the northern hemisphere, with 

the down-wind side of urban centres experiencing the greatest modifications (Haggard 

1990; Shryock et al. 2017). Additional urban-driven climate variations include increased 

wind and turbulence, changes to atmospheric moisture resulting in humidity anomalies, 

variations in surface heat flux as well as alterations to air chemistry and pollution (Haggard 

1990).   

Consequently, the impacts of climate change are likely to be particularly severe in urban 

habitats (Sumasgutner et al. 2020). Indeed, according to the United Nations Secretariat the 

combined effects of urbanisation and climate change are currently the most significant 

drivers of global change (United Nations 2019). Moreover, there is increasing evidence to 

suggest that climate change may exacerbate the effects of urbanisation (Shryock et al. 2017; 

Pipoly et al. 2022). Diamond et al. (2014), for example demonstrated a negative interactive 

effect of increasing urbanisation and geographic temperature (using a latitudinal gradient in 

mean temperature as a proxy for projected climate change) on the phenological response of 

20 butterfly species in Ohio, USA. In one of the only other studies to explicitly investigate 

the combined influence of climate change and urbanisation, Sumasgutner et al. (2020) 

found that the strength and direction of interactive effects of weather and urbanisation on 

breeding phenology and success in an urban population of Peregrine Falcons (Falco 

peregrinus) in South Africa varied across the breeding season. Furthermore, the impacts of 

weather on breeding performance were found to be indirect, and there was evidence to 

also suggest nestboxes buffered extreme weather including high rainfall. This study, 

therefore was particularly important, in demonstrating the synergistic effects of 
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urbanisation and climate change, with potentially both negative and positive impacts on 

breeding.  

Yet, with the exception of a handful of studies, as highlighted above, despite the potential 

severity and complexity of the effects of urbanisation and climate change, and the 

unprecedented rate at which such changes to the environment are occurring, their 

combined impacts on biological systems have rarely been investigated (Zuckerberg et al. 

2011; Møller 2013; Shryock et al. 2017).  

There is, therefore a need for more comprehensive approaches that investigate the joint 

impacts of urbanisation and climate change on natural systems, not only to tease out and 

understand current impacts, but to better predict changes in the future (Pipoly et al. 2022). 

In particular, examining how weather variability and extreme events influence avian 

reproductive phenology and success in cities will be crucial in the development of effective 

mitigation measures (Sumasgutner et al. 2020).  

1.3. BIRDS IN URBAN ECOLOGICAL AND CLIMATE CHANGE 

RESEARCH  

Although urban adapted species benefit from the wide availability of human-provisioned 

resources, unlike urban exploiters they also depend on natural resources (McKinney 2006). 

Consequently urban adapters provide an ideal opportunity to explore and better 

understand urbanisation-driven shifts in the ecology and evolution of free-living animal 

populations (Corsini et al. 2020). Over the past couple of decades birds have become an 

increasingly important target for urban ecology and evolutionary research (Marzluff 2001, 

2016; Chamberlain et al. 2009; Bailly et al. 2016; Isaksson 2018).  
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The majority of urban ecology studies have targeted synanthropic species that dominate the 

wider urban avifauna (Chamberlain et al. 2009; Biard et al. 2017). In particular hole nesting 

woodland passerines such as the Blue Tit (Cyanistes caeruleus) and Great Tit (Parus major), 

have been the focus of several long-term intensive research efforts both here in the UK and 

across Europe (e.g. Evans et al. 2011; Wawrzyniak et al. 2015; Bailly et al. 2016; Glądalski et 

al. 2017; Corsini et al. 2017; de Satgé et al. 2019). 

Blue and Great Tits (hereafter referred to colloquially as ‘tits’) are widely considered model 

species for nest monitoring research. Their demography, life history, and ecology in natural 

landscapes are well known (Lambrechts et al. 2004; Blondel et al. 1991, 2006; Arriero et al. 

2006; Wilkin et al 2009a; Maziarz et al. 2015; Shutt et al. 2019), providing a useful context 

and valuable tempo-spatial comparison from which the impacts of human-mediated 

environmental change can be inferred and evaluated (Newbold et al. 2015; Corsini et al. 

2017). Aligned with this, tits are highly sensitive to fine-scale anthropogenic disturbance 

including the environmental and biotic impacts associated with both urbanisation (Ortega-

Álvarez and MacGregor-Fors 2009; Atiénzar et al. 2010; Hinks et al. 2015; Bueno-Enciso et 

al. 2016) and climate change (Sæther et al. 2003; Visser et al. 1998, 2003; Leech and  

Crick 2007; Bordjan and Tome 2014). Moreover, because of their higher trophic position in 

the tri-trophic tree-caterpillar-Blue Tit system (see section 1.3.1.4), they play an important 

role in forest-based food webs (Dekeukeleire et al. 2019a,b). Finally, as common, 

conspicuous and mobile species that readily breed in nestboxes, breeding parameters can 

be closely monitored with little difficulty and with minimal risk to the health and wellbeing 

of the birds (Camacho-Cervantes et al. 2018; Dekeukeleire et al., 2019a; Jarrett et al. 2020). 

Altogether, therefore, they are considered reliable bio-indicators (Crick 2004; Markowski et 

al. 2014; Camacho-Cervantes et al. 2018), whose comprehensive study can be used to help 
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guide urban landscape planning and management (Amininasab et al. 2016a) and contribute 

to furthering our knowledge of the future impacts of climate change on wildlife and the 

resilience of populations to aid conservation management  (Radchuk et al. 2019).  

1.3.1 The Blue Tit  
 

The Eurasian Blue Tit (hereafter referred to as ‘Blue Tit’), the focal species of this study, are 

small (approximately 10 g), hole-nesting arboreal insectivores and are easily recognisable by 

their blue and yellow plumage (Fig 1.1) (Perrins, 1979, 1991). 

 

Figure 1.1. A female Blue Tit sitting tight on her nest incubating eggs in a nestbox located at one of 
the sites in Birmingham, UK. (Photo: the author).  
 

1.3.1.1. Distribution and habitat preferences  

Typically a non-migratory species, the Blue Tit (and its related hybrids) is widely distributed 

and considered a native species across much of temperate, Mediterranean and subarctic 

regions of Europe and parts of the Middle and Near East and North-west Africa (Fig. 1.2) 

(Perrins 1979, 1991; Gosler et al. 2020; British Trust for Ornithology 2023). It is a common 
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breeder in Great Britain with approximately 3.4 million summer territories (Woodward et al. 

2020) and is currently listed as being of least conservation concern (Stanbury et al. 2021). 

  

 

Figure 1.2. The estimated relative abundance of Blue Tit (Cyanistes caeruleus) populations across the 
UK and the rest of their range for 2021. Abundance was estimated as an average for the whole year 
(i.e. 52 weeks) from individual count data (2007 – 2021) collected as part of seasonal surveys and 
submitted to eBird. Darker colours indicate higher relative abundance. (Fink et al. 2022). Available 
from: https://doi.org/10.2173/ebirdst.2021 (accessed 28/02/2023).   

 

Although their optimal breeding habitat is mature oak woodland (Perrins 1979; Stenning 

2018), across their range Blue Tits commonly occupy a wide variety of lower quality, 

secondary habitats, including mixed forest (e.g. Blondel et al. 1993; Hinsley 2000; Tremblay 

et al. 2003; Lambrechts et al. 2004), farmland (Redhead et al. 2013) and urban green spaces 

(Mackenzie et al. 2014; Glądalski et al. 2016b; 2017). Significantly, they are one of very few 

https://doi.org/10.2173/ebirdst.2021
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European passerine species that appear to have readily adapted to city-living and regularly 

breed in urbanised landscapes (Bańbura and Bańbura 2012; Reynolds et al. 2019).  

1.3.1.2. Stages and phenology of the breeding season  
 

The Blue Tit breeding season (Fig. 1.3) varies considerably depending on location (namely 

elevation and latitude) and by year (variation in weather conditions for example) but 

typically runs from the beginning of April to mid-June in the UK (Perrins 1979; Stenning 

2018). In the period leading up to egg laying pairs prospect for potential nesting sites, 

typically in tree cavities, nestboxes and small cavities in manmade structures and buildings 

(Perrins 1979). In England first clutches are typically laid in mid to late April (mean = 26th 

April, range = 12th April – 11th May) (Joys and Crick 2004). The female lays one egg per day 

usually in the early morning, around 0600 hours (Perrins 1979). Blue Tits have one of the 

largest clutch sizes of any avian species: females nesting in optimal habitat (mature oak-

dominated woodland) on average lay a clutch of 11 eggs (range 7-16 eggs), Dhondt 1989; 

Dhondt et al. 1992; Kempenaers et al. 1998). However, females may be constrained from 

laying such large clutches due to intrinsic factors such as their age, physiological condition or 

foraging ability, or due to extrinsic factors (i.e. pre-laying conditions including weather, 

habitat quality and the availability of food resources) (Chamberlain et al. 2009; Seress and 

Liker 2015; Seress et al. 2018). 

The lead up to full incubation is a gradual process and once begun, females have limited 

options to delay or accelerate the breeding process (Naef-Daenzer and Keller 1999; 

Stenning, 2018). Females generally initiate full incubation around the time the ultimate or 

penultimate egg is laid thus maximising the chances that most of the young will hatch within 

a short period (Perrins 1979, Cooper et al. 2005). Although the total period of incubation 
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varies depending on the females incubation rhythm, it normally lasts 13 – 15 days (BTO 

2023).  

Like most altricial species Blue Tit broods hatch to some extent asynchronously (Clark and 

Wilson 1981). However the degree of asynchrony varies, with some broods hatching within 

one day, whilst others hatch over a period of two to three days (Cramp and Perrins 1993; 

Stenning 2008; Mainwaring and Hartley 2016). During the first few days after hatching 

nestlings are poikilothermic (unable to maintain their own body temperature) and therefore 

require considerable amounts of parental care including intermittent brooding by the 

female for heat (Hohtola and Visser 1998; Visser 1998; Andreasson et al. 2016). At 

approximately one week post-hatch they begin to grow a covering of feathers and are 

gradually able to regulate their own body temperature (Perrins 1979; Stenning 2018). 

Nestlings are therefore very vulnerable and sensitive to environmental conditions, 

particularly during their first week of life. During prolonged periods of cold or rainy weather 

the female will remain on the nest, leaving the male responsible for collecting food for both 

adults and the brood. This can result in young suffering a shortage of food and ultimately 

the partial or total loss of the brood (Perrins 1979). As such periods of cold or bad weather, 

can have a significant and detrimental impact on the growth and survival of young, 

especially in environments with already low availability or poor quality food. Once nestlings 

are approximately half-way grown they require less brooding and the female can focus 

more of her time and energy on feeding them (Mainwaring and Hartley 2016; Stenning 

2018). Nestlings fledge at approximately 18 – 20 days post hatch and usually all leave the 

nest within the same day (Perrins 1979; Stenning 2018). Many newly fledged Blue Tits are 

weak fliers, particularly if hatching within the brood was asynchronous (meaning later 

hatched nestlings are less well-developed on leaving the nest) (Stenning, 2018).  
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Figure 1.3. Description of the key stages (including phenological timing and duration) in a typical Blue Tit (Cyanistes caeruleus) breeding season. Note that 
in this research the reproductive cycle refers to the period between laying and fledging during which comprehensive breeding data were collected from 
nestboxes. As such pre-laying (prospecting and nest building phases) and post-fledging (juvenile survival and recruitment) are not included here. Further 
detail on the reproductive cycle and its phenology can be found in the following sources from which the information in the figure was obtained: Gibb (1950, 
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1954); Perrins (1965, 1979,1991); Van Balen (1973); Blondel et al. (1991, 1993); Naef-Daenzer and Keller (1999); Tremblay et al. (2003, 2005); Mainwaring et 
al. (2010, 2011); Mainwaring and Hartley (2016); Morganti  et al. (2017). (Photos: the author).  
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1.3.1.3. Breeding success  
 

Under optimal conditions and in the absence of predation events, breeding success in Blue 

Tits tends to be very high, with 90-95% of eggs successfully hatching and the majority of 

nestlings that do hatch going on to fledge (Perrins 1979). Conversely, juvenile survival rates 

of Blue Tits within the first year are very low (estimated to range from 10 to 40%), with 

particularly high rates of mortality during the first winter (Perrins 1979; Nur 1984; Stenning 

2018). Therefore few nestlings recruit into the breeding population the following year. For 

those Blue Tits that do make it through the first year, life expectancy is on average two to 

three years (Lack 1954). Average mortality rates for adult British Blue Tits (after their first 

breeding season) is approximately 50 to 72% (e.g. Snow 1956; Hildén 1982; Pampus et al. 

2005).  

1.3.1.4. Diet, food provisioning and the tri-trophic food web  
 

Blue Tits are generalist insectivores, with a diet that consists of a broad range of 

invertebrate taxa and seeds (Betts 1955; Perrins 1979). However, supplementary foods (e.g. 

seeds, peanuts, fatballs and mealworms) from garden bird feeders have also make up a 

large proportion of the Blue Tit diet, particularly during the winter and in the lead up to the 

breeding season when the movement of pairs is not so constricted to breeding territories 

(e.g. see Shutt et al. 2021).  

Blue Tits are almost exclusively insectivorous during the breeding season (Bańbura and 

Bańbura 2012) and large broods require a steady and plentiful supply of food (Perrins 1991). 

Caterpillars such as the Winter Moth (Operophtera brumata) and Oak Leaf Roller (Tortrix 
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viridana) are a particularly rich source of proteins and nutrients, as well as being easily 

ingestible, and thus are a valuable, high quality food resource for provisioning nestlings (van 

Balen 1973; Blondel et al. 1991; Perrins 1991; Bańbura et al. 1994; Kaliński et al. 2009). 

However, caterpillars are only available during a very narrow phenological window when 

they exploit the newly emerged leaves of host deciduous trees, predominantly Oak 

(Quercus) species (Southwood et al. 2004; Marciniak et al. 2007; Kaliński et al. 2009). The 

availability of caterpillars (and other arthropod prey) is therefore largely dependent on bud 

burst date, which in turn varies yearly depending on local environmental conditions 

including spring temperature (e.g. Hunter and Lechowicz 1992; Buse et al. 1999; Nilsson and 

Källander 2006) as well as across different tree species (e.g. Blondel et al. 1993; Wesołowski 

and Rowiński 2006) and individual trees (Crawley and Akhteruzzaman 1988; Van Dongen et 

al. 1997; Hinks et al. 2015). This tri-trophic (deciduous tree – caterpillar – tit) food chain is a 

classic example of a seasonal ecological system (Perrins 1991; Visser et al. 1998; Buse et al. 

1999), the phenology of which has been well studied at both the individual and population 

level (Visser and Both 2005; Visser et al. 2006; Hinks et al. 2015; Burgess et al. 2018). 

Parents are therefore, heavily dependent on synchronising the peak energy demands of 

chicks (ages 10-11 days old; Perrins et al. 1965; van Balen 1975; Perrins 1991) with the 

transient spring peak in arboreal caterpillar productivity (Naef-Daenzer and Keller 1999; 

Tremblay et al. 2003). During this period of peak food demand, Blue and Great Tits may 

bring caterpillars to the nest at a rate of one per minute, with over 700 food items 

potentially delivered within a 16 hour foraging day (Gibb 1955; Perrins 1991).  

Breeding timing in passerine song bird species such as Blue Tits is therefore under strong 

selection pressure (Visser and Both 2005; Hinks et al. 2015). First egg dates are on average 
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approximately one month earlier than the peak in caterpillar availability in the UK (Burgess 

et al. 2018; Shutt et al. 2019), thus meaning pairs make decisions on when to begin breeding 

well in advance of the peak in nestling food demand (Visser et al. 1998; Cresswell and 

McCleery 2003; Hinks et al. 2015). Photoperiod is a fundamental cue for initiating 

reproductive phenology in insectivorous passerine species, (Murton and Westwood 1977; 

Wingfield and Farner 1980; Lambrechts et al. 1997; Dawson 2001), with other 

environmental cues including spring temperature (e.g. Caro et al. 2007; Charmantier et al. 

2008; Visser et al. 2006, 2011; Schaper et al. 2012) and budburst phenology (e.g. Nilsson 

and Källander 2006; Hinks et al. 2015; Shutt et al. 2019) used to further refine the exact 

timing of breeding within each season.   

 The abundance and seasonal variation in caterpillar availability is therefore a key 

determinant of the trophic quality of the breeding habitat (Riddington and Gosler 1995; 

Tremblay et al. 2003) and can impact reproductive timing, early nutritional conditions for 

chicks, breeding performance and fitness (Marciniak et al. 2007; Amininasab et al. 2016a; 

Shutt et al. 2018).    

1.4. STUDY AIMS AND OBJECTIVES  

To address the knowledge gaps identified, this research utilises two distinct approaches to 

investigate how fine-scale variation in environmental conditions (i.e. urbanisation and 

weather) impact on breeding success in a population of birds living in a major city in the UK.  

Firstly, I used a nested (hierarchical) design, utilising study sites with a priori quantified 

degrees of urbanisation (i.e. urban density measured as the percentage of built landcover in 

the urban matrix within a 500m buffer of the centre of each site). Blue Tit breeding data 

were collected from a network of thirty one sites (each containing 10 nestboxes) 
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strategically placed across a fine-scale, short, intra-city urban gradient in the city of 

Birmingham, UK. Sites encompassed a variety of greenspace forms, typically found in towns 

and cities, including remnant woodlands, parkland, amenity grasslands, cemeteries, canals 

and roadside verges. Using this free-living population as a case study, the primary aim of this 

thesis was to explore how environmental variation (at both the habitat and landscape scale) 

across a short, highly urbanised intra-city gradient impacts on different parameters of 

reproductive success during distinct phases of the breeding cycle. 

Secondly, more recent advances in the statistical analyses of potential climate effects have 

enabled a more thorough and methodical approach to investigating the impacts of variation 

in temperature, rainfall and other weather variables in ecological studies (including on 

aspects of life history such as reproductive timing and breeding success in wildlife) both 

across complex environmental gradients (e.g. latitude, elevation and urbanisation) and 

within more biologically meaningful timeframes (Marques-Santos and Dingemanse 2020). 

Aligned with this, using the ‘critical time window approach’ (van de Pol et al. 2016), the 

second main aim of my thesis was to investigate how short-term variation in weather 

(namely temperature and precipitation) in the period immediately leading up to nesting and 

during the breeding season influence rates of hatching success, brood reduction and 

fledging success as well as individual nestling mass and survival.  

More specifically the key objectives of my research were to:  

1) Analyse variation in parameters of breeding occupancy and success during the pre-

hatching (laying – hatching) and post-hatching (or brood rearing: hatching – fledging) phases 

of the reproductive cycle, using six years (2013 – 2018) of data collected from nestbox plots 
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and determine how data correlate with other pertinent biological and temporal variables 

(e.g. clutch size, brood size and laying date).  

2) Identify the key habitat (site – level) and landscape-scale factors driving variation in 

breeding outcomes across the urban gradient and determine if the strength and direction of 

these effects vary across different phases of the reproductive cycle.   

3) Ascertain if a particular phase of the reproductive cycle is more sensitive to 

environmental change and potentially driving overall reduced breeding success in the Blue 

Tit population.  

4) Use critical time window analyses to explore the influence of variation in both 

temperature and rainfall across the urban gradient on a selection of breeding responses 

identified as key drivers in determining breeding success in this population.  

5) Identify the key time periods and associated climate signals (i.e. the weather variable, 

statistic and relationship) that drive observed variation in breeding traits at the citywide 

scale and determine the reproductive stage when breeding birds appear most sensitive to 

changes in temperature and rainfall.  

6) Investigate the potential for interactive effects between the urban gradient and variation 

in weather on breeding traits.  

7) Determine the potential effects of current fluctuations and variation in temperature at 

the site-level on nestling mass.  

Specific research hypotheses are specified within the relevant chapters but sit within the 

broader aims listed above. 
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1.5 THESIS STRUCTURE  

The structure of the thesis is described below and is also visualised in the flow diagram (Fig. 

1.4). In Chapter Two I provide a detailed explanation of the study design, field work, 

background biological information on the Blue Tit and the analytical methodology used to 

address the aims and objectives of Chapters 3 and 4 (pertaining to the effects of 

urbanisation on breeding).  In Chapter Three I investigate how fine-scale variation in the 

characteristics of the urban environment at both the habitat- and landscape-scale influence 

the reproductive performance of birds nesting across the intra-city gradient of Birmingham 

using a systematic hierarchical modelling design. A comprehensive suite of breeding traits 

commonly studied in urban avian research are analysed to understand how the specification 

of the urban gradient, using a comparison of a qualitative (categorical) versus quantitative 

(linear) metric affects the sensitivity of models to predict the effects of urbanisation. The 

hierarchical modelling approach is simultaneously used to quantify and explore how the 

strength and direction of potential habitat- and landscape-scale correlational effects vary 

across the breeding season and if there is evidence for an interactive effect between 

variables across the two spatial scales investigated. Finally, I assess if particular breeding 

traits or phases of reproduction are potentially more sensitive to the environmental changes 

associated with urbanisation and may be driving lower reproductive success, as observed in 

other populations of city-dwelling birds. In Chapter Four I explore how variation in 

environmental characteristics across the urban gradient impact nestling quality and survival 

during the critical brood rearing phase. Rates of brood reduction and total brood loss across 

the intra-city urban gradient are analysed and compared for the early (0 – approximately 10 

days) and late (approximately 10 – 20 days i.e. fledging) nestling developmental stages to 



28 
 

understand the habitat and landscape scale factors driving breeding failure and to 

determine the period when chicks are most at risk of dying. Nestling mass, body condition 

and brood asymmetry are analysed to examine how nestling quality varies across the urban 

gradient and if there is evidence for covariation with nestling survival that may be linked to 

food availability and/or a brood reduction strategy. In Chapter Five I introduce how the 

recent advent of critical climatic time window analyses are currently being used to more 

reliably model and assess the influence of weather variables (including temperature and 

precipitation) on various aspects of avian ecology including measures of breeding success. 

Here I explore using the critical time window approach, how fine-scale temporal variation in 

temperature and rainfall at both the city- and site-scale impacts on response variables that 

were found in previous chapters to be potentially important drivers of reduced breeding 

success in the city. This information is used to estimate potential timeframes (either prior to 

or during breeding) when birds are likely most sensitive to variation in weather and the 

weather signals that have the strongest correlational effect on breeding success. Finally I 

explore the potential for an interactive effect between urbanisation and climate on 

breeding traits and discuss the potential implications for future reproductive success and 

long-term population stability in birds experiencing the ongoing multiple stresses of climate 

change in an increasingly urbanising world. Finally in Chapter Six I present a general 

discussion of the findings of this study and their implications within the wider context of 

avian urban and climate change research. I discuss how the results from this and other 

studies can help guide policy makers in the future planning, design and management of 

urban greenspace for the benefit of both wildlife and people. I also consider the potential 

limitations of the current study and propose a number of different avenues for future 
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research that could help further elucidate the various factors and mechanisms driving 

reduced breeding success in urban areas and as a consequence of climate change.    



30 
 

         

               Figure 1.4. Flow diagram of the thesis 

structure  
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Chapter Two 
 

 

 

 

Study design, sampling and methodology 
 

2.1. AIMS OF THE CHAPTER 

This chapter lays the groundwork for the thesis by introducing and describing the key 

components of the Birmingham Blue Tit nestbox study and individual steps comprising the 

main study design and analysis as follows:  

• background to Birmingham, the focal city for this project;  

• initial quantification of the urban environment, and identification and selection of 

study sites; 

• selection of urban landscape and site-level (habitat) covariates; 

• outline of fieldwork and data collection; and 

• an overview of the statistical modelling approach used in the analysis of breeding 

metrics. 
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2.2. STUDY AREA AND SITE SELECTION  

2.2.1. Study area  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Map of the wider metropolitan Birmingham region showing areas of dense urbanisation, 
including the core of the city centre (shown in grey), and major parks and greenspaces (in green). 
(Source: Ordnance Survey and OpenStreetMap, 2022). 
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 Birmingham, the focal city for this project (Fig. 2.1) is the UK’s second city in both 

demographic and economic terms (Coulson and Ferrario 2007) and together with the wider 

region of the West Midlands is considered the traditional manufacturing heart of the UK 

(Coulson and Ferrario, 2007). 

 
As the centre of the Industrial Revolution (Chinn and Dick 2016) and one of the UK’s 

youngest, most ethnically diverse cities, it has a rich history of manufacturing, engineering, 

industrialisation, migration and development (McEwan et al. 2005; Abbas 2006; Barber and 

Hall 2008). Since the Industrial Revolution the city has undergone repeated cycles of 

industrial loss and decline, as well as periods of recovery, redevelopment and regeneration, 

resulting in distinct regions of pre- and post-war rejuvenation (McEwan et al. 2005; Coulson 

and Ferrario 2007; Barber and Hall 2008). Birmingham is currently undergoing another 

phase of extensive economic investment, regeneration and development and population 

growth (e.g. Barber and Hall 2008; Lombardi et al. 2011; van Meerkerk et al. 2013; Thorpe 

2017). In 2021 the estimated population was 1,144,900, representing an increase of 6.7% 

from the last census conducted in 2011, when just over 1 million people were recorded 

(Birmingham City Council 2022; Office for National Statistics 2022).  

In terms of grey space, the study area of the wider Birmingham metropolitan area (total 

area 598 km2 (231.2 square miles) is characterised by a mix of different urban land uses and 

landcover of variable extents and densities including: sealed landcover (e.g. roads and 

pavements), canals, railways, motorways, residential areas, industrial zones and commercial 

parks (Hale et al. 2012). 

Greenspace in the city is diverse in terms of the size, connectivity, structure and 

composition of patches. Habitat patches range from large highly managed parkland to small 
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remnants of natural habitat, and from small grass verges, urban parks, allotments and 

gardens to heathland, woodlands, recreation grounds and nature reserves. This includes 

Sutton Park to the north of the city which at 2,400 acres (approx. 1,000 ha) in coverage is 

the UK’s first Urban National Nature Reserve and Europe’s largest urban park (source: 

https://www.birmingham.gov.uk). Altogether, Birmingham supports an extensive, albeit 

unevenly distributed, tree population, covering 23% of the city as well as 93 parks, 242 play 

areas, and 18 golf courses.  

The city also has one of the most extensive and intricate canal networks in the world (with 

over 35 miles in total within the city itself) which were mainly built in the 1700s and 1800s 

and used intensively to transport goods for over 170 years. The use of the canal system for 

commercial traffic discontinued in the 1980s and the canals fell into disrepair. However, 

more recently many of them have been restored and improved to provide parkland, housing 

and other modern developments (source: https://canalrivertrust.org.uk/).  

In total, there  are > 3,500 ha of publicly accessible space including a network of over 400 

km (> 250 miles) of streams brooks and canals. As of 2013 Birmingham was recognised as 

Britain’s first Biophillic city (source: https://www.biophiliccities.org) and in 2017 was 

designated as one of the greenest cities in the country with 24.6% of the urban landscape 

devoted to greenspace (Table 2.1 source: ESRI UK, 2017). 

 

 

 

 

https://www.birmingham.gov.uk/
https://canalrivertrust.org.uk/
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Table 2.1. The UK’s top-10 greenest cities ordered by the percentage of green landcover. Birmingham 
(ranked fourth) is highlighted in bold. (Source: ESRI UK 2017).  

 

 

 

 

 

 

 

 

The University of Birmingham has been actively conducting urban ecology research in the 

wider Birmingham metropolitan area for over a decade, covering a wide variety of research 

areas including: urban land classification (Owen et al. 2006); biodiversity in urban habitat 

patches (including plants, carabid beetles, butterflies and mammals) (Angold et al. 2006); 

the impacts of urbanisation on the presence and activity of bats (Hale et al. 2012, 2015); 

bird species’ abundance and diversity (Rosenfeld 2012), and the breeding ecology of Blue 

Tits (Cyanistes caeruleus) (Reynolds et al. 2016). These credentials, particularly the rapid and 

extensive ongoing development of the city, the balance of numerous green initiatives and 

its comparability in size to other European cities continue to make Birmingham an excellent 

and relevant site for urban ecology work.  

2.2.2. Intra-city site selection  
 

The Birmingham Blue Tit urban ecology project was initiated in the spring of 2013, with the 

initial project set-up, site selection and first three years of breeding data collection 

undertaken by former student Dan Hunt in conjunction with Professor Jon Sadler and Dr Jim 

Ranking  City  Percentage greenspace (%) 

1 Edinburgh  49.2 

2 Glasgow 32.0 

3 Bristol  29.0 

4 Birmingham 24.6 

5 Greater London  23.0 

6 Sheffield  22.1 

7 Leeds  21.7 

8 Manchester 20.4 

9 Bradford  18.4 

10 Liverpool  16.4% 
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Reynolds. I joined the project in the autumn of 2015 and managed/conducted the collection 

of breeding data during the subsequent three breeding seasons (2016 – 2018). I was also 

responsible for the planning and collection of site level temperature data (2017-2018) and 

the weather data obtained from external sources for all years. All of the statistical analyses 

and the associated results described within each chapter were developed and conducted by 

myself using all six years of data. This is the first time the data from this project has been 

analysed.    

The study design and methods employed during this project were developed from previous 

urban ecology research by Owen et al. (2006), Hale et al. (2012) and Rosenfeld (2012), who 

quantified landscape quality, composition and structure across the city using an urban 

gradient approach. Similarly to the previous studies undertaken, the current study considers 

solely on the urban gradient from the perspective of the degree of grey (built) and green 

landcover, whilst also considering additional covariates, specifically landscape connectivity 

and area of greenspace, to create a matrix for sample site selection.  

The site selection process involved two linked steps, using 1-km squares within the city 

boundary. First, digital data were used to create a synoptic urban gradient classification 

within the city. This dataset was then used to identify potential greenspace sites for 

demographic survey work. Secondly, remote sensing data derived from aerial 

photogrammetry were used to quantify variability in greenspace connectivity across the 

same gradient. Each step is described below. 

2.2.2.1. Land-use and land-cover data extraction  
 

OS Mastermap polygon data were converted to a 2-m resolution raster (Hale et al. 2012) 

and displayed in a GIS (ArcGIS 9.2, ESRI Redlands, USA) for this purpose. Values were 
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assigned to differentiate between different types of land-use and aggregated into one of 

several different urban land-cover classes (e.g. ‘urban’, ‘motorway’) by Owen et al. (2006).  

From these, a set of two land-use and land-cover variables (LULC)  – (i) built land-cover 

parcels (sealed surface) and (ii) greenspace (vegetated land-cover parcels) – were selected 

that provided a broad metric of urbanisation and that are known to be linked with the 

habitat and food resource requirements of Blue Tits during egg laying and incubation (e.g. 

Perrins 1979; Wilkin et al. 2007a; Plummer et al. 2013a; Amininasab et al. 2016a; Bailly et al. 

2016; Vaugoyeau et al. 2016; Shutt et al. 2018; Reynolds et al. 2019) and brood rearing (e.g. 

Cowie and Hinsley 1988; Perrins 1991; Hinsley et al. 1999, 2002, 2008; Tremblay et al. 2003, 

2005; Marciniak et al. 2007; Wilkin et al. 2009a; Sprau et al. 2017; Sepp et al. 2018; 

Dekeukeleire et al. 2019b): the two critical breeding periods investigated throughout my 

research.  

To create the variable “built” all impervious surfaces including roads, houses, pavements 

and carparks were aggregated together as a single binary layer using the OS data, following 

Hale et al. (2012). Figure 2.2 provides an example of the output from this mapping process.  
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Figure 2.2. An example of the mapping data derived from the first phase of the land-use and land-

cover variable identification and extraction process from OS Mastermap (OSM) (Ordnance Survey 

Mastermap, 2008) Here, parks and open space, residential areas and waterways including rivers and 

canals are displayed.  

 

2.2.2.2. Landscape connectivity  
 

Incorporating urban metrics such as measures of habitat connectivity are essential to 

capture mechanistic links and functional relationships operating between the presence and 

movement of volant species such as birds (Fernández-Juricic 2000a; Shanahan et al. 2011) 

and bats (Hale et al. 2012) within the urban environment. These are often missed or lost 

when using more traditional singular methods (e.g. proportion or density of green or grey 

space), as highlighted in Moll et al. (2019). As such, a separate remotely sensed vegetation 

layer and connectivity mask were created to provide an estimation of vegetation cover and, 
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in particular, tree canopy connectivity. A separate raster layer for vegetation coverage 

(trees) at a 2-m pixel resolution was extracted using a combination of near Infra-Red and 

photographic data collected in 2007 by Bluesky International Ltd, Leicestershire, UK. Using a 

Lidar height layer, this tree layer was clipped to only include vegetation of ≥ 3 m in height 

and converted to a polygon class feature. This lower limit was specified to prevent errors in 

the dataset attributable, for example, to the misidentification of vegetation on roofs of 

buildings for trees by the classification algorithm (e.g. as explained by Hale et al. 2012). The 

vegetation layer was buffered (i.e. digitally expanded from the edge of the object) by a 

distance of 15 m, to create a connectivity mask (Fig. 2.3).  

Figure 2.3. An example of the original vegetation layer and connectivity mask. The connectivity mask 
(light green) was created by expanding the vegetation layer (dark green) 15m in all directions, creating 
a buffer which incorporated all gaps ≤30m. (Source: Rosenfeld 2012). 
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Small insectivorous passerines such as tits will use multiple patches within their home 

ranges for foraging, especially in highly fragmented and heterogenous, food-poor habitats 

such as urban areas (Hinsley 2000; Creegan and Osborne 2005; Hinsley et al. 2008; Snell et 

al. 2020). However, gap crossing (i.e. movement of individuals between patches), incurs 

costs in terms of fitness, energy and time, as well as in productivity and survival due to the 

increased risk, for example, of predation (Matthysen and Currie 1996; Desrochers and 

Hannon 1997; Hinsley 2000; Stauss et al. 2005). Therefore, on the balance of the evidence a 

distance of 30 m was considered a conservative threshold for natural gap-crossing 

behaviour in passerines such as Blue Tits, whilst providing a robust estimate of the limit of 

functional connectivity in the urban environment (Bélisle and Desrochers 2002; Bélisle 2005; 

Desrochers et al. 2002; Creegan and Osborne 2005; Rosenfeld 2012). Therefore, the 

resulting layer, consisting of a contiguous network of trees (within which the maximum 

distance for gaps separating trees at any point was set at 30 m) was used to quantify the 

structural connectivity across sites and the surrounding landscape, thus providing a proxy 

for functional connectivity. This approach, which relied upon the assumption of limited gap 

crossing behaviour in passerines, provided a more accurate quantification of the habitat and 

landcover available to breeding Blue Tits (Marrot et al. 2017).  

As Figure 2.4 demonstrates, at this scale, the tree network in the wider urban area is well 

connected, with the only significant breaks in cover evident for the dense urban core and 

Birmingham City airport located to the east of the city. The drop-off in connected tree cover 

towards the north-east authority boundary indicates the transition to agricultural land.  
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Figure 2.4. Map of landscape connectivity for the Birmingham study area. The tree network is shown 

in green and the local authority boundary in black. The original vegetation layer was expanded by 15m 

in either direction to create the connectivity mask. (Source: Rosenfeld 2012). 

 

2.2.2.3. Study site selection 
 

In 2013 the matrix derived from the four land-use and land-cover variables was used in the 

identification of potential greenspace (sites) for use in this study. This desk-based approach 

was combined with field visits to ensure that sites were selected that captured the 

variability in the size and types of greenspace that are commonly found in urbanised regions 
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(including cemeteries, parks, recreation grounds, canal paths, remnant woodlands and grass 

verges). In total, 31 candidate sampling sites were ultimately selected (Fig. 2.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Map of the 31 selected study sites and their location within the Birmingham metropolitan 

area. 

 

Sites were stratified across a 1-km2 urban gradient (based on the degree of increasing built 

land-cover and connected landcover derived from the LULC data extraction above). Sites 

were then further categorised into three (low, medium, high) and five (1 = suburban to 5 = 

densely urbanised) classes of urban form to ensure a balanced design.   
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2.2.3. Landscape environmental covariates  
 

Following the selection of sites, in the next step a multi-scale approach was used to extract 

landscape variable summary data for individual sites and their surrounding landscape, 

enabling a hierarchical measurement of change across the city. This was achieved using GIS 

to construct multiple concentric buffers at different radii from the centre of each site at 

distances of 100, 250, 500 and 1,000 m (Fig. 2.6). These are scales linked to aspects of the 

breeding biology, behaviour and life history of the focal species. The Thematic Raster 

Summary tool in Hawth’s Tools (Beyer 2004) was used to extract the complete summary 

data of the underlying landscape for each site and its associated buffer zones. Landcover 

variables were quantified for both the area of the full circle generated from each of the radii 

and for each concentric ring (i.e. the area of the differenced circles), an example of which is 

shown in Figures 2.6a- 2.7b.  

Two main landscape categories (‘built landcover’ and ‘greenspace’) were created, together 

with a subcategory for ‘gardens’.  All ’grey space’ (including buildings, pavements, roads and 

railways etc.) were aggregated to create the category built landscape, providing a primary 

measurement of urbanisation. The greenspace category captured all greenspace patches 

(including urban parkland, remnant woodland, nature reserves, riparian corridors, grass 

verges, street trees, golf courses, allotments and gardens etc.). This measure was used to 

estimate the total potential habitat available to breeding pairs of birds. Thus, greenspace 

can be considered as contiguous areas of habitat which are fragmented by grey space.  
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Figures 2.6. An example of a city of Birmingham survey site (i.e. Cannon Hill) with extraction method. 
Concentric buffers were constructed at radial distances of 100, 250, 500 and 1000 m from the centre 
of the survey site (shown as red circles). These have been superimposed on the (a) built landscape 
and (b) connectivity mask. The extent of landcover was quantified for the two landcover types within 
each concentric ring and for each total circle area (in m2 and as a percentage value of the total area 
available). Buffers also used for scale.  

 

a 

b 
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Figures 2.7. Expanded view of the mapping of the Birmingham city centre (moderately and highly 
urbanised) sites to demonstrate the capture of LULC data, using the example of a 250-m buffer (red 
outline). All (a) grey (built) and (b) greenspace LULC within the 250 m concentric buffer zone is 
highlighted.     
 

 

 

a 

b 
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A separate subcategory was created to determine if it was possible to differentiate between 

the potential impacts of garden landcover on variation in the different breeding responses 

used to measure reproductive performance of Blue Tits using this data extraction technique. 

This was undertaken on the basis that gardens comprise approximately a quarter of all 

urban landcover in UK cities and, as such, are a potentially significant component of the 

breeding habitat, providing corridors for movement between habitat patches and  

important resources of food (Loram et al. 2007; Plummer et al. 2019). Studies have 

established that the structure and composition of vegetation in suburban gardens 

significantly influences habitat quality and connectivity, with knock-on effects to the 

abundance and availability of natural prey including caterpillars (Lepidoptera spp.) (Cowie 

and Hinsley 1987; Narango et al. 2017, 2018). Concomitantly, the provisioning of 

supplemental food (e.g. at garden bird feeders) has also been shown to impact the breeding 

phenology and behaviour as well as reproductive success and survival of Blue Tits, with both 

positive and negative downstream effects (e.g. see Jones and Reynolds 2008; Robb et al. 

2008b; Galbraith et al. 2015; Reynolds et al. 2017; Plummer et al. 2013b, 2019).  

This first method of data extraction is ‘unrestricted’ in that it assumes that all habitat 

patches within the landscape are potentially available to and/or beneficial to Blue Tits 

(Rosenfeld 2012). However, the permeability of habitat and the movement of birds across 

greenspace is complex: for example the movement of individuals across areas of non-

habitat (i.e. open or built landcover) might be limited due to the potential complex 

interactions operating between the characteristics of the landscape and biology of the 

species (for example see Greenberg 1989; Uezu et al. 2005; Cox et al. 2016). During the 

breeding season birds limit their movements: for example when provisioning nestlings 
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foraging distances are a trade-off between the spatial distribution and quality of food 

patches and the energetic costs to breeding adults (Naef-Daenzer 2000; Stauss et al. 2005; 

Wilkin et al. 2009a). Therefore, individual birds will optimise the habitat available to them 

(MacArthur and Pianka 1966). The tree layer and connectivity mask data for each buffer 

zone (as described in Section 2.2.2.2) were therefore similarly extracted for each 

bufferzone, providing a second more refined quantification of greenspace and (tree) 

connectivity within the wider urban matrix surrounding breeding sites.  

The degree of built landcover, greenspace, garden landcover and tree connectivity in the 

matrix surrounding sites was quantified using the 500 m concentric buffer for analytical 

purposes. This scale provided the best balance in capturing the extent, complexity and 

variation in urban density within the city, whilst also considering the  potential maximum 

breeding home range and foraging territory of urban Blue Tits. Recent studies have 

highlighted that tits breeding in highly fragmented or sub-optimal habitats are less likely to 

remain bound to core foraging territories due to unsuitable conditions (Redhead et al. 2013; 

Dekeukeleire et al. 2019b). For example, tits have been shown to move 500 m from roost 

sites in suburban habitats to visit garden feeders during winter (Satgé et al. 2019). Breeding 

females have also been shown to expand foraging distances from 50 to 500 m to find richer 

food patches both during egg formation/laying (Wilkin et al. 2009a,b; Amininasab et al. 

2016) and brood rearing (Tremblay et al. 2005; Stauss et al. 2005; Jarrett et al. 2020). 

Furthermore, 500 m was determined to capture the maximum breeding home ranges for 

passerine species in previous research investigating the effects of connectivity and 

urbanisation on bird abundance in Birmingham (Rosenfeld, 2012). Finally, it was anticipated 

that the quantification and analysis of urbanisation effects on bird breeding at this scale 

would facilitate future comparisons with other passerine species including Great Tit (Parus 
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major) with similar life histories and other urban study systems (McDonnell and Hahs 2008; 

Seress et al. 2014; Moll et al. 2019).  

The percentage landcover for each variable was calculated (relative to the total area of the 

500 m buffer zone), creating a suite of landscape-scale metrics which were used to quantify 

the urban matrix surrounding each study site (Table 2.2). Sites were subsequently classified 

into one of five urbanisation classes on the basis of a priori determined percentage cut-off 

values of built landcover (Fig. 2.8 and Table 2.2). 
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Table 2.2. Core landscape-scale variables derived from original OS digital and remotely-sensed vegetation data that were considered for inclusion in 
statistical models to analyse how reproductive performance in a population of nestbox breeding Blue Tits varies across an urban gradient in Birmingham, 
UK over six years (2013-2018). Summary landscape variable data are provided for each of the 31 study sites initially included in the project. Values for each 
variable were calculated as the percentage  of the total landcover within a 500m concentric buffer from the centre of each site. Sites were classified into 
one of five urban land class categories based on the percentage of built landcover. To aid visualisation ULC designations are colour coded to correspond 
with Fig. 2.8 below. ULC1 (green) = least urbanised (suburban sites); ULC2 (yellow) = dense-suburban; ULC3 (orange) = moderately urbanised sites; ULC4 
(purple) = highly urbanised; ULC5 (red) = most densely urbanised sites.  

Site Site ID Greenspace Type ULC 
Built 

Landcover (%) 
(%BLC) 

Garden 
Landcover (%) 

(%GLC) 

Green 
Area 
(%) 

Connected 
Landcover (%) 

Hilltop and Manwood Public 
Open Space 

HILL Public open space/woodland 1 6.02 7.08 93.81 58.73 

Sutton Park Nature Reserve SUTTON Nature Reserve 1 6.94 4.89 82.12 76.39 

RSPB: Sandwell Valley 
Nature Reserve 

SAN Nature Reserve 1 6.96 8.02 80.29 75.99 

Woodgate Valley Country 
Park 

WGVP Parkland/Woodland 1 15.59 14.95 84.14 72.65 

Perry Hall Playing Fields PERRY Public Open Space 1 16.87 20.13 80.65 62.17 

Holders Woods HOLD Woodland 1 18.95 25.44 80.08 80.21 

RSPB: Cannon Hill Park CANNON Woodland 1 21.03 30.05 76.27 88.75 

Woodgate Valley Country 
Park: The Pines 

PINES Public open space 2 24.08 23.05 75.86 59.64 

Batchelors Farm Park BAT Parkland 2 26.91 33.72 72.10 74.09 

Oakwood Road Coppice OAKW Woodland 2 31.81 60.17 68.12 88.35 

Popes Lane POC POPES Public Open Space 2 34.66 29.77 64.76 79.74 

Rookery Park ROOK Rec. Ground/Park 2 34.85 39.46 65.19 73.09 

Selly Park Rec. Ground SELLY Recreation Ground 2 37.21 35.6 61.88 58.15 

Handsworth Park HAN Rec. Ground/Park/Lake 3 37.32 24.33 60.04 73.18 

Sheldon Country Park SHE Parkland 3 37.73 39.71 61.89 79.83 

The Radleys RAD Residential/Public open space/river 3 42.35 29.39 57.29 59.05 

Callow Brook CALL River/Woodland 3 44.66 17.98 53.16 72.45 

Castle Vale Estate (Manby 
Road) 

MAN Residential/Verge/Public open space 3 46.91 23.4 45.61 43.69 

Burbury Brickworks BUR Nature Reserve 3 54.36 21.02 44.74 21.59 

Gib Heath Park SOHO Public open space/Heathland 4 55.69 21.79 43.89 50.01 
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(aka Soho Pool Wharf) 

Chamberlain Gardens CHAM 
Recreation Ground/Ornamental Public 
Gdns 

4 57.25 24.48 42.62 67.39 

Phillips Street Park PHIL Recreation Ground 4 59.43 20.4 40.48 49.32 

Moilliett Street Park MOI Recreation Ground 4 61.72 20.91 36.60 19.87 

Cowley Road COW Recreation Ground 4 62.9 10.16 35.68 24.91 

Barrack Street Recreation 
Ground 

BAR Recreation Ground 4 64.78 7.78 34.29 55.91 

Garrison Lane Park GAR Recreation Ground 5 67.9 9.02 30.36 5.14 

Warstone Lane Cemetery WARS Cemetery 5 72.29 6.83 27.22 23.82 

Highgate Park HIGH 
Park/Recreation Ground/Ornamental 
Public Gardens 

5 73.6 7.14 26.04 29.80 

City Centre Gardens CITY 
Ornamental Public Garden/Private 
Gardens/Canal 

5 82.36 1.94 14.69 8.07 

Grand Union Canal GUC Canal/Tow Path 5 83.23 1.3 14.61 13.01 

Park Street Gardens PARK Park 5 86.16 0.66 12.88 2.07 
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Figure 2.8. Map of the location of the original 31 study sites within the wider Birmingham metropolitan area. Sites were classified into one of five urban land 
class categories based on the percentage of built landcover within a 500m radius of the centre of each site. ULC designations are colour coded to correspond 
with Table 2.2 above. ULC1 (green) = least urbanised (suburban sites); ULC2 (yellow) = dense-suburban; ULC3 (orange) = moderately urbanised sites; ULC4 
(purple) = highly urbanised; ULC5 (red) = most densely urbanised sites.  
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2.3. HABITAT DATA COLLECTION  

2.3.1. Vegetation structure and composition  

Average habitat quality was estimated for each site by quantifying the structure and 

composition of breeding territories for a sample of nestboxes. Surveys were conducted to 

record the fine-scale habitat and vegetation characteristics of 30 sites during the summer of 

2013, and for one site (i.e. Holders Wood) during February 2016. Four nestboxes were 

selected for surveying at each site, ensuring that the edge and interior of habitat patches in 

which nestboxes were located, were represented, thus enabling the effects of intra-site 

habitat variability on various breeding success traits to be captured. 

 The habitat within a 10-m radius of each nestbox was sampled, with the percentage area of 

different vegetation cover (including trees, herbaceous plants, shrubs and grasses and bare 

ground) estimated (see Appendix 1a for raw data). This radius was chosen following a 

thorough evaluation of the literature to determine both the estimated average breeding 

territory size of  Blue Tits, distances covered during foraging trips during the breeding period 

in different habitats and circumference areas of habitat surveys used in other similar 

studies. 

Estimating the area over which the structure and quality of vegetation within heterogenous 

landscape such as urban areas may be relevant to the movement of Blue Tits, however is 

not straightforward. The distances individual birds travel is dependent on a number of 

related factors including the availability and spatial distribution of food (Naef-Daenzer 2000; 

Hinsley et al. 2008; Telve et al. 2020), as well as individual fitness (including cognition, age, 

body condition and phenotype: Gustafsson 1988; Nooker et al. 2005; Stauss et al. 2005; Cole 

et al. 2012) and other temporal environmental factors such as weather conditions (Öberg et 
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al. 2014) Consequently, the estimated average distance travelled by Blue Tits across 

different habitats varies widely across different populations and habitats, as extensively 

discussed in the literature. Concomitantly, the survey area and measurement of habitat 

characteristics are inconsistent across similar Blue and Great Tit nestbox breeding studies. 

Distances specified range from 10 m (Hedblom and Söderström 2012), 15 m (Shutt et al. 

2018), 20 m (Arriero et al. 2006; Amininasab et al. 2016), 25 m (Glądalski et al. 2017) to 50 

m (Bell et al. 2014; Demeyrier et al. 2016). As such, the final decision on the number of 

nestboxes to be sampled and the habitat survey area represented a compromise between 

biological relevance and the practicability of conducting fieldwork given the number and 

distance between individual sites, the quantity of trees to measure, and resource 

constraints.  

Within the 10-m radius of each nestbox, all living trees were catalogued, identified to 

species or genus level and the girth at breast height (gbh) was measured (using the standard 

protocol of 1.5 m from the highest point of the ground at the base of the tree).  In total 45 

tree species were identified to the genus or species level, summing to a total of 1,470 

individual trees identified and measured. Trees were assigned to different focal taxon 

categories. For example, the three species of willow (Salix spp.) that were identified 

(Common Osier S. viminalis, Goat Willow S. caprea and Crack Willow S. fragilis) were 

grouped under genus level Salix. Oaks (Quercus spp.) included both native species such as 

Pedunculate Oak Q. robur and Sessile Oak Q. patraea, with the Northern Red Oak Q. rubra, 

an ornamental and non-native species, classified separately.  

The most dominant species of trees recorded across sites represented over 46% of the total 

number catalogued and included oaks (n = 179, 12.18% of all trees), European Ash Fraxinus 



54 
 

excelsior (n = 167, 11.36%), Hawthorn Crataegus monogyna (n = 117, 7.96%), birches 

(Betula spp.) (n = 113, 7.69%) and Sycamore Maple Acer pseudoplatanus (n = 106, 7.21%).  

 Several different variables were generated from the raw tree data which were used to 

characterise the fine-scale composition and structure of an average breeding territory 

surrounding a nestbox at each site and which were considered as potential proxies for the 

availability of key natural food sources (Isaksson and Andersson 2007; Glądalski et al. 2015; 

Dekeukeleire et al. 2019; Wawrzyniak et al. 2020). For each variable the site level mean and 

standard deviation (SD) were calculated from the four individual nestbox survey values 

unless otherwise specified.   

2.3.1.1. Tree density and identity 
 

The total mean number of native deciduous broadleaved trees (NDB Trees) present at each 

site was calculated as a metric for site quality on the basis that native deciduous woodland 

is widely considered the optimal breeding habitat for secondary hole-nesting passerines 

including Blue Tits (van Balen 1973; Perrins 1991), providing abundant natural food 

(Dekeukeleire et al. 2019b). Oak trees, in particular, support a rich diversity and abundance 

of arthropods, the primary prey provisioned to nestlings (Perrins, 1979, 1991;  Buse et al. 

1999; Marciniak et al. 2007). As they are the preferred species of foraging adults during the 

peak nestling demand during brood-rearing, the density of oak trees is frequently used as a 

reliable indicator of breeding habitat quality (Wilkin et al. 2009a; Bell et al. 2014; 

Amininasab et al. 2016a). Shutt et al. (2018) also established that the availability of Birch 

and Sycamore trees within breeding territories across different types of woodland in 

Scotland were positive predictors of fledging success in Blue Tits. These three focal tree 

species (oak, birch and sycamore) therefore were initially selected for inclusion as variables 



55 
 

in analyses on the basis that they are considered the most valuable tree species for breeding 

Blue Tits for food and in site surveys were found to be the most abundant tree species 

across Birmingham study sites. That said, due to the overall low number of trees throughout 

the study area, the total mean density (number) of all three species in the territory 

surrounding nestboxes was calculated for each site (Mean BOS Trees). However, this term 

was subsequently removed from the majority of analyses due to significant issues with 

model convergence and validation resulting from the consistent presence of preferred trees 

but low combined counts across sites (Table 2.3).
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Table 2.3. The key habitat variables selected as indicators of breeding habitat quality and proxies 
for food availability for Blue Tits breeding in nestboxes located across 31 study sites stratified across 
an urban gradient in Birmingham, UK. Variables derived from site surveys and GIS. Longitude and 
latitude were specified as the centre point for each site. Altitude was calculated as the average 
value for each site from 10 nestbox measurements. (na measurements for three sites that were 
excluded later in the analyses).  
 

Site ID ULC Mean 
Site 

Altitude 

Lat 
(Centre 
Point) 

Long 
(Centre 
Point) 

Total 
Site 
Area 
(m2) 

Mean 
Edge 

Distance 
(m) 

Mean 
NDB 

Mean 
InvSI 

Mean 
BOS 

Trees 

HILL 1 

145 52.51953 

-

1.94539 51948 24.96 7 4.74 4.25 

SAN 1 

113 52.53325 

-

1.95091 240904 35.84 8.5 6.95 2 

WGVP 1 

192 52.4492 

-

1.99603 460817 40.31 14.25 5.98 1.25 

HOLD 1 

143 52.44223 

-

1.90846 92674 55.39 28 4.95 16 

CANNON 1 

135 52.44847 

-

1.90362 25398 58.68 11.75 2.76 10 

PINES 2 

164 52.43708 

-

2.01547 99989 23.65 13.75 4.47 3.25 

BAT 2 

103 52.48169 

-

1.81883 192581 26.19 18.5 5.13 2.75 

OAKW 2 

149 52.54684 

-

1.84693 14451 54.26 7 4.18 6 

ROOK 2 

126 52.5176 

-

1.83613 64268 32.5 11.5 4.79 5 

SELLY 2 

146 52.43965 

-

1.92416 81017 23.88 1.25 1.61 6 

HAN 3 

123 52.51007 

-

1.92461 346267 40.51 4.25 5.38 1 

SHE 3 

103 52.45588 

-

1.78945 126081 30.7 7 4.59 6.5 

RAD 3 

95 52.46781 

-

1.77279 99424 37.96 12.5 2.29 1.25 
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CALL 3 

187 52.39819 

-

2.00349 23628 42.9 19 2.66 2.5 

MAN 3 

91 52.52361 

-

1.79226 33891 22.88 13 4.7 4 

BUR 3 

116 52.45015 

-

1.85529 64306 39.01 9 4.58 8.25 

SOHO 4 

122 52.49589 

-

1.92188 49939 21.28 11.5 8.05 3 

CHAM 4 

163 52.4788 

-

1.92734 51009 24.57 2.75 7.33 0.5 

PHIL 4 

108 52.49778 

-

1.89331 17430 26.59 3.25 5.67 1.25 

MOI 4 

148 52.48876 

-

1.94577 34587 20.53 12.25 5.12 6.25 

COW 4 

115 52.45506 

-

1.85133 18165 24.86 13.5 8.32 3 

BAR 4 

121 52.48645 

-

1.87878 39208 29.18 12.75 7.02 0.75 

GAR 5 

115 52.45506 

-

1.85133 21394 17.88 0 2.68 0 

WARS 5 

138 52.48954 

-

1.91484 65097 27.969 1.25 3.6 0 

HIGH 5 

125 52.46934 

-

1.88315 33044 25.34 2 9.76 0.25 

CITY 5 

145 52.48044 

-

1.90979 15650 20.47 3 11.52 0.5 

GUC 5 

105 52.47995 

-

1.88282 14935 20.94 6 5.57 3 

PARK  5 

120 52.48032 

-

1.88972 6563 18.06 1.5 4.84 0.75 

PERRY 1 

100 52.52482 

-

1.91653 185109 34.57 na na na 

SUTTON 1 

128 52.55794 

-

1.84163 
37381 

84.46 na na na 

POPES 2 

147 52.41068 

-

1.95169 66975 41.58 na na na 
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2.3.1.2. Tree diversity 
 

Tree diversity was quantified at the site level (pooling all tree records from across the four 

site surveys) using both Simpson’s Diversity Index (SI) and the Inverse Simpson’s Index (InvSI) 

calculated in the R package ‘vegan’ (Oksanen et al. 2020).  

Simpson’s Diversity Index was calculated for each site based on the Equation 2.1.   

𝐷 = 1 −  
Σ n(n−N)

𝑁(𝑁−1)
    (Eqn 2.1) 

where n is the number of individual trees of one species and N the total number of all 

individual trees. The value of SI ranges between 0 and 1, with the greater the value, the 

greater the sample diversity.   

The Inverse Simpson’s Index for each site was calculated as the reciprocal of 𝐷 from 

Equation 1. The lowest possible value for this index is 1 (representing a habitat with one 

species). The maximum value which could be obtained is dependent on the number of 

species or genera present which varied between sites. Thus, the higher the value, the 

greater the diversity. Across all site surveys the highest mean Inverse Simpson’s Index value 

recorded was 11.52 and the lowest 1.61 (Table 2.3). 

The Diversity Indices were calculated using two approaches: the first utilised the complete 

tree dataset while the second excluded evergreen and coniferous species. The rationale for 

including the second calculation was two-fold. Firstly, coniferous species confer few benefits 

to Blue and Great Tits during the breeding season (Gibb 1954; Perrins et al. 1965; Van Balen 

1973; Van Balen and Potting 1990) and constituted only a very small percentage (8% or 122 

trees) of total species diversity and abundance across sites in Birmingham. Therefore, this 

approach allowed me to assess how much difference removing these species made to 

diversity scores. Secondly, and perhaps more importantly, whether higher species diversity 
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is beneficial to breeding, particularly in urban environments, remains largely equivocal. For 

example, studies have highlighted that greater broadleaved tree diversity may be associated 

with temporal variation in the availability of prey during the breeding season, with both 

positive (Tremblay et al. 2003; Shutt et al. 2018; Dekeukeleire et al. 2019b) and negative 

(Hinsley et al. 2008; Batáry et al. 2014; Seress et al. 2018) knock-on effects on breeding 

performance. Therefore, a specific aim of my study was to explore if increasing broadleaved 

tree diversity within urban greenspace was associated with higher or lower breeding success 

of Blue Tits. Including coniferous species would inflate diversity scores, potentially obscuring 

any relationship between the diversity of these supposedly more beneficial species of trees 

in the urban environment and the breeding performance of birds contained therein. For the 

majority of sites, the two scores were found to be identical (i.e. no coniferous or evergreen 

trees present), whilst for the few sites where coniferous species were present the scores 

were only marginally different. For the purposes of analyses therefore InvSI for

broadleaved species was used (Table 2.3). 

2.3.2. Site area  
 

The size and structure of parks are important characteristics that have been shown to 

influence urban bird assemblages (Jukka and Jokimäki 1988), species richness (Jokimäki and 

Suhonen 1993), diversity (Zhou and Chu 2012) and density (Jokimäki 1999). However, in 

comparison, the potential for similar such effects on breeding behaviour and success, has 

been much less studied. In my study, the perimeter and total area for each study site was 

estimated in Google Earth, to determine how the size of greenspace available to nestbox 

breeding Blue Tits varies across the urban gradient (Fig. 2.9 and Table 2.3).   
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Figure 2.9. An example of a city of Birmingham survey site (i.e. Gibs Heath) with the estimated 
perimeter of the park (dark purple line) and site area (light purple shading).  

 

2.3.3. Edge effects  
 

The distance of each nestbox to the nearest connected edge (within tree cover) was 

estimated from the connectivity mask (section 2.2.2.2.) to capture variation in edge effects 

both within- and between sites. The mean distance to the nearest connected edge was 

calculated for each site for inclusion as a covariate in models (Table 2.3).

2.3.4. Temporal change at the landscape and habitat scale 
 

Landscape-scale mapping and site surveys were conducted only once during the six-year 

duration of my study. Our own observations during regular site visits assured us that with 

the exception of the loss of one site in 2018 (i.e. Park Street Gardens), very little substantial 

change to the land use or landcover surrounding sites or to the structure and composition of 

vegetation within sites had occurred or had affected sites directly.  Although significant 
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building work had been conducted in Birmingham during this period, the underlying 

landscape had not been altered or impacted extensively, as verified by the Corine Land 

Cover LCLU change map for 2012-2018 (Fig. 2.10).   

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: Changes in land-use and land-cover (LULC) in the wider metropolitan area of Birmingham 

during the period 2012-2018, derived from the datasets produced within the Corine Land Cover 

Programme (European Environment Agency). Data cover the project area and encapsulate the period 

during which reproductive performance in a population of Blue Tits breeding in nestboxes across 31 

sites in the city of Birmingham was monitored (2013-2018). None of the study sites lie directly within 

highlighted areas of change.  

 

Construction work to tower blocks and landscaping at Highgate Park in 2016, Chamberlain 

Gardens in 2016 and 2017, and tree felling within RSPB Sandwell Valley and Warstone 

Cemetery in 2018 required that six nestboxes be either moved to the nearest available tree 

from their original location or considered as unavailable for subsequent analyses. Moilliett 

Street Park was removed from inclusion in the study in 2017 due to safety concerns and 
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continued vandalism of nestboxes. In 2018 Park Street Gardens was no longer accessible 

due to works associated with the HS2 development.  

2.3.5. Final selection of habitat and landscape scale predictor variables 
 

In total, over 50 different predictor variables were generated from the data extracted from 

LULC mapping from OS digital and remotely sensed data, and collected from on-the-ground 

habitat surveys. A subset of variables were consequently selected (Table 2.4) that it was felt 

could reliably be used to characterize the degree of urbanisation of each site and that 

related to the various measures of breeding timing and success considered in analyses.  

Table 2.4. The final subset of habitat and landscape-scale covariates selected for inclusion in analyses 

to investigate reproductive performance in a population of Blue Tits breeding in 31 sites stratified 

across an urban gradient in Birmingham, UK over six consecutive years (2013-2018).   

Variable Method of 
collection 

Tree 
survey 

Habitat 
survey 

 

Landscape 500 
m 

Built landcover OSM LULC /GIS    

Greenspace OSM LULC/GIS   

Garden coverage OSM LULC/GIS   

Tree network Remote Sensing/GIS   

Connectivity mask OSM LULC/GIS   

Patch density Fragstats/GIS   

% Trees  Site Survey   

% shrubs Site Survey   

% herbaceous plants Site Survey   

% grasses Site Survey   

% bare ground Site Survey   

Park Perimeter/Area Google Earth   

Box – connected edge RemoteSensing/GIS   

Tree species count Site Survey   

Tree DBH/4 categories Site Survey   
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Selection was largely informed by the previous urban ecological work conducted in 

Birmingham by Hale et al. (2012) and Rosenfeld (2012) and a comprehensive review of the 

current literature to determine the best approaches to analyse associations of the urban 

environment with breeding in passerine species. 

2.4. SITE BASED FIELDWORK  
 

2.4.1. Nestbox monitoring and data collection  
 

The study was established by former doctoral student Dan Hunt, between January and 

March 2013 with the provision of 10 identical Gardman© plywood nestboxes (22.5 [height] 

× 13.0 [width] × 12.0 [depth] cm) at each of the 31 study sites (N = 310 nestboxes). 

Nestboxes were positioned at least 40-50 m apart to reduce overlap and/or competition for 

territory space by Blue Tits and were located to ensure an even distribution across the 

interior and edges of the associated habitat enabling intra-site variation in breeding to be 

assessed (e.g. Fig. 2.9, Section 2.3.1).  Nestbox entrance holes were 28 mm in diameter and 

each nestbox was fitted with a 28 mm (hole diameter) metal plate (CJ Wildlife, Shrewsbury, 

UK) as a reinforcement against predators and to encourage preferential use by Blue Tits (Fig. 

2.11).  All nestboxes were fixed at a height of between 2.0-3.0 m above the ground to 

Count & % mean NDB Trees Site Survey   

Count & % Non-Native 
Broadleaved Trees 

Site Survey   

Count & % Coniferous Trees  Site Survey   

Most Common Tree Species Site Survey   

Mean Simpson Diversity Index Site Survey   

Mean Inverse Simpson Diversity Site Survey   
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reduce interference from the public and oriented as far as possible with entrance holes 

facing in a north-east direction (away from direct sunlight and prevailing south-west winds).  

 

 

 

 

 

 

 

 

 

Figure 2.11. An example of the Gardman© nestboxes and their positioning, as used in the Blue Tit 

urban gradient study in Birmingham. UK. The nestbox in Holders Lane Woods is reinforced with a 

metal plate and attached to the tree using heavy-duty garden twine and staples. Nestboxes were 

regularly replaced to accommodate tree growth and prevent damage to tree trunks. (Photo: A. 

Mason).  

 

Breeding data were collected over six consecutive years (2013-2018). Nestboxes were 

continuously monitored every week from early-March, which previous research in this 

region has established is the earliest point when females begin nesting (e.g. Smith et al. 

2013). Nestboxes occupied by other species including Great Tits and Coal Tits (Periparus 

ater), missing, damaged or inaccessible (e.g. due to building works) were classed as 

unavailable to prospecting pairs of Blue Tits (representing <10% of overall nestbox 

availability over the six breeding seasons). At the end of each breeding season (August- 

September) all nesting material was removed from nestboxes to reduce parasitic loads and 
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to ensure that they were ready for breeding the following year (Solonen 2001; Hedblom and 

Söderström 2012).  

Nestboxes were considered active once the first nesting material was seen (Smith et al. 

2013). During weekly nestbox checks (Fig 2.12) comprehensive data were collected on basic 

breeding traits including laying and hatching dates, clutch size, maximum brood size at 

hatching, final fledgling numbers, nestling deaths and breeding failures. Regular nestbox 

checks at each site were conducted until all offspring had fledged (by approximately mid-

June).  

 

 

 

 

 

 

 

 

Figure 2.12. The author checking a nestbox at City Centre Gardens in 2018. All nestboxes were 

regularly checked throughout each of the six breeding seasons to collect Blue Tit breeding data. 

(Photo: A. Mason). 

 

Clutch initiation dates (‘April Laying Date’) for each nest were determined from partial 

clutches using the standard method of back counting, which assumes one egg is laid per day 

(Perrins 1979). Incubation was estimated as beginning the day the penultimate egg was laid 

(specified as incubation day 0) (Bailly et al. 2016) and confirmed either by an attending 

female sitting tightly on the nest or the presence of uncovered but warm eggs.  
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To minimise the risk of nest abandonment by females, nests were checked 10-12 days after 

the onset of incubation, which is the earliest anticipated point of hatching (Perrins 1979). 

The date of hatching of the first egg (‘April Hatching Date’) was designated as nestling day 0 

(Hinsley et al. 1999). Logistical and time constraints caused by the large spatial scale (Fig. 2.8 

and Table 2.2) of the project meant it was not possible to visit nestboxes more regularly to 

generate more precise incubation and hatching dates, particularly in years in which hatching 

was highly synchronous across sites (e.g. 2018). Although rare, where nestlings were not 

observed within 48 hours of hatching, a photographic key was used to determine their 

approximate age and hatching date (Appendix 1b). All breeding dates were converted to 

ordinal dates, specified as days counted from April 1st.  

Clutch size was recorded as the maximum number of eggs observed in the nest following 

the onset of incubation. Brood size (the maximum number of hatchlings per breeding 

attempt), was calculated as the total number of eggs laid minus evidence of unhatched 

eggs. Since tits rarely remove addled eggs from nests (Kempenaers et al. 1996, 1998), it is 

unlikely that in instances where nests were visited > 24 hours post-hatching, the maximum 

number of chicks hatched was underestimated. Nests were inspected for evidence of 

unhatched eggs during ringing of nestlings and then again post-fledging (> 20 days after 

hatching) when final nest checks were completed.  

The total number of fledglings, (used as a measure of final brood-rearing productivity) was 

estimated based on the number of nestlings that survived until ringing age minus any chicks 

found dead during post-fledging checks (Tremblay et al. 2003). 
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With the exception of 2013 and 2016, all nestlings from each brood were ringed under 

licence from the British Trust for Ornithology (British Trust for Ornithology) (Fig. 2.13a-c). 

 

 

 

 

 

 

 

 

 

Figures 2.13. (a) The author at Warstone Lane Cemetery in 2018 ringing nestlings and collecting 

morphometric data. Examples of the author (b) using dial callipers to measure the tarsus length of 

the nestling and (c) examining the growth and development of feathers on the wings which aids in 

ageing nestlings. (Photos: A. Mason and the author).  

 

Broods were visited as close to 10-12 days post-hatching as possible to collect nestling 

morphometric data. The age (nestling days post-hatching) and number of chicks alive in the 

nest (brood size at ringing) were recorded. All nestlings in a brood were ringed with 

uniquely numbered metal BTO rings under licence from the British Trust for Ornithology 

a 

b c 
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(ringing permit C/6443) and individual morphometric measurements were taken. Individual 

nestlings were weighed to the nearest ± 0.1 g  using an electronic balance (SA-500, SATRUE, 

Taiwan), and their minimum (right) tarsus length (± 0.1 mm) measurement was taken using 

a dial calliper (KWB, Switzerland), following the protocols of  Svensson (1992) and Redfern 

and Clark (2001). 

Attempts were made to capture breeding adults in all years during the same period, using a 

metal spring-loaded trap placed inside the nestbox, following the protocols of the 

Birmingham Centre for Ornithology research group (e.g. Smith 2010; Webber 2012). All 

adults that were successfully trapped were ringed with a uniquely numbered BTO metal 

ring, sexed and aged using moult limits as first year breeders or older, depending on 

plumage aging characteristics (Svensson 1992). Individuals were weighed to the nearest 0.1 

g using an electronic balance (SA-500, SATRUE, Taiwan); their (left) tarsus length was 

recorded to the nearest 0.1 mm using analogue callipers (KWB, Switzerland) and maximum 

flattened wing chord measured to the nearest 1.0 mm with a stopped metal ruler (Redfern 

and Clark 2001).  

Following ringing final nestbox checks were conducted no earlier than 20 days post-hatching 

to prevent the premature (forced) fledging of nestlings (Perrins 1979). During final checks 

the fate of individual nestlings and overall fledging success for each brood were determined. 

Fledgling numbers for each nestbox were estimated based on the number of chicks 

recorded during the previous (ringing) visit minus any chicks found dead in the nest 

(Tremblay et al. 2003). Where possible ring numbers of deceased chicks were recorded and 

used to establish the survival outcome of all individuals in each nestbox.  
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2.4.2. Site-level temperature data collection  
 

During 2017 and 2018 air temperature at the centre and edge of each site was recorded at 

5- and 10-minute intervals using Tinytag® dataloggers (Gemini Data Loggers, Chichester, UK) 

and Thermochron iButton® loggers (Maxim Integrated Products., Sunnyvale, CA, USA), 

respectively, from mid-March until the end of the breeding season each year of the study. 

The altitude and GPS co-ordinates of each nestbox were recorded using a handheld GPS unit 

(eTrex, Garmin, Southampton, UK) and later cross referenced with the application MilGPS v 

6.8.2 on an iPhone 6s (Apple iOS Inc., USA). The centre-point for longitude and latitude and 

the mean altitude for each site were calculated for each site for use in subsequent analyses 

(Table 2.3).          

2.5. OVERVIEW OF ANALYSES  
 

2.5.1. Comparison of quantitative with categorical urban gradient metrics 
 

In shifting their focus towards high-resolution, quantitative approaches, a number of more 

recent urban avian studies (e.g. Corsini et al. 2017, 2021; Satgé et al. 2019; Plummer et al. 

2020; Strubbe et al. 2020) have highlighted the importance of selecting appropriate spatial 

scales and urbanisation metrics to define and capture the magnitude of urbanisation effects 

on life history and reproductive traits at population and individual levels. In my study a 

slightly different approach was undertaken, in which contrasting models containing either a 

categorical, qualitative (ULC) or linear, quantitative (%BLC) measure of urban landcover 

were evaluated to test how different urbanisation metrics influence the explanatory 

power/predictive capacity of models.   



70 
 

The %BLC was calculated as the percentage area of total built landcover (including buildings, 

infrastructure and other sealed surfaces) within a 500m concentric buffer around each site. 

For the ULC categorical factor, sites were assigned to one of five urban land classes based on 

the percentage of built up area following a similar method to Hale et al. (2012). The five 

urban land classes represented a gradient from the least urbanised (suburban) sites (ULC1) 

to the most densely built-up sites (ULC5).   

2.5.2. Data cleaning and exploration  
 

Data cleaning and exploration prior to analyses were undertaken following the protocols 

described in Zuur et al. (2007, 2010). Cleveland dotplots were used to identify the presence 

of outliers. Correlation matrices (using the panel.cor function in R) and VIFs were used to 

check for multi-collinearity between explanatory variables. Covariates with high levels of 

autocorrelation were removed sequentially on the basis of variance inflation factors (VIFs), 

using the function ‘vif’ from the car R package (v3.1.10; Fox and Weisberg 2019), using a cut-

off value of 3 following Zuur et al. (2010, 2013).  

2.5.3. The hierarchical modelling approach 
 

Breeding responses were analysed using a hierarchical (nested) model structure, integrating 

variables from the habitat immediately surrounding nestboxes (habitat predictor block) and 

the wider urban matrix (landscape predictor block), together with biotic covariates (e.g. 

April laying date or clutch size) that are known to influence outcomes during subsequent 

stages of reproduction of birds (e.g. see also Biard et al. 2017; Shutt et al. 2018; Satgé et al. 

2019). 
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Following Whittingham et al. (2006) and similar to approaches used in more recent studies 

(e.g. Pennington and Blair 2011; Seress et al. 2018; Shutt et al. 2018), full (global) models 

including all a priori selected fixed covariates were constructed for each response variable, 

with no further attempts to simplify these models. However, where the initial inspection of 

pair plots indicated potential non-linear relationships between fixed covariates and 

response variables, second order polynomial terms were included in models and retained if 

found to be significant.  

Model parameterisation was individually revised for each response variable under 

investigation, taking into consideration the type and distribution of the raw data, and to 

deal with constraints related to issues of dispersion and zero-inflation which are commonly 

encountered with ecological data (Brooks et al. 2019).  All statistical analyses were 

performed using linear mixed models (LMMs) in the R package “lme4” (v1.1-25; Bates et al., 

2015) or generalised linear mixed models (GLMMs) in the ‘glmmTMB’ package version 1.0.1 

(Brooks et al. 2017) in the R computing environment (versions 3.4.4 to 3.6.3, R Development 

Core Team 2018-2020). Intercept-only models were fitted with gls and/or glm. Default 

canonical link functions were specified for each error family in the model formulas for 

GLMM models unless otherwise specified. The Template Model Builder was used to fit 

GLMMs using the default maximum likelihood estimation (Brooks et al. 2017). All final 

global LMM models were specified with normal (Gaussian) family errors and fitted by 

restricted maximum likelihood estimation (REML) using the default Satterthwaite’s method 

for comparison with nested models. For the purposes of reporting outputs, final models 

were fitted using maximum likelihood estimation (ML). 
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Full (global) models were fitted for each breeding response variable. Models were built by 

regressing the response variable against all covariates from both environmental (habitat and 

landscape) predictor blocks, together with parameters from the biotic predictor block. 

Alternate versions for each breeding model were built, with the categorical fixed effect 

(ULC) substituted with the linear, continuous variable %BLC. Model structure was otherwise 

kept as identical as possible to ensure meaningful comparisons. 

Global built and ULC models were subsequently tested against a set of four ‘nested’ (biotic, 

habitat, landscape and environmental) models (Fig. 2.14), using summary statistics and 

likelihood ratio tests (ANOVA function) to determine which model(s) provide the best fit.  

This approach can help determine if specific habitat and landscape level effects are better 

detected when considered together in a multi-spatial scale framework using hierarchical 

modelling rather than when analysed independently. It also enables the identification of 

potential additive or synergistic (i.e. interlinked) effects that may be operating among 

variables (Hostetler 2001; Mayor et al. 2009; Goddard et al. 2010; Pennington and Blair 

2011; McGarigal et al. 2016; Seress et al. 2018). The comparison of global models against 

‘no biotic covariate’ models was undertaken to assess if environmental variable impacts 

were potentially mediated or masked by the effects of other biotic traits (Satgé et al. 2019).  

Finally, each model set was further assessed against two null models (i.e. an intercept-only 

model and a model including random effects terms) to determine how much of the 

variability in breeding responses may be explained by the hierarchical structure of the data.   

For all nested and global models an a priori random effects structure was specified (Year 

crossed with the nested term: Site Identity | Nestbox Identity) to control statistically for 

between-year idiosyncratic variation in field season conditions (e.g. weather effects) and the 
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potential spatial non-independence of nestboxes within the same site. Some models failed 

to converge or could not be validated and random effect structures were modified to 

account for this.  
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Figure 2.14. Schematic of the set of four models used in analyses to compare against full ULC and built models for the analysis of variation in reproductive 

performance of a population of Blue Tits breeding across 31 sites stratified along an urban gradient in Birmingham, UK over six years (2013-2018).  Habitat 

and Landscape models were also run with the biotic variables removed. Model structures I-III also included random effects structures. Terms used in the a 

priori RANEF structure were only deleted when issues with model convergence were encountered. The inclusion/exclusion of fixed and random covariates 

and factors followed the full model. Intercept-only models were fitted with gls and/or glm.  
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2.5.4. Model validation  
 

The DHARMa: residual diagnostics for hierarchical (multilevel/mixed regression models) 

package for R (v0.3.3.0; Hartig and Lohse 2020, Hartig 2022) was used to check the validity 

of statistical assumptions for each model. Scaled residuals were visually inspected using the 

package’s plot functions including Quantile-Quantile plots to detect deviations from the 

expected distribution for each model and plots of residuals against predicted values. Scaled 

residuals were plotted against each of the fixed predictors and random effects in the model 

(and dropped predictors) to detect possible model misspecifications. A suite of ‘goodness of 

fit tests’ was used to check for outliers, over/under dispersion and zero inflation. Finally, 

residuals were assessed for potential spatial dependency against data for individual years 

and all years combined using bubble plots (e.g. Fig. 2.15) from the ggplot2 package (v3.1.0 - 

3.3.2; Wickham 2011, 2016), and Moran’s I analysis using the spdep package (v0.7-9 - 1.1-3; 

Bivand and Wong 2018).  

 

 



76 
 

 

Figure 2.15. Example of the bubbleplots generated of residuals for each individual year and across 

all six years of a candidate best-fit GLMM model for Blue Tit breeding success demonstrating low 

levels of spatial autocorrelation.  
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Chapter Three 
 

 

 

The influence of increasing urbanisation on Blue Tit 

(Cyanistes caeruleus) breeding success across a short high 

resolution urban gradient in the city of Birmingham, UK. 
 

 

3.1. INTRODUCTION  

Urbanisation is an increasing global phenomenon and a major driver of environmental 

change (Marzluff 2001; Grimm et al. 2008; Gaston et al. 2015). Urban areas are novel 

ecosystems (sensu Gilbert 1989; Rebele 1994; Hobbs et al. 2006) characterised by a myriad 

of different biotic and abiotic changes including fragmented and disturbed habitats 

(Marzluff 2001; McKinney 2006) increased impervious surfaces (Rebele 1994; Aronson et al. 

2014), anthropogenic-induced changes in temperature, humidity, light and noise (Marzluff 

2001, 2008; Fuller et al. 2007; Isaksson 2010; Dominoni et al. 2013; Gaston et al. 2013; 

Alberti 2015; Diamond and Martin 2020), high human densities (Evans et al. 2006; Seress 

and Liker 2015) and isolated patches of intensively managed greenspace dominated by non-

native and invasive plant species (Pyšek 1998; McKinney 2008; Hahs et al. 2009). As such, 

compared with natural and semi-natural environments, urban landscapes impose novel 

selective pressures on wildlife (Marzluff 2001; Seto et al. 2011; Bailly et al. 2016) with 

potentially long-term fitness consequences to organisms that live and breed in these areas 

(Alberti et al. 2017; Corsini et al. 2021). 



78 
 

3.1.1. Defining the urban landscape 

The urban landscape can be considered in the context of island biogeography theory (sensu 

MacArthur and Wilson 1967) with isolated greenspace (patches) a parallel to wildlife refugia 

or habitat islands, surrounded by a matrix of built landform dominated by sealed surfaces 

(Matthews 2015; Leveau et al. 2019; Snell et al. 2020).  

The urbanisation gradient approach, originally established from traditional models of 

ecological theory (sensu Whittaker 1967 and reviewed by ter Braak and Prentice 1988) was 

first introduced as a concept and methodology by McDonnell and Pickett (1990). It is now 

one of the most well-established and recognised frameworks applied in the field of urban 

ecology and is widely used to examine the response patterns of plants and animals at 

individual, population and community levels (e.g. as discussed by Marzluff et al. 2001; Blair 

2004; Pennington and Blair 2013; Aronson et al. 2013; Lepczyk et al. 2017). Notwithstanding 

its traction in the scientific literature, the methods used to define and quantify the urban 

gradient vary considerably, making the comparison and replication of studies difficult 

(Marzluff et al. 2001; Seress et al. 2014; Beninde 2015). Indeed, urban landscapes are by 

their very nature heterogenous and there is no definitive measure that can be employed in 

urban avian ecological research (McDonnell et al. 1993; Blair 2004; Pennington and Blair 

2012). Further complicating matters, different aspects of bird demography, behaviour, 

physiology and morphology respond to the environment at different temporal and spatial 

scales (McCaffrey and Mannan 2012; Marzluff 2016). Consequently, there are a multitude of 

potential covariates available for inclusion in the measurement, modelling and assessment 

of urbanisation impacts (Seress et al. 2014). Moll et al. (2019) identified 1,177 different 

urban metrics (mean number of covariates per study: 4.8 ± 7.1 [SD]), from a total of 244 

urban ecology studies published between 2012 and 2016. They found that most studies 
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used simple, singular methodological approaches and were spatially variable and/or 

temporally static. Furthermore, the majority of studies have evaluated urbanisation effects 

at coarse grained scales (e.g. using whole species’ distributions or individual home ranges) 

and used categorical dichotomous urban-rural comparisons (e.g. Clergeau et al. 1998; 

Björklund et al. 2010; Capilla-Lasheras et al. 2017; Glądalski et al. 2017; Pollock et al. 2017; 

Wawrzyniak et al. 2020). Concomitantly, the majority of urban metrics used focus on 

quantifying the structural components of the urban landscape (e.g. the proportion of area 

covered by impervious surface; Marzluff et al. 2001; MacGregor-Fors et al. 2009; 

MacGregor-Fors 2011).  

Furthermore, compared with our knowledge of the affects of habitat features on urban bird 

communities (e.g. see MacGregor-Fors and Schondube 2011 and references contained 

therein) few urban breeding ecology studies have explicitly considered the impacts of 

urban-driven environmental change at the habitat-level including the structure and 

composition of vegetation (except see e.g. Hinsley et al. 2008; Mackenzie et al. 2014). 

Moreover, even fewer studies have simultaneously investigated between site variation in 

habitat quality together with the wider influence of the urban matrix to identify the effects 

of anthropogenic environmental change at different spatial scales, or to determine the 

potential for additive or interactive effects on breeding success (e.g. see de Satgé et al. 

2019; Strubbe et al. 2020). 

3.1.2. Urban greenspace as valuable habitats for breeding  

For a limited number of urban adapted species, green spaces, particularly parks and 

gardens, provide an alternative habitat for breeding, in what is an otherwise largely 

inhospitable matrix, (Solonen and Hildén 2014) and can even support nationally significant 
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wild bird populations (Chamberlain et al. 2009). However, evidence increasing suggests that 

many urban avian populations are experiencing reduced breeding productivity and failure, 

(Chamberlain et al. 2009; Seress and Liker 2015; Bailly et al. 2016; Glądalski et al. 2016; 

Pollock et al. 2017) leading many researchers to hypothesise cities may be acting as 

ecological traps (e.g. Sumasgutner et al. 2014; Glądalski et al. 2015; de Satgé et al 2019) 

and/or habitat sinks (Stracey and Robinson 2012). However, although, widely-studied, the 

key underlying environmental factors that drive the altered variation in breeding life-history 

traits and behavioural characteristics of avian species colonising urban landscapes remain 

poorly understood (Wawrzyniak et al. 2015; Corsini et al. 2017; Sprau et al. 2017). Variation 

in reproductive performance is likely, at least in part, the direct result of phenotypic or 

behavioural plasticity associated with learning (Sol et al. 2013). In particular, studies have 

attributed the capacity of individuals to adjust specific traits as a response to changes in 

(and the interaction between) population/breeding density, inter- and intra-specific 

competition and the quality, quantity and availability of food as predicted by the food 

limitation hypothesis (Anderies et al. 2007; Robb et al. 2008; Amininasab et al. 2016; 

Demeyrier et al. 2017; Seress et al. 2018, 2020). Alternatively, other authors have more 

recently proposed that adaptive differences in life history traits across landscape gradients 

may exist due to the “pace of life” theory and the “adult survival hypothesis”  (Sepp et al. 

2018; Wawrzyniak et al. 2020). Yet reproductive success is fundamental to the long-term 

stability of populations and the survival of species’, particularly in areas that have already 

experienced extensive population declines, biodiversity loss and change due to human-

mediated disturbance (Peach et al. 2008; Stracey and Robinson 2012; Seress et al. 2020). 

Consequently, the impacts of urbanisation on reproduction have become an increasingly 

important focus for urban ornithological research and in particular for assessing the 
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adaptability of small insectivorous passerines including Blue and Great Tits, that are 

predicted to be among the species most likely to disappear (Chace and Walsh, 2006; 

Mackenzie et al. 2014). 

Furthermore, there have been growing calls to shift the focus of urban ecological research 

to a more multi-scale and species-centric approach, and for the incorporation of more 

standardised, quantitative metrics to measure the urban gradient, as utilised for example by 

Biard et al. (2017), Sprau et al, (2017), Satgé et al. (2019) and Corsini et al. (2021). This shift 

in methodology takes into consideration the scale at which species experience their 

environment and the complexity of responses to rapidly changing environments, 

recognising that the landscape is not simply a mosaic of habitat and non-habitat 

(Pennington and Blair 2013; Cole et al. 2015; Moll et al. 2019).  

3.1.3. Identification of indicators of habitat heterogeneity and quality for 

assessing breeding success  

Local (i.e. breeding territory) habitat varies both spatially and temporally with respect to 

both resource availability and prevailing environmental conditions, as reviewed by Johnson 

(2007) and Piersma (2012) and therefore generates strong selective pressures on wildlife 

(Cody 1985; Chalfoun and Schmidt 2012). The quality of natural breeding habitat is, 

therefore, widely recognised as a major predictor of avian fitness (Dhondt et al. 1992; 

Germain and Arcese 2014; Shutt et al. 2018) and has been shown to impact many aspects of 

the reproductive cycle (Tremblay et al. 2004) including breeding phenology (Wilkin et al. 

2007b), clutch size (Tremblay et al. 2003), chick growth and development (Sánchez et al. 

2007), nestling survival to fledging (Dekeukeleire et al. 2019) and adult breeding condition 

(Atiénzar et al. 2010).  
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Habitat quality, estimated using various indices of vegetation structure and composition 

(Germain and Arcese 2014; Amininasab et al. 2016) affects temporal and spatial resource 

availability, including the abundance of caterpillars (Lepidoptera spp.) which are the 

preferred prey of Blue Tits during the energy-intensive breeding season (Perrins 1991; 

Blondel et al. 1993; Dias and Blondel 1996; Tremblay et al. 2003). Previous studies 

investigating breeding productivity in tits in more natural woodland habitats have shown 

that the composition of the dominant vegetation is key in driving spatial-temporal variation 

in breeding phenology and breeding success (e.g. Perrins et al. 1965; Van Balen 1973; 

Blondel et al. 1991, 1993; Tremblay et al. 2005). In particular the diversity and density of 

native species including Oak (Quercus spp.) that support rich and abundant caterpillar 

communities are important indicators of breeding habitat quality and reproductive success 

(Perrins 1991; Shutt et al. 2018; Dekeukeleire et al. 2019). Other structural features of the 

habitat including the size and density of woodland patches (Hinsley et al. 2002), as well as 

the age, height and size of individual trees (Hinsley et al. 2008; Arriero et al. 2006) also 

influence the trophic quality and therefore the availability of prey.  

Site area (Fernández-Juricic 2000; Murgui 2007; Oliver et al. 2011; Huang et al. 2015) and 

habitat edges (Murcia, 1995; Fernández-Juricic 2001; Zurita et al. 2012) are also important 

determinants of habitat heterogeneity and quality. The size of greenspace may influence 

breeding behaviour and success due to variation in the amounts of protective cover, 

predation, natural food availability and levels of human disturbance (e.g. Fernández-Juricic 

and Tellería, 2000; Glądalski et al. 2016; Corsini et al. 2017). Habitat edges represent the 

transition between the more stable, higher quality interior of greenspaces and the lower 

quality, highly complex and variable urban matrix (e.g. see Hedblom and Söderström 2012). 

Edge effects typically reduce habitat quality and further reduce the functional size of 
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greenspaces, and thus may influence reproductive performance and the movement of 

individuals within sites and across the wider landscape (Hinsley, 2000; Hinsley et al. 2008). 

To address the current data gaps identified,  in this chapter I investigate how different 

parameters of breeding success vary across a short, highly urbanised intra-city gradient in a 

population of Blue Tits nesting within the city of Birmingham, UK. I explore how the 

magnitude and direction of urban-driven habitat and landscape scale effects vary within and 

between two distinctive phases of the reproductive cycle using a suite of breeding success 

metrics widely used in avian reproductive research. The multi-spatial scale and nested 

design employed within this study also allows for the exploration of cumulative and 

interactive environmental effects that may be operating across different hierarchical levels 

of the urban environment. 

3.1.4. Study aims hypotheses 
 

I aim to identify key habitat and landscape characteristics of the urban environment that 

influence reproductive performance during two distinct periods of the breeding season: pre-

hatching (from laying through to hatching) and post-hatching (from hatching through to 

fledging). I also aim to determine how the specification of the urban gradient affects the 

sensitivity of statistical models to detect and predict urban-driven environmental effects by 

comparing and evaluating analyses for each breeding response using two contrasting 

measures (“spatial grains”) of urbanisation: a qualitative categorical (five level) factor and a 

quantitative (linear percentage) fixed effect.  

My working hypotheses for this study are that:  
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(1)   With the exception of clutch size, a pervasive negative effect of increasing urbanisation 

will be observed for all measures of reproductive success. However, clutch size across sites 

within the city are predicted to be on average smaller compared with the average clutch size 

commonly documented for Blue Tits breeding in rural oak woodlands (e.g. Perrins, 1979), as 

a potential adaptive response to lower habitat quality and the availability of food resources 

(e.g. see Cowie and Hinsley 1987; Solonen 2001; Chamberlain et al., 2009; Bailly et al., 2016)  

(2) Variation in all successive breeding outcomes (i.e. hatching through to fledging) will be 

influenced by environmental effects operating at both habitat and landscape scales.  

(3) More specifically breeding metrics will be negatively correlated with the size (area) of 

greenspace due to potentially increased levels of intra- and inter-species competition for 

resources.  

(4) Measures of breeding success across both phases of reproduction considered will be 

positively correlated with the density of native broadleaved trees including Oak (Quercus 

spp.) and Birch (Betula spp.) and the diversity of vegetation (used as proxy measures of 

habitat quality).  

(5) Overall the availability of gardens, (hypothesised to be linked to potential variation in 

supplemental bird feeding) will have a negative impact on breeding outcomes.  

(6) Pairs breeding in nestboxes nearer to the edge of connected tree cover will produce 

smaller broods and fewer fledglings and suffer greater brood reduction and loss compared 

with their conspecifics nesting towards the centre of habitat patches. 
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(7) The quantitative measure of urbanisation is predicted to be a more reliable and sensitive 

predictor of variation in breeding responses compared with the traditional categorical 

approach to defining the urban gradient.  

3.2. METHODS 

3.2.1.  Study site and focal species  
 

Full details of the focal species, background of the study design and field data collection are 

described in Chapter Two.  

3.2.2. Breeding success response variables  
 

Variation in breeding performance across the urban gradient was evaluated using the suite 

of breeding response variables derived from the raw data collected during nestbox checks 

as described in section 2.4.1 and illustrated in Fig. 3.1.  

Pre-hatching success was analysed using clutch size, proportional hatching success, binary 

hatching success and brood size metrics, whilst post-hatching success was analysed using 

fledgling numbers, proportional fledging success and binary fledging success metrics. Total 

variation in breeding success, measured across the entire laying-fledging period (hereafter 

referred to as breeding season or cycle) was assessed using overall breeding and binary 

success parameters.  

Hatching success, used here to determine how hatching rates vary across the urban 

gradient, was calculated as the proportion of all eggs laid in a clutch that hatched (Bailly et 

al. 2016). Fledging success was calculated as the number of chicks estimated to have 

fledged as a proportion of brood size (Pollock et al. 2017) and was used to compare rates of 

brood reduction across the urban gradient. The comparison of hatching and fledging rates 
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for each nesting attempt was used to determine how failure and loss varies both across 

different stages of the breeding season and the urban gradient. Breeding success, expressed 

as the number of chicks that fledged as a proportion of clutch size (Hinsley et al. 1999; 

Lambrechts et al. 2004), was used to determine how rates of success vary across the urban 

gradient, taking into consideration all nesting attempts that reached incubation, and all 

failures that occurred during both pre-hatching and post-hatching.  

Binary (probabilistic) metrics were used to assess variation in nesting failure rates across the 

urban gradient for each breeding stage. Nesting attempts, for example, were defined as 

successful (i.e. binary outcome: 1) if ≥ 1 egg hatched or ≥ 1 chick fledged and failed (i.e. 

binary outcome: 0) if no eggs hatched or chicks fledged.  
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Figure 3.1. Graphical illustration of the pre-hatching (highlighted in yellow) and post-hatching (highlighted in pink and blue) breeding response variables 
derived from field data (2013-2018) and used in analyses to investigate how reproductive success in a population of Blue Tits varies along a fine-scale urban 
gradient in the city of Birmingham, UK. 
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3.2.3. Abiotic and biotic covariates  
 

The selection, classification and measurement of environmental covariates are described 

fully in Chapter Two and summarised in Table 3.1.   

Table 3.1. Details of the final variables selected from three predictor blocks for inclusion in full 

statistical models used to analyse breeding outcomes of Blue Tits nesting in Birmingham, UK between 

2013 and 2018. Variables were generated from survey work, GIS and a literature review as described 

in Chapter 2. Habitat and landscape predictors are specified as site level means and breeding variables 

as individual-level covariates (with the exception of Occupancy Rate). Explanatory variables were 

fitted as fixed (numeric) covariates (FCs) with the exception of Urban Land Class (ULC: factor). 

Variable name Predictor block Details 

Mean NDB Trees 
(NDB Trees) 

Habitat FC: Mean number of native deciduous broadleaved trees 
recorded within a 10 m radius of an average nestbox 
(based on four within-site surveys). 

Inverse 
Simpson’s 
Diversity Index: 
(InvSI) 

Habitat FC: Site mean calculated from four nestbox surveys using 
total tree counts and species (excluding coniferous 
species). Value ranges:  1.615 - 11.524 (Simpson’s 
Diversity Index = 0.381 - 0.913).  

 Mean Distance 
to a Connected 
Edge  
(Edge Distance) 

Habitat FC: Quantification of potential edge effects on breeding. 
Mean distance (m) of nestboxes to nearest connected 
edge. Average calculated from the measured distances of 
10 nestboxes at each site.  

log10Site Area (m2) 
 

Habitat FC: Total area of greenspace (site) in which nestboxes 
were located.  

% Built 
Landcover(%BLC) 
 

Landscape FC: Total % landcover within a 500 m concentric buffer of 
each site categorised as ‘built’ (including buildings, roads, 
railways, pavements and other sealed surfaces).  

Urban Land Class 
(ULC)  

Landscape Categorical: Alternative measurement of urbanisation. 
Sites assigned to one of five urban classes based on % of 
built landcover.  

% Garden Cover 
(%GLC) 

Landscape FC: Total % private garden landcover within a 500 m 
concentric buffer of each site.  

Proportional 
Occupancy 

Biotic FC: Total number of nestboxes occupied within a site in a 
given breeding year specified as a proportion of the total 
number of available nestboxes (range in availability  = 6 - 
10). (Site level fixed effect).  

April Laying Date 
 

Biotic FC: Ordinal date of clutch initiation (specified as number 
of days after April 1st in each breeding season).  

April Hatching 
Date 
 

Biotic FC: Date on which the first chick of a brood hatched 
(specified as number of days after April 1st in each 
breeding season).  

Clutch Size  Biotic FC: Total number of eggs laid for each breeding attempt 
(attempts not reaching incubation excluded).  

Brood Size Biotic FC: Hatchlings (the maximum number of chicks alive at 
hatching). 
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From the list of potential habitat and landscape variables identified for inclusion in analyses 

(Table 2.4), a total of seven covariates were a priori used in models of breeding success 

(Table 3.1). This final selection was primarily determined following checks for multi-

collinearity between explanatory variables using VIFs (section 2.5.2), whilst taking into 

consideration constraints on the number of terms that can be included in models 

(associated with their limited power relative to the amount of data).  

Precedence was given to retaining urbanisation metrics (%BLC and ULC): they directly relate 

to the urban gradient and best capture the important aspects of variability in landscape 

patterns and structure across the city (Riitters et al. 1995; Hahs and McDonnell 2006; Moll 

et al. 2019). Furthermore, these metrics provide a common element, which will help 

facilitate the integration of results from this study with those from research conducted on 

other Blue Tit populations and other passerine species with similar life histories (McDonnell 

and Hahs 2008).  

The final selection of habitat variables was largely informed by previous research 

investigating the effects of habitat on breeding success in urban birds (e.g. Hinsley et al. 

2008; Chamberlain et al. 2009; Hedblom and Söderström 2012; Mackenzie et al. 2014), 

whilst ensuring that variability in the structure, composition and quality of average breeding 

territories of  Blue Tits across sites within the city was captured.  

Individual-level breeding (biotic) covariates were selected based on their potential influence 

on subsequent breeding responses. April laying date was included in pre-hatching models to 

account for the well documented seasonal decline in early Blue Tit breeding success (Perrins 

1979; Perrins and McCleery 1989; van Noordwijk et al. 1995; Visser et al. 2006). Hatching 
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date was included in post-hatching models to control for seasonal declines in nestling 

survival associated with the progressive phenological mismatch between natural food 

availability and peak nestling nutritional demand (Naef-Daenzer et al. 2000; Thomas et al. 

2001). 

Other breeding parameters were also included in models as appropriate due to their 

potential influence on each other (Charmantier et al. 2017). Brood size, for example is 

known to be positively correlated with clutch size, whilst fledgling numbers and fledging 

success may be influenced by brood size, due to within-nest competition (de Satgé et al. 

2019). The proportion of available nestboxes occupied in each site was a priori included as a 

fixed term in all statistical models to control for the potential negative effects of breeding 

density and competition on breeding success (Dhondt et al. 1992; Kempenaers et al. 1996).   

Since binomial success measures assessed the overall productivity of nests and hence took 

into consideration other components of breeding (Satgé et al. 2019), only phenological and 

occupancy covariates were included in these statistical models.  

3.2.4. Statistical analysis 
 

3.2.4.1. Data Filtering 
 

Studies investigating breeding ecology in passerines have previously routinely only focussed 

on successful nests by filtering out ‘zero data’ from each phase of the breeding cycle. For 

example, they have excluded total hatching failures from measures of hatching success or 

total brood failures from measures of fledging or overall breeding success when conducting 

statistical analyses (e.g. Hinsley et al. 1999; Glądalski et al. 2017; Satgé et al. 2019;  but see 

Bailly et al. 2016; Seress et al. 2018). However, as suggested in more recent studies (e.g. 
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Charmantier et al. 2017; Wawrzyniak et al. 2020), it is important to consider that the ratio of 

total to partial losses may vary across urban gradients and/or total nest failures may be 

caused by different factors from those leading to partial losses (e.g. predation or extreme 

weather events (EWEs ) versus temperature or food availability/quality).   

Taking these points into consideration, my study adopted a conservative approach, which 

involved including: (1) total nesting failures in all measured outcomes and (2) a separate set 

of analyses to determine nest failure rates across the urban gradient for each breeding 

phase, following Bailly et al. (2016) and Seress et al. (2018).  

Zero data for specific breeding periods were filtered out from the raw data, generating 

three distinct datasets which were used in this and subsequent sets of analyses (Appendix 

2). The first, ‘clutch-filtered’ dataset (n = 752 observations) was limited to only nesting 

attempts in which incubation was confirmed, to exclude the effects of nest abandonment 

prior to clutch completion in subsequent analyses. This dataset retained all records of 

complete hatching failure that occurred post-incubation. To exclude the effects of nest 

abandonment during incubation, the second ‘hatching-filtered’ dataset (n = 662 

observations) only included records in which at least one egg hatched successfully. This 

dataset retained breeding attempts which resulted in complete brood failure. The third 

(‘fledging-filtered’) dataset (n = 554 observations) only included records in which at least 

one chick successfully fledged.  

3.2.4.2. Analytical framework and models 

Data cleaning and exploration prior to analyses were undertaken as described in section 

2.5.2. A total of three landscape- and four habitat-scale explanatory variables (VIFs <3; Table 
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3.1) were ultimately retained for inclusion in models, together with covariates from the 

biotic predictor block as appropriate.  

Site area was linearised (log10 transformed) to improve its distributional properties. 

Quadratic terms for built landcover (%BLC), garden landcover (%GLC) and Inverse Simpson’s 

Index (InvSI) were fitted and retained in models as required given the spread of the data. All 

fixed effect covariates were standardised using a z-score transformation (to obtain a mean 

of 0 and SD of 1) prior to modelling to prevent potential issues with model convergence and 

aid the interpretation of regression coefficients (Schielzeth 2010). Except for the main 

regression results tables, the non-transformed values for predictors are displayed in text 

and figures. Additional interaction terms were not considered for analyses since there were 

no specific a priori expectations for their inclusion and no attempt was made to simplify 

models using dredging or stepwise term deletion.  

The final (global) model parameterisation used in the analysis of each breeding response 

variable is illustrated in Fig. 3.2, whilst details of the fixed and random effects structures for 

each model are provided in the accompanying Appendix 3. Analyses were conducted on 

each metric using the appropriate ‘unfiltered’ dataset (i.e. retaining true-zero data – 

Appendix 2).  
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Figure 3.2. Schematic diagram of the analyses used to investigate the variation in Blue Tit breeding success across the intra-city urban gradient in the city of 
Birmingham, UK. Breeding performance was evaluated for two breeding phases using a total of nine response variables: pre-hatching (yellow and pink) and 
post-hatching (blue). Information for each response includes the dataset used in analyses, the type of data (i.e. count, proportional or binary), and the 
distribution of data/family used in model parameterisation (Conway-Maxwell Poisson [compois] or binomial). April days (April 1st = 1) are given for minimum 
and maximum laying, hatching and fledging dates (from across the six years of data collection).  CS = clutch size; HN = brood size (total number of chicks 
hatched); HS = proportional hatching success; ProbHS = probability of hatching success (binary); FN = Fledgling numbers; FS = proportional fledging success; 
ProbFS = probability of fledging success (binary); BS = overall breeding success & ProbBS = overall binary success/failure of the nest.   
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Clutch size (CS), brood size (total number of chicks hatched; HN) and fledgling number (FN) 

models (Fig. 3.2) were measured using discrete count data and were specified with Poisson 

distributions. Models were parameterised using a Conway-Maxwell-Poisson (CMP) 

distribution (Shmueli et al. 2005; Barriga et al. 2014; Lynch et al. 2014) with the compois 

family (Brooks et al. 2017, 2019) to correct for the under-dispersed nature of the data. 

Hatching success (HS), fledging success (FS) and breeding success (BS) (proportional 

responses) and probHS, probFS and probBS (equivalent binary responses) models (Fig. 3.2) were 

fitted with binomial distributions (Zuur et al. 2009, 2013; Bolker 2017). Clutch size was 

dropped as a fixed biotic covariate from HN models and hatching date and brood size from 

FN models due to issues with Quantile-Quantile plots and the distribution of residuals.  

Proportional occupancy was dropped from the FS (ULC) model due to validation issues 

caused by co-correlation with landscape terms. 

Zero-inflation models (Brooks et al. 2017, 2019) were fitted, with zi-formula specified as Site 

Identity, to account for the high number and unequal distribution of zeros across sites in HN, 

FN, FS, and BS (ULC and built) models. GLMMs were fitted using maximum likelihood 

estimation via the Template Model Builder (Brooks et al. 2017). The upper and lower 

bounds of the 95% confidence intervals (CIs) were computed using the confint function for 

all fixed parameters in each final model, using a comparison of wald, profile and boot-

strapping methods.  

Ideally, female identity would have been included as a random effect in analyses to control 

for non-independence of individuals breeding across multiple years (Cole et al. 2015; 

Demeyrier et al. 2017). Together with the inclusion of measures of individual fitness or 

social dominance (e.g. adult body size, condition and age) this would have captured 
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potentially confounding effects of parental quality on variation in breeding traits (Przybylo 

et al. 2001; Lambrechts et al. 2004). However, trapping efforts at nestboxes were largely 

unsuccessful, with females in particular, exhibiting aggressive and neophobic behaviours 

(e.g. see also Miranda et al. 2013; Sepp et al. 2018), including a reluctance to re-enter 

nestboxes following the placement of traps inside them. This led to significant variation in 

adult trappability across sites and years, resulting in a total of only 297 captures ranging 

from six in 2013 to 98 in 2018. Therefore, due to small sample sizes and the potential for 

capture data to be biased towards certain sites and/or particular parental phenotypes (Cole 

et al. 2015), adult variables were excluded from analyses.  

The urban gradient was defined using two different metrics in this study: a categorical effect 

(ULC) and linear, quantitative variable %BLC (section 2.2.3.). For each breeding response, 

models were tested by using both measures of urbanisation as illustrated in Fig 3.3 below. 

This comparative approach was undertaken to investigate which urban metric best 

predicted the effects of increasing urbanisation on different breeding outcomes and if the 

measurement used influenced the ability of models to predict the effects of other landscape 

and habitat level variables. Finally for each breeding response, the hierarchical modelling 

procedure was followed, as described in section 2.5.3 and illustrated in Fig. 3.3.  
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Figure 3.3. Schematic diagram of the hierarchical modelling framework used in the analysis of breeding response variables of Blue Tits nesting across an 

urban gradient in Birmingham, UK (2013-2018). Global ULC and %BLC models for each breeding trait were tested by removing each predictor block to 

determine the extent to which environmental parameters at different spatial scales explained variation in breeding performance across the urban gradient 

and ascertain if environmental effects on breeding were potentially being obscured or mediated by the influence of other breeding traits. Each model set was 

also assessed against two null models (an intercept only model and a model including random effects terms) to determine how much of the variability in 

breeding responses may be explained by the hierarchical structure of the data. Environment, landscape and habitat models for each response variable were 

run both with and without the associated biotic covariates included. All model structures (including random effects, zi formula and family) followed the global 

models. All models were compared against an intercept-only and random effects model (using glm).  
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All reported statistical inferences are for the final full models analysed, with all predictor 

variables retained unless otherwise specified. Predictors were considered of importance 

where z score values ≥ 1.5 (with the two-tailed statistical significance level defined as P ≤ 

0.05). Where CIs of β-estimates crossed zero, covariates were considered to have no effect. 

Reported predicted values for specific significant model terms and their effect on responses 

were generated by computing model-fitted terms. All other covariates were fixed at 

constant (mean) values, apart from ULC which was specified as a fixed categorical factor 

with base level ULC1. Accompanying plots were created using ggplot2 (v3.1.0 - 3.3.2; 

Wickham 2016).  

3.3. RESULTS 

3.3.1. Summary of breeding success statistics  
 

Of the 786 breeding attempts recorded over the six years of the study, a total of 752 

(95.67%) reached the onset of incubation and were retained for analyses (Table 3.2). 

Twenty-eight breeding attempts were excluded from the dataset due to nest abandonment 

prior to incubation. A further six nest records were removed from the dataset, including: 

one instance of a double clutch laid by two separate females in the same nestbox; two cases 

of missing breeding data due to site access issues; vandalism resulting in the unknown 

outcome of one brood post-hatching, and two presumed second laying attempts by pairs 

late in the season (sensu Perrins 1979; Wilkin et al. 2006).   
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Table 3.2. Annual breeding records (2013-2018) for a population of Blue Tits nesting along a linear 
urban gradient within the city of Birmingham. Breeding data were collected from 280 nestboxes across 
28 sites. For each year, the number of occupied nestboxes is provided, (total number available for 
breeding in parentheses), together with the total number of breeding attempts that reached each 
phase of the breeding season investigated (egg-laying to fledging).  

*Moilliett Street removed from the study due to site safety issues and **Park Street Gardens due to 
HS2 works (see Chapter 2). 

Data from three sites (Popes Lane, RSPB Sutton Park and Perry Hall Playing Fields: Table 2.2 

and Fig. 2.8) were subsequently excluded from analyses due to persistent and high levels of 

predation resulting in high rates of complete breeding failure during egg laying. 

Consequently, for the rest of the thesis the remaining 28 sites only are considered. 

Furthermore, whilst Moilliett Street and Park Street Gardens were retained in analyses, data 

for these two sites were only available up to and including 2016 and 2017, respectively. 

Monitoring at Moilliett Street was discontinued during the 2017 breeding season due to 

ongoing safety concerns and continued vandalism of nestboxes. Data collection in Park 

Street Gardens ceased due to the commencement of works associated with the HS2 rail 

project which prevented access from winter/spring 2018.  

3.3.2. Comparison of global with nested models  
 

Across all breeding responses, global models performed better compared with null and 

random effects only models. Moreover, the results of ANOVA tests, comparisons of AIC 

 Total breeding attempts Number of breeding attempts reaching: 

Year Number of nestboxes 
occupied (Max. N = 280) 

Clutch 
completion 

≥ 1 Chick 
hatched 

≥ 1 Chick 
fledged 

2013 69 (279) 64 62 53 

2014 138 (272) 129 110 99 

2015 155 (276) 148 122 102 

2016 136 (266) 134 126 99 

2017 135 (253*) 129 115 91 

2018 149 (240**) 148 127 110 

Total 782 (1586) 752 662 554 
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values and model summary outputs suggest that global models were more likely to detect 

potential effects of habitat and landscape-scale covariates and provided stronger evidence 

for significant predictor-response relationships, compared with associated nested (habitat-

only and landscape-only) model structures (models II-III as illustrated in Fig. 2.14 and Figs. 

3.2-3.3). A comparison of global models with models retaining only environment predictors 

(habitat + landscape models) (model I in Fig. 2.14), confirmed that biotic covariates were 

unlikely mediating or concealing the effects of the environment at the habitat or landscape 

scale.  

3.3.3. Pre-hatching breeding success 
 

Pre-hatching (laying – hatching) breeding success parameters were best explained using the 

categorical ULC metric. Moreover, results from statistical models suggest that early 

breeding outcomes were more strongly impacted by breeding phenology (April laying date) 

and variation in the characteristics of the habitat surrounding nestboxes, rather than the 

degree of built or garden landcover within the wider urban matrix.  

3.3.3.1. Clutch size  

On average pairs breeding in the city laid 8.81 ± 1.82 eggs (mean ± SD, total range = 2-16 

eggs, n = 752 clutches). As hypothesised, there was no discernible effect of increasing built 

landcover on clutch size (Fig. 3.4 and Table 3.3) using either the continuous fixed covariate 

or categorical urbanisation metric.  
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Figure 3.4. Boxplot summaries of clutch size in Blue Tits nesting across 28 sites along an urban 
gradient in Birmingham, UK over 6 breeding seasons (2013-2018). Black lines within boxes indicate 
the median number of eggs laid, upper hinges the 75th percentile and lower hinges the 25th percentile 
of the clutch data. The vertical lines (‘whiskers’) indicate the minimum and maximum number of eggs 
laid. For sites with outliers (represented by points), whiskers extend to 1.5 times the inter-quartile 
range. Sites are in order of increasing %BLC and categorized into one of five urban landcover classes 
(ULC1=least urbanised (suburban) sites and ULC5 = dense urban). Site acronyms (Table 2.2) and 
locations (Figs. 2.8) are provided in sections 2.2.3 (Chapter 2).  
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 Clutch Size (CS Built Model) Clutch Size (CS ULC) Model  

Fixed Terms Coefficient ±SE z value CI (2.5/97.5%) 
 

Coefficient ±SE z value CI (2.5/97.5%) 
 

Intercept 2.348±0.028   2.196 ± 0.046   

Year: 2014 
           2015 
           2016 
           2017 
           2018 

-0.207 ± 0.032*** 
-0.181 ± 0.029*** 
-0.160 ± 0.028*** 
-0.308 ± 0.034*** 
-0.129 ± 0.030*** 

-6.41 
-6.13 
-5.74 
-9.10 
-4.29 

-0.270,  -0.144 
-0.238, -0.123 
-0.215, -0.106 
-0.374, -0.241 
-0.188, -0.070 

N/A 
N/A 
N/A 
N/A 
N/A 

N/A 
N/A 
N/A 
N/A 
N/A 

N/A 
N/A 
N/A 
N/A 
N/A 

Me NDB Trees 0.010 ± 0.014 0.67 -0.018, 0.037 0.019 ± 0.012 1.56 -0.005, 0.043 

Inverse Simpson’s Index -0.009 ± 0.013 -0.70 -0.034, 0.016 -0.028 ± 0.012* -2.43 -0.051, -0.006 

Inverse Simpson’s Index2 N/A N/A N/A - - - 

Mean Edge Distance (m) -0.0279 ± 0.015● -1.83 -0.058, 0.002 -0.030 ± 0.017● -1.80 -0.063, 0.003 

Site Occupancy 0.011 ± 0.0117 0.96 -0.012, 0.034 0.014 ± 0.011 1.22 -0.008, 0.036 

(log) Site Area (m2) -0.027 ± 0.016● -1.67 -0.058, 0.005 -0.006 ± 0.013 -0.48 -0.032, 0.019 

Garden Landcover (%) -0.006 ± 0.014 -0.43 -0.033, 0.021 0.021 ± 0.020 1.05 -0.018, 0.060 

Built Landcover (%)  0.001 ± 0.018 0.08 -0.034, 0.037 N/A N/A N/A 

ULC Model: ULC 2 N/A N/A N/A -0.054 ± 0.052 -1.06 -0.155, 0.047 

                      ULC 3 N/A N/A N/A -0.084 ± 0.035* -2.41 -0.152,-0.016 

                      ULC 4 N/A N/A N/A 0.066 ± 0.045 1.45 -0.023, 0.155 

                      ULC 5 N/A N/A N/A 0.088 ± 0.053● 1.67 -0.016, 0.191 

Table 3.3: Model summaries from a GLMM analysis of Clutch Size for Blue Tits breeding along an urban gradient in the city of Birmingham, UK 
between 2013-2018 regressed against a priori selected covariates (Fixed Effects) from three predictor blocks: habitat and landscape (abiotic) and 
biotic. Results are provided for both built (left columns) and ULC (right columns) models which use the quantitative (%BLC) and categorical (five-
level urban land class) gradient metrics respectively. Intercept = ULC1 (suburban sites).  Intercept Year = 2013 where specified as a fixed factor. All 
significant slopes (using CIs) are indicated in bold (significance codes: P ≤0.001***, ≤0.01**, ≤0.05*). ●  indicates a borderline sig effect (CIs crossed 
zero);  ‘-’ values denote covariates initially included in models but subsequently removed; ‘n/a’ values indicate covariates a priori not included. 
Analyses based on data from 752 breeding attempts.  
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April Laying Date -0.120 ± 0.009*** -13.64 -0.138, -0.103 -0.119 ± 0.009*** -13.20 -0.136, -0.101 

Random Terms Variance ± SD   Variance ± SD   

Box: Site ID 0.006 ± 0.075   0.006 ± 0.076   

Site ID 0.002 ± 0.045   0.001 ± 0.026   

Year N/A N/A N/A 0.008±0.090   
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The lack of any correlational effect of urbanisation on clutch size was likely compounded by 

the paucity of data from the most urbanised sites and the comparatively more pronounced 

variation observed in the number of eggs laid between females breeding within the same 

site (Fig. 3.4). 

 Both built and ULC models detected a strong seasonal effect of laying date on clutch size 

across urban greenspace (Table 3.3 and Fig. 3.5), with a significant decline in the number of 

eggs laid with later breeding. Model predictions suggest a reduction in clutch size with 

laying date from ~10.5 eggs at the beginning of the breeding season (around April 1st) to 

~7.0 eggs by mid-May (Fig. 3.5).  

Figure 3.5. The negative correlational relationship between April laying date and clutch size of Blue 

Tits nesting along an urban gradient in the city of Birmingham, UK, over six breeding seasons (2013-

2018). Raw data are represented by coloured points, categorized by urban land cover (ULC): ULC1 

(dark green points) = least urbanised (suburban) sites, ULC5 (dark grey) = most densely urbanised sites. 

The solid line is the prediction curve (and grey ribbons the 95% CIs) calculated from a zero inflated 

Conway Maxwell Poisson Model.  
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Mean clutch size across urban greenspace in Birmingham was very similar over the six 

breeding seasons, except for 2016 when an overall drop in the number of eggs laid per 

breeding attempt was observed (mean = 8.36 ± 1.69 eggs). In contrast to between-year 

variability, there was a greater degree of variation in clutch size between breeding females 

within individual years (e.g. clutch size standard deviations ranged between ± 1.62 eggs in 

2013 to ± 1.94 eggs in 2014).   

There was very little difference between the outputs of the final ULC and built models. 

Notwithstanding a moderate negative effect of broadleaved tree diversity (ULC model; 

Table 3.3), variation in clutch size was not explained by any covariates associated with the 

habitat surrounding nestboxes, the availability of garden landcover or the occupancy rate of 

sites.  

3.3.3.2. Hatching Success 

Hatching success was best explained using the ULC model (Table 3.4), and was significantly 

correlated with several habitat and landscape variables. Including total clutch failures, the 

average proportion of eggs surviving to hatch per nest varied across years and sites, from a 

mean of 0.46 ± 0.51 (mean ± SD; n = 5 nests from five breeding seasons) in Park Street 

Gardens to 0.97 ± 0.06 (n = 16 nests from six breeding seasons) in Chamberlain Gardens (Fig. 

3.6). When total nesting failures were excluded from the data, this resulted in an increase in 

hatching success statistics for most sites. The mean hatching success rate in Park Street 

Gardens, which remained the lowest performing site using this dataset, for example, 

increased to 0.77 ± 0.40 (n = 3 nests).
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Table 3.4. Model summaries from a GLMM analysis of Hatching Success for Blue Tits breeding along an urban gradient in the city of Birmingham, UK between 
2013-2018 regressed against a priori selected covariates (Fixed Effects) from three predictor blocks: habitat and landscape (abiotic) and biotic. Results are 
provided for both built (left columns) and ULC (right columns) models which use the quantitative (%BLC) and categorical (five-level urban land class) gradient 
metrics respectively. Intercept = ULC1 (suburban sites).  Intercept Year = 2013 where specified as a fixed factor. All significant slopes (using CIs) are indicated 
in bold (significance codes: P ≤0.001***, ≤0.01**, ≤0.05*). ●  indicates a borderline sig effect (CIs crossed zero);  ‘-’ values denote covariates initially included 
in models but subsequently removed; ‘n/a’ values indicate covariates a priori not included. Analyses based on data from 752 breeding attempts.  

 

 

 

 

 Hatching Success (HS Built Model) Hatching Success (HS ULC) Model  

Fixed Terms Coefficient ± SE z value CI (2.5/97.5%) 
 

Coefficient ± SE z value CI (2.5/97.5%) 
 

Intercept 2.524 ± 0.105     3.164 ± 0.207   

Me NDB Trees 0.297 ± 0.098**   3.032   0.105, 0.489 0.357 ± 0.088*** 4.054 0.184, 0.530 

Inverse Simpson’s Index 0.152 ± 0.087•     1.755 -0.018, 0.323 0.187 ± 0.083*    2.249 0.024, 0.349 

Inverse Simpson’s Index2 - - - - - - 

Mean Edge Distance (m) -0.235 ± 0.104*   -2.261   -0.439, -0.031 -0.506 ± 0.123***  -4.120 -0.747, -0.265 

Site Occupancy -0.194 ± 0.091* -2.138   -0.371, -0.016 -0.115 ± 0.087   -1.326 -0.285, -0.055 

(log) Site Area (m2) 0.035 ± 0.106    0.329   -0.173, 0.243 -0.019 ± 0.092  -0.209 -0.201, 0.162 

Garden Landcover (%) 0.070 ± 0.094    0.737 -0.115, 0.254 0.412 ± 0.147**       2.807 0.124, 0.699 

Built Landcover (%)  -0.227 ± 0.121• -1.870   -0.465, 0.011 - - - 

ULC Model: ULC 2 N/A N/A N/A  -1.223 ± 0.373**   -3.278 -1.955, - 0.492 

                      ULC 3 N/A N/A N/A -0.504 ± 0.234*   -2.154 -0.963, -0.045 

                      ULC 4 N/A  N/A N/A -1.074 ± 0.320 ***     -3.359 -1.700, - 0.447 

                       ULC 5 N/A N/A N/A -0.692 ± 0.355•   -1.947 -1.389, 0.0045 

April Laying Date -0.027 ± 0.060  -0.449   -0.146, 0.091 -0.030 ± 0.059 -0.517 -0.145, 0.085 

Random Terms Variance ± SD   Variance ± SD   

Box: Site ID -   -   

Site ID 0.097 ± 0.312   0.041 ± 0.202   

Year 0.024 ± 0.156   0.017 ± 0.129   
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Whilst no significant effect of the linear urban gradient (built model, Table 3.4) was 

detected, the ULC model (Table 3.4; Fig. 3.6) established that compared with the least 

urbanised (suburban; ULC1) sites, rates of hatching success were significantly lower across 

dense-suburban (ULC2) to highly urbanised (ULC4) sites. Although hatching success was on 

average comparatively lower in the most densely urbanised sites (ULC5), any difference 

detected was borderline significant (z = -1.947, resid. d.f = 710, P = 0.052).  

 

 

Figure 3.6. Boxplot summaries of hatching success in Blue Tits nesting across 28 sites in Birmingham, 
UK over six breeding seasons (2013-2018). Black lines within boxes indicate the median proportion of 
eggs hatched within sites over the six years, upper hinges the 75th percentile and lower hinges the 25th 
percentile of the data. The vertical lines (‘whiskers’) indicate the minimum (0) and maximum (1.0) 
proportion of eggs hatched. For sites with outliers (represented by points), whiskers extend to 1.5 
times the inter-quartile range. Sites are in order of increasing %BLC and categorized into one of five 
urban landcover classes (ULC1=least urbanised (suburban) sites and ULC = dense urban). Site 
acronyms (Table 2.2) and locations (Figs. 2.8) are provided in sections 2.2.3. (Chapter 2).  
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At the individual nest level, hatching success was highly variable, both within individual sites 

and urban land-class categories, as well as across years, with sites categorised as dense-

suburban (ULC2) or densely urbanised (ULC5) found to have the most variable rates of 

hatching success (Fig. 3.6). This variation was likely driven by the low number of breeding 

attempts recorded within certain sites, particularly within the most densely urbanised sites 

(ULC5), coupled with the disparity between overall high rates of complete nesting failure, 

but high hatching success values in the few rare cases where females successfully hatched 

chicks.  

Hatching success declined with increasing nestbox occupancy rates (built model only). 

However, whilst hatching success also declined with April laying date (both built and ULC 

models) as expected, this correlation was not significant. This was surprising considering the 

strong and consistent seasonal effect of advancing lay date observed on both clutch and 

brood size.  

Both built and ULC models predicted a significant positive correlational effect of native 

broadleaved tree density (me NDB trees) on rates of hatching success, with this relationship 

showing a stronger response using the ULC model (Table 3.4 and Fig. 3.7). 
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Figure 3.7. The correlational relationship between the mean number of native broadleaved 

deciduous trees within a 10m radius of nestboxes and hatching success in Blue Tits nesting along an 

urban gradient in the city of Birmingham, UK over six breeding seasons (2013-2018). Raw data are 

represented by coloured points, categorised by urban land cover (ULC): ULC1 (dark green points) = 

least urbanised (suburban) sites, ULC5 (dark grey) = most densely urbanised sites.  The solid line is the 

prediction curve (and grey ribbons the 95% CIs) calculated from a binomial model of maximum brood 

size (successes) and unhatched eggs (failures). The model included urban class as a fixed factor (base 

= ULC 1) and all other variables were kept at their mean. (n = 752 observations).    

 

The ULC model further established that hatching success was also positively influenced by 

higher broadleaved (native and non-native) tree diversity (as measured using the Inverse 

Simpson’s Index) and also by the increased availability of gardens (percentage of landcover) 

within a 500m concentric buffer of sites. With respect to the latter, the ULC model predicted 

an increase in the proportion of eggs successfully hatching from 0.75 (few gardens) to 0.88 

(≥ 50% garden landcover) (Fig. 3.8). Interestingly, the correlational effect was similar in 

direction and strength to the relationship observed between hatching success and mean 

native deciduous broadleaved trees.  
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Figure 3.8. The positive correlational relationship between the percentage of garden landcover 

within a 500m radius of the centre of each site and proportional hatching success in Blue Tits nesting 

along an urban gradient in the city of Birmingham, UK over six breeding seasons (2013-2018). Raw 

data are represented by coloured points, categorised by urban land cover (ULC). ULC1 (dark green 

points) = least urbanised (suburban) sites, ULC5 (dark grey) = most densely urbanised sites. The solid 

line is the prediction curve (and grey ribbons the 95% CIs) calculated from a binomial model of 

maximum brood size (successes) and unhatched eggs (failures). The model included urban class as a 

fixed factor (base = ULC 1) and all other variables were kept at their mean. (n = 752 observations).  

 

Contrary to predictions, both built and ULC models identified a highly significant negative 

effect of the distance of nestboxes to a connected edge (z = -0.506, res. d.f. = 710, P = 

<0.0001; ULC model, Table 3.4). Thus, suggesting that pairs in nestboxes within patch 

interiors (i.e. areas of connected tree cover within sites) suffered higher rates of partial 

clutch loss during incubation, compared with their conspecifics breeding in nestboxes 

nearer to connected patch edges. 
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3.3.3.3. Brood size  
 

The mean brood size calculated from all breeding attempts across the six years was 7.18 ± 

3.25 nestlings (mean ± SD, total range: 0-14 nestlings, n = 752 clutches), increasing to 8.16 ± 

2.01 nestlings (n = 662 broods) when total hatching failure data were excluded. Brood size 

was highly variable both between and within years, ranging from an average of 6.61 ± 3.55 

nestlings (n = 148 clutches) in 2015 to 7.94 ± 2.35 nestlings (n = 64 clutches) in 2013. 

The ULC model was determined to be a marginally better predictor of brood size compared 

with the built model (Table 3.5). However, both models were consistent in indicating a 

potentially stronger and more significant effect of the composition and structure of the 

habitat surrounding nests compared with variables associated with the wider urban matrix.  
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Table 3.5. Model summaries from a GLMM analysis of Brood Size for Blue Tits breeding along an urban gradient in the city of Birmingham, UK between 2013-
2018 regressed against a priori selected covariates (Fixed Effects) from three predictor blocks: habitat and landscape (abiotic) and biotic. Results are provided 
for both built (left columns) and ULC (right columns) models which use the quantitative (%BLC) and categorical (five-level urban land class) gradient metrics 
respectively. Intercept = ULC1 (suburban sites). Intercept Year = 2013 where specified as a fixed factor. All significant slopes (using CIs) are indicated in bold 
(significance codes: P ≤0.001***, ≤0.01**, ≤0.05*). ●  indicates a borderline sig effect (CIs crossed zero);  ‘-’ values denote covariates initially included in 
models but subsequently removed; ‘n/a’ values indicate covariates a priori not included. Clutch size was removed from both built and ULC models due to 
issues with model validation. Analyses based on data from 752 breeding attempts.  

 Brood Size (HN Built Model) Brood Size (HN ULC) Model  

Fixed Terms Coefficient ±SE z value CI (2.5/97.5%) 
 

Coefficient ±SE z value CI (2.5/97.5%) 
 

Intercept 2.099 ± 0.031   2.162 ± 0.045   

Me NDB Trees 0.039 ± 0.016* 2.42 0.007, 0.0699 0.048 ± 0.015** 3.23 0.019, 0.077 

Inverse Simpson’s Index 0.007 ± 0.015 0.49 -0.022, 0.036 -0.011 ± 0.015 -0.74 -0.0407, 0.018 

Inverse Simpson’s Index2 N/A N/A N/A N/A N/A N/A 

Mean Edge Distance (m) -0.050 ± 0.017** -2.91 -0.084, -0.016 -0.070 ± 0.021*** -3.43 -0.111, -0.030 

Site Occupancy -0.013 ± 0.016 -0.84 -0.044, 0.0178 0.001 ± 0.016 -0.08 -0.0318, 0.029 

(log) Site Area (m2) -0.020  ± 0.018 -1.12 -0.058, 0.0152 -0.007 ± 0.016 -0.41 -0.0381, 0.025 

Garden Landcover (%) -0.001 ± 0.016 -0.06 -0.032, 0.030 0.043 ± 0.024• 1.77 -0.005, 0.091 

Built Landcover (%)  -0.024 ± 0.021 -1.16 -0.0641, 0.017 N/A N/A N/A 

ULC Model: ULC 2 N/A N/A N/A -0.133 ± 0.062* -2.15 -0.255, -0.117 

                      ULC 3 N/A N/A N/A -0.119 ± 0.041** -2.87 -0.200, -0.037 

                      ULC 4 N/A N/A N/A -0.028 ± 0.055 -0.50 -0.138, 0.082 

                      ULC 5 N/A N/A N/A 0.009 ± 0.066 0.14 -0.121, 0.139 

April Laying Date -0.109 ± 0.013*** -8.46 -0.1346, -0.084 -0.112 ± 0.013*** -8.62 -0.137, -0.0865 

Clutch Size - - - N/A N/A N/A 

Random Terms Variance ± SD   Variance ± SD   

Box: Site ID 0.004±0.066   0.004 ± 0.066   

Site ID 0.002±0.045   0.001 ± 0.029   

Year 0.005±0.069   0.006 ± 0.075   
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The observed large standard deviations, suggested that brood size varied considerably both 

between and within sites and thus at the level of individual nests. This translated into very 

little correlational effect predicted from either urban gradient metric. Indeed, the only 

significant changes in nestling numbers observed were in the ULC model, in which brood 

size was found to be smaller in both dense-suburban (ULC2) and moderately urbanised sites 

(ULC3), compared with suburban (ULC1) sites (ULC model, Table 3.5). Such high variation at 

the nestbox level was further substantiated by the relatively low random effects variance 

(and concomitant high standard deviation values) observed for both the site and nested 

spatial terms. Whilst variance values remained high enough for random effects to be 

retained in analyses, they suggest greater variation in brood size across nests (between 

broods) within the same site than might be expected, particularly when compared with 

differences in brood size between sites.   

Aligned with results from clutch size analyses, there was, as expected, a significant gradual 

decline in brood size with advancing laying date, which was consistent across all years and 

sites. Models predicted that delayed breeding led to an almost 50% decrease in the mean 

predicted number of chicks hatching per nest, with the earliest laying pairs producing an 

average brood of 9.5 compared to ~5 hatchlings for the most delayed breeders. Clutch size 

was removed from both built and ULC models due to issues with model validation.  

Overall, both built and ULC models predicted a positive correlation between brood size and 

the average number of native deciduous broadleaved trees, with a marginally stronger 

effect detected in the ULC model (Fig. 3.9).  
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Figure 3.9. The positive correlational relationship between the mean number of native deciduous 
broadleaved trees within a 10m radius of nestboxes and brood size in Blue Tits nesting along an urban 
gradient in Birmingham, UK over six breeding seasons (2013-2018). Raw data are represented by 
coloured points categorised by urban land class (ULC): ULC1 (dark green points) = least urbanised 
(suburban) sites, ULC5 (dark grey) = most densely urbanised sites. The solid line is the prediction curve 
(and grey ribbons the 95% CIs) calculated from a zero inflated Conway Maxwell Poisson (glmmTMB 
family = compois) Model. The model included urban class as a fixed factor (base = ULC 1) and all other 
variables were kept at their mean (n = 752).   

 

Model estimates predicted that pairs breeding in nestboxes surrounded by few or no native 

broadleaved deciduous trees hatched an average of 6.75 chicks compared with ~8 nestlings 

for pairs breeding in sites with the highest mean density of native trees in Birmingham.  

Contrary to predictions, but consistent with the model outcomes of hatching success, brood 

size was found to be significantly negatively correlated with the mean distance of nestboxes 

to a connected tree edge, with a stronger response detected from the ULC model (Table 

3.5).  Model predictions suggested that pairs hatched up to two fewer chicks in nests 
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located deeper within connected tree cover, compared with their conspecifics nesting 

nearer to patch edges (Fig. 3.10).  

 

Figure 3.10. The negative correlational relationship between the mean distance of nests from the 

edge of connected tree cover (mean “edge distance”) and brood size in Blue Tits nesting along an 

urban gradient in Birmingham, UK over six breeding seasons (2013-2018). Raw data are represented 

by coloured points categorised by urban land class (ULC): ULC1 (dark green points) = least urbanised 

(suburban) sites, ULC5 (dark grey) = most densely urbanised sites. The solid line is the prediction curve 

(and grey ribbons the 95% CIs) calculated from a zero inflated Conway Maxwell Poisson (glmmTMB 

family = compois) Model. The model included urban class as a fixed factor (base = ULC 1) and all other 

variables were kept at their mean (n = 752).   

 

3.3.4. Post-hatching breeding success  

In contrast to pre-hatching and hatching outcomes, fledgling numbers, fledging success and 

breeding success response variables were more strongly impacted by variables measuring 

variation in the environment at both habitat and landscape scales. Furthermore, response 

variables were better explained using the linear urban gradient and associated built models.  
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Overall, of the 662 Blue Tit pairs that successfully hatched at least one chick over the six 

years of the study, 554 pairs (83.69%) produced at least one fledgling, (73.67% of the total 

752 breeding attempts that reached incubation). Of the 544 nests that fledged at least one 

chick, 424 (77.94%) experienced the partial loss of eggs and/or nestlings, with 57.35% of 

those losses incurred during chick-rearing. Overall, 36.56% of breeding attempts that 

hatched at least one nestling resulted in total fledging success.  

3.3.4.1. Fledging success and overall breeding success  
 

Over the six years of the study, the average proportion of nestlings that survived to fledging  

was 0.66 ± 0.39, whilst the overall mean breeding success ratio was 0.54 ± 0.39. Selly Park  

was the poorest performing site overall, with only 13 breeding attempts out of 22 producing 

nestlings. Furthermore, very few nestlings survived the brood-rearing period, resulting in 

very low fledging success (0.20 ± 0.37) and overall breeding success (0.11 ± 0.2) rates. In 

comparison, RSPB Sandwell Valley had the highest fledging success rates, with a mean of 

0.89 ± 0.24 fledglings per chick (n = 34 nests). With respect to overall breeding success, 

Chamberlain Gardens was the most successful site over the six years, with pairs producing 

an average 0.80 ± 0.21 fledglings for every initial egg laid (n = 16 nests).  
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Table 3.6. Model summaries from a GLMM analysis of Fledging Success for Blue Tits breeding along an urban gradient in the city of Birmingham, UK between 
2013-2018 regressed against a priori selected covariates (Fixed Effects) from three predictor blocks: habitat and landscape (abiotic) and biotic. Results are 
provided for both built (left columns) and ULC (right columns) models which use the quantitative (%BLC) and categorical (five-level urban land class) gradient 
metrics respectively. Intercept = ULC1 (suburban sites).  Intercept Year = 2013 where specified as a fixed factor.  All significant slopes (using CIs) are indicated 
in bold (significance codes: P ≤0.001***, ≤0.01**, ≤0.05*);  ‘-’ values denote covariates initially included in models but subsequently removed; ‘n/a’ values 
indicate covariates a priori not included. Analyses based on data from 752 breeding attempts.  

 

 

 

 

 

 

 

 

 

 

 Fledging Success (FS Built Model) Fledging Success (FS ULC) Model  

Fixed Terms Coefficient ±SE z value CI (2.5/97.5%) 
 

Coefficient ±SE z value CI (2.5/97.5%) 
 

Intercept 1.854 ± 0.221   2.326 ± 0.358   

Me NDB Trees -0.262 ± 0.132*   -1.988 -0.520, -0.0037 -0.374 ± 0.135**   -2.774 -0.638, -0.110 

Inverse Simpson’s Index 0.155 ± 0.132    1.169 -0.105, 0.415 0.063 ± 0.148    0.428   -0.227, 0.353 

Inverse Simpson’s Index2 -0.263 ± 0.073***   -3.587 -0.407, -0.119 -0.210 ± 0.076**   -2.765   -0.358, -0.0610 

Mean Edge Distance (m) 0.092±0.144    0. 644 -0.189,0.374 0.010 ± 0.179    0.054 -0.341, 0.360 

Site Occupancy -0.118 ± 0.090 -1.308 -0.295, 0.059 - - - 

(log) Site Area (m2) -0.243 ± 0.152  -1.604 -0.5409, -0.054 -0.227 ± 0.145 -1.568   -0.512, 0.0568 

Garden Landcover (%) -0.273 ± 0.129*  -2.107 -0.526, -0.019 -0.252 ± 0.204   -1.234   -0.651, 0.148 

Built Landcover (%)  -0.433 ± 0.170*   -2.553 -0.765, -0.101 N/A N/A N/A 

ULC Model: ULC 2 N/A N/A N/A -0.680 ± 0.551   -1.236   -1.759, 0.399 

                      ULC 3 N/A N/A N/A -0.418 ± 0.379   -1.101   -1.161, 0.326 

                      ULC 4 N/A N/A N/A -0.621 ± 0.498   -1.247   -1.597, 0.355 

                      ULC 5 N/A N/A N/A -1.730 ± 0.564**   -3.065   -2.836, -0.624 

April Hatching Date -0.466 ± 0.075***   -6.176 -0.613, -0.318 -0.456 ± 0.075*** -6.051 -0.604, -0.309 

Random Terms Variance ± SD   Variance ± SD   

Box: Site ID 0.872 ± 0.934   0.866 ± 0.931   

Site ID 0.140 ± 0.374   0.098 ± 0.313   

Year 0.178 ± 0.422   0.198 ± 0.445   
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Table 3.7. Model summaries from a GLMM analysis of Breeding Success for Blue Tits breeding along an urban gradient in the city of Birmingham, UK between 
2013-2018 regressed against a priori selected covariates (Fixed Effects) from three predictor blocks: habitat and landscape (abiotic) and biotic. Results are 
provided for both built (left columns) and ULC (right columns) models which use the quantitative (%BLC) and categorical (five-level urban land class) gradient 
metrics respectively. Intercept = ULC1 (suburban sites). Intercept Year = 2013 where specified as a fixed factor. All significant slopes (using CIs) are indicated 
in bold (significance codes: P ≤0.001***, ≤0.01**, ≤0.05*). ●  indicates a borderline sig effect (CIs crossed zero);  ‘-’ values denote covariates initially included 
in models but subsequently removed; ‘n/a’ values indicate covariates a priori not included. Analyses based on data from 752 breeding attempts.  

 

 Overall Breeding Success (BS Built Model) Overall Breeding Success (BS ULC) Model  

Fixed Terms Coefficient ±SE z value CI (2.5/97.5%) 
 

Coefficient ±SE z value CI (2.5/97.5%) 
 

Intercept 1.309±0.150   1.809 ± 0.272   

Me NDB Trees -0.088 ± 0.113 -0.781 -0.310, 0.133 -0.150 ± 0.112  -1.342 -0.370, 0.069 

Inverse Simpson’s Index 0.138 ± 0.115   1.199 -0.088, 0.363 0.068 ± 0.127 0.535 -0.181, 0.317 

Inverse Simpson’s Index2 -0.195 ± 0.066**  -2.961 -0.325, -0.066 -0.151 ± 0.067*   -2.244 -0.283, -0.019 

Mean Edge Distance (m) -0.035 ± 0.121   -0.289 -0.273, 0.203 -0.153 ± 0.148   -1.034 -0.442, 0.137 

Site Occupancy -0.140 ± 0.076• -1.856 -0.289, 0.008 -0.119 ± 0.075   -1.580 -0.266, 0.029 

(log) Site Area (m2) -0.118 ± 0.127     -0.927 -0.367, 0.131 -0.084 ± 0.122   -0.686 -0.322, 0.155 

Garden Landcover (%) -0.183 ± 0.113   -1.610 -0.405, 0.0396 -0.091 ± 0.175   -0.518 -0.433, 0.252 

Built Landcover (%)  -0.337 ± 0.144*     -2.345 -0.619, -0.055 N/A N/A N/A 

ULC Model: ULC 2 N/A N/A N/A -0.836 ± 0.457• -1.828 -1.732, 0.060 

                      ULC 3 N/A N/A N/A -0.448 ± 0.310   -1.446 -1.055, 0.159 

                      ULC 4 N/A N/A N/A -0.662 ± 0.412   -1.605 -1.470, 0.146 

                      ULC 5 N/A N/A N/A -1.507 ± 0.475**   -3.170 -2.439, -0.575 

April Laying Date -0.215 ± 0.059*** -3.632 -0.331, -0.099 -0.203 ± 0.059*** -3.442 -0.319, -0.088 

Random Terms Variance ± SD   Variance ± SD   

Box: Site ID 0.636 ± 0.798   0.641 ± 0.801   

Site ID 0.104 ± 0.322   0.061 ± 0.246   

Year 0.548 ± 0.234   0.055 ± 0.234   
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Variation in both fledging and breeding success were best predicted by built models (Table 

3.6 and 3.7), with results suggesting that both measures of success rates were influenced by 

the timing of breeding, and variables associated with habitat quality and features of the 

wider urban matrix. Consistent with the seasonal effects of April laying date on pre-hatching 

breeding outcomes, pairs that bred later in the season had lower rates of  fledging and 

ultimately lower overall breeding success, with a consistent and strong negative 

correlational effect observed across all four final fledging and breeding success models 

(Tables 3.6 and 3.7).  

A significant quadratic effect of mean broadleaved tree diversity was also observed across 

the set of four global fledging and breeding success models analysed. Whilst the strongest 

correlational relationship was detected for fledging success, all four models consistently 

predicted that the proportion of fledglings produced initially increased with increasing 

broadleaved tree diversity, from 0.50 to 0.65 (built FS model) and 0.44 to 0.56 (built BS 

model; Fig. 3.11), but only up to moderate Inverse Simpson’s Index values of ~5.5-6.5 

species. Any further increases in diversity values were associated with reduced fledging and 

breeding success, with sites with the highest broadleaved tree diversity exhibiting even 

poorer breeding success (proportion of fledglings produced per egg <0.35) compared with 

sites with the lowest moderate Inverse Simpson’s Index scores.  
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Figure 3.11. The non-linear relationship between broadleaved tree diversity (including native and 

non-native tree species) measured using Inverse Simpson’s Index and overall breeding success for Blue 

Tits nesting along an urban gradient in Birmingham, UK over six breeding seasons (2013-2018). Raw 

data are represented by coloured points, categorised by urban land cover (ULC): ULC1 (dark green 

points) = least urbanised (suburban) sites, ULC5 (dark grey) = most densely urbanised sites. The solid 

line is the prediction curve (and grey ribbons the 95% CIs) calculated from a binomial (built) model of 

fledglings (successes) and failures (including un-hatched eggs and dead nestlings). All other fixed 

covariates were kept at their mean. (n = 752 observations).    

 

In contrast to the positive effect of increasing native deciduous broadleaved tree density on 

pre-hatching and hatching parameters, a consistent negative correlation was observed 

between fledging success and NDB trees (but not breeding success), with the strongest 

effect detected in the ULC model (z = -0.374, res. d.f. = 619, P = 0.0055).  

As hypothesised, models predicted a significant decline in both fledging and overall 

breeding success with increasing urbanisation using the quantitative metric (%BLC) (built 

models; Tables 3.6 and 3.7). Pairs breeding in the ‘greenest’ (i.e. least built-up) sites were 

predicted to fledge an average of 0.63 chicks from all eggs laid (BS model), with this rate 
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falling to 0.46 in highly urbanised sites (> 90% BLC). The equivalent estimated figures for the 

FS model (Fig. 3.12) were slightly higher but with very similar rates of change observed. In 

contrast, the two equivalent ULC models only detected a significant difference in success 

rates between the two extreme classes of urbanisation. 

Figure 3.12. The negative correlational relationship between the urban gradient (measured using the 
quantitative metric; %BLC) and proportional fledging success for Blue Tits nesting along an urban 
gradient in Birmingham, UK over six breeding seasons (2013-2018).. Raw data are represented by 
coloured points, categorised by urban land cover (ULC): ULC1 (dark green points) = least urbanised 
(suburban) sites, ULC5 (dark grey) = most densely urbanised sites. The solid line is the prediction curve 
(and grey ribbons the 95% CIs) calculated from a binomial model of fledglings (successes) and 
hatchling deaths (failures). All other fixed covariates were kept at their mean. (n = 662 observations). 
The plot demonstrates the high levels of noise in the data, with the width of CIs increasing with 
increasing %BLC likely in part due to the lower numbers of breeding attempts.    

 

Finally, the built FS model (Table 3.6) revealed a significant negative correlation between 

fledging success and the percentage of garden landcover within the 500m bufferzone of 

sites (z = -0.273, res. d.f. = 621, P = 0.035). However, when plotted, model predictions, 

revealed a relatively shallow, negative trend, particularly compared with the stronger, 
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positive correlational relationship of garden landcover and hatching success predicted from 

the ULC HS model.  

3.3.4.2. Fledgling numbers  
 

Including cases of total breeding failure (equating to 16.31% of nests across all years), pairs 

across the city on average produced 5.37 ± 3.32 fledglings per breeding attempt (range: 0-

12 fledglings, n = 662 nests), increasing to an average of 6.42 ± 2.54 fledglings (n = 554 

nests) when complete brood failures were removed from the raw data.   

Variation in fledgling numbers across sites was influenced by environmental variables at 

both habitat and landscape scales, with the linear quantitative gradient proving a better 

predictor of urbanisation effects (Table 3.8).      

April hatching date and brood size were removed from the final models to improve model 

validation. However, when retained in analyses, models demonstrated that, as expected 

fledgling numbers increased with brood size and declined with the progression of the 

breeding season.  
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Table 3.8. Model summaries from a GLMM analysis of Fledgling Numbers for Blue Tits breeding along an urban gradient in the city of Birmingham, UK 
between 2013-2018 regressed against a priori selected covariates (Fixed Effects) from three predictor blocks: habitat and landscape (abiotic) and biotic. 
Results are provided for both built (left columns) and ULC (right columns) models which use the quantitative (%BLC) and categorical (five-level urban land 

class) gradient metrics respectively. Intercept = ULC1 (suburban sites). Intercept Year = 2013 where specified as a fixed factor. All significant slopes (using CIs) 
are indicated in bold (significance codes: P ≤0.001***, ≤0.01**, ≤0.05*). ●  indicates a borderline sig effect (CIs crossed zero);  ‘-’ values denote covariates 
initially included in models but subsequently removed; ‘n/a’ values indicate covariates a priori not included. Analyses based on data from 662 breeding 
attempts.  

 

 

 

 

 

 Fledgling Numbers (FN Built Model) Fledgling Numbers (FN ULC) Model  

Fixed Terms Coefficient ±SE z value CI (2.5/97.5%) 
 

Coefficient ±SE z value CI (2.5/97.5%) 
 

Intercept 1.891 ± 0.048   2.021±0.084   

Me NDB Trees -0.012 ± 0.037 -0.33 -0.084, 0.060 -0.025 ± 0.036 -0.694 -0.096, 0.0459 

Inverse Simpson’s Index 0.017 ± 0.038 0.44 -0.057, 0.091 -0.033 ± 0.042 -0.775 -0.116, 0.0501 

Inverse Simpson’s Index2 -0.052 ± 0.022*      -2.36 -0.094, -0.009 -0.033 ± 0.022 -1.504 -0.0767, 0.010 

Mean Edge Distance (m) -0.069 ± 0.040• -1.71 -0.148, 0.010 -0.095 ± 0.048* -1.974 -0.189, -0.0006 

Site Occupancy -0.036 ± 0.029 -1.22 -0.093, 0.022 -0.026 ± 0.029 -0.902 -0.083, 0.031 

(log) Site Area (m2) -0.042 ± 0.042 -0.99 -0.124, 0.041 -0.010 ± 0.040 -0.253 -0.089, 0.068 

Garden Landcover (%) -0.013 ± 0.036 -0.35 -0.083, 0.057 -0.017 ± 0.055 -0.311 -0.091, 0.125 

Built Landcover (%)  -0.091 ± 0.046* -1.97 -0.181, -0.0004 N/A N/A N/A 

ULC Model: ULC 2 N/A N/A N/A -0.236 ± 0.148 -1.595 -0.526, 0.054 

                      ULC 3 N/A N/A N/A -0.200 ± 0.101* -1.974 -0.399, -0.0001 

                      ULC 4 N/A N/A N/A -0.095 ± 0.132 -0.719 -0.353, 0.163 

                      ULC 5 N/A N/A N/A -0.371 ± 0.156* -2.380 -0.677, -0.065 

April Hatching Date - - - - - - 

Brood Size - - - - - - 

Random Terms Variance ± SD   Variance ± SD   

Box: Site ID -   0.001 ± 0.038   

Site ID 0.016±0.128   0.012 ± 0.107   

Year 0.005±0.074   0.006 ± 0.075   
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The built model detected a moderate but significant quadratic effect of mean broadleaved 

tree diversity (z = -0.052, res. d.f. = 622,  P = 0.018; Table 3.8). Pairs were predicted to 

produce more fledglings as Inverse Simpson’s Index values initially increased, from a 

projected low of 4.5-5.5 to a peak of 5.5-6.5 (±1.0 CIs) fledglings (Fig. 3.12). Consistent with 

the results reported across other response variables, this final best model indicated a 

threshold Inverse Simpson’s Index value of ~ 5.5-6.5, beyond which greater broadleaved 

tree diversity within city greenspaces was associated with lower fledgling numbers.  

Figure 3.13. The non-linear relationship between broadleaved tree diversity (including native and 

non-native species) measured using Inverse Simpson’s Index and fledgling numbers for Blue Tits 

nesting along an urban gradient in Birmingham, UK over six breeding seasons (2013-2018). Raw data 

are represented by coloured points (categorised by urban land class (ULC): ULC1 (dark green points) = 

least urbanised (suburban) sites, ULC5 (dark grey) = most densely urbanised sites. The solid line is the 

prediction curve (and grey ribbons the 95% CIs) calculated from a zero-inflated Conway Maxwell 

Poisson Model (family = compois). The urban gradient was specified using %BLC. All fixed covariates 

were kept at their mean (n = 662).   
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Whilst the ULC model did not detect an effect of increasing tree diversity on fledgling 

numbers, it did predict an equally significant negative effect of the mean distance of nests 

to a connected edge (z = -0.095, res. d.f. = 618, P = 0.048; Table 3.8).  

Finally, the built model predicted a significant decline in fledgling numbers as the 

percentage of built landcover increased (z = -0.091, res. d.f. = 622, P = 0.0489; Table 3.8).  

Pairs nesting in the greenest (suburban) sites were predicted to produce 6.5 ± 1.5 fledglings, 

compared with 4.5 ± 1.5 fledglings produced by conspecifics breeding in the most heavily 

built-up sites (Fig. 3.14).  

 

 

 

 

 

 

 

 

Figure 3.14. The negative correlational relationship between the urban gradient (%BLC) and fledgling 

numbers for Blue Tits nesting along an urban gradient in Birmingham, UK over six breeding seasons 

(2013-2018). Raw data are represented by coloured points (categorised by urban land cover (ULC): 

ULC1 (dark green points) = least urbanised (suburban) sites, ULC5 (dark grey) = most densely urbanised 

sites. The solid line is the prediction curve (and grey ribbons the 95% CIs) calculated from a zero-

inflated Conway Maxwell Poisson Model (family = compois). The urban gradient was specified using 

%BLC. All fixed covariates were kept at their mean. (n = 662).   
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The ULC model (Table 3.8) also demonstrated variation in fledgling numbers albeit only 

between the least urbanised sites (ULC1) and sites with moderate or very high levels of 

urban density (ULC 3 and 5, respectively).  

3.3.5. Probability of total nesting failure  
 

 A total of 26.33% of all breeding attempts failed over the six breeding seasons, with the 

number of failures fluctuating across sites (Fig. 3.15).  

Figure 3.15. Bar plot of total nesting failures for Blue Tits breeding across an urban gradient in the 
city of Birmingham, UK over six breeding seasons (2013-2018). Failures are broken down for each site 
across two breeding phases (incubation and brood-rearing). Values above bars denote breeding 
failures as a percentage of the total number of breeding attempts for each site across all six years. 
Sites are ordered by %BLC. Sites (i.e. Chamberlain and GUC) recording 0% failure rates did not suffer 
complete losses during either incubation or brood-rearing. Note that for GUC (a highly urbanised site) 
only 7 nesting attempts were recorded but all were successful with at least one chick hatching and 
fledging from each attempt. 
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Table 3.9. Model summaries from GLMM analyses of the effects of habitat and landscape parameters on measures of the probability of breeding success/failure (binary HS, 

FS and BS) for Blue Tits breeding along an urban gradient within the city of Birmingham, UK between 2013-2018 using built models. Response variables were regressed 

against a priori selected covariates (Fixed Effects) from three predictor blocks: habitat and landscape (abiotic) and biotic. Intercept = ULC1 (suburban sites). Intercept Year = 

2013 where specified as a fixed factor. All significant slopes (using CIs) are indicated in bold (significance codes: P ≤0.001***, ≤0.01**, ≤0.05*). ●  indicates a borderline sig 

effect (CIs crossed zero);  ‘-’ values denote covariates initially included in models but subsequently removed; ‘n/a’ values indicate covariates a priori not included. 

 Hatching Success (Built Model) 
(n = 752) 

Fledging Success (Built Model) 
(n = 662) 

Breeding Success (Built Model) 
(n = 752) 

Fixed Terms Coefficient ±SE z value CIs  
(2.5/97.5%) 

Coefficient ±SE z value CIs  
(2.5/97.5%) 

Coefficient ±SE z value CIs  
(2.5/97.5%) 

Intercept 3.072± 0.355   2.834±0.347   2.112±0.269   

Me NDB Trees -0.034 ±0.169 -0.200 -0.365,0.297 -0.129±0.170 -0.756 -0.462,0.205 -0.098±0.159 -0.615 -0.409,0.214 

Inverse Simpson’s 
Index 

0.251 ±0.153 1.640 -0.049,0.550 0.435±0.166** 2.621 0.110,0.760 0.440±0.153** 2.875 0.140,0.740 

Inverse Simpson’s 
Index2 

- - - -0.256±0.084** -3.050 -0.421, -0.091 -0.203±0.077** -2.622 -0.355, -0.051 

 Mean Edge 
Distance (m) 

0.523 ± 0.174** 3.001 0.181,0.864 0.226±0.175 1.296 -0.116,0.568 0.366±0.160* 2.280 0.051,0.679 

Site Occupancy  -0.429±0.203* -2.114 -0.827, -0.031 -0.263±0.187 -1.407 -0.630,0.104 -0.373±0.149* -2.496 -0.665, -0.080 

(log) Site Area (m2) -0.160 ±0.195 -0.817 -0.543,0.223 -0.407±0.202* -2.010 -0.804, -0.010 -0.283±0.178 -1.595 -0.631,0.065 

Garden Landcover 
(%) 

-0.885±0.232*** -3.821 -1.339, -0.431 -1.015±0.228*** -4.442 -1.463, -0.567 -0.975±0.214*** -4.546 -1.395, -0.555 

Built Landcover (%) -0.191±0.199 -0.959 -0.580,0.199 -0.488±0.227* -2.150 -0.932, -0.043 -0.353±0.190• -1.858 -0.726,0.019 

Built Landcover (%) 
(%BLC)2 

-0.782±0.214*** -3.647 -1.202, -0.361 -0.630±0.217** -2.898 -1.055, -0.204 -0.736±0.196*** -3.754 -1.120, -0.352 

April Laying Date -0.183±0.151 -1.213 -0.478,0.112 N/A N/A N/A -0.079±0.099 -0.806 -0.273,0.114 

April Hatching Date N/A N/A N/A -0.223±0.136 -1.644 -0.489,0.043 N/A N/A N/A 

Random Term Variance ± SD   Variance ± SD   Variance ± SD   

Box:Site ID -   0.310±0.557   0.054±0.232   

Site ID 0.071±0.267   0.057±0.239   0.153±0.392   

Year 0.205±0.453   0.064±0.254   0.007±0.083   
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 Hatching Success (ULC Model) 
(n = 752) 

Fledging Success (ULC Model) 
(n = 662) 

Breeding Success (ULC Model) 
(n = 752) 

Fixed Terms Coefficient ±SE z value CIs 
(2.5,97.5%) 

Coefficient 
±SE 

z value CIs 
(2.5,97.5%) 

Coefficient ±SE z value CIs 
(2.5,97.5%) 

Intercept 2.155±0.460     2.508±0.420    1.808±0.402       

Me NDB Trees 0.099±0.183    0.543 -0.259,0.457 -0.007±0.152    -0.047    -0.304,0.290 -0.106±0.177   -0.601   -0.454,0.241 

Inverse Simpson’s 
Index 

0.070±0.164    0.428    -0.251,0.391 0.292±0.156•    1.879    -0.013,0.597 0.415±0.184*    2.258 0.055,0.774 

Inverse Simpson’s 
Index2 

- - - -0.249±0.083** -2.984 -0.412, -0.085 -0.225±0.085**   -2.639   -0.392, -
0.058 

Me Distance CE 0.442±0.260•    1.700 -0.068,0.952 -0.040±0.235  -0.169    -0.501,0.421 0.324±0.224    1.445   -0.115,0.763 

Site Occupancy -0.315±0.213   -1.482    -0.732,0.102 -0.146±0.183   -0.799    -0.506,0.213 -0.266±0.148    -1.797   -0.557,0.024 

(log) Site Area (m2) 0.067±0.196    0.340 -0.318,0.451 -0.289±0.190  -1.523   -0.660,0.083 -0.265±0.201   -1.318   -0.658,0.129 

Garden Landcover 
(%) 

-0.309±0.330   -0.937    -0.957,0.338 -0.412±0.265   -1.556 -0.931,0.107 -0.177±0.275   -0.645   -0.716,0.361 

Garden Landcover 
(%2) 

- - - - - - -0.222±0.125      -1.772 -0.468,0.024 

ULC 2  -0.070±0.795   -0.089    -1.628,1.488 -0.880±0.691   -1.273 -2.234,0.475 -0.432±0.656  -0.658   -1.717,0.853 

ULC 3 0.853±0.559    1.525 -0.243,1.949 0.103±0.464   0.222    -0.806,1.012 0.270±0.458    0.590   -0.627,1.166 

ULC 4 0.522±0.670    0.779    -0.791,1.835 -0.654±0.697   -0.938    -2.019,0.712 -0.381±0.597   -0.639   -1.551,0.788 

ULC 5 -0.630±0.746   -0.844    -2.093,0.833 -1.823±0.709*   -2.571 -3.214, -0.433 -1.213±0.635  -1.911   -2.457,0.031 

April Lay Date -0.167±0.160   -1.039    -0.481,0.148 n/a n/a n/a -0.069±0.099   -0.702 -0.263,0.125 

April Hatch Date n/a n/a n/a -0.176±0.128     -1.372 -0.427,0.075 n/a n/a n/a 

Random Term Variance ± SD   Variance ± SD   Variance ± SD   

Box:Site ID 0.318±0.564   -   0.029±0.171   

Site ID 0.555±0.236   0.021±0.145   0.119±0.344   

Year 0.212±0.460   0.059±0.242   0.008±0.870   
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Table 3.10. Model summaries from GLMM analyses of the effects of habitat and landscape parameters on measures of the probability of breeding success/failure (binary 

HS, FS and BS) for Blue Tits breeding along an urban gradient within the city of Birmingham, UK between 2013-2018 using ULC models. Response variables were regressed 
against a priori selected covariates (Fixed Effects) from three predictor blocks: habitat and landscape (abiotic) and biotic. Intercept = ULC1 (suburban sites). Intercept Year = 
2013 where specified as a fixed factor. All significant slopes (using CIs) are indicated in bold (significance codes: P ≤0.001***, ≤0.01**, ≤0.05*). ●  indicates a borderline sig 
effect (CIs crossed zero);  ‘-’ values denote covariates initially included in models but subsequently removed; ‘n/a’ values indicate covariates a priori not included.



129 
 

Of the breeding attempts that reached incubation, 11.97% (n = 90 clutches) resulted in total 

hatching failure, whilst 14.38% (n = 108 broods) failed during the chick-rearing phase. 

Although the probability of breeding failure remained low, where it did occur, there were 

consistent correlational relationships with several different environmental variables at both 

habitat and landscape scales (Tables 3.9. and 3.10).  

Failure rates across the city were higher during the chick-rearing (post-hatch) period 

compared with the incubation (pre-hatch period), with 55.55% of total breeding failures 

linked to brood mortality events. Most partial and total failures that occurred during the 

chick-rearing period were related to starvation rather than predation, with nestlings found 

dead but unharmed in the nest. Evidence of predation events of eggs and chicks was rare (n 

= 31 nests), and restricted to only a few sites, which were subsequently dropped from 

analyses. Predation, where it occurred was due to small mammals, most notably Grey 

Squirrels (Sciurus carolinensis) but also some bird species such as Woodpeckers 

(Dendrocopos spp.).  

Observed variation in rates of pre- and post-hatch breeding failure across the urban 

gradient were strongly supported by the built models (Table 3.9), with both habitat and 

landscape-scale variables found to be correlated with all three binary success measures 

investigated. In contrast ULC models only found a significant correlation between binary 

success outcomes and tree diversity, with no effect of the categorical urban metric detected 

(Table 3.10).  

At the habitat level, mean broadleaved tree diversity had the most significant correlational 

effect on binary breeding success/failure (Tables 3.9-3.10). A highly significant quadratic 

effect of broadleaved tree diversity on the probability of fledging success was established 
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from both built and ULC models, with significant knock-on impacts to overall rates of binary 

breeding success (z = -2.622, res. d.f. 738, P = 0.0087; built model, Table 3.9). However, 

compared with other models in which this relationship was detected, the non-linear 

response curve was less pronounced and the probability of success in sites with the highest 

tree diversity remained higher, compared to those sites with the lowest tree diversity. 

In contrast to the negative impact observed on pre-hatching response variables, increasing 

distance of nestboxes to the edge of connected tree cover was predicted to increase the 

probability of at least one egg surviving to hatching and one egg surviving to fledging in the 

built model (Table 3.9). Concomitantly, the probability of at least one hatchling surviving to 

fledging was predicted to decrease with increasing (log) site area. 

 The wider urban landscape also exerted a strong influence on the probability of breeding 

success or failure, with A highly significant non-linear effect of the quantitative urban 

gradient (% built landcover) was also observed across all three probabilistic metrics analysed 

(Table 3.9). Model predictions suggest that there was a high probability of success when the 

percentage of built landcover was below 40-50%. However, once the density of built 

landcover in the urban matrix surrounding greenspace exceeded this threshold, the 

probability of breeding attempts hatching and/or fledging at least one chick rapidly declined 

(Table 3.9; Fig. 3.16).  
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Figure 3.16. The non-linear relationship of the quantitative urban gradient (%BLC) and the probability 

of breeding success for Blue Tits breeding along an urban gradient in Birmingham, UK over six breeding 

seasons (2013-2018). The raw data (binary probability) of at least one egg surviving to fledge is 

represented by grey dots. The solid line is the prediction curve (and grey ribbons the 95% CIs). All 

other fixed covariates were kept at their mean. (n = 752 observations).    

 

Finally, models revealed a consistent and highly significant negative correlation between the 

percentage of garden landcover and the probability of hatching and fledging success, 

implying that as the availability of gardens in the matrix surrounding sites increased, the risk 

of complete breeding failure also rose. This increased risk appeared to impact both 

reproductive phases equally, with significant knock-on effects to overall breeding success (z 

= -4.546, res. d.f. 738, P = <0.0001).  
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3.4. DISCUSSION 

Overall, results revealed variation in both the strength and direction over which different 

breeding traits respond to specific features of the nesting habitat and the wider urban 

matrix. Measures of pre-hatch and hatching success appeared more strongly linked with the 

seasonal timing of breeding and changes in the structure and composition of vegetation (i.e. 

habitat quality) immediately surrounding nestboxes, with little quantifiable effects of 

landscape-scale variables associated with the urban matrix. In comparison, post-hatching 

success outcomes, overall breeding success and the risk of breeding failure whilst 

phenologically driven, were also significantly correlated with environmental factors at both 

landscape and habitat scales.  

3.4.1. Effects of landscape scale variables on breeding performance  
 

3.4.1.1. The urban gradient  
 

This study supports existing research modelling the direct ecological impacts of urbanisation 

on avian life-history strategies using more robust quantifiable measures of the urban 

gradient when compared with the traditional dichotomous urban-rural comparative 

approach and considering potential effects across different spatial scales and gradient 

lengths (e.g. Corsini et al. 2017; Sprau et al. 2017; Satgé et al. 2019; Muller et al. 2020; 

Szulkin et al. 2020). Aligning with these studies, a subtle but quantifiable pervasive negative 

effect of urbanisation on breeding success across both pre-hatching and post-hatching 

periods was observed. However, the direct impacts of increasing urbanisation on 

reproductive performance in the Birmingham Blue Tit population were more nuanced and 
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less consistent across different response variables and phases of the breeding season than 

expected.  

As hypothesised, the continuous, quantitative urban metric proved a marginally better 

predictor of the effects of increasing urbanisation across the short, high-resolution intra-city 

urban gradient compared with the categorical factor more commonly used in larger-scale 

urban-rural comparative studies (e.g. Wawrzyniak et al. 2015; Bailly et al. 2016; Biard et al. 

2017; Glądalski et al. 2017).  

Built models revealed that increasing urbanisation had the strongest and most consistent 

impact on breeding failure with the risk of failure during both incubation and brood-rearing 

rising significantly once built landcover within the matrix surrounding greenspace exceeded 

40% (e.g. Fig. 3.16). Furthermore, despite high levels of observed intra-site variability in 

breeding response data (e.g. Fig. 3.11), built models also predicted higher rates of nestling 

loss with increasing urbanisation (Table 3.6), resulting in fewer fledged young (Table 3.8), 

and a decline in overall breeding success (Table 3.7).  

In contrast, there was less evidence of an effect of increasing urbanisation on pre-hatching 

breeding responses measures. However, clutch sizes across the 28 sites were generally 

lower compared to the average of 11 to 12 eggs laid by birds in rural deciduous woodland 

(Perrins, 1979; Dhondt 1989; Kempenaers et al. 1998). This suggests that clutch size is 

potentially linked to urbanisation effects operating at wider (i.e. city or regional) scales 

(Satgé et al. 2019). This concurs with the findings of other urban Blue and Great Tit studies, 

which have shown that broader landscape-scale impacts and processes are linked with 

reduced clutch sizes (by 10-20%) in urban compared with woodland nests (Solonen 2001; 

Marciniak et al. 2007; Wawrzyniak et al. 2015; Bailly et al. 2016 except see Vaugoyeau et al. 
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2016). As a short-lived species Blue Tits are more likely to optimise clutch size due to the 

fitness benefits conferred (e.g. Perrins and Moss 1975; Monaghan and Nager 1997). A 

potential hypothesis therefore is that smaller clutch sizes in urban areas are an adaptive 

response by females to compensate for the reduced availability of natural food resources 

for provisioning nestlings (Chamberlain et al. 2009). However, an alternative theory is that 

reduced clutch size in urban areas are the result of high gene flow across different habitats 

(i.e. across greenspace patches or between the city and a nearby source woodland 

population) (Dhondt et al. 1990; Hõrak 1993).  However, as with many breeding studies, it 

remains unclear if reduced clutch size in the Birmingham Blue Tit population was genetically 

driven or due to phenotypic plasticity.  

Whilst ULC models predicted reduced hatchling numbers (Table 3.5) and lower rates of 

hatching success (Table 3.4) in more urbanised sites (ULC2-4) compared with the greenest 

sites (ULC1), the strength and significance of the differences detected were inconsistent 

across different urban categories. Notably, any differences in brood size and hatching 

success between the two extreme urban land classes were found not to be statistically 

significant. Whilst these results suggest these aspects of breeding success may also be 

similarly constrained at the city-wide scale, they could equally be explained by the variance 

in the dataset and/or the high rates of hatching success relative to the very few breeding 

attempts that were observed in the most urbanised sites.   

Despite laying smaller than average clutches, and the capacity of females to adjust clutch 

size to compensate for delayed laying (Fig. 3.5), rates of brood reduction were high and 

increased significantly with the urban gradient resulting in decreased fledging numbers and 

reduced breeding success, suggesting that females were potentially laying larger than 
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optimal clutches (Dhondt et al. 1990; Chamberlain et al. 2009; Shutt et al. 2018). Whilst 

larger than optimal clutches have been hypothesised to have a genetic basis (Dhondt et al. 

1990; Chamberlain et al. 2009) researchers have alternatively suggested that disparities 

between earlier breeding decisions and later breeding outcomes may arise because pairs 

are unable to accurately assess the future quality of breeding habitat (i.e. during chick 

rearing; e.g. Harrison et al. 2010; Seress et al. 2018; Shutt et al. 2018). Consequently, 

therefore, such disparities in the effects of urbanisation across pre- and post hatching 

breeding phases might suggest that breeding in the city is maladaptive (Sumasgutner et al. 

2014; Demeyrier et al. 2017).  

However, another alternative hypothesis that deserves further consideration is that females 

breeding in poor quality habitats with low or unpredictable food resources such as cities 

may strategically lay more eggs and then selectively starve nestlings post-hatch to optimise 

brood size according to the availability of key food resources such as caterpillars (Gottlander 

1987; Slagsvold and Amundsen 1992). Although correlative, the results from this study 

suggest that females may have adopted this brood reduction strategy.  

Although beyond the scope of this current research, it is likely that the effects of increasing 

urbanisation, particularly on post-hatching breeding success within the city are linked to 

several different environmental axes (e.g. see Sprau et al. 2017) that have been found to 

covary with the urban gradient including: temperature (Deviche and Davies 2014; Arct et al. 

2022), light (Hale et al. 2015; Dominoni 2015; Gaston et al. 2015), noise (Halfwerk et al. 

2011; Injaian et al. 2018b), pollution (Eeva et al. 1997, 2005, 2008) and human disturbance 

(e.g. Glądalski et al. 2016; Corsini et al. 2017).  Fine-scale variations in these environmental 

parameters can impact directly on the growth, development and survival of nestlings, or 
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indirectly by altering parental physiology and foraging behaviour, and reducing the 

availability of natural high quality food (Corsini et al. 2017, 2021; Szulkin et al. 2020).  

3.4.1.2. Garden landcover  
 

In Britain gardens make up approximately 25% of all urban landcover and it is estimated 

that nearly 50% of all households feed birds on a regular basis (Davies et al. 2012; Amrhein 

2014; Orros and Fellowes 2015). In Birmingham, the average percentage of garden 

landcover surrounding study sites was 23.15% (range: 0.66-60.17%), cumulatively 

accounting for 20% of the total area surveyed, and therefore my study was comparable to 

the national picture. Whilst Blue Tits appeared to benefit initially from the availability of 

gardens, with significantly higher rates of hatching success associated with increasing 

garden landcover (ULC Model; Table 3.4), they were also more likely to experience lower 

rates of fledging success (Built Model; Table 3.6).  

Although my research was only correlative in nature and thus it was not possible to 

establish the mechanisms by which gardens were impacting breeding performance, it is 

reasonable to suggest that the availability of supplementary food might be playing a 

fundamental role. I hypothesise that supplemental feeding in gardens potentially buffered 

the lack of natural food resources within breeding territories enabling females to attain 

breeding condition and/or provided them with the energy to forage for longer periods to 

acquire nutrients and proteins required during egg laying and incubation (e.g. see Robb et 

al. 2008; Harrison et al. 2010). However, this may have resulted in a mismatch post-hatching 

due to differences between the perceived and true quality of breeding habitats, ultimately 

leading to non-adaptive breeding decisions and investments and resulting in a negative 



137 
 

influence of gardens on fledging success (Anderies et al. 2007; Plummer et al. 2013b; 

Demeyrier et al. 2017).  

    Indeed, recent scientific advances in animal telemetry (RFID technology) and monitoring 

(Cox et al. 2016; Jarrett et al. 2020; Shutt et al. 2021), stable isotope analysis (Pollock et al. 

2017) and faecal metabarcoding (Jarrett et al. 2020; Shutt et al. 2021) have confirmed that 

birds will travel beyond their own territories, both prior to and during the breeding season, 

to exploit key resources, including supplemental food at garden feeders.  

Interestingly the divergent responses observed pre- and post-hatching in my study appeared 

to counteract each other, resulting in little to no observed effect of garden landcover on 

overall breeding success. This disparity in findings is consistent with the growing scientific 

consensus that there are both benefits and costs of supplemental feeding on avian 

reproduction (Jones and Reynolds 2008; Robb et al. 2008a,b; Plummer et al. 2013a,b; 

Ruffino et al. 2014; Crates et al. 2016; Demeyrier et al. 2017; Seress et al. 2018; Shutt et al. 

2021).  

Comparable to this study, Hedblom and Söderström (2012) linked observed disparities 

between early and late breeding traits in Great Tits nesting in residential areas in Uppsala, 

Sweden to potential downstream effects of winter provisioning of supplemental food in 

residential gardens. They hypothesised that whilst winter provisioning by residents helped 

females to attain a nutritional threshold for breeding (likely resulting in earlier laying), the 

widespread cessation of feeding which was known to coincide with spring leaf-out, created 

a sudden shortage of food resulting in mistimed breeding and lower nestling body 

condition. A similar hypothesis therefore may (at least partially) explain the offset between 

the earlier benefits of gardens and later negative impacts post-hatching in my study.  
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Similar to the effects of built landcover, a strong and pervasive negative effect of gardens 

was observed on the probability of hatching and fledging success with significant knock-on 

effects to the probability of overall breeding success.  

The different pattern of results observed for the impacts of built and garden landcover on 

proportional versus binary measures of success suggest that the potential causal factor(s) of 

total breeding failure may differ from those driving partial loss (i.e. brood reduction) in 

successful breeding attempts. A potential hypothesis to explain this is that increases in built 

and garden landcover are associated with higher costs to adults, for example due to 

increased foraging distances (Hinsley et al. 1999), and/or longer foraging periods (Stauss et 

al. 2005) to compensate for a lack of preferred natural food within their own breeding 

territories. Under such circumstances, adults might be at a higher risk of mortality from 

human-mediated threats including predation by cats (Seress et al. 2011; Evans et al. 2015; 

Pavisse et al. 2019), disease transmission at garden feeders (Chace and Walsh 2006; Robb et 

al. 2008) and vehicle/building collisions (Hager et al. 2013; Hager and Craig 2014; Loss et al. 

2014a,b).   

3.4.2. Effects of habitat scale variables on breeding performance  
 

3.4.2.1. Tree density and diversity   
 

Compared with preferred oak-rich deciduous and mixed forest habitats (Perrins et al. 1965), 

urban greenspaces are typically characterised by smaller and highly fragmented habitat 

patches and plant communities with a very different vegetation structure and composition 

(Mackenzie et al. 2014; New 2015; Seress and Liker 2015). Consequently, urban habitats 

may support a lower abundance and diversity of the high quality prey items including 
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caterpillars (Lepidoptera spp.) that form the primary source of food during the energy 

intensive chick-rearing period (Blondel et al. 1991; Perrins 1991; van Noordwijk et al. 1995; 

Naef-Daenzer et al. 2000; Tremblay et al. 2005). Supporting this, urban-rural comparative 

studies have linked reduced food resources with changes in parental foraging behaviour 

(Mackenzie et al. 2014; Jarrett et al. 2020), reduced chick provisioning (Pollock et al. 2017), 

lower nestling condition (Hinsley et al. 2008; Biard et al. 2017) and significantly lower 

breeding success (Glądalski et al. 2017; Seress et al. 2018; Wawrzyniak et al. 2020). 

Furthermore, the increased planting of non-native and ornamental species, particularly in 

residential gardens and urban parklands, is also thought to exaggerate natural food 

shortages with knock-on effects to nestling development and survival (Narango et al. 2017, 

2018; Corsini et al. 2021).  

While the availability of natural food was not explicitly evaluated in my study, the quality of 

the habitat surrounding nests, measured as the availability of native broadleaved deciduous 

trees and broadleaved (native and non-native) tree species diversity is considered a reliable 

index of prey availability for tits (Isaksson and Andersson 2007; Glądalski et al. 2015; Bueno-

Enciso et al. 2016b; Dekeukeleire et al. 2019). As hypothesised, the average density and 

diversity of broadleaved trees surrounding nestboxes was positively correlated with pre-

hatching breeding outcomes. Crucially, however, and in contrast to predictions, findings 

suggested that higher numbers of native trees and greater broadleaved species diversity do 

not necessarily confer benefits on nestling survival, fledging and breeding success.  

An offset between the initial benefits of increasing tree density (Tables 3.4 - 3.5) on early 

breeding traits and subsequent detrimental impacts on downstream fledging success (Table 

3.6) resulted in similar numbers of fledglings (Table 3.8) and overall rates of breeding 
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success (Table 3.7) across sites. In contrast, the post-hatching effects of tree diversity were 

associated with strong, polynomial relationships across all reproductive traits including 

breeding success and the probability of total breeding failure (Tables 3.7-3.10). This non-

linear effect was consistent across all breeding responses in which it was identified, with 

models predicting a threshold InvSI value (~ 5.5-6.5 species) beyond which further increases 

in tree diversity adversely impacted reproductive performance (Figs. 3.11 and 3.13).  

Although it was not possible to establish the factors linking fine-scale changes in breeding 

habitat and increased nestling mortality, it is hypothesised that many broods likely suffered 

from starvation as a result of reduced caterpillar availability (Solonen 2001; Harrison et al. 

2010; Charmantier et al. 2017; Seress et al. 2018). Of interest, habitat surveys indicated that 

the relationship between mean tree diversity and the density of native deciduous trees 

across breeding sites closely paralleled the non-linear effect of tree diversity on post-

hatching breeding responses. Initially, as average territory tree diversity values increased, 

there was a concurrent increase in native deciduous tree density. Once site diversity scores 

exceeded ≥ 5.0 species the density of preferred native deciduous trees declined, implying an 

increased planting of non-native and/or ornamental species. Furthermore, sites in the most 

heavily urbanised areas of the city were found to have the highest tree diversity (e.g. Fig. 

3.13) and the lowest number of native trees (e.g. Fig. 3.9), suggesting that inner-city 

greenspaces in Birmingham in particular, are dominated by non-native and ornamental 

species. Other studies conducted in different major European cities (e.g. Mackenzie et al. 

2014; Pollock et al. 2017; Jarrett et al. 2020) have similarly shown the importance of native 

food-rich tree species such as oaks (Quercus spp.) and birches (Betula spp.) rather than 

overall plant diversity for successful breeding in Blue and Great Tits.  
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Although the urban tree assemblage in Birmingham is dominated by Blue Tits preferred 

species including Common Ash (Fraxinus excelsior), Pedunculate Oak (Quercus robur), Silver 

Birch (Betula pendula) and sycamores (Acer spp.), the density of trees surrounding 

nestboxes at most sites is low and dominated by small/young trees with little shrub cover 

(Chapter 2 and pers. obs.). The age, canopy height and maturity of individual trees are 

known to be important determinants of habitat quality and the availability of food resources 

for tits, with more mature and larger trees associated with more efficient foraging 

behaviour and increased breeding performance (Hinsley et al. 2008; Mackenzie et al. 2014).  

It is therefore likely that a number of inter-related factors linked to the small size, low 

density and quality of preferred tree species contributed to the high levels of brood 

reduction and loss observed across the urban gradient in my study. Targeted research 

incorporating arthropod sampling, video-recording at nestboxes and remote sensing (e.g. 

PIT tags fitted to adult tarsi and use of RFID readers) however, is needed to quantify food 

availability, and more accurately assess nestling diet. This will help to identify the roles that 

both natural and supplemental food sources play in driving breeding success in this 

population (Cox et al. 2016; Narango et al. 2017; Pollock et al. 2017; Seress et al. 2018). 

3.4.2.2. Greenspace size and edge effects 
 

I hypothesised that breeding success outcomes would be negatively correlated with the 

total area of each site, however this proved a poor predictor of breeding success in my 

study. This might be due to the subjective delineation of site boundaries and the fact that 

this metric did not capture the type (e.g. parkland or woodland) and quality (composition 

and complexity) of greenspace.  



142 
 

 As expected, the impacts of edge effects on pre- and post- hatching breeding success 

outcomes were complex and difficult to disentangle. Overall, however, results surprisingly 

indicated that pairs nesting nearer to the edges of connected tree cover experienced lower 

rates of hatching failure, leading to larger brood sizes and higher fledgling numbers 

compared with their conspecifics nesting within patches of connected tree cover. However, 

the same pairs appeared to be at a significantly greater risk of suffering total hatching 

failure. Few studies have previously investigated edge effects in urban avian breeding 

ecology (but see Fernández-Juricic 2001; Hedblom and Söderström 2012) and therefore 

disentangling the potential mechanisms underlying these observations is difficult. Whilst 

Hedblom and Söderström (2012) found no discernible effect of distance along urban 

woodland transects on reproductive performance in Great Tits, Fernández-Juricic (2001) 

reported disparate responses (breeding density) to edge effects among birds breeding in 

large urban woodland parks in Madrid, Spain.  

In my study variation in the strength and direction of edge effects provide tentative 

evidence that different factors might be causing complete breeding failure compared with 

partial losses in successful nesting attempts. In natural but highly fragmented forests edge 

effects are commonly associated with reduced reproductive performance due to the low 

quality of the habitat (e.g. Hinsley et al. 1999; Batáry and Báldi 2004). Therefore the higher 

risk of hatching failure for tits nesting closer to patch edges could be due to a number of 

related factors including differences in the micro-climate, reduced food supplies, higher air 

pollution and predation levels and increased human disturbance (Hinsley et al. 1999; 

Fernández-Juricic 2001; Batáry and Báldi 2004; Buxton and Benson 2015).  
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The contrasting observed positive edge effects are comparable to the study of Saarikivi and 

Herczeg (2014) who found higher rates of breeding success in passerines including Blue and 

Great Tits and Pied Flycatchers (Ficedula hypoleuca) nesting in sub(urban) patch edges 

compared with adjacent forest. These were attributed to changes in habitat quality 

(including warmer nesting conditions and more suitable foraging areas) as well as potential 

phenotypic differences in the breeding quality of adults.  

Nonetheless, potential edge- and patch-size effects on breeding success are likely 

complicated by the unique characteristics (size, shape and the ratio of patch interior to 

edge) of urban greenspaces when compared with natural forested areas (e.g. see Hinsley et 

al. 1999; Lahti 2001). For example, Hedblom and Söderström (2012) highlighted that the 

type of habitat matrix (i.e. residential, industrial or grasslands) surrounding remnant urban 

woodland was important in determining how urbanisation impacted on both quantitative 

and qualitative measures of breeding success in breeding density, hatching date and 

nestling condition in  Great Tits.   

3.5. CONCLUSIONS  

While the results presented here corroborate the findings of previous studies, they also 

provide a novel contribution to urban avian breeding research by demonstrating that even 

across short highly-urbanised gradients, breeding is impacted by a number of interlinked 

processes and effects operating at different spatial scales. Furthermore, they clearly reflect 

the emerging wider view that the impacts of urbanisation are both complex and unlikely to 

be consistent across the breeding cycle or indeed across different breeding populations and 

species occupying the world’s cities (Charmantier et al. 2017; Batáry et al. 2018; Plummer et 

al. 2020). Therefore, my results support the need for urban studies that take a 



144 
 

comprehensive multi-spatial scale modelling approach, which considers the analysis of 

multiple response variables across different phases of the breeding cycle (Moll et al. 2019; 

Satgé et al. 2019; Strubbe et al. 2020).  

Overall, my study suggests that reduced breeding success across the urban gradient is 

primarily driven by increased rates of brood reduction and complete reproductive failure. 

This supports the hypothesis that the energy-intensive chick-rearing period is the most 

sensitive phase of the breeding attempt to urban-driven environmental change including 

increases in built landcover. Failure and loss during chick rearing have been widely proposed 

as a key factor driving reduced breeding performance of passerines in urban areas ( 

Schroeder et al. 2012; Sepp et al. 2018; Jarrett et al. 2020; Seress et al. 2020) with evidence 

from both observational (e.g. Pollock et al. 2017; Seress et al. 2018) and experimental 

studies (e.g. Demeyrier et al. 2017; Capilla-Lasheras et al. 2017). In particular low nestling 

survival and high rates of brood reduction have been implicated in the widespread and rapid 

decline of House Sparrows (Passer domesticus) across Europe (Peach et al. 2008, 2015; 

Shaw et al. 2008; Meillère et al. 2015). In the next chapter I investigate in more detail how 

variation in the different environmental characteristics of the habitat and wider landscape 

influence nestling phenotype (size and body condition), and how this impacts on survival 

rates of nestlings along the urban gradient. In particular I investigate if there is potential 

correlational evidence for a brood reduction strategy among nesting females. 
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Chapter Four
 

 

 

Brood-rearing in the city: the impacts of urban-driven 

environmental change at the habitat and landscape scale on 

nestling phenotypes and survival 
 

4.1. INTRODUCTION  

4.1.1. Breeding timing and the tri-trophic system 
 

For many European insectivorous bird species including most passerines, the energy 

intensive brood-rearing period (i.e. the period between hatching and fledging) is considered 

the most demanding and critical phase of the avian reproductive cycle (Ricklefs 1969; Sepp 

et al. 2018; Schöll and Hille 2020). Research conducted in optimal breeding habitats, such as 

oak-dominant broadleaf woodland have widely demonstrated that divergence in traits used 

to measure reproductive success during this period in species such as Great Tit (Parus 

major) and Blue Tit (Cyanistes caeruleus) are primarily influenced by local variation in 

environmental conditions and ecological differences in the ‘tri-trophic system’: more 

specifically the timing of budburst of trees and the associated phenology and abundance of 

key and preferred protein-rich food resources such as caterpillars (Southwood et al. 2004; 

Marciniak et al. 2007; Kaliński et al. 2009). As such, even in optimal habitats, nestlings are 

under conflicting pressure to grow and fledge as early as possible due to seasonal 

constraints in high quality protein-rich food resources. Indeed, aligned with these findings, 
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studies have established that there is strong selection for earlier hatching and rapid nestling 

growth in these species (Hochachka and Smith 1991; Ardia 2005).  

For Blue and Great Tits, nestling growth is weakly sigmoidal, with the maximum growth rate 

usually occurring approximately 9-11 days post-hatching (Van Balen 1973; Perrins 1991). 

Therefore, tits time their breeding so that this period of maximal food demand is 

synchronised with the local peak in caterpillar abundance (Gibb 1950; Blondel et al. 1990; 

Tremblay et al. 2003), both to reduce the energetic costs of breeding and maximise nestling 

development and fledging success (Thomas et al. 2001). Of further, significance young 

nestlings (≤ 10-11 days old) are born altricial and poikilothermic, and are unable to 

thermoregulate, therefore making them particularly vulnerable to changes in abiotic 

conditions during the early developmental phase (Mertens 1977; Ardia 2005).  

4.1.2. Impacts of urbanisation on nestling growth, development and survival  
 

In comparison to natural woodland habitats, urban parklands and other greenspaces 

typically support a lower abundance of caterpillars (Seress et al. 2020), therefore breeding 

pairs are less likely to be able to meet the nutritional demands of their offspring, resulting in 

restricted growth, lower body mass and reduced survival rates (Nur 1988; Naef-Daenzer and 

Keller 1999; Stauss et al. 2005). Indeed, there is increasing evidence from comparative 

urban-rural studies (e.g. Demeyrier et al. 2017; Seress et al. 2018; Satgé et al. 2019) to 

suggest that urban nestlings exhibit several phenotypic differences and a lower probability 

of fledging compared with broods raised in more natural woodland environments, linked to 

anthropogenic-driven environmental changes in breeding habitat and in particular 

limitations in the availability of natural invertebrate food. For example in a long-term 
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comparative study conducted in Lódz, central Poland, Glądalski et al. (2015, 2017) and 

Wawrzyniak et al. (2020) reported reduced fledgling numbers and fledging success of Blue 

and Great Tits in urban parklands compared to birds breeding in a nearby forest which were 

attributed to differences in the trophic ecology between the two habitats (Marciniak et al. 

2007; Kaliński et al. 2009). The quality of breeding habitat was found to be lower and the 

associated abundance of caterpillars reduced in urban parklands due to the highly 

fragmented tree cover, increased disturbance including light pollution, low density of 

preferred oak trees, and intensive greenspace management. Bailly et al. (2016) reported 

reduced growth during both embryonic and nestling developmental stages, lower body 

mass and condition and lower survival in Blue and Great Tits, reared in both a smaller and 

larger city in France compared with their conspecifics raised in nearby forests. These 

differences were correlated with the comparatively lower density and smaller size of 

deciduous trees and subsequent limited availability of natural foods in the two cities. 

Similarly, Biard et al. (2017) reported that 14 day old Great Tit nestlings reared in urban 

parks within a large (Paris) and medium sized city (Niort), France were structurally smaller 

and less colourful (suggesting a lower carotenoid-based diet) compared with their 

conspecifics raised in a rural site within the same region.  

While the quality of the environment immediately surrounding nesting sites (largely 

determined by the structure and composition of vegetation) may drive anthropogenic-

mediated effects at the habitat level, variation in abiotic conditions including the 

environmental structuring of cities at larger landscape spatial-scales likely also shape the 

impacts of urbanisation on breeding success during chick rearing. Compared with natural 

woodland habitats, cities are characterised by increased temperatures (the urban heat 

island effect), elevated light and noise, pollution levels, and disturbance which also likely 
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impact detrimentally on the growth, development and survival of nestlings via a number of 

different mechanistic pathways: either directly, through changes in the tri-trophic system, 

or indirectly by altering parental physiology and behaviour (Biard et al., 2017; Corsini et al. 

2017, 2021; Szulkin et al. 2020).  

Despite the recent intensification in research to understand the effects of increasing 

urbanisation on early avian development (as reviewed by Sepp et al. 2018), the specific 

habitat and landscape-scale factors and the associated underlying casual mechanisms 

driving variation in nestling phenotypes and survival remain relatively poorly studied and 

understood (Biard et al. 2017; Sprau et al. 2017; Corsini et al. 2021). Yet, research 

conducted in optimal breeding habitats has widely demonstrated that early developmental 

conditions are crucial. In the short-term they influence morphological markers such as 

nestling body size and condition and the probability of successful fledging (Perrins et al. 

1965; Nur, 1984, 1987; Thompson et al. 1999; Stauss et al. 2005). In turn, the condition of 

chicks when they leave the nest (the end product of nestling development) determines their 

long-term survival and  recruitment into the breeding population and their own future 

reproductive success as breeding adults (Visser and Verboven 1999; Metcalfe and 

Monaghan 2001; Monaghan, 2008). Consequently, nestling phenotypic traits and associated 

brood survival outcomes are widely considered critical components of avian reproductive 

success and thus reliable measures that reflect the suitability of habitat for breeding (Bailly 

et al. 2016). 

In the few studies that have incorporated a quantitative approach and/or included a 

hierarchical modelling framework, the negative impacts of increasing urbanisation on 

nestling growth, body condition and survival have been confirmed. For example, Corsini et 
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al. (2021) found that with increasing levels of impervious surface landcover, the age of peak 

nestling growth in Blue Tits in Warsaw, Poland was increasingly delayed, the weight of both 

Blue and Great Tit nestlings declined across different phases of chick rearing, and mortality 

increased between five and 10 days post-hatch. In contrast, Sprau et al. (2017) found that 

whilst Great Tits breeding in the city of Munich, Germany bred less successfully than 

conspecifics in forest sites, variation in nestling body mass and fledgling body condition 

across urban sites was not explained by quantitative measures of urbanisation using four 

different environmental axes (i.e. temperature, humidity, light and noise). Therefore, 

variation in breeding traits were likely either driven by other factors not investigated within 

the study such as the availability of food or more complex interactions between the 

different metrics tested. Sprau et al. (2017) highlighted the importance of incorporating 

different quantitative measures of urbanisation in determining how urban-driven 

environmental change impacts breeding of birds, particularly within highly urbanised intra-

city sites and emphasised the need for a more holistic approach in considering the 

quantification of urbanisation effects on brood rearing and nestling development at higher 

spatial resolutions and using multiple spatial scales (cf. Moll et al. 2019; Satgé et al. 2019; 

Szulkin et al. 2020). This is crucial if we are to disentangle the habitat and landscape 

features of urbanised areas that influence avian growth and survival, and more accurately 

quantify the strength and direction of their individual effects (Sprau et al. 2017; Corsini et 

al., 2021). 

4.1.3. Quantifying nestling growth, development and survival  
 

In the first instance, more accurately quantifying variation in nestling growth and 

development is important to understand in greater detail the consequences of increasing 
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built landcover (i.e. urban densification) on the early development of wild birds (Biard et al. 

2017). Offspring are commonly assessed using a number of different morphometric markers 

that are considered reliable measures that reflect the suitability of habitat for breeding 

(Bailly et al. 2016), including body mass, tarsus length, and their combined expression as 

body condition (Hochachka and Smith, 1991; Stauss et al. 2005; Kaliński et al. 2009, Sepp et 

al. 2018).  

Secondly, the fate (death or survival) of individual nestlings is a frequently used direct 

measure of reproductive success in avian urban ecology (Biard et al. 2017). In low quality 

habitats with poor or unpredictable food resources, females may strategize egg laying by 

producing potentially larger than optimal clutches and subsequently selectively starve 

nestlings to optimise brood size according to the prevailing environmental conditions 

(Gottlander 1987; Slagsvold and Amundsen 1992).  

The results from Chapter Three, although correlative, suggest that clutch sizes across 

greenspace within the city are sub-optimally large, potentially indicating that breeding 

performance of Blue Tits in Birmingham is driven by brood reduction in response to the low 

quality and/or unpredictable conditions (e.g. availability of food resources) of the breeding 

environment. To test this hypothesis, four response variables derived from the raw data 

were used to explore how rates of brood survival and loss differed across two distinct stages 

of nestling development: ‘early’ (day of hatching to 10-12 days post-hatching) and ‘late’ 

(approx. 12 days post-hatch to fledging). 

Aligned with the brood reduction strategy, a rank (nestling weight) hierarchy may be 

established within broods. Asymmetry in the mass of offspring within a brood (or ‘weight 

spread’ after Gottlander 1987) may be linked to individual investment by parents and/or 
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competition between nestlings. Such competition and conflict for resources may be 

particularly acute when food abundance is low or the availability of food resources are 

unpredictable (Gottlander 1987; Slagsvold and Amundsen, 1992). As a consequence, the 

lightest nestlings will undergo slower growth, have lower body masses and higher mortality 

rates than their heavier siblings (Gottlander 1987). Variation in brood mass asymmetry is 

also considered within this study, as a potential indicator of food limitation as well as 

evidence of brood reduction.  

4.1.4. Aims and hypotheses  
 

In this chapter I am to identify how specific elements of urban environmental change at 

both the landscape and habitat scale impact on measures of nestling morphometrics (body 

mass and body condition) and their probability of surviving to fledge. More specifically I 

investigate if there is evidence for covariation between nestling body mass and survival, and 

if this varies in response to urbanisation and aspects of breeding territory quality including 

the composition and structure of vegetation surrounding nestboxes. I also explore how 

brood mass asymmetry varies across the urban gradient and if rates of chick mortality are 

higher during early compared with later nestling development, and if this might be 

suggestive of females using a brood reduction strategy to optimise breeding success post-

hatching.   

I hypothesise that:  

(1) there will be a pervasive negative effect of increasing urbanisation on mean nestling 

mass, body condition and brood mass asymmetry. 
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(2) the probability of individual nestling survival will decrease with increasing built 

landcover, with a concomitant increase in rates of brood reduction across both early and 

late developmental phases. Rates of brood reduction will be significantly higher during the 

early developmental compared with the late developmental phase. Furthermore, nestling 

body mass at ringing will be positively correlated with offspring survival (with smaller, 

lighter nestlings having a lower probability of fledging), and this effect will be synergistic 

with the urban gradient.    

(3) Aligned with hypothesis 2 the proportion of early deaths (relative to total nestling deaths 

across both developmental stages) will significantly covary with the percentage of built 

landcover. 

(5) individual nestling and averaged brood traits will be significantly influenced by 

characteristics of the habitat immediately surrounding nestboxes including the density of 

preferred native deciduous trees including oak, birch and sycamore; the diversity of 

deciduous (native and non-native) trees and edge effects.  

 (6) nestlings in larger broods will be smaller and have lower body condition, broods will 

exhibit greater body mass asymmetry and survival will be lower due to increased intra-

specific competition for food. Concomitantly, sites with higher rates of occupancy will also 

be negatively correlated with nestling and brood-level response variables due to potentially 

increased levels of inter-site competition between Blue Tit broods. Broods hatched later in 

the season are hypothesised to exhibit lower nestling mass and body condition and higher 

rates of mortality.  
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4.2. METHODS  

4.2.1. Study design  
 

The overall research design, fieldwork and analytical approaches follow those described in 

Chapter 2 and in section 3.2.  

Many studies target the period of maximum nestling growth and food demand (9-11 days 

post hatch) as a critical phase of development, when assessing the effects of environmental 

conditions on variation in nestling morphometrics and survival (e.g. Hinsley et al. 2008; 

Wilkin et al. 2009; Bailly et al. 2016; Dekeukeleire et al. 2019). However, due to the logistical 

challenge associated with visiting numerous sites within a short timeframe, particularly in 

seasons with highly synchronous breeding, it was not possible to collect nestling data within 

the preferred 10-12-day ringing window for all individuals at all sites. Consequently, 

morphometric measurements were taken when nestlings were between eight and 15 days 

old, therefore capturing the rapid phase of nestling growth (Bailly et al. 2016), with a cut off 

at the asymptote of body mass which is reached at approximately day 15 (Van Balen 1973; 

Hedblom and Söderström 2012). Nonetheless, the average age of nestlings at ringing was 

10.60 ± 1.37 days (mean ± 1 SD), with 77% of all active nestboxes visited when nestlings 

were 10-12 days old.  

4.2.2. Defining response variables 
 

4.2.2.1. Nestling morphometrics and brood mass asymmetry  
 

Four response variables were derived from the raw morphometric data for the assessment 

of variation in nestling size and body condition across the urban gradient: (1) nestling body 

mass, (2) nestling tarsus length, (3) body condition, and (4) brood mass asymmetry. To 
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control for potential issues of pseudo-replication of datapoints within broods, for each nest, 

average brood morphometrics (mean nestling body mass (n= 509 nests) and mean tarsus 

length (n = 453 nests) were calculated from the raw nestling data. For broods in which body 

mass and tarsus lengths were not obtained for all nestlings (n = 13 nests), mean values were 

determined using the total number of chicks measured rather than the brood size at ringing.  

A body condition index was calculated for each nestling measured during ringing (n = 3,048). 

This response variable provides a measurement of body mass which controls for body size  

and was derived for each nestling as a residual from a regression of body mass on tarsus 

length using all data (Jakob et al. 1996; Brown 1996; Ardia 2005; Labocha and Hayes 2011). 

Analyses excluded all data from 2013 (364 records) and 44 nestlings from 2016 for which 

tarsus length was not measured. An average body condition index was then determined for 

each brood, calculated as the mean body condition of nestlings (n = 453 broods).  

Brood mass asymmetry was used to quantify the spread (i.e. variation) in body mass of 

nestlings and was calculated as the range in body mass between the heaviest and lightest 

nestling in each brood. All nests with ≥ 2 nestlings alive at ringing (n = 500) were retained for 

analysis.   

4.2.2.2. Individual nestling survival and brood reduction  
 

Variation in the rates of brood reduction and loss were investigated for two distinct stages 

of the chick-rearing period: (1) between hatching and ringing, and (2) ringing and fledging 

(hereafter referred to as early and late phase brood success, respectively). 

Whilst adults will remove young dead nestlings from the nest, they rarely remove deceased 

older and larger chicks (Smith et al. 1989), providing a reliable means to determine the fate 
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of individuals using ringing records. All nestlings were assumed to have fledged if no 

remains were recovered during final nest checks and the nest was undisturbed and well-

trodden with evidence of feather scales and/or droppings (British Trust for Ornithology 

2003). For nests with evidence of partial brood loss, the remains of deceased nestlings as far 

as possible were identified from their individual BTO ring number and their siblings were 

assumed to have fledged. Fledglings were categorised as successful (i.e. survived; 1) or 

failed (i.e. deceased; 0). Of the initial 3,494 nestlings recorded across six breeding seasons, 

only 44 had to be removed for analysis because survival outcome could not be determined, 

resulting in 3,450 nestling records from 510 nests.    

Early phase brood success was calculated for each nest as the proportion of nestlings 

surviving to ringing (i.e. at least 8 days post-hatching) relative to the number that initially 

hatched. All nests with at least one hatchling were retained for analysis, including nests that 

later suffered total brood failure (n = 662 nests). Late phase brood success was calculated as 

the proportion of nestlings that survived to fledging relative to the total number alive at 

ringing (n = 575 nests) and included all nests in which at least one chick remained alive at 

ringing, as well as total brood failures.  

The proportion of nestling deaths that occurred during the early and late brood-rearing 

phases, (relative to total deaths across both periods combined) were also calculated for 

each nest. These data were then used in the analysis of proportional brood reduction to 

determine how the ratio of early to late stage nestling loss varied across the urban gradient. 

All nests that experienced the death of at least one nestling were included in analyses (n= 

415 nests). Nests which suffered complete brood-loss, either gradually over the entire 

nestling period or in one mass loss event were also retained.  
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4.2.3. Abiotic and biotic covariates  
 

Habitat and landscape covariates were included for analyses to investigate the effects of the 

urban environment on breeding outcomes as described in Chapter 2 and section 3.2.3 in 

Chapter 3. 

Biological covariates were included in each model to account for the reproductive 

investment of pairs during previous stages of the breeding cycle relative to the response 

variable under investigation. Studies have widely demonstrated seasonal declines in brood 

size, nestling body condition and survival, linked to temporal variation in the availability of 

food (Verhulst and Tinbergen 1991; Norris 1993; Barba et al. 1995). Therefore, a 

phenological term, (April laying or hatching date) was included as a fixed covariate in 

models for survival and body mass/body condition response variables, respectively. Brood 

size was a priori included as a covariate in models of mean nestling mass, body condition, 

individual nestling survival and brood asymmetry to control for increased competition 

between siblings in larger broods (Nur 1988; Dijkstra et al. 1990; Naef-Daenzer and Keller 

1999; Neuenschwander et al. 2003). Proportional occupancy was included as a proxy 

measure of potential density-dependent effects including intra-specific competition for 

resources between nests (Dhondt et al. 1992; Both 1998; Wilkin et al. 2006; Shutt et al. 

2018). Finally, ringing age was included as a fixed covariate in models to account for the 

different ages at which nestlings were ringed.  

4.2.4. Statistical analysis 
 

4.2.4.1. Analytical framework and models 
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The analytical framework and construction of models followed the same approach 

described in sections 2.5.2, 2.5.3 and 3.2.4.  

An interaction term between the percentage of built landcover and April laying (or hatching) 

date was initially included in all models to investigate potential variation in phenological 

effects on brood rearing across the urban gradient.  

The final (global) model parameterisation used in the analysis of each breeding response 

variable is illustrated in Fig. 4.1, whilst details of the fixed and random effects structures for 

each model are provided in the accompanying Appendix 4. Analyses were conducted on 

each metric using the appropriate dataset.  
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Figure 4.1. Schematic diagram of the analyses used to investigate variation in nestling morphology, survival and rates of brood reduction across two stages 
of brood rearing in a population of Blue Tits breeding across the intra-city urban gradient in the city of Birmingham, UK. Model parameterisation for nestling 
(mean) morphometric variable analyses are highlighted in blue, proportional survival for each stage of development (i.e. early and late brood reduction 
models) in pink, and nestling survival outcome (analysed for individual nestlings) and the proportion of nestling deaths occurring during early development 
in dark red. Breeding Information for each response includes the type of data and the distribution of data/family used in model parameterisation. Response 
variables with a Gaussian distribution were modelled using lmer models and those with a binomial or betabinomial distribution as glmers. 
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4.2.4.2. Nestling morphometric & brood asymmetry model parameterisation 

The analysis of mean tarsus length was abandoned due to the heavy negative skew of the 

data which, despite several modelling attempts using different family and link specifications 

resulted in continued heteroscedasticity of residuals. The mean body condition response 

variable demonstrated a heavily right-skewed distribution which required the log-

transformation of data. All response variables were analysed using linear mixed models 

(Gaussian distribution).  

The nested random effect variable Nestbox ID was removed from both mean nestling mass 

(MNM; built and ULC) models and the brood asymmetry (ASYM) built model, whilst Site ID 

was dropped from both mean body condition (meanRBC; built and ULC) models due to 

model convergence issues associated with variance estimates collapsing to zero.  

Only the second order polynomial term for broadleaved tree diversity was retained in built 

MNM and meanRBC models. All other squared terms and interactions that were a priori 

included in global models, including an interaction term between laying date and the urban 

gradient (to investigate potential phenological effects on brood rearing across the urban 

gradient) were dropped as no significant effects were detected. Finally, the fixed term 

occupancy was dropped from the ULC MNM model to aid model validation.  

4.2.4.3. Nestling survival and brood reduction model parameterisation 
 

The model analysing (the probability of) individual nestling survival (PNS; binary response 

variable) was fitted with a binomial distribution. Due to issues with model validation and in 

particular spatial autocorrelation, data from 2013 (n = 364 records) had to be removed from 

analyses resulting in a reduced dataset (n = 3,086 individual nestling outcomes).  
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The potential for non-independence of nestlings within each brood was initially controlled 

for by including Brood ID as a random factor, with year specified as a fixed factor. However, 

with the exception of the built LBS model, all final models retained the default nested 

random effects structure. An interaction term between nestling body mass and the urban 

gradient was also a priori included in models.  

The two brood reduction response variables (the proportion of nestlings surviving early and 

late brood-rearing phases; EBS and LBS models respectively) were specified as a binomial 

response (number of nestlings survived, number of nestlings died). The EBS model was 

fitted using a betabinomial error distribution and the LBS model with a binomial error 

distribution to account for overdispersion in the data (Zuur et al. 2009; Zuur et al. 2013; 

Bolker 2017). Zero-inflation models (Brooks et al. 2017, 2019) were included in all final EBS 

and LBS models to account for the high number of structural zeros, related to the lack of 

total brood losses in the data. The occurrence of zeros was found not to be dependent on 

Site ID, and thus the zi-formula in each model was set to ~1.  

The nested random effect term Nestbox ID was removed from all but the built LBS model. 

All models included April laying date and with the exception of the built EBS model, 

occupancy, which was dropped due to collinearity issues associated with the urban gradient 

term. Fixed effects also included exponential terms for both broadleaved tree diversity and 

the percentage of garden landcover. Brood size at hatching and brood size at ringing age 

were not included in the analyses of early brood survival and late brood survival 

respectively, as direct measures of overall productivity of nests, these terms were captured 

within the response variables.  
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The proportion of all nestling deaths occurring during early development was also analysed 

using a binomial response and parameterised using a betabinomial distribution to correct 

for significant issues with overdispersion. April laying date was included as a fixed effect and 

all second order polynomial terms for environmental and biotic covariates that were a priori 

included, were ultimately dropped from the final model. Random effects included Site ID 

and Year. All binomial and beta binomial models were run with the default logit-link 

function.  

4.3. RESULTS 

4.3.1. Results: overview 
 

Although models were initially run with both the linear built (%BLC) and categorical (ULC) 

urban metric, the quantitative gradient was consistently found to be a much more reliable 

and better predictor of urbanisation effects on breeding outcomes. Therefore, only the 

results from built models are considered in this chapter.  

Of the 662 nests across the six breeding seasons that successfully hatched at least one 

nestling, 583 (88.1%) were still active (≥ 1 chick alive in the nest) ≥ 7 days post-hatching.  

Brood rearing data were collected from 514 nests equating to 87.1% of the total active 

nests. Across all years, only 69 broods (11.8% of nest records) were not ringed. Broods were 

missed due to logistical constraints, site access issues and poor weather conditions. A 

further five nests (total 38 nestlings) were subsequently excluded from analyses because 

nestlings were ringed outside of the 8-15 day post-hatching period. In 13 nests (2.55% of all 

nests), a small percentage of nestlings in the brood were too small to be ringed or weighed. 

However, these nests were retained and the data from measured chicks included in 

analyses. A total 3,456 individual nestlings (n = 509 nests) were weighed and 3,048 tarsus (n 
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= 453 nests) measurements were taken. Morphometrics of nestlings by year, site and 

measure are presented in Table 4.1 and Figure 4.2.  

Table 4.1. The morphometrics (i.e. body mass and tarsus length) retained for analyses by year of all 

Blue Tit nestlings reared across 28 sites in Birmingham, UK over six consecutive breeding seasons 

(2013-2018). The total number of breeding records for each year are provided together with the total 

number of nestlings processed in brackets.  

 * Tarsus measurements were not recorded in 2013 & for a subset of broods in 2016 tarsus 
measurements were also not taken. 

 

 

 

 

Year Number of Records for 
Body Mass 

 

Number of Records for 
Tarsus Length 

2013* 49 (357) 0 (0) 

2014 99 (727) 99 (727) 

2015 105 (700) 105 (700) 

2016* 51 (307) 44 (256) 

2017 94 (596) 94 (596) 

2018 111 (769) 111 (769) 

Total 509 (3456) 453 (3048) 
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Figure 4.2. Bar plot of the maximum number of Blue Tit nest ringing records collected from 28 study 
sites in Birmingham, UK between 2013 and 2018 (inclusive). Sites are in order of increasing 
urbanisation. Descriptions of site acronyms (Table 2.2) and locations (Fig. 2.8) are provided in section 
2.2.3.). 

 

4.3.2. Urban-driven environmental effects on nestling morphometrics and 

brood mass asymmetry  
 

From the global model the mean nestling body mass (± 1 SD) at ringing age across all 

breeding seasons was 9.4 ± 1.3 g (range: 5.7-12.4 g, n = 509 nests). Mean body mass 

differed between years (Fig. 4.3), with nestlings on average heaviest in 2018 (10.2 ± 1.1 g, 

range: 7.0-12.4 g, n = 111 nests) and lightest in 2015 (8.5 ± 1.2 g, range: 5.9-10.9 g, n = 105 

nests).  



164 
 

 

Figure 4.3. Box-and-whisker plots of mean nestling body mass of Blue Tit chicks reared in nestboxes 
across 28 sites along an urban gradient in Birmingham, UK for each breeding season (2013 - 2018 
inclusive). Annual plots are further subdivided by urban land classes from ULC1 (suburban sites = dark 

green), to ULC5 (the most densely built-up sites = dark grey). For full description of urban land class 
categories see Section 2.2. Midlines in boxes are the medians, box limits are the 75th and 25th 
percentiles, and the whiskers are the ranges of data. Points represent the outliers. Site acronyms 
(Table 2.2) and locations (Fig. 2.8) are provided in section 2.2.3. 
 

 

There was considerable intra- as well as inter-site variance in the average body mass of 

nestlings, resulting in a lack of a clear pattern of body mass variation between the five urban 

land classes (Fig.4.4). However, the lightest nestlings recorded (7.9 ± 1.6 g, range = 5.7-

10.0g, n = 8 nests) were reared in City Centre Gardens, a densely urbanised site, with one of 

the lowest occupancies and breeding success rates. In contrast, nestlings raised in nestboxes 

in the greenest site (i.e. Hilltop), were on average over 2 g heavier (10.2 ± 1.1 g, range = 7.4-

12.0 g, n = 34 nests). 
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Figure 4.4. Box-and-whisker plots of mean nestling body mass of Blue Tit chicks reared in 
nestboxes across 28 sites along an urban gradient in Birmingham, UK between 2013 and 2018 
(inclusive). Sites are colour coded depending on their urban land class from ULC1 (suburban 
sites = dark green), to ULC5 ( the most densely built-up sites =  dark grey). For full description 
of urban land class categories see Section 2.2. Midlines in boxes are the medians, box limits 
are the 75th and 25th percentiles, and the whiskers are the ranges of data. Points represent 
the outliers. Site acronyms (Table 2.2) and locations (Fig. 2.8) are provided in section 2.2.3. 

 

The quantitative built model demonstrated a significant decline in mean nestling body mass 

at ringing age (8-15 days post hatching) with increasing built landcover within the urban 

matrix surrounding sites (Table 4.2). At the habitat level, only a significant correlation 

between mean nestling body mass and the diversity of broadleaved trees in the territory 

immediately surrounding nestboxes was found.  
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Table 4.2. Model summary of the results from the global built model (lmer analysis) of mean nestling 
mass (MNM; g) of Blue Tit broods raised along an urban gradient within Birmingham, UK over six 
breeding seasons (2013-2018). MNM was regressed against fixed covariates from two environmental 
(habitat and landscape) and one biotic predictor block. All significant slopes are indicated in bold 
(significance codes: ≤0.001***, ≤0.01**, ≤0.05*). 

Mean Nestling Weight (g) (MNM) 
n = 509 nests (3456 chicks) 

 

Fixed Term Coefficient ±SE t value Confidence Intervals 
(2.5%)                     (97.5%) 

Intercept 10.039 0.232    

Year: 2014 
          2015                 
          2016 
          2017 
          2018 

-0.578 
-1.259 
-0.521 
-0.908 
0.463 

0.257 
0.234 
0.237 
0.270 
0.229 

-2.245* 
-5.387*** 

-2.201* 
-3.359*** 

2.020* 

-1.073 
-1.729 
-0.999 
-1.420 
-0.009 

-0.047 
-0.830 
-0.045 
-0.339 
0.936 

Me BOS Trees -0.077 0.143 -0.540 -0.365 0.218 

Me NDB Trees 0.021 0.120 0.178 -0.229 0.283 

In erse Simpson’s Index -0.028 0.108 -0.264 -0.251 0.198 

In erse Simpson’s Index2 -0.142 0.057 -2.495* -0.253 -0.039 

Me Edge Distance (m2) -0.145 0.126 -1.153 -0.379 0.103 

Site Occupancy  -0.123 0.092 -1.333 -0.296 0.075 

(Log) Site Area (m2) -0.030 0.129 -0.235 -0.310 0.221 

Built Landcover (%) -0.348 0.143 -2.423* -0.655 -0.044 

Garden Landcover (%) -0.151 0.103 -1.469 -0.356 0.043 

April Hatching Date -0.318 0.071 -4.461*** -0.456 -0.164 

Brood Size  -0.214 0.054 -3.977*** -0.333 -0.109 

Ringing Age 0.303 0.05106 5.938*** 0.205 0.403 

Random Terms  Variance ±SD    

Site ID 0.149 0.385    

Residual 1.090 1.044    
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A non-linear effect of broadleaved tree diversity was predicted from the built model, with 

heavier nestlings associated with sites with greater tree diversity, up until a threshold value 

of ~5.0-5.5 was reached. Sites with higher tree diversity than this threshold were associated 

with nestlings of lower body mass. Indeed, model predictions revealed that, when holding 

all other environmental and biotic covariates constant at their mean, nestlings reared at 

sites with the highest tree diversity were approximately 1.0-1.5 g lighter than those raised in 

greenspaces with (relatively) fewer different tree species (Fig. 4.5).  

Figure 4.5. The non-linear relationship between (mean) diversity of broadleaved (native and non-
native) trees in the habitat surrounding nestboxes and mean nestling mass in Blue Tit broods raised 
across an urban gradient in Birmingham, UK between 2013 and 2018. Raw data are represented by 
coloured points categorised by urban land class (ULC): ULC1 (dark green points) = least urbanised 
(suburban) sites, ULC5 (dark grey) = most densely urbanised sites. The solid line is the prediction curve 
(and grey ribbons the 95% CIs) calculated from a linear mixed model (lmer, family = gaussian) in 
glmmTMB and using the predicts function in R. The urban gradient was specified using %BLC (n = 509 
observations).  

 

Both the built and ULC models confirmed a consistent and strong effect of all three biotic 

covariates on mean nestling body mass (Table 4.2). Nestling body mass was negatively 
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correlated with both brood size and hatching date, with nestlings in larger broods and 

hatched later in the season on average significantly lighter compared with their conspecifics 

hatched earlier and raised in smaller broods. Although, nestlings ringed at older ages were 

heavier as would be expected, the significant effect of ringing age did not mask the potential 

effects of other biotic, habitat or landscape covariates.  

Whilst variation in (mean) nestling body condition was not significantly influenced by the 

urban gradient (built model: β ± SE = -0.068 ± 0.063, P = >0.05) it was however, correlated 

with the percentage of garden landcover in the urban matrix surrounding greenspace (Table 

4.3). 
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Table 4.3. Model summary of the results from the global built model (lmer analysis) of mean (brood) 
body condition (mean RBC) of Blue Tit broods raised along an urban gradient within Birmingham, UK 
over five breeding seasons (2014-2018). Mean RBC was regressed against fixed covariates from two 
environmental (habitat and landscape) and one biotic predictor block. All significant slopes are 
indicated in bold (significance codes: ≤0.001***, ≤0.01**, ≤0.05*). ‘-’ values denote covariates initially 
included in models but subsequently removed.  

 

 

Average Nestling Body Condition (RBC) 
n = 452 nests (3048 chicks) 

 

Fixed Term Coefficient ±SE t value Confidence Intervals 
(2.5%)                (97.5%) 

Intercept -0.039 0.088    

Year: 2015 
          2016 
          2017 
          2018 

-0.022 
0.871 
-0.097 
0.535 

0.109 
0.159 
0.112 
0.118 

-0.207 
5.480*** 

-0.870 
4.533*** 

-0.230 
0.572 
-0.320 
0.319 

0.194 
1.172 
0.133 
0.764 

Me BOS Trees -0.044 0.066 -0.672 -0.173 0.090 

Me NDB Trees -0.048 0.054 -0.893 -0.156 0.067 

In erse Simpson’s Index 0.105 0.050 2.079* 0.006 0.210 

In erse Simpson’s Index 2 -0.087 0.030 -2.938** -0.147 -0.026 

Me Edge Distance (m2) 0.040 0.057 0.706 -0.073 0.154 

Site Occupancy  -0.024 0.059 -0.410 -0.135 0.094 

(Log) Site Area (m2) -0.015 0.056 -0.259 -0.124 0.094 

Built Landcover (%) -0.068 0.063 -1.067 -0.190 0.061 

GLC (%) -0.117 0.047 -2.519* -0.207 -0.021 

April Hatching Date -0.355 0.049 -7.169*** -0.450 -0.260 

Brood Size  -0.284 0.039 -7.307*** -0.366 -0.207 

Ringing Age 0.011 0.039 0.271 -0.072 0.090 

Random Terms  
 

Variance ±SD    

Site ID - -    

Box Number  0.070 0.264    

Residual 0.491 0.701    
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Specifically, the global built model predicted that on average nestlings with relatively lower 

body condition were more likely to be associated with sites with higher garden landcover (> 

30% %GLC) in the surrounding urban matrix (Fig. 4.6), suggesting a tipping point beyond 

which the presence of gardens has a negative impact on early nestling development.  

 

Figure 4.6. The negative correlational relationship between the percentage of garden landcover 
(%GLC) within a 500m radius of the centre of each site and mean (brood-level) body condition for 
nestlings raised along an urban gradient in Birmingham, UK over five breeding seasons (2014-2018). 
Positive mean RBC values indicate broods had higher than average body condition and negative values 
lower than average body condition (compared with the global average calculated from five years of 
nestling data: 2014-2018). Raw data are represented by coloured points (categorised by urban land 
class (ULC): ULC1 (dark green points) = least urbanised (suburban) sites, ULC5 (dark grey) = most 
densely urbanised sites. The solid line is the prediction curve (and grey ribbons the 95% CIs) calculated 
from a linear mixed model (lmer, family = gaussian) in glmmTMB and using the predicts function in R. 
The urban gradient was specified using %BLC. All other fixed covariates were kept at their mean (n 
=452).   

 

There was much more variability in the body condition of nestlings raised at sites classified 

as moderately urbanised and with a concomitant high percentage garden landcover, 
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compared with those at more urbanised sites in which the percentage of garden landcover 

was lower.  

The built model of nestling body condition also predicted a strong polynomial effect of 

broadleaved tree diversity (Fig. 4.7).  

 

Figure 4.7. The nonlinear relationship between the (mean) diversity of broadleaved (native and non-
native) trees (InvSI) in the habitat surrounding nestboxes on mean (brood) body condition (mean RBC) 
in nestlings raised across an urban gradient in Birmingham, UK over six breeding seasons (2013-2018). 
The raw data is represented by coloured points (categorised by urban land class (ULC): ULC1 (dark 
green points) = least urbanised (suburban) sites, ULC5 (dark grey) = most densely urbanised sites. The 
solid line is the prediction curve (and grey ribbons the 95% CIs) calculated from a linear mixed model 
(lmer, family = gaussian) in glmmTMB and using the predicts function in R. The urban gradient was 
specified using %BLC and all other fixed covariates were kept at their mean (n =452).   

 

Again, although there was high variance in nestling body condition data, model predictions 

suggest that nestlings reared in sites with either low (InvSI values ≤ 4.0) or high (InvSI values 

≥ 9.0) broadleaved tree diversity were in significantly lower body condition than those 

reared in greenspaces with moderate levels of tree diversity (InvSI values of approximately 

4-6).  
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Nestling body condition was estimated to be lower in larger broods and declined with 

delayed hatching date. Although nestling weight, as expected, increased with the age at 

which nestlings were ringed, this did not significantly influence variation in body condition, 

(P = ≥0.05). Therefore, variation in ringing age was unlikely to mask the effects of other 

biotic or environmental variables on nestling body condition.  

Overall, the analysis of brood mass asymmetry determined very little correlative effect of 

habitat or landscape variables (Table 4.4). The global built model only detected a significant 

but weak positive correlational relationship between percentage garden landcover and 

brood mass asymmetry. This weak effect was likely due to the high variability in the range of 

nestling weight differences recorded both among and within sites. Although a weak effect, 

this results implies that gardens had a negative influence on broods with the disparity in size 

between the smallest (i.e. lightest) and largest (heaviest) nestling increasing with increasing 

garden landcover in the matrix surrounding greenspace. 
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Table 4.4. Model summary of the results from the global built model (lmer analysis) of brood weight 
asymmetry (ASYM; g) of Blue Tit broods raised along an urban gradient within Birmingham, UK across 
six breeding seasons (2013-2018). Response values were log-transformed and regressed against fixed 
covariates from two environmental (habitat and landscape) and one biotic predictor block. All 
significant slopes are indicated in bold (significance codes: ≤0.001***, ≤0.01**, ≤0.05*). ‘-’ values 
denote covariates initially included in models but subsequently removed.  

 

(log)Brood Weight Asymmetry (g) (ASYM) 

n = 500 

 

Fixed Term Coefficient ±SE t value Confidence Intervals 
(2.5%)                      (97.5%) 

Intercept 1.007 0.063    

Year: 2014 
          2015                 
          2016 
          2017 
          2018 

0.247 
0.208 
0.032 
0.232 
-0.026 

0.076 
0.069 
0.070 
0.080 
0.067 

3.241** 
3.031** 

0.458 
2.894** 
-0.391 

0.111 
0.076 
-0.109 
0.091 
-0.150 

0.396 
0.346 
0.170 
0.390 
0.111 

Me BOS Trees 0.025 0.033 0.756 -0.038 0.087 

Me NDB Trees -0.037 0.027 -1.329 -0.094 0.016 

In erse Simpson’s 
Index 

0.029 0.023 1.257 -0.016 0.075 

In erse Simpson’s 
Index2 

- - - - - 

Me Edge Distance 
(m2) 

0.012 0.028 0.430 -0.043 0.069 

(Log) Site Area (m2) -0.020 0.029 -0.706 -0.078 0.034 

Site Occupancy 0.017 0.026 0.643 -0.037 0.069 

Built Landcover (%) 0.036 0.033 1.112 -0.033 0.097 

Garden Landcover  
(%) 

0.055 0.023 2.348* 0.008 0.103 

April Hatching Date 0.107 0.021 5.031*** 0.063 0.150 

Brood Size  0.152 0.016 9.601*** 0.122 0.184 

Ringing Age -0.015 0.015 -0.978 -0.044 0.013 

Random Terms  
 

Variance ±SD    

Site ID 0.005 0.073    

Box Number  - -    

Residual 0.095 0.308    
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With respect to breeding timing and biotic influences, whilst no correlational effect of 

ringing age on brood mass asymmetry was detected (Table 4.4), a consistent and highly 

significant negative effect of brood size and hatching date (Fig. 4.8) was observed.  

 

 

 

Figure 4.8. The positive correlational relationship between brood mass asymmetry and hatching date 
of chicks raised in nestboxes along an urban gradient within Birmingham, UK across six breeding 
seasons (2013-2018). Raw data (log10-scaled) are represented by coloured points (categorised by 
urban land class (ULC): ULC1 (dark green points) = least urbanised (suburban) sites, ULC5 (dark grey) 
= most densely urbanised sites. The solid line is the prediction curve (and grey ribbons the 95% CIs) 
calculated from a linear mixed model (lmer, family = gaussian) in glmmTMB and using the predicts 
function in R. The urban gradient was specified using %BLC and all other fixed covariates were kept at 
their mean. (n =500).   

 

4.3.3. Urban-driven environmental effects on nestling survival  
 

In total 3,200 nestlings survived to fledging over the six breeding seasons. With the 

exception of Park St Gardens (one of the most densely urbanised sites: see Table 2.2 and 

(1 = April 1st ) 
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Fig. 2.8 in sections 2.2.3) all sites successfully fledged at least one chick from one brood. 

Once broods reached ringing age (i.e. 8-15 days post-hatch) the probability of individual 

nestlings fledging, although variable between years and among sites, remained high (Table 

4.5 and Fig. 4.9).  

Table 4.5. Comparison of annual total fledging and mortality numbers for Blue Tit nestlings reared  in 

nestboxes along an urban gradient in Birmingham, UK over six breeding seasons (2013 and 2018). The 

percentage fledged is calculated from the total number of nestlings that hatched in each year.  

Year Fledged Died % fledged 

2013 364 0 100 

2014 674 35 95.1 

2015 605 93 86.7 

2016 269 20 93.1 

2017 558 58 90.6 

2018 730 44 94.3 

Total 3200 250 92.8 
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Figure 4.9. The percentage of nestlings surviving to fledging by site (based on the total number of 
nestlings that were alive at ringing and therefore individually identifiable) from nestboxes across 28 
sites stratified along an urban gradient in Birmingham, UK over six breeding seasons (2013 – 2018). 
Sites are listed in order of increasing built landcover and categorized into one of five urban landcover 
classes (ULC1=least urbanised (suburban) sites and ULC5 = dense urban). Site acronyms (Table 2.2) 
and locations (Figs. 2.8) are provided in section 2.2.3. 

 
 

The percentage of nestlings fledging in the most densely urbanised sites (ULC5), although 

variable, was lower (65.8 ± 32.7%, range: 0-87.1%) in comparison to the other sites across the 

rest of the urban gradient (ULC1-4: 93.7 ± 4.3%, range: 85.3-100.0%) (Fig. 4.9).  

The original final global built model used to analyse the probability of an individual surviving 

to fledge, initially included an interaction term (body mass × %BLC) to establish if nestling 

survival covaried with the body mass of individual chicks, and if this was influenced by the 

urban gradient. Whilst a highly significant effect was detected, on inspection of the prediction 

plots for the relationship between survival and the two terms, the predictive power of models 

was low particularly for the survival/death of lighter nestlings. Consequently, the body mass 
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covariate was dropped from this model. The final model analysed that excluded the nestling 

body mass term, established that the probability of individual nestlings successfully fledging 

was influenced by variables at both the habitat and landscape scale (Table 4.6). 

Table 4.6. Model summary of the results from the global built model (glmmTMB analysis, family 
=binomial) of the probability of individual nestling survival to fledging for Blue Tit broods reared across 
28 sites along an urban gradient in Birmingham, UK over six breeding seasons (2014 -2018). The binary 
response (1=fledged, 0=died) was regressed against fixed covariates from two environmental (habitat 
and landscape) and one biotic predictor block. All significant slopes are indicated in bold (significance 
codes: ≤0.001***, ≤0.01**, ≤0.05*). 

Nestling Survival 

n = 3086 chicks 

 

Fixed Terms Coefficient ±SE z value Confidence Intervals 
(2.5%)                      (97.5%) 

Intercept 3.858 0.426    

Me BOS Trees -0.296 0.254 -1.163 -0.838 0.233 

Me NDB Trees -0.076 0.210 -0.360 -0.514 0.372 

Inverse Simpson’s Index 0.271 0.184 1.472 -0.113 0.657 

Inverse Simpson’s Index2 -0.209 0.094 -2.222* -0.396 -0.006 

Me Edge Distance (m2) 0.308 0.237 1.300 -0.211 0.775 

(Log) Site Area (m2) -0.587 0.235 -2.498* -1.069 -0.084 

Site Occupancy -0.081 0.191 -0.424 -0.461 0.290 

Built Landcover (%) -0.743 0.268 -2.766** -1.344 -0.236 

Garden Landcover (%) -0.122 0.193 -0.631 -0.500 0.301 

April Hatching Date -1.157 0.147 -7.857*** -1.452 -0.874 

Brood Size  -0.496 0.123 -4.026*** -0.743 -0.260 

Random Terms  
 

Variance ±SD    

Box: Site ID 2.1883 1.4793    

Site ID 0.0478 0.2186    

Year 0.6234 0.7896    
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The probability of fledging once nestlings had reached ≥ 8 days post-hatch was significantly 

negatively correlated with the percentage of built landcover surrounding sites. Furthermore, 

a significant negative effect of site area was also confirmed (Figure 4.10), together with a 

non-linear effect of broadleaved tree diversity. The correlation between broadleaved tree 

diversity and nestling survival was consistent with the relationship observed across other 

breeding response variables.  

 

Figure 4.10. The relationship between (log10) total site area (m2) of greenspace and the probability of 
individual nestlings surviving to fledging. Analyses were based on data collected from broods of ringed 
nestlings (≥ 8-15 days post-hatching) across 28 sites along an urban gradient in Birmingham, UK 
between 2014 and 2018 (inclusive). Probability of survival to fledging was fitted for each nestling as a 
binary response (1=fledged, 0 = died). The raw data (unscaled) are represented by coloured points 
(categorised by urban land class (ULC): ULC1 (dark green points) = least urbanised (suburban) sites, 
ULC5 (dark grey) = most densely urbanised sites.  The solid line is the prediction curve (and grey 
ribbons the 95% CIs) calculated from a generalised linear mixed model (family = binomial) in glmmTMB 
and using the predicts function in R. The urban gradient was specified using %BLC: all fixed covariates 
were kept at their mean (n = 3,086 nestlings). 
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4.3.4. Comparison of urban-driven environmental effects on proportional 

survival rates of nestlings during early and late of brood-rearing stages 
 

The proportion of nestlings within a brood surviving the early developmental stage (i.e. 

brood-rearing period between hatching and ringing = EBS) were consistently lower (global 

mean = 0.73 ± 0.35, n = 662 nests), compared with the later post-ringing developmental 

phase (or late brood rearing stage = LBS) (global mean = 0.89 ± 0.25, n = 575 nests) across all 

years of the study (Table 4.9) and along the urban gradient (Figs. 4.11a and b).  

Table 4.7. The breakdown of the mean ± 1 SD proportion of Blue Tit nestlings within a brood surviving 
the early brood-rearing stage (i.e. from hatching to ringing age (≥8 days)) and late brood-rearing stage 
(i.e. post-ringing to fledging) across 28 sites along an urban gradient in Birmingham, UK for each 
breeding season (2013-2018). Early developmental (brood-rearing) survival (EBS) was specified as the 
proportion of nestlings within a brood surviving to ringing age relative to the total number initially 
hatched and late brood-rearing survival (LBS) as the proportion of nestlings that survived to fledge 
relative to the total number alive at ringing (≥8 days old). The global average is derived from all 
breeding records across all years.     

 

Year EBS: average proportion of nestlings 
surviving early brood-rearing stage  

(number of nestboxes) 

LBS: average proportion of nestlings 
surviving late brood-rearing stage 

(number of nestboxes) 

2013 0.74 ± 0.37 (62) 0.98 ± 0.11 (53) 

2014 0.78 ± 0.32 (110) 0.93 ± 0.17 (100) 

2015 0.71 ± 0.36 (122) 0.84 ± 0.29 (106) 

2016 0.69 ± 0.37 (126) 0.87 ± 0.28 (100) 

2017 0.72 ± 0.35 (115) 0.84 ± 0.32 (102) 

2018 0.74 ± 0.32 (127) 0.94 ± 0.19 (114) 

Global average 0.73 ± 0.35 (662) 0.89 ± 0.25 (575) 
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a. 

b. 

Figure 4.11. Box-and-whisker plot summaries of proportional (a) early brood-rearing (EBS) and (b) 

late brood-rearing (LBS) survival based on the number of nestlings in individual broods surviving each 

stage of development for all breeding attempts recorded for each site across six consecutive years 

(2013-2018).  Summary data are calculated for all breeding attempts in which at least one nestling 

hatched for EBS (n = 662 nests) and one nestling was observed alive at ringing for LBS (n = 575 nests). 
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Box midlines are the median proportion of nestlings surviving, box extents are the 75th and 25th 

percentiles, whiskers are the ranges of minimum and maximum survival and points are outliers. Sites 

are listed in order of increasing built landcover and categorized into one of five urban landcover classes 

(ULC1=least urbanised (suburban) sites and ULC5 = dense urban). 

 

Global built models determined that proportional survival rates (and therefore rates of 

brood reduction) during the two separate stages of brood-rearing considered were 

significantly influenced by environmental factors at both the habitat- and landscape-scale 

(Tables 4.8-4.9). Whilst, there was a highly significant negative effect of laying date on the 

proportion of nestlings surviving the later brood-rearing phase (post-ringing to fledging 

period: Table 4.9), a similar negative correlation of breeding phenology on proportional 

survival during the early developmental phase (hatching to ringing age) was not found to be 

significant (Table 4.8).   
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Table 4.8. Model summary of the results from the global built model (glmmTMB analysis, family 

=betabinomial) of the proportion of nestlings in a brood surviving to ringing age (8-15 days post-hatch) 

for Blue Tits breeding in nestboxes across 28 sites along an urban gradient in Birmingham, UK over six 

breeding seasons (2013 – 2018). The brood-level response variable (number of nestlings surviving to 

ringing age, number of nestling deaths pre-ringing) was regressed against fixed covariates from two 

environmental (habitat and landscape) and one biotic predictor block. All significant slopes are 

indicated in bold (significance codes: ≤0.001***, ≤0.01**, ≤0.05*). (n=3,086 individual nestlings). (662 

observations).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Early Phase Brood Survival (Proportional) 

n = 662 nests  

Conditional Model 
Fixed Terms 

Coefficient ±SE z value Confidence Intervals 
(2.5%)                      (97.5%) 

Intercept 1.967 0.190    

Me NDB Trees -0.387 0.141 -2.750** -0.675 -0.095 

Inverse Simpson’s Index 0.198 0.149 1.325 -0.084 0.508 

Inverse Simpson’s Index2 -0.252 0.075 -3.345*** -0.405 -0.107 

Me Edge Distance (m2) 0.182 0.147 1.235 -0.106 0.490 

(Log) Site Area (m2) -0.249 0.1623 -1.529 -0.596 0.070 

Built Landcover (%) -0.323 0.160 -2.016* -0.650 0.006 

Garden Landcover (%) 

Garden Landcover2 (%) 

-0.166 

-0.191 

0.141 

0.088 

-1.172 

-2.164* 

-0.454 

-0.375 

0.121 

-0.017 

April Laying Date -0.112 0.082 -1.375 -0.277 0.046 

Random Terms  
 

Variance ±SD    

Box Number : Site ID - -    

Site ID 0.155 0.394    

Year 0.037 0.194    

Zero-inflation Model Coefficient         ±SE z value  
Confidence Intervals 

(2.5%)                      (97.5%) 

Intercept -2.262 0.169 -13.41*** 
-2.639                      -1.961 
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Table 4.9. Model summary of the results from the global built model (glmmTMB analysis, family 

=binomial) of the proportion of nestlings in a brood surviving to fledging for Blue Tits breeding in 

nestboxes across 28 sites along an urban gradient in Birmingham, UK over six breeding seasons (2013 

– 2018). The response variable (number of nestlings surviving to fledge, number of nestling deaths 

post-ringing) was regressed against fixed covariates from two environmental (habitat and landscape) 

and one biotic predictor block. All significant slopes are indicated in bold (significance codes: 

≤0.001***, ≤0.01**, ≤0.05*). (n=3,086 individual nestlings) (575 observations).  

Late Phase Brood Survival Post Ringing (Proportional) 
n = 575 nests 

Conditional Model 
Fixed Terms 

Coefficient ±SE z value Confidence Intervals 
(2.5%)                      (97.5%) 

Intercept 4.101 0.461    

Me BOS Trees -0.288 0.237 -1.212 -0.753 0.178 

Me NDB Trees -0.055 0.202 -0.273 -0.451 0.340 

Inverse Simpson’s Index 0.390 0.174 2.246* 0.050 0.731 

Inverse Simpson’s Index2 -0.296 0.101 -2.916** -0.494 -0.097 

Me Edge Distance (m2) 0.336 0.216 1.554 -0.088 0.760 

(Log) Site Area (m2) -0.543 0.228 -2.383* -0.990 -0.096 

Site Occupancy -0.151 0.180 -0.840 -0.505 0.202 

Built Landcover (%) -0.675 0.250 -2.695** -1.165 -0.184 

Garden Landcover (%) -0.107 0.187 -0.570 -0.474 0.260 

April Laying Date -0.694 0.129 -5.373*** -0.947 -0.441 

Random Terms  
 

Variance ±SD    

Box Number : Site ID 1.564 1.251    

Site ID 0.106 0.325    

Year 0.920 0.959    

Zero-inflation Model Coefficient ±SE z value Confidence Intervals 
(2.5%)                      (97.5%) 

Intercept -3.202 0.224 -14.28*** -3.641                        -2.763 
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Both brood survival models detected a significant negative impact of increasing built 

landcover on the proportion of nestlings within a brood surviving each developmental stage. 

The EBS model (Table 4.8) predicted that the average proportion of nestlings surviving to 

ringing age declined from a high of ~0.85 in the least built-up (suburban) sites to a low of 

0.70 in the most densely built up sites (Figure 4.12). 

 

Figure 4.12. The negative correlational relationship between early brood survival (the proportion of 

nestlings in a brood surviving to ringing age (≥8 days) relative to the number initially hatched) and the 

degree of built landcover (%BLC) for Blue Tit broods reared across 28 sites along  an urban gradient in 

Birmingham, UK over six breeding seasons (2013 and 2018 inclusive). Survival was fitted as a binomial 

response (number of nestlings surviving to ringing age, number of deaths pre-ringing). Raw survival 

data are represented by coloured points (categorised by urban land class (ULC): ULC1 (dark green 

points) = least urbanised (suburban) sites, ULC5 (dark grey) = most densely urbanised sites. The solid 

line is the prediction curve (and grey ribbons the 95% CIs) calculated from a generalised linear mixed 

model (family = betabinomial) in glmmTMB and using the predicts function in R. All fixed covariates 

were kept at their mean. (n = 662 nests).  
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The LBS model showed a similar negative correlation, with the proportion of nestlings within 

a brood surviving the late developmental stage declining with increasing built landcover. 

However rates of survival to fledging once nestlings reached ringing age, remained 

consistently high across the urban gradient, with model predictions suggesting rates 

declined from a high of 0.90 in the least built up sites to 0.80 in the most densely urbanised 

sites.   

The proportion of nestlings in a brood surviving the early developmental stage also 

significantly varied with the percentage of garden landcover in the urban matrix surrounding 

sites. Model predictions indicated a non-linear effect, with the proportional survival of 

nestlings remaining relatively high and stable (~0.7-0.8) until the percentage of garden 

landcover reached ~30%. Beyond this threshold, however, increasing garden landcover was 

associated with higher rates of brood reduction, resulting in only 40% of nestlings per brood 

surviving to ≥ 8 days in sites associated with the greatest percentage area of garden 

landcover (i.e. ~60%).  

Similarly, the EBS model predicted a non-linear effect of broadleaved tree diversity on the 

proportion of nestlings in a brood that survived the early development phase. Broods 

nesting in sites with lower broadleaved tree diversity (InvSI = ~2) also had lower rates of 

nestling survival, with 0.6 nestlings per brood surviving to ringing age. Early brood-rearing 

success increased with initial increases in tree diversity to a peak of 0.8 (i.e. 80% of nestlings 

within a brood surviving to ringing age) at moderate (Inverse) Simpson Diversity Index 

scores of 5-7. However, sites with even higher tree diversity suffered higher rates of brood 

reduction with the proportion of nestlings within a brood surviving to ringing age declining 

to 0.4 in sites with the highest tree diversity scores (11-12). Whilst similar correlational 



186 
 

relationships were detected in the later brood-rearing phase, when plotted the prediction 

curve indicated that the effect was relatively weaker, with brood survival remaining 

consistently high (ranging between 0.8 -0.9) across sites, regardless of tree diversity.  

The proportion of nestlings surviving the early brood-rearing period was also significantly 

negatively correlated with the density of native deciduous trees (Table 4.8 and Fig. 4.13). 

Model predictions suggest that brood-rearing success during this period declined from 0.85 

at sites supporting the lowest number of native deciduous trees, (also associated with the 

most densely urbanised sites; ULC1), to 0.6 - 0.7 at sites with the highest tree density 

(associated with the least urbanised (suburban) sites: ULC1-2). In comparison, the 

proportion of nestlings in a brood successfully surviving the period post-ringing to fledge 

was significantly negatively impacted by the total area of the site with pairs breeding in 

larger greenspaces fledging proportionally fewer young than birds breeding in smaller sites 

(Table 4.9). 
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Figure 4.13. The negative correlational relationship between the mean number of native deciduous 

broadleaved trees and the probability of individual nestlings surviving to ringing (EBS), for Blue Tits 

breeding across 28 sites, along an urban gradient in Birmingham, UK over six breeding seasons (2013-

2018). EBS was fitted as a binomial response (number of nestlings surviving to ringing age, number of 

nestling deaths pre-ringing). Raw data are represented by coloured points (categorised by urban land 

class (ULC): ULC1 (dark green points) = least urbanised (suburban) sites, ULC5 (dark grey) = most 

densely urbanised sites. The solid line is the prediction curve (and grey ribbons the 95% CIs) calculated 

from a generalised linear mixed model (family = beta binomial) in glmmTMB and using the predicts 

function in R. All fixed covariates were kept at their mean (n =662).    

 

4.3.5. Comparison of brood reduction rates across two brood-rearing phases 
 

The proportion of nestling deaths occurring during the early compared with the late brood-

rearing phase (relative to the total number of deaths recorded across the breeding season 

for each brood) were overall higher (Figure 4.14). Although variable, and with the exception 

of one site (i.e. Castle Vale (code MAN), this finding was, largely consistent both across the 

urban gradient and among years. 

 

Figure 4.14. Boxplot summary of the proportion of nestling deaths occurring during early 

development (between hatching and approximately 8-12 days of age), relative to the total number of 
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deaths recorded across both brood-rearing periods (EBS+LBS) for broods reared across 28 sites along 

an urban gradient in Birmingham, UK over six breeding seasons (2013-2018). Summary statistics 

include all breeding efforts in which at least one nestling death was recorded (n=575 nests). Black lines 

within boxes indicate the median proportion of nestling deaths occurring during early development, 

upper hinges the 75th percentile and lower hinges the 25th percentile of the data. The vertical lines 

(‘whiskers’) indicate the minimum and maximum proportion of deaths. Outliers are represented by 

points. Sites are in order of increasing %BLC and categorized into one of five urban landcover classes 

(ULC1=least urbanised (suburban) sites and ULC5 = dense urban). Site acronyms (Table 2.2) and 

locations (Fig. 2.8) are provided in sections 2.2.3). 

 

Due to the low rates of breeding failure observed during late stage nestling development 

(and consequently the high number of zeros in the associated mortality term specified in 

LBS models), and the random effects structure of the data, it was not possible to conduct 

robust analyses using the required binary logistic framework; a problem that is not 

uncommon in demographic studies of birds (e.g. Seress et al. 2018). Consequently, a final 

global built model is not presented here for this response variable.  

Similarly, relatively few nests suffered total brood failures irrespective of whether it was 

early or late in breeding season (Table 4.10), therefore preventing any further formal 

comparative analyses of failure rates across the urban gradient and/or the different stages 

of brood-rearing. However, the average number of total failures occurring during the early 

brood rearing phase was higher (13.2 ± 3.4, range: 9-18, n = 79 nests) compared with 

failures during late phase brood rearing (4.7 ± 4.2, range: 0-11, n = 28 nests).  
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Table 4.10. Brood failures and successes recorded by breeding season and broken down by 

developmental stage for broods reared across an urban gradient in Birmingham, UK over six years. 

The first three columns provide the raw data for the early brood-rearing period: 0 = no nestlings 

survived to ringing (column 1), 1 = at least one nestling survived to ringing age (column 2). The total 

annual % early brood failures (column 3) are specified relative to the total number of breeding 

attempts in which at least one nestling hatched. Columns 4 through 6 provide analogous data for the 

late brood-rearing period (post-ringing through fledging).  

 

 

 

 

 

 

 

 

 

 

 

4.4. DISCUSSION 

The results presented here confirm a pervasive negative effect of the urban environment on 

the growth and survival of nestlings in this population of Blue Tits. Variation in reproductive 

parameters across sites were strongly associated with elements of the urban environment 

at both the habitat and landscape scales, as well as with biotic variables including breeding 

timing and brood size.  

As is typical for altricial passerine species in seasonal environments, nestling body mass and 

condition, and survival declined as the breeding season progressed, whilst brood mass 

asymmetry increased with later hatching (Kaliński et al. 2009, 2019). Such patterns are 

primarily linked to temporal changes in ecological conditions, including predation (Verhulst 

and Tinbergen 1991; Naef-Daenzer et al. 1999, 2001), intra- and inter-specific competition 

Year Early Brood 
Failure 
(Binary 

Response 0) 
 

≥  Nestling 
Survived  
(Binary 

Response 1) 

% Early 
Brood 

Failures 

Late Brood 
Failure 
(Binary 

Response 0) 

≥  Nestlings 
Fledged 
(Binary 

Response 1) 

% Late 
Brood 

Failures 

2013 9 53 14.52 0 53 0.00 

2014 10 100 9.09 1 99 1.00 

2015 16 106 13.11 4 102 3.77 

2016 18 108 14.29 8 92 8.00 

2017 13 102 11.30 11 91 10.78 

2018 13 114 10.24 4 110 3.51 

Total 79 583 11.93 28 28 4.87 
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(Verhulst et al. 1995; Verboven and Visser 1998) and, in particular, the high availability of 

insect prey (Kaliński et al. 2009, 2019). Seasonal declines in breeding success are also 

thought to reflect variation in the quality of early compared with later breeders (Barba et al. 

1995; Rodríguez et al. 2016).  

Concomitantly, the demands and time constraints on provisioning parents increase with 

nestling growth and increasing brood size, resulting in slower development, lower nestling 

mass and reduced survival (Nur 1984; Gottlander 1987; Slagsvold and Amundsen 1992; 

Harrison et al. 2011). The results from this research, are therefore consistent with my 

hypothesis and with the findings from other studies (investigating Blue Tit broods reared in 

more natural woodland), with larger broods exhibiting lower average body mass, body 

condition and survival, and greater brood mass asymmetry. Contrary to predictions, 

however, there was no significant effect of nestbox occupancy on any of the response 

variables analysed and very little evidence of an impact of site area. 

  4.4.1. Effects of increasing urbanisation on brood-rearing outcomes  
 

Globally, a strong and significant negative effect of increasing built landcover was observed 

on both nestling body mass (Table 4.2) and survival (Table 4.6). A clear negative effect of the 

linear urban gradient was also detected on both early (Table 4.8, Fig. 4.12) and late (Table 

4.9) brood survival outcomes, providing a direct parallel to the adverse impacts of increasing 

urbanisation observed on fledgling numbers, fledging and overall breeding success in 

Chapter 3. However, contrary to predictions, variation in nestling body condition and brood 

mass asymmetry were not explained by the quantitative urban gradient. This may be due in 

part to the high degree of variance in the mean body condition data among nests within 

greenspaces. The lack of a more discernible effect of the urban gradient may also be 
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attributable to the low number of breeding attempts recorded in sites at the higher end of 

the urban gradient.  

Such heterogeneity in findings has been reported across other species and populations 

including Great Tits (Hedblom and Söderström, 2010; Biard et al. 2017), House Sparrows 

(Peach et al. 2008; Meillère et al. 2015, 2017) and Eurasian Kestrels (Falco tinnunculus; 

Sumasgutner et al. 2014). Meillère et al. (2015), for example, found inconsistent effects of 

urbanisation on the morphology and body condition indices in a dichotomous urban-rural 

comparison of adult and juvenile House Sparrows. They hypothesised this may be driven by 

variation in sample sizes across sites, as well as the localised effects of specific 

characteristics of each site investigated. It is possible that the failure to detect an effect of 

urbanisation on nestling body condition and brood mass asymmetry in my study, may also 

be due to variation in sample sizes across the urban gradient. Furthermore, high variance in 

the mean body condition values among nests within sites, suggests that body condition may 

be influenced by other nestbox-level biotic factors such as genetic and phenotypic variation 

in parental quality (Ardia 2005; Isaksson et al. 2006; Berthouly et al. 2008; Guibert et al. 

2012), which were not considered in my study, thus limiting the model’s ability to predict an 

urbanisation effect.   

Although the availability of natural prey was not directly quantified for the purposes of this 

study, the overall clear and consistent negative relationship between urbanisation and 

brood metrics supports the hypothesis that developmental conditions within the city are 

constrained. Therefore, lower survival rates associated with the urban gradient are likely 

mediated by a lack of readily available preferred natural food, resulting in higher incidents 

of food limitation and consequently reduced nestling body mass (Bailly et al. 2016; 
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Demeyrier et al. 2017; Glądalski et al. 2017; Seress et al. 2018; Satgé et al. 2019; 

Wawrzyniak et al. 2020). However, considering the fine-scale quantitative nature of my 

study, other environmental axes that may covary with the urban gradient could also 

potentially constrain nestling quality and survival either directly or indirectly through 

parent-mediated effects including pollution, temperature, light, noise, and disturbance 

(Biard et al. 2017; Corsini et al. 2017; Sprau et al. 2017). 

Corsini et al. (2021) reported similar parallel effects of increasing urbanisation on nestling 

body mass and survival in Blue and Great Tit nestlings in Warsaw, Poland, which they also 

concluded were related to declining natural food availability. Similar to my study, they also 

found that urbanisation negatively impacted on Blue Tit nestlings during the same 

developmental phase (i.e. between 10 and 15 days post-hatch). Furthermore, they found 

that whilst survival of both tit species in their study declined with increasing urbanisation in 

both the mid- (5-10 days) and late- (10-15 days) nestling period, no such urban effect was 

detected after 15 days post-hatch. Similarly, Biard et al. (2017) also found reduced 

development, growth and body condition of Great Tit chicks reared in a large urban centre 

(i.e. Paris) and a moderate town (i.e. Niort) compared with birds in a rural woodland, 

suggesting that this was due to reduced natural food availability. They also found 

inconsistency in the pattern of impact of urbanisation on nestling structural size, body mass, 

plumage characteristics and telomere length.     
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4.4.2. The effects of increasing garden availability on brood-rearing outcomes 

and potential for implications of supplemental feeding 

 

Mean nestling body condition (Table 4.3) and brood mass asymmetry (Table 4.4) were 

associated with the availability of gardens in the urban matrix surrounding sites (e.g. Fig. 

4.6) and a significant negative correlation was also found between the percentage of garden 

landcover and early brood success. Although more frequent nestling measurements will be 

required to elucidate the relative importance of gardens at different stages of chick rearing, 

these results tentatively suggest that the increased availability of gardens in the urban 

matrix surrounding greenspaces might impact nestling body condition, particularly during 

early development. Other studies have indirectly linked reduced breeding success in 

(sub)urban areas with the negative impacts of garden bird feeding (e.g. Hedblom and 

Söderström 2012; Meillère et al. 2015; Seress and Liker 2015). Meillère et al. (2015) 

proposed that the smaller structural size and lower fat scores of city-reared juvenile Song 

Sparrows, compared to their rural conspecifics, provided evidence that urban parents 

compensated for a lack of natural arthropod prey by changing nestling diet to include food 

from garden bird feeders. Similarly, Hedblom and Söderström (2012) suggested that low 

nestling condition in residential areas might have resulted from carry over effects of winter 

garden bird feeding that improved the pre-breeding body condition of adults and triggered 

their earlier laying, ultimately resulting in a phenological mismatch between timing of brood 

rearing and the peak in availability of natural food. More recent evidence from both 

observational and experimental field studies has further demonstrated potential links 

between winter supplemental feeding of birds and downstream negative effects on the 

growth, development and survival of chicks in a number of different passerine species 
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(Cuervo et al. 2011; Plummer et al. 2013b, 2018; Demeyrier et al. 2017 except see Robb et 

al. 2008b; Ruffino et al. 2014). 

The patterns found in this chapter are correlative and the causal mechanisms linking 

features of the wider urban gradient, including gardens with variation in nestling growth, 

body condition and survival within this population need to be investigated directly, for 

example using site or garden-based supplementary feeding experiments (e.g. following 

Hanmer et al. 2016; Demeyrier et al. 2017; Plummer et al. 2013a,b, 2018), and/or through 

the quantification of nestling diet using observational and experimental techniques (e.g. 

Narango et al. 2017, 2018; Pollock et al. 2017; Jarrett et al. 2020; Seress et al. 2020).  

4.4.3. Habitat-level effects on nestling growth, condition and survival 
   

With the exception of brood mass asymmetry, a consistent, highly significant non-linear 

effect of broadleaved tree diversity was observed across all brood-rearing measures (e.g. 

Figs. 4.5 and 4.7). In contrast, the effects of other habitat variables were less consistent. The 

density of native deciduous trees, for example, was only found to be significantly negatively 

correlated with early brood survival (Table 4.8, Fig. 4.13), whilst greenspace area was weakly 

negatively associated with the probability of individual nestling survival (Table 4.6) and the 

proportion of nestlings surviving from ringing to fledging (Table 4.9).  

As such, my results indicate that in Birmingham the growth, body condition and survival of 

nestlings reared in urban greenspaces are significantly constrained by human-mediated 

environmental change operating at the habitat, as well as at the wider landscape scale. 

Whilst the causal mechanisms linking reduced reproductive success with variation in the 

diversity and density of trees need to be investigated directly, I hypothesise that my findings 

reflect the reduced quality of breeding habitat including the patchy and fragmented nature 
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of greenspace, together with more nuanced changes in the biotic interactions of the tri-

trophic (i.e. tree-caterpillar-tit) food chain, as reported in other studies (e.g. Hinsley et al. 

2008; Glądalski et al. 2017; Seress et al. 2018; Wawrzyniak et al. 2020; Corsini et al. 2021). 

Sites with higher native tree density may be associated with a lower availability of 

broadleaved tree species such as oaks and birches that support a greater base of preferred 

arthropod prey of Blue Tits (e.g. Pollock et al. 2017; Narango et al. 2017; Seress et al. 2018; 

Tallamy and Shriver 2021). The low quality of urban greenspace in providing foraging 

substrate for birds may further be exacerbated by fine-scale variation in the characteristics 

of individual trees, including their size and total canopy cover which can further increase the 

functional, as well as the structural, patchiness of breeding habitat (Arriero et al. 2006; 

Hinsley et al. 2008; Mackenzie et al. 2014 Amininasab et al. 2016). Finally, reduced avian 

reproductive success at sites with high levels of broadleaved tree diversity could be related 

to  greater temporal variance in peak availability of caterpillar biomass between different 

species and individual trees, resulting in reduced synchrony in the timing of peak caterpillar 

availability and the maximum period of food demand in nestlings (Marciniak et al. 2007; 

Hinsley et al. 2008; Seress et al. 2018).  

4.4.4. Differences in the effects of urban-driven brood reduction during early 

and late nestling development  
 

One of the most valuable results from my research was the finding that brood reduction was 

significantly higher during the early developmental phase (i.e. during the post-hatching to 

ringing brood-rearing period) compared with the later developmental phase post-ringing. 

Indeed, although there was a strong negative effect of increasing built landcover on early 

brood survival (Fig. 4.12), once nestlings had reached ≥ 8 days post-hatch, their probability 
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of fledging remained relatively high across the urban gradient. My results suggest that 

human-driven selective mortality in tits is more likely to occur before or around the age of 

maximum food demand (i.e. ~10 days: Stauss et al. 2005), a pattern that has also recently 

been shown by Corsini et al. (2021). This result could potentially also explain why no clear 

correlations between the urban gradient and brood mass asymmetry or mean body 

condition were found. Whilst very few studies have investigated the relationship between 

the degree of urbanisation and brood mass asymmetry (but see Hedblom and Söderström 

2012), it is assumed that body mass hierarchies among offspring in a brood are caused by 

selective starvation, resulting in higher rates of mortality of the lightest young, thus 

optimising the provisioning and survival of the remaining larger chicks (Gottlander 1987; 

Slagsvold and Amundsen 1992). Since nestlings were weighed around or after the point of 

their maximal food demand, this suggests that the weakest offspring had already died (or 

been selectively eliminated from nests) and, therefore, were not represented in the 

datasets analysed (e.g. see also Biard et al. 2017).  

Overall, therefore, my results suggest that the early brood-rearing period is associated with 

the highest risk of nestling mortality and, thus, likely represents the most precarious point 

during nestling development. Further supporting this assumption, the output of the built 

global model for early brood survival (the proportion of nestlings surviving to ≥8 days) 

closely paralleled the model of fledging success described in Chapter 3, with highly 

comparable predictor-response relationships of a similar strength and direction. 

Consequently, and as hypothesised, the increased mortality of nestlings during the early 

brood-rearing period is likely one of the main contributing factors of overall reduced 

breeding success of Blue Tits in Birmingham.   
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4.5. CONCLUSIONS  
 

My results support the hypothesis that nestling growth and development in urban passerine 

species such as Blue Tits are constrained by the breeding environment. The associated 

decrease in average nestling body mass and their lower body condition as sites become 

increasingly urbanised is likely a direct effect of poor environmental breeding conditions 

both within greenspaces and the wider surrounding urban matrix. Although not directly 

assessed, I hypothesise that this is potentially linked to the low quantity and quality of 

natural food including caterpillars, available during the critical and energy intensive brood-

rearing period, or to fine-scale changes in abiotic conditions associated with other 

environmental factors (e.g. pollution, light or temperature). In this population, the early 

(pre-ringing) developmental phase was significantly related to the survival of nestlings to 

fledging, with knock-on effects on overall breeding success. Therefore, my findings are 

consistent with similar research, indicating that urban-adapted species may not derive 

benefits from city-living and associated human-provided resources, at least in terms of their 

breeding success (Sumasgutner et al. 2014).  

 Environmental conditions during development shape the life histories of individuals, 

including their survival post-fledging, breeding recruitment and subsequent breeding 

success in future years (Meillère et al. 2015; Seress et al. 2018). As a result, the lower body 

mass and condition of nestlings that do survive to fledging may have significant 

consequences for their future survival and fitness and thus the population dynamics of the 

Birmingham Blue Tit population. Furthermore, this also implies that urban parents are less 

able to compensate for poor breeding decisions and/or additional environmental stress (e.g. 
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extreme weather) that may be experienced earlier in the season: an issue that was 

highlighted by Satgé et al. (2019), and a theme that will now be explored in Chapter 5.  
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Chapter Five 
 

 

 

The interactive effects of urbanisation and weather 

conditions on nestling body mass, hatching success and 

fledging success in Blue Tits (Cyanistes caeruleus): an 

exploratory analysis using sliding windows. 
 

5.1. INTRODUCTION 

The impacts of both long- and short-term variation in weather conditions on avian 

reproduction are complex: their effects vary across different phases of the breeding cycle, 

and influence breeding outcomes both directly and indirectly via a multitude of different 

pathways (Pipoly et al. 2013; Marrot et al. 2017; Marques-Santos and Dingemanse 2020). 

Warmer spring temperatures, for example result in the earlier onset of egg laying (Crick et 

al. 1997; Cresswell and McCleery 2003; Visser et al. 2003), as well as decreased nestling 

development time and advanced fledging dates (e.g. see Matthysen et al. 2011). 

Contrastingly, cold, wet springs reduce the availability of food and increase energetic 

demands leading to delayed egg laying (e.g. Bailly et al. 2016; Glądalski et al. 2014, 2018), a 

lag in incubation and hatching (Whitehouse et al. 2013; Coe et al. 2015) and reduced 

hatching success (Nord and Nilsson 2011; Martin et al. 2017; Higgot et al. 2020). Heavy and 

persistent rainfall during brood rearing may cause rapid heat loss (chilling) in nestlings due 

to soaking, resulting in hypothermia and increased nestling mortality (Siikamäki 1996), and 

even cause complete brood failure (Wesolowski et al. 2002; Bordjan and Tome 2014; Schöll 
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and Hille 2020). Extreme rainfall or strong winds may also indirectly affect nestling growth 

and development (Keller and van Noordwijk 1994) by reducing the availability of caterpillars 

(Schöll et al. 2016; Morganti et al. 2017) and negatively impacting parental foraging 

behaviour and feeding rates (Öberg et al. 2015; Mainwaring and Hartley 2016) resulting in 

starvation and in some cases abandonment of the nest (Bordjan and Tome 2014). On the 

other hand, higher ambient temperatures can cause heat stress in nestlings, which can 

decrease nestling mass, cause hyperthermia and reduce breeding success and post-fledging 

survival (Greño et al. 2008; Rodriguez et al. 2016; Marques-Santos et al. 2021).  

Given climate change scenarios are forecasting changes in daily mean temperatures and 

precipitation, as well as the frequency and magnitude of extreme weather events in 

temperate regions (IPCC 2018, 2021), there is growing interest for studies that provide 

detailed assessments regarding the impacts of weather on key life-history events such as 

reproduction to help predict the future downstream consequences on wildlife population 

demographics (Marques-Santos and Dingemanse 2020 Schöll and Hille 2020; Sauve et al. 

2021).   

However, although the effects of weather have been intensively studied in birds, research 

has primarily focused on the long-term impacts of climate change and has largely been 

limited to only a few life-history traits including changes in the phenology of recurring spring 

events including migration arrival and reproduction (Parmesan and Yohe 2003; Root et al. 

2003; Charmantier and Gienapp 2014; Thackeray et al. 2016). Indeed, one of the most 

widely accepted and recognised impacts of climate change is the advancement of breeding 

phenology, with mounting evidence demonstrating that earlier laying in birds is likely a 

response to warming spring temperatures, which results in widening trophic mismatches 

and altered species interactions (Yang and Rudolf 2010; Schaper et al. 2012; Visser et al. 
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2008; 2012; Reed et al. 2013; Pipoly et al. 2013). More specifically, a number of studies have 

shown that an increase of 1oC in temperature equates to an approximate 2 – 5 day 

advancement in clutch initiation in tits and other passerine species (e.g. Visser et al. 1998; 

Vedder et al. 2013; Chevin et al. 2015; Phillimore et al. 2016). 

However, the more immediate and sudden effects of unpredictable or extreme weather 

events (e.g. severe changes in temperature or precipitation) have been less well studied 

(Martin et al. 2017; Marques-Santos and Dingemanse, 2020). With respect to reproduction, 

most studies have focused on weather conditions prior to clutch initiation and their effect 

on the plasticity of early breeding responses such as clutch size and laying date (Marques-

Santos and Dingemanse 2020). Consequently, how yearly variation and sudden changes in 

weather conditions post-hatch (i.e. that occur after initial reproductive decisions have been 

made) influence life-history traits such as nestling condition and survival are less well 

documented, even in well-studied biological systems such as tits (Öberg et al. 2015; 

Marques-Santos and Dingemanse 2020). Yet birds are likely less able to respond to sudden 

changes in local weather conditions during this period, and may have to invest extra energy 

on behavioural or physiological responses or abandon the breeding attempt altogether ( 

Greño et al. 2008; Mainwaring and Hartley 2016). Finally, in comparison to temperature, 

relatively little research has been conducted on the impacts of rainfall, multiple weather 

variables or the potential for interactive effects between different weather signals on 

biological systems (Li et al. 2021).   

Incubation and brood rearing are particularly physiologically and energetically demanding 

phases of the reproductive cycle (Perrins 1965; Ricklefs 1969; Nur 1984). Changes in 

temperature and precipitation can influence female incubation behaviour and the optimal 
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thermal environment, therefore influencing embryonic development and nestling 

phenotype (Coe et al. 2015). For example, the exceptionally cold wet spring of 2012 was 

observed to significantly disrupt egg laying and incubation in a population of Blue and Great 

Tits breeding in both natural and urban sites in Cambridge, UK (Whitehouse et al. 2013), 

causing a lag in hatching, and resulting in significantly reduced brood productivity and 

delayed fledging. In another more recently documented extreme weather event, a sudden, 

significant drop in temperature early in the breeding season of 2017 was widely reported to 

cause significant hatching delays across multiple Blue and Great Tit populations in northern 

Europe with knock on effects to breeding productivity (as reported by Glądalski et al. 2018)   

Blue and Great Tit chicks are particularly vulnerable to changes in environmental conditions 

during the early nestling phase as they lack feathers which provide insulation and 

waterproofing and are unable to thermoregulate (Perrins 1979; Stenning 2018). Therefore, 

short-term temporal variability in weather conditions and unpredictable weather extremes 

during this period are likely to have a major impact on nestling development and survival, 

with downstream effects to breeding success and long-term demographic processes (Öberg 

et al. 2015; Morganti et al. 2017). 

It is imperative, therefore, if we are to gain a better and more complete understanding of 

the impacts of variation in weather conditions and in particular extreme events that 

research takes a more holistic approach that considers the periods both prior to and during 

the various phases of the breeding season as well as multiple reproductive responses 

(Charmantier et al. 2008; Goodenough et al. 2011; Marrot et al. 2017; Marques-Santos and 

Dingemanse, 2020; Sauve et al. 2021a). This will help to (i) determine how and when 

weather signals affect different aspects of breeding season phenology, breeding 
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productivity and the development (growth and condition) of nestlings and (ii) identify the 

stages of the breeding cycle most sensitive to shifts in weather (Marques-Santos and 

Dingemanse 2020; Sauve et al. 2021a). The need to explore the potential for longer lag 

effects of weather (i.e. occurring outside of the breeding season) has also been highlighted 

as a research priority since prenatal conditions may impact resource availability and the 

condition of adults and therefore indirectly influence nestling development and breeding 

success (Sauve et al. 2021a). Equally important, is improving our knowledge regarding the 

interactive effects of different weather signals as variation in the timing and/or patterns in 

one weather variable may exacerbate or reduce the impacts of another (Sauve et al. 2021a).  

Recent key advances in the statistical analyses of weather effects, particularly those 

incorporating a sliding window approach (see Appendix 5) have facilitated the exploration of 

the effects of different weather signals on various aspects of ecology and life-history traits in 

different taxa and across multiple competing timeframes (van de Pol et al. 2016; Marques-

Santos and Dingemanse 2020). Millán et al (2020), for example used sliding window 

analyses to determine that reduced rainfall associated with climate change, resulted in 

poorer environmental conditions for breeding, leading to phenological delays in the rutting 

season and decreased intensity in rutting behaviour, but positively impacted sexual 

selection and polygyny in Iberian Red Deer (Cervus elaphus hispanicus) in Doñana Biological 

Reserve (Southwest Spain). Li (2021), investigated the effects of different rainfall patterns 

(timing and amount) on phenological asynchrony between plants including rye grasses 

(Leymus chinensis) and Brandts Voles (Lasiopodomys brandtii) and to provide evidence for 

fitness consequences on population size, in a long-term manipulative experiment conducted 

in semiarid steppe grassland in Inner Mongolia. Ren et al. (2022) used sliding window 

analyses to determine the most important factors regulating autumn leaf senescence 
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(including pre-season temperatures, precipitation, sunshine hours and leaf out date) for 41 

species of herbaceous plant species in China, (equating to 10533 ground phenological 

observations and 201 stations).  

As such, the more recent advances in sliding window analyses provide an opportunity to test 

the sensitivity of breeding responses in avian species to variation in weather conditions 

within more biologically   relevant timeframes (e.g. during incubation or brood-rearing) (e.g. 

Hidalgo Aranzamendi et al. 2018; Samplonius et al 2018; de Zwaan et al. 2020; Marques-

Santos et al. 2021; Sauve et al. 2021a, b; Visser et al. 2021;) and to explore the potential 

interactive effects of climate with other aspects of the environment, for example 

urbanisation as recently undertaken by Marques-Santos and Dingemanse (2020).  

Here I use ‘critical climatic time window analyses’ (van de Pol and Cockburn 2011; van de 

Pol et al. 2016) to explore the influence of weather variables including temperature and 

precipitation on measures of breeding success that were previously shown in Chapters 3 

and 4 to shape reproductive performance in a population of Blue Tits nesting along a 

gradient of increasing urbanisation in the city of Birmingham, UK over six consecutive 

breeding seasons.  

5.1.1. Study aims and hypotheses 
 

Using weather variables as a proxy for climate, the overarching aim of this chapter is to 

identify the key time periods and associated climatic signals that best explain variation in 

breeding outcomes across the reproductive cycle in a population of urban-breeding Blue 

Tits. Using the critical time window approach I investigate if and how different temperature 

and precipitation signals influence breeding phenology, hatching success, nestling mass and 
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survival, and to determine, relative to two reproductive phases, prehatching (egg laying to 

hatching) and brood rearing (hatching to fledging) respectively, the specific time-frames 

when breeding birds are most sensitive to variation in weather. I also aim to establish if the 

degree of urbanisation potentially exacerbates or buffers the effects of the weather signal 

on breeding outcomes.  

I hypothesise that:  

1. Increasing temperatures and drier conditions prior to and during the pre-hatching 

phase will lead to increased hatching success, whilst lower minimum temperatures 

and longer periods of precipitation and heavier rainfall will be associated with lower 

hatching success and a higher probability of hatching failure.  

2. Compared with the pre-hatching phase, breeding responses associated with the 

brood rearing phase will appear more sensitive to variations in weather and that 

effects of temperature and rainfall will be exacerbated for birds nesting in more 

densely urbanised sites.  

Aligned with these hypotheses, I predict: that both nestling mass and survival will be 

negatively influenced by lower minimum (night-time) and mean (daily) temperatures, 

increased maximum daily temperatures and increased daily rainfall, and that the probability 

of a nest successfully fledging any young will decline with these changes in the different 

weather signals, with nests in the most densely urbanised sites at a higher risk of total 

reproductive failure.  

5.2. METHODS  

5.2.1. Study area and breeding data collection  
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The study design, routine monitoring of breeding attempts and data collection between 

2013 and 2018 were the same as described in Chapter 2.  

5.2.2. Weather Data  
 

Temperature and precipitation data were collected from three different sources. First, both 

rainfall data (hourly and daily) and daily mean, minimum and maximum air temperature 

data (split into daytime (0900 – 2100) and night-time (2100 - 0900) periods) were obtained 

from the University of Birmingham Winterbourne No. 2 Weather Station (56424) located to 

the south-west of the city centre (52.456o N, -1.92619o W, 120m a.s.l)  and a mean distance 

5.95 km, (range = 1.77 – 12.73 km) (Fig. 5.1) from the 28 sites used in the study. All 

temperature and rainfall data were retrieved from the MET Office Integrated Data Archive 

System (MIDAS) provided by the U.K. Centre for Environmental Data (CEDA) (Met Office 

2019).  

 

Figure 5.1. Map of the core of the Birmingham study area and the location of the Winterbourne 

Number 2 (56424) Weather Station (turquoise marker) relative to the inner city sites (shown as red 
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and purple markers). This station was chosen as the closest in distance to the majority of sites (n = 

27). (Google Earth Version 7.3.4, (Image date = April 18, 2021).  52o27’40.13” N, 1o47’26.91 W, eye alt 

34km. Landsat/Copernicus).  

 

Second, higher temporal and spatial resolution precipitation data were obtained from the 

U.K.s NIMROD radar system, provided by the U.K. Centre for Environmental Data (CEDA), 

(Met Office 2019). Radar data, including cumulative rainfall and rainfall intensity were 

available at 5-minute temporal and 1 km2 spatial resolutions, with data recorded from the 

start of each hour. Such a high spatial resolution enabled precipitation data to be captured 

for each of the individual 28 study sites. There is a degree of uncertainty associated with the 

range of radar rainfall data, due at least in part to variation in the distance of sites from the 

radar source, topography and environmental conditions (Villarini and Krajewski 2010; 

Croghan et al. 2019). However, considering the close proximity of the study sites to the 

nearest radar site (Cleft Hill) which is located less than 50km from Birmingham, as well as to 

each other, and the relatively small changes in topography across the urban area, any 

uncertainty in the data is likely to be low.  

Finally, during 2017 and 2018, ambient air temperature at the centre and edge of each 

study site (e.g. Figure 5.2a) were recorded at 5- and 10-minute intervals using Tinytag® 

dataloggers, (models TGP-4017 and TGP-4020, Gemini Data Loggers, Chichester, UK) (Figure  

5.2b) and Thermochron iButton® loggers (model DS1922L, Maxim Integrated Products., 

Sunnyvale, CA, USA) (Figure 5.2c), respectively.  



208 
 

 

Figure 5.2a: An example of the typical positioning of temperature dataloggers within a study 

site (i.e. Gibs Heath (Soho)). iButtons (x2 units per site) are shown as red markers, the TinyTag 

logger as a yellow marker (x1 units per site) and nestboxes as green circles. (Google Earth 

Version 7.3.4. (Imagery date =July 3, 2021; Location: 52o29’45.80” N, 1o55’20.09 W, eye alt 

387m, Landsat/Copernicus). Photographs illustrate examples of (b) the positioning and 

orientation of a Tinytag® at a height of approximately 2.5m on a tree located in Holders Lane 

Woods (Photo: A Mason, 2018) and (c) a Thermochron iButton® secured to the upper back 

wall of a nestbox with Velcro® (Photo: Authors own, 2017).  

 

Temperature loggers (hereafter referred to as Tinytag and iButton loggers respectively) 

were installed in early to mid-March (the beginning of nest laying) and collected after all 

breeding attempts within each site were confirmed to have finished (all nestlings had 

fledged and/or nests were abandoned). Both types of dataloggers have a measurement 

accuracy of approximately ±1-2 C. All dataloggers were calibrated by placing them in a 

Stevenson screen adjacent to the University of Birmingham Weather Station for a period of 

at least 48 hours. A small number of dataloggers were found to be defunct and were 

discarded. Evidence of potential under/over estimation of temperatures for the remaining 

dataloggers was found to be minimal, and therefore correction factors were not deemed 
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necessary. To monitor air temperature at each site, Tinytag loggers were housed within 

camouflage coloured plastic shields to minimise vandalism and to prevent radiation directly 

warming them (Figure 5.2b) before being secured at a height of approximately 2-3m to the 

main trunk or branch of a tree located as close to the centre of each study site as possible. 

The loggers were suspended within the shields using heavy duty garden twine to minimise 

direct contact with the trees. Units were oriented to maximise airflow through the shield 

and across the logger. iButton loggers were secured on the inside of the lid or backwall of 

nestboxes with Velcro and away from the top of the nest or brooding female.  

Tinytags have a large memory capacity (32 000 readings) and therefore were left in place for 

the duration of each breeding season. The iButton loggers have a smaller memory capacity 

(8192 bytes allowing for the collection of data over an approximate 12-13 day period), 

therefore they were switched out and all data downloaded every ten days. Daily mean, 

maximum and minimum temperatures were calculated from these data for every site through 

the two breeding seasons.   

5.2.3. Breeding response variables 

The critical time window approach was used to explore the potential effects of variation in 

temperature and rainfall for two key stages of the reproductive cycle (pre-hatching and 

brood-rearing) using several measures of breeding success, including (a) proportional 

hatching success, (b) probability of hatching failure, (c) nestling weight, (d) proportional 

fledging success and (e) the probability of brood failure.  

The Climwin package cannot currently deal with proportional data and zero inflation, so all 

failed breeding attempts (i.e. zero data) were filtered out from proportional success 

datasets to minimise the potential for issues with model convergence and validation. Binary 



210 
 

probabilistic measures of success (used to determine rates of failure during pre- and post-

hatching phases) were analysed using the relevant full dataset. Due to the narrow climate 

windows tested for nestling weight (see below) analyses included nestlings ringed and 

weighed between 8 and 12 days post-hatch (n = 3129 chicks).  

5.2.4. Critical time window selection  

I used the ‘sliding window’ function from the ‘climwin’ package for R (van de Pol et al. 2016) 

to search for critical time windows (i.e. weather time periods) during which specified 

climate variables including temperature, rainfall or dry days, best explained variation in the 

breeding responses investigated and to evaluate the strength and direction of any 

significant relationship(s) identified.  

Two sets of critical time window analyses were conducted. In the first set of analyses, the 

potential effects of temperature and rainfall at the city-wide scale were investigated for all 

five breeding response variables using the climate data obtained from the Winterbourne 

Weather Station. Secondly I conducted a preliminary exploratory analysis to determine how 

the spatialisation of weather at the site-level influenced nestling weight using the two years 

(2017-2018) of daily temperature data collected at each site and daily rainfall data derived 

from the NIMROD dataset.  

The major steps that were used in the climwin analysis are detailed below and followed the 

protocols and procedures as summarised in the accompanying literature (Bailey and van de 

Pol 2015; van de Pol et al. 2016).  

5.2.4.1. Step 1: Construction of baseline models 
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For each response variable, a baseline regression (null model) was constructed (containing 

no weather effects), against which the performance of competing climate models (below) 

could be assessed (Table 5.1).  

Table 5.1. The key components and structure of the final baseline model for each breeding 
response variable investigated within the critical climate window analysis using climwin. The 
associated dataset and number of data points is also given.  

 

This final model was selected following a comparison of different baseline model structures 

that included an intercept-only; intercept + year and combinations of potentially 

confounding phenological and biotic covariates determined to be relevant from previous 

hierarchical modelling in Chapters 3 and 4. Year was included as a fixed covariate (integer) 

to control for inter-year environmental variation not explained by the weather signal under 

consideration. Phenological variables were included to control for potential variation in 

breeding responses related to seasonal changes and biotic covariates including occupancy, 

Response 
variable 

Baseline 
model 

variables 

Baseline 
random 
effects 

Weight  Model  (and 
family) 

Dataset  

Proportional 
Hatching 
Success 

Year n/a Clutch Size glm 
 (binomial) 

Hatching- 
filtered (662)  

Binomial 
Hatching 
Success 

Year n/a Clutch Size glm 
(binomial) 

Clutch-filtered 
(752) 

Proportional 
Fledging 
Success 

Year n/a Brood Size  glm 
(binomial) 

Fledging-
filtered (554) 

Binomial 
Fledging 
Success 

Year n/a Brood Size glm 
(binomial) 

Hatching- 
filtered (662) 

Nestling Body 
Mass (6 years 
of data: 2013-
2018) 

Ringing age, 
Brood size (at 

hatching) 

n/a Occupancy lm 
 
 

Nestlings aged 
10-12 (n = 

3129) 

Nestling Body 
Mass (2 years 
of data: 2017-
2018) 

April hatching 
date, 

Occupancy,  
Brood size (at 

hatching) 

Site ID n/a glmer   
(gaussian) 

Nestlings aged 
10-12 

(n =  1133) 
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clutch size and brood size were also added to account for variation in intra- and inter-nest 

competition. All continuous variables included in baseline models were scaled and centred.  

Due to issues of convergence when running the baseline analyses in climwin, (with the 

exception of spatialised nestling body mass) random effects terms were dropped and 

generalised linear models (GLMs) used in place of the preferred GLMMs.  

5.2.4.2. Step 2: Critical time windows construction and selection  
 

In the next step multiple weather signals were generated and independently added to the 

respective baseline models, thus creating a suite of potential candidate models for each 

breeding response. Candidate models comprised all the various different combinations of 

the main weather variables (temperature, rainfall and dry days), aggregate statistics (mean, 

minimum, maximum and sum) and functional relationships (e.g. linear or quadratic) that 

may influence each breeding response.   

Within climwin the slidingwin function initially builds all of the possible set of time windows, 

each time varying the start date and window length at a daily resolution within a user-

specified range (e.g. 20 days). The analysis systematically searches within these windows 

whilst testing all of the potential weather signal combinations, to determine (1) the most 

relevant time period (the critical time window) (2) the strongest aggregate statistic and (3) 

the function of the relationship, that best describes the variation in breeding responses to 

each climate variable investigated. An example of this process for one weather variable 

(mean daily temperature) and one response variable (hatching date) is illustrated in Fig. 5.3 

below.  
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Fig re  . . Graphical illustration demonstrating a simplified example of the first stage of the critical 
climate window analysis using climwin for one nest, using hatching date as the breeding response, one 
weather variable (mean daily temperature) and a window range of 4 days. The sliding win function 
searches for time periods that best predict the breeding trait (hatching date) to a particular weather 
variable (mean daily temperature). All possible sliding windows are built for an a priori specified period 
of time (e.g. for a range of n = 4 days), working backwards from the biological date (hatching date = 
Day 0). For each of the time windows identified (total n = 10) the mean daily temperature is set to be 
averaged as one value. For relative searches this sliding window process is then replicated for each 
nest in the dataset and for each specified weather variable and its associated aggregate statistics. In 
this example aggregate statistics including the minimum, maximum and warmth sum for each weather 
time window would be calculated using the daily mean temperature record.   

 

The maximum size and timing of the window ranges and their associated reference dates 

were specified according to the breeding response under consideration (Fig. 5.4). All 

window openings were specified as day 0 (i.e. the date on which the nest event or 

measurement was recorded).  
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Fig re  . . A graphical illustration of the window range, biological date, and reference dates specified 
for searches within climwin to identify potential climate signals for each of the five Blue Tit breeding 
response variables investigated. Dummy hatching and fledging dates were used to specify the 
biological date for failed nesting attempts in the analysis of binary response variables. Hatching dates 
were estimated by forward counting 15 days (the mean incubation period of successful nests in this 
study) from the laying date and fledging dates 20 days from the estimated hatching date. 

 

The focus on narrower window ranges (maximum length = 50 days) in this study takes into 

consideration the timing and relatively short duration of each reproductive phase in the 

Blue Tit breeding season (Perrins 1979). Furthermore, shorter time periods reduce the 

potential for Type I errors (i.e. detecting false positive in a climate signal) due to multiple 

testing (van de Pol et al. 2016; Hidalgo Aranzamendi et al. 2019).  

The 50 day window range for proportional hatching success takes into consideration 

variation in weather conditions experienced by breeding pairs in the days leading up to and 

during nest building, as well as conditions over the average egg laying and incubation period 

for this population. The shorter 16 day window for binary hatching success reflects the fact 

that nest failures during incubation are more likely due to a single, sudden event and can 
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only have occurred after clutch completion, since incubation was confirmed for all nests in 

this dataset. Window ranges for fledging outcomes were set at 20 days to capture the 

variation in weather nestlings experienced during the brood-rearing period that may directly 

impact on growth, development and survival (e.g. as reviewed by Sauve et al. 2021b).  

Analyses of nestling body mass included data on the individual weights (±0.1g) for all chicks 

that were ringed between 8 – 12 days post-hatch (n = 3129) across all years of the study. 

The decision was taken to exclude data from older nestlings (ages 13 -15 inclusive) due to 

the small critical time windows considered in the sliding window analysis. The 20 day 

window range captures variation in weather during both the early-brood rearing and 

incubation periods that have previously been shown to affect the behaviour of incubating 

females and embryonic development (e.g. see Webb 1987; DuRant et al. 2013; Pipoly et al. 

2013; Coe et al. 2015). 

For the purposes of the nestling body mass subset-analysis (using data from 2017-2018), a 

new climate dataframe was constructed which combined the daily mean temperature data 

(March-June) calculated for each site during the 2017 and 2018 field seasons with site-level 

daily total rainfall data for the same period extracted from the Nimrod dataset. Breeding 

data were extracted from the six year dataset to create a separate 2 year biological 

dataframe for use in analysis. Data were analysed using generalised linear mixed models to 

take into consideration the nested structure of both the climate and biological data. 

All searches were set to ‘relative time window’ to take into account variation in the timing 

of the expression or measurement of breeding traits among individual breeding pairs (e.g. 

hatching dates for hatching success or ringing dates for the measurement of nestling mass 

and body condition). Relative time window searches are preferable in studies such as this, 
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where the lag period between the potential weather signal relative to the biological 

response is relatively short and narrower critical time windows are more likely (Bailey and 

van de Pol 2016; van de Pol et al. 2016). End reference dates (for window ranges used in 

randomised modelling: see below) were set as the latest recorded nest event or 

measurement date from the six years of data (appropriate to each breeding response; Fig. 

5.4).  

For each breeding response, I built and tested candidate models that compared the 

aggregate statistics crossed with the linear and quadratic relationships between three daily 

temperature (mean, minimum and maximum) variables and two precipitation (daily rainfall 

and dry days) variables. The climate variable ‘dry days’, was derived from the rainfall data, 

with a binary response specified for each day, where 1 = no rainfall and 0 = ≥0.01 mm 

rainfall. The different combinations of candidate models tested against each climate 

variable are provided in  Table 5.2.  

Table 5.2. The three temperature and two precipitation climate variables, together with their 
associated aggregate statistics and functions that were tested within ClimWin to determine the 
influence of climate on breeding outcomes in a population of Blue Tits breeding in Birmingham 
between 2013-2018. 

 

Climate Variable Aggregate Statistic Function 

Temperature Min Mean Max Sum Linear Quadratic 

 
Minimum 
Temperature (oC) 

      

Maximum 
Temperature (oC) 

      

Mean 
Temperature (oC) 

      

Precipitation        

Rainfall (mm)       

Dry Days        
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Candidate models were compared with the baseline model using the built-in function within 

climwin that automatically compares AICc values. Critical window sets for each climate 

variable were only considered for further analysis if the top models had a lower AICc value 

compared with the baseline model ( ΔAICc ≥-2) (Burnham and Anderson 2002, 2004).  

The AICc values and model outputs for each climate variable – aggregate statistic 

combination were then compared to determine the strongest potential candidate model, 

also taking into consideration whether the linear or quadratic function should be retained. 

Where a temperature variable model clearly performed better, this was retained for further 

analysis. Where the difference in AICc values across different temperature candidate 

models were similar, all models were selected and subjected to randomisation analysis.  

5.2.4.3. Step 3: Randomisation  
 

Due to the high number of models tested, there is the possibility for Type I errors, (i.e. 

candidate models performing better than baseline models purely by chance). Therefore, 

following the identification of potential critical time windows for a breeding response, the 

built-in randomisation function ‘randwin’ from the climwin package was used to quantify 

the likelihood of obtaining a similar or better AICc value for a climate signal by chance, 

following van de Pol et al. (2016). The weather predictor variable of interest was 

randomised and the same model building procedure was performed following the initial 

critical time window analysis, resulting in the generation of 100 randomised best models. 

The value of the ΔAICc obtained from the real data of the best climate model was then 

compared with the ΔAICc set of extracted randomised values to determine the likelihood of 
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obtaining the observed AICc value by chance (PΔAICc ≤0.05). Results were visually inspected 

using the ‘plotall’ function. 

5.2.4.4. Step 4: Exploring more than one candidate climate variable and 

dealing with correlation between variables  

Where a positive signal was detected for a particular temperature, rainfall or dry days 

variable, only 1-3% of models were included within the top 95% of model weights, therefore 

the top model (with the lowest AICc value) was selected for further analysis. 

Where there was evidence for multiple climate variables (e.g. a signal for both rainfall and 

temperature) simultaneously influencing a breeding response, as determined by the PΔAICc 

values, the potential for correlation between them was checked prior to their inclusion in 

final models. Checks for collinearity between weather variables were undertaken using the 

function ‘cross-win’. When covariance was detected, or where multiple signals for a 

particular climate variable were identified, (for example due to the detection of potentially 

different lag effects or a strong influence of more than one aggregate statistic), the best 

supported signal was added to the baseline model and the analysis was refitted to 

determine if model support remained. Due to the short time frame of the Blue Tit breeding 

season this step normally resulted in the loss of weaker climate signals.  

5.2.4.5.  Step 5: Final Modelling in glmmTMB 
 

In the final step, once climatic windows were identified and validated using climwin, they 

were used to generate the final global models. Climate variables were scaled and centred 

and fitted as fixed covariates to models, together with all relevant habitat, landscape and 

biological covariates that were determined as important in Chapters 3 and 4. Analyses were 
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conducted to compare the performance of models including both the quantitative 

(percentage of built landcover) and five-level categorical (urban land class) urban gradient 

metrics against an intercept-only and null model following the same procedures described 

in Chapter Three. The potential for interactive effects were explored, both between 

different climate variables and also between climate variables and the quantitative 

urbanisation metric.  

5.3. RESULTS 

5.3.1. Critical time window selection  

5.3.1.1. Identification of critical time windows for hatching success outcomes 
  

Whilst several of the climate models predicting the probability of hatching success had 

lower AICc values compared with their respective baseline models, randomisation analyses 

suggested that the majority of the best climate signals likely occurred by chance (PΔAICc 

≥0.05) (Appendix 6). Although the ΔAICc value for the best minimum temperature model 

was significantly lower than the randomised climate models (PΔAICc 0.04), this climate signal 

was also not considered further. The critical time window coincided with day 0 (hatching 

date) and further inspection of model outputs determined that the climate signal was likely 

weak, suggesting a potentially spurious result.     

For proportional hatching success, all of the best models for temperature, daily rainfall and 

dry days performed better than the baseline models, (all ΔAICc values < -2). With the 

exception of the minimum temperature signals, comparisons of observed model ΔAICc 

values with randomised models confirmed that the best climate windows identified were 

unlikely to have occurred by chance (PΔAICc ≤0.05). The best critical climate windows 
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detected for both mean and maximum temperature were very similar (Fig. 5.5), with 

variation in hatching success best explained by linear or quadratic effects of temperatures in 

the days immediately preceding hatching (earliest window = day 3, latest window close = 

day 1). Overall, the mean (and sum) maximum (quadratic) temperature climate model was 

determined to be the strongest candidate (ΔAICc = -47.96, PΔAICc ≤0.01) and was considered 

for inclusion in the final hierarchical modelling stage. 

 

Figure 5.5.  Representation of the best critical climate time windows for each weather variable tested 
for hatching success and probability of hatching success (binary success-failure) for a population of 
Blue Tits breeding across an urban gradient in Birmingham, UK from 2013 – 2018. Windows are in days 
relative to hatching date (day 0). For each breeding response variable, the best windows were 
searched for daily maximum temperature (MaxT), mean temperature (MeanT), minimum 
temperature (MinT), dry days and daily rainfall. The best critical climate windows are further split into 
the two functions: linear (L) and quadratic (Q). For each variable-function combination the most 
probable aggregate statistic is presented. Asterisks and dots show theprobability of a model occurring 
by chance: significance codes (PΔAICc) ≤0.001 (***), ≤0.01 (**), ≤0.05 (*), borderline (●). The numerical 
data derived from climwin analyses on which the figure is based including the window range, ΔAICc 
value and associated statistical significance values from randomisation analyses (PΔAICc) are provided 
in Appendix 6, together with examples of the outputs from the plotting tools used to visually inspect 
and validate the best candidate models.   
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The critical climate window for rainfall across all best models had a longer lag time (Fig. 5.5), 

with the window opening 31 days and closing 22 days  (i.e. approximately 3-4 weeks) prior 

to hatching date for each nest. As with the results for temperature, there was no clear best 

candidate rainfall model, with all ΔAICc values for the four best performing models (linear or 

quadratic effects of the mean or total rainfall) all within <-2 relative to each other. A 

comparison of model outputs suggested however, that the strength of the effect of the 

mean (linear) rainfall signal was likely marginally stronger ( β ± SE = -0.326 ± 0.047, z = -

6.962, P ≤0.001), therefore this variable was retained for further analysis.  

Since multiple candidate signals were identified for hatching success, a second set of 

climwin analyses were undertaken, with the temperature variable included in the baseline 

model to search for potential alternative time windows for rainfall. This confirmed the best 

candidate critical climate windows and weather signals for rainfall remained similar and  

therefore the decision was taken to continue analyses using the initial best candidate 

rainfall signal identified. The visual inspection of the ‘crosswin’ function plot (Fig. 5.6) 

confirmed that there were unlikely to be issues of collinearity between the two weather  

 covariates.   
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Figure 5.6. Plot of the output from the test of collinearity between the best rainfall (mean, linear) 

and maximum temperature (mean, quadratic) climate signals using the crosswin function from the 

climwin package. The correlation between temperature and rainfall across all of the different time 

windows searched (range = 40 days, reference day = June 4th) is represented by the different 

colours. Purple colours show a positive correlation, red a negative correlation and yellow no 

correlation. The plot therefore visualises periods of time where correlation between climate 

variables is weak and strong. All correlations identified are between -0.40 – 0.40, and are therefore 

unlikely to be an issue. 
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5.3.1.2. Identification of critical time windows for fledging success response 

variables 

Although all of the best candidate models for rainfall, dry days and minimum daily 

temperature identified to explain variation in proportional fledging success (Fig. 5.7) had 

AICc values lower than the baseline model (ΔAICc ≤ -2), randomisation analyses determined 

that they were likely false positives, therefore they could not be considered any further in 

analyses. In comparison, models testing different mean and maximum temperature signals 

performed better than the baseline models and these findings were supported by the 

randomisation analysis (PΔAICc ≤0.05). The best performing candidate model suggested that 

proportional fledging success was explained by the daily maximum temperature specified as 

a quadratic term (ΔAICc = 40.95) between nestling ages 4 and 13 days old (critical time 

window = 16 – 7 days prior to fledging date) (Fig. 5.7 and Appendix 6). 

 

Figure 5.7.  Representation of the best critical climate time windows for each weather variable tested 
for fledging success and probability of fledging success (binary success-failure) in a population of Blue 
Tits breeding across an urban gradient in Birmingham, UK from 2013 – 2018. Windows are in days 
relative to fledging date (day 0). For each breeding response variable the best windows were searched 
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for daily maximum temperature (MaxT), mean temperature (MeanT), minimum temperature (MinT), 
dry days and daily rainfall. The best critical climate windows are further split into the two functions: 
linear (L) and quadratic (Q). For each variable-function combination the most probable aggregate 
statistic is presented. Asterisks and dots show the probability of a model occurring by chance: 
significance codes (PΔAICc) ≤0.001 (***), ≤0.01 (**), ≤0.05 (*), borderline (●).  

 

The best model candidates for the probability of fledging success (Fig. 5.7) which included 

minimum temperature, daily rainfall and dry day weather signals also likely occurred due to 

chance (PΔAICc ≥0.05). Several mean and maximum temperature candidate models were 

identified from the initial climwin analysis, with the majority suggesting a critical time 

window 3 -1 days prior to fledge date (Fig. 5.7 and Appendix 6). However, randomisation 

analyses confirmed that only one of the models was unlikely to have occurred by chance 

(PΔAICc ≤0.001).  This model, which also had one of the lowest AICc scores (ΔAICc = -106.04) 

suggested that the daily maximum temperature in the 1-3 days prior to estimated fledging 

age (20 days post hatch) had the most significant influence on the probability of a nest 

fledging at least one young. As such only this climate signal was considered for further 

analysis.  

5.3.1.3. Identification of critical time windows for nestling weight   
 

For the analysis of nestling weight using the full (six years) dataset, the best candidate 

models (Fig. 5.8) identified for mean and maximum daily temperature, daily rainfall, and dry 

days had lower AICc values than the baseline model (ΔAICc ≤ -2) (Appendix 6).  
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Figure 5.8.  Representation of the best critical climate time windows for each weather variable tested 
for nestling weight in a population of Blue Tits breeding across an urban gradient in Birmingham, UK 
from 2013 – 2018. Windows are in days relative to ringing date at ages 10-12 (day 0). For each breeding 
response variable the best windows were searched for daily maximum temperature (MaxT), mean 
temperature (MeanT), minimum temperature (MinT), dry days and daily rainfall. The best critical 
climate windows are further split into the two functions: linear (L) and quadratic (Q). For each variable-
function combination the most probable aggregate statistic is presented. Asterisks and dots show the 
probability of a model occurring by chance: significance codes (PΔAICc) ≤0.001 (***), ≤0.01 (**), ≤0.05 
(*), borderline  (●).  

 

Comparisons of the different mean and maximum temperature signals revealed a lot of 

overlap in the critical time windows identified and confirmed that models including a 

quadratic rather than a linear function overall performed better. Randomisation analyses 

also confirmed that for the majority of the models which included one of these weather 

signals, findings likely did not occur by chance (PΔAICc ≤0.001). Final model selection was 

therefore, undertaken by ranking the models on the basis of their AICc values. The best 

model had an ΔAICc value of -162.74 and included the maximum temperature variable 

(aggregate statistic = mean or sum, function = quadratic) with a window range of 6 – 1 days 

(relative to ringing date between nestling ages 10-12 days).  
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Comparisons of ΔAICc values for the mean, maximum and sum rainfall models identified a 

clear best candidate model (ΔAICc = -118.82), which was confirmed as being significantly 

different from the randomised models (PΔAICc ≤0.001), and therefore unlikely to have 

occurred by chance. This model, which also included a quadratic term, suggested that 

nestling weight was most likely explained by the total (sum) rainfall recorded within a 

critical time window 19 - 7 days before nestlings reached ringing age. Nestling weight was 

the only response variable in which a significant critical climate window was identified for 

the dry days variable. Both the total number and proportion of dry days occurring within the 

critical time window  8 - 2 days relative to nestling ringing date were identified as potential 

weather signals. In comparison to the critical window for rainfall, this window is narrower 

and has a shorter lag time.  

Considering the potential for significant correlation between the three climate signals, tests 

for collinearity between each pair of variables were performed using the crosswin function 

in climwin. Visual inspection of the plots determined that the potential for collinearity issues 

was lower between maximum temperature and dry days compared with rainfall, with the 

correlation values <0.5 in the critical time windows of interest (Fig. 5.9).  
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Figure 5.9. Plot of the output from the test of collinearity between the maximum temperature (mean, 
linear) and (a) total dry days (sum,linear) and (b) maximum daily rainfall (max, quadratic) climate 
signals using the crosswin function from the climwin package. The correlation value (represented by 
the different colours) between each pair of variables was searched for all potential time windows 
(range = 40 days, reference day = June 4th).  

 

This was confirmed by further checks for co-correlation issues using a correlation matrix for 

pairwise comparisons between environment and climate predictor variables to be included 

in the final global model in the final step of analysis.  

The strongest candidate models for explaining variation in nestling weight using the two-

year subset analysis, included the mean temperature (aggregate statistic = mean, function = 

quad), maximum temperature (aggregate statistic = mean, function = quad), and minimum 

temperature (aggregate statistic = mean, function = quad). All three final candidate models 

were investigated further and were found not to have occurred by chance (PΔAICc ≤0.001). 

However, visual inspection of the associated distribution of ΔAICc values, model coefficient 

plots and best model outputs suggested that the signal for maximum temperature was 

stronger compared with the other two temperature variables. The critical time window 

identified for maximum temperature was 16 – 4 days before ringing date. A clear best 

candidate model for rainfall (mean rainfall = ΔAICc -202.16), was also identified which was 

found to be significantly different from the randomised weather data models. The critical 
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time window for this model was 19 – 5 days relative to ringing date and included a quadratic 

term.  

 5.3.2. The effects of temperature and rainfall on hatching success 

 

The initial results from exploratory critical climate window analyses suggest that 

temperature and rainfall did not significantly affect the probability of hatching success in the 

Birmingham Blue Tit nestbox population, and therefore weather is potentially not a 

significant predictor of breeding failure during the incubation phase.  In contrast, the 

average maximum temperature experienced in the days immediately preceding hatching 

(critical time window days 3 – 1 relative to hatching date) and the longer lag-effect of mean 

rainfall during the period 31 – 22 days prior to hatching were both found to significantly 

influence rates of hatching success, with these effects remaining when modelled together 

with habitat and landscape terms (step 5; Table 5.3).  
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Table 5.3. Model summary from a GLMM analysis of proportional hatching success for Blue Tits 
breeding along an urban gradient in the city of Birmingham, UK between 2013-2018 regressed against 
habitat, landscape and weather covariates. Weather signals include maximum daily temperature 
(window open = day 3, window close = day 1) and mean rainfall (window open = day 31, window close 
= day 22 relative to hatch date). The urban gradient was specified using the categorical metric. ULC 
gradient intercept = ULC1 (suburban sites).  Intercept Year = 2013.  All significant slopes (using CIs) are 
indicated in bold (significance codes: P ≤0.001***, ≤0.01**, ≤0.05*).  ‘-’ values denote covariates 
initially included in models but subsequently removed.   

 

The quadratic term for temperature was dropped from the model and replaced with the 

linear maximum temperature covariate as it was found to be non-significant. 

 Model predictions revealed a significant reduction in the proportion of eggs successfully 

hatching as the average maximum temperature increased in the days just before hatching (β 

± SE = -0.174 ± 0.074, z = -2.359, P ≤0.018). Despite the longer lag-time between the climate 

Proportional Hatching Success 

n= 662 

 

Fixed Term Coefficient ±SE z value Confidence Intervals 
(2.5%)                     (97.5%) 

Intercept 3.272 0.249 13.149   

Me NDB Trees 0.316 0.103 3.062** 0.113 0.520 

In erse Simpson’s Index 0.130 0.096 1.352 -0.059 0.319 

Me Edge Distance (m2) -0.467 0.142 -3.273** -0.754 -0.190 

ULC Model: ULC 2 
                       ULC3 
                       ULC4 
                       ULC5 

-1.093 
-0.421 
-0.711 
-0.228 

0.439 
0.277 
0.329 
0.360 

-2.491* 
-1.522 

-2.164* 
-0.633 

-1.967 
-0.972 
-1.360 
-0.937 

-0.234 
0.122 
-0.062 
0.485 

Garden Landcover (%) 0.394 0.166 2.372* 0.070 0.725 

Average MaxT (OC)  -0.174 0.074 -2.359* -0.319 -0.030 

Average Rainfall (mm)  -0,240 0.067 -3.580*** -0.372 -0.109 

Random Terms  
 

Coefficient ±SD    

Site ID - - -   

Nestbox ID  0.639 0.780    

Year (fixed factor) 0.057 0.239    
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signal and biological response, mean rainfall was observed to have a slightly stronger effect 

on hatching success (β ± SE = -0.240 ± 0.067, z = -3.580, P ≤0.001). Higher mean rainfall 

during this period, which approximately corresponds with the prelaying period, including 

nest building and early egg laying, was associated with lower hatching rates. Overall, 

however, hatching rates remained relatively high regardless of the amount of rainfall 

recorded, with model predictions showing a decline in the proportion of young hatched 

from 0.95 ± 0.5 under dry conditions (0 – 0.5 mm of rainfall) to 0.8 ± 1.5 for the highest 

mean rainfall amounts (≥3.5 mm) (Fig. 5.10).  

 

 

Figure 5.10. The relationship between mean daily rainfall recorded in the period 31 - 22 days 
prior to hatching date and rates of hatching success for Blue Tits breeding across 28 sites along an 
urban gradient in Birmingham, UK over six breeding seasons (2013-2018). Raw data are 
represented by coloured points categorised by urban land class (ULC). ULC1 (dark green points) = 
least urbanised (suburban) sites, ULC5 (dark grey) = most densely urbanised sites. The solid line is 
the prediction curve (and grey ribbons the 95% CIs) calculated from a generalised linear mixed 
model (family = binomial) in glmmTMB and using the predicts function in R. (n = 662).   
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Although no significant interactive effect between the urban gradient and rainfall was 

detected, the negative impact of mean rainfall appears to potentially be partially driven by 

poor hatching success for a small cluster of breeding attempts recorded in highly urbanised 

sites (ULC4-5), with hatching dates between the 7th – 10th May 2016. The corresponding 

critical time window (approximately the first two weeks of April) coincides with a period of 

high rainfall including an intense rainfall event (daily total rainfall = 19mm) on 11/04/2016. 

The highest mean rainfall (≥3.9 mm) calculated from individual critical time windows for 

each breeding attempt, was consistently found to coincide with broods hatching between 

18th and 21st May 2014. This timeframe also corresponds with a period of consecutive days 

with moderate to high rainfall (approx. 20/04/2014 – 28/04/2014), including a day of 

exceptionally high rainfall (daily total precipitation = 23mm) on the 25th April. However out 

of nine breeding records for this hatching period, only one nest suffered particularly low 

hatching success (HAN63: hatching rate = 0.38).   

 5.3.3. The effects of temperature and rainfall on fledging success 
 

The significant non-linear effect of maximum temperature on fledging success detected 

from the climwin analysis remained when included in the final hierarchical model (Table 

5.4). The critical time window for this weather signal opened at 16 days and closed 7 days 

prior to fledging date for each brood.  This finding suggests that the maximum temperature 

during the brood rearing period equating to nestling ages ~4 – 13 days (post hatch) 

significantly impacted chick survival and therefore consequently fledging success.  

The model revealed a strong non-linear effect of maximum temperature on fledging success 

(quadratic term: β ± SE = -0.180 ± 0.054, z = -3.351, P ≤0.001, Table 5.4 and Fig. 5.9). Model 
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predictions suggest that broods initially benefited from higher temperatures during the 

chick-rearing phase, with fledging success increasing from ~0.7 ± 0.2 when maximum 

temperatures were lower (~ 16oC) to a peak of 0.85 ± 0.1 at ~21.5 oC . However, once 

maximum temperatures reached this threshold, any further increase in temperature was 

predicted to result in reduced fledging success. Moreover, a significant interactive effect 

between the urban gradient and the maximum temperature signal was detected, thus 

implying that the potentially negative impacts of higher maximum temperatures may be 

exacerbated in more densely urbanised areas of the city.  
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Table 5.4. Model summary from a GLMM analysis of proportional fledging success for Blue Tits 
breeding along an urban gradient in the city of Birmingham, UK between 2013-2018 regressed against 
habitat, landscape and weather covariates. Weather signals include linear and quadratic terms for 
maximum daily temperature (window open = day 16, window close = day 7 relative to estimated 
fledging date). The urban gradient was specified using the linear (%BLC) metric. Intercept Year = 2013. 
All significant slopes (using CIs) are indicated in bold (significance codes: P ≤0.001***, ≤0.01**, 
≤0.05*). ●  indicates a borderline sig effect (CIs crossed zero). 

 

Proportional Fledging Success 
n = 554 

 

Fixed Term Coefficient ±SE z value Confidence Intervals 
(2.5%)                     (97.5%) 

Intercept 2.053 0.221 9.277   

Me NDB Trees -0.210 0.134 -1.560 -0.485 0.068 

Inverse Simpson’s Index 0.116 0.131 0.888 -0.141 0.392 

Inverse Simpson’s Index2 -0.216 0.070 -3.112** -0.361 -0.079 

Built Landcover (%) -0.302 0.156 - .9  • -0.614 0.019 

Garden Landcover (%) -0.182 0.126 -1.444 -0.436 0.078 

MaxT (OC)  0.010 0.065 1.521 -0.028 0.229 

MaxT (OC)2 -0.180 0.054 -3.351*** -0.286 -0.075 

Built * MaxT  0.128 0.047 2.716** 0.036 0.221 

April Hatching Date -0.459 0.087 -5.283*** -0.630 -0.292 

Occupancy -0.124 0.090 -1.388 -0.299 0.052 

Random Terms  
 

Coefficient ±SD    

Box: Site ID 0.814 0.902    

Site ID  0.208 0.456    

Year (fixed factor) 0.141 0.375    
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Figure 5.11. The relationship between maximum temperature during the critical climate window 16-
7 days prior to fledging date and rates of fledging success for Blue Tits breeding across 28 sites along 
an urban gradient in Birmingham, UK over six breeding seasons (2013-2018). Raw data are 
represented by coloured points categorised by urban land class (ULC). ULC1 (dark green points) = least 
urbanised (suburban) sites, ULC5 (dark grey) = most densely urbanised sites. The solid line is the 
prediction curve (and grey ribbons the 95% CIs) calculated from a generalised linear mixed model 
(family = binomial) in glmmTMB and using the predicts function in R. (n = 554).   

 

The probability of fledging success was best explained by the maximum temperature during 

the critical climate window 3 – 1 days prior to fledging, with the final model predicting a 

higher probability of nesting failure with increasing maximum temperature. However, the 

majority of breeding failures in this population was previously shown in Chapters 3 and 4 to 

occur during early brood-rearing, therefore it is likely that this finding is an artefact of the 

analytical process, in particular the dummy fledging date used to determine the predicted 

date that nestlings should have fledged in failed nests. Considering the biological 

uncertainty with this finding this potential climate effect was not considered further.  
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5.3.4. The effects of temperature and rainfall on nestling weight 
 

Analysis of the maximum temperature and dry days in the global hierarchical model 

confirmed the strength and direction of the effects of these weather signals on nestling body 

mass that were detected from the climwin analysis (Table 5.5).  

Table 5.5. Model summary from a GLMM analysis of mean body mass for Blue Tit nestlings reared 
along an urban gradient in the city of Birmingham, UK between 2013-2018 regressed against habitat, 
landscape and weather covariates. Weather signals include maximum daily temperature (window 
open = day 6, window close = day 0 relative to ringing date) and dry days (window open = day 8, 
window close = day 2 relative to ringing date). The urban gradient was specified using the linear (%BLC) 
metric. Intercept Year = 2013. All significant slopes (using CIs) are indicated in bold (significance codes: 
P ≤0.001***, ≤0.01**, ≤0.05*). ●  indicates a borderline sig effect (CIs crossed zero).  

 

Nestling body mass 
(6 years: n = 3129) 

Fixed Term Coefficient ±SE z value Confidence Intervals 
(2.5%)                     (97.5%) 

Intercept 65.23 73.90    

Inverse Simpson’s Index 0.072 0.056 1.286 -0.038 0.182 

Inverse Simpson’s Index2 -0.119 0.036 -3.273** -0.190 -0.047 

Built Landcover (%) -0.198 0.061 -3.247** -0.318 -0.078 

MaxT (OC)  0.309 0.069 4.484*** 0.174 0.445 

Proportion Dry Days  0.168 0.059 2.868** 0.053 0.283 

Dry Days * MaxT 0.218 0.066 3.288** 0.088 0.349 

Occupancy   -0.107 0.058 -1.839• -0.221 0.007 

Brood Size -0.107 0.051 -2.092* -0.207 -0.007 

Ringing Age 0.295 0.052 5.615*** 0.192 0.398 

April Hatching Date -0.229 0.057 -3.997*** -0.342 -0.117 

Year (factor) -.0.028 0.037 0.883 -0.010 0.044 

Random Terms  
 

Coefficient ±SD    

Nest  ID 1.036 1.02    

Residual  0.910 0.954    
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The final global model revealed a strong positive effect of both the maximum temperature 

(Fig. 5.12) in the six days prior to ringing date and the proportion of dry days in the period 8 

– 2 days prior to ringing date on nestling body mass.  Whilst no significant interactive effect 

of either covariate with the urban gradient was detected, a strong interactive effect between 

the two weather variables was revealed (β ± SE = 0.218 ± 0.066, z = -3.288, P ≤0.001, Table 

5.5).  

 

Figure 5.12. The relationship between maximum temperature during the critical climate window 6 -
0 days prior to ringing date and body mass for Blue Tit nestlings reared across 28 sites along an urban 
gradient in Birmingham, UK over six breeding seasons (2013-2018). Raw data are represented by 
coloured points categorised by urban land class (ULC). ULC1 (dark green points) = least urbanised 
(suburban) sites, ULC5 (dark grey) = most densely urbanised sites. The solid line is the prediction curve 
(and grey ribbons the 95% CIs) calculated from a generalised linear mixed model (family = binomial) 
in glmmTMB and using the predicts function in R. (n = 3129).   

 

Similarly, the linear positive effect of maximum temperature in the 16 – 4 day critical window 

and the non-linear effect of mean rainfall in the period 19 – 5 days prior to ringing date on 
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nestling body mass detected from the climwin analysis of the 2-year subset of data were both 

further confirmed when analysed in the global hierarchical model (Table 5.6).  

Table 5.6. Model summary from a GLMM analysis of body mass for Blue Tit nestlings reared along an 
urban gradient in the city of Birmingham, UK between 2013-2018 regressed against habitat, landscape 
and weather covariates. Weather signals include maximum daily temperature (window open = day 16, 
window close = day 4 relative to ringing date) and mean daily rainfall (window open = day 19, window 
close = day 5 relative to ringing date). The urban gradient was specified using the linear (%BLC) metric. 
Intercept Year = 2013. All significant slopes (using CIs) are indicated in bold (significance codes: P 
≤0.001***, ≤0.01**, ≤0.05*). ●  indicates a borderline sig effect (CIs crossed zero). 

 

Both critical time windows span a wider timeframe, encompassing both the late stage of 

incubation as well as the early development phase of nestlings, in comparison to the critical 

windows detected for maximum temperature and dry days using the full dataset. Increasing 

Nestling body mass 
(2 years: n = 1133) 

Fixed Term Coefficient ±SE z value Confidence Intervals 
(2.5%)                     (97.5%) 

Intercept -401.384 357.880 -1.122   

Inverse Simpson’s Index 0.232 0.127 1.832• -0.0323 0.483 

Inverse Simpson’s Index2 -0.188 0.070 -2.671** -0.0329 -0.044 

Built Landcover (%) -0.103 0.128 -0.802 -0.033 -0.044 

MaxT (OC) 6-0 days  0.265 0.128 2.077* 0.0179 0.519 

Mean Rainfall Days 19 –5 
days 

-0.767 0.095 -8.087*** -0.954 -0.581 

Mean Rainfall Days 19 –5 
days2 

0.132 0.020 6.559*** 0.093 0.172 

Brood Size -0.380 0.042 -9.029*** -0.462 -0.297 

Ringing Age 0.418 0.039 10.746*** 0.341 0.494 

April Hatching Date -0.021 0.0916 -0.231 -0.202 0.157 

Year (factor) -.0.028 0.037 0.883 -1.446 0.551 

Random Terms  
 

Coefficient ±SD    

Site ID 0.295 0.543    

Residual  1.358 1.165    
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rainfall during the critical time window, initially had a strong negative impact on nestling body 

mass (β ± SE = -0.767 ± 0.095, z = -8.087, P ≤0.001; Fig. 5.13 and Table 5.6). However the 

model detected a threshold (~6mm), at which point higher mean daily rainfall had a positive 

effect on nestling body mass (β ± SE = 0.132 ± 0.020, z = -6.559, ≤0.001).  

In contrast to the full dataset model, the two-year subset model did not detect any interactive 

effects, either between the climate variables and the urban gradient or with each other. 

 

Figure 5.13. The relationship between mean daily rainfall during the critical climate window 19-5 
days prior to ringing date and body mass for Blue Tit nestlings reared across 28 sites along an urban 
gradient in Birmingham, UK using the two years of subset data (2017-2018). Raw data are represented 
by coloured points categorised by urban land class (ULC). ULC1 (dark green points) = least urbanised 
(suburban) sites, ULC5 (dark grey) = most densely urbanised sites. The solid line is the prediction curve 
(and grey ribbons the 95% CIs) calculated from a generalised linear mixed model (family = binomial) 
in glmmTMB and using the predicts function in R. (n = 1133).   
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5.4. DISCUSSION 

In this chapter I focused on how short-term variation in weather during the breeding season 

affects several key reproductive responses that occur after initial reproductive decisions 

have been made, and that may in turn impact the overall reproductive success in a 

population of Blue Tits nesting along an urban gradient in the city of Birmingham, UK. More 

specifically the potential downstream and immediate impacts of both temperature and 

rainfall on hatching success, fledging success, nestling body weight and the probability of 

total failure during both the pre-hatching (incubation) and brood-rearing phase were 

investigated. The study is exploratory in nature, with the main aim to identify the critical 

time periods and climate signals that drive variation in different breeding outcomes, and 

from which further hypotheses can be generated for testing in future research.  

My results provide tentative evidence to suggest that at least some of the variation in 

breeding outcomes observed among the Blue Tit population may be correlated with 

prevailing weather conditions. Crucially, the main findings from these preliminary analyses 

suggest that variation in daily maximum temperatures, rather than mean or minimum 

temperatures, and the amount of rainfall both prior to and during the two reproductive 

stages investigated may impact breeding success. Moreover, increases in both maximum 

temperature and rainfall elicited negative responses in breeding traits, with the brood-

rearing stage appearing the most susceptible to change in these weather signals. Overall, 

therefore, and as hypothesised, the brood-rearing stage appeared the most susceptible to 

short term variation in the weather. These results have important implications for the future 

reproductive success and overall fitness of this and other populations of urban-dwelling 

birds considering the dual impacts of higher temperatures associated with the urban heat 



240 
 

island effect (Sumasgutner et al. 2020) and the intensity, frequency and duration of extreme 

weather events, in particular daily temperature and rainfall extremes, which are projected 

to increase as a result of climate change (Ummenhofer and Meehl 2017). 

5.4.1 Weather effects pre – hatching  
 

Variation in hatching success was partially explained by the maximum temperature 

recorded in the three days prior to hatching date (i.e. incubation) and to the mean amount 

of daily rainfall 31-22 days pre-hatch. Based on the mean clutch size (9 ± 1.8 eggs) and mean 

incubation period (15 ± 2.2 days), this latter timeframe corresponds with the nest-building 

and early egg laying phase (estimated as starting on average at 24 days pre-hatch for this 

population). Both maximum temperature and mean daily rainfall signals were negatively 

correlated with hatching success, intimating that weather may negatively affect the 

physiology of eggs and their survival to hatching both directly during incubation or indirectly 

prior to laying, for example via female behaviour (Marques-Santos et al. 2021).  

The temperature of eggs during the incubation period is crucial for embryonic development 

and hatching success and exposure to either high or low temperatures outside of a narrow 

optimal window can be detrimental or even lethal (DuRant, et al. 2013; Vaugoyeau et al. 

2017). For example, warmer temperatures during incubation were positively correlated with 

egg failure (the number of unviable or missing eggs) in a population of wild nesting Saffron 

Finches (Sicalis flaveola) breeding in sub-tropical Brazil (Marques-Santos et al. 2021). 

However, my study was conducted in a temperate climate where the maximum recorded 

temperatures for the critical climate window did not exceed 23.7oC. This is lower than the 

optimal temperatures for embryonic development in passerines (36 - 40oC; DuRant et al. 
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2013; Ospina et al. 2018) and also lower than the manipulated temperatures often used in 

experimental studies (e.g. Nord and Nilsson 2011, 2016). Furthermore, the negative effect 

of increasing maximum temperature observed here contrasts with the results from both 

observational (e.g. Pipoly et al. 2013) and experimental studies (e.g. Nilsson 2016; 

Vaugoyeau et al. 2017) which demonstrate that increasing air and nest temperatures during 

incubation generally confer fitness benefits on breeding success in passerines. Therefore, 

considering the correlative nature of this research it is difficult to determine the potential 

mechanisms that may drive this relationship.  

The longer-lag effects of rainfall on hatching success in birds have been less well studied and 

are difficult to separate out from the effects of cold temperatures (Bordjan and Tome 2014). 

However, in studies where the negative effects of rainfall have been demonstrated, they are 

much more immediate and related to heavy or extreme rainfall events during the period of 

incubation itself. For example, extreme rainfall events during incubation led to greater nest 

abandonment and therefore higher rates of hatching failure in a population of Great Tits 

nesting in forest in Slovenia (Bordjan and Tome 2014). Here, failure was attributed to the 

trade-off in females between incubation and the extended periods required off the nest 

searching for food. In contrast, Higgott et al. (2020) found that whilst heavier rainfall was 

correlated with an increase in the length of the incubation period in Long-tailed Tits 

(Aegithalos caudatus) breeding in Sheffield, UK, variation in mean temperature and rainfall 

only had a marginal effect on hatching success.  

To resolve these conflicting findings, further critical climate window analysis is required to 

disentangle the potential effects of weather signals prior to and during the incubation phase 

on hatching success. Furthermore, it would be beneficial to investigate incubation schedules 
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and nest attendance patterns of females to determine their correlation with the urban 

gradient and weather changes (e.g. see Coe et al. 2015). However, it could be that the urban 

environment buffers the effects of lower minimum daily temperatures and heavy rainfall 

during incubation that have been shown to negatively impact breeding success in passerines 

nesting in more natural habitats. Similarly, the elevated temperatures within the city, 

associated with the urban heat island effect (Sumasgutner et al. 2020) could exacerbate the 

negative impacts of raised maximum temperatures leading to reduced hatching success in 

the Birmingham population.    

5.4.2 Weather effects on nestling body mass and fledging success 
  

Weather conditions during brood-rearing have been widely shown to play a crucial role in 

determining the growth and development of nestlings (Morganti et al. 2017). Weather may 

impact nestlings directly, for example through the influence of precipitation on 

thermoregulation (Schöll and Hille 2020) and temperature on growth and metabolism 

(Ospina et al. 2018), or indirectly by impacting foraging conditions including the availability 

of preferred natural food such as caterpillars or the foraging efficiency of parents 

(Mainwaring and Hartley 2016; Morganti et al., 2017).  

The analysis of nestling weight using the six years of data revealed that nestling body mass 

was higher when the proportion of dry days between hatching date and 10 days of age 

(taking into consideration the age range at ringing) increased. In contrast modelling of the 

two-years of spatialised climate data against nestling weight (2017-2018) revealed slightly 

different critical climate windows and climate signals. Hierarchical mixed modelling of the 

two-year data subset confirmed a significant non–linear effect of mean rainfall (window 

range = 19 – 5 days before ringing date) corresponding to a period encompassing the latter 



243 
 

part of the incubation period and the early brood-rearing period. Visual inspection of the 

prediction curve (Fig. 5.13) revealed that increasing rainfall overall had a negative impact on 

nestling body mass. The positive effect of higher rainfall detected appeared to be driven by 

two late hatching broods (25th May and 4th June respectively) in Cannon Hill Park (a 

suburban site: ULC 1) in 2018. These two nests therefore may have decreased model fit 

when using the linear only term. As such the polynomial effect detected may be an artefact 

of the extrapolation of the model and therefore this result should be considered with 

caution. Supporting this, the best rainfall candidate model for the six years data found an 

unexpected linear positive effect of rainfall (window range 19 – 7 days prior to ringing date), 

which was confirmed as non-significant in subsequent hierarchical modelling.  

Consequently, future research from this study should revisit the potential impacts of 

increasing rainfall on nestling weight to tease out the potential for a linear negative rather 

than non-linear response as a result of potential outliers in the dataset: an issue that is likely 

to occur in studies of this type.  In particular, this will be helped by the future addition of 

breeding and climate data as the Birmingham Blue Tit population continues to be 

monitored. 

The negative effect of rainfall on nestling body mass is consistent with the findings of 

several other studies that have demonstrated the negative impacts of increasing rainfall on 

both nestling morphometrics and growth rates, as well as nestling survival (Öberg et al., 

2015; Capilla-Lasheras et al, 2021, except see Mainwaring and Hartley; Arct et al. 2022). 

Morganti et al. (2017) for example, showed that growth rates during the linear growth 

phase (4 – 8 days of age) of Blue Tits reared in a forest near Milan, Italy were lower on wet 

days compared with dry days. Similarly in a long-term study of Great Tits breeding in mixed 

deciduous woodland, Schöll and Hille (2020) found that heavy and persistent rainfall 
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significantly reduced individual nestling survival, with knock on effects to brood reduction.  

Öberg et al., (2015) demonstrated a negative correlation between the number of days with 

rainfall over 10mm and fledging success in a population of Northern Wheatears (Oenanthe 

oenanthe) breeding in farmland (Uppsala, Sweden). 

Persistent and/or heavy rainfall can impact the growth and development of nestlings via a 

few different mechanisms. Heavy rainfall, particularly during the first few days after 

hatching when altricial nestlings are unable to maintain their own body temperature, may 

increase heat loss and therefore thermo-regulatory demands, with detrimental impacts to 

their continued growth and survival (Marques-Santos and Rodrigues 2021). The growth rate 

and weight of nestlings during early brood-rearing is also directly linked to parental foraging 

efficiency and therefore the availability of food (Naef-Daenzer and Keller, 1999; Naef-

Daenzer et al. 2000). For example, Morganti et al. (2017) established that rainfall likely 

causes caterpillars to be knocked off from tree branches thus making them unavailable to 

foraging tits, thereby limiting the availability of prey and reducing foraging performance. In 

contrast, Mainwaring and Hartley, (2016) found a positive influence of moderate levels of 

rainfall, on a range of nestling body size characteristics and  growth rates in Blue Tits reared 

in small patches of coniferous trees in Lancashire, UK. Of interest to my research, both 

Mainwaring and Hartle (2016) and Morganti et al. (2017) hypothesise that the variation 

detected in the effects of rainfall on nestling growth across this and other studies might be 

linked to the intensity of rainfall. Light rainfall, (≤13mm/day) as observed in the Mainwaring 

and Hartley (2016) study may through some as yet undetermined mechanism make 

caterpillars more available to foraging adults with positive benefits to nestling growth, 

whilst heavier, more intense periods of rainfall may confer the opposite effect. This 

hypothesis therefore could potentially explain the anomalous positive impact of higher 
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mean daily rainfall on nestlings in the two late-hatching nests identified previously. 

However, further studies are required to determine more precisely how variations in rainfall 

impact the growth and weight of nestlings (Morganti et al. 2017). In particular, for my study 

population, continuing the collection of spatialised climate data will help to better elucidate 

the impacts of rainfall intensity and temperature at the site-level on nestling body mass. It 

would also be beneficial to increase the temporal resolution of breeding data collection (e.g. 

collecting nestling morphometrics over multiple visits prior to fledging) in order that 

variation in the growth trajectories of nestlings across the urban gradient can be 

determined.  

In contrast to other studies investigating the impacts of climate on breeding in passerines 

(e.g. Marques-Santos et al. 2020), preliminary analyses failed to detect a significant effect of 

rainfall on either fledging success or the probability of nest failure. However, most previous 

research has been conducted in more natural deciduous forested habitats, therefore the 

absence of a significant rainfall signal could potentially highlight a buffering effect of the 

urban gradient: a phenomena that has been previously reported. For example in a study 

investigating the combined impacts of urbanisation and weather on breeding success in 

Peregrine Falcons (Falco peregrinus) in Cape Town, South Africa, Sumasgutner et al. (2020) 

demonstrated that more urbanised nests may be buffered against the impacts of cold and 

wet weather conditions resulting in reduced nesting failure. Furthermore, Whitehouse et 

al., (2013) reported that Blue and Great Tits breeding in riparian and urban habitats in 

Cambridge, UK, appeared relatively less vulnerable to the impacts of an extreme cold wet 

event experienced during the 2017 breeding season, compared with their conspecifics 

breeding in deciduous woodland.  
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Consequently, the potential for this type of buffering effect deserves further attention in 

this study system.  

Using the full six year dataset, a positive correlation between nestling weight and the mean 

maximum temperature between nestling ages 2 and 12 was predicted. Correspondingly, 

nestling weight in the two-year subset model was positively correlated with higher 

maximum temperatures, although the critical window was slightly wider, spanning a period 

that included the final week of incubation and early – brood rearing up to approximately 8 

days of age.  

The finding that higher maximum temperatures, during early development (including the 

linear growth phase) aligns with the results from a number of different observational (e.g. 

(Ambrosini et al. 2006; Arct et al. 2022) and experimental studies (Dawson et al. 2005; 

Rodríguez et al. 2016b except see Rodriguez et al. 2016a) that have established a positive 

correlation between increasing ambient and nest temperatures and the growth and body 

mass of altricial nestlings. Of particular relevance to this study, Marques-Santos and 

Dingemanse (2020) determined that the body mass of Great Tit nestlings at 14 days of age 

was positively related to the maximum temperatures experienced during a critical time 

window corresponding to ages 4-8 days post-hatch.  

Whilst increasing maximum temperatures during early brood-rearing positively influenced 

nestling weight, the non-linear effect of maximum temperature on fledging success suggests 

that nestlings are sensitive to variation in high temperatures and that this can have a knock-

on effect to their ultimate survival. In particular my results tentatively suggest a tipping 

point beyond which increased maximum temperatures lead to higher rates of nestling loss 

and reduced fledging success. Furthermore, there is evidence from this analysis to suggest 
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that the influence of increasing maximum temperatures on fledging may further be 

exacerbated by the urban gradient.  

Blue and Great Tit nestlings are unable to thermoregulate until they are approximately 9 – 

11 days old (Mertens 1977; Ardia 2005; Dawson et al. 2005). Therefore during the earliest 

stages of development they are particularly vulnerable to adverse environmental conditions 

including suboptimal temperatures, which may lead to impaired growth and lower survival 

prospects (Salaberria et al. 2014; Arct et al. 2022). Moreover, females only intensively brood 

young during the first three days post-hatch (Sanz and Tinbergen 1999), at which point the 

nutritional demands of young increase and females spend progressively more time foraging 

and therefore away from the nest (Mainwaring and Hartley 2016; Arct et al. 2022). In my 

study, the opening of the critical maximum temperature window at day 16 (i.e. nestling ages 

4-5 days) approximates the period (ages 3-6 days) when female brooding is known to rapidly 

decrease (Sanz and Tinbergen 1999) and therefore nestlings may be more vulnerable to 

weather-related stress. Under conditions of heat stress nestlings may have to trade-off 

limited energy resources between maintaining body temperature below potentially 

damaging levels and investment in development and growth (Andreasson et al. 2018, 2020). 

Although a different climate signal to this study, Marques-Santos and Dingemanse (2020) 

similarly hypothesised that the observed negative relationship between fledging success 

and minimum temperatures between 6 – 23 days in their Great Tit population may in part 

be attributable to the susceptibility of nestlings to cold stress in a forest environment during 

this same period.  

Supporting the results from this study, Ardia (2013) reported reduced fledging success of 

Tree Swallows (Tachycineta bicolor) in nests that were exposed to high daytime 
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temperatures, whilst Rodriguez et al. (2016) demonstrated that Great Tit nestlings subjected 

to artificial heating during early development had a lower estimated survival rate post-

fledging.  

5.5. CONCLUSIONS 

In this chapter I used a sliding window analysis to identify the critical time windows of 

temperature and rainfall signals that are most likely to impact breeding success in an urban 

Blue Tit population. As other studies have previously shown (e.g. Marques-Santos et 

al. 2021; Sauve et al., 2021a, 2021b), my study confirmed that variation in weather 

conditions prior to and during the breeding season have complex downstream effects on 

breeding traits, with both positive and negative impacts detected during the two phases of 

the reproductive cycle explored. Notwithstanding, my results provide evidence to suggest 

that while variation in rainfall and maximum temperatures influenced both pre-hatching 

and brood rearing outcomes, nestlings were particularly vulnerable to changes in weather 

during early development.  

Overall, my findings corroborate the available literature, and suggest that periods of warmer 

and drier weather during the later stages of incubation and early brood rearing have a 

positive downstream impact on both nestling body mass and fledging success. However, 

temperatures may threshold at an upper limit during this period at which point fledging 

success is reduced. Together with the finding that higher maximum temperatures earlier in 

the breeding season also lead to decreased hatching success, an important, albeit tentative, 

outcome of this exploratory work, therefore, is that the Birmingham Blue Tit population 

may be more vulnerable to extremes of heat. I hypothesise that the lack of an equivalent 

effect of extreme minimum temperatures indicates that the urban environment may buffer 
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the effects of variation and extremes in cold temperatures on breeding attempts, a finding 

that was also reported for urban breeding Peregrine Falcons (Sumasgutner et al. 2020).  
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Chapter Six 
 

 

 

Summary and Conclusions 
 

One of the overarching aims of this thesis was to incorporate a comprehensive, field and 

analytical approach to investigate the current impacts of urbanisation and weather on a 

population of Blue Tits (Cyanistes caeruleus) breeding in a highly urbanised environment 

(i.e. the city of Birmingham, UK) in order to begin to disentangle how the potentially 

complex interactions operating between these two abiotic factors shape breeding success. A 

key element of this study was the incorporation of a fine-scale quantitative urban gradient, 

which enabled the complexity of the urban landscape and variation in weather effects at a 

high spatial resolution to be explored.  

The key objectives as laid out in the General Introduction (Chapter 1) were accomplished 

through an intensive six-year field work campaign carried out by Dan Hunt (2013 – 2015) 

and the author (2016 – 2018) for the collection of breeding data, investigative analytical 

techniques incorporating hierarchical mixed modelling and critical climate window analysis 

and finally the reporting of the approaches used and associated findings (Chapters 2 – 5).  

Here I briefly evaluate the significance of the findings presented throughout the thesis 

according to the main themes of the research, which consider:  
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• The importance and relevance of the methodological approaches used and the value 

of this study as an example of incorporating robust analytical tools in the 

investigation of human-mediated environmental change on breeding in birds. 

• The biological interpretation and significance of the findings relating to the effects of 

urbanisation and weather and their potential for interactive effects on breeding 

success in the Birmingham Blue Tit population.  

• I consider the implications of the findings from my study in the wider context of the 

effects of urbanisation and climate change on breeding in birds at the national and 

global scale. This is followed by a discussion of the limitations of the study and 

suggestions for future research. 

6.1. The effects of urbanisation on breeding success  
 

To my knowledge, this is the first time that a study has explicitly investigated the effects of 

urbanisation within a hierarchical modelling framework and simultaneously directly 

compared quantitative and categorical urban gradient metrics at a high spatial resolution 

across such a highly urbanised gradient.  

Notably, the findings of this research align with those reported from a growing suite of more 

recent studies that have also employed spatially-nested sampling designs, albeit these have 

primarily focused on urbanisation effects at broader spatial-scales and/or have investigated 

different ecological, demographic or life-history traits (e.g. Hedblom and Söderström 2012; 

Concepción et al., 2015; Glądalski et al., 2017; Sprau et al. 2017; Merckx et al., 2018; Seress 

et al. 2018; de Satgé et al. 2019; Wawrzyniak et al. 2020 except see Corsini et al. 2017; 

2021).   
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Therefore, whilst the results from this study complement findings from previous research 

they also provide a novel contribution, in demonstrating that across short fine-scale urban 

gradients, breeding is also impacted by a number of interlinked processes and effects 

operating at different spatial-scales. Thus providing further support for the call to consider 

environmental impacts of urbanisation at multiple spatial-scales and incorporate 

hierarchical modelling as a more reliable and robust tool in future urban ecological research 

(Hostetler, 2001; Clergeau et al., 2006; Goddard et al., 2010; Moll et al., 2019). Finally, these 

results also further substantiate how the appropriate quantification of urbanisation can 

influence the predictive ability of models and consequently the statistical inference of urban 

environmental effects (e.g. see also Satgé et al., 2019; Strubbe et al., 2020; Corsini et al., 

2021).  

Overall, the results from my study suggest that, at least across a short and fine-scale spatial-

resolution, the quantitative metric is a much more reliable and sensitive indicator of the 

effects of urbanisation on measures of breeding success across two key phases of the 

breeding cycle (laying and hatching, and brood rearing), compared with the categorical 

approach tested. In particular, the results highlight that this may be key in the detection of 

the more nuanced non-linear impacts of urbanisation, and for identifying potential variation 

in the strength and direction of breeding traits across different phases of the reproductive 

cycle, as well as additive or synergistic effects across multiple spatial scales.  

Overall, the evidence presented from the urban research supports the hypothesis that 

reduced breeding success within this Blue Tit population is primarily driven by higher rates 

of brood reduction and complete reproductive failure, resulting in fewer nestlings surviving 

to fledging. In particular, the early developmental stage of nestlings appeared to be the 
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most sensitive phase of the breeding season, with the majority of brood losses and failures 

occurring within the first ten days post-hatching. This accords, biologically, with what would 

be anticipated considering that altricial nestlings are known to be particularly vulnerable to 

environmental conditions during their first week post-hatching, a period when they are 

unable to thermoregulate and are heavily reliant on their parents to maintain body heat and 

for food provisioning (Mertens 1977; Ardia 2005; Blondel et al. 1990; Tremblay et al. 2003). 

Interestingly, however, if nestlings survived this initial period of development, their 

probability of surviving to fledge was high, however the reduced weight of nestlings on 

leaving the nest is cause for concern. 

Due to the exploratory and correlative nature of the research, it is not possible to determine 

the exact causal mechanism driving the observed decrease in nestling growth and survival 

and increased rates of loss. There are potentially two hypotheses to consider for exploration 

and testing in future research in this population: that the results observed are potentially 

evidence of (1) maladaptive breeding and/or a brood reduction strategy (Gottlander 1987; 

Slagsvold and Amundsen 1992), with both potentially linked to the low quality of the 

breeding habitat and / or unpredictable breeding conditions (Gottlander 1987; Slagsvold 

and Amundsen, 1992).  

For example, the findings from this study suggest that clutch size in the Birmingham 

population maybe non-adaptive (Dhondt et al. 1990; Hõrak 1993; Arriero et al. 2006). 

Despite smaller clutches, pairs still experienced significantly reduced hatching success, and 

higher brood reduction and loss. This suggests a disparity in the effects of environmental 

predictors between the earliest phase of reproduction (i.e. when making breeding decisions) 

and later post-natal breeding outcomes (Solonen and Hildén 2014; Shutt et al. 2018; Seress 
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et al., 2018). This phenomenon may arise because pairs are unable to accurately assess the 

quality of breeding habitats whilst establishing territories, resulting in females laying sub-

optimally large clutches, (e.g. Harrison et al. 2010; Seress et al. 2018). The potential for 

maladaptive breeding behaviour was tentatively supported by the distinct seasonal shifts in 

the influence of both garden landcover and more nuanced changes associated with the 

habitat surrounding nests (in particular the density and diversity of preferred native 

broadleaved tree species), with pre-hatching breeding traits positively correlated with these 

covariates, and later post-hatch breeding traits exhibiting more complex or non-linear 

relationships.     

Although indirect, the evidence from this study, together with results from the existing 

literature suggests that variability in the availability and quality of food along the urban 

gradient is likely contributing to starvation and consequently critically influencing nestling 

condition and breeding success. Furthermore, the results also intimate that if alternative 

natural and anthropogenic foods were sourced to supplement the poor supply of 

caterpillars, whilst these may have benefited females during egg laying and incubating, 

these foods were not an adequate substitute for rearing chicks (Chamberlain et al., 2009; 

Hedblom and Söderström 2012). 

The increased risk of nestling loss is a significant concern since this directly impacts fledgling 

numbers, with knock-on effects to recruitment and population stability, e.g. as already 

observed in House Sparrows (Passer domesticus;  Peach et al. 2008; Shaw et al. 2008; 

Meillère et al. 2015). Furthermore, there are potentially other more subtle yet serious 

consequences. Foremost, is the implied reduced capacity of urban parents to compensate 

for poor breeding decisions and/or additional environmental stresses that may be 
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experienced earlier in the season, for example extreme weather: an issue that was also 

recently highlighted by Satgé et al. (2019). 

6.1.1. Directions for future research 
 

A particularly important point for consideration related to the maladaptation hypothesis 

above, is whether reduced but variable clutch sizes, and concomitant poor breeding success 

observed across Birmingham were evidence for a lack of adaptation driven by high gene 

flow, (Dhondt et al. 1990; Hinsley et al. 1999; Shutt et al. 2018), between the city and 

surrounding landscape and/or along the urban gradient. Since genetic data was not 

collected for this study, it is not possible to differentiate whether egg laying, for example 

was mediated by directional selection or phenotypic plasticity.  An interesting direction, for 

future research therefore, would be to investigate the genetic structure of the population 

and the direction of gene flow to determine fluxes in genotypes and test for potential 

source-sink dynamics (Björklund et al. 2010; Charmantier et al. 2017; Perrier et al. 2018). 

Since egg quality is a reflection of maternal condition and the environmental pressures 

experienced by individuals, it would also be useful in the future to investigate how maternal 

investment in egg laying varies (i.e. measuring egg shell thickness, egg mass and the 

deposition of diet derived antioxidants), across the urban gradient and if this is linked with 

carry-over effects on hatching success and chick survival (Plummer et al. 2013a; Bailly et al. 

2016).   

On the other hand, the high rate of nestling loss during the first ten days post-hatch could 

be due to females selectively starving their young to ensure the successful fledging of at 

least some of the brood. This hypothesis, also presents the opportunity for future research 
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within this study system. More targeted, regular monitoring of nestboxes during brood 

rearing to determine provisioning rates and the type and abundance of food delivered to 

nestlings, as well as the growth trajectories of nestlings, for example using faecal 

metabarcoding and RFID technology could help to elucidate the mechanisms linking the 

environment with reduced breeding success within this study system (for example see 

Demeyrier et al.  2017; Seress et al. 2018; Jarrett et al. 2020; Shutt et al. 2021). Finally the 

potential influence of gardens on breeding success is also an intriguing finding to potentially 

further explore in the future and would be an excellent opportunity to engage in 

citizen/public science projects locally (e.g. see Narango et al. 2017; Plummer et al. 2019).  

The incorporation of genetic analyses and biotelemetry, would also provide an insight into 

the movement of birds across the landscape and provide an assessment as to how dynamic 

and/or linked the populations of Blue Tits are across the wider metropolitan area and 

surrounding woodland (e.g. Chaddesley woodland). Furthermore, the incorporation of such 

techniques could help in the future assessment of recruitment rates into the population and 

determine which fledglings reached adulthood and subsequently bred: outcomes that we 

were unable to track due to the nature of the current demographic survey work  and in 

particular the time constraints and difficulties in tracking individuals post-fledging across a 

project area of this size.    

Finally, an important restriction of the current study was the inability to differentiate 

between potential extrinsic and intrinsic influences on breeding. Whilst it proved difficult to 

capture and collect data on adults, the inclusion of biotic covariates associated with parental 

identity, experience and condition (Saarikivi and Herczeg, 2014) in models could also help to 
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identify the underlying factors driving the high levels of intra-site variability in breeding 

outcomes observed both within and among sites.  

 The results reported here thus far support the growing consensus in the literature that 

urban greenspace planning and management needs to carefully balance the size trees can 

grow to with the total number of trees planted with the diversity of species considered. 

More in-depth habitat surveys considering all nestboxes within sites, and further analyses 

incorporating measures of individual “priority species”, variation in tree girth and total 

canopy cover would enable a more thorough understanding of the quality of nesting habitat 

within sites and enable us to investigate food availability in more detail.  

6.1.2. Management Implications 
 

Urban ecology has evolved dramatically since the turn of the century, and cities are now 

increasingly considered as dynamic and complex but also adaptive landscapes (Grimm 

2008). Urban greenspaces are an important component of the urban fabric, in particular 

acting as refugia for many different species, e.g. see (McKinney 2008a; Hutto and Barrett, 

2021; Toffolo et al. 2021) and delivering crucial ecosystem services (Grimm 2008; Leveau et 

al., 2019). Moreover, the provision of high quality greenspace is increasingly being 

recognised as key in the creation of environmentally healthy cities and promoting well-being 

for the growing numbers of people living there (Barton and Pretty 2010; Apfelbeck et al. 

2020). Therefore the conservation, expansion and increased connectivity of  greenspace is 

crucial for biodiversity conservation (Lepczyk et al. 2017).   

Unravelling the complex effects of fine-scale changes in the urban environment on breeding 

success at the individual and site levels, as undertaken here, can help to guide and inform 

the planning, design and management of urban greenspaces and the conservation of 
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species in cities undergoing further expansion and densification, with the aim of enhancing 

the possibility of people encountering wildlife on their doorstep (Cox et al. 2016), potentially 

enhancing the cultural ecological services this provides (Shanahan et al. 2015; Cox et al. 

2015; 2017). More specifically, this research builds on the growing body of evidence 

demonstrating that mitigating actions need to be considered at multiple spatial scales if 

they are to be effective (Pollock et al. 2017; Satgé et al. 2019; Plummer et al. 2020; Strubbe 

et al. 2020). In particular, evidence from this and other studies demonstrates that 

greenspaces do not necessarily buffer the detrimental effects of urbanisation (Saarikivi and 

Herczeg, 2014; Satgé et al. 2019). Therefore, future planning and management strategies 

will need to prioritise improving and maintaining the quality of greenspaces such as through 

the careful selection and planting of native tree and shrub species that can support diverse 

and abundant insect populations (Pollock et al. 2017; Seress et al. 2018; Dekeukeleire et al. 

2019; Satgé et al. 2019; Strubbe et al. 2020). Mitigating the effects of key abiotic factors 

within the wider urban matrix (including predation, pollution, noise, light and temperature) 

will also be imperative if wildlife-friendly city designs are to be effective and will need to 

consider the connectivity (both structural and functional) within cities and towns as well as 

suburban and smaller urban centres.   

In particular, the UK government has recently backed the development of more than 30 

new garden cities and towns (MCHLG 2018 and as reported by Plummer et al. 2020). 

Furthermore, changes to UK law also mean that new developments will need to enhance 

habitat value for wildlife if they are to achieve the mandatory guidelines set down (DEFRA 

2019). Therefore studies such as this provide an ideal opportunity to work with stakeholders 

to improve the planning, development and management of urban greenspace to maximise 
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its potential for biodiversity and for the people that will be living in these increasingly 

urbanised areas.  

6.2. Climate-urbanisation interactions 
 

In chapter five I used a sliding window analysis to explore and identify potential critical time 

windows of both temperature and rainfall weather signals that may influence breeding 

success in this urban-breeding Blue Tit population. The results from this initial stage of 

analyses provide tentative evidence to suggest that at least some of the variation in 

breeding outcomes observed among the Blue Tit population may be correlated with 

prevailing weather conditions, specifically variation in daily maximum temperatures, rather 

than mean or minimum temperatures, and the amount of rainfall both prior to and during 

the two reproductive stages. Moreover, increases in both maximum temperature and 

rainfall elicited negative responses in breeding traits, with the brood-rearing stage again 

appearing the most susceptible to change in these weather signals. In particular, nestlings 

appeared particularly vulnerable to variation in maximum temperatures and the amount of 

rainfall during the early developmental stage (approximately the first ten days post 

hatching), a period when they are unable to thermoregulate properly and provisioning rates 

by the female concomitantly increase to keep up with nutritional demands, thus meaning 

brooding bouts become increasingly irregular (Mertens 1977; Sans and Tinbergen 1999; 

Ardia 2005; Dawson et al. 2005).  

Weather conditions during brood-rearing play an important role in determining the growth 

and development of nestlings (Morganti et al. 2017). They may impact nestlings directly, via 

thermoregulation (Schöll and Hille 2020) and temperature on growth and metabolism 

(Ospina et al. 2018), or indirectly by impacting the foraging conditions of parents and the 
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availability of preferred natural food such as caterpillars during periods of rainfall 

(Mainwaring and Hartley 2016; Morganti et al. 2017). Both impacts are suggested by this 

research.  

As with other emerging correlative research investigating the impacts of weather using 

sliding window analysis tools such as climwin (e.g. Marques-Santos and Dingemanse, 2020; 

Marques-Santos et al. 2021), the underlying mechanisms that drive breeding behaviour and 

success cannot be established. However, these preliminary exploratory analyses identified 

weather signals and critical climate windows that will be crucial in directing future research 

and hypothesis testing and considered some of the mechanisms that might be driving the 

relationships.  

The identification of a potential maximum threshold temperature and interactive effect 

between the urban gradient and rainfall on fledging success, in particular could be key to 

further understanding the mechanisms driving breeding success. Furthermore, considering 

the effects of climate change and associated extreme weather events are likely to be more 

acute in urban areas (Diamond et al. 2014; Sumasgutner et al., 2020 ), these findings have 

potentially significant implications for the future breeding success and stability of this 

population and other populations of passerines considered adapted to living in urban areas.  

Importantly, the results presented here also demonstrate that the downstream effects of 

variation in prevailing weather conditions, and, therefore by implication extreme weather 

events are likely complex, particularly in already human-mediated environments such as 

urbanised areas. As such, the results of this study, further advocate the need for continuous 

intensive research in the future, that focuses on how weather conditions, and especially 

unpredictable extreme weather events, impact breeding behaviour and success in birds 
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once initial reproductive decisions have been made. Such studies are likely to be crucial if 

we are to understand how different species and populations are likely to respond to 

changing environmental conditions in the future, and the long-term consequences to the 

evolution of life-histories. With respect to this study system, as an immediate next step, 

further analyses should consider investigating the within-year versus among-year variation 

in weather effects (e.g. see Marques-Santos and Dingemanse, 2020) using the method of 

within-subject centering (van de Pol and Wright, 2009; Bailey and van de Pol, 2015).  

Understanding how anthropogenic-mediated environmental change interact  

antagonistically with climate change in urban areas at an individual level of breeding  

responses in birds is therefore vital if we are to accurately model and predict how increasing  

urbanisation (Cole et al., 2015; Shutt et al., 2018; Plummer et al, 2020) and weather  

extremes may influence population dynamics in the long-term and prevent future  

population crashes (Pollock et al., 2017).This will require the continued long-term collection 

of weather and biological data at both high temporal and spatial resolutions and the 

collaboration of scientists across multiple study systems in order to refine analytical 

techniques and modelling capabilities.  
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Appendices 

 

Appendix One 
 

Appendix 1a 
 

Averaged habitat data from four habitat surveys conducted at each site.  

For each site (n = 31), data on the percentage of different types of vegetation cover were 

collected from habitat surveys conducted in 2013 (and 2016 for Holders Woods). Habitat 

surveys were undertaken within a 10m radius of nestboxes (n = 4). Table A1.1 provides the 

averaged habitat survey data (% coverage of different habitat cover) calculated from the 

raw data for each site.  

Table A1.1. Averaged habitat survey data for each site. Raw values for each variable were calculated 
as the percentage of the total vegetation cover type (trees, shrubs, herbaceous and grass cover), as 
well as bare ground within a 10m radius from the nestbox. Data from four nestboxes at each of the 31 
sites were then averaged to estimate the typical habitat cover. Data are also provided on the mean 
percentage of native, deciduous (native and non-native) and evergreen (coniferous) trees (relative to 
total tree counts) for each site. Sites are in order of increasing urbanisation and colour coded according 
to their  urban land class classification (based on the percentage of built landcover). ULC1 (green) = 
least urbanised (suburban sites); ULC2 (yellow) = dense-suburban; ULC3 (orange) = moderately 
urbanised sites; ULC4 (purple) = highly urbanised; ULC5 (red) = most densely urbanised.  

Site ID % 
Tree  
cover  

%  
Herbaceous 
cover 

% 
Shrub  
cover 

% 
Grass 
cover 

% Bare  
Ground 

% 
Native  
Trees  

% 
Deciduous 

Trees 

% 
Evergreen 

Trees 

HILL 6.25 38.75 26.50 8.50 20 85 83 17 

SUTTON 9.25 53.25 0.50 0 37 72 98 2 

SAN 5 49.50 21.50 5.00 19 87 100 0 

WGVP 9.50 27 8.50 10.50 44.50 91 100 0 

PERRY 4.50 32.50 4 24.50  34.50 32 100 0 

HOLD 50 2.50 26.25 1.25 20 86 72 28 

CANNON 8.75 30 13.25 28.25 19.75 87 98 2 
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PINES 10 39.50 37.25 4.50 8.75 72 80 20 

BAT 7 19.25 29.50 3.50 40.75 97 100 0 

OAKW 7 34.75 36.75 0 21.50 78 58 42 

POPES 5.50 47.75 6 21.75 19 100 100 0 

ROOK 5.25 15.25 11.50 39.50 28.50 80 91 9 

SELLY 2.75 2 1.75 89.75 3.75 20 100 0 

HAN 3 1.50 1.25 50.75 43.50 52 96 4 

SHE 9.50 45 7.25 6.25 32 62 100 0 

RAD 9.50 43.50 30.50 0.75 15.75 100 100 0 

CALL 7.75 53.75 17 3 18.50 99 100 0 

MAN 6.50 25 40.50 16.25 11.75 75 100 0 

BUR 9 57.50 8 22 3.50 72 100 0 

SOHO 6.50 11.50 7.25 25.75 49 58 100 0 

CHAM 3.25 1 1.25 65.25 29.25 45 100 0 

PHIL 3.75 0 0 75.5 20.75 29 100 0 

MOI 3.75 8.75 7 68.50 11 85 100 0 

COW 8 62.75 3.25 8 18 71 100 0 

BAR 5.5 2.75 5.25 26.25 60.25 53 99 1 

GAR 2.75 0 0 60.25 37.50 0 100 0 

WARS 2 0.75 8.25 44.25 44.75 36 93 7 

HIGH 2.75 0 1 48.25 48 50 80 29 

CITY 3.25 18 13.25 36.25 29.25 48 88 12 

GUC 3.75 43 15.25 0 38 75 100 0 

PARK 1.50 1 3.75 46.25 47.50 55 100 0 
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Appendix 1b 
 

Photographic key used to aid age determination and hatching date of Blue Tit nestlings in 

the field when nest  isits occ rred ≥   ho rs after nestlings hatched.  

Whilst the guide illustrates the daily development of Great Tits (Parus major) from hatching 

through to fledging, Blue Tits follow a very similar growth and development trajectory. 

Hatching dates and age assessments where used were considered approximate since 

environmental conditions including weather and food availability can affect development. 

(Source: Boumeester, R. (2008). Leeftijdenkaart nestjongen mezen Available at:  

https://www.vogelwachtuffelte.nl/wp-content/uploads/2016/03/LEEFTIJDENKAART-
NESTJONGEN-KOOLMEES-klein.pdf). 

 

https://www.vogelwachtuffelte.nl/wp-content/uploads/2016/03/LEEFTIJDENKAART-NESTJONGEN-KOOLMEES-klein.pdf
https://www.vogelwachtuffelte.nl/wp-content/uploads/2016/03/LEEFTIJDENKAART-NESTJONGEN-KOOLMEES-klein.pdf
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Appendix Two 
 

Filtering of six years of Blue Tit breeding data from 31 sites across an urban gradient in the 

city of Birmingham, UK resulting in the creation of 3 separate dataframes. 

Three separate breeding datasets were derived from the raw data (Table A2.1). The first 

included all breeding attempts in which clutches had reached completion and the female 

had initiated incubation (n=752 records). The second filtered data to only include nests in 

which at least one chick successfully hatched, (n = 662 records) and the third filtered data to 

only include nests in which at least one chick fledged (n=554 records). Breeding analyses for 

each response variable were then based on the appropriate dataset (Table 3.1) that 

retained both total and partial failures.  

 
Table A2.1: Response variables and their associated datasets derived from the raw data and used in 
the analyses of six years (2013-2018) of Blue Tit breeding data from 28 sites stratified across an 

urban gradient in the city of Birmingham, UK.  ‘Zero-filtered data’: datasets (not used for analyses 

                                       Dataset  

Response Variable Clutch Filtered (n=752*) Brood Filtered (n=662) Fledged Filtered 
(n=554) 

Clutch Size    

Laying Date    

Hatching Date    

Maximum Brood Size    

Fledgling Numbers    

Hatching Success 
(Binomial) 

   

Fledging Success (Binomial)    

Breeding Success Binomial)    

Hatching Success (Binary)    

Fledging Success (Binary )    

Breeding Success (Binary)    
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here) which exclude complete breeding failures associated with the response which are commonly 
used in the analysis of bird breeding data.   

 

Appendix Three 
  

Summaries of the model frameworks for all final global Built (Table A3.1) and ULC (Table 

A3.2) models used in the analyses of measures of reproductive performance (capturing 

laying, incubation and brood rearing periods) in Chapter 3.  

All global models performed better than nested and null models on the basis of summary 

outputs, ANOVA tests and comparisons of AIC values (ΔAIC ≥2).    
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Response  Specification of 
Response 
Variable 

Conditional Model 
Fixed Effects 

Conditional Model 
Random Effects 

Model Family /  
Link  

Zero Inflation 
/Truncation 
Term)  

Clutch Size  Count sc.BLC + sc.GLC + sc.MeNDB + sc.Edge 
+ sc.InvSI + sc.logSiteArea +  sc.ALD + 
sc.Occ 

(1|Site ID/Box Number)  
 

glmmTMB Compois 
 (Log 
Link)  

 

Brood Size Count  sc.BLC + sc.GLC + sc.MeNDB + sc.Edge 
+ sc.InvSI + sc.logSiteArea +  sc.ALD + 
sc.Occ 

(1|Site ID/Box Number) 
+ 
(1|Year) 

glmmTMB Compois 
(Log Link) 

zi = Site ID 

Hatching 
Success 
(Proportional)  

Vector (Brood 
size, Number of 
eggs not hatched) 
 

sc.BLC + sc.GLC + sc.MeNDB + sc.Edge 
+ sc.InvSI + sc.logSiteArea +  sc.ALD + 
sc.Occ 

(1|Site ID) + 
(1|Year) 

glmmTMB Binomial  
(Logit 
Link) 

 

Hatching 
Success 
(Binary)  

Binary 
(0=No eggs 
hatched 
1= 1≥ eggs 
hatched 

sc.BLC + I(sc.BLC ^2) + sc.GLC + 
sc.MeNDB + sc.Edge + sc.InvSI + 
sc.logSiteArea +  sc.ALD + sc.Occ 

(1|Site ID) + 
(1|Year) 

glmmTMB Binomial  
(Logit 
Link) 

 

Fledgling 
Numbers 

Count  sc.BLC + sc.GLC + sc.MeNDB + sc.Edge 
+ sc.InvSI + I( sc.InvSI^2) + 
sc.logSiteArea + sc.Occ 

(1|Site ID) + 
(1|Year) 

glmmTMB Compois  
(Log Link) 
 

zi = Site ID 

Fledging 
Success 
(Proportional)  

Vector 
(Number of 
hatchlings 
fledged, Number 
of hatchlings 
died)  

sc.BLC + sc.GLC + sc.MeanNDB + 
sc.Edge + sc.InvSI + I( sc.InvSI^2) + 
sc.logSiteArea +  sc.AHD + sc.Occ 

(1|Site ID/Box Number) 
+ (1|Year) 

glmmTMB Binomial  
(Logit 
Link) 

zi = Site ID  
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Table A3.1. Summaries of model frameworks for the final global built models used to analyse breeding success outcomes for Blue Tits breeding across an 
urban gradient in the city of Birmingham over six breeding seasons (2013-2018). The conditional fixed effects, random effects structure, model and family are 
described for each response variable. Landscape scale variables are highlighted in grey, habitat variables in green and biotic variables in orange. The default 
random effects structure was Year crossed with Nest Box nested in Site ID. (sc. = scaled and centred covariates; BLC = % built landcover; GLC =  % garden 
landcover; MeNDB = mean density of native, deciduous broadleaved trees; Edge = mean distance of nestboxes within a site to the edge of tree cover; InvSI = 
inverse Simpson’s Diversity Index (native and non-native tree diversity); logSiteArea = (log) Site Area; ALD = April laying date; AHD = April Hatching Date; Occ 
= occupancy). Polynomial terms are specified in parentheses.

Fledging 
Success 
(Binary)  

Binary 
(0=No chicks 
fledged, 
1=≥1 fledglings) 

sc.BLC + I( sc.BLC ^2) + sc.GLC + 
sc.MeNDB + sc.Edge + sc.InvSI + 
I(sc.InvSI^2) + sc.logSiteArea +  sc.AHD 
+ sc.Occ 

(1|Site ID /Box 
Number) + 
(1|Year) 

glmmTMB Binomial  
(Logit 
Link) 

 

Breeding 
Success 
(Proportional)  

Vector 
(Number chicks 
fledged, Total 
nest failures (inc. 
addled eggs and 
dead nestlings) 

sc.BLC + sc.GLC + sc.MeNDB + sc.Edge 
+ sc.InvSI + I(sc.InvSI^2) + 
sc.logSiteArea +  sc.ALD + sc.Occ 

(1|Site ID/Box Number) 
+ 
(1|Year) 

glmmTMB Binomial  
(Logit 
Link) 

zi = Site ID  

Breeding 
Success 
(Binary)  

Binary 
(0=No chicks 
fledged, 
1= ≥1 fledglings) 

sc.BLC + I(sc.BLC ^2) + sc.GLC + 
sc.MeNDB + sc.Edge + sc.InvSI + 
I(sc.InvSI^2) + sc.logSiteArea +  sc.ALD 
+ sc.Occ 

(1|Site ID/Box Number) 
+ 
(1|Year) 

glmmTMB Binomial  
(Logit 
Link) 
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Table A3.2. Summaries of the model frameworks for the final global ULC models used to analyse breeding success outcomes for Blue Tits breeding across 
an urban gradient in the city of Birmingham over six consecutive breeding seasons (2013-2018). The conditional fixed effects, random effects structure, model 
and family are described for each response variable. Landscape scale variables are highlighted in grey, habitat variables in green and biotic variables in orange. 
The default random effects structure was Year crossed with Nest Box nested in Site ID. (sc. = scaled and centred covariates BLC = % built landcover; GLC =  % 
garden landcover; MeNDB = mean density of native, deciduous broadleaved trees; Edge = mean distance of nestboxes within a site to the edge of tree cover; 
InvSI = inverse Simpson’s Diversity Index (native and non-native tree diversity); logSiteArea = (log) Site Area; ALD = April laying date; AHD = April Hatching Date; 
Occ = occupancy). Polynomial terms are specified in parentheses.  

Response  Specification of 
Response 
Variable 

Conditional Model 
Fixed Effects 

Conditional Model 
Random Effects 

Model Family /  
Link  

Zero Inflation 
/Truncation 
Term)  

Clutch Size  Count ULC + sc.GLC + sc.MeNDB + sc.Edge + 
sc.InvSI + I(sc.InvSI^2) + sc.logSiteArea +  
sc.ALD + sc.Occ 

(1|Site ID/Box Number) + 
(1|Year) 

glmmTMB Compois 
 (Log 
Link)  

 

Brood Size Count  ULC + sc.GLC + sc.MeNDB + sc.Edge + 
sc.InvSI + sc.logSiteArea + sc.ALD + 
sc.Occ 

(1|Site ID/Box Number) + 
(1|Year) 

glmmTMB Compois 
(Log Link) 

zi = Site ID 

Hatching 
Success 
(Proportional)  

Vector (Brood 
Size, Number of 
eggs not hatched) 
 

ULC + sc.GLC + sc.MeNDB + sc.Edge + 
sc.InvSI +  sc.logSiteArea +  sc.ALD + 
sc.Occ 

(1|Site ID) + 
(1|Year) 

glmmTMB Binomial  
(Logit 
Link) 

 

Hatching 
Success 
(Binary)  

Binary 
(0=No eggs 
hatched 
1= 1≥ eggs 
hatched 

ULC +  sc.GLC + sc.MeNDB + sc.Edge + 
sc.InvSI +  sc.logSiteArea +  sc.ALD + 
sc.Occ 

(1|Site ID/Box Number) + 
(1|Year) 

glmmTMB Binomial  
(Logit 
Link) 
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Fledgling 
Numbers 

Count  
 

ULC + sc.GLC + sc.MeNDB + sc.Edge + 
sc.InvSI + I( sc.InvSI^2) + sc.logSiteArea + 
sc.Occ 

(1|Site ID/Box Number) + 
(1|Year) 

glmmTMB Compois  
(Log Link) 
 

zi = Site ID 

Fledging Success 
(Proportional)  

Vector 
(Number of 
hatchlings 
fledged, Number 
of hatchlings died) 

ULC + sc.GLC + sc.MeNDB + sc.Edge + 
sc.InvSI + I(sc.InvSI^2) +  sc.logSiteArea +  
sc.AHD  

(1|Site ID/Box Number) + 
(1|Year) 

glmmTMB Binomial  
(Logit 
Link) 

zi = Site ID  

Fledging Success 
(Binary)  

Binary 
(0=No chicks 
fledged, 
1=  ≥1 fledglings) 

ULC + sc.GLC + sc.MeNDB + sc.Edge + 
sc.InvSI + I(sc.InvSI^2) +  sc.logSiteArea +  
sc.AHD + sc.Occ 

(1|Site ID) + 
(1|Year)  

glmmTMB Binomial  
(Logit 
Link) 

 

Breeding 
Success 
(Proportional)  

Vector 
(Number chicks 
fledged, Total nest 
failures (inc. 
addled eggs and 
dead nestlings) 

ULC + sc.GLC + sc.MeNDB + sc.Edge + 
sc.InvSI + I(sc.InvSI^2) +  sc.logSiteArea +  
sc.ALD + sc.Occ 

(1|Site ID/Box Number) + 
(1|Year) 

glmmTMB Binomial  
(Logit 
Link) 

zi = Site ID  

Breeding 
Success 
(Binary)  

Binary 
(0=No chicks 
fledged, 
1=≥1 fledglings) 

ULC + sc.GLC +  I( sc.GLC ^2) + 
sc.MeNDB + sc.Edge + sc.InvSI + 
I(sc.InvSI^2) +  sc.logSiteArea + sc.ALD + 
sc.Occ 

(1|Site ID/Box Number) + 
(1|Year) 

glmmTMB Binomial  
(Logit 
Link) 
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Appendix Four 
 

Summaries of the model frameworks for all final global built models used to analyse 

nestling morphometrics (Table A4.1) and measures of survival and brood reduction across 

two developmental stages (Table A4.2) in Chapter 4.  

Nestling morphometric traits (Table A4.1)  include mean nestling mass (MNM), mean 

(brood-level) body condition (MeanRBC) and brood mass asymmetry (ASYM). 

Survival/brood breeding outcomes include: the probability of nestling survival (PNS; final 

breeding outcome (survive/died) for individual nestlings alive at ringing); Early Brood 

Survival (EBS: the proportion of nestlings surviving to ringing age (≥8 days) relative to brood 

size at hatching; Late Brood Survival (LBS: the proportion of nestlings fledged relative to 

brood size at hatching, and proportion of early stage nestling deaths relative to all nestling 

deaths recorded during brood rearing for each nest (proportional brood reduction; PBR).  

Comparisons of AIC values across the a priori considered nested and global models using the 

ANOVA function, implied that simpler models incorporating landscape+biotic predictor 

blocks provided an equal or more parsimonious fit (i.e. ΔAIC ≤2) for the analysis of 

meanRBC, PNS and LBS response variables and these models are also presented. For the 

analysis of EBS, the landscape+habitat predictor block model fitted the dataset equally as 

well as the global model. In comparison, habitat-only and combined habitat+biotic models 

provided poor model fits across all response variables, suggesting that variation in the 

characteristics of the wider urban landscape exert a potentially greater effect on nestling 

size, body condition and survival to fledging. It should be noted, however, that in the few 

cases where nested models performed better than global models, there was little difference 

between model summary outputs of significant covariates and associated inferences and 
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conclusions drawn. Consequently for all response variables the global model was selected 

and is discussed in the main chapter.   
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Response  Conditional Model 
Fixed Effects 

Conditional 
Model 
Random 
Effects 

Model Family AIC 

MNM  
(Built) 

Year + sc.BLC + sc.GLC + 
 sc.MeNDB + sc.InvSI + I(sc.InvSI^2) + sc.logSiteArea + sc.Edge + 
sc.MeBOSTrees + sc.AHD + sc.Brood + sc.RingingAge + sc.Occ 

(1|Site ID) lmer Gaussian 
(Identity 
Link)  

1540.4 

MNM 
(ULC) 

Year + ULC + sc.GLC + 
sc.MeNDB + sc.InvSI + I(sc.InvSI^2) + sc.logSiteArea 
+ sc.Edge + sc.MeBOSTrees + sc.AHD + sc.Brood + sc.RingingAge 
+ sc.Occ 

(1|Site ID) lmer Gaussian 
(Identity 
Link) 

1535.6 

ASYM 
(Built) 
(log 
transformed) 
 

Year + sc.BLC + sc.GLC + 
sc.MeNDB + sc.InvSI + sc.logSiteArea 
+ sc.Edge + sc.MeBOSTrees + sc.AHD + sc.Brood + sc.RingingAge 
+ sc.Occ 

(1|Site ID) lmer Gaussian 
(Identity 
Link) 

277.2  
 

ASYM (Built 
Alternative) 
(log 
transformed) 
 
 

Year + sc.BLC + sc.GLC +  
sc.AHD+ sc.Brood + sc.RingingAge+sc.Occup 
 

(1|Site ID) lmer Gaussian 
(Identity 
Link) 

272.5 

Table A4.1. Summaries of the final global models analysed for mean nestling mass (MNM), brood weight Asymmetry (ASYM), and mean (brood) body condition 

measured using residuals from a global regression of nestling weight against tarsus length (meanRBC). The conditional fixed effects, random effects structure, model and 
family are described for each response variable (both built and ULC models). Details of alternative models are also provided where nested models were found to be 
equally competitive or performed better than global models (ΔAIC ≤2). Landscape scale variables are highlighted in grey, habitat variables in green and biotic variables in 
orange. The default random effects structure was Year crossed with Nest Box nested in Site ID. (sc. = scaled and centred covariates BLC = % built landcover; GLC =  % 
garden landcover; MeNDB = mean density of native, deciduous broadleaved trees; Edge = mean distance of nestboxes within a site to the edge of tree cover; InvSI = 
Inverse Simpson’s Diversity Index (native and non-native tree diversity); logSiteArea = (log) Site Area; ALD = April laying date; AHD = April Hatching Date; Brood = brood 
size; Occ = occupancy; Ringing Age = ringing age; MeBOSTrees = Mean number of birch, oak and sycamore trees;. Polynomial terms are specified in parentheses.  
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NB a term capturing the total number of preferred native tree species (oak, sycamore and birch) was also included a priori in models but not found to be 

significant or to improve model fit.  

 

 

 

 

 

 

 

 

 

 

ASYM 
(ULC) 
(log 
transformed) 
 

Year + ULC + sc.GLC + 
sc.MeNDB + sc.InvSI + sc.logSiteArea 
+ sc.Edge + sc.MeBOSTrees + 
sc.AHD + sc.BroodSize + sc.RingingAge + sc.Occ 

N/A lm N/A  

MeanRBC 
(Built) 

Year + sc.BLC + sc.GLC + sc.MeNDB + sc.InvSI + I(sc.InvSI^2) + 
sc.logSiteArea + sc.Edge + 
sc.MeBOSTrees + sc.AHD+ sc.Brood + sc.RingingAge + sc.Occ 

(1|Nestbox 
ID) 

lmer Gaussian 
(Identity 
Link) 

1036.0 

MeanRBC 
(ULC) 

Year + sc.BLC + sc.GLC + sc.MeNDB + sc.InvSI + I(sc.InvSI^2) + 
sc.logSiteArea + sc.Edge +sc.MeBOSTrees + sc.AHD + sc.BroodSize 
+ sc.RingingAge + sc.Occ 

(1|Nestbox 
ID) 

lmer Gaussian 
(Identity 
Link) 

1036.0 
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Table 4.2. Summaries of the final global models analysed for “Survival” response variables: probability of nestling survival (PNS); Early (EBS) and LBS (Late) 
Brood Survival and proportion of nestling deaths occurring prior to ringing relative to all nestling deaths throughout brood rearing (PBR). Conditional fixed 
effects, random effects structure, model and family are described for each response variable (both built and ULC models). Details of alternative models are 
also provided where nested models were found to be equally competitive or performed better than global models (ΔAIC ≤2). The default random effects 
structure was Year crossed with Nest Box nested in Site ID. (sc. = scaled and centred covariates BLC = % built landcover; GLC =  % garden landcover; MeNDB 
= mean density of native, deciduous broadleaved trees; Edge = mean distance of nestboxes within a site to the edge of tree cover; InvSI = Inverse Simpson’s 
Diversity Index (native and non-native tree diversity); logSiteArea = (log) Site Area; ALD = April laying date; AHD = April Hatching Date; Brood = brood size; Occ 
= occupancy; Ringing Age = ringing age; MeBOSTrees = Mean number of birch, oak and sycamore trees;. Polynomial terms are specified in parentheses.  
 

 

Response  Conditional Model 
Fixed Effects 

Conditional 
Model 
Random 
Effects 

Model Family Zero 
Inflation 
Model  

AIC 

PNS 
(Built) 

BINARY FLEDGED (0,1) ~ sc.BLC + sc.GLC + 
sc.MeBOSTrees + sc.MeNDB + sc.Edge + sc.InvSI + I( 
sc.InvSI^2)+ sc.logSiteArea +  sc.AHD + sc.BroodSize + 
sc.Occ 

(1|Site 
ID/Box 
Number)+ 
(1|Year 

glmmTMB Binomial 
(Logit link)  

N/A 1404.1 

PNS 
(Built: 
Alternative) 

BINARY FLEDGED (0,1) ~  sc.BLC + sc.GLC + sc.AHD + 
sc.BroodSize + sc.Occ 

(1|Site 
ID/Box 
Number)+ 
(1|Year) 

glmmTMB Binomial 
(Logit link)  

N/A 1398.7 

PNS 
(ULC) 

BINARY FLEDGED (0,1) ~ Year + ULC + sc.GLC + 
sc.MeBOSTrees  + sc.MeNDB + sc.Edge + sc.InvSI + 
sc.logSiteArea + sc.MeTotalBOS + sc.AHD + 
sc.BroodSize + sc.Occ  

Brood ID glmmTMB Binomial 
(Logit link)  

N/A 1096.3 

PNS 
(ULC: 
Alternative) 

BINARY_FLEDGED (0,1) ~ Year + ULC + sc.GLC + 
sc.AHD + sc.BroodSize + sc.Occ 

Brood ID glmmTMB Binomial 
(Logit link)  

N/A 1175.0 
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EBS 
(Built) 

cbind(Survival Pre-ringing, Deaths pre-ringing) ~ 
sc.BLC + sc.GLC+ I(sc.GLC^2) + sc.MeNDB +sc.InvSI + 
I(sc.InvSI^2) + sc.Edge + sc.logSiteArea + sc.ALD 

(1|Site ID)+ 
(1|Year) 

glmmTMB Betabinomial 
(Logit link)  

zi= ~1 2263.9 

EBS 
(Built: 
Alternative) 

cbind(Survival Pre-ringing, Deaths Pre-ringing) ~ 
sc.BLC + sc.GLC+ I(sc.GLC^2) + sc.MeNDB +sc.InvSI + 
I(sc.InvSI^2) + sc.Edge + sc.logSiteArea  

(1|Site ID)+ 
(1|Year) 

glmmTMB Betabinomial 
(Logit link)  

zi= ~1 2263.8 

EBS 
(ULC) 

(cbind(Survival Pre-ringing, Deaths Pre-ringing) ~ ULC 
+ sc.GLC + I(sc.GLC^2) + sc.MeNDB + sc.InvSI + 
I(sc.InvSI^2) + sc.Edge + sc.logSiteArea  + sc.ALD + 
sc.Occ 

(1|Site ID)+ 
(1|Year) 

glmmTMB Betabinomial 
(Logit link)  

zi= ~1 2269.5 

EBS 
(ULC: 
Alternative) 

(cbind(Survival Pre-ringing,Deaths_Pre-ringing) ~ ULC 
+ sc.GLC + I(sc.GLC^2) + sc.MeNDB + sc.InvSI + 
I(sc.InvSI^2) + sc.Edge + sc.logSiteArea  

(1|Site ID)+ 
(1|Year 

glmmTMB Betabinomial 
(Logit link)  

zi= ~1 2268.5 

LBS 
(Built) 

(cbind(Survival_PostRinging,Deaths_PostRinging) ~ 
sc.BLC + sc.GLC + sc.MeanBOSTrees + sc.MeNDB 
+sc.InvSI+ I(sc.InvSI^2) + sc.Edge + sc.logSiteArea + 
sc.ALD + sc.Occ  

(1|Site 
ID/Box 
Number) 
+(1|Year) 

glmmTMB Binomial 
(Logit link)  

zi= ~1 1105.2 

LBS 
(Built: 
Alternative) 

(cbind(Survival Post-ringing, Deaths Post-ringing) ~ 
sc.BLC + sc.GLC + sc.ALD + sc.Occ  

(1|Site 
ID/Box 
Number) 
+(1|Year) 

glmmTMB Binomial 
(Logit link)  

zi= ~1 1102.9 

LBS 
(ULC) 

(cbind(Survival Post-ringing, Deaths Post-ringing) ~ 
Year + ULC + sc.GLC + sc.MeBOSTrees + sc.MeNDB + 
sc.InvSI +  sc.Edge + sc.logSiteArea + sc.ALD + sc.Occ 

(1|Site ID) glmmTMB Binomial 
(Logit link)  

zi= ~1 1145.8 

PBR 
(Built) 

 (cbind(Deaths Early, Deaths Late) ~ sc.BLC + sc.GLC + 
sc.MeBOSTrees + sc.MeNDB +sc.InvSI + sc.Edge + 
sc.logSiteArea + sc.ALD 

(1|Site ID)+ 
(1|Year 

glmmTMB Betabinomial 
(Logit link) 

N/A 851.4 

PBR  
(Alternative) 

 (cbind(Deaths Early,Deaths Late) ~ sc.ALD (1|Site ID)+ 
(1|Year 

glmmTMB Betabinomial 
(Logit link) 

N/A 841.2 

PBR 
(ULC) 

 (cbind(Deaths Early,Deaths Late) ~ ULC + sc.GLC + 
sc.MeBOSTrees + sc.MeanNDB +sc.InvSI + 
sc.EdgeDistance + sc.logSiteArea + sc.ALD 

(1|Site ID)+ 
(1|Year 

glmmTMB Betabinomial 
(Logit link) 

N/A 849.2 
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NB a term capturing the total number of preferred native tree species (oak, sycamore and birch) was also included a priori in models but not found to be 

significant or to improve model fit. 
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Appendix Five 
 

Explanation of sliding window analyses on which modelling within the climwin packages are run. 

 

Figure A5.1. The schematic diagram above illustrates the different time windows that can 

be considered in the analysis of weather effects on biological systems, using the example of 

first egg date (laying date) as a response variable. The timing of egg laying for each 

individual nest in this example is represented by the egg symbol. Short- and long-lag periods 

(represented by dark and light areas respectively) refer to the length of time elapsed 

between the weather signal (e.g. mean temperature) and the timing of egg laying (i.e. more 

distant (January) or recent (April)). Absolute time windows (represented by light orange 

(long-lag) and dark orange (short-lag) areas) assume that laying dates for all nests are 

affected by a weather signal during a fixed period (i.e. the time window is the same across 

all nests). However, egg laying dates, like the majority of breeding responses, exhibit wide 

variation in timings across individual nests, thus meaning that the absolute time window 

identified in some cases could potentially occur after trait expression (nests 1 and 6 in this 
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example). Relative time windows are an alternative approach to critical climatic time 

window analysis that takes into consideration each individual reproductive attempt and the 

associated time when the breeding trait was expressed. As such, in this example, the time 

window (represented by light blue (long-lag) and dark blue (short-lag) areas) varies relative 

to the timing of egg laying for each individual nest. Using the short-lag time window to 

further explain this approach, this might be the average temperature calculated over the 30 

days directly preceding the laying date of each individual nest. (Adapted from van de Pol et 

al., 2016). 
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Appendix Six 
 

Outputs from the initial stages of the climwin  analysis to determine the best climate signals 

(comparing  temperature and precipitation variables for each breeding response investigated.  

 

Tables A6.1 - A6.3 provide details from steps 1-3 of the climwin analysis. For each response variable all 

of the potential climate signals across all possible sets of time windows were tested (i.e. candidate 

models) and compared against the baseline model.  For each weather variable investigated (mean 

temperature, maximum temperature, minimum temperature, daily rainfall and dry days) the best 

aggregate/function weather signal combinations and their associated critical time window were 

identified from a comparison of candidate models with the baseline model (on the basis of their ΔAICc  

values, as given in the tables below). The climwin critical window is also provided which gives the 

window open and close days (relative to the biological date of the response variable = day 0). The 

weather predictor variables of interest were then randomised using the built in randwin function 

(specifying 100 randomisations) to quantify the likelihood of obtaining a similar or better AICc value for 

the climate signal by chance. The significance values from this step are provided in the table 

below for each candidate climate signal. Significant climate signals (with values PΔAICc ≤0.05) 

were then considered for further exploratory analysis as described in Chapter 5.     
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Table A6.1   

Response 
Variable/Biological 
Date 

Climate Signal  Climwin and randomisation modelling output 

Probability of 
Hatching Success / 
Hatching Date 

Climate Variable  Aggregate Statistic Effect (Function) Window Range 
(days relative to 
biological date) 

ΔAICc  of 
Climate models 
relative to 
Baseline) 

Model selected for 
further analysis 

 ΔAICc 

     Baseline AICc = 
4752.0 

  

 Daily Mean Temp Mean Linear 0 -71.34  0.06• 

 Daily Mean Temp Mean Quadratic 0 -71.34  0.28 

 Daily Max Temp Max Linear 10 – 9 -56.21  0.26 

 Daily Max Temp Max Quadratic 10 - 9 -54.19  0.64 

 Daily Min Temp  Min Linear 0 -81.76  0.04 

 Daily Min Temp  Min Quadratic 0 -91.93  0.24 

 Daily Rainfall  Mean/Sum Linear 14 – 0 -62.54  0.25 

 Daily Rainfall Mean/Sum Quadratic 16 -10 -83.62  0.32 

 Dry Days NA NA NA NA NA NA 

        

Proportional 
Hatching 
Success/Hatching 
Date 

Climate Variable  Aggregate Statistic Effect (Function) Window Range 
(days relative to 
biological date) 

ΔAICc  of 
Climate models 
relative to 
Baseline) 

Model selected for 
further analysis 

 ΔAICc 

     Baseline AICc = 
1720.8 

  

 Daily Mean Temp Mean/Sum Linear 1 - 0 -37.96  0.01 (Mean) 

 Daily Mean Temp Mean/Sum Quadratic 2 – 1 -46.60  0.01 (Mean) 

 Daily Max Temp Mean/Sum Linear 3 – 1 -42.22  <0.01 (Mean) 

 Daily Max Temp Mean/Sum Quadratic 2 - 1 -47.96  0.01 (Mean) 

 Daily Min Temp Min/Mean Linear 1 -1 -12.79  0.41 

 Daily Min Temp Min Quadratic 26 – 9 -33.68  0.12 

 Daily Rainfall Mean/Sum Linear 31 – 22 -41.92  <0.001 (Mean) 

 Daily Rainfall Mean/Sum Quadratic 31 – 22 -40.96  <0.001 (Mean) 

 Dry Days Mean Linear 4 – 3 -13.92  0.38 
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Table A6.2        

Response 
Variable/Biological 
Date 

Climate Signal Climwin and randomisation modelling output 

Probability of 
Fledging 
Success/Fledging 
Date 

Climate Variable  Aggregate Statistic Effect (Function) Window Range 
(days relative to 
biological date) 

ΔAICc  of 
Climate models 
relative to 
Baseline) 

Model selected for 
further analysis 

 ΔAICc 

     Baseline AICc = 
4723.7 

  

 Daily Mean Temp Mean/Sum Linear 3 – 1  -67.50  NA 

 Daily Mean Temp Mean/Sum Quadratic 2 - 1 -68.62  NA 

 Daily Max Temp Max Linear 3 - 1 -106.04  <0.001 

 Daily Max Temp Max Quadratic 3 – 3 -113.78  0.07 

 Daily Min Temp Min/Mean Linear 13 – 13 -42.35  0.44 

 Daily Min Temp Min/Mean Quadratic 19 – 19 -130.12  0.07 

 Daily Rainfall Max Linear 11 – 3 -68.49  0.26 

 Daily Rainfall Mean/Sum Quadratic 13 – 9 -70.51  0.57/ 0.51 

 Dry Days Mean/Sum Linear 4 - 3 -96.33  0.06 

        

Proportional 
Fledging 
Success/Fledging 
Date 

Climate Variable  Aggregate Statistic Effect (Function) Window Range 
(days relative to 
biological date) 

ΔAICc  of 
Climate models 
relative to 
Baseline) 

Model selected for 
further analysis 

 ΔAICc 

     Baseline AICc = 
2646.2 

  

 Daily Mean Temp Mean/Sum Linear 11 – 8 -19.13  NA 

 Daily Mean Temp Mean/Sum Quadratic 9 – 9 -28.50  NA 

 Daily Max Temp Max Linear 12 -1  -7.83  NA 

 Daily Max Temp Max Quadratic 16 – 7 -40.95  0.05 

 Daily Min Temp Min Linear 20 – 0  -26.35  0.07 

 Daily Min Temp Min Quadratic  20 - 0  -35.29  0.19 

 Daily Rainfall Mean/Sum/Max Linear 10 - 10 -18.33  0.57 

 Daily Rainfall Max Quadratic 9 - 4 -33.63  0.20 

 Dry Days Max Linear 19 – 4 -32.23  0.09 
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Table A6.3   

Response 
Variable/Biological 
Date 

Climate Signal Climwin and randomisation modelling output 

Nestling body mass 
/ Date of weighing 
(Data = 2017-2018) 

Climate Variable  Aggregate Statistic Effect (Function) Window Range 
(days relative to 
biological date) 

AICc (Baseline 
Model)  
ΔAICc (Climate 
models) 

Selected model 
for further 
analysis 

 ΔAICc 

     Baseline AICc = 
3951.2 

  

 Daily Mean Temp Mean Linear 20 - 13 -102.36  <0.001 

 Daily Mean Temp Sum Linear 20 – 13 -98.20  NA 

 Daily Mean Temp Mean Quadratic 16 – 4 -155.02  <0.001 

 Daily Mean Temp Sum Quadratic 16 – 4 -139.63  NA 

 Daily Max Temp Mean Linear 20 – 4 -106.80  <0.001 

 Daily Max Temp Max Linear 20 – 14 -99.05  NA 

 Daily Max Temp Sum Linear 20 – 4 -101.14  NA 

 Daily Max Temp Mean Quadratic 16 – 4 -125.08  <0.001 

 Daily Max Temp Max Quadratic 20 – 4 -117.17  NA 

 Daily Max Temp Sum Quadratic 16 – 13 -112.44  NA 

 Daily Min Temp Mean Linear 12 – 3 -133.65  <0.001 

 Daily Min Temp Min Linear 11 – 2 -91.12  NA 

 Daily Min Temp Mean Quadratic 12 – 6 -158.41  <0.001 

 Daily Min Temp Min Quadratic 10 – 9 -137.42  NA 

 Daily Rainfall Mean Linear 19 - 5 -126.66  <0.001 

 Daily Rainfall Sum Linear 19 - 5 -121.24  NA 

 Daily Rainfall Mean Quadratic 19 – 5  -202.16  <0.001 

 Daily Rainfall Sum Quadratic 19 – 5 -185.91  NA 

Nestling body mass 
/ Date of weighing 
(Data = 2013-2018) 

Climate Variable  Aggregate Statistic Effect (Function) Window Range 
(days relative to 
biological date) 

AICc (Baseline 
Model)  
ΔAICc (Climate 
models) 

Selected model 
for further 
analysis 

 ΔAICc 
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  Daily Mean Temp Mean/Sum Linear 5 - 0 -105.5  NA 

 Daily Mean Temp Mean/Sum Quadratic 5 – 0 -122.40  NA 

 Daily Max Temp Mean/Sum Linear 6 – 0 -155.84  <0.001 

 Daily Max Temp Max Linear 6 – 4  -115.42  NA 

 Daily Max Temp Mean/Sum Quadratic 6 – 1 -162.74  <0.001 

 Daily Max Temp Max Quadratic 6 – 0 -132.32  <0.001 

 Daily Min Temp Min Linear 2 - 0 -114.42 
 

<0.001 

 Daily Min Temp Min Quadratic 2 - 0 -156.28 
 

<0.001 

 Daily Rainfall Mean/Sum Linear 1 – 0 -67.44  <0.001 

 Daily Rainfall Max Linear 4 - 0 -76.36  <0.001 

 Daily Rainfall Mean Quad 7 – 0 -90.72  <0.001 

 Daily Rainfall Sum Quad 19 – 7 -118.82  <0.001 

 Dry Days Mean/Sum Linear 8 – 2  -86.08  <0.001 

Tick marks indicate the climate signals and critical windows considered for further analysis. 
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