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Abstract 

Abstract 

This research examines factors influencing avian reproductive biology in three co-occurring 

woodland passerines, Cyanistes caeruleus (blue tit), Parus major (great tit), and Ficedula hypoleuca 

(pied flycatcher), breeding in nestboxes at Nagshead Nature Reserve (Gloucestershire, U. K. ). The 

study uses breeding data on the study species collected by the Royal Society for the Protection of 
Birds (RSPB) between 1990 and 2004, together with site-based ringing records for F. hypoleuca and 

primary data from field and laboratory work undertaken during 2005 and 2006. 

Breeding productivity of C. caeruleus and P. major declined over the study period, despite breeding 

populations that were increasing (C. caeruleus) and stable (P. major). The breeding population of 
F. hypoleuca declined by 73% (much more severely than nationally). Decline was apparently driven 

by decreasing productivity and changes in the North Atlantic Oscillation cycle. Phenological changes 
in lay date were apparent for C. caeruleus (mean lay date advanced by five days in 15 years) and 
P. major (increased within-season variability in clutch initiation). No change was apparent for 

F. hypoleuca, possibly due to migration constraining phenological adjustment. The relationship 
between lay date and clutch size was found to be annually variable, rather than a constant as 
hitherto assumed. The strength of this relationship correlated with breeding density (C. caeruleus and 

P. major), the "earliness" of the breeding season (P. major), and mean May temperature (F. hypoleuca). 

The potential influence of nestbox orientation on nest-site selection and reproductive success was 
investigated. Orientation correlated with nestling survival for F. hypoleuca and offspring quality for 

P. major (both lowest in boxes oriented south-southwest). In the case of P. major, boxes facing 

south-southwest were avoided by adult birds, suggesting adaptive nest-site selection. Microbial load 

(specifically the abundance of the fungus Epicoccum purpurascens) was related to both orientation and 

P. major offspring quality, providing a possible explanation for observed patterns of nest-site selection 

behaviour. Ectoparasite load was not linked to nestbox orientation or P. major offspring quality. 

These findings provide insights into aspects of population biology (relationship between phenology 

and productivity), evolutionary ecology (adaptive nest-site choice to maximise offspring fitness) and 

the interactions between species and their abiotic and biotic environments (influence of orientation 

and microbial load on breeding success). Relevance of these results to conservation and in situ 

species management is discussed. Recommendations for optimal siting of nestboxes are given. 
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Glossary 

Glossary: symbols, acronyms and abbreviations 

All symbols, acronyms, and abbreviations used in this thesis are explained below and on first use 

in the main text as appropriate. 

a Alpha confidence limit 

)r Circular concentration 

® Registered trademark 

TM Trademark 

t Plus or minus 

% Percentage 

< Less than 

> Greater than 

° Degrees (orientation, slope angle or latitude/longitude) 

'C Degrees Centigrade (temperature) 

Female 

Male 

100-10-1 Decimal serial dilutions from undiluted to 1: 1,000,000,000 

ANOVA Analysis of Variance (univariate) 

AOU American Ornithologists Union 

B Test statistic for logistic regression analysis 

BBS Breeding Bird Survey (run by the British Trust for Ornithology) 

BLAST Basic Local Alignment Search Tool 

BOU British Ornithologists' Union 

BST British Summer Time 

BTO British Trust for Ornithology 

c. Circa 

CBC Common Bird Census (run by the British Trust for Ornithology) 

CFU Colony Forming Units (Microorganisms) 

cm Centimetre(s) 

d. f. Degrees of freedom - may be qualified to distinguish between samples (d. f. 1, d. f. 2 etc. ) 

DEFRA Department for Environment, Food and Rural Affairs (U. K. government) 

DFA Discriminant Function Analysis 

DNA Deoxyribonucleic Acid 
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ENSO El Nir o Southern Oscillation 

EDV Estimated Dependent Variable 

ETDA Ethylenediamine Tetraacetic Acid 

F Test statistic of the Ftest 

FAME Fatty Acid Methyl Ester (microbial analysis method) 

FMD Foot and Mouth Disease 

g Gram(s) 

GIS Geographical Information System(s) 

GLM Generalised Linear Modelling 

GPS Global Positioning by Satellite 

IgE Immunoglobulin E 

IOR Interquartile Range 

km Kilometre(s) 

K-S Kolmogorov-Smirnov test 

In Natural Logarithm 

m Metre(s) 

MANOVA Multivariate Analysis of Variance 

ml Millilitres 

MLR Multiple Linear Regression 

mm Millimetre(s) 

MS Mean Square 

n Number (sample size) - may be qualified to distinguish between samples (n,, n2 etc. ) 

NAO North Atlantic Oscillation 

NaCl Sodium Chloride (salt) 

NRS Nest Record Scheme (run by the British Trust for Ornithology) 

NVC National Vegetation Classification (U. K. ecological surveying standard) 

OS Ordnance Survey (U. K. mapping standard) 

P Probability value 

PCA Principal Components Analysis 

PC1 First Principal Component from a PCA 

PC2 Second Principal Component from a PCA 

PCR Polymerase Chain Reaction 

PDA Potato Dextrose Agar 
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Pers. comm. Personal communication 

Pers. obs. Personal observations 

pH Measure of acidity/alkalinity (the concentration of positive Hydrogen ions) 

Q Test statistic of Cochran's Q test 

r Correlation coefficient (linear-linear or circular-linear) OR repeatability statistic 

? Coefficient of determination (correlation coefficient squared) 

r9 Correlation coefficient from a Spearman rank test 

rRNA ribosomal Ribonucleic Acid 

RSPB Royal Society for the Protection of Birds 

S. D. Standard Deviation 

S. E. M. Standard Error of Mean 

SPSS Statistical Package for the Social Sciences 

SS Sum of Squares 

SSSI Site of Special Scientific Interest 

t Test statistic of the t-test 

TBE Tris/Borate/EDTA (used as a buffer solution in microbiology) 

Tris Trishydroxymethlyaminomethane 

U Test statistic of Rao's spacing test 

U. K. United Kingdom 

UV Ultraviolet 

PI Microlitre(s) 

VIF Variance Inflation Factor 

VN Volume per Volume 

W Test statistic of the Mardia-Watson-Wheeler test 

WN Weight per Volume 

x Independent (predictor) variable - may be qualified to distinguish between multiple 
independent variables in one multivariate test (xi, x2 etc. ) 

X2 Chi-square test statistic 

y Dependent (response) variable 

Z Test statistic of Rayleigh's test, Kolmogorov-Smimov test, and Wilcoxon sign-rank test 
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Chapter 1: Introduction 

CHAPTER 1 

Introduction 

This chapter introduces avian breeding biology, the use of nestboxes, and the purpose of nestbox 

schemes. The three study species are introduced and their life-history traits, particularly those 

relating to breeding, are compared. The aims and scope of this thesis are detailed. Finally, the 

structure of the thesis and the aim of each chapter is outlined. 

Nine-day old P. major chicks begging for food 

(May 2007) 
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1.1 Introduction 

Evolutionary and behavioural ecology are dominated by deceptively simple questions. How are 

population size and productivity related? Is the interdependence of different reproductive stages 

annually consistent? Are breeding sites actively chosen or randomly selected? What impact do 

abiotic and biotic factors have on reproduction and offspring fitness? Many of these questions were 

originally considered by pioneer ecologists and ethnologists such as Charles Darwin, Robert MacArthur 

and Niko Tinbergen, and it is a testament to the fundamental diversity and complexity of ecological 

systems that, even after decades of research, scientists continue to research such topics. 

This study explores the ecological complexity of avian reproductive processes. Potential factors 

that influence nest-site choice and breeding success are explored through intensive population- 

level study of three co-occurring passerines: Cyanistes (formally Parus) caeruleus (blue tit), Parus 

major (great tit), and Ficedula hypoleuca (pied flycatcher), breeding in nestboxes in a British 

broadleaved woodland (Nagshead Nature Reserve, Gloucestershire, U. K. ). Consideration is given 

to internal processes such as temporal change and density dependence, and to the influence of 

external factors, both abiotic and biotic, on nest-site selection and breeding success. 

The breadth of the subject demands an interdisciplinary research approach. Reproductive biology 

is the common focus throughout, but numerous biological and ecological sub-disciplines are 

represented including: (1) population biology; (2) animal behaviour; (3) evolutionary ecology; 

(4) parasitology; and (5) microbiology. The differences between the study species as regards 

migratory status and mating strategy (C. caeruleus and P. major are typically non-migratory socially 

monogamous Paridae species; F. hypoleuca is a trans-Saharan migrant that exhibits regular 

polygyny) enables use of a comparative approach. In this way, between-species differences in life- 

history traits are used to provide insights into species-specific differences in research findings. 

1.2 Avian reproduction: a brief overview 

The evolutionary importance of reproduction in the life cycle process, and its influence on population 

dynamics, is reflected in the diversity of mating systems observed in the animal kingdom. In different 

situations, and for different taxa, selection has evolved for monogamy, polygyny, polyandry, and 

polygynandry (Orians, 1969; Graul eta!., 1977; Wittenberger and Tilson, 1980; Moller, 1986; 

Gowaty, 1996; Ptak and Lachmann, 2003; Andersson, 2005). Unlike mammals, which are often 

polygamous (Moller, 2003), the majority of birds are socially monogamous, pairing for life 

(permanent monogamy), for two or more breeding attempts (semi-permanent monogamy), or 

selecting a different mate for each breeding attempt (temporary monogamy) (Lack, 1968; Oring, 1982). 

It is important that the distinction is made between "monogamy" and "social monogamy", for only 

14% of socially monogamous species studied using advanced molecular techniques are truly 
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(genetically) monogamous owing to the frequent extra-pair copulations in many supposedly- 

monogamous species (Griffith eta!., 2002; Gill, 2007). 

For most avian species reproduction occurs annually, typically during the spring in temperate 

environments. The majority of non-tropical species are single-brooded (Fig 1.1), typically undertaking 

one nesting attempt per year (although many single-brooded species re-nest if a nesting attempt 

fails early in the breeding process, this is not considered as double-brooding as only one brood is 

actually raised). Other species are multi-brooded, with some, such as Turdus merula (blackbird), 

raising as many as four broods in one season (Hume, 2002). A minority of species, such as many 

Bucorvidae (ground hornbills), breed biannually as incubation, nestling, or post-fledging dependence 

periods are too long to allow annual reproduction to take place (Bennett and Owens, 2002). 

80 

CO 70 
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0 +- 
Single- or multi- Multi-brooded 

brooded 

Figure 1.1: Ratio of single-brooded to multi-brooded species. Data were taken from 

species profiles of 320 Eurasian-breeding species (Elphick and Woodward, 2003). 

All birds are oviparous and usually lay their amniotic eggs in a purpose-built nest. Nest structures 

vary in complexity from simple ground scrapes to elaborate structures that may be constructed in 

the open or inside a cavity (Gill, 2007; Fig. 1.2). Cavity nesting species are divided into those that 

excavate their own cavity (primary cavity nesters such as Picidae (woodpeckers)) and those that 

use naturally occurring or previously excavated cavities (secondary cavity nesters such as 

Sturnidae (starlings)) (Rendell and Robertson, 1994; Chapters 6 and 7). 

Birds exhibit considerable diversity in typical clutch size according to species, with the number of eggs 

typically laid per breeding attempt ranging between one in the Phoenicopteridae (flamingo family) 

to eighteen in the Phasianidae (partridge family) (Bennett and Owens, 2002). Generally, clutch size is 

allometrically negatively proportional to the physical size of the adult bird (Olsen et al., 1994) and 

negatively related to the number of broods per year (Martin, 1995), whereas egg size and weight 

are positively related to the weight of the adult female (Olsen et al., 1994). As a result of differing 

evolutionary pressures (see below), hole-nesting species tend to lay larger clutches than their 
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open-nesting counterparts. For example, in Central Europe the mean clutch size among hole-nesting 

passerines is 6.9 eggs compared with 5.1 eggs for open-nesting species (O'Connor, 1991). 

Birds' eggs vary in colour both within and between species. Cavity-nesting birds are not usually 

subject to high level of predation or brood parasitism and, accordingly, usually lay non-camouflaged 

eggs that lack complex patterning. Conversely, birds that lay eggs in open nests, particularly those 

that nest on the ground, lay camouflaged eggs to reduce the risk of predation (Kilner, 2006). 

Species that nest colonially, such as Uria aalge (guillemots), have a diverse range of egg colours 

and patterns to allow the adults to differentiate between their own egg(s) and those of fellow colony 

nesters. Eggs are usually oval, but can be almost spherical (Strigiformes), pyriform (pear-shaped: 

Charadriiformes) or elliptical (Apodiformes) (Preston, 1969; Proctor and Lynch, 1993). 

After a period of embryonic development, the young hatch. Embryonic development is dependent 

on eggs being kept within a narrow thermal tolerance, usually by direct incubation by one or more 

adult birds. The exceptions to this are the 22 species in the Megapodiidae family that use external 

heat sources for incubation (Jones et al., 1995) and some brood-parasitic Cuculidae (cuckoos) that 

begin incubation internally prior to egg laying (Gill, 2007). There is considerable variation in the 

length of incubation, ranging from as few as 11 days for Molothrus spp. (cowbirds) to over 80 days 

for many Diomedeidae (albatrosses) (Alderton, 2004). For small passerines, which are typically 

r-selected (Newton, 1998), an incubation period of 14-21 days is typical. 

Newly-hatched young of altricial species, including all passerines, are helpless, naked, blind, and 

relatively immobile. This is in contrast to the newly-hatched young of precocial species, such as 

Anatidae (waterfowl), which are alert, mobile, and generally able to thermoregulate and feed 

themselves within 24 hours (Proctor and Lynch, 1993; Ehrlich et al., 1998). There is a positive 

relationship between how independent the young are at hatching and the complexity of the nest 

structure, such that the young of ground-nesting birds tend to be precocial, whereas the young of birds 

which nest above the ground in purpose-built nests or in cavities tend towards the altricial (Fig 1.2). 

Precocial offspring are nidifugous, leaving the nest very quickly. By contrast, altricial species are 

niditolous and remain in the nest for some time before fledging. This period, when the young are 

totally dependent on parental care, usually lasts between 12-30 days but can take over 250 days in 

the case of some Spheniscidae (penguins) and Diomedeidae (albatrosses) (O'Conner, 1991; 

Alderton, 2004). After fledging, the young birds are typically dependent or semi-dependent on their 

parents for food and protection for a short time and gradually become more independent as they 

reach full size and become proficient at flying. In some species, the family group stays together 

during the post-nuptial (adult) or natal (juvenile) moult and during the first winter, while in others, the 

family group breaks up soon after fledging (Perrins, 1974). 
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Figure 1.2: Spectrum of breeding strategies showing (a) offspring development from precocial to altricial and 

its relationship to (b) nest type from simple ground scrapes to complex elevated nests. After Dial (2003). 

1.2.1 Use of nestboxes 

Many secondary cavity-nesting species will breed in artificial nesting sites if these are available and 

suitable (Hickin, 1971). The construction of specialised nesting sites (including nest boxes) to 

encourage the breeding of birds has long been practised, although nestboxes were used historically 

mainly to exploit the food potential of the species involved rather than for conservation purposes. 

For example, the majority of British Norman castles had nesting chambers set into the stonework to 

attract breeding pigeons, while artificial nest sites constructed to attract wildfowl and facilitate egg 

collection were used extensively by the Lapps in the late Middle Ages (Morris, 1857; Soper, 1992). 

More recently, nestboxes have been used as a method of conservation for a range of species. In 

Britain, 39 avian species ranging from waterbirds such as Bucephala clangula (goldeneye) and 

Haematopus ostralegus (oystercatcher) to birds of prey including Falco finnunculus (kestrel) have bred 

successfully using artificial nestboxes or nest platforms of various shapes and sizes (du Feu, 2003). 
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A standard nestbox is a wooden rectangular structure with a relatively small entrance hole 

providing access to the nesting chamber (Fig. 1.3a). Such nestboxes are often known as "tit boxes" 

and indeed are frequently used by parids, as well as other secondary cavity-nesting species such as 

Sitta europaea (nuthatch), Phoenicurus phoenicurus (redstart), F. hypoleuca (pied flycatcher), Passer 

domesticus (house sparrow) and Passer montanous (tree sparrow) (Bolund, 1987). Other common 

nestbox styles include open-fronted nestboxes with a large open area at the top of the front panel 

that are popular for species such as Erithacus rubecula (robin), Motacilla alba (pied wagtail), 

Troglodytes troglodytes (wren) and Muscicapa striata (spotted flycatcher); and wedge-shaped 

nestboxes designed to attract Certhia familiaris (treecreepers) by mimicking their natural nest-site 

of a narrow slit in the trunk of a tree (Hickin, 1971; Dunn, 1993; du Feu, 2003; Fig. 1.3 b-c). 

Figure 1.3: Different types of nestbox: (a) standard or "tit" nestbox with a circular entrance hole and a hinged lid 

suitable for numerous cavity-nesting species; (b) an open-fronted nestbox suitable for several open-nesting 
species; and (c) a wedge-shaped nestbox with a hinged lid suitable for C. familiaris. 

1.2.2 Nestbox schemes 

Nestbox schemes comprise groups of nestboxes erected in one specific area, usually as a method 

of in situ conservation. The availability of nest sites is a often key constraint on avian populations 

(Newton, 1994,1998; Loman, 2006), although this is not necessarily true of ancient forest where 

natural cavities are common, as in the primeval forest in Bialowieza National Park in Poland 

(Wesolowski, 2007). Where nest sites are limited, increasing the number of nest sites by the 

erection of nestboxes often results in population growth for the species that use them (Minot and 

Perrins, 1986; Newton, 1994; Sanz, 2001). This may be due to an increase in the total number of 

nest sites (Merilä and Wiggins, 1995; Twedt and Henne-Kerr, 2001) or an increase in the number of 

high-quality nest sites (Bock and Fleck, 1995; L6hmus and Remm, 2004) attracting birds to the 

area. Any population increase is usually dependent on the new nest sites, such that population 

decline is likely if nestboxes are removed (East and Perrins, 1988). Nestbox-induced population 

increases can also be accelerated by productivity increases as the number of young to fledge per 

brood is often higher in nestboxes than in natural sites (Minot and Perrins, 1986; Purcell et a/., 1997). 

This may be partially a result of higher initial clutch sizes (Nilsson, 1984; Robertson and Rendell, 1990) 
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coupled with increased hatching success (Kuitunen and Aleknonis, 1992). However, relative 
fledging success (i. e. the proportion of eggs laid from which young hatch and eventually fledge) is 

also generally higher in nestboxes. This is likely to be a result of: (1) reduced chick exposure and 
hypothermia (Nilsson, 1986); (2) reduced predation (Nilsson, 1975; Wesolowski and Tomialojd, 2005); 

and (3) decreased chick mortality rate because of smaller ectoparasite loads following the routine 

removal of old nest material (Rendell and Verbeek 1996a, 1996b; Chapter 9). The potential for 

nestbox-specific reproductive changes such as these to act as selection pressures for certain life- 

history traits has yet to be established. 

There have been concerns that nestbox schemes create artificially high nesting densities of certain 

secondary cavity-nesting species (Nilsson, 1984), which could be disadvantageous to the general 

avian community (Högstad, 1975). These concerns have not, apparently, been supported by empirical 

research. The higher abundance of a range of nestbox-breeding species following the commencement 

of a nestbox scheme in Colorado had no apparent detrimental effects on other species (Bock and 

Fleck, 1995), while a nestbox-induced increase in F. hypoleuca in Ammarnäs (Sweden) had no 

obvious impact on the overall passerine community (Enemar and Sj6strand, 1972). 

As a conservation measure, nestbox schemes can be powerful tools (Dunn, 1993), particularly in 

wooded habitats given generalised woodland bird decline (Quine and Freer-Smith, 2003; 

Fuller et al., 2005). Nestboxes can also be useful for specific species, especially in situations where 

a species is absent from a potentially suitable habitat due to the absence of nest sites or because 

of intense competition (Newton, 1994). 

1.3 Studv species 

The research detailed in this thesis investigates some of the interactions and interrelationships that 

underpin avian breeding for three co-occurring passerines breeding in nestboxes at Nagshead 

Nature Reserve, Gloucestershire, U. K.: C. caeruleus (L. 1758), P. major L. (1758), and F. hypoleuca 

(Pallas 1764). 

The study species are all small passerines (perching birds with ansiodactyl scutellate feet comprising 

three toes at the front of the foot pointing backwards, and one toe at the back pointing forwards). 

They are all Passeriformes in the Passed sub-order, but diverge at super-family level (Paridae from 

F. hypoleuca) and genus level (C. caeruleus from. P. major) (Fig 1.4). The study species are 

commonly regarded as model species for ecological research (e. g. Lack, 1966; Forsman et al., 2002; 

Eures and Pavel, 2003; Drent et al., 2003; Chernetsov and Huettmann, 2005; Mänd et al., 2005,2007) 

but have species-specific differences in life-history traits, particularly in migration and breeding 

strategy, that enable a comparative approach to be adopted in this research. 
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Kingdom: Animalia (L. 1758) 

Phylum: Chordata (Bateson, 1885) 

Sub-phylum Vertebrata (Cu Her, 1812) 

Class: Aves (L. 1758) 

Subclass: Neornithes (Gadow 1893) 
All extant bird speces 

Order: Passeriforme (L. 1758) 
Approemately 6,000 species 

Sub-order: Passeri/Oscine (L. 1758) 
Approbmately 4,000 species 

Parvorder/Infraorder/Glade: Passerida 
(Sibley and Ahlquist, 1990) 

Suoerfamily: Passeroidea 

Family: Pandae (Vigors, 1825) I Family: Muscicapidae (Vigors, 1825) 
Appromiately 58 species Approximately 1,050 species 

Subfamily: Parinae Subfamily Muscicapinae 
Appromiately 50 species Approbmately 155 species 

Genus: Cyanistes (Kaup, 1829) Genus: Paros (L. 1758) 
F Genus Ficedula (Brisson, 1760) 

2-5 species c. 9 species c 30 species 

Species: caeruleus (L 1758) Species: rrajor(L. 1758) 
j Species hypoleuca (Pallas, 1764) 

Figure 1.4: Taxonomic classification of the study species. Information synthesised from: Howard and Moore (1984); 

Sibley and Ahlquist (1990); Sibley and Monroe (1990); Saetre et al. (2001); Perrins (2003a), Gill et al. (2005). 

1.3.1 Cvanistes caeruleus and Parus major 
Both species are common and widespread monogamous passerines in the Paridae family (Figs 1.5 

and 1.6). Cyanistes caeruleus breeds throughout the western Palaearctic except in the far north of 

Scandinavia (Hudde and Isenmann, 1997). It is resident in 91% of European countries, with an 

estimated European population of 18 million pairs (Hagemeijer and Blair, 1997). Within Britain, 

C. caeruleus is a widespread and common breeding species, with an estimated population of 3.3 

million pairs (Holden and Cleeves, 2002); the largest population in any single European country 

(Hagemeijer and Blair, 1997). Although it is usually a resident species in the U. K., some northern 

populations move southwest during the winter (Mullarney etal., 1999). In England, however, 

individuals are faithful to their natal area with only about 5% of ringing recoveries being more than 

10 miles (16 km) from the original ringing site (Perrins, 1979). 
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Chapter 1: Introduction 

Parus major has the largest geographical range of any European Paridae species, occurring 

throughout the Palaearctic and into the Oriental zoogeographic region, breeding as far as India, 

Southeast Asia, Japan and Malaysia (Gosler, 1993; Gosler and Wilson, 1997). The estimated 

European population is 42 million pairs (Hagemeijer and Blair, 1997). Within Britain, P. major is 

abundant, with an estimated population of 1.6 million pairs (Holden and Cleeves, 2002). Individuals 

have a strong attachment to a relatively small home range, such that movements of more than 

1 0km are unusual (Brown and Grice, 2005). 

The two parid species are morphologically similar (Fig. 1.7). Cyanistes caeruleus is characterised 

by a stout conical bill, rounded wings and a short tail (Snow and Perrins, 1998). It has blue-green 

upperparts, with yellow undersides punctuated by a narrow grey-black central stripe. The head is 

white with a black collar and eye-stripe and a blue skull-cap. The plumage of both sexes is 

similar, although colours tend to be brighter in males. The body shape of P. major is similar to 

C. caeruleus but individuals are about 20% larger, with green upperparts, blue-grey wings, 

yellow undersides, and a black head (Snow and Perrins, 1998). Both sexes have a black stripe 

running from the throat to the belly, although this is often broader in males and may extend to the 

undertail coverts (Cocker and Mabey, 2005). Juveniles of both species have yellow cheek 

patches and greater covert bars (Öerny, 1990). 

Figure 1.7: Parid species: (a) C. caeruleus (adult in flight); (b) C. caeruleus (fledgling perched); 

(c) P. major (adult perched); and (d) P. major (15-day old nestling). 
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Chapter 1: Introduction 

Cyanistes caeruleus is one of the smaller species in the Paridae family, measuring about 11.5-12cm 

in length and weighing 9-12g. In contrast, P. major is the largest species in this family, measuring 

about 14cm in length and weighing 16-21g (Hume, 2002). 

Both parid species were first identified in 1758 by Linnaeus and classified within the Paridae family. 

Until recently, and mainly because of their morphological similarities, both species were classified 

in the genus Parus, together with the other British Paridae, then named P. ater (coal tit), 

P. palustris (marsh tit), P. montanus (willow tit) and P. cristatus (crested tit) (Perrins, 2003b). In 

recognition of behavioural differences, Parus caeruleus and Parus majorwere placed into different 

sub-genera (Cyanistes and Parus, respectively) (Harrap and Quinn, 1995). However, recent 

phylogenetic research comparing nucleotide sequences of the mitochondrial cytochrome-b gene 

(Gill et al., 2005) revealed significant variations between the Paridae, and led to the 

recommendation that certain sub-genera be elevated (Fig. 1.8). Accordingly, Cyanistes is now the 

genus for P. caeruleus and P. cyanus (azure tit); and the genus Parus is restricted to species in the 

P. major clade. The British species are now Cyanistes caeruleus (blue tit), Parus major (great tit), 

Periparus ater (coal tit), Poecile palustris (marsh tit) Poecile montanus (willow tit) and Lophophanes 

cristatus (crested tit) (Sangster et al., 2005). Nomenclatural conventions in this thesis follow Gill's 

phylogeny (Fig. 1.8), which has been formally adopted by the British Ornithologists' Union (BOU: 

Sangster et al., 2005), the American Ornithologists Union (AOU: Otter, 2007), and is advocated by 

the International Ornithological Congress (Gill and Wright, 2006). 

Both C. caeruleus and P. major are diverse and widespread species. There are 14 subspecies of 

C. caeruleus (Howard and Moore, 1984). These are divided into two groups: the caeruleus group in 

Europe and the Middle East (eight subspecies), and the teneriffae group in North Africa and the 

Canary Islands (six subspecies) (Snow and Perrins, 1998). These subspecies can be distinguished 

by the colouring of the nape, mantle and scapulars, and the width of the supercilium (Perrins, 1979; 

Mullarney et aL, 1999). The most distinct subspecies in the caeruleus group are C. c. obscurus (U. K. ) 

and C. c. caeruleus (continental Europe). Most British birds are C. c. obscurus; however, some 

individuals in East Anglia show characteristics of C. c. caeruleus owing to the occasional dispersal 

of individuals from Continental Europe and subsequent interbreeding (Perrins, 1979). Parus major 

is more diverse still, with 31 subspecies currently recognised (Howard and Moore, 1984). Most 

European birds are from the P. m. major subspecies. However, Britain has an endemic subspecies, 

P. m. newton!, which is differentiated from P. m. major by its smaller body size and stouter bill 

(Gosler and Wilson, 1997; Cocker and Mabey, 2005). Birds on the east coast of Britain often take 

an intermediate form between P. m. major and P. m. newton(Gosler, 1993). 
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Figure 1.8: Paridae phylogenetic tree (adapted from Gill et al., 2005) showing current generic names for 

species on the right and the old full generic name on the left for species in clades where genera have changed. 
Relationship between species were based on maximum-likelihood Bayesian analysis. Number on branches are 

posterior probabilities >70%. The groupings on the right are the new genera proposed by Gill et aL (2005) and 

now adopted by British Ornithologists' Union (BOU: Sangster et al., 2005), the American Ornithologists Union 

(AOU: Otter, 2007), and advocated by the International Ornithological Congress (Gill and Wright, 2006). 
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Chapter 1: Introduction 

1.3.2 Ficedula hvooleuca 
Ficedulä hypoleuca is a summer migrant that breeds throughout northwest Africa and Europe as 

far as 70° north of the Equator (Snow and Perrins, 1998; Alderton, 2004; Fig. 1.9a). It breeds in 

71% of European countries and has an estimated European breeding population of 5.2 million pairs 

(Hagemeijer and Blair, 1997). Importantly, although all individuals overwinter in tropical west Africa 

(Lundberg and Alatalo, 1992), the exact wintering quarters and migratory route are dependent upon 

breeding area. Individuals that breed in western England (including birds breeding at the Nagshead 

study site) migrate over France and Spain, cross the Mediterranean east of Gibraltar and fly south 

to winter near Nigeria and Ghana (Hope-Jones eta!., 1977). Conversely, individuals that breed in 

northeast England follow a south-southeast flight path and fly over France, cross the Mediterranean 

near Corsica and overwinter near Chad and the Central African Republic (Dowsett et al., 1988). 

One of the few African studies of F. hypoleuca during the winter (Salewski et al., 2002) found that 

individuals hold and defend territories intraspecifically in a range of habitats, including forest and 

savannah, throughout the winter. Individuals are site-faithful to both their winter and breeding 

territories (Stenning, 1984; Lundberg and Alatalo, 1992; Salewski et al., 2000). 

The estimated British breeding population is 35,000-40,000 pairs (Holden and Cleeves, 2002). This 

is one of the lowest populations in any North European country (Hagemeijer and Blair, 1997) and 

the population is currently declining (Fig 1.9a; Chapter 3 and references therein). The species has 

a restricted range (Fig. 1.9b), only being abundant in upland Wales, with small concentrations in 

Southwest England, some areas of Scotland, and around the Lake District (Gibbons et al., 1993). This 

range is larger than historically. Between 1875 and 1900, F. hypoleuca was common only in North 

Wales and in the Lake District. It was a sporadic breeding species in southeast Scotland but absent 

from Central and Southern England except for occasional occurrences in Hampshire and along the 

Welsh border (Holloway, 1996). The range began to expand in the 1940s, mainly aided by nestbox 

schemes (Sharrock, 1976), such that breeding was recorded in 53 British counties in the period 

1968-1972 compared with 31 in 1875-1900 (Holloway, 1996). This range expansion was accompanied 

by a concurrent contraction in the area where breeding was common (Campbell, 1954,1955a, 1955b). 

The species is morphologically distinctive (Fig. 1.10), measuring about 13cm in length and weighing 

12-15g (Hume, 2002). In breeding plumage, F. hypoleuca is sexually dimorphic: the male in nuptial 

plumage is pure black and white, whereas females have brown upperparts and no white patch on 

the forehead (Lundberg, 1997; Snow and Perrins, 1998). Outside the breeding season, males have 

similar plumage to females but retain blackish wings and uppertail coverts (Alderton, 2004). 

Occasionally, males present with a grey-brown head, nape, back and scapulars in the breeding 

season, particularly if they are first-year birds (Mullarney et al., 1999; Flegg and Hosking, 2003). 

Juveniles are similar to adult females, with dark brown wings and a white wing patch. 
14 
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Chapter 1: Introduction 

Figure 1.10: Ficedula hypoleuca: (a) adult male in breeding plumage: (b) adult female. 

Few avian species have had such a complicated route through nomenclature as F. hypoleuca. First 

described by Linnaeus in 1746, the species was not ascribed a scientific name as its plumage was 

confused with that of Sylvia atricapilla (blackcap) (Lundberg and Alatalo, 1992). The species was 

officially recognised in 1764 by Pallas and named Motacilla hypoleuca. This was changed to Muscicapa 

atricapilla by Linnaeus in 1766; to Muscicapa hypoleuca by Grote in 1930; and finally to Ficedula 

hypoleuca by Sclater also in 1930 (Lundberg and Alatalo, 1992) though the name Muscicapa 

hypoleuca remained common for some years (e. g. Campbell, 1959). The species has also been 

twice "newly discovered" since its initial naming by Pallas; firstly by Scopoli in 1769 who proposed 

the name Emberiza luctuosa, and secondly by Ström in 1774 who suggested Motacilla leucomelas. 

There are four closely-related Ficedula species in the Palaearctic: F. hypoleuca (pied flycatcher), 

F. albicollis (collared flycatcher), F. semitorquata (semi-collared flycatcher), and F. speculigera (atlas 

flycatcher). Both F. semitorquata and F. speculigera were originally considered to be subspecies of 

F. hypoleuca (named F. h. semitorquata and F. h. speculigera) but were suggested as separate 

species by Curio (1959) and Saetre et al. (2001), respectively. This phylogeny was accepted by 

Sangster et al. (2004) owing to differences in mitochondrial DNA. The emergence of these four 

closely-related Ficedula species is due to reproductive isolation of a common ancestor during past 

glaciations which led to cladogenesis (Newton, 2003). During glacial periods, the population was 

split into several separate populations, which diversified through adaptive radiation and ultimately 

resulted in allopatric speciation (Huggett, 1998, Townsend eta/., 2003). The species are collectively 

known as the Ficedula paraspecies (Haffer, 1989). However, as the ranges of F. hypoleuca and 

F albicollis overlap (Lundberg and Alatalo, 1992) it may be more correct to regard these two as 

sympatric species. Ficedula hypoleuca has three recognised subspecies (Howard and Moore, 1984): 

F. h. hypoleuca (breeds in most of continental Europe and Britain), F. h. iberiae (breeds in central 

Spain), and F. h. tomensis (or F. h. sibirica in Vaurie, 1959) which breeds in northern Russia 

(Lundberg and Alatalo, 1992; Sangster et al, 2004). 
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Chapter 1: Introduction 

1.3.3 The comparative approach: similarities, differences and interactions of the study species 
Both C. caeruleus and P. major are resident birds that share a similar ecological niche and may 

compete with one another for food (Minot, 1981). However, vertical food resource partitioning 

(feeding stations higher for C. caeruleus) and differences in prey size selection (larger for P. major) 

reduce inter-specific competition (Lack, 1971; Edington and Edington, 1972; Fuller, 1995; Figs 1.11 

and 1.12). Both species traditionally inhabit broadleaved woodland, but can be found in gardens, 

parks and shrubland provided some mature trees are present (Fuller, 1982; Barnes, 1985; Table 1.1). 

" 0-2mm 

s 3-4mm 

0 5-6mm 

0 >6mm 

Figure 1.11: Size of prey taken by (a) adult C. caeruleus and (b) adult P. major. 
Data from Betts (1955): a study coincidentally undertaken on birds at Nagshead. 

Upper canopy 
(>11 m) 

Low canopy 
(5-11 m) 
Shrub layer 
(1-5 m) 
Field layer 
(0.1-1 m) 

Ground T C. caeruleus 

Size of insect prey taken by P. major 

P. major 

Figure 1.12: Foraging preferences of C. caeruleus and P. major. 

After Colquhoun and Morley (1943). 

t 0-2mml 

  3-4mm 

O 5-6mm 

ý0 >6mm 

By contrast, F. hypoleuca breeds in broadleaved woodland: usually upland, preferably Quercus (oak) 

dominated, and ideally well-grazed (Simms, 1971; Stowe, 1987). Woodland with numerous over- 

mature trees and a low abundance of Cory/us avellana (hazel) is generally preferred (Bibby and 

Robins, 1985). There is little interspecific competition between F. hypoleuca and the parid species for 

food (Edington and Edington, 1972), but there is competition for caterpillars to feed offspring and, 

where nest-holes are limited, inter-specific competition for nest sites (Slagsvold, 1976). Competition 

for food is partly offset by F. hypoleuca typically nesting some two weeks after C. caeruleus and P. 

major (Chapter 4), however, this does increase the effects of nest-site competition (Chapter 6). There 

is also some evidence that F. hypoleuca may select nest sites near C. caeruleus and P. major, 

possibly as this provides a way of rapidly assessing territories (Mönkkönen and Forsman, 2002) or 

possibly because of enhanced foraging success or reduced vigilance costs (Forsman et al., 2002). 

Size of insect prey taken by C. caeruleus 

-40 
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Chapter 1: Introduction 

Table 1.1: Summary of similarities and differences in life-history traits of the three study species. 

Trait C. caeruleus P. major F. hypoleuca 

Migratory Status 

(U. K. ) 

Longevity 

Habitat 

Food 

Mating strategy 

Broods per year 

Typical clutch size 

Incubation Period 

Resident 

2-3 years; maximum 

known is 9 years, 9 

months 

Ideally woodland, but a 

fairly generalist species 

that occurs in parks and 

gardens 

Insects, nuts, seeds, 

and berries (adults); 

caterpillars and other 
larvae (young) 

Temporary social 

monogamy (social 

polygyny unusual) 

Typically 1; but >50% 
incidence of 2"d broods in 

parts of range (not U. K. ) 

Resident 

2-3 years; maximum 

known is 13 years, 11 

months. 0.1 % live ten 

years or more 

Ideally woodland, but a 

fairly generalist species 

that occurs in parks and 

gardens 

Insects, nuts, seeds, 

and berries (adults); 

caterpillars and other 

larvae (young) 

Temporary social 

monogamy 

1 (rarely 2) 

Trans-Saharan Migrant 

3-5 years; maximum 

known for a British bird 

(a Nagshead Y) is 9 

years 

Broadleaved woodland, 

preferably dominated by 

Quercus (oak), ideally 

upland and well grazed 

Mainly invertebrates, 

often caught on the wing. 

Also seeds and berries 

(adults); caterpillars and 

other larvae (young) 

Social monogamy or 

polyterritorial polygyny. 

Strong attachment to past 

nest sites 

1 (very rarely 2). Adults 

often do not breed in 

their first year (c. 40% 

birds at Nagshead) 

6-8 

12-13 days (,; only, but 

up to 50% food provided 

by ) 

13-14 days 

8-15 

14 days (; only) 

Nestling Period 18-20 days 

7-12 

14 days (ý, ' only) 

19-21 days 

Information synthesised from: Campbell (1949); Fitter and Richardson (1968); Harrison (1975); Harvey et at. 

(1984,1985); Lundberg and Alatalo (1992); Snow and Perrins (1998); Holden and Cleeves (2002); Hume (2002); 

Robinson (2005); Peterken (in press); F. Lander pers. comm. 
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1.3.3.1 Species-specific differences In breeding strategy 

As with other animals, avian reproduction is strongly anisogamous, with the heterogametic female 

contributing the larger gamete (Clutton-Brock and Vincent 1991). Because reproduction is more 

costly for the female than for the male, females have evolved to become the mate selector in the 

majority of avian species. In the parid study species, pair formation is followed by nest-site selection 

(Perrins, 1979; Chapters 6 and 7) and nest construction, which is almost always undertaken by the 

female alone. Following copulation and egg-laying, the female incubates the eggs with the male 

providing food (Royama, 1966). The early stage of chick feeding is male-dominated as the female 

broods the young until they are able to thermoregulate effectively. The proportion of feeding visits 

made by the female increases until the parental effort ratio is approximately 50: 50, after which 

provisioning becomes female-biased (Betts, 1955; Gibb, 1955). 

In contrast, the mating strategy of F. hypoleuca is mainly monogamous, but polyterritorial polygyny 

is a regular occurrence (Snow and Perrins, 1998; Chapter 3). Polyterritorial polygyny, a relatively 

unusual mating strategy among bird species, occurs when a male concurrently holds two or more 

discrete territories and mates with a female specific to each of these territories (von Haartman, 1949; 

Ford, 1996). The strategy is used by 17 out of 122 European passerines (14%) (Moller, 1986) 

including another flycatcher, Ficedula parva (red-breasted flycatcher) (Mitrus and Sodko, 2005). 

The strategy is most common in long-distance migrants such as Phylloscopus sibilatrix (wood warbler), 

Coccothraustes vespertinus (evening grosbeak) and Setophaga ruticilla (American redstart) 

(Temrin, 1984; Fee and Bekoff, 1986; Secunda and Sherry, 1991). 

In the case of F. hypoleuca, after a male has copulated with one female, he may leave her during 

egg-laying to secure a second territory. Here he advertises for a second female and, if successful 

in attracting a new mate, he copulates with her. When this second female starts laying, the male 

returns to his primary female whom he assists in the chick-raising process. The secondary female 

is often left to raise the offspring alone, although the male may sometimes assist with chick feeding. 

Occasionally, the male may move to a third territory and advertise for a third female and mate 

again before returning to his primary female. Males benefit from polygyny, increasing their fecundity 

at little extra cost and fledging an average of 10.1 offspring (± 2.3 S. D. ) per year versus 4.9 

offspring (± 1.9 S. D. ) per year for monogamous males (Sternberg, 1989). The number of fledglings 

per male is not doubled in cases of bigamy, nor tripled in cases of trigamy, as: (1) subsidiary females 

are often late returnees and lay smaller clutches (von Haartman, 1985; Chapter 5); (2) unsupported 

subsidiary broods often have reduced fledging success; and (3) the male risks extra-pair fertilisation 

of his primary female when he leaves her to mate with his second female (and of his secondary 

female when he returns to his primary female) which may decrease his paternity (Lundberg and 
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Alatalo, 1992). The primary female suffers very little from polygyny (Krebs and Davies, 1993). 

Polyterritoriality means that she does not share territory resources with the subsidiary female(s) and 

receives full male parental care (or care which is only very slightly reduced). The only time she 

might suffer by being a primary (rather than a sole) female is during the temporary desertion by her 

mate when she, or her clutch, is at a slightly greater risk of predation. In contrast, a subsidiary 
female will usually suffer abandonment by her mate (or, at best, a greatly reduced male contribution 

to the chick-rearing process). Mate desertion usually leads to a reduction in chick provisioning and 
typically results in a decrease in the number of offspring surviving to fledge. The extent of this 

decrease in comparison with pair-raised chicks varies from 16% (Stenmark et al., 1988) to 40% 

(Alatalo eta!., 1981) depending on local conditions and food supply. This decrease in offspring to 

fledge is only part of the story, however, as the offspring that do fledge are typically weaker than 

pair-raised offspring. Both of these factors have a negative impact upon the female's inclusive 

fitness. Moreover, the female often works harder to compensate for the missing male and this may 

impact upon her individual fitness or immunocompetence (Ots and Horak, 1996) and post-breeding 

survival (Dhondt, 2001). In addition, given the known trade-off between the effort invested in one 

brood upon the likelihood and success of broods in subsequent years (Linden and Moller, 1989; 

Nilsson and Svensson, 1996; Zera and Harshman, 2001), working harder in one year might limit her 

future reproductive success and thus further decrease her direct fitness. 

Many hypotheses have been proposed to explain why females mate with already-mated males 

(Fig 1.13). The deception hypothesis (Alatalo et at, 1981; Alatalo and Lundberg, 1984) is 

supported by several studies (Alatalo et al., 1984,1990; Rätti, 1994; Chapter 3) and is the only 

hypothesis that explains why some females should adopt subsidiary status and why polygyny has 

become polyterritorial: to conceal matedness. At best, the other hypotheses explain one of these 

behaviours. However, the hypotheses need not be mutually exclusive. There is evidence that 

females do use territory/nest-site quality and male fitness as mate selection cues (Slagsvold and 

Dale, 1994; Dale and Slagsvold, 1996; Slagsvold and Drevon, 1999). Thus the primary cause of 

the polygynous mating strategy may be ignorance, but one or more of the group of "advantages" 

hypotheses could also be important. If certain males are "better", or more compatible with a range 

of females, or able to secure good quality nest sites/territories (dominant males, for example) this 

could act to reinforce the polygynous mating strategy (but see Chapter 6 for evidence of constraint 

in nest site choice). Moreover, different hypotheses might be important in explaining polyterritorial 

polygyny in different situations for different populations. For example, in a population with a 
female-biased sex ratio, the necessity (Stenmark et al., 1988; Krebs and Davies, 1993), search-cost 
(Alatalo et al., 1988) or female competition (Dale et at, 1992) hypotheses might be important. 
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Figure 1.13: Hypotheses proposed to explain why some F. hypoleuca females mate with already- 

mated males. Information synthesised from: Alatalo et a/. (1981,1984,1988,1990); Alatalo and 

Lundberg (1984,1986a); Dale et al. (1990,1992); Lundberg and Alatalo (1992); Pruett-Jones (1992); 

Krebs and Davies (1993); Rätti (1994); Slagsvold and Dale (1994); Dale and Slagsvold (1996); 

Slagsvold and Drevon (1999); Slagsvold and Viljugrein (1999); Reid (2007a, 2007b). 

Given the substantial vested interest females have in determining matedness, there are strong 

selection pressures on females to develop strategies to avoid mating with already-mated males 

(Andersson, 1994). Such selection pressures would seem to contradict the deception hypothesis. 

However, there are also counter-selection pressures on males to evolve polygynous deception. The 

key to these conflicting selection pressures between males and females on maximising reproductive 

success is in the relative costs and benefits: the risk of becoming a subsidiary female is comparatively 

low (Chapter 3) compared to the benefits that males receive by mating polygynously. Thus the selection 

pressure is likely to be greater on the male to achieve polygyny than it is on the female to avoid it. 
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1.4 Research outline 

1.4.1 Aims and scope 

The research detailed in this thesis investigates some of the interactions and interrelationships that 

underpin avian breeding for the three study species, using a comparative approach in Chapters 3-7 

based on the species-specific similarities and differences described above. Topics covered include: 

(1) the relationship between population and productivity; (2) the interdependence of specific stages 

of the breeding process; (3) the influence of climate change on nesting phenology; (4) nest-site 

selection processes; and (5) the influence of abiotic and biotic factors on nest-site occupation and 

breeding success. 

Specifically, the aims of the study are: 

1. To examine temporal change in, and interactions between, the reproduction of the three 

study species as regards: (a) the size of the breeding population; (b) breeding success; 

and (c) breeding phenology. Also to relate these to external influences such as density 

dependence, winter survival, migratory survival (for F. hypoleuca), and climate change. 

2. To empirically test the common assumption that birds actively choose their nest sites and 

consider whether site-specific (spatial) or year-specific (temporal) factors are more 

important in determining the occupation of nest sites. 

3. To establish how nest-site characteristics, specifically those relating to cavity orientation, 

influence nestbox selection and subsequent breeding success for each study species. 

The research uses 15 years of breeding data (1990-2004) from Nagshead Nature Reserve, 

Gloucestershire, U. K. (Chapter 2). This reserve manages the longest-running nestbox scheme in 

Britain (Campbell, 1968; Perrins, 1979), also one of the longest-running in Europe (Bolund, 1987). 

Nesting records from this scheme constitute an unusual and extremely valuable long-term dataset 

that can be used for rigorous analysis of ecological theory to determine robust relationships that 

are not biased by atypical years, as well as being important for longitudinal analysis in relation to 

factors such as climate change. Despite the value of the data, comparatively little research has 

been undertaken on the birds using the Nagshead nestboxes since the initial phase of the scheme 

when F. hypoleuca breeding (Lack, 1966; Campbell, 1949,1959; Slagsvold, 1976; Stenning 1984; 

Harvey et al., 1984,1985; Stenning etal., 1988), parasite load (George, 1959), and chick 

provisioning (Betts, 1955) were studied. Breeding data from the period 1990-2004 (Chapter 2) have 

never been analysed statistically and provide an excellent opportunity for study. 
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1.4.2 Benefits of using nestboxes 

The three study species, C. caeruleus P. major and F. hypoleuca, use nestboxes in preference to 

natural cavities (Perrins, 1979; Lundberg and Alatalo, 1992). This means that where nestboxes are 

provided in super-abundance, it is possible to study the breeding patterns of (almost) all breeding 

individuals within a population and the number of nestbox occupations becomes a good proxy for 

the size of the breeding population (Chapter 3). The fact that all "cavities" can be quantified means 

that nest site selection can be directly inferred (Pogue and Schnell, 1994), without the need to 

quantify the difference between nest sites and random sites (Chapter 6). Moreover, nestboxes 

erected randomly (or nearly so), should offer more choice than is provided by natural cavities in 

most situations (Stauffer and Best, 1982; but see Wesolowski, 2007), allowing detailed research 

into the interactions between environmental factors, nest-site selection, and breeding success 

(Chapter 7). Monitoring the nesting success of birds using nestboxes is much easier, and more 

accurate, than when natural cavities are used as the viewing restrictions inherent in the latter are 

removed. This allows the collection of detailed and accurate data throughout the nesting process 

(Chapters 3-5 and 7), and enables precise calculation of the date on which the first egg of each 

clutch is laid (Chapters 4-5). It is also possible to remove chicks from the nestbox for short periods 

to take biometrics from which fitness can be determined (Chapter 8) and to remove nesting 

material post-fledging for analysis of ectoparasites (Chapter 9). For these reasons, nestbox 

schemes provide exceptional opportunities for evolutionary and ecological research (Koenig et al., 

1992). However, it should be noted that behaviour of birds in nestboxes may not be totally 

representative of natural nest sites or typical breeding conditions (Moller, 1989,1992a; Chapter 9), 

although what constitutes "natural" and "typical" is itself open to debate as anthropocentric 

influences now extend throughout most supposedly "natural" ecosystems. 

In addition to the convenience of using nestboxes for ecology and evolutionary ecology studies 

(Purcell et al., 1997), there is also a practical need for such research. Bird nestboxes have been 

used for many years as a method of in situ conservation. Determining how nest-site characteristics 

influence occupation and breeding success is a vital step in understanding environment-breeding 

interactions and to enable nestbox schemes to be maximally effective (Hickin, 1971; du Feu, 2003). 

1.4.3 Thesis structure 

This thesis is divided into eleven chapters. Chapter One (this chapter) has provided an 

introduction to the general area of avian breeding biology, the use of nestboxes, and outlined the 

study species and the interrelationships between them. Chapter Two provides information on the 

research site, its avian diversity, habitats, and its extensive nestbox scheme. It also outlines the 

materials and methods pertinent to the overall research. 
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The research method adopted is interdisciplinary, with each of the eight research chapters detailed 

below (Chapters 3 to 10 inclusive) focussing on a different sub-discipline of ecological and 
biological science. This approach has been adopted to ensure that a holistic multi-stranded 

research position is adopted, with each chapter contributing to the overall complexity of the study. 

Chapters Three to Five examine interactions and internal processes within the breeding populations 

of C. caeruleus, P. major, and F. hypoleuca at Nagshead Nature Reserve, and trends in these 

variables over time. More specifically, Chapter Three investigates temporal trends in the size of 

the breeding population and breeding success for each study species during the period 1990-2004, 

and explores the interactions between population and productivity. Chapter Four examines temporal 

change in breeding phenology as quantified by the date on which the first egg in each clutch is laid. 

Both measures of central tendency (mean annual lay dates) and variation (standard deviation and 

interquartile range in annual lay dates) are regressed against year. Drawing these last two chapters 

together, Chapter Five explores the relationship between lay date and clutch size. It seeks to establish 

whether this relationship is constant or is annually-variable and, if the latter, what mechanisms might 

be responsible for such variation. 

Chapters Six to Ten examine specific external influences, both abiotic and biotic, on nest-site 

selection and breeding success. Chapter Six tests the common assumption that nest sites are 

actively chosen among nest building species such as C. caeruleus, P. major, and F. hypoleuca and 

investigates the relative importance of temporal and spatial factors in determining the occupation of 

nest sites during the period 1990-2004. Leading on from this, Chapter Seven investigates the 

influence of orientation on nestbox occupation and breeding success by each of the three study 

species during this time period. Developing this theme, Chapter Eight examines the influence of 

nestbox orientation on offspring quality in P. major, as determined by two fitness measures applied 

to the young immediately prior to fledging. The reasons behind the results obtained in Chapter Eight 

are explored in Chapters Nine and Ten when the ectoparasite load and microbial abundance of 

nestboxes occupied by P. major are quantified and related to nestbox orientation and offspring quality. 

Chapter Eleven summarises the major findings and offers suggestions for further work. 

The taxonomy (order, family, and naming authority) of all species cited in this thesis is detailed in 

Appendix 1, together with the common (English) name where appropriate. The Nagshead nestboxes 

used in the different chapters are listed and mapped in Appendix 2, while a copy of the English 

Nature licence obtained to carry out research reported in Chapters 8 and 9 is provided in Appendix 3. 

Annotated output from microbial identification systems used in Chapter 10 is given in Appendix 4. 
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CHAPTER 2 

The study site and data collection 

This chapter describes the study site and details its management of Britain's longest-running nestbox 

scheme, which was established in 1942. The materials and methods pertinent to the overall 

research are outlined. Detailed information regarding the methodological procedures and statistical 

techniques used for specific areas of study is given in separate Materials and Methods sections 

within each chapter. 

Nagshead in spring: Grazed section of the nestbox area 

(May 2007) 
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Chapter 2: Study Site and Data 

2.1 Introduction 

The research detailed in this thesis was undertaken using breeding data from nestbox-breeding 

populations of C. caeruleus, P. major and F. hypoleuca at Nagshead Nature Reserve between 1990 

and 2006 inclusive. 

2.2 The research site In context 

Nagshead Nature Reserve covers 308 hectares (761 acres) near Parkend in the Forest of Dean, 

Gloucestershire, U. K. (Fig. 2.1), centred on 2°34'0"W, 51 °47'0"N (U. K. grid reference SO 610090). 

Nagshead was proposed as a reserve of the Royal Society for the Protection of Birds (RSPB) in 

the early 1970s because of its abundant bird life. It was formally designated as an RSPB reserve in 

1974 and is now managed in partnership with the Forestry Commission. In 1972, about 40% of the 

area (120.1 hectares) was designated as a Site of Special Scientific Interest (SSSI) under the 

National Parks and Access to the Countryside Act 1949 (re-notified in 1985 under the Wildlife and 

Countryside Act 1981). The SSSI is currently in a "favourable" condition (Lancaster, 2003), meaning 

that the site is in good condition and is being appropriately managed. 

Nagshead comprises a mosaic of several different habitat types (Tickner and Evans, 1990). The 

site is primarily wooded (broadleaf with a little coniferous), but there are small areas of acidic 

shrubland and semi-improved grassland (Figs 2.2 and 2.3). Over half the reserve (176 hectares) is a 

pre-1850 broadleaf plantation, dominated by Quercus robur (pedunculate oak). The majority of the 

trees were planted in this area in 1814, being intended for use in the ship-building industry. 

However, by the time they reached suitable maturity, steel had replaced wood for ship building and 

the trees were never harvested. Within the pre-1850 plantation are 126 hectares of pre-1841 Quercus 

woodland; a nationally scarce habitat of high regional and national importance. Nagshead now 

constitutes the largest continuous patch of this habitat in Southwest England (Proctor and Pollard, 

2000). The relative uniformity in tree species and even-aged structure of this area of woodland 

reflect the anthropogenic origin of the site. However, many natural Quercus woodlands have a low 

mature tree diversity, being at least 90% Quercus-dominated (Papp, 1962; Peterken 1993). Over 

the last 200 years or so, and in the absence of any significant management, much of the woodland 

has become increasingly naturalised from its plantation origins. Indeed, the majority of the reserve 

(the areas marked as habitat type A. 1.1.2.1 in Fig. 2.3) is now classified as ancient semi-natural 

broadleaved woodland by Natural England (Lancaster, 2003) and Is considered typical of a mature 

south western oak woodland (Proctor and Pollard, 2000). Approximately one-third of the reserve 

(108.5 hectares) is sheep-grazed. Those areas that are enclosed to prevent sheep access (since 

1947-48: Campbell, 1968) are still subject to light grazing by the ingress of Dama dama (fallow deer). 
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r r: 

Nagshead RSPB - 

Nature Reserve 

Figure 2.1: Nagshead RSPB Nature Reserve in its national context. 

Photograph from Google Earth (2007) with information (reserve boundary and key) appended. 
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Figure 2.2: Aerial photograph of Nagshead (outlined in black) and the surrounding area to give local context. 
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2.3 Avian diversity of the study site 

Nagshead is a site of major ornithological Importance, boasting an exceptionally diverse woodland 

bird assemblage of high regional and national importance (Proctor and Pollard, 2000; Lancaster, 2003). 

The size and maturity of the Nagshead habitat, and the position of the site in the U. K., means that 

Nagshead holds populations of virtually the entire British broad-leaved woodland bird assemblage 

including upland/western species, such as F. hypoleuca, and lowland/eastern species, such as 

Streptopelia turtur (turtle dove) (Holdaway, 1999). Since the area became an RSPB Nature Reserve 

in 1974,60 species of birds have been recorded nesting at Nagshead, while the annual breeding 

diversity usually totals around 50 species (Proctor and Pollard, 2000). According to annual RSPB 

records and a more detailed Common Bird Census (CBC) survey (Cadbury et al., 2003), the 

reserve has breeding populations of 45 out of the 55 species classified by Fuller (1982) as 

woodland bird species. More specifically, all 20 species classified by Simms (1971) as those which 

breed most frequently in oak woodlands are represented at Nagshead, together with 24 of the 25 

species classified by Yapp (1962) as specific oak-woodland breeding species. The exception to this 

is Cuculus canorus (cuckoo) whose presence as a breeding species is difficult to confirm and 

which is likely to be an unrecorded reserve breeder (adults have been recorded on the reserve 

during several recent breeding seasons, including during fieldwork in 2005 and 2006 (pers. obs. )). 

Largely because the planted Quercus at Nagshead were never harvested (see above), the site 

now supports regionally important breeding populations of several bird species: Accipiter gentilis 

(goshawk), Regulus ignicapillus (firecrest), Phylloscopus sibilatrix (wood warbler), C. coccothraustes, 

F. hypoleuca, Ph. phoenicurus. In addition, eight bird species have been identified as key reserve 

breeding species (Cadbury et al., 2003) owing to their abundance or national/regional rarity: Aix 

galericulata (Mandarin duck), Strix aluco (tawny owl), Dendrocopos major (great spotted 

woodpecker), Turdus philomelos (song thrush), Scolopax rusticola (woodcock), Loxia curvirostra 

(crossbill), F. hypoleuca, and S. europaea. Following the CBC survey in 2003, concern was raised 

at the declining numbers of F. hypoleuca and Ph. phoenicurus breeding on the reserve. Concern 

had previously been raised about decline in the breeding population of F. hypoleuca following a 

decrease in the number of birds ringed each year (Lander, 1999; Chapter 3). 
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2.4 The Naashead nestbox scheme 
In 2004, Nagshead contained 389 nestboxes as part of the longest-running nestbox scheme in 

Britain (Campbell, 1968; Perrins, 1979), and one of the longest-running in Europe (Bolund, 1987). 

2.4.1 History of the scheme 
The nestbox scheme was started as a response to caterpillar epidemics in the 1930s, primarily of 
Tortrix viridana (oak roller moth). These epidemics occurred because the large number of mature 
Quercus trees formed monoculture-style stands that allowed Lepidopteran population explosions. 
As a result, large areas of the oak woodland were defoliated each spring. To prevent such 
defoliation, nestboxes were erected in 1942 as part of a Forestry Commission scheme to attract 
breeding insectivorous woodland birds as a form of biological pest control (Taylor, 1944). 

The Nagshead nestboxes proved popular nesting microhabitats for the intended Paridae species, 

primarily C. caeruleus and P. major. However, in the first breeding season 15 of the 84 boxes were 

unexpectedly occupied by F. hypoleuca: the first confirmed breeding in the Forest of Dean 

(Brown, 1943; Campbell, 1949). The Nagshead F. hypoleuca population grew rapidly, more than 

doubling over the next four years and occupying 37 of the 91 boxes present in 1946 (Campbell, 1979). 

Over subsequent years, and especially since the site became an RSPB reserve in 1974, the originally 

utilitarian nestbox scheme has developed into a major woodland bird conservation scheme, driven 

primarily by the breeding population of F. hypoleuca. (Fig. 2.4). 
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Figure 2.4: The number of nestboxes at Nagshead during RSPB management (1974-2004). 

2.4.2 Current nestbox usage 

Although the Nagshead nestboxes are used by a range of species, the three most frequent species, 
C. caeruleus, P. major and F. hypoleuca, together comprise 97% of all occupations (Fig. 2.5). 

Other species to use the boxes Include S. europaea, Ph. phoenicurus and P. ater, with occasional 
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occupations by C. familiaris, P. montanus and T. troglodytes. The Nagshead population of 

F. hypoleuca (the largest population of this species in Gloucestershire) seems to be confined solely 

to the nestboxes (Lander, 1998; Cadbury et al., 2003). Before the scheme's commencement in 1942, 

F. hypoleuca was a rare, although possibly also an under-recorded, species in Gloucestershire 

(Brown, 1943; Campbell 1954), with breeding records being restricted to the Cotswolds (Witchell 

and Strugnell, 1892; Mellersh, 1902). Such dependence on nestboxes for the reproduction of an 

entire species within a specific area is not unknown (Newton, 1994) and is particularly common for 

this species as its range is, in some parts, nestbox-based (Boland, 1987; du Feu, 2003; Chapter 1). 

Cyanistes caeruleus 

Ficedula hypoleuca 

Parus major 

N Sitta europaea 
d 

Phoenicururus phoenicururus 
a N 

Periparus ater 

Certhia familiaris 

Poecile montanus 

Troglodytes troglodytes 

Number of breeding attempts (1990-2004) 

Figure 2.5: The total number of nesting attempts in Nagshead nestboxes by different species 

between 1990 and 2004. 

2.5 The nestbox area 
The nestbox area at Nagshead covers about 47 hectares of the total reserve. This area is within 

the SSSI and within that part of the reserve classified as ancient semi-natural broadleaved 

woodland (Fig. 2.6). No part of the nestbox area is under commercial silviculture. The nestboxes 

are mainly situated on an east-facing slope, which increases in altitude from 60 to 180 metres 

above sea level. This slope varies in angle from 45° at its steepest to <5° at its top and bottom extents. 

The soils are free-draining and acidic, the parent material being coal-bearing Pennant sandstone 

which formed during the Carboniferous period. The nestboxes are surrounded by mature woodland 

and are not generally subjected to woodland edge-effects (Rendell and Robertson, 1990) as the 

reserve is itself surrounded by woodland. Although the reserve is open to the public, the boxes are 

not subject to significant human disturbance as public access is restricted to defined paths and 

carefully monitored. The site is visited by some 20,000 people per annum, with peak numbers 

coinciding with the bird breeding season (I. Proctor, pers. comm. ). 
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2.5.1 Habitat 

The nestbox area is within the area of pre-1841 Q. robur plantation. Primary habitat surveying during 

the course of this research established that the area is dominated by Q. robur, but also contains (in 

approximate order of abundance): Betula pendula (silver birch), Sorbus aucuparia (rowan), Fagus 

sylvatica (beech), Acer pseudoplatanus (sycamore), Castanea sativa (sweet chestnut), Betula 

pubescens (downy birch), U/mus procera (English elm) and Quercus petraea (sessile oak) - the latter 

species being regarded as the natural climax vegetation of the area (Swaine, 1982; Everard et al., 1992). 

Occasional Pseudotsuga menziesii (Douglas fir) and Pinus sylvestris (Scots pine) appear to have 

self-seeded from nearby coniferous plantations. Ilex aquifolium (holly), Rubus fruticosus agg. 

(bramble) and Crategus monogyna (hawthorn) dominate the shrub layer, with Sambucus nigra 

(elder) in wetter areas and Vaccinium myrtillus (bilberry) in drier areas. The field layer is dominated 

by Pteridium aquilinum (bracken), particularly after mid-May. Holcus mollis (creeping soft grass), 

H. lanatus (Yorkshire fog), Deschampsia cespitosa (tufted hair grass), Stellaria holostea (greater 

stitchwort), Agrostis capillaris (common bent), Euphorbia amygdaloides (wood spurge) and Digitalis 

purpurea (foxglove) are common, as are Dryopteris dilatata (broad-buckler fern), D. affinis (scaly 

male fern) and B/echnum spicant (hard fern). Juncus inflexus (hard rush) and J. effusus (soft rush) 

are common in wetter areas, while Luzu/a multiflora (heath wood-rush) and Galium saxatile (heath 

bedstraw) occur in drier areas. The herb layer is dominated by Hyacinthoides non-scripta (bluebell), 

with some Oxalis acetosella (wood sorrel). Mosses include Polytrichum formosum, Hy/ocomium 

sp/endens, and Thuidium tamariscinum. 

About one third of the nestbox area is sheep-grazed. The grazed areas generally have a reduced 

shrub layer and fewer saplings in comparison with the ungrazed areas. The abundance of 

Pteridium aquilinum is higher in the grazed areas, while the ungrazed areas have more Ilex 

aquifolium and Rubus fruticosus (Fig. 2.7). 

Figure 2.7: The effect of grazing on vegetation at Nagshead: (a) the grazed part and (b) the ungrazed part of 

the nestbox area. Note the uniform tree structure - evidence of the anthropogenic origins of the reserve. 
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The plantation origins of Nagshead make it difficult to classify the woodland according to the 

National Vegetation Classification (NVC) (Rodwell, 1991; Hall et al., 2004). Clear-felling of the climax 

vegetation, mainly Q. petraea, and replacement with Q. roburaltered the stand characteristics and 

influenced the field and ground flora. The vegetation surveying described above suggests that the 

woodland is closest to W1 0 (Quercus robur - Pteridium aquifolium - Rubus fruticosus) sub-community 

W 10e (Acer pseudoplatanus - Oxalis acetosella). However, the shrub, field, and ground layers 

retain influences of W 11 (Quercus petraea - Betula pubescens - Oxalis acetosella), particularly in the 

bryophyte and fern communities. On dry, ungrazed, areas of the site, the vegetation grades to W1 6 

(Quercus spp. - Betula spp. - Deschampsia flexuosa). 

The woodland has a fairly even-aged stand with a high mature-tree density of about 150 oaks per 

hectare (Betts, 1955). The average distance between mature trees in the nestbox area is 5.45m 

(± 0.47m S. E. M. ). Many of the mature Quercus in the nestbox area are now entering their decay 

phase (Fig. 2.8) and there is comparatively little regeneration occurring. Mean canopy closure in May 

is 78% (± 2.18% S. E. M. ) according to measurements in 2005 using canopy photography and pixel 

counting techniques (A. Goodenough, in prep. ). The nestbox area also contains some aquatic 

habitats: there is a group of three small ponds in the grazed area (together comprising about 850 sq. m) 

and one in the ungrazed area (about 60 sq. m), which are all permanent water sources (Fig. 2.9). 

There is also a major non-seasonal drainage ditch running from west to east through the grazed area, 

in addition to numerous seasonal drainage ditches. 
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Figure 2.8: Status of mature 0. roburin the nestbox area (n = 300). The trees were selected 

using a series of random grid co-ordinates and were classified after Manning (2003) whereby 

1= live and healthy; 2= live with defects; 3-5 = dead standing trees; 6= stump only. 
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2.6 The Naashead nestbox scheme and this study 
The major part of this study (Chapters 3-7) analyses data from 295 standard, equally sized, 

wooden nestboxes monitored by RSPB staff and volunteers over the period 1990-2004. Details of 
these nestboxes and the reasons for selecting the time period 1990-2004 are detailed below. 

2.6.1 Nestbox monitoring 
Since 1948, the occupation of the Nagshead nestboxes and the breeding success of their 

occupants have been recorded (Campbell 1968). Between 1948 and 1973, nestbox monitoring was 

undertaken by many different individuals, not always working to consistent field protocols, under 

the co-ordination of different organisations at different times. During this period, it was F. hypoleuca 

that was of prime interest (Chapter 1) so records of parid species are often incomplete or missing. 

In 1974, the RSPB took over the management of the reserve and started to co-ordinate the 

nestbox scheme. Since this time, all the nestboxes on the reserve have been checked weekly 

throughout the breeding season by experienced staff and volunteers using the same methods and 

codes of practice (as described by Crick et al. (1994) and Beaven and Leech (2003)) and adopted for 

the national British Trust for Ornithology (BTO) nest record scheme. All records after 1974 should, 

therefore, be consistent temporally within- and between-recorders. All post-1974 data were 

available in the RSPB archives, except those relating to breeding success in 1989, which were 

missing from the nestbox ledgers. 

The RSPB inherited 252 nestboxes when it took over the nestbox scheme in 1974. The exact 

rationale for siting the original nestboxes is unknown (Campbell, 1968), but the boxes do not 

appear to have been positioned in any obviously structured manner other than being affixed to 

0. robur. The height above the ground of all nestboxes was increased in the 1950s to prevent 
inspection without a ladder because of interference by the public, occasionally maliciously, but more 

often through curiosity. The new nestboxes put up by the RSPB since 1974 have been positioned 

pseudo-randomly. The only guidelines regarding nestbox positioning have been that they must be 

affixed to healthy mature Q. robur high enough to prevent their inspection without a ladder. About 50 

boxes are replaced each winter, with each nestbox lasting approximately 9-10 years. Once a 

nestbox has been placed upon a tree, every effort is made to keep the nestbox tree and position of 

the box upon that tree consistent to provide data continuity (I. Proctor pers. comm. ). However, this is 

not always possible. Sometimes a nestbox tree falls or becomes unstable, in which case a new 
tree is adopted. More often, the position of the nestbox on a nestbox tree is altered, which affects 
the height of the box above ground and/or its orientation. Many such alterations took place 
between 1987-1989 for practical or safety reasons. 
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2.6.2 The time period examined in this study 
To ensure data reliability, it was only practical to consider RSPB (i. e. post 1974) data. It was originally 
intended that all records after this date should be used in this study. However, after preliminary data 

analysis, it was decided to restrict the study based on historical data (Chapters 3-7) to the period 
between 1990 and 2004 inclusive (2004 was the last year data were available at the commencement 

of the study). The decision to begin analysis in 1990 was dictated by the last major nestbox 

reorganisation, which occurred in the late 1980s. Thus 1990 was the first year that nestboxes were 

either known to have been of standard specifications and maintained in the same position throughout 

the study period, or specifically known to have been changed or moved in some way, such that they 

could be excluded from analysis. Moreover, the use of a permanent method of affixing each nestbox 

to its tree since 1990 (nailed rather than wired) fixed boxes precisely and firmly so that slippage or 

rotation was unlikely. This gave the consistency in nestbox siting that was essential for analysis and 

the exclusion of potentially confounding variables. The exclusive use of post-1990 data also allowed 

records from an extra 15 previously non-standard tunnel nestboxes to be included in the analysis, 

as these were replaced with standard nestboxes in 1989. The problems that would have been 

caused by the absence of the 1989 records (see above) were also avoided by selecting 1990 as 

the start of the analysable period. This gave a continuous 15-year study period, during which the 

monitoring of the nestbox scheme was under the co-ordination of the same reserve manager. The 

longitudinal nature of the data enabled temporal analysis to be undertaken (Chapters 3-6). 

2.6.3 The nesiboxes used in this study 
At the start of this study in 2005, the RSPB maintained 389 nestboxes on the reserve. Of these 385 

nestboxes were part of the RSPB's monitoring scheme and were all candidates for inclusion. 

However, it was not possible to use the records from all boxes for a variety of reasons that became 

apparent from the nestbox records and the primary collection of nestbox data. The 19 boxes that had 

been moved to different trees during the period 1990-2004 were excluded because the siting of 

those boxes would not have been temporally consistent, which fact could have introduced error or 

bias during analysis, particularly in Chapters 6 and 7. The five nestboxes that had been moved to a 

new position on the same tree during the period 1990-2004 were disregarded because of the risk 

that nestbox orientation (Chapter 7) could have changed. A further 26 nestboxes were excluded 

because they were, or had been, non-standard in terms of shape (two wedge-shaped boxes; 

Chapter 1) or size (four boxes), or because they had a side entrance hole (18 boxes) or two entrance 

holes (two boxes). The 40 nestboxes that had not been available throughout the entire period, having 

been put up some time after 1990, were also disregarded. This was necessary as the year of erection 

of these nestboxes was not always known. Without this information, it was not possible to calculate 

the number of years each box had been available so the occupation and breeding success of different 

nestboxes could not be compared (Chapters 6 and 7), nor temporal trends established (Chapter 3). 
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In total, 90 of the 385 candidate nestboxes were excluded from the research undertaken in 

Chapters 3-7 for one or more of the reasons outlined above. This left 295 nestboxes that were 

available and consistent throughout the entire period of interest, on the same tree, in the same 

position (Fig. 2.9; Appendix 2). Although it was disappointing to lose data, this loss was essential in 

order to reduce the risk of unknown confounding variables influencing the findings and to enable 

consideration of subtle variables, such as orientation, to be considered without nestbox size (which 

actively forces choice) dominating analysis. The end dataset was still large and detailed, with 295. 

nestboxes considered over 15 years, giving 4,425 "nestbox years", far more than in many other 

studies (e. g. Johnson, 1996; Rendell and Verbeek, 1996a; Sanz, 2001; Mennill and Ratcliffe, 2004; 

Mänd et at, 2005; Pampus et at, 2005). The possible effect of excluding boxes from analysis Is 

discussed in Chapter 11. 

The research detailed in Chapters 8-10 used primary data collected in 2006, where it was 

possible to include all nestboxes available in that year that were standard as regards size and shape 
(past availability, historical change in characteristics, or movement in the period 1990-2004 were 
irrelevant). This increased the number of nestboxes available for analysis by 54, to a total of 349 

(Fig. 2.9; Appendix 2). 

2.6.4 Nestbox characteristics 
All nestboxes included in the study were wooden and had a standard shape and size (rectangular 

with a sloping roof; approximate internal measurements: 110mm width, 170mm depth, 210mm mid- 

point height). This was an important consideration as nest cavity size can influence clutch size 
(Karlsson and Nilsson, 1977; van Balen, 1984). All boxes had a 32mm (11/4 inch) hole in the front panel 

and were affixed to mature Q. robur, approximately 3m above ground level (mean = 3.1 m above the 

ground ± 0.20m S. E. M. ). The majority of nestboxes (n = 202) were fitted with a metal predation 

prevention plate around the entrance hole to reduce the risk of holes being enlarged by predators 
trying to gain access to eggs or young. The boxes that did not have a such a plate were blocked by 

the RSPB during the winter months (approximately September to the end of March) to reduce 
damage caused by mammals seeking places to hibernate. All boxes were unblocked at the end of 
March each year. The exact location of each nestbox was ascertained in 2005 using a Garmin 

eTrex® GPS unit (Garmin, Southampton, U. K. ). This gave a 10-figure Ordnance Survey (OS) grid 

reference with an accuracy of 1m (± 5.7m owing to changes in the position of the Earth relative to 

the satellites within their daily orbit trajectories: Hill and Moore, 2000). The position of the nestboxes 

was mapped, together with the positions of paths, forest tracks, roads and permanent water sources 
(Fig. 2.9). Most nestboxes (n = 185) were located within the ungrazed woodland with the remainder 
(n =110) located within the grazed section of the reserve. Nesting material was removed from 

each box between seasons by RSPB staff and volunteers to reduce ectoparasite load (Chapter 9). 
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Figure 2.9: Detailed map of the nestbox area of Nagshead RSPB Nature Reserve. The location of all nestboxes, 
structures (visitor cabin and bird hides: CH - Campbell Hide, LH - Lower Hide), roads, forest tracks, footpaths 
and water bodies was established by GPS surveying In 2005 (c. 6200 data points). These were plotted using 
Microsoft Visual Basic programming code. Circles show nestboxes In the ungrazed area of the woodland, 
while squares show nestboxes In the grazed area. Filled symbols (circles or squares) show those nestboxes 
used In Chapters 3-7 (n - 295). Open symbols denote the extra boxes used in Chapters 8-10 (n - 54). 
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2.7 The 1990-2004 dataset 

During the period 1990-2004, all nestboxes were checked weekly between mid-April and the end of 

July by RSPB staff and volunteers to record species occupation and breeding success. The protocols 

used to collect these data, and use of these data in Chapters 3-7, are detailed below. 

2.7.1 Data collection 
Breeding success data (clutch size, the number of eggs to hatch, and the number of young to 

fledge) were recorded for each breeding attempt. The number of eggs and young was ascertained 

through direct counts, while the number of young to fledge was usually a derived count (on most 

occasions the fledging event was not actually witnessed by the nestbox monitor). Fledging was 

deemed to have occurred when the young birds were capable of leaving the nest on one visit and, 

on the subsequent visit, the nest was found empty and undisturbed with a well-trodden lining 

containing feather scale and droppings. This is indicative of fledging and is standard BTO nest record 

scheme (NRS) protocol (Crick et at., 1994; Beaven and Leech, 2003). Young seen near the nest 

were used as a further indication of successful fledging. Any dead or injured young that remained 

in the nestbox after fledging were deducted from the number of young recorded as fledged. When 

there was uncertainty regarding the number of young to fledge, the action of fledging was recorded 

but no number was entered. Where there was any doubt that an empty nest could have been the 

result of predation rather than fledging (e. g. disturbed nesting material or young missing from the nest 

before fledging was expected) the outcome was recorded as unknown. For failed nests, the reason 

for failure (usually predation or desertion) and the stage at which failure occurred (eggs or young) 

were determined where possible. Reasons for the failure of individual eggs to hatch (infertile, addled, 

or crushed eggs) or young to fledge (illness, injury, starvation etc. ) were also given where known. 

The date on which the first egg was laid was recorded as a measure of nesting phenology using 

the premise that the study species all lay one egg early each morning until a clutch is completed. 

By counting the number of eggs in an incomplete clutch and counting back the days, it was 

possible to establish the date on which the first egg was laid (Perrins and McCleery, 1989). This 

method was usually accurate to the nearest day (Chapter 11) as the study species lay reasonably 

large clutches. Occasionally, in very small or quickly deserted clutches, the first egg was laid after 

one inspection and the clutch completed or deserted before the next Inspection. In such cases, the 

first egg date was an approximation with a "maximum error" of ± three days (where just one egg 

was laid). Unfortunately, statutory restrictions imposed by the Department of Environment, Food 

and Rural Affairs (DEFRA) on access to Nagshead during an outbreak of Foot and Mouth Disease 

in 2001 meant that the RSPB was unable to collect lay date data for C. caeruleus and P. major that 

year. Monitoring of the later-breeding F. hypoleuca was unaffected. 
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2.7.2 Use of the data 
The breeding data for all nestboxes for the period 1990-2004 were obtained in handwritten ledgers 

from the RSPB Gloucestershire archives. The data pertaining to the 295 analysable nestboxes were 

computerised, giving a total of 3,108 breeding attempts of which 3,070 had a known outcome. All 

records were cross-checked back to the original ledgers to ensure that the computer records 

accurately reflected the original documents. Any inconsistencies were corrected and rechecked. 

2.7.2.1 Data standardisation 
The breeding records compiled by the RSPB were not intended for scientific study and many of the 

data, though accurate, were not in a format that could be analysed directly (see Table 2.1 for 

examples). Accordingly, protocols were developed to standardise the data in consultation with the 

Nagshead nestbox scheme co-ordinator, Ivan Proctor (Table 2.1). Data standardisation was applied 

consistently to all records to ensure that modification of individual records did not skew the dataset. 

Table 2.1: Protocols for the standardisation of data from the Nagshead nestboxes (1990-2004). 

Problem 

Numbers for breeding success parameters were 
qualified with a plus sign to indicate the true number 
could be higher than that which was known 

Numbers for breeding success parameters were 
qualified with a question mark, the word "circa", or were 
in parentheses to indicate the value was approximate 

Numbers for breeding success parameters were given 
as a range (the upper and lower limits of an estimate) 

Lay date given as a range to indicate the upper and 
lower limits of an estimate 

Lay date was qualified with a question mark, the word 
"circa", or was in parentheses to indicate the value 

Solution 

The number was taken as an absolute 

The number was taken as an absolute 

The lower / lowest number was taken 

The earlier / earliest date was taken 

The date was taken as an absolute 

was approximate 

Lay date given as 31$ý April (a non-existent date) 

owing to an error in back-counting calculations 

The date was amended to 30th April (as it 

should have been recorded) 

A question mark used in any field to Indicate 

uncertainty or recorded as "outcome unknown" 

These fields were left as queries and excluded 
from analysis on a pairwise basis as necessary 

Number fledged recorded as a tick to indicate fledging Records were used only in analysis of "success" 

occurred but numbers were uncertain or "failure" (a binary variable: Chapters 3 and 7) 
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2.7.2.2 Exclusion of records to avoid analytical bias 

For the purposes of this research, a nestbox was regarded as occupied if a complete nest was 

constructed and at least one egg laid (Geer, 1978; Chapters 3 and 5-7). The occasions when nests 

were abandoned during construction (n =118), nests were completed but unused (n = 6), an egg 

was laid in an empty box (egg-dumping) (n = 2), or where a female exhibited incubation behaviour 

without laying eggs (akin to a phantom pregnancy) (n = 2) were not classed as nestbox occupations. 

Two relative measures of breeding success (the proportion of eggs to hatch per clutch and the 

proportion of young to fledge per brood) were calculated for each nesting attempt from the 

available data and used in Chapters 3 and 7. 

To prevent clutch sizes being skewed by the inclusion of incomplete clutches, only those clutches 

identifiable as complete by the onset of incubation were included in analyses of clutch size 

(Perrins and McCleery, 1989). This resulted in the exclusion of 56 nest records over the 15 years 

from analyses of breeding success in Chapters 3,5, and 7. To avoid abnormally late breeding 

attempts (typified by small clutches and a very low success rate) biasing analysis, re-lays (second 

breeding attempts, usually after the failure of a first breeding attempt) were excluded (Lack, 1966). 

This resulted in 29 nest records being excluded from analysis phenology and breeding success 

analyses in Chapters 3,4,5, and 7. It is recognised that only excluding breeding attempts actually 

known to be re-lays may have resulted in some re-lays being inadvertently included in data analysis 

(it is notoriously difficult to distinguish re-lays from genuine late clutches). Consideration was given to 

routine exclusion of late clutches using the protocol given by van Noordwijk et al. (1995) whereby all 

breeding attempts where clutches were started more than 30 days after the first of that year are 

excluded. However, analysis of the Nagshead data (Chapter 4) indicated that protracted laying was 

common: indeed in the case of P. major in 1996, exclusion of clutches started more than 30 days after 

the first would have meant the exclusion of half the nesting attempts of that year as the median lay 

date was 31 days after the first clutch was initiated. Accordingly, it was considered better to risk the 

inclusion of occasional re-lays (a minor influence in data analysis: Perrins and McCleery, 1989) rather 

than use an arbitrary and subjective exclusion threshold and risk excluding numerous genuine late 

clutches (a serious bias in analysis: I. Newton, pers. comm. ). 

The dates on which the first egg of each clutch was laid (see above for method of calculation) were 

converted to a lay date index, whereby 1 =1$t April, to enable data analysis (Lack 1966; Perrins and 

McCleery 1989; Arriero et a/., 2006). The few lay date approximations greater than ± one day 

(78 records; 2.7% of the total) were excluded to maintain accuracy (Winkler et al., 2002). This lay date 

index was used to analyse temporal change in breeding phenology (Chapter 4) and the relationship 

between lay date and clutch size (Chapter 5). 
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2.7.2.3 Data transformation 
The amended count data (clutch size, number of young to hatch, number of young to fledge) were 

log-transformed (ln+1) to normalise them (Fowler et al., 1998; Townend, 2002). The +1 method 

was necessitated by the presence of zeros in the count data (i. e. occasions when the nest failed 

and no young hatched/fledged). After data transformation, the variance value was reduced below 

the mean value for each type of count data, which suggested the transformation had been effective 

(Fowler and Cohen, 1996). The proportional data (the proportion of eggs to hatch per clutch and the 

proportion of young to fledge per brood) were arcsine square root transformed (Lehner, 1996; 

Dytham, 2003) in order to normalise them. The normality of transformed data was checked 

diagrammatically (frequency histograms and scatter plots) and statistically using the Shapiro-Wilk 

test (the most powerful test of normality in datasets of different sizes: Mendes and Pala, 2003). 

Transformed data were used throughout this research where necessary so that parametric statistical 

analysis could be performed (Sokal and Rohlf, 1995). The lay date index was normally distributed 

(Shapiro-Wilk test P> 0.05) and did not require transformation. 

2.7.2.4 Statistical analyses 
A range of inferential statistical analyses was used during this research; the main techniques are 

listed below, together with the appropriate chapter number(s). Detailed information regarding the 

application of these methods, including the avoidance of pseudoreplication and pseudo-significance, 

is given in the Materials and Methods sections in each chapter. Parametric tests were used where 

possible (i. e. where parametric assumptions were met either by the raw data or following transformation 

as described above). Where transformation did not achieve normality, non-parametric tests were 

used (e. g. Spearman Rank Correlation Coefficient for analysis of F. hypoleuca polygyny in Chapter 3). 

Bonferroni P value adjustments (Rice, 1989) were used only when it was necessary to analyse all 

five measures of breeding success (see above) in relation to one variable (e. g. orientation). In all 

other cases, pseudo-significance was reduced by limiting the number of tests used (Moran, 2003). 

Testing for differences: 

" Independent two-sample t test (Chapters 3,7,8,9, and 10) 

" Independent two-sample t-test for unequal variances (Chapters 5 and 8) 

" Wilcoxon sign-rank test (Chapter 7) 

" ANOVA (Chapter 8) 

" Cochran's 0 test (Chapter 6) 

" F-test (Chapters 3 and 4) 

" Chi-Square goodness-of-fit test (Chapters 7 and 8) 

" Kolmogorov-Smirnov one-sample test (Chapter 6) 
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Testing for relationships: 

" Correlation: Pearson product moment (Chapters 3,4,5,9, and 10) 

" Correlation: Spearman rank (Chapter 3) 

" Regression: Bivariate (Chapters 3,4,5, and 8) 

" Regression: Logistic (Chapter 3) 

" Regression: Multiple (Chapters 3,9, and 10) 

" Regression: Two-stage multilevel modelling (Chapter 5) 

" Generalised Linear Modelling (GLM) (Chapter 5) 

Circular statistics: 

" Circular-Linear correlation (Chapters 7 and 8) 

" Mardia-Watson-Wheeler test (Chapter 7) 

" Rao's spacing test (Chapter 7) 

" Rayleigh's test (Chapter 7) 

Multivariate analyses: 

" Principal Components Analysis (Chapters 8 and 10) 

" Discriminant Function Analysis (Chapter 10) 

" Cluster Analysis (Chapter 10) 

" MANOVA (Chapter 10) 

Parametric assumption testing and probability adjustment: 

" Box's M test of homogeneity in the variance-covariance matrix (Chapter 10) 

" Durbin-Watson test for autocorrelation in residuals (Chapters 3,4,5,9 and 10) 

" Shapiro-Wilk test for normality (Chapters 2,3,4,5,7,9, and 10) 

" Levene's test for homogeneity of variance (used to determine which t-test was appropriate) 

" Bonferroni probability value adjustment (Chapters 3 and 7) 

Most analyses were undertaken using SPSS versions 12.1 and 14, together with Microsoft Excel 2003 

(descriptive statistics and unequal variance t tests), and Oriana for Windows version 2 (circular 

statistics; Chapters 7 and 8). On occasion, statistics were calculated manually according to specified 

equations (e. g. Cochran's Q test in Chapter 6, which could not be calculated in any commercial 

software currently available owing to the unusually large number of cases involved (n = 295)). Details of 

parametric assumption testing are given throughout the thesis. Parametric assumptions were upheld, 

such that there were no significant deviations from normality, except where explicitly stated. 
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CHAPTER 3 

Temporal change and annual variation in 

breeding population and breeding success 

Fine-scale reproductive changes are often best explored through intensive study of a single site. In this 

chapter, the Nagshead nestbox data from 1990 to 2004 are analysed to determine any temporal 

changes in breeding population size and productivity for the three study species. The interactions 

between population size and productivity are discussed. Annual variability in breeding success is 

quantified to establish whether this often-overlooked aspect of breeding biology has undergone 

temporal change during the study period. The rate of polyterritorial polygyny in the F. hypoleuca 

population is quantified using ringing data. A comparative approach is taken between species to 

consider findings in respect of population dynamics, migration, intra- and inter-specific competition, 

and density-dependence. 

Publications arising from chapter: 

Goodenough A. E. (2007) Population decline in the U. K. pied flycatcher (Ficedula hypoleuca) population: is 
reduced breeding performance to blame? Edward Grey Institute of Field Ornithology Annual Conference, 
University of Oxford, 9-11 January 2007. 

Goodenough, A. E., Elliot, S. L and Hart, A. G. (2008) Is reserve-based management during the breeding season 
an effective conservation tool for declining migrant species? The case of the pied flycatcher. British Ornithologists' 
Union Conference "Bird Conservation in Response to Global Change: from Ornithology to Policy", University 
of Leicester, 8`h-10'h April 2008 (abstract accepted 3rd September 2007). 
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3.1 Introduction 

Analysis of temporal change and annual variation in population size, distribution, and breeding 

success is important in ornithological research. Such changes can be indicators of both population 
decline and the effectiveness of management strategies (Wilson et aL, 2005). They thus provide 

valuable information for conservation at both local and national scales. Changes can also be indicative 

of more widespread ecological change including habitat fragmentation or degradation (Fuller et al., 

2005), modifications to land management (Siriwardena et a/., 2001) or climate change (Crick, 2004; 

Leech and Crick, 2006). Furthermore, analysis of population change and breeding success over 

time can provide valuable insights for population biology and evolutionary ecology research. 

In Britain, much of the research into population and productivity changes in bird species is undertaken 

through national surveys such as the Breeding Bird Survey (BBS), its precursor the Common Bird 

Census (CBC), and the Nest Record Scheme (NRS). Although these are extremely valuable for 

quantifying the status of common birds across the U. K. (Crick et aL, 2003; Newson eta!., 2005; 

Freeman et al., 2007), some rarer species such as F. hypoleuca are not recorded often enough to 

allow meaningful statistical analysis (Noble et al., 2001; Fuller et al., 2005; Baillie eta!., 2007). 

In addition, because such studies use national data or data split into broad regions, local variations 

cannot always be identified. Fine-scale reproductive changes can often be explored in greater 

depth through intensive study of a single site, which, when monitored over many years, complements 

more extensive national surveys (Crick, 2004). Given the spatio-temporal variation in population 

and reproductive dynamics, intensive studies have been highlighted as a conservation priority, 

particularly for long-distance migrants (Amar et aL, 2006; Saether et a!., 2006; Holmes, 2007). 

3.1.1 Use of nestboxes to study population and productivity 
Data from long-running nestbox schemes are ideal for analysing population and reproductive changes. 

Because species such as C. caeruleus, P. major and F. hypoleuca use nestboxes in preference to 

natural cavities, a surplus of nestboxes allows the breeding of almost all individuals within a population 

to be studied (Chapter 1). This allows nestbox occupations to be used as a reliable proxy for breeding 

population size (Saather et al., 2003). In addition, because nests are recorded at the nest-building 

stage and are monitored throughout, data can be analysed without using the Mayfield method' and 

the simplifying assumptions therein (Mayfield, 1975; Hensler and Nichols, 1981; Green, 2004). 

1 The Mayfield method enables statistical analysis of partial breeding records when nests are found after 
laying has commenced, or when the outcome of nests Is unknown, by calculating daily nest survival rates. 
This necessarily makes certain assumptions, such as survival rates being independent within and between nests. 
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3.2 Materials and methods 
3.2.1 Avian data 

Occupation and breeding data from each study species between 1990 and 2004 were standardised 

and transformed for the 295 standard nestboxes as detailed in Chapter 2 and a binary success/failure 
variable was created for each species (0 = no young fledged; 1= at least one young fledged). In 

addition to the RSPB data, ringing data for F. hypoleuca breeding in Nagshead nestboxes were 

obtained for the period 1990-2004 (F. Lander, unpublished data). This dataset contained 852 breeding 

records from Nagshead during the study period, including 786 nests where males were caught during 

chick provisioning and uniquely identified. Unique identification of individual males enabled their 

mating strategy (monogamous or polyterritorial-polygynous) to be determined. The status of females 

mated with each polygynous male (primary or subsidiary) was established using nest building and 
lay date data. The distances between primary and subsidiary nests were calculated using 10-figure 

grid references for each nestbox (obtained using GPS: Chapter 2) and Pythagorean geometry. 

Given that the nestbox scheme covers a discrete area of Nagshead that has remained consistent 

over the study period, the breeding population of the area (as quantified by nestbox occupations) 

and the breeding density of the area are very strongly correlated. However, the two concepts 

cannot automatically be regarded as synonymous without reference to distribution data. This is 

because the nestbox edge marks the maximum possible range, but not necessarily the actual 

range, which could be substantially smaller. For example, if the breeding population of a species 
decreased by 10% between two given years, but the area of the nestbox scheme occupied by that 

species decreased simultaneously by 10%, the population would have decreased but the density 

would have remained unaltered. An experimental analysis of distribution of the study species within 
the nestbox area on a yearly basis (undertaken as preliminary work for Chapter 6), suggested that 

the use of the nestbox area was not uniformly consistent between years, particularly for F. hypoleuca. 

Thus the term breeding population, rather than breeding density, has been used throughout this 

chapter to ensure rigorous use of terminology. 

3.2.2 Statistical analyses 
3.2.2.1 Breeding population 
To analyse temporal changes in the size of the breeding population, bivariate regression was used 

with year as the predictor variable (Townend, 2002). Then, to establish what annually variable 
factors other than year itself might influence the breeding population, stepwise multiple linear 

regression (MLR) analysis (entry criterion a=0.05; subsequent removal criterion a=0.10; Field, 2000) 

was used with the number of nestbox occupations per year as the dependent variable. Five 

predictor variables were available for entry into the MLR analyses, describing: (1) competition 
(Westbox occupations by heterospecifics); (2) past productivity (mean number of young to fledge 

per brood for that species the preceding season); and (3,4,5) temperature (mean temperatures for 
April, May, June respectively). These variables were Identified using a priori knowledge: 
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" Nest site competition: Annually variable at the site, ranging from 51% (1999) to 81% (2003), 

and a known influence on species-specific breeding population (Campbell, 1968; Newton, 1998). 

" Fledging success the preceding season: Can affect recruitment into the breeding population 

as previously determined for a F. hypoleuca population in Finland (Virolainen, 1984). The 

average number of young to fledge was quantified using the mean (rather than the median) as: 
(1) it allowed results to be directly compared with those of Virolainen (1984); and (2) the 

median is restricted to integer and .5 values which, in the study of the number of young to 
fledge from a small passerine, lacks precision and gives a very few possible values 
(such that the validity of using regression to analyse data is debatable). 

" Spring temperature: A fundamental influence on all aspects of avian breeding, including 

breeding population (Saather et al., 2004). The temperature data were collected from the 

nearest Meteorological Office weather station (Ross-on-Wye, Herefordshire, eight miles north 

of Nagshead). The proximity of the weather station to the study site, the similar altitude, and 
the use of monthly averages rather than daily readings, justifies the use of remote data in 

this study (Perrins, 1991). Data from this weather station have been used previously in research 

at Nagshead (e. g. Stenning, 1984). Having three temperature measures increased the 

number of variables beyond that recommended for MLR (Tabachnick and Fidell, 1989) and 

confounded the multicollinearity assumption (Field, 2000). Accordingly, only one temperature 

variable was made available for entry into an analysis at any one time (Elliot et at., 2000). 

MLR models explaining F. hypoleuca breeding population size were cross-validated by making 

predictions for the 2006 breeding season and comparing these to primary field data. 

3.2.2.2 Breeding success 
Bivariate regression was used to analyse temporal changes in breeding success, while change in 

the binary success/failure variable (a measure of complete nest failure) for each species was 

explored using logistic regression (Dytham, 2003). Bonferroni probability value adjustments were 

used when all five measures of breeding success (clutch size, number of young to hatch, number 

of young to fledge, the proportion of eggs to hatch, and the proportion of young to fledge) were 

analysed in respect of annual change to allow for the multiple calculations for each study species 
(Rice, 1989). Where significant results were returned between year and two or more breeding 

success variables, hierarchical MLR analysis (Field, 2000) was used to disentangle whether year 

was affecting later stages of breeding success solely because of its influence on earlier stages of 

nesting, or in addition to this earlier influence. For each analysis, the success of each nest at the 

stage immediately preceding that designated as the dependent variable was entered into the 

analysis first. Accordingly, when hatching success was the dependent variable, clutch size was 

entered as the first predictor variable; when fledging success was the dependent variable, the 

number of young to hatch was entered as the first predictor variable. In both cases, year was then 
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made available for entry into the model using a stepwise entry method (entry criterion a=0.05) 
to establish if this explained significantly more variance in the dependent variable. 

To assess annual variability in breeding success, the coefficient of variation was calculated. This 

allowed comparison between species with appreciably different means. For F. hypoleuca, the 

variation in clutch size in 1990-2004 was compared with that for the same species at the same site 
in 1948-1963 (Lack, 1966). To determine whether within-year variability in breeding success 

changed significantly between 1990 and 2004, the interquartile range (IQR) of each breeding 

success parameter was calculated for each species on a yearly basis and regressed against year. 
IQR was chosen as the variability measure since this quantifies the success of the most typical 
50% of broods. This excluded outliers (Graham, 1999) and reduced the bias from atypical years 

which have skewed breeding success parameters (Lundberg and Alatalo, 1992). 

3.2.2.3 Assumption testing 

To ensure that regression analyses were used appropriately, assumptions were tested. Residual 

plots were examined to ensure the assumptions of linearity and homoscedasticity were met 
(Berry and Feldman 1985; Fox, 1991). The Durbin-Watson statistic was used to test for autocorrelation 
(Lewis-Beck, 1980) and the Shapiro-Wilk test was used to test the normality of the residuals 
(Shaw, 2003). The lack of multicollinearity assumption was tested for MLR analyses using the 

variance inflation factor (VIF) and tolerance collinearity statistics according to the suggested criteria: 
(1) VIF of all variables <10 (Myers, 1990); (2) mean VIF not significantly above 1 (Bowerman and 
O'Connell, 1990); and (3) tolerance >0.2 (Menard, 1995). The distribution of variance proportions 

among eigenvalues was also considered (Field, 2000). No significant deviations from normality 

were identified. The amount of variance explained by any MLR regression line was calculated from 

the adjusted ? to avoid the number of independent variables from biasing the model using the equation: 

Adjusted r2 -1 - (1-r2) (n-1) / (n- k-1) (n - sample size; k- number of independent variables] 

These same protocols were followed elsewhere in this thesis as appropriate where regression 
(bivariate or multivariate) analyses were used (Chapters 4,5,9, and 10). 

3.3 Results 

3.3.1 Breeding copulation 
The number of C. caeruleus nests per year increased by 30% during the 15-year period, rising from 

110 in 1990 to 143 in 2004 (r= 0.524, n= 15, P=0.045; Fig. 3.1). The number of P. major nests 
fluctuated (minimum = 26 (2000); maximum = 51 (1992); mean = 39 nests per year ± 2.29 S. E. M. ), 

but no significant linear change was found (r= 0.063, n= 15, P= 0.823). The number of F. hypoleuca 

nests per year declined severely, falling from 86 in 1990 to just 23 In 2004: a decrease of 73.26% or 
4.2 nests per year (r = -0.932, n= 15, P<0.001). 
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Figure 3.1: Temporal change in the number of nestbox occupations in a static resource of 295 
nestboxes at Nagshead between 1990 and 2004 for C. caeruleus, P. major and F. hypoleuca. 

It was not possible to construct MLR models for breeding population size for C. caeruleus or P. major 

as no candidate predictor variable met the entry criterion (a = 0.05) for either species. The stepwise 

MLR analysis with F. hypoleuca breeding population size as the dependent variable resulted in three 

initial models being constructed. Year was entered into the first model, mean number of young to 

fledge per brood the preceding season was added to create a second model, and finally mean April 

temperature was added to create a third model (Table 3.1). The third model explained 94.7% of 

variance in the size of the F. hypoleuca breeding population. Although there was some multicollinearity 

in the second and third models due to the correlation of year with breeding success the preceding 

year, collinearity statistics (see above) showed that this was well within limits, such that the model 

was not compromised. Hierarchical MLR (whereby the mean number of young to fledge the previous 

year was entered before year) confirmed that year has a significant effect on F. hypoleuca breeding 

population over and above that caused by its influence on fledging success the preceding season. 

On its own, the mean number of young to fledge the preceding season explained 36.5% of variance in 

the F. hypoleuca population size (Fig. 3.2). 

Because F. hypoleuca is a migratory species, it seemed unlikely that mean April temperatures 

per se could influence the size of the breeding population as individuals do not reach the breeding 

grounds until mid- to late- April. The possibility that more migrant returnees were able to breed when 

colder April temperatures delayed leaf burst and caterpillar emergence at the breeding grounds, such 

that any phenological mis-match was reduced (Both and Visser, 2001), was rejected as the relationship 

between breeding population size and temperature was positive, not negative. Given that April 

temperature only influenced the size of the breeding population of this one (migratory) species, the 

possibility of its being a proxy for migratory conditions was considered. Spring temperatures in the 

U. K. often correlate with the winter North Atlantic Oscillation (NAO) index, which has been associated 

previously with avian population dynamics (Qian and Saunders, 2003; Saether et al., 2004). 
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Figure 3.2: The relationship between the size of the F. hypoleuca breeding population and 

the mean number of young to fledge per brood the previous year (r= 0.606, n= 14, P= 0.022). 

Accordingly, April temperatures for the study area were correlated with NAO data for the preceding 

winter (December-March)'. A persuasive, but non-significant, negative correlation was found 

(r= -0.446, n= 15, P= 0.096). To establish if more variance in the size of the F. hypoleuca 

breeding population was explained using NAO rather than April temperature as a predictor, the 

latter was experimentally replaced with the former in the MLR candidate variable list. NAO was 

found to be a significant predictor of breeding population size, being entered into the MLR at the 

same place as April temperature had been previously. Moreover, the variance explained by the 

resultant model increased from 94.7% to 96.2%. Cross-validation showed that this final model 

(year, previous breeding success, and winter NAO index) could be used predicatively with very high 

accuracy: the prediction for the population size in the 2006 breeding season was 97.78% accurate 

(Table 3.1). Replacing mean April temperature with winter NAO index and re-running the MLR 

analysis for C. caeruleus and P. major, for consistency, did not alter the results outlined above. 

The absence of any relationships between the overall density of breeding birds and the size of the 

breeding population of each study species was suggested by the exclusion of the density predictor 

variable in all MLR models. This was verified on a species-specific basis using Pearson product 

moment correlation (C. caeruleus and P. majorr= 0.376, P= 0.167; C. caeruleus and F. hypoleuca 

r= -0.362, P=0.185; P. major and F. hypoleuca r=0.132, P=0.639 (n = 15 in all cases)). 

2 These data quantified differences in barometric air pressure between Stykkisholmur (Iceland) and Gibraltar 
responsible for variation in winter and spring weather patterns of Europe and North Africa (Jones of at., 1997; 
Osborn, 2006) and were obtained from the University of East Anglia (http: //www. cru. uea. ac. uk/ftpdata/nao. dat 
and http: //www. cru. uea. ac. uk/-timo/projpages/nao-update. htm). 

50 

20 25 30 35 40 45 50 55 60 6.5 



C 
0 

l0 
7 
a 
0 

CI) 
C 

0 0 N 

ýo 
EN 

u gr 

a 
dv 

d 
E 
c ._ v 10 
Ca -- 00 

d 
a 

CL 

C 
0 

cc 
A 

C. 
d 
L 

d 
C 

J 

N 
U) 

l0 

ß 

) 
'O 
0 

ö g ö ö 
M 

CR C1 Iý 
Co Co 

0 0 U 

Co 
N - N 

öööö 
odd0 

c4 C) 

Co rn rn 0 
döö0 

0 M Q 
O (0 M te 
O M U) 0) 

ai M ßf1 

N N N p O + + + + + + + + 

x Co 
x V 

0 L) U) (0 Co 
x 

N 
O CI) LC) Co - r 

lU G O 

CM of c? CM C'M C et N 

II II II 

m a g 
aa) a) 
N N h (U 

C C 
C Vy 

N d d Ü 
N d `) 

CL ä a 

e $ 
0) 0) 0 rn C» 

Z 

E 

g' «: d 9 
.n _ 

9 E 

x C X C x C " 
.. . 

u Co ce Co cu 0 (U c 4) 
} } 20 } > 2 Z 

9 

r N M 

Üý 

I 

0, 
y 
NI 
2 
Q 

co 
N 
C 

_C)Q t 

E 
0,1 

J 

N 
N7 

C 
C 

C, 
a 
t 
a E 
a 
a 
3 
C' a 
ä 
E 

a a 
C 
C 

C' 

C 
C 

n 

9 :2 
N 

0 
0 m 

D 
ca 

7ý 
:t 
> <v 
:ß 

L) 

p 
y 

"L 

07 
C 

ca 
a E 
0 

)U 
) -D 

a co 
7 CD 

O 
0 

ý_ N 

EE 
s 
f- ý 

o 'v 

Co 

MN 
2O 

td 

3yN 

30 

51 



Chapter 3: Population and Productivity 

3.3.2 Breeding success 
The clutch size, number of eggs to hatch, and number of young to fledge per brood decreased 

significantly between 1990 and 2004 for both parid species (Table 3.2). For C. caeruleus, the number 

of young to fledge decreased by 0.20 fledglings per brood per year. However, this was offset by the 

increase in the size of the breeding population during the same period, such that the total number 

of young to fledge each year did not decline significantly (r= 0.274, n= 15, P= 0.322). For P. major, 

the number of young to fledge per brood decreased by 0.26 fledglings per year. The stability of the 

P. major breeding population meant that the decrease in breeding success reduced the total 

number of young to fledge by 9.77 chicks per year (r= 0.530, n= 15, P= 0.042). Relative fledging 

success decreased over time for both C. caeruleus and P. major, with the proportion of young to 

fledge per brood having decreased by 2.19% and 2.33% per year, respectively. 

Table 3.2: Temporal trends in breeding success for the study species at Nagshead between 1990 and 2004. 

Species Dependent Variable N Slope 112 P 

C. caeruleus Clutch size 1661 -0.07 0.015 <0.001 
Number to hatch 1661 -0.08 0.020 <0.001 

Number to fledge 1661 -0.20 0.059 <0.001 

Prop. eggs to hatch 1680 -0.15 <0.001 0.368 

Prop. young to fledge 1524 -2.19 0.067 <0.001 

P. major Clutch size 552 -0.14 0.095 <0.001 
Number to hatch 552 -0.15 0.057 <0.001 

Number to fledge 552 -0.26 0.136 <0.001 

Prop. eggs to hatch 550 -0.41 0.003 0.198 

Prop. young to fledge 500 -2.33 0.092 <0.001 

F. hypoleuca Clutch size 712 -0.02 0.004 0.093 
Number to hatch 712 -0.01 0.001 0.400 

Number to fledge 712 -0.10 0.220 <0.001 
Prop. eggs to hatch 717 0.23 0.001 0.398 

Prop. young to fledge 669 -1.55 0.030 <0.001 

Calculations were performed on log-transformed count data and arcsine square root transformed proportional data. 
The figure for slope has been back-transformed. The significance of the P values remained unaltered when 
Bonferroni corrections were applied as per Rice (1989) to allow for the multiple calculations for each species. 

Because significant results were returned between year, clutch size, hatching success and fledging 

success for both parid species, hierarchical MLR was used to disentangle whether year was having 

an indirect effect on later stages of breeding success solely because of its influence on earlier 

stages of nesting, or in addition to this earlier influence. When the number of young to hatch was 
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entered as the dependent variable, the addition of year into the MLR model after clutch size did not 

significantly increase the variance explained. However, when the number of young to fledge was 

entered as the dependent variable, the addition of year into the MLR model, after hatching 

success, significantly increased the power of the model for both species (Table 3.3). Thus year had 

a greater influence on the number of young to fledge than could be explained by its influence on 

the preceding stage, but the relationship between year and the number of young to hatch was 

purely the result of the relationship between year and clutch size. This was supported for both species 

by the significant relationship between year and the proportion of young to fledge per brood and the 

non-significant relationship between year and the proportion of eggs to hatch per clutch (Table 3.2). 

Table 3.3: Breeding success hierarchical multiple linear regression models. 

Species Dependent 
Variable Model Independent Variable(s) 19 P 

C. caeruleus Young to hatch 1 Clutch size 0.398 <0.001 

Young to fledge 1 Number of young to hatch 0.530 <0.001 

2 Number of young to hatch + year 0.555 <0.001 

P. major Young to hatch "1 Clutch size 0.402 <0.001 

Young to fledge 1 Number of young to hatch 0.604 <0.001 

2 Number of young to hatch + year 0.644 <0.001 

Models were used to determine whether year had an effect on number of young to hatch/fledge solely because 

of its influence on earlier stages of nesting, or in addition to this earlier influence. The success at the stage 
Immediately preceding that designated as the dependent variable was entered into the analysis first, then year was 

made available for entry. Year met the entry criterion (a - 0.05) for both models of fledging success, but not for 

either model of hatching success. The rz value was adjusted when more than one independent variable was 

entered into a model (n - 1,661 for C. caeruleus; n" 552 for P. major). 

For F. hypoleuca, the number of young to fledge decreased by 0.10 fledglings per brood per year. 

The proportion of young to fledge per brood decreased by 23.25% in total between 1990 and 2004. 

Clutch size, number of young to hatch, and the proportion of eggs to hatch per clutch remained 

stable (Table 3.2). The mean clutch size per year in 1990-2004 (6.67 ± 0.38 S. D. based on 712 nests 

in 15 years) was significantly lower than the mean clutch size during 1948-1963 (6.97 ± 0.32 S. D. 

based on 1,131 nests in 16 years: calculated from Lack, 1966) at the same study site (independent 

two-sample t test, t=2.065, d. f. = 29, P=0.048). This last point should be interpreted cautiously as 

the method used to exclude re-lays in Lack's study (arbitrary removal of late clutches: Chapter 2) 

might have resulted in some genuine late (thus small) clutches being excluded from the 1948-1963 

dataset (I. Newton, pers. comm. ). 
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3.3.3 Nest failures 

The number of total nest failures decreased significantly over time for C. caeruleus and P. major, 
(logistic regression, B= -0.036, n=1,755, P=0.004; B= -0.043, n= 583, P=0.049 respectively). 
The failure rate for F. hypoleuca remained constant (B = -0.038, n= 739, P=0.079) although the 

borderline-significant result indicates that there was some reduction in nest failures during the 

study period which might be biologically, if not statistically, significant. The reasons for known nest 

failures are shown in Fig. 3.3. For all species, predation is the most frequent reason for total failure. 
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Figure 3.3: Reasons for total nest failure in the study species. 

3.3.4 Productivity variability 
All three study species exhibited considerable variability in breeding success, both within- and 

between-year (shown for clutch size in Fig. 3.4). Parus major exhibited the highest level of 

within-year variability in all measures of breeding success, followed by C. caeruleus and then 

F. hypoleuca, as exemplified by the coefficients of variance for clutch size (27.73%, 25.59% and 

19.31%, respectively). For F. hypoleuca, the between-year variation in clutch size between 1990 

and 2004 was not significantly different from the variation between 1948 and 1963 (Lack, 1966) 

(F= 0.691, d. f., = 15, d. f. 2 = 14, P=0.757). There was no change in within-year variability of any 

measure of breeding success for any of the study species during the 15-year period (Table 3.4). 

Table 3.4: The lack of temporal change in within-year breeding success variability 

Species Measure r2 P 

C. caeruleus Clutch size 0.003 0.840 

Number to hatch 0.019 0.629 
Number to fledge 0.032 0.527 

P. major Clutch size 0.046 0.444 

Number to hatch <0.001 0.992 

Number to fledge 0.001 0.899 

F. hypoleuca Clutch size 0.123 0.202 

Number to hatch 0.004 0.821 

Number to fledge 0.146 0.668 

Within-year variability was measured using annual IQR during the period 1990 to 2004 (n = 15). 
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3.3.5 Polterritorial oolvavnv 
During the period 1990-2004 there were 38 known cases of bigamy and one known case of trigamy 

(40 subsidiary females in total). The baseline (annually averaged) level of polygyny was 4.7% but 

this varied substantially between years, ranging from 0% in 1999 and 2004 to 18.4% in 2002. 

These are minimum polygyny estimates as it was not possible to establish polygyny for the nests 

where males were not caught (n = 66 in the study period). However, given that the most common 

explanation for failure to catch the male is desertion of a subsidiary female (Virolainen, 1984), 

polygyny is likely to be underestimated. When male-absent nests were experimentally included as 

subsidiary nests to calculate a maximum polygyny estimate, polygyny increased to 12.5%. 

There was no temporal change in polygyny based on either the minimum or maximum estimates 
(Spearman Rank test (undertaken because data were not normally distributed): r, = 0.186, n= 15, 

P=0.508 and r3 = 0.333, n= 15, P=0.225, respectively). The median distance between primary 

and secondary nests was 151.5m (range 48.00m-418.5m). 

3.4 Discussion 

The C. caeruleus breeding population at the study site increased by 30% between 1990-2004, the 

P. major population remained stable, and the F. hypoleuca population declined by 73% (much more 

severely than at the national scale). Breeding success decreased for C. caeruleus and P. major at 

all stages (clutch size, hatching and fledging). The success of F. hypoleuca decreased at fledging 

only. The within-year variability of all breeding success parameters remained temporally consistent. 

3.4.1 Breeding population 
The 30% increase in the C. caeruleus breeding population at Nagshead between 1990-2004 is 

highly comparable with the national population increase of 30.8-32.5% between the 1980s and 

2003/4 (Amar et al., 2006). In contrast, the stability of the P. major breeding population size differs 

from the pattern shown nationally where P. major increased by 31.8-51.2% between the 1980s and 

2003/4 (Amar et at, 2006). This suggests that regional and/or habitat variability exists In the 

nationally quantified population change of P. major. Given the decreasing breeding productivity of 

C. caeruleus and P. major both at the study site and nationally (Baillie et al., 2007), the respective 

increase and stability of the breeding populations at the study site indicate that factors other than 

breeding success have a strong influence on population dynamics. There are three non-mutually 

exclusive possibilities: (1) a decrease in the death rate of the population, such that juvenile and/or 

adult survival is increased; (2) an increase in immigration to the population from the surrounding area; 

or (3) a decrease in natal or breeding dispersal to the area surrounding the site, resulting in a decline 

In emigration from the Nagshead population (Fig. 3.5). 
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Individuals of both species are relatively site-faithful, with few ringing recoveries more than 10km away 

from the ringing site (Brown and Grice, 2005). However, mixing between local populations Is common 

on mainland sites; for example, only about 50% of P. major individuals nesting at Wytham Woods 

(Oxfordshire, U. K. ) are autochthonous (Gosler, 1993) while female and juvenile C. caeruleus are 

winter partial migrants, such that scenarios (2) and (3) are possible at study site level. On a 

national scale, internal processes become more important and one likely factor for population 

increase is milder winters leading to increased winter survival (Leech, 2002). This is supported by 

positive relationships between survival of C. caeruleus and P. major and the number of cold days 

and snow days, respectively, both of which are declining with increasing NAO index values 

(Robinson et at, 2007). 

The decrease in the size of the F. hypoleuca breeding population at Nagshead of 73.26% (1990- 

2004) is much greater than that shown nationally: the BBS reported a 42% decline (1995-2005) 

while the Repeat Woodland Bird Survey found a 20-25% decline (1980s-2003/4) (Baillie et al., 2007 

and Amar et al., 2006, respectively). The disparity between the Nagshead population and the 

national trend may be because the national studies were skewed towards the main Welsh population. 

Although the severe decline reported here might be site-specific, it could be Indicative of range 

contraction or future decline, especially as the study site is on the eastern limit of the species' range 

in southern Britain (Sharrock, 1976; Gibbons eta!., 1993). Crucially, if the decline of 73% were 

reflected across the U. K., the species would meet the criteria for red-listing as a species of high 

conservation concern (Gregory et aL, 2002). This decline in F. hypoleuca populations is not limited 

to the U. K., occurring in other areas of Europe (Both et al., 2006; Fig. 1.9). Importantly, although 

the mean number of young to fledge per brood the preceding season and winter NAO are 

significant predictors of F. hypoleuca population size at Nagshead (see below), year itself still 

enhances the model, indicating that other influences on population size remains unexplained. 

The importance that the mean number of young to fledge per brood the previous year has on the 

size of the F. hypoleuca breeding population (Table 3.1) accords with research by Virolainen (1984) 

on a breeding population at Lake Kimparl in Finland. However, the relationship between these 

variables at Nagshead was not as strong as that at Lake Kimpari, even though the similar-sized 

populations were both declining. This reflects spatial variation in population dynamics, even between 

apparently similar populations. Similarly, Stenning (1984) showed a strong relationship between the 

post-breeding size of the Nagshead F. hypoleuca population in one year (which would be highly 

correlated with fledging success in that year) and the breeding population the following year (57% 

of variance explained, increasing to 76% when the influence of immigration was controlled for). 
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The relationship between winter NAO index and breeding population size (Table 3.1) is important 

as it is notoriously difficult to establish the influence of factors external to the breeding ground on 

breeding for migrant species (Newton, 2004,2006,2007). The relationship between the size of the 

breeding population and NAO was negative, such that there were more nestbox occupations in a 
low-NAO year than in a high-NAO year. Low (negative) NAO years are associated with higher 

precipitation in the Sahel region and in Southern Europe which results in more vegetation and 

higher insect abundance (Rodb et al., 1997; Gemmill, 2005; Chen and Wang, 2007). Insect 

abundances in the Sahel and in stop-over areas in Spain and Portugal (Bibby and Green, 1980) 

are likely to have a considerable impact on winter and migratory survival (Newton, 2006). This 

parallels. the situation for two other trans-Saharan migrants: low NAO index was also associated 

with a higher return rate of Ciconia ciconia (white storks) and adult Sterna hirundo (common terns) to 

their European breeding grounds (Saather et al., 2006; Favero and Becker, 2006). Previous studies 

on the NAO (and the El Nino Southern Oscillation (ENSO) in the southern hemisphere) have 

revealed correlations with migratory phenology (Forchhammer et al, 2002; Hubälek, 2003; Sparks 

et al., 2005), breeding phenology (Forchhammer et al., 1998; Wilson and Arcese, 2003) and 

breeding success (Cruz and Cruz, 1990; Nott et al, 2002; Sanz, 2003). However, comparatively 

few studies have related migratory and winter survival to these large-scale weather patterns. The 

relationship between these variables for F. hypoleuca is, therefore, important support for the 

"tube hypothesis" (which suggests that climatic conditions outside the breeding season can be a 

fundamental influence on population dynamics: Saather et a/. (2004)) for a migratory passerine. 

Interestingly, a previous study that examined fluctuations in F. hypoleuca population on a pan- 

European scale and correlated this to NAO data (Saather et al, 2003) included the Nagshead site 

during the period 1948-1963 (using data published in Stenning et al., 1988) but found no significant 

relationship for this population (B-E Saether, pers. comm. ). This might suggest that recent change 

in the NAO weather patterns (Osborn, 2006) is increasing the influence of global weather systems 

on population dynamics (see also Chapter 4). The data from this research also indicate that the 

NAO index, when combined with other population variables, can be used predictively as well as to 

explain residual variation in population dynamics (e. g. Stokke etal, 2005). However, such analysis 

requires detailed information as response to NAO is population-specific (Saather et al., 2003). 

3.4.2 Breedino success 
The decrease in almost all breeding success parameters between 1990 and 2004 for C. caeruleus 

and P. major is curious. The reduction in clutch size might be a response to Increased winter survival 

rates, particularly given the trade-off between parental eff ort and fitness, longevity, and productivity in 

subsequent years (Nilsson and Svensson, 1996). However, the decrease in the number of young 

to fledge is not only the product of smaller clutch sizes. For C. caeruleus, decreased fledging success 
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might relate to increased intra-specific competition for food resources due to higher breeding densities. 

However, for P. major the stability of the breeding population size means that intra-specific 

competition should be fairly constant. Increased inter-specific competition with C. caeruleus for 

food resources is also an unsatisfactory explanation as these species usually forage in different 

areas (Chapter 1), although some interference competition can occur (Minot and Perrins, 1986). 

A likely explanation, which would account for all aspects of the decrease In breeding productivity, is a 

lack of food throughout the breeding season. Food shortages can be problematic for adult females 

before egg-laying, resulting in smaller clutch sizes (Greenlaw, 1978; Lundberg and Alatalo, 1992; 

Perrins, 1996). This can be compounded by food shortages during chick provisioning, reducing the 

numbers to fledge to a greater extent than is accounted for by reduced clutch sizes and hatching 

success (Perrins, 1991). Unfortunately, there are no data on food availability at Nagshead, but 

anecdotal evidence from site-based RSPB staff (I. Proctor pers. comm. ) suggests that this might be 

a problem, especially given the lepidopteran declines observed both locally (Gaunt, 2005) and 

nationally (Harding, 2002; Conrad et al., 2004; Fuller et al., 2005). One avenue for further research is 

to create a proxy for caterpillar abundance using denrochronology data from Q. roburat Nagshead 

and use this as an independent variable of food supply (Stenning, 1984) in a more detailed MLR. 

For F. hypoleuca, the only breeding success parameters to change over time were the number of 

young to fledge and the proportion of young to fledge per brood (Table 3.2). Thus the productivity 

decrease is restricted to the nestling period and again could be related to food shortages during this 

time. The decrease in fledging success is partly responsible for the reduction in the size of the 

breeding population in subsequent years, but other factors are likely to be involved. This is typical 

for declining long-distance migrant species when problems throughout the yearly cycle at wintering 

and breeding grounds and on migration can combine to cause decline (Newton, 2004). 

3.4.3 Nest failures 

The number of nest failures as a proportion of the total number of nests has decreased over time 

for the parids and remained consistent for F. hypoleuca. This indicates that the decrease in breeding 

success by all three study species is not a result of more total nest failures (which are usually due to 

predation or desertion). This is reassuring as there have been concerns about the impact of increasing 

Sciurus carolinensis (grey squirrel) numbers on breeding success (Siriwardena, 2004) given the 

detrimental effects of non-native predators on reproduction in other species (Goodenough, in press). 

The relative importance of predation in whole-brood failures for F. hypoleuca is, as might be expected, 
lower for nestbox-breeding birds at Nagshead (57%) than for cavity-nesting birds in Poland (c. 90%) 

(Wesolowski, 2007). In addition to the influence of predation on failures of entire nests, it should also 

be noted that partial clutch/brood predation does occur, although the extent of this is difficult to quantify. 
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3.4.4 Productivity variability 
The high level of annual variation in breeding success for all three species is not surprising. Clutch 

size depends largely on annually variable factors such as lay date and breeding density (Perrins, 1965; 

Both, 1998). Hatching and fledging success vary intrinsically with clutch size, but also differ with 

nest site quality, together with parental age, quality, and experience (Harvey et al., 1988; Przybylo 

et al., 2001). Between years, differences in weather and food supply also create variability. For all 

species, variability increases with each breeding stage (such that there is least variability in clutch 

size and most in fledging numbers) as the later stages are influenced by the success of the earlier 

stages and also by additional factors specific to that breeding stage. The lack of change in within- 

year variability over time in the breeding success parameters for all species suggests that whatever 

factors are responsible for the temporal changes are not impacting upon breeding variability. 

3.4.5 Polvterritorial Dolvaynv 
The known level of polygyny at Nagshead (4.7%) is low compared with other populations where 

polygyny has been quantified in the same way: Nyholm (1984) reported polygyny of 8.7% for birds 

using nestboxes in Sweden, while Alatalo and Lundberg reported polygyny of 14.3% in a Swedish 

population using natural cavities and 7.7% in a British nestbox scheme (Alatalo and Lundberg 1984 

and 1990, respectively). The lack of temporal change in polygyny is surprising given the decrease in 

F. hypoleuca population size (and thus in density as the breeding range has not changed). This 

suggests that polygyny is density-independent in this population, unlike in the Finnish population 

studied by Virolainen (1984) when the degree of polygyny correlated positively with population 

density. The distance between primary and subsidiary nests at Nagshead (median =151.5m) is 

greater than that found between females mated with the same male at the same research site in 

1948-1964 (median =112.5m: Harvey et al., 1984). This is probably due to the decreased density 

at the site that has increased the distance between all F. hypoleuca nests (pers. obs. ). 

Polygyny occurred at a fairly typical rate (7.4%) even when, in 2005, there was a male-biased sex 

ratio (one third more males than females: pers. obs. ). This provides evidence against the deception 

and female-female competition hypotheses (which suggest that some females have no choice but 

to mate with already-mated males: Chapter 1). The lack of temporal change In polygyny rates with 

declining population density is also counter-evidence for the search-cost hypothesis (which predicts 

that polygyny will rise when females have to search harder for mates in low-density environments: 

Chapter 1). The distance between nests is probably sufficient for the vast majority of females 

visiting a potential mate to be unaware of his other territory. This is supporting evidence for the 

deception hypothesis (which suggests that a female may mate with an already-mated male 

because she cannot determine his matedness status: Chapter 1). 
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3.4.6 Conservation implications 

For C. caeruleus and P. major, the decrease in breeding success is not a major concern at present 

because the breeding populations are, respectively, increasing and stable. However, it warrants 

further attention as a decrease in survival rates (for example, with a run of hard winters or a 

disease epidemic) could cause population decline if the reduction in breeding success is coincidental 

to the increasing population size and not a result of it. For F. hypoleuca, the declining breeding 

population and decreasing breeding success are of significant conservation concern, and 

demonstrate the importance of studies that provide an early warning of possible problems. The 

declining population appears to result from a complex series of interacting factors on breeding 

grounds, during migration, and possibly on wintering grounds as well (Fig. 3.6). 
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Figure 3.6: Summary of the factors that can influence population 

dynamics in migratory species such as F. hypoleuca. 

Specific F. hypoleuca breeding populations can have particular wintering areas and migratory 

routes (Hope-Jones et al., 1977; Chapter 1) and may thus be influenced by site-specific factors 

other than those at their breeding grounds. This could explain why some British-breeding populations 

are decreasing while others are not, when there are no (apparent) differences in the quality of their 

breeding areas. The ecological complexity of migratory species means that factors causing decline 

cannot always be satisfactorily addressed in breeding areas (Freeman and Crick, 2003). However, 

as decreased fledging success appears to be important for F. hypoleuca, measures that increase 

breeding productivity (Chapter 7) should help reduce the decline, even if they do not address all the 

problems. This demonstrates the importance of detailed research on both resident and migratory 

species, research that is particularly important given widespread population declines. 
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3.5 Chapter summary 

1. The size of the Nagshead C. caeruleus population increased by 30% between 1990 and 2004, 

the P. major population remained stable, and the F. hypoleuca population declined by 73% (much 

more severely than nationally). 

2. The rapidly decreasing size of the F. hypoleuca breeding population is concerning, especially as 

the site is at the edge of the species'range in Britain where decline could be an early warning of 

serious national decline. 

3. In addition to year, the mean number of young to fledge per brood the preceding season and 

winter North Atlantic Oscillation (NAO) index were significant predictors of F. hypoleuca breeding 

population size. Using these variables, the F. hypoleuca breeding population in 2006 was predicted 

with 978% accuracy. 

4. Breeding success decreased for C. caeruleus and P. major at all stages (clutch size, hatching and 
fledging). The success of F. hypoleuca decreased at the fledging stage only. 

5. The increasing and stable breeding populations of C. caeruleus and P. major occurred despite 

significant declines in breeding success. 

6. The decreasing fledging success of F. hypoleuca appears to be contributing to population decline, 

but other factors are likely to be involved. 
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CHAPTER 4 

Temporal change and annual variation in 

nesting phenology 

Phenological research has traditionally focused on the relationship between year and the average 

timing of seasonal events. Little consideration has been given to change in the variability of 

phenological activities. In this chapter, these approaches are combined to analyse both temporal 

change per se and change in annual variability of avian nesting phenology, using a comparative 

approach between resident and migratory species. Temporal changes in annual lay dates are 

compared with national findings, and, for F. hypoleuca, with previous research conducted on nesting 

phenology of this species at the same site. Lay date variability is analysed by regressing two 

different measures of within-year variability (interquartile range and standard deviation) against year. 

Synchrony between avian reproduction and peak caterpillar abundance is crucial 

Operophtera brumata (winter moth) caterpillar (June 2006) 
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4.1 Introduction 

Temporal changes in the phenology of seasonal activities undertaken by species can be used as 

bio-indicators of ecological change, particularly relating to climate (Walther et at, 2002). Recent 

climate change is already having a profound influence on species phenology, affecting plant 

flowering (Fitter and Fitter, 2002; Dunne eta!., 2003), fungal fruiting (Gange eta!., 2007), 

amphibian spawning (Beebee, 1995) and bird breeding (usually using the date on which the first 

egg of a clutch is laid as the measure of phenology: Crick et at, 1997, Crick and Sparks, 1999). 

Traditionally, the study of phenological change has focused on the relationship between year and 

either the earliest, or annually averaged, timing of seasonal events. In the study of avian nesting 

phenology this has led to multiple first egg lay dates, or annual mean lay dates, being regressed 

against time to establish temporal change (Dunn and Winkler, 1999; Both eta!., 2004). Using this 

approach, 37% of analysed British species show advancement in lay date by a mean 8.8 days 

between 1971 and 1995 (Crick etaL, 1997), while over 50% of studied species (19 out of 36) have 

shown advancement over the period 1939-1995 (Crick and Sparks, 1999). Such change is as likely 

to occur in early-nesting species as in late-nesting species (Crick, 2004). Other studies have 

developed this approach and analysed spatial patterns to find that temporal change varies between 

individual populations of the same species on a regional scale (e. g. Sanz, 2002; Visser et at., 2003). 

Despite the ecological impacts of climate change receiving increasing attention, the potential 

influence of such change on phenological variability has largely been overlooked. Apparently the 

only research undertaken to analyse temporal variability trends, for birds or any other taxa, is that of 

Winkler et al. (2002) on Tachycineta bicolor (tree swallows) in America and Laaksonen et al. (2006) 

on F. hypoleuca in Finland. In many datasets, analysing variability in laying phenology would be 

problematic (Crick and Sparks, 1999). Few nests are found early enough for the first egg laying 

date to be known with certainty, such that many studies necessarily use the mid-point between the 

earliest and latest possible lay dates, reducing accuracy to ±5 days (Baillie et al., 2007). Moreover, 

national or multi-site data do not account for re-lays (second breeding attempts after initial failure), 

double-brooding, or the influence of temporally-changing site-specific factors (Crick and Sparks, 1999). 

Further analysis of within-year lay date variability where data accuracy is high would be useful to 

determine: (1) whether lay date variability co-varies with lay date advancement; (2) if lay date 

variability is changing In response to climate change; and (3) if responses vary between resident and 

migratory species. By considering lay date variability in this way, it Is possible to consider change In 

the phenology of the entire laying period, rather than confining analysis to quantifying average trends. 
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4.2 Materials and methods 
4.2.1 Phenolooical data 
Lay date data for birds using the 295 standard nestboxes at Nagshead over the period 1990-2004 

were standardised and converted to a normally distributed index, whereby 1 =1 st April (Chapter 2). 
This provided a dataset of 2,847 breeding attempts (C. caeruleus = 1,607; P. major= 516; and 
F. hypoleuca = 724). There were records for all study species in every year, with the exception of 
C. caeruleus and P. major in 2001 owing to statutory restrictions imposed by DEFRA during an 

outbreak of Foot and Mouth Disease (Chapter 2). Lay date approximations of greater than ± one day 

(78 records; 2.7% of the total) were excluded to maintain data accuracy (Winkler et al., 2002). 

4.2.2 Statistical analyses 
To analyse temporal change in lay date for each species, bivariate regression was used with year 

as the predictor variable (Townend, 2002). The assumptions of linearity and homoscedasticity were 

tested by examination of residual plots, while Shapiro-Wilk and Durbin-Watson statistics were used to 

test for normality and autocorrelation as detailed in Chapter 3. All parametric assumptions were upheld. 

To ascertain if within-year variability in lay date had changed significantly over time, lay date 

interquartile range (IQR) and standard deviation were calculated for each species on a yearly basis. 

This gave two estimates (one non-parametric; the other parametric) of within-year lay date variation 
for each species, which were then regressed against year in separate regression analyses. IQR was 

chosen as the primary measure of within-year variability as this described the phenology of the most 
typical 50% of nests, thereby excluding the outliers prevalent in abnormally protracted breeding 

seasons (Lundberg and Alatalo, 1992; Chapter 2). Further analysis using lay date standard 
deviation allowed consideration of the entire laying period (including the outliers) and enabled direct 

comparison between this study and that of Laaksonen et al. (2006) for F. hypoleuca. 

4.3 Results 

4.3.1 Temporal change 
For C. caeruleus, lay dates advanced by five days over the 15-year period between 1990 and 2004 

(regression analysis: r=0.197, n= 1607, P<0.001) versus no change for either P. major or 
F. hypoleuca (r = 0.032, n= 516, P=0.468 and r=0.045, n= 724, P=0.227, respectively). Annual 

mean lay dates for F. hypoleuca have not changed between 1990-2004 (this study) and 1948-1963 

(Lack, 1966): 121h May (± 0.3 days S. E. M. ) in both cases. 
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4.3.2 Correlation between species 
There were highly significant correlations between the mean annual lay dates of all three species 

(parametric correlation: C. caeruleus and P. major r=0.906, P<0.001; C. caeruleus and F. hypoleuca 

r= 0.741, P= 0.002; P. major and F. hypoleuca r= 0.824, P<0.001 (n= 14 in all cases)). Generally, 

the mean annual lay dates of C. caeruleus were 1-2 days earlier than that of P. major. The overall 

(i. e. non year-specific) mean lay date for F. hypoleuca was 12`h May; eight days later than for P. major 

(4'h May) and ten days later than for C. caeruleus (2'd May) (Table 4.1). Mean annual F. hypoleuca 

lay dates were later than the parid species by up to 15 days. However, there was some overlap in 

each year, with late pairs of C. caeruleus and P. major laying after the earliest F. hypoleuca pairs. 

Table 4.1: Lay dates for C. caeruleus, P. major and F. hypoleuca at Nagshead. 

C. caeruleus P. major F. hypoleuca 

Individual lay date (in 15 years) 

Earliest 2"d April 16th April 30th April 

Latest 14`h June 4th June 24th June 

Range 74 days 50 days 56 days 

Mean 2nd May 4th May 12th May 

(± 0.18 day S. E. M. ) (± 0.36 day S. E. M. ) (± 0.29 day S. E. M. ) 

Annual mean lay date 

Earliest 20th April (2002) 26th April (2002) 8th May (2003) 

Latest 12 ̀h May (1996) 19th May (1996) 22nd May (1996) 

Range 23 days 24 days 15 days 

Note the overall and between-year variability for all species and later laying phenology of F. hypoleuca 

compared to C. caeruleus and P. major. 

4.3.3 Annual variability 
The three study species exhibited considerable variability in lay date both within and between years 

(Fig. 4.1). In terms of non year-specific lay date range, C. caeruleus exhibited the greatest annual 

variability in lay date followed by F. hypoleuca and then P. major (Table 4.1). However, overall 

variability was strongly affected by outliers in all species (Fig. 4.1). Comparing annual mean lay 

dates gave a more representative picture: both C. caeruleus and P. major had a variability of 23-24 

days compared to 15 days for F. hypoleuca. The between-year variation in lay date for F. hypoleuca 

during the period 1990-2004 (this study) was not significantly different from the between-year 

variation in 1948-1963 (Lack, 1966) (F=1.466, d. f. 1 = 15, d. f. 2 =14, P= 0.240). 
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4.3.4 Chance in within-year variability 
Regressing annual lay date IQR against year gave non-significant results for C. caeruleus and 

F. hypoleuca (r = 0.130, n= 14, P=0.658 and r=0.255, n= 15, P=0.359, respectively). The initial 

result for P. major also gave a non-significant result (r = 0.308, n= 14, P=0.284). However, non- 

significance in this case alone was due to the leverage of one extreme outlier over six standard 

deviations from the mean (IQR of the outlier = 16 days; mean IQR = 5.48 days (S. D. = 1.64)). The 

outlier (in 1996) was almost certainly due to an exceptionally cold spring in that year which caused 

very protracted breeding (I. Proctor, pers. comm. ) and its non-conformity is apparent in Fig. 4.1. 
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As the 1996 data point was a statistical, and biological, outlier, its removal from the dataset was 
justified. Repeating the regression analysis after removal gave a highly significant result 
(r- 0.713; n= 13; P- 0.006), such that lay date variability increased substantially over the study 

period (Fig. 4.2a). Removal of the same data point for C. caeruleus and F. hypoleuca for 

consistency did not change the non-significant results for these species. 

These findings were supported when IQR was substituted for standard deviation. This confirmed 

the non-significant result for C. caeruleus and F. hypoleuca (r = 0.329; n= 14; P=0.251 and 

r=0.420; n= 15; P=0.119, respectively). For P. major, a significant result was returned for the full 

dataset (r = 0.545; n= 14; P=0.044), and the significance and variance explained both increased 

when the 1996 outlier was removed as previously (r = 0.678; n =13; P=0.011; Fig. 4.2b). This 

suggests that accessing within-year variation between years using standard deviation might be less 

sensitive to atypical breeding seasons than [OR. 

4.4 Discussion 

The lay date of C. caeruleus has advanced by five days over 15 years, versus no change for P. major 

or F. hypoleuca. Parus major lay date variability increased over time, both when variability was 

quantified using IQR and standard deviation, versus no change for C. caeruleus or F. hypoleuca. 

The lay dates of the three study species were strongly, and significantly, correlated. 

4.4.1 Temporal change 
Advancement of lay date for C. caeruleus is a reflection of the national trend (Baillie et al., 2007) 

although, at first sight, the pattern of change seems different (five days linear decrease in 15 years 

at Nagshead, versus eight days curvilinear decrease in 36 years (1968-2004) nationally), However, 

closer inspection of the national NRS data indicates that lay dates for this species were fairly static 

between 1968 and the mid 1980s, followed by a slight decrease between 1987 and 1990, and ending 

with linear decrease of about 7 days between 1990 and 2004: the same pattern as at Nagshead 

during the same period, but slightly more pronounced. As the analysis undertaken here uses data 

from one site rather than from throughout the U. K., this difference suggests considerable regional 

variation in phenological changes, a hypothesis supported by lay date advancement in some 

populations of C. caeruleus, but not in others (Sanz, 2002). Regional variation is also suggested by 

the lack of lay date change for P. major at Nagshead, compared with significant advancement at 

other sites, Including Wytham Woods, Oxfordshire (McCleery and Perrins, 1998), and for the U. K. 

generally (Baillie et al, 2007). International differences for populations of the same species, Including 

C. caeruleus and P. major, have been documented on a pan-Europe scale by Visser et al. (2003). 

Such variations, either In the presence/absence of a trend towards earlier laying between 
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populations, or the strength of such a trend, might be due to the non-uniform warming of Britain 

and other landmasses during recent climate change (Leech and Crick, 2006). 

The similarity in F. hypoleuca lay date between 1948-1963 and 1990-2004 is striking but not 

unprecedented: the average lay date of this species in southern Finland was 20.6 May in the 1940s 

and 21.0 May in the 1980s (von Haartman, 1990). It would seem possible that F. hypoleuca is 

being prevented from altering breeding phenology by its migratory behaviour, since arrival date is 

necessarily a fundamental influence on lay date (Sanz et al, 2003; Both et al., 2004). The timing of 

migration is primarily determined by endogenous rhythms. These are often corrected or fine-tuned 

by environmental synchronisation, usually according to photoperiodic stimuli (Gwinner, 1996; 

Gill, 2007). As neither the original "internal calendar", nor photoperiod, are affected by temperature 

change (Berthold, 1991; Fuller et al, 2005), migratory species often arrive back at a similar time 

each year regardless of spring advancement (Sokolov, 2006): a situation already seen for F. hypoleuca 

in the Netherlands (Both and Visser, 2001; but see Slater, 1999). This could de-couple the link 

between breeding time and maximal larval food supply, resulting in a phenological mismatch with 

negative impacts on breeding success (Perrins, 1991; Buse et al., 1999; Reuter and Breckling, 1999; 

Stenseth and Mysterud, 2002). De-coupling has already been seen in marine environments 
(Edwards and Richardson, 2004) and populations of F. hypoleuca in the Netherlands where response 
to warmer temperatures has differed across trophic levels (entomological and ornithological) 

resulting in population declines of up to 90% (Both et al., 2006). This may be compounded by a 
lack of synchronisation between caterpillar development and oak bud burst as a result of warmer 

springs (Visser and Holleman, 2001) and suggests that while phenological responses to climate 

change may be globally coherent (Parmesan and Yohe, 2003), changes are not consistent across 

trophic levels. Fundamental adaptation to climate change in long-distance migrants requires 

changes in the annual programme for the timing of migration (Both et al., 2004) or acceleration of 

the migratory journey (Ahola et al, 2004; Huppop and Winkel, 2006). Such changes could be 

achieved either by phenotypic plasticity or by selection on different genotypes (Przybylo et al., 2000; 

Coppack and Both, 2002). However, the low heritability of spring migratory arrival dates among 
F. hypoleuca (Potti, 1998), coupled with relatively tow variability, suggests that selection on the timing 

of migration may be genetically constrained. This could be a serious problem, especially during a 

period of rapid climate change relative to species adaptability (Goodenough, 2006). 

4.4.2 Correlation between species 
The lay dates of all three study species were highly correlated, suggesting that mean nesting 

phenology is affected by similar annually variable factors for each species (or at least factors which 

are themselves highly correlated). The slightly earlier mean lay date of C. caeruleus compared with 
P. major reflects the fact that laying order in closely-related species is usually negatively correlated 
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with relative adult size (Dunn, 1976; Yom-Tov, 1992; Chapter 1). The larger clutch size of C. caeruleus 

relative to P. majormay also influence the date of clutch initiation. The later breeding of F. hypoleuca 

compared to the parid species reflects migratory behaviour. Females arrive at Nagshead from Africa In 

mid-April and need to select a mate and nest site, build a nest, and recover sufficiently to allow egg 

formation before laying can commence (Slagsvold, 1976; Perrins, 1996; Coppack and Both, 2002). 

4.4.3 Annual variability 
Lay dates vary between years according to temperature and caterpillar development, and within years 

according to habitat, food availability and individual fitness (Perrins, 1965; Perrin and McCleery, 1989). 

However, when the variability of annual mean lay dates between species is compared, F. hypoleuca 

has a much lower level of variation than either C. caeruleus or P. major. This might reflect the 

shorter breeding season for the migratory F. hypoleuca compared to that of resident species. 

The median lay date (i. e. the date when half the females in the population had laid their first egg) 

for F. hypoleuca varied by 15 days (viz. between 8th and 22"d May) compared to 11 days variation 

in southern Finland (viz. between 23d May and 3`d June) (von Haartman, 1990). The difference in 

breeding phenology is likely due to birds arriving some two weeks earlier at Nagshead (51 °N) 

compared to southern Finland (c. 63°N) and spring being further advanced at lower latitudes; both 

factors that can advance breeding. The greater variation in breeding phenology at Nagshead 

indicates that females are able to optimise their lay dates to local conditions to a greater extent 

when the breeding season is comparatively long. 

4.4.4 Change in within-year variability 
The increased lay date variability of P. majorbetween 1990 and 2004 is evidence that the breeding 

season is becoming more protracted, possibly as the population adapts in response to poor 

synchronisation with peak caterpillar food supply (van Noordwijk et al., 1995; Cresswell and McCleery, 

2003). It implies that some Individuals are laying earlier, but that this response varies at population-level, 

causing more protracted laying periods in later (warmer) years. This is the direct opposite of T. bicolor 

in North America which show reduced within-year variability in clutch size in warmer years (Winkler et 

al., 2002), demonstrating contrasting responses of different species to the same stimulus (Torti and 

Dunn, 2005). Varied response to temperature change on an individual-level has previously been 

observed in Picoides borealis (red-cockaded woodpecker) where it was associated with nesting 

experience and mate-swapping (Schiegg et al., 2002). 

As early laying typically constitutes a fitness advantage to adults through Increased clutch size 
(Chapter 5), nestling fitness, post-fledging survival, and recruitment into the breeding population 

(Perrins and McCleery, 1989; Torti and Dunn, 2005) there must be a fundamental reason why 
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P. major is not responding to climate change en masse. The most likely explanation, that there is a 
thermal constraint on early laying (Stevenson and Bryant, 2000), is unsatisfactory in this case as 
C. caeruleus is laying earlier across the population (see above), even though thermoregulatory 

costs are probably greater given their smaller size. A more probable explanation is that a shortage 

of food prevents some females producing high-quality eggs early in the season without significant 
fitness costs (Stenning, 1995; Perrins, 1996). That some females are able to obtain sufficient food to 

begin their clutch before others is likely to be a reflection of their individual fitness and foraging skills 
(Perrins, 1965,1979). Importantly, the fitness costs of late laying, often caused by a decreasing food 

supply (Chapter 5), are likely to increase if the link between breeding time and maximal larval food 

supply is de-coupled, resulting in a phenological mismatch (Buse eta!., 1999). Given the high (and 

possibly increasing) fitness costs of late laying, the ability to lay early is likely to be increasingly 

strongly selected for (Svensson, 1997; Visser et al., 1998). 

The varied lay date response to climate change between P. major Individuals is in contrast to 

C. caeruleus which appear to be responding to climate change en masse. For F. hypoleuca, the 

stability of within-year variability of lay date found both here and in a Finnish population 
(Laaksonen et al., 2006) may reflect the restriction of migration on the length of the breeding 

season (Lundberg and Alatalo, 1992; Both and Visser, 2001; see above). These species-specific 

results highlight the need to consider measures of phenological variability in future research in order to 

understand the complex responses of species to climate change at population and individual levels. 

4.5 Chapter summary 
1. The mean lay date of C. caeruleus advanced by five days over the 15 years between 1990 and 

2004, possibly as an adaptive response to earlier caterpillar emergence to avoid a phonological 

mismatch between breeding and maximal food supply. 

2. There was an Increase in lay date variability over time for Parus major (variability quantified using 
both interquartile range and standard deviation): some individuals are laying earlier but this 

response varies at population level, such that the time between the first and last clutches being 

laid is greater in later (warmer) years. 

3. This suggests that phenological change is occurring, possibly as a result of climate change, but 

that change is not consistent between species and demonstrates that population-level 

phonological studies are insufficient to quantify individual responses to climate change. 

4. There was no change to mean lay date or lay date variability for F. hypoleuca, possibly because 

migration is preventing phonological change. 

5. These results highlight the within-species differences that can occur In response to the same 

stimulus at the same site. 
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CHAPTER 5 

Annual variation in the relationship 
between lay date and clutch size 

The clutch size of many single-brooded bird species decreases as the breeding season progresses. 

Usually, this negative relationship is quantified using data pooled over several years; however, this 

approach masks potential annual variation. In this chapter, phenological and clutch size data for the 

Nagshead study species are analysed to re-evaluate the relationship between lay date and clutch 

size. Specifically, the aim is to determine if the dependence of clutch size on lay date is a constant 

(i. e. controlled by an absolute date), as is generally assumed, or annually variable (i. e. controlled by a 

relative date). Possible explanations for the results obtained are analysed using multilevel modelling 

and discussed using a comparative approach between species. 

Completed clutch of P. major eggs immediately prior to incubation 

(May 2006) 

Publications arising from chapter: 

Goodenough, A. E., Elliot, S. L and Hart, A. G. (In Review) Annual variation in the relationship between lay date 
and clutch size in passerines. Auk. 

74 



Chapter 5: Lay Date and Clutch Size 

5.1 Introduction 

Birds exhibit considerable diversity in typical clutch size between species, with the number of eggs 

usually laid per breeding attempt ranging between one in the Phoenicopteridae (flamingo) family to 

eighteen in the Phasianidae (partridge) family (Chapter 1). In addition, clutch size variability also 
differs between species, with almost complete consistency in some seabirds of the order Diomedea 

(albatrosses), which always lay one egg; limited variability in species such as Streptopelia turtur 

(turtle doves), which lays two eggs in 83% of cases (Browne et aL, 2005); and considerable 

variability in many single-brooded passerines, such as those in the Paridae (tit) and Muscicapidae 

(flycatcher) families (O'Connor, 1991). 

Variation in clutch size may be driven by spatial differences (for example, with latitude, altitude, or 

habitat) or temporal differences (both within- and between-seasons) (Perrins and Moss, 1975). One 

common pattern is that the number of eggs laid by many single-brooded bird species is influenced by 

lay date. Specifically, the number of eggs per clutch often decreases as the season progresses 
(Dane, 1966; Hochachka, 1990; Schmidt eta!., 1992; Crick et al., 1993; Young, 1994; Navarro et aG, 

1995; Pravosudov and Pravosudova, 1996; Brown and Brown, 1999). This negative relationship is 

most common in altricial birds breeding in seasonal environments (Chapter 1), particularly where 

there are comparatively low levels of predation (Slagsvold, 1982; Smith, 1993). A decrease in clutch 

size with seasonal advancement has been observed in all three study species: C. caeruleus and 

P. major (Kluijver, 1951; Lack, 1966; Barnes, 1975; Perrins, 1965,1970; Perrins and McCleery, 1989; 

Stenning 1995); and F. hypoleuca (Lack, 1966; Järvinen and Väisänen, 1983; Stenning 1984; 

Lundberg and Alatalo, 1992). In some populations, particularly those in continental Europe, the 

decline in clutch size with seasonal advancement can be preceded by a positive relationship 

between lay date and clutch size in the early part of the season (van Balen, 1973). In these cases, 

the relationship between lay date and clutch size is usually quadratic or cubic, rather than linear 

(Gil-Delgado et a/., 2005; A. van Noordwijk, pers. comm. ). 

Usually, the relationship between lay date and clutch size is quantified using data pooled over several 

years (e. g. Perrins and McCleery, 1989). While this approach gives an overall understanding of the 

dependence of clutch size on lay date, it does not quantify any annual variation in the strength of 

the relationship, nor does it allow consideration of the factors that might cause this. Although Lack 

(1966) and von Haartman (1967) concluded that there is no reason to suppose that the relationship 

between lay date and clutch size would be qualitatively different in individual years, there has been 

little quantitative empirical testing of this assumption. One study that has compared annual 

regression lines between lay date and clutch size for F. hypoleuca over several years (without the 

application of inferential statistical analysis) found that the relationship was indeed annually consistent 
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(Lundberg and Alatalo, 1992). This suggests that although lay date and clutch size might be Influenced 

by factors that vary between years Individually (e. g. temperature and food supply: Chapters 3 and 4), 

the relationship between the two variables Is consistent. If this is so, It implies that the dependence 

of clutch size on lay date is influenced by an absolute date rather than by a relative date that Is 

annually variable. This "absolute date" or "calendar effect" hypothesis (von Haartman, 1967) therefore 

predicts that some photoperiodic rule, rather than relative cues based on local temperature or food 

availability, is used as the proximal determinant of clutch size. Conversely, other authors (Greenlaw, 

1978; Perrins, 1965; Perrins and McCleery, 1989; Garamszegi et al., 2004) have hypothesised that 

the decrease in clutch size through the breeding season may be related to environmental conditions 

such as temperature and food supply at the onset of laying. As these factors inevitably vary 

annually, it could be conjectured that the relationship between lay date and clutch size is not fixed 

but might instead show annual variation, even for the same population in consecutive years. This 

"relative date" hypothesis has apparently been tested in only two studies, coincidentally on P. major 

and F. hypoleuca (Perrins and McCleery, 1989; Both, 2000), neither of which linked results to possible 

explanatory variables such as temperature, food availability, or breeding density. The potential for 

environmental factors to influence the relationship between lay date and clutch size has been 

demonstrated by recent research on C. caeruleus teneriffae (Canary Island blue tit subspecies), 

which found that the strength of the relationship was habitat-specific (Garcia-del-Rey et al., 2006). 

5.2 Materials and methods 
5.2.1 Lav date and clutch size data 
Lay date data for birds using the 295 standard nestboxes at Nagshead during 1990-2004 were 

converted to a normally distributed index, whereby 1 =1 st April (Chapter 2). There were records for all 

species in every year, except for C. caeruleus and P. major in 2001 when monitoring was prohibited by 

statutory restrictions (Chapter 2). Records for all nests where there were reliable lay date and clutch 

size data were used, giving a sample size of 2,694 breeding attempts (C. caeruleus = 1,495; 

P. major= 490; and F. hypoleuca = 709). 

5.2.2 Breeding density data 
Several different measures of breeding density were calculated from nestbox occupation data in the 

static 295 nestbox resource: (1) passerine nesting density - the number of nestboxes occupied in a 

given year by any species (including Ph. phoenicurus, S. europaea, P. ater and C. familiaris; 

(2) migratory-species nesting density - the number of nestboxes occupied by migratory species 
(F. hypoleuca and Ph. phoenicurus); and (3) species-specific nesting density - the number of 

nestboxes occupied by a specific species. 
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5.2.3 Temperature data 

Temperature is a candidate factor affecting annual variability. In the absence of temperature data 

from the study site, data from the nearest Meteorological Office weather station (Ross-on-Wye, 

Herefordshire, eight miles north of Nagshead) were used (Chapter 4). 

5.2.4 Statistical analyses 

To quantify the baseline relationship between lay date and clutch size for each species, bivariate 

linear regression was used (as the relationship between these variables can be cubic or quadratic, 

exploratory curvilinear analysis was undertaken in addition to linear regression but proved to be 

inferior to the linear model in both significance and explanation of variance for all study species). 
The relative date hypothesis (see above) was then tested for each species using a fully-factorial GLM 

to determine whether there was a significant interaction between lay date and year in the explanation 

of clutch size (Perrins and McCleery, 1989; Garcia-del-Rey et al., 2006). For each species, clutch 

size was defined as the dependent variable, with lay date and year being entered both as fixed 

factors and as an Interaction term. Nestbox was included as a random factor to account for potential 

nest site-specific effects across years (M. Wood, pers. comm. ). 

When annual variation occurred (i. e. when there was a significant interaction between lay date and 

year in the prediction of clutch size) separate regression analyses were performed for each species 

for each individual year, thus giving a series of 15 regression estimates for each species. Because the 

regression statistics (intercept and slope) were used rather than the significance values, undertaking 

repeated analyses was valid (Dytham, 2003). To establish which factors explained most variation in 

the strengths of the relationship between lay date and clutch size, the annual regression slopes were 

combined for each species and then regressed against a series of independent variables (see below) 

using MLR. Thus the regression coefficients from one series of analyses became an estimated 

dependent variable (EDV) for subsequent exploratory analysis using two-stage regression multilevel 

modelling (Borjas, 1982; Lewis and Linzer, 2005). This technique is highly effective for determining 

factors influencing relationships between variables (as here) rather than the variables themselves and 

is akin to the hierarchical modelling used in meta-analysis (Gelman, 2005; Jusko and Shively, 2005). 

The method becomes biased if the standard errors of the initial regression slopes differ, such that 

the EDV is heteroscedastic (Herron and Shotts, 2003). However, in the Nagshead data, and despite 

the differences in sample size in individual years, the standard errors of the slopes were extremely 

consistent between years such that weighted least squares regression (Saxonhouse, 1976) was 

unnecessary. As an example, the standard errors of all 15 regression slopes for C. caeruleus were 

between 0.029 and 0.032, well within the variability guidelines outlined by Lewis and Linzer (2005). 
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This homogeneity of variance meant that the technique was valid and appropriate to these data. 

Nine independent variables were available to be entered Into the MLR analyses. These were 

divided into three groups: density measures (total nestbox occupation, species-specific occupation, 

migratory species occupation), phenological measures (mean, earliest, and latest annual lay dates 

for that species) and temperature measures (mean temperatures for April, May, and June). These 

variables were identified using a priori knowledge based on the findings of previous studies. 

Density has been shown to correlate with clutch size (e. g. Stenning, 1984; Sasväri et al., 1987; 

Both, 1998; Wilkin et al., 2006) while temperature can correlate with both lay date (Slagsvold, 1976; 

Perrins and McCleery 1989; Lundberg and Alatalo, 1992) and clutch size (Cresswell and McCleery, 

2003). Phenological measures were included as proxies for the "earliness" of the breeding season, 

which has been shown to influence the relationship between lay date and clutch size in multi- 

brooded species by Gil-Delgado et al. (2005). The high number of variables - and the presence of 

substantial multicollinearity (non-independence) between the variables in each group - meant that 

performing the MLR could have been problematic. These issues were resolved by ensuring that only 

one variable from each group could be entered into the MLR at any one time (Elliot et al., 2000). In 

this way, multicollinearity was avoided and the cases: variables ratio given by Tabachnick and Fidel 

(1989) was met. All values were normally distributed (Shapiro-Wilk test P> 0.05 in each case) and did 

not require transformation. The variables were entered into the model using the stepwise method 

(entry criterion a=0.05; subsequent removal criterion a=0.10: Field, 2000) and assumptions were 

tested as detailed in Chapter 3 with no significant departures from normality being identified. 

5.3 Results 

5.3.1 Baseline relationships between lay date and clutch size 

A highly significant negative relationship between lay date and clutch size was identified for all 

three species (Fig. 51 a-c; P= <0.001 in each case). The clutch size predicted using linear 

regression for C. caeruleus declined from 12.4 in early April to 5.0 by the end of May, while that of 

P. major declined from 8.7 in mid-April to 5.2 by early June. The predicted clutch size for F. hypoleuca 

declined from 7.7 in early May to 3.5 by the end of the third week of June. The variances in clutch 

size explained by lay date for C. caeruleus, P. major and F. hypoleuca were 17.79%, 9.27% and 

24.40% respectively. The fact that linear regression was more appropriate than curvilinear 

regression for each species indicates that there was no (significant) Initial increase In clutch size 

with lay date at Nagshead as there Is in some continental European populations (van Balen, 1973). 
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Figure 5.1: Baseline relationships between lay date and clutch size using 15 years 

of breeding data (1990-2004) combined: (a) C. caeruleus (n= 1,495); (b) P. major 

(n = 490); (c) F. hypoleuca (n = 709). P<0.001 in all cases. 
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For F. hypoleuca, the decrease in clutch size with seasonal advancement at Nagshead (1990-2004) 

can be compared statistically with the relationship found for this species at Uppsala (central Sweden) 

in 1979-1984 (Lundberg and Alatalo, 1992). The regression slope of -0.077 (i. e. 0.077 fewer eggs 

for each day later in laying) for F. hypoleuca at Nagshead is almost identical to the slope of -0.076 

at Uppsala. However, the mean intercepts (the number of eggs to be laid on the 1s' May as given 

by Lundberg and Alatalo (1992) and calculated here from the intercept for 151 April) were significantly 

different from one another (Nagshead intercept = 7.646 ± 0.101 S. E. M.; Uppsala intercept = 8.447 

± 0.012 S. E. M.; two-sample t-test for unequal variances t= -3.040, d. f. = 14.9 (rounded to 15), P= 0.008). 

5.3.2 Annual variability 
There was notable annual variability in the strength of the relationship (i. e. the regression slopes) 

between lay date and clutch size for all three species (Fig. 5.2). The ranges of regression slopes 

for individual years for C. caeruleus were -0.076 to -0.316 eggs per day (mean -0.187 ± 0.0014 

S. E. M. ), for P. major were -0.002 to -0.159 eggs per day (mean -0.056 ± 0.0006 S. E. M. ) and for 

F. hypoleuca were -0.011 to -0.118 eggs per day (mean -0.073 ± 0.0003 S. E. M. ). 
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Figure 5.2: Variation in the relationship between lay date and clutch size (1990-2004) for 

C. caeruleus, P. major and F. hypoleuca (including one outlier shown as an open circle). 
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The annual variability apparent in Fig. 5.2 was statistically significant for all three study species 
(i. e. there was a significant interaction in GLM analyses between lay date and year in explaining 

clutch size: Table 5.1). The variance explained by the GLM models combining the variables lay 

date and year as well as the interaction between them (Table 5.1) was substantially greater than 

that explained in the regression analyses based on lay date alone (Fig. 5.1a-c). 

Table 5.1: GLMs showing the influence of lay date and year (independent variable) on clutch size 
(dependent variable). 

Source df SS MS FP 

C. caeruleus 
Lay date 55 1130 21.30 6.74 <0.001 
Year 13 351 27.86 8.85 <0.001 
Lay date * Year 218 921 4.21 1.39 <0.001 
Error 1208 3681 3.11 
Corrected total (r2 - 0.345) 1494 

P. major 
Lay date 45 342 7.593 2.439 <0.001 
Year 13 295 22.713 7.297 <0.001 
Lay date ' Year 151 934 6.185 1.987 <0.001 
Error 280 871 3.112 
Corrected total (' = 0.177) 489 

F. hypoleuca 
Lay date 44 228 5.17 6.07 <0.001 
Year 14 43 3.10 3.64 <0.001 
Lay date * Year 181 216 1.19 1.40 0.003 
Error 469 400 0.85 
Corrected total (ý = 0.384) 708 

The Interaction between the independent variables shows that the relationship between lay date and clutch 

size (Fig. 5.1) is annually variable rather than a constant. The rz value was adjusted as In Chapter 3. 

The following GLM is appropriate for all three study species: Clutch size - lay date + year + lay date' year. 

The annual variability between lay date and clutch size was strikingly similar for C. caeruleus and 

P. major (Pearson product moment correlation r= 0.765, n= 14, P= 0.001) (Fig. 5.3a). However, 

the annual variability was notably different when comparing F. hypoleuca with either C. caeruleus 

(r = 0.444, n= 14, P=0.112) or P. major (r= 0.416, n= 14, P=0.139) (Fig. 5.3a & b). 
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Figure 5.3: Annual variability in regression slopes between lay date and clutch size plotted over 15 years 
(1990-2004) to show annual variability in the dependence of clutch size upon lay date for: (a) C. caeruleus 

and P. major, and (b) F. hypoleuca at Nagshead. FMD = Foot and Mouth Disease epidemic. 

5.3.3 Factors explaining annual variation in the dependence of clutch size on lav date 

For C. caeruleus, passerine nesting density explained 47.4% of annual variation in the strength of 

the relationship between lay date and clutch size (Table 5.2). This was a negative correlation, such 

that fewer eggs were laid when density was high. In contrast, 23.1 % of the annual variation in the 

extent of the dependence of clutch size and lay date for P. major was explained by earliest annual 

lay date (fewer eggs in "early" seasons), while the addition of passerine nesting density into the 

MLR for this species significantly improved its predictive power to 31.6% (Table 5.2). For F. hypoleuca, 

mean May temperature accounted for 33.1% of the annual variation in the strength of the 

relationship between lay date and clutch size, with fewer eggs being laid in warmer years (Table 5.2). 

This variable was still a significant predictor after the removal of one outlier (Fig. 5.2) from the dataset. 

All MLR models were significant to at least the 0.05 significance level. None of the other 

independent variables detailed above fulfilled the criterion for inclusion into any MLR model. 

82 



Chapter 5: Lay Date and Clutch Size 

Table 5.2: Factors that explain annual variability In the strength of the relationship between lay date and 
clutch size for C. caeruleus (n - 14), P. major (n - 14) and F. hypoleuca (n - 15). 

Species Model Variables (x) Linear equation r1 P 

C. caeru/eus 1 Passerine nesting density y- -0.002x + 0.185 0.474 0.006 

P. major 1 Earliest lay date y- -0.001 x+0.047 0.288 0.048 

2 Earliest lay date (x, ) + y-0.0013x, + 0.316 0.036 

Passerine nesting density (x2) -0.0010x2 + 0.047 

F. hypoleuca 1 Mean May temperature y- -0.014x + 0.164 0.331 0.025 

Data were analysed using stepwise multiple linear regression which created one or more models based on the 

number of Independent variables entered. The r2 value was adjusted as per Chapter 3 when more than one 
independent variable was entered into a model. 

5.4 Discussion 

There was a significant negative relationship between lay date and clutch size for C. caeruleus, 
P. major and F. hypoleuca, but the strength of this relationship (its slope) varied annually. This 

variance was best explained by different factors for different species: passerine nesting density 

explained 47.4% of variance for C. caeruleus (negative relationship); earliest annual lay date 

(positive relationship) and passerine nesting density (negative relationship) together explained 
31.6% of variance for P. major, while mean May temperature (negative relationship) explained 
33.1 % of variance for F. hypoleuca. 

5.4.1 Baseline relationships between lay date and clutch size 
The overall decrease in clutch size with seasonal advancement commonly found in altricial birds 

breeding in temperate environments is confirmed here for all three species studied. The relationship 
between lay date and clutch size for both C. caeruleus and P. major quantified here is similar to that of 

the same species studied at Wytham Woods (Oxfordshire, U. K. ) In the 1950s and 1960s (Lack, 1966), 

However, the regression slope describing the relationship for C. caeruleus at Nagshead in 1990 to 2004 

is steeper than at Wytham in the 1950s and 1960s, as early clutch sizes (the intercept) were almost 
Identical but late clutches were notably smaller. For P. major, all clutch sizes were smaller at 
Nagshead than at Wytham by approximately two eggs per brood. Thus the seasonal decrease in 

clutch size is very similar, but P. major Is laying consistently smaller clutches at Nagshead suggesting 

that a consistent environmental or population factor is important in determining clutch size. The 

decrease in clutch size with seasonal advancement for F. hypoleuca at Nagshead (1990-2004) Is 

almost identical to that for the same species at Nagshead between 1948 and 1963 (Lack, 1966). 
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The regression slope calculated for F. hypoleuca at Nagshead (1990-2004) Is also very similar to 

the slope for the same species at Uppsala (central Sweden) in 1979-1984 (Lundberg and Alatalo, 

1992), however, the intercepts are significantly different. Thus the relationship is comparable but 

clutches were larger at Uppsala, possibly due to differences In the abiotic environment (temperature) 

or the biotic environment (food availability or breeding density). This would be a useful topic for 

further investigation, particularly given population decline in this species (Chapter 3) and the 

potential impacts of climate change on species phenology and breeding success (Chapters 3 and 4). 

Seasonal decline in clutch size is usually considered to be a response to changes in the 

environmental conditions influencing successful breeding (Perrins, 1970; Barnes, 1975). Specifically, 

females may lay fewer eggs strategically as the season advances because of a decrease in the 

amount of food that will be available for the chicks. This might be due to: (1) a decrease in the 

overall amount of food (Gibb, 1955; Tortosa et al., 2003); (2) a decrease in abundance of food 

sources particularly suited to chicks (e. g. caterpillars) (Perrins, 1991); or (3) a change in the species 

composition of available food (Garamszegi et al., 2004). Evidence indicating that food shortages 

can become problematic later in the breeding season includes: (1) a positive relationship between 

laying in P. major and the timing of caterpillar availability (van Noordwijk et al., 1995); (2) more 
intensive feeding of individual P. major chicks in early broods than late broods (presumably owing 

to a greater abundance or easier location of food); (3) higher proportional breeding success for 

P. major individuals which breed earlier (Perrins, 1996); and (4) lower chick weights in late clutches 

of F. hypoleuca compared to earlier clutches which can be prevented by supplemental feeding 

(Gibb, 1955; Siikamaki, 1998). Thus, for late females, offspring survival (and therefore female 

reproductive output) can be increased by laying smaller broods. Evidence of female phenotypic 

plasticity in clutch size according to individual food availability (Askenmo, 1982) or foraging ability 

(Slagsvold and Lifjeld, 1988) is unsurprising given the energy costs of egg production which would 

favour accurate use of environmental cues such as food supply to determine a clutch size 

appropriate to specific annual conditions (Lack, 1954). At Nagshead, the baseline relationship 

between lay date and clutch size is stronger for C. caeruleus than for P. major, even when the 

different Intercepts are controlled for (Fig. 5.1 a& b), suggesting that the "penalty" for late laying is 

higher for C. caeruleus. This could be because P. major, as the more dominant species, will usually 

out-compete C. caeruleus for food resources (Minot, 1981), such that a seasonal decrease In food 

supply will have a more detrimental Impact on C. caeruleus than P. major. The relative sizes of 

prey taken by each species (larger for P. major. Chapter 1) might also have an Impact as prey 

sizes tend to increase throughout the breeding season, again suggesting seasonal changes in food 

supply might have a more detrimental Impact on C. caeruleus than on the larger P. major. 

Moreover, C. caeruleus has larger broods to support than P. major, such that any reduction in food 

supply, or usable food supply, is likely to have a higher fitness cost for the former species. 
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The other common explanation of the relationship between lay date and clutch size is the 

"female-age" or "condition" hypothesis which states that that the decrease in clutch size with seasonal 

advancement occurs because younger (less experienced) females or females in poor condition nest 
later and lay fewer eggs than older birds or those in better condition (Hochachka, 1990; Järvinen, 1991; 

Christians etal, 2001). There may also be a genetic component to both lay date and clutch size, 

such that heritability becomes the ultimate control on the relationship between these variables. 

However, while this might explain some of the relationship between lay date and clutch size, more 

variance in clutch size is explained by lay date than by female-specific characteristics (Winkler and 

Allen, 1996; Garamszegi et aL, 2004). Moreover, heritability is stronger for lay date than for clutch 

size, suggesting that there may be a genetic component to date of laying but that females adjust 

clutch size to environmental conditions (Stenning, 1984). This indicates that an adaptive response 

to dwindling food supplies accounts for most of the decrease in clutch size as the season progresses. 

For migratory species, lay date is necessarily related to date of arrival at the breeding ground 
(Slagsvold, 1976; Crick et aL, 1993; Both and Visser, 2001; Garamszegi et al., 2004). Thus migratory 

fitness may contribute to the seasonal decline in clutch size for F. hypoleuca as fitter (and possibly 

more experienced) females arrive at the breeding grounds, and can commence breeding, earlier 

than late-returning females (Kokko, 1999). Such females may also have the advantage of securing 

higher quality mates and superior territories (Askenmo, 1982; Lampe and Espmark, 2003). The 

semi-polygynous mating strategy (Chapters 1 and 3) might also be important. As the risk of 

becoming a secondary female is greater later in the breeding season (as more males have already 

mated) and secondary females often lay smaller clutches (Lundberg and Alatalo, 1992), this would 

strengthen the negative relationship between lay date and clutch size in this species. 

5.4.2 Annual variability 

All three species show annual variability in the strength of the relationship between lay date and 

clutch size. In all three cases, both lay date, and year, and the Interaction between these variables, 

were significant predictor of clutch size. This confirms that clutch size is influenced by year (Chapter 3) 

and by lay date (see above regressions) in the Nagshead study populations but, crucially, the 

interaction also demonstrates that the influence of lay date on clutch size Is itself annually variable. 

The variance explained by the GLM models combining lay date and year Is substantially greater 

than that explained in the regression analyses using lay date alone, thus demonstrating the 

importance of year in determining the influence of lay date on clutch size. 

The annual variability in the relationship between lay date and clutch size for the parid species is 

strongly correlated (Fig. 5.3a). This is likely to be a reflection of the ecological and behavioural 

similarities of the species (Chapter 1); specifically, that they are both monogamous resident species, 
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and nest at about the same time (mean Nagshead lay date is 2'd May for C. caeruleus and 4th May 

for P. major: Chapter 4). The lack of correlation between the parids and F. hypoleuca (Fig. 5.3a & b) 

probably stems from the fact that F. hypoleuca, a migratory species that nests about two weeks 
later than C. caeruleus or P. major (Chapter 4), is influenced by different environmental conditions. 

As noted above, the non year-specific (pooled) regression slope for F. hypoleuca quantified here 

was almost identical to that found at Uppsala in 1979-1984 (Lundberg and Alatalo, 1992). However, 

the annual variation at Uppsala was very low, with the regression slope from each individual year 

being very similar to that for all years combined. Conversely, at Nagshead, there is very high 

annual variation. This implies that in Uppsala, the penalty for laying eggs after the time when the 

overall population has started breeding (which is controlled by temperature, food supply, etc. ) is 

fixed, whereas at Nagshead it fluctuates on a yearly basis. Possible reasons for this difference are 

discussed below. Although this study used data from 15 years compared to the 6 years of data used 

by Lundberg and Alatalo (1992), it should be noted that the presence of annual variability at Nagshead 

is not simply a result of analysing data from a longer time period; annual variability was apparent in 

the Nagshead population using data from any six-year period (or indeed as few as three years). 

5.4.3 Factors explaining annual variation in the deoendence of clutch size on lay date 

Although all three study species exhibit variation in the dependence of clutch size on lay date, the 

mechanisms apparently controlling this variation differ between species. This is intriguing given that the 

species are frequently regarded as model woodland passerines (Chapter i and references therein). 

The importance of these (and other) species-specific results and their implication on the choice of 

methods in wider ecological research are discussed in Chapter 11. 

5.4.3.1 Breeding density 
Passerine nesting density explains a significant proportion of the annual variance in the relationship 

between lay date and clutch size for both C. caeruleus and P. major, with late individuals laying 

fewer eggs when passerine nesting density is greatest (i. e. the strength of the relationship between 

lay date and clutch size is stronger when density is higher). This Is probably because when 

passerine nesting density is low, the penalty for breeding late is lower owing to decreased competition 

for food during chick provisioning. Importantly, while overall passerine nesting density influences 

the relationship between lay date and clutch size, species-specific nesting densities appear 

unimportant, regardless of whether overall passerine nesting density Is included in the model. This 

suggests that Interspecific (total) competition pressure has a greater impact than intraspecific 

competition, probably because all species feed their offspring on similar prey items so that overall 

competition Is a better measure of prey availability than species-specific competition. This might 
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explain why these findings differ from those of Both (2000) who did not find a relationship between 

seasonal decline and breeding density when breeding density was quantified as species-specific 

pairs per hectare. The negative relationship between nesting density and clutch size In both 

C. caeruleus and P. major is well known (e. g. Perrins and McCleery, 1989). Indeed, Perrins (1965) 

calculated that 69% of variation In P. major clutch size could be accounted for by nesting density 

and lay date. However, it has always been assumed that these variables influence clutch size 

independently, whereas the findings of this study suggest that nesting density can affect the strength 

of relationship between lay date and clutch size as well as influencing clutch size in its own right. 

That passerine nesting density influences the relationship between lay date and clutch size for 

C. caeruleus and P. major(Paridae) but not for F. hypoleuca (Muscicapidae) is supported by a 

meta-analysis of the density dependence on clutch size which indicates that Paridae show more 

variability in clutch size in relation to breeding density than do Muscicapidae (Both, 2000). 

5.4.3.2 "Early" versus "late" years 
The earliest annual lay date explains a significant amount of the annual variance in the relationship 

between lay date and clutch size for P. major. This relationship is positive, thus the penalty for 

being late in an "early" year is greater than being late in a "late" year, probably because of the 

mismatch between peak chick provisioning and peak food supply (Chapter 4). It is worth noting that 

this tendency also exists for C. caeruleus at the study site, although it is non-significant (P = 0.205). 

The influence of the "earliness" of the breeding season has previously been found to influence the 

relationship between lay date and clutch size in the multi-brooded Carduelis carduelis (goldfinch). 

In years with an excessive delay in the onset of the breeding season, the relationship between lay 

date and clutch size tended more towards the linear decline typical of single-brooded species (such 

as C. caeruleus, P. major and F. hypoleuca) rather than the pattern of a mid-season peak clutch 

size typically found in multi-brooded species, again possibly because of the need to synchronise 

with peak food supply (Gil-Delgado et at, 2005). 

5.4.3.3 Temperature 

Mean May temperature explains a significant proportion of the annual variance in the relationship 

between lay date and clutch size for F. hypoleuca, with late Individuals laying fewer eggs in years 

when average temperatures are higher (i. e. the strength of the relationship between lay date and 

clutch size Is stronger in warmer years). At first, this seems counter-intuitive: when temperatures 

are warmer, food Is more abundant which makes egg production easier (Perrins, 1996). If anything, 

it might be expected that late Individuals would lay more eggs in years when average temperatures 

are higher (i. e. that the relationship would be the other way round). However, warmer temperatures 

also encourage an earlier peak in caterpillar numbers (Perrins, 1991). Since this peak should Ideally 
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coincide with maximum chick provisioning (Chapter 4), warm spring weather means that late-nesting 

individuals have an increased risk of their offspring hatching after the peak in this food source 
(Slagsvold, 1976). Accordingly, the penalty for breeding late in warm years is greater than breeding 

late in colder years and the strength of the relationship between lay date and clutch size reflects this. 

Why annual variability in the relationship between lay date and clutch size occurs in the F. hypoleuca 

Nagshead population but not in Uppsala is unclear but not unprecedented; latitude has previously 

been found to influence the relationship between lay date and clutch size in multi-brooded species 

such as Sialia sialis (eastern bluebird) (Dhondt et aL, 2002), while latitudinal variation in lay date 

has been found for both F. hypoleuca and P. major (Slagsvold, 1976). One possibility is that May 

temperatures may be more varied at Nagshead than Uppsala, and thus the varying relationship 

between these two variables is only obvious at the former. Alternatively, the earlier mean annual 

lay date (and thus slightly longer breeding season) in England compared with Sweden might have 

an effect. For example, English-breeding F. hypoleuca might be more able to respond to changes in 

May temperature whereas Swedish breeding individuals, with their increased time pressure, might 

be less flexible. The differences in the annual variability between the Nagshead and Uppsala 

populations are intriguing and worthy of further research. 

5.5 Chapter summary 

1. As in previous studies, a negative and highly significant (P < 0.001) baseline relationship 
(15 years of data pooled) between lay date and clutch size was identified for each species. 

2. Generalised Linear Modelling (GLM) showed an interaction between lay date and year in the 

prediction of clutch size for each species, indicating that the relationship between lay date and 

clutch size was annually variable. 

3. There was a strong correlation in the annual variability of the dependence of clutch size on lay 

date between C. caeruleus and P. major, but not between F. hypoleuca and either parid. 

4. Passerine nesting density (number of nestbox occupations) explained 47.4 % of the variance for 

C. caeruleus (fewer eggs when density was high). 

5. Earliest annual lay date explained 23.1 % of the variance for P. major (fewer eggs in "early" 

seasons) while the addition of passerine nesting density increased the variance explained to 31.6%. 

6. Mean May temperature explained 33.1 % of the variance for F. hypoleuca (fewer eggs in 

warmer years). 

7. The results suggest that breeding density and abiotic environmental variables such as 
temperature influence not only breeding phenology and breeding success individually, but also 
the relationship between these variables. 
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CHAPTER 6 

Are nest sites actively chosen? Spatial and 
temporal nestbox occupation patterns 

The assumption that nest-building species, including most birds, actively choose nest sites 

according to species-specific requirements has seen little direct empirical testing, despite the risk of 

erroneous conclusions in studies that seek to determine nest-site selection cues. In this chapter, 

the assumption of active nest-site choice is tested for the study species by analysing Nagshead 

nestbox occupation data to establish if nest site use is statistically non-random. The Nagshead data 

are also analysed to establish whether site-specific or year-specific factors explain more variance, 

and are thus relatively more important, in determining the occupation of nest sites. 

Publications arising from chapter: 

Goodenough, A. E., Elliot, S. L and Hart, A. G. (In Review) Are nest sites actively chosen? Empirical testing of a 
common assumption. Oikos. 
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6.1 Introduction 

Many widely accepted ecological concepts, particularly those concerning temporal and spatial 

variation in population dynamics, are essentially untested assumptions. Recently, empirical testing 

of several such assumptions has found them to be erroneous. For example, it has been assumed 

that birds ringed as nestlings in different populations have an equal chance of being recaptured, 

such that reliable first-year survival rates can be calculated from recapture data. However, a study 

specifically testing this assumption found that first-year survival rates are underestimated in 

populations where the probability of recovering first-year birds is greater than the probability of 

recovering older birds (Freeman and Morgan, 1992). This is a particular problem in studies of 

waders where small counts are typically biased in favour of first-year birds (Clark et at, 2006). Other 

examples of key spatio-temporal assumptions that have been found to be erroneous or unfounded 

when empirically tested include: (1) that disease acts independently of other mortality-causing 

factors in mammal epidemiological models (tested by Jolles et at, 2006); (2) that a "typical" age 

structure can be applied to fish populations to accurately assess density-dependent productivity 

effects (tested by Zabel and Levin, 2002); (3) that island communities are more susceptible to biological 

invasion than continental landmasses (tested by Sol, 2000); and (4) that the relationship between 

avian lay date and clutch size is temporally consistent (tested in Chapter 5). Crucially, the use, 

whether implicit or explicit, of erroneous assumptions reduces the validity of the research results 

predicated upon them (Thompson, 2002). However, there is sometimes publication bias against 

research that tests (and contradicts) widely accepted ecological assumptions (Nykänen and 

Koricheva, 2004), and this can constrain efforts to move understanding of complex topics forward. 

Reproductive success depends on many interacting factors (Stauffer and Best, 1982) and consequently 

most nest-building birds are assumed to expend time and energy selecting nest sites non-randomly 

according to species-specific requirements (Gaston and Slagsvold, 1985). Establishing and quantifying 

factors influencing nest-site selection is, therefore, a key area of research. However, studies on nest- 

site selection generally start with a fundamental assumption: that birds actively choose nest sites rather 

than simply selecting a particular site by chance (e. g. Peterson and Gauthier, 1985; Hagelin and 

Miller, 1997; Ramsay at a/., 1999; Bisson at al., 2002). There appears to have been no empirical 

testing of the assumption of active nest-site choice against the alternative of random selection for 

secondary cavity-nesting birds, other than that of Stenning (1995) for C. caeruleus in Sussex. 

It is important to test the assumption of active nest-site choice explicitly rather than simply 

examining the factors that might cause non-randomness. If nest-site selection Is in fact random, 

research into the factors that could hypothetically influence nest-site selection is not the best use of 
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research resources. A more important issue, however, is that of pseudo-significance (Dytham, 2003). If 

a multivariate statistical approach including many candidate variables Is used to establish factors 

influencing nest-site selection, it is likely that some variables will be considered significant by chance 
(statistically one in 20 if the 0.05 critical significance level is used). This possibility has received 

little attention despite the plethora of studies using a multivariate approach (e. g. Marks, 1986; 

Bekoff et al., 1987; McCallum and Gehlbach, 1988; Finch, 1989; Pogue and Schnell, 1994; 

Rohrbaugh and Yahner, 1997; Fernandez and Reboreda, 2002; Dornack et aL, 2004; Neto, 2006; 

Urios and Martinez-Abrafn, 2006) and despite the serious erroneous conclusions that could result if 

nest-site selection is actually random. Pseudo-significance leading to incorrect conclusions may also 

explain some of the inter-study differences in the variables that have been interpreted as nest-site 

selection cues for the same species. Conversely, if empirical testing reveals nest sites are selected 

non-randomly (i. e. actively chosen) there is impetus to widen the scope of the study to gain further 

insight into avian nest-site selection processes, especially where the criteria driving nest-site choice 

are not apparent by examining likely candidate factors based on a priori knowledge (Jones, 2001). 

6.1.1 Using nestboxes to study nest-site choice 
The general advantages of using nestboxes in evolutionary ecology were outlined in Chapter 1. 

However, there are other, more specific, reasons why a nestbox scheme where there is a surplus of 

nestboxes is the ideal situation to test the hypothesis that nest-site selection is non-random. 

Provision of nestboxes in abundance ensures that birds have choice of nest sites, such that determining 

preference and avoidance patterns is possible (Petit and Petit, 1996). Use of nestbox data also means 

that the total number of "cavities" is known for species such as C. caeruleus, P. major and 

F. hypoleuca that preferentially use nestboxes over natural cavities (Chapter 2). The selection of nest 

sites can, therefore, be directly inferred (Pogue and Schnell, 1994), without the need to quantify the 

difference between nest sites and random sites (with all the inherent bias that this process entails) to 

determine the randomness or otherwise of nest-site use indirectly (e. g. Joy, 2000; Lusk etal., 2003; 

Mezquida, 2004). Moreover, using appropriately sized nestboxes means that physical constraints to 

nesting (e. g. cavity size: Lumsden et al., 1980) are removed, thereby ensuring any observed non- 

random selection is the result of choice, not necessity. Although it is possible that natural cavities are 

occasionally used, extensive territory mapping has not provided any evidence for this at Nagshead. 

Any effect on nest-site patterns would thus be minor. 

Using nestbox data also allows the consideration of a much-overlooked issue closely linked to the 

assumption of active nest-site choice: the relative importance of year-specific and site-specific 

factors in determining the occupation of nest sites. Many studies have demonstrated the importance 

of year-specific factors in avian reproductive processes (reviewed by Newton, 1998) and thus it 
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might be predicted that, in a relatively homogenous habitat, year-specific factors will have a greater 

influence on nestbox occupations than site-specific factors. Although one study has looked at this 

question for nesting success (Radunzel et al., 1997), no research appears to have been conducted 

to determine the relative importance of temporal and spatial factors in the occupation of nest sites. 

6.2 Materials and methods 

6.2.1 Nestbox occupation data 

Occupation data were quantified for the three study species nesting in 295 standard nestboxes as 

detailed in Chapter 2. This gave 3,108 nestbox occupations in the period 1990-2004. In addition, 

nestboxes occupied by occasional species during this period were recorded: S. europaea (n = 47); 

Ph. phoenicurus (n = 23); P. ater (n = 18); C. familiaris (n = 2); and T. troglodytes (n = 1). There 

were also five occasions where nests were abandoned during the egg-laying process and it was not 

possible to determine species information. This increased the number of occupied nestboxes to 

3,204. Where nestboxes remained unoccupied, blank records were entered to give an analysable 

dataset of 4,425 "nestbox years" (295 nestboxes * 15 years). 

6.2.2 Geographical Information Systems (GIS): mapping nestbox occupation 

Nestbox usage was analysed graphically using a GIS approach for each species to establish the 

uniformity or otherwise of nestbox occupations and identify any patterns in nestbox usage. In all 

cases, the 295 standard Nagshead nestboxes were mapped and displayed as a circle (the colour 

of which showed the frequency of occupations) or as a cross (where boxes had not been used 

during the period 1990-2004). The location of each nestbox was determined using GPS technology 

(Chapter 2) and maps were plotted using Microsoft Visual Basic programming code. 

6.2.3 Statistical analyses 

To determine whether there was a significant deviation from randomness in the occupation of 

different nestboxes, the frequency of occupation of each of the 295 nestboxes over the 15 years 

was compared to a hypothetical Poisson distribution (Fowler et al., 1998). This was done using 

separate iterations (one for each species) of a one-sample Kolmogorov-Smirnov (K-S) test 

(Dytham, 2003). This approach had been used previously in theoretical computer modelling of 

female distribution at avian lekking sites (Gibson eta!., 1990). A significant result in this test was 

taken as evidence that some nestboxes were used more often, and others less often, than would 

be expected by random chance, such that nestbox occupation was spatially non-random. 
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To establish the relative importance of year-specific and site-specific factors on whether a nestbox 

was occupied, a binary occupation variable was constructed for each study species (0 = unoccupied; 
1= occupied). These were analysed using separate iterations of Cochran's 0 test: a non-parametric 

extension of the McNemar test which can be used as an equivalent of a two-way ANOVA for binary 

variables using a similar rationale to Freidman's test (Lumsden et al., 1980; Bures and Pavel, 2003). 

The analyses were calculated according to the equations given by Siegal (1956) and Sokal and Rohlf 

(1995). It should be noted that significant between-site variation in any Cochran's analysis indicated 

only that occupation of nestboxes were statistically different one from another (i. e. non-uniform), 

(McCulloch, 1985) not that this difference was anything other than random variation (testing for 

deviation from randomness in nestbox occupation was done using the K-S test as detailed above). 

6.3 Results 

6.3.1 Variability in nestbox occupation 
Nestbox occupation by each species varied in two ways: the number of occupations per year 

(temporal variation: Fig. 6.1 a) and the number of years out of a possible 15 that individual nestboxes 

were occupied (spatial variation: Fig. 6.1 b). In terms of temporal variation, C. caeruleus showed the 

most variability, followed by F. hypoleuca, then P. major (occupations varied by 66,63, and 25 

occupations per year, respectively). Cyanistes caeruleus showed the highest absolute variability in 

the number of years that individual nestboxes were occupied during the 15 years (0-14 occupations 

per box), followed by F. hypoleuca (0-10 occupations per box) and then P. major (0-9 occupations 

per box) (Figs 6.2-6.4). The variation in nestbox occupation was also calculated using the 

coefficient of variance to enable direct comparison between species with appreciably different means. 

Using this statistic, F. hypoleuca showed most variation in nestbox occupations between-years, 

while P. major showed most variation in occupations between-sites (Table 6.1). The coefficient of 

variation was higher between-site than between-year for all study species. 

Table 6.1: Coefficients of variation in Nagshead nestbox occupations between 1990 and 2004 for 

C. caeruleus, P. major and F. hypoleuca, both between-year and between-site (I. e. between-nestbox). 

Coefficient of Variation (%) 

Between-year Between-site 

C. caeruleus 14.62 47.04 

P. major 22.80 94.45 

F. hypoleuca 41.98 76.60 
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Figure 6.1: Variation in nestbox occupations at Nagshead during the period 1990-2004 for all birds combined 

and specifically for C. caeruleus, P. major and F. hypoleuca: (a) shows between-year variation; while (b) shows 

between-site (in this case between-nestbox) variation. The "overall occupation" figures include occupations for 

the three main species, which comprise 97% of occupations, and the minority species listed above. 
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Figure 6.2: Nestbox occupation by C. caeruleus at Nagshead during the period 1990-2004. The mean 

occupation rate was 6 occupations in 15 years (below mean = 1-5 occupations; above mean = 7-14 

occupations). Just 3 nestboxes were never occupied by this species during the study period. The location 

of all nestboxes, structures (visitor cabin and bird hides: CH = Campbell Hide, LH = Lower Hide), roads, 
forest tracks, footpaths and water bodies was established by GPS surveying in 2005 (c. 6200 data points). 
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Figure 6.3: Nestbox occupation by P. major at Nagshead during the period 1990-2004. The mean 

occupation rate was 2 occupations in 15 years (below mean =1 occupation; above mean = 3-9 occupations). 
67 nestboxes were never occupied by this species during the study period. The location of all nestboxes, 

structures (visitor cabin and bird hides: CH = Campbell Hide, LH = Lower Hide), roads, forest tracks, 
footpaths and water bodies was established by GPS surveying in 2005 (c. 6200 data points). 
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Figure 6.4: Nestbox occupation by F. hypoleuca at Nagshead during the period 1990-2004. The mean 

occupation rate was 3 occupations in 15 years (below mean = 1-2 occupations; above mean = 4-10 occupations). 
37 nestboxes were never occupied by this species during the study period. The location of all nestboxes, 

structures (visitor cabin and bird hides: CH = Campbell Hide, LH = Lower Hide), roads, forest tracks, 

footpaths and water bodies was established by GPS surveying in 2005 (c. 6200 data points). 
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6.3.2 Active nest-site choice 
Comparison of the frequency with which each nestbox was occupied to a theoretical Poisson 

distribution returned a significant result (indicating that the frequency of occupations was significantly 

different from that expected by chance) for C. caeruleus (one-sample K-S test, Z= 1.388, P=0.042) 

and P. major (Z= 1.529, P=0.019), but not for F. hypoleuca (Z= 0.721, P=0.676) (n = 295 

nestboxes in all cases). 

6.3.3 Relative importance of year-specific and site-specific factors 
Comparing nestbox occupations between-year and between-site using Cochran's 0 tests (one for 

each species) showed that significant variation was explained by year-specific and site-specific 

factors for each species (P< 0.001). In terms of the relative importance of these factors, 

site-specific factors were more important than year-specific factors for C. caeruleus and P. major, 

while the reverse was true for F. hypoleuca (Table 6.2). 

Table 6.2: Differences in nestbox occupations in relation to year-specific and site-specific factors for 

C. caeruleus, P. major and F. hypoleuca during the period 1990-2004. 

Cochran's Q Test Statistics 

Passerine species Between-year Between-site 
(n =15) (n = 295) 

C. caeruleus Q= 66.06 0-648.76 

P=9.89 x 10-09 P. 8.42 x 10-29 

P. major 0- 36.59 0-601.26 

P=8.51 x 10-03 P= 2.80 x 10.23 

F. hypoleuca 0= 143.67 0-527.79 
P=1.32x10-23 P= 1.57x10'15 

The P value, not the Q value, should be used to compare the relative importance of year-specific 

and site-specific factors in determining nestbox occupations within species as sample sizes differ 

between the variables. Either the Qor Pvalue can be used to compare the relative Importance of year- 

specific or site-specific factors between species as the sample size within each variable Is consistent. 

6.4 Discussion 

Nest-site selection was non-random (implying active nest-site choice) as is commonly assumed for 

C. caeruleus and P. major but, importantly, this was not the case for F. hypoleuca. Site-specific 

factors were considerably more important in explaining variation in nest-site occupation than 

year-specific factors for C. caeruleus and P. major, while the reverse was true for F. hypoleuca. 
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6.4.1 Active nest-site choice 
Both C. caeruleus and P. major occupy nestboxes non-randomly at the Nagshead site. This contrasts 

with the apparently random nest-site selection demonstrated by F. hypoleuca. That nest sites are 

apparently actively chosen by C. caeruleus and P. major agrees with field evidence suggesting that 

these species actively prospect for nest cavities (Perrins, 1979) and a study by Stenning (1995) on 
C. caeruleus which also found nestbox occupations were non-uniform. Because C. caeruleus and 
P. major form monogamous pairs and select nest sites during peak availability (early in the season), 

active nest-site choice is possible. This choice has presumably evolved because some nest sites 
have advantages over others, possibly increasing the number of offspring to fledge (Chapter 7), 

increasing the fitness of those offspring (Chapter 8), or conveying some benefit to the parent birds 

such as improving post-breeding fitness or reducing the trade-off between current and future breeding 

success (Misenhelter and Rotenberry, 2000); or a combination of the above. It should noted that there 

is a slight possibility that the practice of blocking holes of some boxes (n = 93) at Nagshead during the 

winter months (Chapter 2) might skew results, such that non-randomness is a product of management. 
However, all boxes are unblocked at the end of March, such that the potential influence on choice is 

likely to be minimal. Moreover, experimental analysis indicates that there is no significant difference in 

occupation of boxes by any species on the basis of whether they have been blocked during the winter. 

In contrast to the parid, F. hypoleuca appears to select nestboxes randomly. There are two factors 

that might explain this. The first is the possibility that the randomness in nestbox occupation is the 

result of average breeding success being unaffected by nestbox placement, such that there is no 

selection pressure for active nest-site choice at this site (but see Chapter 7). The alternative is that 

random nestbox occupation is indicative of constraint in F. hypoleuca nest-site choice. Because F. 

hypoleuca is a migratory species, individuals arrive at breeding grounds when many nest sites are 

already occupied, which reduces choice. Moreover, their semi-polygynous mating strategy means 
females select their mate, nest site, and breeding territory as one unit which could constrain choice 
(Slagsvold, 1986), especially if females prioritise male quality (Alatalo et a/., 1986; Lifjeld and 
Slagsvold, 1988). Thus both competition and mating strategy could act as limiting factors in nest-site 

choice. Whether females would exhibit active nest site selection either if there were more 

nestboxes, or if there were more good-quality males (i. e. whether the observed lack of nestbox 

choice is a result of either competition or mating strategy), is an intriguing question worthy of further 

study. It is also possible that the earliest-arriving males actively choose nestboxes, but that later- 

arriving males, selecting from a reduced resource, occupy boxes by default. At Nagshead, about 
28% boxes remain unoccupied each year (Fig. 6.1 b) so there is always, theoretically, some choice 
(Chapter 7). However, as the search-cost involved in finding a "better" nestbox increases as the 

number of available boxes decreases, whether it is beneficial to undertake a prolonged nest-site 

search is questionable (Alatalo etaL, 1988; Chapter 1), especially given the risk of losing the current 

nest site in search of something better. 
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6.4.2 Relative importance of year-specific and site-specific factors 

The population and breeding behaviour of species varies annually. Nestbox occupations (a proxy 
for the size of the breeding population: Chapter 3) are affected by breeding success the preceding 

year (Stenning et al., 1988) and winter survival (Gosler, 1993). These factors are themselves 
influenced by other (inter-related) factors such as weather, food supply, competition, and predator 
density (Newton, 1998). Accordingly, year-specific factors were expected to be of considerable 
importance in determining the occupation of nest sites, as indeed was the case. For C. caeruleus 

and P. major, however, the greater impact of site-specific factors over year-specific factors on 

occupations was contrary to expectations, especially as the populations have varied temporally 
(C. caeruleus having significantly increased; P. major having fluctuated cyclically: Chapter 3). This 

suggests that the characteristics of the nestbox, its placement and surrounding habitat, are of 

greater importance in determining occupation than is frequently assumed in a homogenous habitat. 

The greater influence of site-specific factors may also relate to the high incidence of nest-site re-use 
in successive years (Andreu and Barba, 2006). Conversely, the observation that year-specific 
factors were a greater influence on nestbox occupations than were site-specific factors for F. hypoleuca 

is both expected and explicable. This species has undergone a 73% decline in numbers during the 

study period (Chapter 3) and accordingly year-specific factors were expected to be the main 
influence on nestbox occupations. Random nestbox use by F. hypoleuca (see above) would also 

act to reinforce the importance of year-specific factors on nestbox occupations by limiting the 

impact of site-specific factors and thus allowing year-specific factors to dominate. The traditional 

view of F. hypoleuca as a bird of mature broadleaved (preferably oak) woodland may be more a 

reflection on nest site availability than on active nest site selection: indeed the species will nest in 

most forest types if nest sites are available or nestboxes are provided (Lundberg and Alatalo, 1992). 

6.4.3 Explanatory variables 
Many environmental variables have been considered possible nest-site selection cues in previous 

research and are thus candidate factors to explain nest-site selection for C. caeruleus and 
P. major. These include surrounding vegetation species (Mänd et at, 2005); vegetation structure 
(Bekoff et al., 1987; Stowe, 1987); habitat maturity (Baker, 1991); habitat patch size (Moller, 1988); 

food resources (Stenning, 1984; Hagelin and Miller, 1997); proximity to water (Marks, 1986); 

proximity to roads (Kuitunen et al., 2003); human disturbance (Bisson et al., 2002); predator 
dynamics (Fontaine and Martin, 2006; Schmidt et at, 2006); presence of other nesting pairs 
(Stamps, 1988); and the locality of high-ranking males (Ramsay et al., 1999). As the study species 

are cavity-nesting species, cavity orientation (Dhondt and Phillips, 2001), height above the ground 
(Barnes, 1975; Stauffer and Best, 1982), presence of old nests (Orell et at, 1993) and parasite 
load (Christe et at, 1994; Mappes eta!., 1994) might also be important. The study site is a 

relatively homogeneous even-aged mature oak plantation, though differences In sheep grazing 
have impacted upon shrub layer density and species composition (Chapter 2). Stenning (1995) 
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found that boxes consistently under-used by C. caeruleus in Sussex were most usually associated 

with a central position in the woodland. This does not seem to apply for C. caeruleus or for the 

other two study species at Nagshead (Figs 6.2-6.4), possibly because the site itself is subject to 

limited edge-effects (Chapter 2). The nestboxes are approximately the same height above the 

ground so this is unlikely to affect choice, but do face different directions so that the orientation of 
the nestbox entrance is a potential factor influencing nestbox choice (Chapter 7). The presence or 

absence of an old nest in the nestbox (which can affect pre-occupation parasite load) is 

unimportant at Nagshead as boxes are cleaned out annually. 

Ascertaining the influence of such factors on nest-site selection for species which nest non-randomly, 

such as C. caeru/eus and P. major, is a key area for future research. Such research should also 

consider the interactions and trade-offs between multiple nest-site selection cues (Fisher and 

Wiebe, 2006) and the consequences of nest-site selection on breeding success to establish to 

what extent nest-site selection is adaptive (Misenhelter and Rotenberry, 2000; Chapters 7 and 8). 

For F. hypoleuca, a bird undergoing decline in parts of the U. K. (Chapter 3), the above factors need 

to be examined to determine whether and how they influence breeding success, even if they do 

not, or cannot, affect nest-site selection. 

6.4.4 The importance of empirically testing common ecological assumptions 
This chapter has underlined the importance of empirically testing common ecological assumptions. 
The results-demonstrate that for two avian species (C. caeruleus and P. major), nest sites are 
indeed actively chosen as is commonly assumed. However, despite expectations, site-specific 
factors are relatively more important in explaining nest site occupation than are year-specific 
factors in both species, which provides impetus for further study (Chapters 7-10). Conversely, for 

F. hypoleuca, nest sites are apparently selected randomly, contrary to common assumption. This 

demonstrates the power of the comparative approach in evolutionary ecology studies and 

emphasises the need not only to test assumptions empirically, but to do so for several species 

rather than a single "model" species. 

6.5 Chapter summary 
1. Nest-site selection was spatially non-random (implying active nest-site choice) for C. caeruleus 

and P. major, which agrees with the assumption of active nest-site choice. 

2. Nest-site selection did not differ significantly from random for F. hypoleuca, possibly because 

nest-site choice is constrained by migration, nesting phenology and breeding strategy. 

3. Significant variation in nestbox occupation was explained by year-specific and site-specific factors 
for all species, but the relative importance of these factors was species-specific. 

4. Site-specific factors were considerably more important than year-specific factors for C. caeruleus 
and P. major, while the reverse was true for F. hypoleuca. 
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CHAPTER 7 

The influence of nestbox orientation on 

occupation and breeding success 

The potential influence of cavity orientation on nest-site selection and breeding success has been 

the subject of relatively little research for secondary cavity-nesting species. In this chapter, 

Nagshead nesting data from 1990-2004 are used to analyse the influence of orientation on nestbox 

occupation and breeding success by C. caeruleus, P. major and F. hypoleuca. The aims of this 

chapter are to determine: (1) whether these species exhibit any directional preference or avoidance 

in their choice of nest site; and (2) whether any such variation in nestbox selection might be adaptive 

to differences in breeding success. Possible reasons for the disparities in the influence of orientation 

on nestbox selection and breeding success are considered. The potential influences of nestbox 

microclimate and offspring quality are also discussed. 

Measuring nestbox orientation using a line-of-sight compass 
(March 2005) 

Publications arising from chapter: 

Goodenough, A. E., Maitland, D. P., Hart, A. G. and Elliot, S. L. (In Press) Nestbox orientation: a species-specific 
influence in woodland passerines. Bird Study. 

Goodenough, A. E., Maitland, D. P., Hart, A. G. and Elliot, S. L. (2006) Birds And Their Boxes: Orientation 
Matters. Poster presentation at the British Ornithologists' Union Conference "Woodland Birds: Their Ecology 

and Management", University of Leicester, April 2006. 
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7.1 Introduction 

Nest-site selection and subsequent breeding success can be influenced by many disparate 

environmental and habitat-dependent variables (Chapter 6 and references therein). For the 13% of 

bird species that nest in cavities globally (Newton, 1998), one variable that can Influence both 

selection and breeding success is the orientation of the cavity entrance (Martin et al., 1997). 

Several secondary cavity-nesting bird species have a directional preference that influences their 

choice of nest cavity; for example, the majority of nest cavities used by Sitta carolinensis (white- 

breasted nuthatch) and S. pygmaea (pigmy nuthatch) face southeast (McEllin, 1979). Other 

species exhibit a directional avoidance; for example, Sturnus vulgaris (European starlings) avoid 

cavities facing west-northwest (van Balen et aL, 1982). These non-uniform patterns of cavity 

occupation may facilitate regulation of nest microclimate (Inouye et aL, 1981; Burton, 2006). 

Orientation can affect cavity temperature; for example, east-facing cavities are warmed by the 

early-morning sun (Raphael, 1985; Dhondt and Phillips, 2001) while nesting in cavities facing certain 

(often site-specific) directions can influence exposure to prevailing wind (Conner, 1975; Austin, 1976) 

and rain (Balgooyen, 1976; du Feu, 2003). 

Orientation can also influence breeding success, either with or without influencing nest-site selection. 

However, relatively few studies have explored these complex relationships. For some species such 

as Sialia currucoides (mountain bluebird) and Poecile atricapillus (black-capped chickadee), 

orientation appears to have no influence on either cavity selection or breeding success (Peterson 

and Gauthier, 1985; Mennill and Ratcliffe, 2004). Other species select their nest cavity independently 

of orientation, although orientation does affect subsequent breeding success. For example, while 

S. stalls do not choose nest cavities according to orientation (Pinkowski, 1976), individuals nesting in 

northeast-facing cavities fledge a significantly higher number of young than those using cavities 

oriented west (Dhondt and Phillips, 2001). Conversely, a species may exhibit an orientation 

preference that is not converted into increased reproductive success. For example, although T. bicolor 

exhibit a preference for cavities facing south-southeast, this does not influence the number of young 

that they fledge (Rendell and Robertson, 1994). Finally, orientation Is a potential influence on both 

cavity selection and breeding success, such that nest-site selection becomes a direct adaptation to 

increase reproductive success (Misenhelter and Rotenberry, 2000). This has not been well-studied 

for secondary cavity-nesting birds, but has been observed for species that build domed nests with 

a side entrance hole. Late-breeding Camplylorhynchus brunneicapillus (cactus wrens) that build 

nests with an entrance facing their preferred direction (southwest to northwest) fledge at least one 

young on 72.1 % of occasions compared with 53.7% for Individuals using nests facing any other 
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orientation (Austin, 1974). A similar relationship between preferred orientation and breeding 

success has also been found for late-breeding Auriparus flaviceps (verdins) (Austin, 1976). These 

studies hint at the complex relationships that can exist between orientation, occupation and 

breeding success. However, this complexity has been established through disparate, often small- 

scale, studies of different species in diverse habitats and, for cavity-nesting species, almost 

exclusively for birds using natural cavities. 

The possible influence of orientation on avian reproduction is a little researched topic. No previous 

quantitative research appears to have been undertaken on the influence of orientation on both 

nest-site selection and breeding success for any of the study species. Moreover, there only 

appears to have been one study on directional preferences of C. caeruleus and P. major using 

natural cavities (van Balen et aL, 1982) and one study of F. hypoleuca using nestboxes (Gaedecke 

and Winkel, 2005). Neither of these studies links patterns in nest-site selection to breeding success. 

The potential influence of orientation on nest-site selection is investigated here for all species, even 

though F. hypoleuca appears to select nest sites randomly (Chapter 6). This provides consistency 

between the study species (Chapter 1) and enables disparities between the influence of orientation 

on F. hypoleuca nest-site selection and breeding success to be identified and discussed. 

7.1.1 Using nestboxes to study the influence of orientation 

In addition to the general advantages of using nestboxes in evolutionary ecology (particularly when 

it is necessary to measure breeding success accurately) discussed in Chapter 1, there are particular 

benefits of using nestboxes to study the influence of orientation on nest-site selection and breeding 

success. Directional preference in primary cavity-nesting species can be directly inferred (Zwartjes 

and Nordell, 1998). However, secondary cavity-nesting species are influenced by the availability of 

existing cavities. In extreme cases, all natural cavities might be oriented in one direction (Stauffer 

and Best, 1982), disguising any orientation preference or effect on breeding success (Gaedecke 

and Winkel, 2005). The problem of establishing nest-site selection cues for birds that depend on 

pre-existing cavities has previously been noted (e. g. Rendell and Robertson, 1994; Fig. 7.1). 

Artificial nestboxes are ideal for studying nest-site selection and breeding success. If nestboxes are 

erected randomly (or nearly so), they offer considerable directional choice. Any skew in the nestbox 

resource should be minor and can be compensated for in analysis (Chapter 2). Moreover, when 

nestboxes are supplied in abundance (as at Nagshead where there is a mean occupation rate of 

71.74%), birds have choice in the nestbox resource, such that determining selection, preference 

and avoidance patterns is possible (Petit and Petit, 1996; Chapter 6). 
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Secondary Cavity Nesters 
Northern Northern 

Bushy-tailed Deer Short-tailed Red flying Mountain Tree Mountain Common Saw-whet American Barrows 
woodrat mouse weasel squirrel squirrel Chickadee Swallow Bluebird Starling Owl Kestrel Bufflehead Coldeneye 

Primary Excavators 

Nest use (proportion) 
(n . 1191 nests) 

---- <10% 
10%-49% 

ýý 50%- t00% 

Figure 7.1: The relationship between primary and secondary cavity-nesting species in British 

Colombia demonstrating how secondary cavity-nesting species can be constrained in nest-site 

selection by the preferences of primary cavity-nesting species. From Martin et al. (2004). 

As well as the convenience of using nestboxes for evolutionary ecology studies, there is also a 

practical need for such research. This was discussed in detail in Chapter 1; suffice it to note here 

that research into the influence of nestbox orientation on occupation and breeding success could 

aid conservation efforts by allowing maximally effective placement of nestboxes. This is particularly 

important in wooded environments given woodland bird decline (Quine and Freer-Smith, 2003; 

Fuller et at, 2005; Amar et at, 2006; Chapter 3). 

7.2 Materials and methods 
7.2.1 Study rationale 
Because nest-site selection and breeding success can be influenced by many interacting factors, 

multivariate techniques are often considered the best method of analysis although there can be 

problems with this approach (see Chapter 6 and references therein). However, multivariate analyses 

are only suitable for linear or categorical variables (measured on ratio, interval, ordinal, or nominal 

scales), not for circular variables such as orientation. Circular variables can only be included in 

multivariate tests using arbitrary categories, a process that involves considerable data loss and 

sustainably increases the risk of type I errors. Accordingly, the best method of establishing 

orientation patterns is to analyse orientation data univariately on a continuous scale using circular 

statistics, which allow for 00 and 360 0 being equivalent (Batschelet, 1981; Bergin, 1991) while 
taking possible confounding linear variables into account (Moller, 1992a). 
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7.2.2 Orientation of nestboxes 
The nestboxes at Nagshead were not erected according to any intentional directional criteria, such 

that there were at least 10 nestboxes in each 30° compass sector. To determine the orientation of 

each nestbox, a line-of-sight compass with a resolution of 1° (Silva Voyager 8040, Alana Ecology, 

Shropshire, U. K. ) was used to record the bearing of an imaginary line passing perpendicularly 

through the entrance hole from directly in front of the nestbox. The reading was transformed to give 

the angle faced by that nestbox in degrees from magnetic north (Rendell and Robertson, 1994). 

All measurements were taken at least 1 Om from the nestbox to ensure an accuracy of ±1 11 (verified 

trigonometrically and by pilot experimentation). 

7.2.3 Other nestbox variables 
Several variables, other than orientation, pertaining to the characteristics and placement of each 

nestbox were measured. These variables were: (1) presence/absence of predation prevention 

plates, (2) height of nestbox above ground; (3) slope angle facing away from the nestbox entrance; 

(4) number of trees in a circular plot around each nestbox (nestbox plot size = 0.05ha; plot radius 

= 12.52m: James and Shugart, 1970; Bibby et al., 2000); (5) percentage shrub coverage, primarily 

Ilex aquifolium and Rubus fruticosus in the nestbox plot (Kirby, 1988; Chapter 2); (6) percentage 

field-layer coverage, primarily Pteridium aquilinum in the nestbox plot; and (7) canopy coverage 

percentage calculated using canopy photography (A. Goodenough, in prep. ). To militate against 

non-orientation factors becoming confounding variables, each of these parameters was correlated 

with orientation to ensure that there was no coincidental correlation after linear data had been log 

(ln+1) or arcsine square root transformed as necessary to normalise them (see Section 7.3.2). It 

should be noted that testing for a relationship between presence of predation prevention plates and 

orientation also tested for a relationship between hole blocking and orientation since unprotected 

boxes are blocked during winter, while protected boxes are not (Chapter 2). 

7.2.4 Avian data 

Occupation and breeding data were standardised and transformed for the 295 standard nestboxes 

as detailed in Chapter 2. For each species, the annual data were pooled for each nestbox through 

the 15-year period to provide average species-specific breeding success per nestbox. This was 

necessary to mitigate the pseudoreplication that would have resulted from having multiple samples 
(breeding attempts) per experimental unit (nestbox) (Hurlbert, 1984; Shaw, 2003). Experimental 

analysis on individual years indicated that there was no significant difference in the influence of 

orientation between years, such that data pooling was appropriate for this dataset. 

7.2.5 Statistical analyses 

The nestbox data followed a von Mises distribution (the circular equivalent of a linear normal 

distribution: Batschelet, 1981) and did not require transformation. Circular statistics were calculated 

using Oriana Circular Statistics for Windows 2.0 (Kovach Computing Services, Pentraeth, Wales). 
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Firstly, to establish whether the nestbox resource was itself randomly distributed, two different one- 

sample tests - Rayleigh's test (for unimodal patterns) and Rao's spacing test (for multimodal 

distributions) (Bergin, 1991) - were performed. Then, to compare the circular distributions of boxes 

that had been occupied at least once in the 15-year period with those that had not, three Mardia- 

Watson-Wheeler two-sample tests (one for each study species) were performed (Wallraff, 1974). 

Ties between the two datasets were broken by the random allocation of different ranks (Batschelet, 

1981). A non-significant result from this test was good evidence that the test species was using 

nestboxes randomly within the original skewed distribution. However, there remained a slight risk 

that a small directional preference could be masked if it coincided with the bias in the nestbox 

resource. To account for this possibility, the nestboxes were divided into 12 directional categories 

(30 ° binwidth) and 10 nestboxes were randomly selected from each (10 were selected as this was 

the total number of nestboxes in the least-frequented category). This stratified random subset gave 

a uniform base distribution against which the circular distribution of boxes which had been occupied 

at least once during the 15-year period could be compared using chi-square analysis (Fowler and 
Cohen, 1996; Lehner, 1996). The grouping technique was done in addition to the Mardia-Watson- 

Wheeler test as a verification of a randomness result3. It was not possible to compare the distribution 

of nestboxes that remained unoccupied throughout the study period with those that had been 

occupied by at least one of the study species as all nestboxes were occupied at least four times. 

Similarly, no measure of nestbox availability at the time each individual selected their nestbox could 

be added into the analyses (Johnson, 1980) as: (1) this would have necessitated continual monitoring 

of the occupation status of all nestboxes; and (2) there arises the question of when a nestbox 

actually becomes "occupied": whether this is when it is part of an active territory, when nesting 

material is first introduced, when the nest structure is completed, or when egg-laying has commenced. 

To detect any relationship between orientation and the frequency of nestbox occupations (i. e. the 

number of occupations during the 15-year period) by each study species, parametric circular-linear 

correlation (Fisher, 1993; Mardia and Jupp, 2000) was used. This technique was also used to 

identify any relationship between nestbox orientation and the five measures of breeding success 
(clutch size, number of eggs to hatch, number of young to fledge, the proportion of eggs to hatch 

per clutch, and the proportion of young to fledge per brood) for each study species (Bonferroni 

corrections were applied as necessary). Finally, to establish whether any relationship between 

orientation and breeding success was the result of a difference in the number of young to fledge 

per breeding attempt or a difference in the nest failure rate, the orientations of failed nests (no 

young fledged) and successful nests (at least one young fledged) were compared using separate 
Mardia-Watson-Wheeler tests. 

3 Chi-square analysis was not used as the main method of determining patterns in nestbox usage 
because of the information loss involved (only 120 boxes could be analysed due to the non-uniform 
nestbox distribution) whereas the two-sample test allowed records from all 295 boxes to be used. 
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7.2.6 Nestbox microclimate 

To determine whether orientation influenced internal nestboxes temperatures in a naturally shaded 

woodland environment, eight nestboxes were arranged around a single tree, oriented towards the 

cardinal and sub-cardinal points (north, northeast, east, southeast, south, southwest, west and 

northwest) (Gaedecke and Winkel, 2005). The internal temperature of each nestbox was monitored 

using temperature probes (LoglT HiTemp sensors attached to DataMeter 1000 data loggers, DCP 

Microdevelopments, Norfolk, U. K.; Figure 7.2). Readings were taken every 10 minutes for eight 

weeks during the breeding season in 2005 and periodically downloaded onto a field laptop using 

LogIT Lab software (version 2.02; details as above). All monitoring equipment was recalibrated at 

the start of recording and periodically throughout to ensure 

that, under the same conditions, the probes all recorded the 

same temperature (±0.1 °C). The boxes were constructed out 

of the same material (12mm ply wood) and were the same size 

as the Nagshead nestboxes (Chapter 2). They were devoid of 

nesting material. To prevent the boxes being used during the 

experiment (which would have inflated the temperature in the 

occupied nestbox so that comparisons between boxes would 

not have been possible), 6mm metal mesh was used to cover 

the entrance holes. Ambient temperature was also recorded 

every 10 minutes using an integrated (weather-proof) 

temperature logger (ThermaDataTM Logger, Electronic 

Temperature Instruments, West Sussex, U. K. ). monitor nestbox temperatures. 

To establish whether there was any difference in the moisture content of nests from boxes facing 

south-west (180-269°) compared with those from boxes facing north-east (0-89°), nests were 

removed from 20 boxes (10 facing each direction) occupied by P. major immediately following 

fledging in 2006. The nests were weighed, dried at 105°C for 24 hours, and re-weighed so that 

moisture content could be calculated using percentage weight loss on evaporation. 

7.3 Results 

7.3.1 Nestbox distribution 

The circular distribution of the nestbox resource deviated significantly from uniform (Rayleigh's test 

Z= 28.222, n= 295, P<0.001; Rao's spacing test U= 160.254, n= 295, P<0.001) with a skew in 

nestbox orientation towards the northwest (mean vector angle = 317.9°; mean vector length = 0.309) 

(Fig. 7.3a). This meant that two-sample tests were necessary to investigate relationships between 

orientation and occupation (see above) rather than one-sample goodness-of-fit tests (Bergin, 1991). 
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7.3.2 Other nestbox variables 
There was no coincidental correlation between orientation and any other measured nest site 

characteristic (presence of predation prevention plates, height above ground, slope angle, 

surrounding vegetation species, vegetation structure and canopy-coverage) as determined 

using circular-linear correlation after transformation to normalise linear data as necessary 
(P> 0.05 in all cases; tests not shown). 

7.3.3 Orientation and nestbox occupation 
To ascertain whether species-specific occupation of nestboxes was related to orientation, the 

circular distribution of boxes that had been occupied at least once in the 15-year period was 

compared with the circular distribution of those that had never been occupied, using Mardia- 

Watson-Wheeler and chi-square tests (Fig. 7.3 b-d). The frequency of nestbox occupation was 

then correlated with orientation using circular-linear correlation (shown for P. major in Fig. 7.4). 

Parus major used nestboxes of any orientation during the 15-year period (Table 7.1) The circular 

concentration (x) of occupied nestboxes around the mean orientation was also very low (x= 0.038), 

again indicating a relatively uniform distribution (Fig. 7.3c). However, the frequency of nestbox 

occupation by P. major (i. e. the number of years that nestboxes occupied at least once by this species 

during the study period was used: range 1-9 years) correlated with orientation (circular-linear 

correlation r=0.14, n= 228, P=0.012). The mean number of P. major nests in boxes oriented 

south-southwest (180-2091 was 32% lower than the mean number of nests in boxes facing other 
directions (1.7 ± 0.28 S. E. M. nests in 15 years versus 2.6 ± 0.12 S. E. M.; Fig. 7.4). This decrease 

was significant (two-tailed t test t=1.980, d. f. = 226, P=0.049). 

Table 7.1: Relationships between orientation and occupation for the study species nesting in Nagshead 

nestboxes between 1990-2004. 

Mardia-Watson-Wheeler test Chi-square test 

W nt n2 p x2 d. f p 

C. caeruleus 0.442 12 283 0.802 0.304 7 1.000 

P. major 2.861 67 228 0.239 2.613 7 0.995 

F. hypoleuca 0.931 37 258 0.628 1.923 7 0.964 

The Mardia-Watson-Wheeler test was undertaken on the complete dataset (n - 295), while the chi-square test 

was undertaken on a uniformly-oriented nestbox subset of 120 boxes (10 In each 30° category). A non-significant 
result is evidence of nestboxes of all directions being occupied in the 15-year study period. 
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Cyanistes caeruleus and F. hypoleuca both used nestboxes randomly within the original skewed 

distribution (Table 7.1). The concentration of occupied nestboxes around the mean was very low for 

both species (, r= 0.034 and 0.084, respectively) (Fig. 7.3 b& d). There was no relationship 

between the orientation and the frequency of nestbox occupation for either species (C. caeruleus: 

r=0.030, n= 283, P=0.766; F. hypoleuca: r=0.028, n= 258, P=0.818). 
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Figure 7.3: Orientation of the Nagshead nestboxes showing: (a) the circular distribution (i. e. the number of 

nestboxes facing each direction) (n = 295); (b-d) the number of boxes in a 120 uniformly-oriented nestbox 

subset (10 nestboxes in each 30° category) that have been occupied at least once in the 15-year period by 

(b) C. caeruleus, (c) P. major and (d) F. hypoleuca. The species distributions (b-d) did not deviate significantly 

from uniform. 
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Figure 7.4: Number of years nestboxes were occupied by P. major according to orientation (n = 583 nests in 

228 nestboxes during the period 1990-2004; error bars show standard error of the mean). Calculations were 
made on 1n+1 transformed count data, which were back-transformed for this figure (Sokal and Rohlf, 1995). 

7.3.4 Orientation and breedino success 

Nestbox orientation influenced the mean number of F. hypoleuca young to fledge per brood 

(parametric circular-linear correlation r=0.093, n= 722 nests in 241 nestboxes, P=0.009). The 

proportion of young to fledge per brood also correlated with orientation (Table 7.2). Conversely, 

clutch size, the number of young to hatch, and the proportion of eggs to hatch per clutch appeared 

to be independent of orientation (Table 7.2). Repeating the correlation analysis on the dataset after 

removal of two outliers, caused by nests with a particularly high number of young to fledge, slightly 

increased the strength of the correlations previously identified and had no influence on the non- 

significant results. This confirmed that the correlations were not the result of outlying data points 

(Townend, 2002). Similarly, repeating the analysis after failed nests (see below) had been removed 

did not alter the significance of results. 

To determine the nature of the relationship between orientation and fledging success for F. hypoleuca, 

data were grouped into 30 ° categories (Fig. 7.5). The highest mean number of young to fledge came 

from boxes oriented north-northeast (0-29°), the lowest from boxes facing southwest (210-239°) 

(4.8 ± 0.46 S. E. M. fledged per brood versus 3.8 ± 0.31 S. E. M. ). This gave a percentage difference 

of 24.1 % and a difference in real terms of one fledgling per nestbox per brood. Nestboxes with the 

lowest mean number of young to fledge were grouped in three adjoining directional categories 
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(180-209°, 210-239°, and 240-269°): the south-west compass quarter. This decrease in fledging 

success was significant: the mean number of young to fledge from boxes oriented in these 

directions (180-269°) was significantly lower than the mean number of young to fledge from boxes 

facing other directions (3.9 ± 0.14 S. E. M. fledged per brood versus 4.5 ± 0.11 S. E. M.; two-tailed t-test 

t= -2.560, d. f. = 720, P=0.011). This difference in productivity between south-southwest facing 

boxes and nestboxes facing other directions was substantial, at 15.7% or 0.6 of a fledgling per brood. 

There was no difference in the circular distribution of F. hypoleuca nests that failed and nests in 

which one or more young successfully fledged (Mardia-Watson-Wheeler test W= 4.164, n, = 151, 

n2 = 572, P= 0.125). This indicated that the lower fledging success in boxes facing south-southwest 

was caused by a reduction in the actual number of young fledging and was not simply a product of 

a greater number of failed nests being oriented in this direction. 
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Figure 7.5: Mean number of F. hypoleuca young to fledge per brood according to orientation (n = 722 nests in 

241 nestboxes during the period 1990-2004; error bars show standard error of the mean). Calculations were 

made on In+1 transformed count data, which were back-transformed for this figure (Sokal and Rohlf, 1995). 

Nestbox orientation did not influence the number of young to fledge for either C. caeruleus 

(circular-linear correlation r=0.031, n=1,755 nests in 283 nestboxes, P=0.178) or P. major 

(r = 0.036, n= 583 nests in 228 nestboxes, P=0.469), neither was a relationship between 

orientation and any other breeding parameter identified for these species (Table 7.2). 
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Table 7.2: Relationships between orientation and breeding success for the study species nesting in Nagshead 

nestboxes between 1990-2004. 

Species 

Measure of breeding success (Nests) 

n 

(Nestboxes) 

r P Adj. P 

C. caeruleus 
Clutch size 1,745 283 0.021 0.475 1.000 

Number of young to hatch 1,723 283 0.029 0.238 1.000 

Number of young to fledge 1,765 283 0.031 0.178 0.890 

Proportion of eggs to hatch 1,697 283 0.032 0.179 0.895 

Proportion of young to fledge 1,539 283 0.025 0.383 1.000 

P. major 

Clutch size 564 228 0.040 0.404 1.000 

Number of young to hatch 571 228 0.025 0.694 1.000 

Number of young to fledge 583 228 0.036 0.469 1.000 

Proportion of eggs to hatch 552 228 0.009 0.953 1.000 

Proportion of young to fledge 502 228 0.041 0.435 1.000 

F. hypoleuca 

Clutch size 732 251 0.032 0.982 1.000 

Number of young to hatch 725 244 0.025 0.970 1.000 

Number of young to fledge 722 241 0.093 0.009 0.045 

Proportion of eggs to hatch 725 244 0.022 0.803 1.000 

Proportion of young to fledge 722 241 0.097 0.007 0.035 

Data were analysed using parametric circular-linear correlation (n. number of nests over the 15-year period and 
the number of nestboxes concerned). Annual data were pooled for each nestbox to provide average species- 

specific breeding success per nestbox to avoid temporal pseudoreplication. The adjusted Pvalue was calculated 

using the Bonferroni method as per Rice (1989) to allow for the multiple calculations for each study species. 
The use of Bonferroni adjusted Pvalues did not change the significance of any test (Pemeger, 1998; Moran, 2003). 
The sample sizes vary between analyses for the same species because the outcome of all individual stages of 

a single nest was not always known with certainty, for example clutch size was not always known for early 

nests, while the number of young to hatch/fledge was unclear for nests that failed late on in the breeding process 
(see Chapter 2 for further details). For F. hypoleuca, it should be noted that seven nests were occupied but 

preyed upon during egg laying, such that the clutch size was unknown. These were excluded from analyses of 
breeding success here but included in analyses of occupation (see text) to give 739 nests in 258 nestboxes. 

7.3.5 Orientation and nestbox microclimate 

Monitoring of nestbox temperature in relation to orientation showed that between 13.00-17.00 British 

Summer Time (BST), when temperatures peaked, nestboxes facing between south and west had 

higher internal temperatures than boxes facing other directions (median Internal temperature of 
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boxes oriented towards the south-west compass quarter (180-269°) = 13.75°C, versus boxes facing 

all other directions median = 12.5°C; Fig. 7.6). This difference was significant (Wilcoxon sign-rank 

test Z= -32.070, n=1,400, P<0.001). Median values and a non-parametric test were used as the 

distribution of the differences between paired data was significantly different from normal (Shapiro- 

Wilk test P= 0.002) and attempts to achieve normalisation by transformation were unsuccessful. 
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Figure 7.6: Internal nestbox temperatures according to orientation. Measurements were taken during the hottest 

part of the day (13.00-17.00 BST) over eight weeks during the 2005 breeding season (n = 12,600 datapoints 

(each of the 9 data loggers = 25 measurements per day '8 weeks)). Error bars show standard error of the mean. 

There was no significant difference in the moisture content between nests from boxes facing south- 

west (180-269°) and those facing north-east (0-891 (t-test following arsine square root transformation 

t=0.123, d. f. = 18, P=0.903). 

7.4 Discussion 

Examination of the influence of orientation on nestbox occupation and breeding success for 

C. caeruleus, P. major, and F. hypoleuca produced species-specific results: for C. caeruleus, 

orientation did not influence occupation or success; for P. major, orientation influenced the 

frequency of nestbox occupation but did not affect success; while for F. hypoleuca, orientation did 

not influence occupation but did appear to affect success. 

7.4.1 Orientation and nestbox occupation 

The three study species use nestboxes of any orientation (Fig. 7.3 b-d). This finding is consistent 

with studies on other passerines such as Poecile atricapillus (Mennill and Ratcliffe, 2004) and 

Protonotaria citrea (prothonotary warblers) (Blem and Blem, 1991). However, although P. major did 

occupy nestboxes of any orientation, boxes facing south-southwest were occupied 32% less 
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frequently than those facing other directions (Fig. 7.4), a relationship not found for either C. caeruleus 

or F. hypoleuca. For C. caeruleus, these results agree with those of van Balen et al. (1982) who 
found no relationship between orientation and selection of natural cavities by this species. Thus, 

with respect to orientation, the breeding strategy of this species appears identical whether natural 
or artificial sites are used. However, for P. major the findings differ: the non-random pattern in the 
frequency of occupation identified here was not found by van Balen et al. (1982). This may be 

because the nesting records analysed here were from nestboxes rather than natural cavities or 
because van Balen's study could only consider data from three years whereas here data from 15 

years were analysed. The lack of nestbox choice in relation to orientation for F. hypoleuca at 

Nagshead is contrary to the findings of Gaedecke and Winkel (2005) in Germany where F. hypoleuca 

appeared to prefer cavities facing east. This might indicate site-specific variation in the influence of 

orientation, or demonstrate that inter-specific competition for nestboxes at Nagshead (higher than 

in Germany) is forcing occupation of nestboxes facing directions other than that which is preferred 

(Chapter 6) or that females are constrained in their nest-site choice by mating strategy (see below). 

7.4.2 Orientation and nestbox breeding success 
Nestbox orientation is an important influence on the number of young birds to fledge per brood for 

F. hypoleuca (Fig. 7.5). Clutch size and hatching success remain independent of orientation, 
indicating that orientation is important during the nestling stage alone. This accords with a similar 
finding for S. sialis in the USA (Dhondt and Phillips, 2001). However, the 24.1 % difference in 

fledging success for F. hypoleuca between the most and least successful orientations found at 
Nagshead is greater than the 13.7% difference for S. sialis found by Dhondt and Phillips (2001). 

As the number of nests to fail completely does not differ with orientation, it seems that predation 
(responsible for 57% of failures) and desertion (responsible for 27% of failures) of entire broods are 

not responsible for the lower fledging success in boxes facing south-southwest. 

7.4.3 The non-uniform patterns in occupation (P. major) and fledging success (F hvpoleuca) 

Although internal temperatures of nestboxes are known to correlate with orientation in open habitats 

(Ardia et aL, 2006), it has been assumed that shading from the tree canopy in woodland habitats 

mediates any microclimatic effect arising from nestbox orientation (Hickin, 1971; du Feu, 2003). 

However, preliminary measurements using temperature data loggers (see above) indicate 

microclimatic variations in nestbox temperature with orientation even in woodland, with nestboxes 
facing south-southwest having higher internal temperatures during the hottest part of the day. 

These variations could account for the reduced occupation of nestboxes facing south-southwest by 

P. major and possible thermal stress in F. hypoleuca nestlings (van Balen and Cave, 1970; 

Dawson and Whittow, 2000). Alternatively, the reduced occupation of nestboxes by P. major and 
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the decreased fledging success of F. hypoleuca facing south-southwest could be due to increased 

exposure to prevailing wind and rain (Conner, 1975; Austin, 1976; Balgooyen, 1976; Facemire et 

a/., 1990; du Feu, 2003). The intrusion of rain into the nesting chamber has previously been found to 

cause nestling death in natural cavities (Nilsson, 1975), while wind direction influences the 

breeding success of C. brunneicapillus (Austin, 1974). Although there was no evidence that nest 

moisture content was related to nestbox orientation on the basis of preliminary data from P. major 

nests in 2006, this possibility cannot be discounted, especially as the 2006 breeding season was 

characterised by particularly dry weather. Higher temperature and potentially higher humidity levels 

in some years could act indirectly to reduce nestling survival or chick fitness by increasing 

developmental and reproductive rates of ectoparasites (Chapter 9) and the abundance of 

pathogenic or allergenic bacterial and fungal species within the nesting environment (Chapter 10). 

7.4.4 The lack of any negative effect on breeding success in boxes avoided by P. major 

Whatever factors are responsible for the non-random pattern in the frequency of nestbox occupation 
by P. major, their breeding success remains unaffected by orientation. This is similar to T. bicolor in 

Ontario, which also exhibit non-random nest cavity selection that does not influence subsequent 

breeding success (Rendell and Robertson, 1994). It is intriguing that P. major appears to avoid 

using nestboxes facing south-southwest when breeding success is no lower in these boxes than in 

those facing other directions as this seems counter-intuitive. One possibility is that offspring quality is 

influenced by orientation, such that offspring from boxes facing south-southwest have reduced fitness 

at fledging. As offspring quality is an important determinant of survival and fecundity, any factors that 

decrease fledging fitness would be likely to become strong nest-site selection pressures (Chapter 8). 

7.4.5 The lack of modified nestbox selection by F. hvaoleuca 

Analysis of nestbox occupation in Chapter 6 suggested that F. hypoleuca select nestboxes randomly 

at the study site. Accordingly, orientation was not expected to influence nest-site selection and 

indeed this was the case. The possibility that the apparent randomness in nestbox occupation was 

the result of average breeding success being unaffected by nestbox placement (such that there 

was no selection pressure for active nest-site choice) was discussed in Chapter 6. However, 

orientation appears to be a significant influence on nestling survival and fledging success and this 

would be expected to lead to adaptive nest-site selection. The lack of modification in nest-site 

selection to avoid boxes with lower fledging success rates is thus indicative of constraint in 

F. hypoleuca nest-site choice. There are several possible reasons that might explain this. Firstly, as 
discussed in Chapter 6, the expectation that F. hypoleuca should modify their nestbox selection 

presupposes that such a modification would be possible or effective. At Nagshead, an average 

28% of nestboxes (83 individual boxes) remain unoccupied each year so there is always, 
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theoretically, some choice. Indeed, in every year, there were at least as many unoccupied 

nestboxes facing directions other than south-southwest as there were F. hypoleuca nests in boxes 

facing south-southwest. Moreover, experimental analysis on individual years indicated that the 

relationship between occupation and orientation did not co-vary with the level of nestbox competition 

as might be expected if F. hypoleuca were being prevented from modifying their nest-boxes 

selection by a lack of choice. However, it should be noted that the surplus of nestboxes discussed 

above is at reserve-level and is not necessarily reflected at individual territory-level. Moreover, 

mating strategy may further restrict choice opportunities, as females must choose a nest site within 

their mate's territory (Lundberg and Alatalo, 1992; Chapter 6). It is also possible that unoccupied 

boxes were unsuitable for breeding for another, hitherto unidentified, reason, such that they 

constitute a theoretical, but not a practical alternative. Secondly, although a south-southwest 

orientation appears to influence the young adversely, this negative effect may be offset for the 

parents by other factors. If the cost of finding a nestbox with an orientation other than south- 

southwest is high for the parents it may not be outweighed by the benefits (Alatalo et al., 1988). 

This is particularly true given that females undertake a comparatively brief search for mates and 

nest sites (Dale et al., 1992) when many boxes are already occupied by resident species (Chapter 6). 

When the search-cost of finding nestboxes with different orientations was experimentally decreased 

by placing eight nestboxes around individual trees in Germany (Gaedecke and Winkel, 2005), 

F. hypoleuca did exhibit non-uniform occupation, with boxes facing east being preferentially selected. 

Thus it is possible that absence of modified nestbox selection (but not the orientation-success 

relationship) is a direct result of interactions between the study species. An interesting avenue for 

further study would be undertake the same experiment as Gaedecke and Winkel (2005) at Nagshead, 

as this may help to disentangle whether the constraint on adapting nest-site choice is competition 

based in the study population. Thirdly, the relationship between orientation and nesting success 

has taken no account of offspring quality. As the fitness of parent birds increases not with the 

number of offspring to fledge, but with the number of offspring who survive, enter the breeding 

population and successfully raise their own offspring (Chapter 8), it might be better to fledge fewer, 

but fitter, young. In this case, adapting nestbox selection to increase the number of young that fledge 

could cause supra-optimal breeding resulting in an ecological trap (Mänd et al., 2005). Fourthly, 

nestboxes facing south-southwest could be occupied by less experienced birds, either by chance 

or because they cannot compete for more favourable boxes. As nestling survival may be lower for 

inexperienced parents (Dhondt and Phillips, 2001) this could account for, or at least reinforce, the 

differences in fledging success. Finally, the orientation-success relationship may be a local and/or 

relatively recent phenomenon, or one that is restricted solely to nestboxes. This might account for 

the apparent absence of adaptive nestbox selection, and also demonstrates how important local 

research is in informing successful avian conservation practice. 
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7.4.6 Conservation management implications 

All the study species will use nestboxes of any orientation. However, modifying nestbox orientation 

away from the south-southwest may increase the frequency of nestbox occupations for P. major, 

Orientation also influences nesting success for F. hypoleuca, a species that is declining throughout 

Britain (Amar et at, 2006) and is undergoing severe decline at Nagshead (Chapter 3). Individuals 

that occupy boxes facing south-southwest on average fledge fewer young per breeding attempt 

than do individuals using boxes of any other orientation. If the 53 south-southwest facing nestboxes 

at the study site analysed here had been oriented In other directions during the period 1990-2004 

(and the same number of breeding attempts had taken place), nearly 100 extra birds would have 

fledged: a productivity increase of 3.3%. It is recognised that the number of young to fledge is not 

always the primary influence on total population size: for example, the declining population of 

M. striata in Britain is the result of decreased first-year survival rates (Freeman and Crick, 2003). 

However, for F. hypoleuca, the number of young to fledge is a major factor governing population 

dynamics (Lundberg and Alatalo, 1992; Chapter 3) and is declining at Nagshead (Chapter 3). This 

suggests that increasing the number of young to fledge at breeding sites by ensuring that nestboxes 

for F. hypoleuca are sited in an arc from west through north to south to force selection of nestboxes 

associated with high nestling survival (see Chapter 6) could have a beneficial influence on the total 

population, regardless of whatever non-breeding factors may be influencing the decline of the species. 

7.5 Chapter summar 

1. The three study species used nestboxes of all orientations during the 15 year period 1990-2004. 

2. The frequency of nestbox occupation by P. major correlated with orientation: the mean number of 

nests in boxes oriented south-southwest was lower than the mean number of nests in boxes 

facing other directions. There was no such relationship for C. caeruleus or F. hypoleuca. 

3. Nestbox orientation influenced the breeding success of F. hypoleuca: the mean number of young 

to fledge from boxes oriented south-southwest was lower than from boxes facing other directions. 

There was no such relationship for the parid species. 

4. Intriguingly, although the direction of reduced nestbox occupation (P. major) and decreased 

breeding success (F. hypoleuca) was the same (south-southwest), there was a disparity in the 

influence of orientation for P. major (orientation influenced the frequency of occupation but not 

success) and F. hypoleuca (orientation did not influence occupation but did affect success). 

5. Nestbox orientation appears to bean important influence on nest-site selection and breeding 

success, but this differs between species. 
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CHAPTER 8 

Variation in offspring quality with nestbox 

orientation in Parus major 

In birds, the fitness of offspring immediately prior to fledging is an important determinant of survival and 

fecundity. Factors that decrease offspring quality at fledging may thus be expected to become strong 

selection pressures on nest-site choice. In this chapter, the hypothesis that reduced occupation of 

Nagshead nestboxes facing south-southwest by P. major might result from orientation affecting 

offspring fitness is empirically tested by relating pre-fledging chick fitness data to the direction each 

nestbox faces. Unlike simply recording the number of young to fledge, measuring chick fitness allows 

differentiation between the fledging of fit and healthy young (which have a relatively good chance of 

survival) and unfit young (which have a relatively poor chance of long-term post-fledging survival). 

A 15-day P. major nestling prior to biometrics being taken 

(June 2007) 

Publications arising from chapter: 

Goodenough, A. E., Maitland, D. P., Hart, A. G. and Elliot, S. L. (In Review) Parental nest-site choice: responsiveness 
to variation in offspring quality with cavity orientation in great tits. Ecology Ethology and Evolution. 
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8.1 Introduction 

Avian nest-site selection and reproductive success can be influenced by many interacting 

environmental variables (Chapter 6). One variable that is potentially important for secondary 

cavity-nesting species is the orientation of the cavity entrance. As outlined in Chapter 7, the orientation 

of a nest cavity or nestbox entrance can influence secondary cavity-nesting bird species in one of 
four different ways. In some species, orientation affects neither nest-site selection nor breeding 

success: examples include S. currucoides (Peterson and Gauthier, 1985) and C. caeruleus (Chapter 7). 

Conversely, orientation can influence both nest-site selection and breeding success. This has not 
been well-studied for secondary cavity-nesting birds, but has been observed for species such as 
C. brunneicapillus that build domed nests with a side entrance hole (Austin, 1974). Other species 

apparently select nest cavities independently of orientation, even though orientation subsequently 

affects their breeding success. For example, while F. hypoleuca does not choose nestboxes 

according to the direction that they face, individuals nesting in south-southwest boxes fledge 

significantly fewer young than those using cavities facing other directions (Chapter 7). Another 

example is S. sialis, which selects nest cavities randomly but fledge most young from cavities facing 

northeast (Pinkowski, 1976; Dhondt and Phillips, 2001). This may occur when nest-site selection is 

constrained by the availability of natural or previously excavated cavities (Chapter 6). In terms of 

evolutionary ecology, the most intriguing situation is the fourth; the counter-intuitive possibility that 

a species exhibits an orientation preference that is not, apparently, converted into increased 

reproductive success. 

The research outlined in Chapter 7 revealed that the frequency of nestbox occupation by P. major 

correlates with orientation such that nestboxes facing south-southwest are used less frequently 

than boxes facing other directions (Fig. 8.4a). The avoidance of nestboxes facing south-southwest is 

intriguing given that the same study found that the standard measures of breeding success, whether 

absolute (clutch size, number of young to hatch, number of young to fledge) or relative (the 

proportion of eggs to hatch per clutch or the proportion of young to fledge per brood), are no lower 

for these boxes than for those facing any other direction. It is currently unclear why adult P. major 

should exhibit an apparent directional avoidance in their nest-site selection when the use of boxes 

facing south-southwest does not appear to be detrimental to their nesting success. 

One hypothesis proposed to reconcile these findings is that nesting in boxes facing south-southwest 

might reduce offspring quality in a manner that is not detectable using the standard measures of 
breeding success described above. Offspring quality at fledging is an important determinant of 
immediate post-fledging and first-winter survival (Naef-Daenzer et al., 2001; Monr6s et aL, 2002) and 

reproductive success (Perrins and McCleery, 2001). However, although offspring quality is intrinsically 

linked to the direct fitness of the parent birds, it is an often overlooked fitness component in studies of 
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parental productivity and nest-site selection (e. g. Misenhelter and Rotenberry, 2000). If nesting in 

boxes facing south-southwest reduces offspring fitness, this could explain the directional avoidance 

exhibited by P. majorduring nestbox selection in a similar way to nest-site selection being influenced by 

the risk of predation (Fontaine and Martin, 2006; Schmidt et al., 2006). 

8.2 Materials and methods 

8.2.1 Parus major nest boxes and their orientation 

In 2006, Nagshead managed 349 wooden 

nestboxes standardised with respect to shape 

and size (Chapter 2). All P. major nests in these 

boxes in 2006 (n = 49) were analysed. Nestbox 

orientation was determined as detailed in 

Chapter 7. The circular distribution of these nests 

is shown in Fig. 8.1. During fieldwork, nestboxes 

were identified by unique numbers, not by their 

orientation, to avoid any unintentional bias when 

chick biometrics were taken. 

270 
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Figure 8.1: Orientation of P. major 

nestboxes in 2006 (n = 49). 
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8.2.2 Chick biometrics 

Biometrics of chicks (n = 238) from each nest (n = 49) were taken 15 days after hatching. This was 

as near to fledging as possible while mitigating the risk of disturbance-induced premature fledging. 

Usually, all chicks from a nestbox were removed to a holding bag for measurement (on two occasions 

a weak runt was not removed as the risk to the bird was considered too great). When all chicks 

were removed from the nest, the hole was blocked to ensure the parents did not return to an empty 

box to minimise stress. In about 10% of cases it was not possible to measure all the birds within 15 

minutes (the maximum time allowable in the application for an English Nature handling licence for 

this study - see below). In these cases, unmeasured chicks were returned to the nestbox with their 

measured siblings to ensure the welfare of the birds, which was always considered paramount 

(Gaunt and Oring, 1999). Chicks were taken from the holding bag blindly to eliminate any 

unintentional bias towards selecting bigger chicks in those cases where not all birds could be 

measured. Birds were held in the standard "ringer's grip" (in one hand with the head restrained by 

the index and middle fingers; Fig. 8.2) to minimise stress and prevent accidental injury (Redfern 

and Clark, 2001). To remove inter-recorder variation (Nisbet et at, 1970), all biometrics were taken 

by the same trained recorder (AEG). 
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Figure 8.2: A 15-day P. major nestling held in "ringers grip' following removal from a 

Nagshead nestbox under licence from English Nature (Licence Number: 20060590). 

As no single biometric is an ideal measure of size, three biometrics (right wing length, right tarsus 

length, and bill length) were taken together with weight (Rising and Somers, 1989; Gosler et al., 1998; 

Fig. 8.3). Other biometrics were considered but rejected as being difficult to measure under field 

conditions (total body length), inappropriate for passerines (total head length) or unsuitable for 

chicks (bill width). Wing length was measured (± 1 mm) with a stopped ruler using the flattened- 

straightened wing method: the distance from the carpel joint to the tip of the longest primary wing 

feather (Svensson, 1992). Tarsus length was measured (± 0.1 mm) with dial callipers (DialMax® 

D-2921/B/KWB, BTO, U. K. ) using the maximum tarsus method: the distance between the right-angles 

formed by folding the tarsal joint forward 90° and the foot joint backwards 90° (Gosler, 2004). 

Bill length from the naso-frontal hinge to the dertrum was recorded (± 0.1 m) using dial callipers. 

Weight was taken (± 0.1 g) using a spring balance (Pesola®, Switzerland), the bird being restrained in 

a clear polythene cone clipped to the balance. The balance was calibrated with the cone attached 

as per Cornwallis and Smith (1963) and calibration was checked periodically (Spencer, 1984). 

As the growth and development of bilateral traits (e. g. wing or tarsus lengths) is controlled by the 

same gene(s) (Andersson, 1994), the lengths of such pairs of traits in an individual bird should 

theoretically be identical. However, perfect symmetry is rare in animals and is reduced by environmental 

stress, which adversely affects the precision with which developmental homeostasis can be maintained 

(Hoffmann and Parsons, 1991; Björklund, 1996, Moller, 1997). Thus the asymmetry of any bilateral 

trait provides an indication of the condition of that bird during the development of that trait as 

asymmetry and condition are negatively related (Parsons, 1992). Here, the lengths of the left and 

right tarsi were taken as a measure of asymmetry. Tarsus length was chosen rather than wing length 
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to avoid the need to measure the same trait with different hands on the different sides of the bird: this 

avoided the possibility of human handedness causing asymmetric measurement in biologically 

symmetrical individuals (Helm and Albrecht, 2000). Tarsus length is one of the few bilateral traits 

that is fully developed at 15-day post-hatching in P. major chicks (Grieco, 2003). Asymmetry in this 

trait is sensitive to small changes in condition (Lens et al., 1999) and is a strong predictor of 

asymmetry in other traits (Lens and van Dongen, 1999). That nesting environment can affect tarsus 

growth (not asymmetry) has been shown previously by Alatalo and Lundberg (1 986b). The length 

of both tarsi was recorded for all chicks measured in 47 of the 49 nests analysed (in two nests, the 

young were very small and handling time constraints precluded the recording of this measurement). 

Figure 8.3: Biometric measurements of a 15-day P. major nestling (a) measuring wing length from the carpel 
joint to the tip of the longest primary with the closed wing straightened along a stopped ruler; (b) measuring 

tarsus length from the tarsal joint (folded forward 900) and the foot joint (folded backwards 90°) using dial callipers; 

(c) measuring bill length from the naso-frontal hinge to the dertrum, also with dial callipers; and (d) weighing 

the bird (restrained in a clear polythene cone) using a 30g (0.1 g division) spring balance. 

8.2.3 Legality 

Removing chicks for measurement (illegal in the U. K. under the Wildlife and Countryside Act, 1981) 

was permitted under licence by English Nature for the period 06 March 2006 to 30 June 2007 inclusive 

(Licence Number: 20060590; Appendix 3). The conditions of the licence were respected at all times. 
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8.2.4 Statistical analyses 
In most biometric studies, each bird can be considered independent of other birds in the sample. 
However, in this study, the chicks from one nestbox were clearly not independent of one another, 

being close kin and sharing the same natal environment. It was not, therefore, appropriate to enter 

the measurements from all individuals directly into an analysis since this would have introduced an 

element of pseudoreplication: using multiple samples (238 chicks) per experimental unit (49 

nestboxes) (Hurlbert, 1984; Falconer, 1989; Shaw, 2003). Neither was it possible to account for the 

influence of "nestbox" during analysis, by designating it as a dummy variable or random factor, 

since the influence of the nestbox (or, more correctly, its orientation) was the object of study. Use 

of a jack-knifing procedure to avoid pseudoreplication (Green, 1996) was also impractical owing to 

the prohibitively large number of nestboxes. Accordingly, in most analyses, it was necessary to use 

measurements from just one representative chick from each nestbox as being representative of the 

entire brood. Given the small number of chicks in each nestbox and the need for the one selected 

chick to be representative, randomly selecting a chick for inclusion was not appropriate. Instead, 

the median chick from each brood according to weight (a homoscedastic variable) was selected. 

Where there was an even number of young in a brood (n = 28), this produced a non-integer (and 

nonsensical) value (e. g. chick 2.5 where there were four chicks). In the two cases where a runt had 

not been measured, the chick below the median (chick 2 in the above example) was selected. In all 

other cases (n = 26), the median was rounded up or down an equal number of times (n = 13 for 

each method) using a stratified random technique to avoid skewing the results. Although the 

selection of a representative chick was considered to be the best solution to a complex and 

unusual sampling problem, being statistically valid for both relative mass and asymmetry data, the 

method undeniably resulted in data loss. Accordingly, the mean tarsus asymmetry value for each 

brood was calculated and this was used in a secondary analysis. Use of the mean had the 

advantage of allowing the condition of all 238 chicks to be included in analysis, but data skew 

caused by runts was an issue that did not occur in analyses using the median as the latter is a 

more robust measure of central tendency in skewed datasets (Fowler et al, 1998). This skewness, 

and the fact that taking the mean was only possible for the asymmetry data (taking a mean 

regression residual (see below) would not be statistically valid), meant that this technique was used in 

support of the representative chick method detailed above, not as the primary analytical technique. 

To relate chick condition to orientation, it was necessary to calculate a condition index based on 

relative mass for each representative chick (weight itself is an inappropriate measure of condition in 

intraspecific studies given the influence of feeding and defecation behaviour: Gosler, 2004). Such 

an index can be calculated by dividing a size variable by weight to produce a "a-value". However, 

this method is of limited value in studies of growing chicks as the relationship between size 

increase and weight gain is not always linear (Beintema, 1994). A better approach, recommended 
124 



Chapter 8: Offspring Fitness 

by Jakob et al. (1996), is to regress weight on a measure of size and use the residuals. However, 

as no one biometric is an exact measure of size in birds, this is still not ideal. Accordingly, principal 

components were constructed based on the three size biometrics (see above) to give a multivariate 

measure of body size using principal components analysis (PCA) (Rising and Somers, 1989; 

Gosler et al., 1998; Green, 2001). Weight was regressed against the first principal component 

(PC1, which described most variance in size) using bivariate regression. 

The residuals produced from the regression analysis (one for each representative chick) were 

checked to ensure the assumption of linearity had not been violated (a common oversight in the use 

of condition indices: Green, 2001) and analysed in relation to orientation using parametric circular- 

linear correlation (Fisher, 1993; Mardia and Jupp, 2000). The residuals were normally distributed and 

the orientation data followed a von Mises distribution (the circular equivalent of a normal distribution: 

Batschelet, 1981) so transformation was unnecessary. Circular analysis was undertaken using 
Oriana Circular Statistics for Windows (see Chapter 7). 

To consider offspring quality using asymmetry in tarsus length, the right tarsus length was subtracted 

from the left to give the difference for each representative chick (Lens and van Dongen, 1999). 

The difference was then divided by the mean of the two tarsus measurements to give an asymmetry 

index whereby the difference was related to tarsus length. The sign of an index value gave the 

direction of the difference (positive values were derived for birds with a longer left tarsus, negative 

ones for birds with a longer right tarsus). This did not distinguish between true asymmetry and 

measurement error since circumstances precluded the taking of repeat tarsus measurements of 

each bird (Swaddle et a1., 1994; Björklund, 1996; Harper, 1999) and thus it was important to quantify 

measurement error statistically. Theoretically, differences in tarsus lengths should be equally 

distributed between left and right, such that significant deviation is indicative of systematic measuring 

error (consistently measuring one tarsus shorter than the other). On this basis, the distribution of 

positive and negative values was analysed against an expected uniform distribution using a 

chi-square test. The repeatability of tarsus measurements (r) was calculated following Lessells 

and Boag (1987) and Grieco (2003). Once the reliability of the tarsus asymmetry values had been 

verified (see results), they were analysed in relation to orientation using circular-linear correlation. 

Offspring quality in P. major is related to lay date (Garnett, 1981; Cichon and Linden, 1995) and 

brood size (Perrins, 1979; Gosler, 1993). Thus if either variable correlated with orientation in this 

dataset, ascribing any difference in offspring quality to orientation would have been inappropriate. 

To check that there was no correlation between these variables and orientation, and in the absence 

of being able to enter random factors or covariates in circular analyses, circular-linear correlation 

analyses were performed between orientation and lay date (converted to an interval index: 

Chapters 2,4 and 5) and brood size (In+1 transformed to achieve normality: Fowler and Cohen, 1996). 
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8.3 Results 

8.3.1 Reliability and repeatability of tarsus measurements 
A chi-square analysis of the distribution of the positive and negative index values (the sign of the 

value giving the direction of the difference) returned a non-significant result (x2 = 1.44, d. f. =1 

(Yates' correction performed), P=0.230). The repeatability of the tarsus measurements (6 was 

tested using a one-way ANOVA with the length of the right tarsus for the representative chick from 

each nest entered as one factor and the mean right tarsus length for the entire brood entered as 

the second factor (Lessells and Boag, 1987; Grieco, 2003). This returned a high repeatability (r) 

statistic of 0.853. The results of both tests suggest that the reliability of tarsus measurements in this 

study is high and that these measurements can be used for subsequent analysis with confidence. 

8.3.2 Relationships between orientation and lay date and between orientation and brood size 

There was no significant relationship between orientation and lay date (parametric circular-linear 

correlation r= 0.096, n= 49, P=0.652) or between orientation and brood size (r= 0.166, n 49, 

P= 0.283; calculation performed on In+1 transformed count data). This suggests that any 

significant associations between orientation and offspring quality can be ascribed to orientation 

without the risk of lay date or brood size being confounding variables. 

8.3.3 Nestbox orientation and otfsorina quality 
Offspring quality was determined firstly by the residuals calculated by regressing weight on a size 

variable calculated using PCA (which accounted for 65.27% of size variance using the weighting of 

right wing = 0.839, bill = 0.737, right tarsus = 0.825); and secondly using tarsus length asymmetry. 

The influence of orientation on offspring quality as determined by these two methods was calculated 

using parametric circular-linear correlation, firstly on the residuals (r= 0.269, n= 49 representative 

chicks (one from each nestbox), P= 0.030) and secondly on the difference in tarsus lengths (r= 0.359, 

n= 47 representative chicks, P=0.003). These relationships are shown graphically (Fig. 8.4b-c). 

As a lower P value was obtained for the relationship between offspring quality and orientation when 

fitness was determined by asymmetry, subsequent analysis to determine the nature of the 

relationship between these two variables was undertaken on the asymmetry dataset (analysis was 

not undertaken using both methods to avoid pseudo-significance). Asymmetry data were grouped 

into four 90 ° categories (compass quarters). Chicks from boxes oriented in the quarter 180-269 ° were 

significantly more asymmetric than those from all other directions combined (0.021 ± 0.003 S. E. M. 

asymmetry index value versus 0.008 ± 0.003 S. E. M.; two-tailed t-test t= -2.396, d. f. - 45, P= 0.021). 
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Figure 8.4: The relationship (means ± S. E. M. ) between nestbox orientation, occupation and offspring fitness 

for P. major at Nagshead: (a) the mean number of nestbox occupations during the 15-year period 
1990-2004 (n = 584 nests in 162 nestboxes, data from Chapter 7 presented here in a different graphical format); 

(b) and (c) show offspring quality in 2006 (each chick being representative of the brood from one nestbox) with 
(b) showing fitness measured using residuals from a regression analysis regressing the weight of each chick on 

a size variable calculated using principal components analysis (the more positive a value, the higher the fitness; 

n= 49) and (c) showing fitness measured using the difference between the lengths of the left and right tarsi 
(high values are indicative of low fitness and low values are indicative of high fitness: n= 47). The grey shading 
indicates the direction that is statistically less-preferred (a) or less-successful (b and c). The reason for the 
difference in sample size between (b) and (c) is explained in Section 8.2.2. 
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There was also a significant relationship between orientation and the mean asymmetry value of 

each brood (circular-linear correlation r= 0.515, n= 47, P< 0.001). This was caused by significantly 

higher mean asymmetry in broods from boxes facing south-west (180-269°) versus all other directions 

combined (t-test for unequal variances t= -4.378, d. f. = 9.785 (rounded to 10), P= 0.001; Fig 8.5). 
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Figure 8.5: The difference (mean ± S. E. M. ) between mean per-brood asymmetry value of P. major broods 

from boxes facing south-west (180-2690) versus those from boxes facing all other directions combined. 

8.4 Discussion 

Examination of P. major offspring quality in relation to orientation using two measures of chick fitness 

has shown that offspring quality in nestboxes facing south-southwest is markedly reduced (by 

factors of at least 1.5) compared to offspring quality in boxes facing other directions. This might 

explain the parental avoidance of nestboxes facing south-southwest identified in Chapter 7. 

8.4.1 Nestbox orientation and offspring quality 

Offspring quality in P. major correlates with nestbox orientation: specifically, fitness is significantly 

lower in chicks from boxes facing the south-west compass quarter compared with those from boxes 

facing any other direction. This reduction in fitness is a robust difference, having been quantified 

using relative mass and tarsus asymmetry data from one representative chick per brood and using 

mean brood asymmetry data. Crucially, the directedness of the reduction in offspring quality is the 

same as the directedness of nestbox avoidance by adult birds during nestbox selection (Fig. 8.4a-c). 

Until now, the reason for the avoidance of boxes facing south-southwest quantified in Chapter 7 

was unknown, as breeding success measured by standard techniques (such as the mean number 

of young to fledge per brood) did not correlate with orientation. 
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8.4.2 importance of fitness at fledging 

Fitness at fledging Is an important determinant of immediate and first-winter survival (Perrins, 1965; 

Moss, 1972; Garnett, 1981; Tinbergen and Boerlijst, 1990; Naef-Daenzer et al., 2001; Monrös et aL, 

2002), longevity (Lindström, 1999), and lifetime mass (Perrins and McCleery, 2001). It is also 

linked to fecundity in terms of recruitment into the breeding population (Both et al., 1999), mate- 

attractiveness for males (Moller, 1992b) and clutch size and lay date for females (Haywood and 

Perrins, 1992; Perrins and McCleery, 2001). Birds that are fitter at fledging (male or female) are 

also likely to have a higher dominance rank (Richner et al., 1989), which may increase mate choice 

and allow a superior territory to be obtained (Smith, 1991; Verhulst et al., 1997; Schubert, 2003; 

Ratcliffe et al., 2007). Offspring with reduced fitness at fledging are sometimes able to employ 

compensatory responses (e. g. rapid post-fledging growth) although these usually have fitness or 

longevity-related costs (Birkhead et al., 1999; Metcalfe and Monaghan, 2001). 

8.4.3 Responsiveness of parents: ecological explanations for behavioural patterns 

Factors that decrease offspring quality will become strong selection pressures on nest-site choice 

because the fitness of parent birds increases not with the number of offspring to fledge, but with the 

number of offspring that survive, enter the breeding population, and successfully raise their own 

offspring, all of which are linked to offspring quality. The avoidance of boxes associated with lowest 

chick fitness (those facing south-southwest) is thus indicative of the responsiveness of parent birds 

to these selection pressures. This provides empirical evidence that nest-site selection can be an 

adaptive mechanism to enhance offspring quality -a situation previously documented for the 

Tropidonophis mairii (keelback snake) in Australia (Brown and Shine, 2004). It also parallels the 

"preference-performance" or "mother knows best" hypothesis from ecological entomology, which 

predicts that there will be a strong selection pressure on maternal oviposition behaviour in insect 

herbivores, particularly for those whose offspring have a limited dispersal capacity (Jaenike 1978; 

Doak et al., 2006; Johnson et al., 2006). This highlights the need for the quantification of offspring 

fitness, in addition to measures of fecundity, in studies of parental productivity and nest-site 

selection, not just for birds but across taxa. 

8.4.4 Possible reasons for reduced offspring quality in boxes facing south-southwest 

There are several possible hypotheses to explain reduced offspring quality in boxes facing south- 

southwest. Firstly, the microclimate in boxes facing south-southwest might be less favourable. 

Temperature measurements inside nestboxes (Chapter 7) indicate that boxes facing south- 

southwest have higher peak internal temperatures than other boxes by an average 1.25°C. This 

could cause thermal stress in chicks (van Balen and Cave, 1970; Dawson and Whitlow, 2000), 

particularly in warm springs. Nestboxes facing south-southwest could also be more exposed to 
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prevailing wind and rain (previously found to influence nesting success in bird species: Nilsson, 1975), 

given that the prevailing winds in the study site are southwesterly. Secondly, ectoparasite loads 

might be higher in nestboxes facing south-southwest, possibly as a result of microclimatic 
differences. As parasitism can have a significant impact on chick behaviour (Simon et al., 2005), 

metabolic competence (Simon etaL, 2004) and survival (Chapman and George, 1991), high 

ectoparasite load could adversely affect chick condition. The possible relationships between 

nestbox orientation, ectoparasite load and chick fitness are considered in Chapter 9. Thirdly, 

nestbox bacterial and/or fungal loading might be higher for boxes facing south-southwest, again 

possibly because of the warmer and moister environment. The influence of microbial species on 

nesting is poorly understood (Lucas and Heeb, 2005), but high levels of pathogenic species could 

have a significant influence on condition (Nuttall, 1997). The possible relationships between 

nestbox orientation, microbial abundance load and chick fitness are considered in Chapter 10. 

Finally, it should be noted that if boxes facing south-southwest are inferior to others in some way, 

these boxes may be avoided by the more dominant individuals in the population and used by adults 

that are less fit or inexperienced. If this is the case, there may also be a genetic component to the 

relationship between offspring quality and orientation (Gosler and Harper, 2000). 

8.4.5 Methodological insight into measuring avian fitness 

The use of two different methods to quantify fitness was designed to increase the rigour and validity 

of the findings. However, it also provides scope for methodological insight into the measurement of 

fitness in birds. Although the two methods of calculating fitness gave similar results, determining 

fitness according to asymmetry produced a higher correlation coefficient and a lower P value 

(indicating a stronger and more robust relationship) than when fitness was determined by a 

condition index based on the relationship between weight and size. 

The condition index method relies on accurate weight measurements. However, weight varies 

according to recent feeding and defecation behaviour in addition to true body mass, which itself 

comprises fat, protein, skeletal mass and water content (Newton, 1972; Gosler and Harper, 2000). 

Further, measurement with a spring balance to the nearest 0.1 g can be difficult to effect accurately 

in the field, especially in windy conditions (Gosler, 2004). Measurement of fitness using asymmetry 

is prone to error because of human handedness. However, when handedness is avoided by using a 

bilateral trait that can be measured using the same hand (such as tarsus length), asymmetry appears 

to be reliable and more sensitive to the slight changes in body morphology according to fitness 

than the condition index method. A more detailed study to compare these two methods would be 

useful in the recommendation of best practice for research where avian fitness needs to be quantified. 

130 



Chapter 8: Offspring Fitness 

8.4.6 Conservation management imDlications and future study 

Given the importance of offspring quality on survival and future reproductive performance, the 

factors that influence this are of interest to conservation (Clarke, 1995), especially given the number of 

species of conservation concern. Here, nestbox orientation has been shown to influence offspring 

quality in at least one passerine species. This finding is important in two ways: for P. major it 

indicates that modification of nestbox orientation away from south-southwest might be to 

advantage; and more generally, it suggests that further studies into the relationship between 

environmental variables and fitness, in addition to other measures of fecundity, are a key area for 

research, particularly given long-standing woodland bird decline. 

8.5 Chapter summary 

1. Offspring quality of P. major at day 15 post-hatching correlated with orientation using two 

separate fitness measures: (1) a condition index based on the relationship between weight and 

size; and (2) asymmetry of tarsus length. 

2. Further analysis revealed that chicks from boxes facing south-southwest were of significantly 

lower quality than chicks from boxes facing other directions by factors of at least 1.5 

3. Crucially, the orientation of nestbox-avoidance and the orientation associated with lowest 

offspring quality were the same (south-southwest). 

4. The apparent responsiveness by parents to factors which decrease offspring quality highlight 

the importance of quantifying offspring quality, in addition to measures of fecundity, in future 

studies of parental productivity and nest-site selection across taxa. 
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CHAPTER 9 

Relationships between ectoparasite load, 

nestbox orientation, and offspring quality 

Nestboxes facing south-southwest are occupied less frequently by P. major than those facing other 

directions, and are associated with reduced offspring fitness. Nest ectoparasite abundance is one 

factor that has previously been associated with both chick fitness and nest-site selection. In this 

chapter, data on ectoparasites extracted from P. major nest structures are analysed in relation to 

orientation and offspring quality as determined by tarsus asymmetry. The following hypotheses are 

tested: (1) that there is a higher abundance of ectoparasites in nestboxes facing south-southwest 

compared with those facing north-northeast; and (2) that high ectoparasite load has a detrimental 

impact on offspring quality in P. major. 

Extracting Ceratophyllus gal/inae (hen flea) larvae from one Nagshead nestbox 

(October 2006) 

Publications arising from chapter: 

Goodenough, A. E. (2007) The diversity and abundance of nest-dwelling arthropods, particularly ectoparasites, 
in great tit nests at Nagshead RSPB Nature Reserve. The Gloucestershire Naturalist, 18,23-31. 
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9.1 Introduction 

Birds' nests are occupied by more than just birds: they are an important habitat for a diverse 

invertebrate fauna. The nest structure becomes a miniature ecosystem of specialised nest-dwelling 

arthropods, comprising both ectoparasitic and free-living species (Crompton, 1997; Heeb et at, 2000). 

Such arthropods are a common component of a breeding bird's environment (Christie et at, 1996a). 

Indeed, a large nest, such as that of Falco sparverius (the American kestrel), can harbour over 

26,000 individual invertebrates from nearly 100 different species (Phillips and Dindal, 1990). 

Ectoparashe abundance can exert a strong influence on nest-site choice (Loye and Carroll, 1998). 

For example, the abundance of nest-dwelling mites (Acari) frequently influences nest-site choice in 

semi-colonial Hirundo rustica (barn swallows) (Moller, 1990), while P. major avoids nest sites 

heavily infested with Ceratophyllus ga/linae (hen fleas) (Oppliger et aL, 1994). Experimental studies 

on F. hypoleuca and C. caeruleus have shown that both species preferentially select nest sites 

where old nests have been removed, or alternatively fumigated with insecticide, to eradicate over- 

wintering ectoparasites (Merino and Potti, 1995a; Tomas et aL, 2007). 

Avoidance of nest sites with high ectoparasite loads appears to be a behavioural response to avoid 

or reduce the negative impacts of parasitism on offspring survival and fitness (Moore, 2002). Blood 

loss to haematophagous (blood-sucking) ectoparasites can result in anaemia and weight loss 

(Chapman and George, 1991; Roby et al., 1992). Parasitism can also cause disease, either though 

ectoparasites acting as vectors (Durden et al., 1993; Tomas et al., 2007), or via post-parasitism 

microbial infection of puncture or scratch-induced wounds (Warren, 1994; Chapter 10). As a result, 

chicks exposed to high ectoparasite loads while in the nest may suffer reduced relative mass and 

decreased pre-fledging survival. This has been demonstrated in P. major nestlings parasitised by 

C. gallinae (Richner et at, 1993; Allander, 1998) and F. hypoleuca young parasitised by the larvae 

of Protocalliphora spp. (haematophagous blowflies) (Merino and Potti 1995b). When abundant, nest- 

dwelling ectoparasites can reduce chick fitness to such an extent that there is an impact on post- 

fledging survival. For example, heavy infestations of Protocalliphora larvae in natural nest cavities 

can decrease first-year survival of Poecile palustris (marsh tits) by 24-29% (Wesolowski, 2001). 

At Nagshead, nestboxes facing south-southwest are occupied less frequently by P. major than 

those facing other directions (Chapter 7). Nestboxes facing south-southwest are also associated 

with lower offspring quality in this species (Chapter 8), suggesting that the birds are demonstrating 

adaptive nest-site choice. However, it is unclear why chick fitness is lower in boxes oriented south- 

southwest compared with those facing other directions, and thus what factor(s) actually drive nest- 

site choice. In other words, the ultimate cause of behavioural nest avoidance would seem to be 
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responsiveness by parents to factors influencing offspring quality, but the proximate explanation - 

what actually causes this non-uniformity in offspring quality with orientation -. is still unclear 

(Buchholz, 2007). Given that nest ectoparasite loads have previously been associated with both 

offspring fitness and nest-site selection (see above), the possibility of a relationship between 

ectoparasite abundance and orientation is worth investigating. Previous research indicates that 

certain nestboxes occupied by C. caeruleus consistently support more ectoparasites than others 

(Stenning, 1995), suggesting that nest-site characteristics have the potential to affect ectoparasite 

abundance. There is also some evidence that abundance of ectoparasites (particularly C. gallinae) 

may be influenced by orientation in F. hypoleuca nestboxes (George, 1959). If ectoparasite load is 

higher in boxes facing south-southwest, this could explain why nestboxes facing this direction are 

simultaneously associated with lower occupation rates and reduced offspring quality. 

9.2 Material and methods 

9.2.1 Experimental design 

Parus major nested in 49 of the 349 standard and equally sized wooden nestboxes at Nagshead in 

2006 (Chapters 2 and 8), including 10 nestboxes facing south-southwest (180-269°). Each of the 

nestboxes facing south-southwest was paired with another P. major-occupied nestbox facing, as 

nearly as possible, the diametrically opposite direction. Nestbox pairing took account of several 

potentially confounding variables: (1) the number of young at day 15 post-hatching (± one chick if 

absolutely necessary; applied to 3 pairs); (2) time in the season (hatching date ± one day); and 

(3) woodland grazing regime (sheep-grazed or sheep-ungrazed). When there was a choice of 

possible nestboxes with which to pair a south-southwest box after these criteria have been met, the 

nearest north-northeast nestbox was selected (Fig. 9.1). All nestboxes had been thoroughly 

cleaned out after the preceding (2005) breeding season (to remove old nesting material) and again 

before the 2006 breeding season (to remove any roosting material) to minimise ectoparasite load 

before breeding (i. e. during nest-site selection). None of the boxes had entrance holes blocked by 

the RSPB during the winter period, such that this will not constitute a bias in analysis (Chapter 2). 

9.2.2 Avian offspring quality 
Tarsus asymmetry data, collected under licence as detailed in Chapter 8, was used as a measure 

of offspring quality. This gave fitness information for all chicks (n = 93) in each of the 20 nests. 

However, as the fitness of individual chicks in the same nestbox were not independent of one 

another, a single representative chick asymmetry measurement (that of the median chick according 

to weight) was taken. This gave a single fitness estimate for the chicks In each of the 20 nestboxes 

and avoided introducing pseudoreplication as a result of analysing multiple samples (chicks) per 

experimental unit (nestbox) (see Chapter 8 and references therein for further details). 

134 



Chapter 9: Ectoparasite Load 

100 Metres 

ý o 

. ', 

' 
;ý 

, ; - b ý 
'. 

' ' , 

ý ; 

o ,ý 

9 

0 

/ ý 

/ 

ý 

, 
/ ý 

ý lH 

" 

" p 
" 

s 
c 

0 

ýöý; -ýý 
S 

Cabin 

- Road ('B' Class) 

- Water (stream/pond) 

- Footpath 

- Forest track 
Li Structures (visitor cabin and bird hides) 

"o Nestboxes (see below) 
Nestbox Pairing (see below) 

Figure 9.1: Nestboxes occupied by P. major in 2006 that were analysed for ectoparasites. Nestboxes 
facing south-southwest (denoted by filled circles) were paired with nestboxes facing north-northeast 
(denoted by open circles). Nestboxes were paired according to brood size, hatching date, and woodland 
grazing regime (n = 20 nestboxes in 10 pairs): see section 9.2.1 for further details. The position of the nestboxes, 
together with that of the structures (visitor cabin and bird hides: CH = Campbell Hide, LH = Lower Hide), 

roads, forest tracks, footpaths and water bodies, was established by GPS surveying in 2005 (c. 6200 data 

points), and plotted using Microsoft Visual Basic programming code. 
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9.2.3 Nest parasite load 

The nest structure was removed from each nestbox within 24 hours post-fledging, before ectoparasites 
began leaving the nest (Burtt et al., 1991; Clayton and Walther, 1997). Since disturbing or removing 

nest material is only permitted between August and January (under the general DEFRA licence 

WLF100068), nest removal was undertaken under a site-, species- and year-specific English Nature 

licence (licence number: 20060590) (Appendix 3). Any addled eggs and dead pulli were Immediately 

discarded as per the licence conditions. Once removed, the nest was placed in a "zip-lock" air-tight 

polythene bag (Clark, 1991). Feather dust and C. gallinae larvae remaining in the nestbox were 

collected by aspiration with a pooter, using suction provided by a battery-powered miniature vacuum 

cleaner (Halloa KBC-1, Halloa Enterprise Ltd, Taiwan) to avoid microbe inhalation (Clayton and 
Walther, 1997). To ensure researcher bias did not influence the analysis, bags were marked with a 
3-digit code (Burtt et al., 1991), which was only translated after analysis was complete. 

Once in the laboratory, nests were frozen to -28°C for at least 72 hours to kill and preserve the 

ectoparasites and other nest-dwelling arthropods (Rogers eta!., 1991). Nest material was then 

sieved to remove feather dust (Heeb et al., 1996) and this material was searched using soft-tipped 

paint bushes (Thomas and Shutter, 2001). The remaining nest material was thoroughly searched 

under a Nikon SMZ800 dissection microscope at 10x magnification using tweezers and mounted 

needles to thoroughly pull apart the nest structure (Brown and Brown, 1986; Tomas et aL, 2007). 

Arthropods were extracted using entomological forceps and preserved in 70% (v/v) ethanol with 3% 

(w/v) glacial acetic acid (to prevent specimen shrinkage) and 3% (v/v) glycerol (to prevent specimen 
hardening) (Clayton and Walther, 1997; Jones etaL, 1998). Arthropods were grouped according to 

taxa using the information and keys in Hill (1994), Tilling (1987), Chinery (1993), Proctor and Lynch 

(1993), and Smith (2000) under the dissection microscope at 20-40x magnification. The number of 
individuals in each taxonomic group was counted and digital photographs were taken of sample 

specimens using a microscope camera (Nikon Digital Sight DS-5M) (Fig. 9.2). 

9.2.4 Statistical analyses 

To establish whether there was a relationship between the number of chicks per brood (range 3 to 8) 

and either the total number of ectoparasites in the nest structure or the abundance of any one parasitic 

species, Pearson product moment correlation analysis was used on log (in+1) transformed data. This 

technique was also used to test for relationships in the abundances of the different parasitic species in 

the same nest. This was done to provide indications of both positive relationships (facilitation or 

mutualism) and negative relationships (inhibition or competition) between species (Heeb ate/., 2000). 

The composition of the ectoparasite community was analysed graphically to establish between-box 
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variability and differences between early nests (those where young fledged before the median fledging 

date) and late nests (those where young fledged after the median fledging date) (Burtt et at., 1991). 

To quantify any differences in the ectoparasite abundance of the nestboxes according to orientation, 

ectoparasite load was compared between orientation groups using an independent two-sample t-test. 

Note that although a paired sampling design was used to ensure that sampling was not subject to 

systematic sampling error as a result of potential confounding variables (see above), the ectoparasite 
load could not be compared between nestbox pairs (e. g. using a paired sample f-test) as different 

boxes were involved; each occupied by different individual birds (Dytham, 2003). Independent 

two-sample f-tests were also used to establish whether graphically observed differences in the 

abundance of individual species between boxes of different orientations were significant (the test 

was not applied without a priori reason to avoid pseudo-significance: Field, 2000). 

To examine the influence of ectoparasite species on avian offspring fitness, the ectoparasites that 

occurred in at least 40% of nestboxes (an arbitrary value considered to be the minimum sensible for 

analysis) were entered as possible predictor variables in MLR analyses with tarsus asymmetry as 
the dependent variable. The total (nest) abundance of each parasite species was divided by the 

brood size to give the per-chick parasite burden. This method of calculating parasitism is generally 

considered to be more rigorous than using nest abundance (Hurtrez-Bousses et al., 1997) but does 

assume that all chicks are equally parasitised. Empirical testing of this assumption (Roulin et al., 2003; 

Simon et al., 2004) has suggested it can be erroneous (the 'tasty chick" hypothesis (Christe eta/., 1998)). 

Accordingly, two MLRs were undertaken, the first using per-chick ectoparasite burdens and second 

using per-nest ectoparasite abundance (Weddle, 2000). In both cases, variables were entered 

stepwise (entry criterion a=0.05; subsequent removal criterion a=0.10: Field, 2000). MLR 

assumptions were tested using residual examination and collinearity statistics together with Shapiro- 

Wilk and Durbin-Watson tests (Chapter 3), with no significant departures from normality being Identified. 

As C. gallinae larvae are non-parasitic, do not impact upon offspring quality pre-fledging and 

overwinter as pupae in the nesting material so that they do not represent a future burden to the 

young (Harper et al., 1992), there was no direct reason for including them in MLR chick fitness 

analysis. However, there is evidence that larval life stages are a more useful proxy for the total 

number of adult life forms than quantifying the number of adults left in the nest post-fledging as 

many adults depart with the birds or otherwise escape collection (M. Stenning, pers. comm. ). 

Accordingly, the abundance of C. gallinae larvae was Included as a candidate independent 

variable in MLR analyses of chick fitness. This approach has been used previously in analysis of 
C. gallinae abundance and fledging success (Heeb et al., 1996). Multicollinearity in the model 
due to correlation between adult and larval life stages (see results) was avoided by only allowing 

one of these variables to be entered into an MLR at any one time (Elliot et al., 2000). 
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9.3 Results 

9.3.1 Species abundance and diversity 

9.3.1.1 Ectoparasites 

Several different etcoparasitic arthropods were found. These included, in order of prevalence, 

adult and larval Ceratophyllus galllnae (hen fleas; Siphonaptera: Ceratophyllidae) in 95% of 

nests, biting lice (Mallophaga: Ischnocera) in 55% of nests, Protocalliphora (haematophagous 

blowflies; Diptera: Calliphoridae) larvae and pupae in 45% of nests (Fig. 9.2), together with ticks 

and mites (Acari) in 15% and 5% of nests, respectively. 

b) 

Cý 

-----a =1mm 

)I 

Figure 9.2: Ectoparasites extracted from P. major nests at Nagshead (a) avian biting louse (Ischnocera: 

650x magnification); (b) Protocalliphora spp. (blowfly larva; 6x magnification); (C) Ceratophyllus gallinae (hen flea: 

adult; 20x magnification); and (d) C. galllnae (larvae; 10x magnification). 

There were notable between-nest differences in ectoparasite community structures (Fig. 9.3); in 

particular, the relative importance of lice (Ischnocera) in the nest ectoparasite community was highly 

variable. The time in the breeding season (early versus late nests) was an important influence on nest 

ectoparasite community: Protocalliphora larvae were present in 90% of late nests, but absent from 

early nests (Fig. 9.3). The number of individual ectoparasites in the nests was high: 1,275 individuals 

were found in one nest (including non-parasitic life stages). There was, however, considerable 

variability in nest parasitic load, both overall and for individual species (Fig. 9.4a-e). As an example, 

the number of adult C. gallinae per nest ranged from 5 to 119 (mean = 35.7 ± 7.522 S. E. M. ). 
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Figure 9.3: Ectoparasite community assemblages of twenty P. major nest structures according to time in the 

season (date of bird fledging: early = before median fledging date; late = after median fledging date). 
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There was no relationship between the number of chicks (range 3 to 8) and either total ectoparasite 

abundance (r= 0.145, n= 20, P= 0.542; Fig. 9.5) or the abundance of any individual species 

(P> 0.05 in all cases; tests not shown). No significant relationships were found between the 

abundance of different ectoparasitic species in the nests (i. e. the presence or abundance of one 

species did not appear to influence the presence or abundance of any other species; P> 0.05 in all 

cases; tests not shown). The only significant relationship was between different life stages of the 

same species: the number of adult C. gallinae positively correlated with the number of C. gallinae 

larvae (r = 0.756, n= 19, P<0.001; Fig. 9.6). 
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Figure 9.5: The relationship between brood size 
and total ectoparasite load. 

9.3.1.2 Free-living nest-dwelling arthropods 
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Figure 9.6: The relationship between the number of 

adult and larval Ceratophyllus gal lnae in the same nest. 

Several free-living nest-dwelling arthropods were found. Most abundant were herbivorous or 

scavenging Coleoptera, present as both adults and larvae, including Staphylinidae (rove beetles) 

and Elateridae (click beetles) as well as the occasional Clytus arietis (wasp beetle; Cerambycidae) 

and a member of the Trox genus (Trogidae), probably Trox scaber, which is a known scavenger in 

birds' nests (Chinery, 1993). A few (n = 3) parasitoid wasps (Hymenoptera: lchneumonidae) were 

also found. 

The most important free-living nest-dwelling arthropod species was an uncommon beetle, identified 

as Gnathoncus buyssoni (Histeridae) by Coleoptera expert Keith Alexander (pers. comm. ). This is 

a nationally scarce (Category A) species (species in this category are expected to occur in 30 or fewer 

of the 5,400 Ordnance Survey 10km squares in Britain: Eversham, 1993). It is the rarest Gnathoncus 
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species, and the second rarest (after Teretrius fabrich) in the Histeridae family (Important British 

Beetles Database, version 1.0, Environmental Monitoring Services, Benton, Newcastle upon Tyne). 

Gnathoncus buyssoni occurs in southern England, but has a very patchy distribution within its 

range (Hyman and Parsons, 1992; Alexander, 2002). The species was recorded in 90% of 

investigated nests, with a total of 101 individuals being found. This suggests either that the study site 

is a nationally important site for G. buyssoni, or that the species is under-recorded (a possibility as 

avian nest habitats are not commonly searched in ecological surveys). 

9.3.2 Ectooarasite abundance and orientation 

There was no difference in the overall abundance of ectoparasites between nestboxes facing 

south-southwest and north-northeast (430 ± 112 S. E. M. individuals per nest versus 528 ± 164 S. E. M.; 

t= 0.502, d. f. = 18, P= 0.622). Similarly, there was no difference in the abundance of the two main 

haematophagous ectoparasites (adult C. galllnae and larval Protocalliphora spp. ) between boxes 

facing south-southwest and those facing north-northeast (32.80 ± 7.21 S. E. M. individuals per nest 

versus 42.90 ± 14.40 S. E. M. (t= 0.659, d. f. = 18, P= 0.518); 3.20 ± 1.75 S. E. M. individuals per nest 

versus 15.67 ± 13.56 S. E. M. (t= 0.962, d. f. = 18, P= 0.349), respectively). It is also worth highlighting 

that, contrary to expectation, any (albeit non-significant) differences in the abundance of these 

ectoparasites in relation to orientation were biased towards higher numbers in boxes facing 

north-northeast, rather than south-southwest (Fig. 9.7). The apparently higher abundance of lice 

(Ischnocera) in boxes facing south-southwest compared with those facing north-northeast (3.90 ± 1.77 

S. E. M. versus 1.32 ± 0.42 S. E. M. ) was non-significant (t= 1.631, d. f. = 18, P= 0.120). 
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Figure 9.7: Mean ectoparasite abundance per nest according to nestbox orientation. 
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9.3.3 Ectooarasite abundance and avian offspring quality 
Three ectoparasite taxa (one in two life stages) occurred in sufficient nests to permit regression 

analysis: adult C. gallinae, larval C. galllnae, larval Protocalliphora spp., and biting lice of the sub- 

order Ischnocera all occurred in at least 40% of the nests analysed. None of these was related to 

P. majoroffspring quality (i. e. none met the a=0.05 entry criterion for inclusion in an MLR model 

with P. major tarsus asymmetry as the dependent variable) when ectoparasite abundance was 

considered either per chick or per nest. 

9.4 Discussion 

Arthropods of several different species, both ectoparasitic and free-living, were found in abundance 

in nestboxes occupied by P. major at Nagshead. There was no relationship between overall 

ectoparasite abundance or the abundance of any one species, and either nestbox orientation or avian 

offspring fitness. The diversity of free-living species was unsurprising, but the discovery of the rare 

G. buyssoni was both unexpected and of potential conservation importance. 

9.4.1 Species diversity and abundance 
The majority of the ectoparasite species found in the nest structures of P. major are haematophagous, 

sucking blood from nestlings as their primary food source (Boyd, 1951; Janovy, 1997; Loye and 

Carroll, 1998). Others, such as some lice (Ischnocera), feed on skin and feathers (Turner, 1971). 

The prevalence of ectoparasites found at Nagshead is similar to that found in other studies, for 

example, the 95% prevalence of C. gallinae found in this study is comparable to the 93% 

prevalence in a meta-analysis of 2,668 nests (Tripet and Richner, 1997). 

The abundance of C. gallinae larvae correlates with that of adults (Fig. 9.6), although over 40% 

of the variance remains unexplained. This might relate to abiotic conditions such as temperature or 

humidity, which could influence ectoparasite reproduction (Krasnov et al., 2001), or the time in the 

breeding season (late nests can have higher ectoparasite larval loads: Burtt et aL, 1991). The 

number of days that the young were in the nest (i. e. the period from hatching to fledging) or the 

amount of nest material could also be influencing factors. The most likely factors, however, are 

simple stage-structuring of the C. gallinae population (Heeb et al., 1996) or loss of adults before or 

during collection of the nesting material. 

The lack of any significant relationship between overall ectoparasite load and avian brood size Is 

contrary to a hypothesised positive correlation between these variables (Richner and Heeb, 1995), 

instead agreeing with a study on parasites in Passer domesticus nests in America (Weddle, 2000) 

and a study on C. gallinae in P. major nests in Switzerland (Heeb et al., 1996). 
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9.4.2 Ector)arasite abundance and orientation 

The lack of relationship between ectoparasite abundance and orientation suggests that the non- 

uniform nestbox selection with relation to orientation (Chapter 7) is not a behavioural response to 

avoid nest sites with high ectoparasite loads. This is contrary to research by George (1959), which 

found the abundance of C. gallinae was higher in F. hypoleuca boxes oriented south-southwest 

compared with north-northeast (a study coincidentally undertaken at Nagshead). However, 

George's results, on a different avian species, were suggestions based on a comparison of a very 

few nestboxes (eight boxes facing south-southwest with two facing north-northeast in 1956) and 

made without the application of inferential statistics. 

It should be noted that the between-season removal of nesting material from nestboxes at many 

sites, including Nagshead (Chapters 1 and 2), means that nestbox ectoparasite load is usually 

lower than in natural cavities (Moller, 1989,1992a; Rendell and Verbeek, 1996a; Purcell et al., 1997). 

Data on the magnitude of this difference are lacking for the study species; however, Pinkowski's 

(1977) study of S. sialis nests suggests that parasite-infested natural cavities may have up to twice as 

many ectoparasites, on average, as parasitised nestboxes. Thus it remains possible that there are 

orientation-related differences in ectoparasite load in natural cavities that have not been replicated 

in nestboxes. In this case, the avoidance of nestboxes facing south-southwest could be an 

evolutionary hangover (Moore, 2002): effectively a "ghost of parasitism past". Crucially, however, this 

would not explain the reduced nestling fitness observed in nestboxes facing south-southwest 

(Chapter 8), only the parental avoidance of those boxes (Chapter 7). Unless parasite load 

correlates with both orientation and offspring fitness (see below), it is unlikely to be the proximate 

cause of directional nest-site choice. 

9.4.3 Ectoparasite abundance and avian offsorina auality 
By definition, parasites should reduce the fitness of their host (Price, 1980). Given that tarsus 

asymmetry has proven to be an accurate and sensitive measure of fitness in the P. major study 

population (Chapters 8 and 10), it is interesting that fitness measured in this way does not correlate 

with total ectoparasite load, nor the load of specific species. The lack of correlation between avian 

offspring fitness and parasitism is not, however, unprecedented: indeed many studies fail to show 

relationships between ectoparasitic load and nestling growth, survival, or fitness (Proctor and Owens, 

2000; Thomas and Shutler, 2001). The absence of a (measurable) effect of parasitism on avian 

fitness agrees with similar studies in the USA, firstly on nestbox-breeding S. sialis (Eastern bluebirds) 

in New York (Wittman and Beason, 1992), and secondly on Poecile rufescens and P. gambell 

(chestnut-backed and mountain chickadees) in California (Gold and Dahlsten, 1983). 
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There are several possible, non mutually-exclusive, explanations for the lack of any relationship 
between nest ectoparasite load and avian offspring quality: 

(1) Difficulties of quantifying avian fitness: Although tarsus asymmetry is a proven method of 

quantifying fitness in the study population (see above), small reductions in avian fitness 

remain difficult to quantify (Gosler, 2004). Thus a weak interaction between ectoparasite load 

and offspring quality could have been difficult to detect, particularly given the unavoidably 

small sample size (n = 20). 

(2) Comparatively low ectoparasite load: Alternatively, the lack of a measurable reduction in 

fitness might be explained by the number of ectoparasites present: low numbers of many 

avian parasites (e. g. mites) have little impact on their hosts (Proctor and Owens, 2000). 

However, although the ectoparasite abundance quantified here is low in comparison with 

natural nest sites (Purcell et al., 1997), it is higher than in other studies where a relationship 

between ectoparasite abundance and chick fitness has been found (e. g. for Passer 

domesticus: Weddle, 2000). 

(3) Compensatory responses: The third explanation for the lack of detrimental impact of parasitism 

on offspring fitness is the use of physiological or behavioural compensatory responses that 

either reduce the intensity of parasitism or buffer its impact (Heeb et at, 1996; Moore, 2002). 

For example, preening behaviour amongst nestlings often increases with ectoparasite load 

(Simon et at, 2005), while alteration of posture, particularly to protect the head and legs while 

sleeping, has been found to reduce ectoparasitism in Hawaiian birds (van Riper et at, 1986). 

(4) Condition-dependent effects: Parasitism might only cause a measurable detriment to fitness 

when nestlings are under stress, for example during food shortages (Pinkowski, 1977; Simon 

et aL, 2004) or in poor weather conditions (Dufva and Allander, 1996; Merino and Potti, 1996). 

Such condition-dependent effects of parasitism have been found previously in relation to 

nutrient-stress in Acromyrmex echinatior (leafcutting ants) (Bot et al., 2001) and Bombus 

terrestris (bumble bees) (Brown et aL, 2003): this would not be observable in a one-year study. 

(5) Parental cost Parental provisioning rates in both T. bicolor (tree swallows) and 

C. caeruleus can increase with Protocalliphora spp. abundance (Thomas and Shutler, 2001; 

Ba6bura etaL, 2004), while heavy infestations of C. galllnae in P. major nests and a resultant 

increase in nestling begging may cause parents to increase food provisioning rates by up to 50% 

(Christe eta!., 1996a). Other parental adaptations to reduce the Impact of ectoparasites include a 

reduction in sleep allocation to increase nest sanitation (Christa et al., 1996b), more frequent 

bouts of nest sanitation (Tripet et a1., 2002) and increased use of insecticidal herbs in nests 

(Clark and Mason, 1988; Clark, 1991; Petit eta!., 2002). Such responses do, however, have 
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an energetic cost and form an important part of the trade-off between current and future 

reproduction (Richner and Tripet, 1999). Measuring the change in parental fitness before and 
after nesting and relating this to ectoparasite load would be an interesting area for further study. 

(6) Masked fitness cost Finally, it remains possible that parasite-related fitness costs were 

masked by other factors affecting fitness including heritable parental quality (Wendeln and 
Becker, 1999), breeding-related parameters such as hatching asynchrony (Stenning, 1996), 

the quality of the nest territory (Przybylo et at, 2001), or other nest-site characteristics such 

as nestbox microbial load (Chapter 10). 

It should also be noted that this research did not, indeed could not, account for ectoparasites that left 

the nest with the young or adult birds. This would include parasites such as Hippoboscidae (louse-flies) 

and Plumicoles (feather mites) which remain on the host throughout their entire life cycle (Hill, 1994; 
Proctor and Owens, 2000). The abundance of adult C. gallinae and lice (Ischnocera), which remain 

on the host for much of their life cycle, might also be under-represented (Heeb et al., 2000). 

9.4.4 Future research into non-uniform nest-site selection and avian fitness patterns in P. malor 
The negative results outlined in this chapter suggest that, contrary to the intuitive hypothesis outlined 

at the beginning of this chapter, the non-uniform patterns in nest-site selection (Chapter 7) and 

avian fitness patterns in P. major (Chapter 8) cannot be explained by a relationship between 

orientation and ectoparasite load. While no hypothesis can be disproven, especially on the basis of a 

single study, this is important evidence against ectoparasite load being a fundamental influence on 

the orientation-selection-fitness relationship. Investigation of other possibilities, such as an association 
between microbial load and orientation, would be useful avenues for future research (Chapter 10). 

9.5 Chapter summary 

1. Ectoparasites belonging to several different species including Ceratophyllus gallinae (hen fleas) 

and Protocarliphora spp. (haematophagous blowflies) were extracted from the nest structures 

of P. major at Nagshead immediately following fledging in the 2006 breeding season. 

2. Several free-living nest-dwelling arthropod species were also found, most notably Gnathoncus 

buyssoni, a histerid beetle that is nationally scarce in the U. K. 

3. There was no correlation between nestbox orientation and either the total ectoparasite load or 
the abundance of particular species. Similarly, there was no relationship between nest 

ectoparasite abundance and P. major offspring quality as determined by tarsus asymmetry. 
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CHAPTER 10 

Relationships between microbial load, 

nestbox orientation, and offspring quality 

Nestboxes facing south-southwest are simultaneously associated with reduced occupation by 

P. major and lower offspring quality in this species, for reasons that remain unknown. In this chapter, 

the hypothesis that these patterns could result from a higher microbial load in nestboxes facing 

south-southwest is tested by sampling bacteria and fungi from nestboxes occupied by P. major 

using culture-based techniques. Microbial data are analysed to establish: (1) any differences in 

species diversity or abundance between boxes according to orientation using species-level 

(univariate) and community-level (multivariate) analyses; and (2) whether there is any relationship 

between nestbox bacterial or fungal species and avian offspring quality as determined by tarsus 

length asymmetry immediately prior to fledging. 

w. Iuuv 

N+ 

4 

" 

Agar plates on which microbes from nestboxes were cultivated 

(December 2006) 

Publications arising from chapter: 

Goodenough, A. E. (2007) Nestbox Fungal Identification. Report for the Eric Hosking Charitable Trust. 
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10.1 Introduction 

The interactions and interrelationships between birds and microorganisms is a topic of Increasing 

study (Maul et al., 2005). Recent research has shown that birds have distinctive feather bacteria 

that influence plumage condition and colouring (Burtt and Ichida, 1999,2004; Shawkey et al., 2007) 

and gut bacteria that vary according to diet, both within and between species (Glunder, 2002; 

Blanco of al., 2006). However, the importance of microbial species on avian reproductive success, 

offspring fitness, and life-history traits is still poorly understood (Lombardo et al., 1996; Curtt, 1999; 

Lucas and Heeb, 2005; Maul et al., 2005). In particular, few studies have been conducted on the 

microbial species associated with the nesting environment of free-living passerines (Mills eta!., 1999; 

Berger et al., 2003). No research appears to have been undertaken to establish whether specific nest 

site characteristics, such as nest cavity orientation (Chapter 7), influence the presence or abundance 

of microbial species in the nesting environment, and if so, what effect this might have on reproduction. 

Microbial species can interact with birds in several different ways. Some species are commensals, 

living on or in a bird as part of the normal feather or gut flora without apparent affect on their host. 

Some microbes are pathogenic, either obligatorily (e. g. Chlamydia psittaci) or opportunistically 

(e. g. Pseudomonas aeruginosa). Such pathogenicity often results from the production of toxins that 

can cause disease, an example being the aflatoxins produced by Aspergillus flavous that can 

cause avian aspergillosis (Deacon, 2005). Other microbes, particularly fungi such as Cladosporium 

and Epicoccum, have the potential to be allergens. Keratinolytic microbes (i. e. those that decompose 

keratin through keritinase production) can also be important agents of feather degradation 

(Hubälek, 1978). Microbe-induced feather degradation can hinder flight (when wing feathers are 

involved), mate attraction (when plumage condition or colour is important for mate selection) and 

thermoregulation (Burtt and Ichida, 1999,2004; Shawkey et at, 2007). Keratinolytic microbes previously 

associated with birds include the bacteria Bacillus licheniformis and Pseudomonas spp. (Riffel and 

Brandelli, 2006) and the fungi Chrysosporium tropicum and Microsporum gallinae (Hubalek, 2000). 

The presence of microbes can also be beneficial; for example, Enterococcus faecium has been 

found to promote growth and enhance fitness in F. hypoleuca nestlings (Moreno of at, 2003). 

The influence of nesting environment on the cloacal bacterial communities of nestlings has been 

demonstrated using partial cross-fostering experiments (Lucas and Heeb, 2005). However, the 

factors responsible for the differences in the nest microbial assemblage have not been explored. 

Moreover, although microbial species in the nesting environment, particularly pathogens such as 

Enterobacter cloacae and Staphylococcus hyicus, can have a significant Impact on avian offspring 

survival at embryonic and nestling stages (Pinowski et al., 1994; Nuttall, 1997; Cook et al., 2005), 
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little is known about the effects of microbes on nestling fitness at fledging (Burtt, 1999; Mills et al., 1999). 

Given that fledgling fitness is a key determinant of offspring survival and fecundity (see Chapter 8 and 

references therein), any relationship between this and the presence or abundance of microbial species 

in a nesting environment, could act as a selection pressure on nest-site choice (Chapter 6), especially 

if microbial differences are predictably associated with abiotic differences in nest site characteristics. 

The research detailed in Chapter 7 found that the frequency of nestbox occupation by P. major 

correlates with orientation, such that nestboxes facing south-southwest are used less frequently 

than boxes facing other directions. Further analysis showed that chicks from south-southwest facing 

boxes are of significantly lower quality compared with those raised in boxes facing other directions 

(Chapter 8). The avoidance of boxes associated with lowest chick fitness is indicative of parental 

responsiveness to offspring fitness selection pressures that relate to orientation. However, it is not 

clear what mechanism(s) are responsible for reduced offspring quality in nestboxes facing south- 

southwest, and thus what drives parental responsiveness in nest-site selection. One possibility, that 

ectoparasite load might be higher in boxes facing south-southwest, was examined in Chapter 9: no 

significant associations were found between ectoparasite load and either nestbox orientation or 

chick fitness. Another hypothesis, proposed in Chapter 8, is that the microbial load of nestboxes 

facing south-southwest might be higher than that of those facing other directions, possibly because 

of differences in the nestbox microclimate. This would constitute an effect of a nest site characteristic 

on microbial abundance and might explain why nestboxes facing south-southwest are associated 

with lower offspring quality in P. major and are avoided by adults during nest-site selection. 

10.2 Materials and methods° 

10.2.1 Experimental design 

All the P. major nests in nestboxes facing south-southwest (180-269°) In 2006 that contained two 

or more live young at day 15 post-hatching (n =10) were studied. Each nest was paired with a 

P. major nest in a hestbox facing, as nearly as possible, the diametrically opposite direction and 

according to the number of young, hatching date and woodland grazing regime (this pairing was 

the same as detailed in Chapter 9). Pairing boxes according to hatching date was particularly 

important as bacterial loading of nests has previously been found to correlate with time in the 

breeding season (late nests can have a higher abundance of bacteria: Berger et al. (2003)). 

° For clarity in the methods, some common chemicals are referred to only by their acronyms or 
abbreviations: full details of each are given in the glossary at the front of this thesis. 
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10.2.2 Avian offspring quality 

Tarsus asymmetry data collected as detailed in Chapter 8 were used as a measure of offspring 

quality. This gave fitness information for all chicks in each of the 20 nests (n = 93). As the fitness of 

individual chicks in the same nestbox were not independent of one another, a single representative 

chick asymmetry measurement (that of the median chick according to weight) was taken, such that 

there was a single fitness estimate for the chicks in each of the 20 nestboxes (Chapters 8 and 9). 

10.2.3 Swabbing procedure 

Immediately after post-fledging nest removal (under English Nature licence: Appendix 3), each 

nestbox was swabbed in situ with a sterile rayon-tipped swab pre-moistened with phosphate buffer 

at pH 7.1 ± 0.1 (SteriswabTM, Medical Wire and Equipment Company, U. K.; Fig. 10.1). This allowed 

the effective collection and transport of live microbes (Alexander and Strete, 2001). As the swab 

effectively became the unit of study, the swabbing procedure was carefully standardised regarding 

time and area swabbed: boxes were swabbed for 30 seconds in a standardised order (Fig. 10.2). 

Two experimental controls were taken: two unoccupied nestboxes (one facing north-northeast, the 

other facing south-southwest) were swabbed as per the above method and two air swabs (exposed 

for 30 seconds) were taken (Lombardo et al., 1996). These were processed in the same way as the 

study swabs to check for potential contamination, either in microbe collection, storage, or during 

cultivation. Swabs were kept on ice in the field and thereafter at 4°C for a maximum of two days 

before processing (Gough, 1997; Mills et al., 1999; Stewart and Rambo, 2000). 

Figure 10.1: Rayon-tipped swab pre-moistened with phosphate buffer 

(SteriswabTM, Medical Wire and Equipment Company, UK). 
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Figure 10.2. Plan view of a nestbox interior (115mm width x 170mm depth x 210mm height) showing the 

area, order, and direction of swabbing. In total, nearly 3.5m of nestbox surface was swabbed in 30 seconds. 

10.2.4 Microbe cultivation 
In the laboratory, swabs were thoroughly washed in 1 Oml of sterile (autoclaved) 1.3% (w/v) nutrient 

broth (0.1% Lab-Lemco powder, 0.2% yeast extract, 0.5% peptone and 0.5% NaCl: Oxoid, 

Cambridge, U. K. ) to transfer microbes from the swab to the liquid medium. This was subsequently 

regarded as the undiluted (10°) concentration. Decimal serial dilutions were made down to 10-9 using 

a calibrated air-displacement autopipettor (Gilson Pipetman). To establish the two most appropriate 

dilutions for each individual sample for subsequent culturing, three 1 0µI drops of each concentration 

were cultured on 2.8% (w/v) nutrient agar at pH 7.4 (0.1% Lab-Lemco powder, 0.2% yeast extract, 

0.5% peptone, 0.5% NaCl and 1.5% agar: Oxoid). Following 72 hours incubation at 28°C, 100µ1 of 

the two most suitable dilution factors (those with between 10 and 50 colonies: typically 10'8 and 10'9 

for nestbox swabs and 10°-10'2 for the control swabs) of each sample was cultured (Fig. 10.3). 

Culturing was undertaken on nutrient agar to encourage bacterial growth and 3.9% (w/v) potato 

dextrose agar (PDA) at pH 5.6 (0.4% potato extract, 2% glucose and 1.5% agar: Oxoid) to encourage 

fungal growth. Plates were incubated for 7 days at 28°C before examination (Shawkey et al., 2005). 
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10.2.5 Isolate differentiation 

Bacterial isolates were differentiated using colony morphology (shape, elevation, margin, opaqueness, 

and pigmentation) and cell morphology (stained heat-fixed slides and wet mounts under 1000x 

magnification). Similar techniques were used to differentiate fungal isolates (colony morphology 

and pigmentation, together with hyphae and conidia arrangement under 400x magnification). 

A sample of each isolate was streaked on to the appropriate medium (nutrient or PDA) using a 

sterilised wire loop. Samples were re-streaked until a pure and viable culture was achieved 

(Alexander and Strete, 2001) (Fig. 10.4). Purity was checked by examination of colony morphology 

under natural and ultraviolet (UV) light, and by inspection of cell morphology using wet mounts. 

Photographs were taken of each sample specimen using a Nikon Digital Sight DS-5M camera 

mounted on a Nikon SMZ800 dissection microscope (colony images) and a Nikon Eclipse 50i 

compound microscope (cell images) (see below). The number of colony forming units (CFUs) of 

each bacterial isolate on the original swab was then calculated by taking the average count of two 

nutrient agar plates (after allowing for different serial dilutions) and counting back to give number per 

1001iI of H°. This number was then multiplied by 100 to give the number per 1 Oml of H° and thus 

per nestbox swab. This process was repeated for fungal species using the two PDA plates. 

Figure 10.3: Serial dilutions. microbial growth from 

a single nestbox (Nagshead box 104) at different 

decimal serial dilutions (left = 108; right = 10-9; 100pl of 

dilution liquid plated on nutrient agar in both cases). 

10.2.6 Isolate identification 

Isolate identification was undertaken using a variety of techniques including taxonomic identification 

(fungal isolates) and biochemical, fatty acid, and deoxyribonucleic acid (DNA) identification 

techniques (bacterial isolates). This represents a polyphasic approach to identification, combining 

phenotypic and genotypic methods for isolate identification (Tang et al., 1998; Kunitsky et al., 2006). 
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(later identified as Pseudomonas veronii) streaked 

onto nutrient agar using a sterilised wire loop and 

incubated at 28°C for 4 days. 
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10.2.6.1 Taxonomic Identification 

Identification of fungi to genus level, and where possible to species level, was undertaken 
taxonomically according to the keys of Larone (1995), St Germain and Summerbell (1995) and de 

Hoog et al. (2000). To verify species-level identifications of dominant isolates and those significant 
in the context of this research (see results), samples were sent to CABI Bioscience's Microbial 

Identification Service (Nomica, Egham, Surrey, U. K. ). Any provisional identifications were not 
disclosed to ensure that the expert identification followed a blind protocol. 

10.2.6.2 Fatty Acid Methyl Ester (FAME) Identification 

Bacteria were identified using automated fatty acid methyl ester (FAME) analysis using gas-liquid 

chromatography. This profiles the types (to distinguish genera) and concentrations (to distinguish 

species) of up to 300 fatty acids in bacterial isolates, which can be compared to over 200,000 

profiles of known species (Kunitsky et al., 2006). The FAME process was undertaken through the 

Sherlock® Microbial Identification System (MIDI Inc., Newark, Delaware) using the Sherlock Rapid 

Methods® technique and the RTSB50 (environmental isolates) reference library (Appendix 4 gives 

annotated FAME output for one Nagshead nestbox isolate). FAME analysis required cells from 

each isolate to be harvested from a sub-culture on 4% (w/v) Trypticase Soy Broth agar at pH 7.3 

(1.5% tryptone, 0.5% soy peptone, 0.5% sodium chloride, 1.5% agar: Oxoid) following incubation at 

28°C for 24 hours (Osterhout et al., 1991). Fatty acids were extracted from these cells by 

saponification using a sodium hydroxide/methanol solution by Microcheck Inc. (Northfield, Vermont, 

USA). The FAME and Sherlock® systems have been widely used to identify unknown isolates and 

are validated identification methods (Osterhout et a/., 1991; Thompson et al., 1993; Pendergrass, 

1998; Kellogg et al., 2001; Liu et al., 2005) that can accurately identify microbial species from bird 

feathers (Shawkey et al., 2005). FAME similarity indices of z 0.500 (excellent species-level match 
between isolate and reference isolate: von Graevenitz et al., 1991) were used as the demarcation 

for positive identification. Where two or more possible matches were given, the closest match was 

accepted provided that the similarity index separation between this and the second match was Z 0.200 

(double the minimum recommended separation: Kunitsky et al., 2006). Where this was not the 

case (one isolate), biochemical confirmation was sought (see below). 

10.2.6.3 Biochemical Identification 

When the FAME profile of an isolate indicated a close match to two species or a marginal 
identification was given (see above), biochemical confirmation testing was undertaken. Specifically, 

Gram staining was undertaken to confirm the identification of one isolate as Enterobacter cloacae, 

while identifications of fluorescent Pseudomonas spp. by FAME were verified by growth at high 

(42°) and low (3°C) temperatures and gelatin hydrolysis reactions as atypical strains can occasionally 

153 



Chapter 10: Microbial Abundance 

be confused (von Graevenitz and Weinstein, 1971; Blazevic et al., 1973; Holt et al., 1994; 

Osterhout et al., 1991). Gram staining was undertaken using a variation of the Hucker method 

(Jones eta/., 1998) (Fig. 10.5). Gelatin hydrolysis tests were performed by inoculating the isolate into 

12.8% (w/v) nutrient gelatin (0.3% Lab-Lemco powder, 0.5% peptone, 12% gelatine: Oxoid). 

Samples were incubated at 35°C for 7 days to avoid false-positive results caused by enzyme 

production (Alexander and Strete, 2001) and chilled to 4°C before examination (Fig. 10.6). 

o*" 

Figure 10.5: Gram staining of a bacterial isolate 

(coded B40). The counter-stain (safranin) has been 

applied while the dye from the primary stain (crystal 

violet) can be seen in the beaker. 

10.2.6.4 DNA identification 

Figure 10.6: Gelatin hydrolysis test showing a 

negative (solid) reaction for Pseudomonas agarici 

(top) and a positive (liquid) reaction for P. veronii 

(bottom). Note the bacterial growth in both tubes. 

For P. veronii, the only species that showed a statistically significant result in the context of this 

research (see below and results), confirmation of the FAME identification was provided by sequencing 

of the 16S ribosomal Ribonucleic Acid (rRNA) gene. A single bacterial colony (c. 72 hours old) was 

harvested using a sterile wire loop and transferred into a microcentrifuge tube. To aid mechanical 

breakdown of the cell walls and assist in cell lysis, a thermic shock was provided by freezing to 

-20°C for 1 hour and rapidly thawing at 60°C before the addition of proteinase K. DNA was 

extracted using a commercial kit (DNeasy Blood and Tissue DNA extraction kit: Qiagen, Crawley, 

West Sussex, U. K. ) according to the manufacturer's instructions. 

The 16S rRNA gene was amplified using Polymerase Chain Reaction (PCR) in a 50µI reaction. 

This contained 25µI Hotstar Taq Master Mix comprising nucleoside triphosphates and DNA 

polymerase from the bacterium Thermus aquaticus (Diagen), 2l, il each of two oligonucleotide 

primers 27f (5'-AGAGTTTGATCMTGGCTCAG-3') and 530r (5'-ATTACCGCGGCTGCTGGC-3') 

(Operon, Cologne, Germany) and 21 ul deionised water. PCR was undertaken using an automated 

thermocycler (Eppendorf Mastercycler®). The conditions comprised an initial step of 15 minutes at 
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95°C (to denature the DNA and activate the Taq), followed by a cycle of 1 minute at 95°C (to 

separate DNA into single strands), 1 minute at 56°C (to allow the primers to anneal to the target DNA), 

and 1.5 minutes at 72°C (to allow primer extension), which was repeated 30 times (Torfora et al., 2007). 

This was followed by a final extension step of 10 minutes at 72°C. 

The amplified 16S rRNA gene was separated from the remaining DNA using submerged horizontal 

gel electrophoresis (Prescott et al., 1999). The PCR product was mixed with 12µI of 5X Nucleic 

Acid Sample Loading Buffer (25% glycerol, 50mM Tris-HCL, 5mM EDTA, and 0.2% each of 

bromophenol blue and xyclene cyanol FF: Bio-Rad, Hemel Hempstead, Hertfordshire, U. K. ). This 

was loaded into pre-moulded wells in a 0.7% (w/v) agarose gel (agarose powder from Fisher 

Scientific, Loughborough, U. K. and TBE Buffer at pH 8.3 (0.45 M Tris Borate and 0.01 M EDTA) 

from Eppendorf, Cambridge, U. K. ). The gel was pre-stained with ethidium bromide (3µI per 100ml) 

to enable visualisation of DNA under UV light. Electrophoresis was undertaken at 100 volts for 

about 45 minutes using 1X TBE running buffer (Eppendorf) until the loading and migration markers 

had reached their maximum separation. To confirm the location of PCR band was correct, the 

sample was run against 51A of EZ LoadTM Precision Molecular Mass Standard (Bio-Rad). The PCR 

bands were cut from the gel using a scalpel and DNA was extracted using a commercial gel 

extraction kit (QlAquick® Gel Extraction Kit: Qiagen) and 100% isopropanol according to the 

manufacturer's protocols. DNA purification and sequencing by CABI Bioscience (Nomica, Egham, 

Surrey, U. K. ) produced a partial 16S rRNA sequence of 483 base pairs, which was compared to 

sequences of known species in GenBank® using BLAST (Basic Local Alignment Search Tool). 

10.2.7 Statistical analyses 
To quantify any differences in the microbial loading of the nestboxes according to orientation, the 

total bacterial and fungal loadings were compared between nestbox pairs using an independent 

two-sample t-test after count data were log (In+1) transformed to normalise them. Note that 

although a paired sampling design was used to ensure that sampling was not subject to 

confounding variables, the microbial load could not be compared between nestbox pairs as boxes 

were occupied by different individual birds (see Chapter 9 for further details). Independent two- 

sample t-tests were also used to establish whether graphically observed differences in the 

abundance of individual species between boxes of different orientations were significant (the test 

was not applied without a priori reason to avoid pseudo-significance: Field, 2000). 

To establish the differences in the microbial communities between nestboxes of different 

orientations, Principal Components Analysis (PCA) was used to condense the species Information 
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into two principal components (PC1 and PC2) that explained most variance. Three distinct PCA 

models were constructed using bacteria (model 1), fungi (model 2), and finally both bacteria and 

fungi (model 3). Scatter plots based on these components were constructed for each PCA, with 

data points coded according to the nestbox orientation group (north-northeast or south-southwest) 

(Shaw, 2003). These plots were examined to ascertain whether there were notable differences in 

the bacterial and fungal nestbox communities according to orientation based on the clustering of 

data points (Dytham, 2003). 

To establish whether microbial community could be used as an accurate predictor of nestbox 

orientation, Discriminant Function Analysis (DFA) was used on the microbial variables to classify 

nestboxes according to orientation category. DFA was accompanied by a Multivariate Analysis of 

Variance (MANOVA) to establish whether differences between the groups were significant 

(McGarigal et al., 2000). Variables were entered in a stepwise method (entry criterion a=0.05; 

subsequent removal criterion a=0.10: Field, 2000) to enable identification of the most important 

species and to differentiate between the groups parsimoniously (i. e. with as few variables as 

possible). This had the advantage of excluding weak or redundant variables that could have 

increased the number of mis-classifications (Klecka, 1980). The species available for entry into 

DFA analysis were restricted to dominant species and those that had statistically significant 

differences in relation to orientation as determined by independent two-sample t-tests (see above) 

(Peterson and Gauthier, 1985). This was necessary to fulfil the case: variable ratio suggested by 

Williams and Titus (1988). The assumption of homogeneity in the variance-covariance matrix was 

tested using Box's M-test (Sharma, 1996). The power of each DFA was ascertained using a 

jackknife validation procedure, such that the DFA was repeatedly calculated each time with the 

omission of a different single case, which was then classified (Shaw, 2003). This procedure was 

used as the comparatively small sample size precluded use of the preferred split-sample validation 

process (McGarigal et aL, 2000). 

To examine the influence of microbial species on offspring fitness (as determined by tarsus 

length asymmetry: Chapter 8), the microbial species that occurred in at least 40% of nestboxes 

were entered as possible predictor variables in a MLR Analysis (species that occurred in fewer that 

40% of boxes could not be usefully included in the MLR analysis). The variables were entered into 

the model using a stepwise method (entry and removal criteria as for DFA above). MLR 

assumptions were tested using residual examination and collinearity statistics together with 

Shapiro-Wilk and Durbin-Watson tests as detailed in Chapter 3 with no significant departures from 

normality being identified. 
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10.3 Results 

10.3.1 Microbial species 
In total, 28 culturable bacterial species and 11 culturable fungal species were isolated from P. major 

nestboxes (Fig. 10.7). The majority of these were comparatively uncommon, with one-third of species 

occurring in 10% of boxes or fewer. Nestboxes contained species belonging to the genera Aeromonas, 

Bacillus, Enterobacter, Paenibacillus, Pseudomonas and Staphylococcus (Figs 10.9 and 10.10). 

The boxes were dominated by P. fluorescens biotype B (65% of boxes), P. putida biotype B and 

P. veronii (both in 40% of boxes) and P. syringae (30% of boxes). Partial 16S rRNA sequence data 

of the P. veronii isolate indicated that it was a 99.98% match to a reference isolate (BLAST 

accession number INA06). The pathogen Staphylococcus hyicus occurred in 25% of boxes, while 

Enterobacter cloacae was present in 5% of nestboxes. Fungi isolated from nestboxes belonged to 

the genera Aspergillus, Epicoccum, Candida. 

Cladosporium, Microsporum, Arthrinium and 

Chrysosporium (all Ascomycetes) and Mucor 

(a Zygomycete). Boxes were dominated by 

Epicoccum purpurascens (formerly E. nigrum) 

(95% of boxes), Cladosporium cladosporioides 

(70% of boxes), and Cladosporium herbarum 

(40% of boxes). Important pathogenic fungi 

included Aspergillus flavous, Microsporum 

gallinae (both in 10% of boxes) and Candida 

albicans (in 5% of boxes). 

Figure 10.7: Typical diversity of microbial species 

from P. major nestboxes cultured on nutrient agar 

(100pl of 109 dilution). 

Because the fatty acid profiles of fluorescent Pseudomonas species can occasionally be confused 

(see above), multivariate cluster analysis was run on FAME isolate profiles. This was used to 

generate a dendrogram based on Euclidian distances between fatty acid profiles (Fig. 10.8) to 

show putative phylogenic relationships and confirm that different isolates were actually separate 

species rather than dissimilar strains of the same species (Sharma, 1996; Dytham, 2003). 

Pseudomonas veronhf (closest to strain INA06) 
Pseudomonas fluorescens biotype B 
Pseudomonas putida biotype B 
Pseudomonas agarlcl 

!IFF! 1IF I-I 
02468 10 12 14 16 18 

Euclidian Distance 

Figure 10.8: Phylogenic relationships of fluorescent Pseudomonas spp. isolated from P. major nestboxes as 
determined by cluster analysis of cellular fatty acid profiles. Key Euclidian distances are: strain level linkage = 
2.5; biotype level linkage = 6; species level linkage = 10; and genus level linkage = 25 (Kunitsky et al., 2006). 
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Chapter 10: Microbial Abundance 

The air swabs had an extremely low abundance of microorganisms mainly dominated by C. herbarum 

(abundance = 0.000000005% of a typical nestbox (i. e. for every one CFU isolated from the air, 20 

billion were isolated from a typical occupied nestbox)). Swabs of unoccupied boxes showed a 

range of species including Pseudomonas spp. and Cladosporium spp. but in very low numbers 
(abundance = 0.0001 % of a typical nest (i. e. for every one CFU isolated from an unoccupied 

nestbox, nearly 1 million were isolated from an occupied box)). 

10.3.2 Microbial loading and orientation 
Nestboxes facing south-southwest had a significantly higher fungal load than those facing north- 

northeast (typically double: t= 5.498, d. f. = 18, P< 0.001) (Table 10.1; Fig. 10.11). This difference 

was attributable to a higher abundance of two fungal species, E. purpurascens (Fig 10.12) and 
C. cladosporioides (Fig. 10.13), in boxes facing south-southwest compared with those facing north- 

northeast (t= 3.827, d. f. = 18, P= 0.001 and t= 2.422, d. f. =18, P= 0.026, respectively). The 

relationship between fungal loading and orientation became non-significant when the values for 

E. purpurascens and C. cladosporioides were removed from the dataset (Table 10.1). There was 

no relationship between total bacterial load and orientation. However, the abundance of one 
individual species did relate to orientation: P. veronii (Fig. 10.14) was significantly lower in boxes 

facing south-southwest than those facing north-northeast (t = 2.478, d. f. = 18, P=0.023). There 

was no difference in the number of microbial species according to orientation (Table 10.2). 

Table 10.1: Differences in the microbial load of nestboxes occupied by P. major according to orientation. 

Mean nestbox loading 109 CFU tp 

S-SW 
(180-269°) 

N-NE 
(0.89°) 

Bacteria 1,240 985 -0.271 0.789 

Pseudomonas veronii 56 160 2.478 0.023 

Bacteria other than P. veronii 1,184 825 -0.230 0.821 

Fungi 2,078 1,022 5.498 (0.001 

Epicoccum purpurascens 1,156 400 3.827 0.001 

Cladosporium cladosporioides 389 190 2,422 0.026 

Fungi other than E. purpurascens and 533 432 0.409 0.687 
C. cladosporloides 

Data were analysed using independent two-sample f-tests after count data had been log (Jn+1) transformed 
(d. f. =18 In all cases). 
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Figure 10.11: The influence of orientation on microbial load. Fungal colonies cultured from 100pl of 

10-8 serial dilution on PDA after 48 hours incubation at 28°C. The plate on the left is typical of a 

nestbox facing south-southwest; the plate on the right is typical of a nestbox facing north-northeast. 

Table 10.2: Microbial diversity of nestboxes occupied by P. major in relation to nestbox orientation. 

Bacteria Fungi 

N-NE S-SW N-NE S-SW 
(0-890) (180-2690) (0-89°) (180-269°) 

Mean number of different 
4.0 3.8 3.4 2.9 

species per nestbox 

Total number of different 
species in 10 nestboxes 18 20 99 

Principal Components Analysis (PCA) was used to condense the species information into 

composite variables in order to synthesise the microbial community. Community-level differences 

were established by plotting PC1 against PC2 and examining the clustering of the data points 

according to orientation (Fig. 10.15a-c). The best clustering was provided when fungal species 

alone were entered into the PCA which gave two discrete clusters according to nestbox orientation 

(Fig. 10.15c). Entering both bacterial and fungal species into a PCA (Fig. 10.15a) produced a graph 

with some overlap in clustering, while the least defined clustering was provided when only bacterial 

species were used (Fig. 10.15b). Interestingly, all models contained the same one case as a 

statistical outlier: the microbial community in one north-northeast facing nestbox (Nagshead box 

104) was atypical. This box was on the edge of the ungrazed area, with a very open aspect, and 

might be subject to woodland edge effects (Rendell and Robertson, 1990; Chapter 6), which are 

unusual at the Nagshead site (Chapters 2 and 6). If this (labelled) outlier is removed from the 

scatter plots visually, the clustering of datapoints in Fig. 10.15 (a and c) becomes more obvious. 
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. o. _ai 

Figure 10.12: Epicoccumpurpurascens: (a) an immature (24-hour) colony on PDA taken at 10x magnification; 
(b) a mature (18 day) colony on PDA with a red-purple diffusible pigment; and (c) a single multi-cellular 
dictyoconidium, supported on a short specialised hyphal branch (a conidiophore). This last image was 
taken at 800x magnification after staining with methylene blue dye and is thus a false-colour image. 

b) 

Figure 10.13: Cladosporium cladosporioides: (a) an immature (24-hour) colony on PDA at 10x magnification; 
(b) a mature (18 day) colony on PDA covering half a Petri dish; and (c) non-geniculate chains of single-celled 

ameroconidia branching from a single vertical conidiophore - note also the hyphal mass near the top of the 

image and the cells with an obvious unstained "halo" indicative of a glycocalyx capsule. This last image was 
taken at 800x magnification after staining with methylene blue dye and is thus a false-colour image. 

vi 

1 

ýý; ý 
,ý 

aý I 

Figure 10.14: Pseudomonas veronli colonies on nutrient agar: (a) blue-green fluorescence of colonies under 
UV light; and (b) a close-up view of colonies (1 Ox magnification). 
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Figure 10.15: The microbial community of nestboxes occupied by P. major shown using scatter plots of PC1 

and PC2 from Principal Components Analyses using (a) bacterial and fungal species: (b) bacterial species; and 
(c) fungal species. The variances in the microbial community explained by PC1 and PC2 are 24.1%, 22.8% 

and 39.6%, respectively. All models contain the same one labelled outlier (see above for explanation). If this is 

removed from the scatter plots visually, the clustering of datapoints in (a) and (c) becomes more obvious. 
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Chapter 10: Microbial Abundance 

Discriminant Function Analysis (DFA) proved to be an extremely useful method of assigning 

nestboxes to the correct orientation group (south-southwest =180-269° or north-northeast = 0-89°) 

according to microbial community. The most powerful DFA resulted when all three microbes found 

to be significant using univariate t-tests (E. purpurascens, C. cladosporioides and P. veronil) were 

entered into the analysis. This DFA correctly classified 85% of cases (Table 10.3) and the MANOVA 

suggested that the differences between the orientation groups were highly significant (P= 0.005). The 

three cases assigned to the incorrect group in this DFA had the lowest differences in group 

assignment probabilities (i. e. they were the most marginal cases for classification between the two 

groups and were mis-classified because they were slightly unusual, not completely atypical). The 

most misclassified case was the outlier already identified above. Modifying the DFA so only fungal 

species were available for entry produced a model nearly as powerful (correctly classifying 80% of 

cases with a MANOVA of P=0.006) by entering only one species: E. purpurascens. When only 

bacterial species were available for entry into a DFA, no variables were entered at the a=0.05 

threshold. Only when the entry criterion was increased to a=0.20 (subsequent removal criterion 

a=0.25) was a variable (P. veronii) entered. This DFA only classified 65% of cases correctly (not 

much higher than the 50% expected by chance) and the MANOVA was non-significant (P= 0.137). 

Table 10.3: Classification of nestboxes occupied by P. major according to orientation using DFA 

Predicted Group Membership 

S-SW N-NE 
(180-269°) (0-89°) 

CL a S-SW 
ä (180-269°) 9(90%) 1 (10%) 

t7 

N- 
(0-89. ) 2(20%) 8 (80%) 

Predicted and actual group memberships are given (percentage correctly assigned shown In parentheses). 
The analysis used abundance data of two fungi (Epicoccum purpurascens and Cladosporlum cladosporioldes) and 
one bacterium (Pseudomonas veronli). The overall DFA classified 85% of cases correctly and the associated 
MANOVA was highly significant (P: 0.005). 
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10.3.3 Microbial loading and avian offsorina quality 
Of the six microbial species that occurred in a sufficient number of nestboxes for them to be usefully 

entered into a regression analysis (those that occurred in at least 40% of nestboxes: Pseudomonas 

fluorescens, P. putida, P. veronif, Epicoccum purpurascens, Cladosporium cladosporioides, and 
C. herbarum), only one was related to P. major offspring quality. The abundance of E. purpurascens 
(Fig. 10.12) was significantly, and positively, related to offspring quality as determined by tarsus 

asymmetry at 15 days post-hatching (regression analysis r= 0.565, n= 19, P= 0.012), such that 

nestboxes with a high loading of E. purpurascens contained offspring with a high level of asymmetry 

(indicative of low fitness). The nestbox abundance of E. purpurascens explained 31.9% of the total 

variation in tarsus asymmetry. 

Unfortunately, low sample sizes precluded inferential statistical analysis of the potential relationship 

between offspring quality and the pathogens Staphylococcus hyicus (25% of boxes), Aspergillus 

flavous and Microsporum gallinae (10% of nests), or Enterobacter cloacae and Candida albicans 

(5% of nests). In most cases, offspring from the nests where these pathogenic microbes were 

present did not have atypically low fitness according to tarsus asymmetry. However, the two boxes 

that harboured Aspergillus flavous were associated with the two lowest nestling fitness levels (one 

of these was so low it was a statistical outlier nearly three standard deviations from the mean 

(mean tarsus asymmetry (mm) = 0.134 ± 0.148 S. D.; outlier = 0.533)). 

10.4 Discussion 

Culturing bacteria and fungi isolated from P. major nestboxes highlighted the diverse microbial 

communities of avian nesting environments, with 39 different microbial species being isolated. 

Fungal abundance; specifically the abundance of E. purpurascens and C. cladosporioides, was 

higher in nestboxes facing south-southwest than in those facing north-northeast. The abundance of 

E. purpurascens was positively correlated with avian offspring quality, explaining 31.9% of the 

variation in tarsus asymmetry. 

10.4.1 Microbial species 
The most commonly occurring bacterium isolated from P. major nestboxes was Pseudomonas spp., 

which occurred in high numbers in every nest, followed by Bacillus spp., then Staphylococcus spp. 

These genera have previously been associated with birds or their nesting environments (Mehmke et al., 

1992; Mills et al., 1999; Berger et al., 2003; Bisson et al., 2007), and were three of the four genera of 
bacteria most often associated with Troglodytes aedon (house wren) nests in Illinois, USA (Singleton 

and Harper, 1998). The most abundant Pseudomonas species were P. fluorescens, P. putida, 

P. veronii and P. syringae. There Is no other known published research that has Identified 
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Pseudomonas isolates from avian nesting environments to species level, although P. fluorescens 

has been isolated from feathers of S. sialis in Alabama, USA (Shawkey et at, 2005), from pharyngeal 

swabs of Prunella collaris (alpine accentors) in Slovakia (Janiga et at, 2006) and from the faeces of 
9% of wild birds caught in mist nets in Wisconsin, USA (Brittingham et al., 1998). 

Several important bacterial pathogens were present in a minority of boxes. Staphylococcus hyicus 

has been previously associated with poultry and found to cause, among other things, conjunctivitis 
(Cheville et al., 1988). Enterobacter cloacae can cause systemic bacteraemia and meningitis in 

humans (Lambert-Zechovsky eta!., 1992) and has been isolated from the upper respiratory tract of 
Psittacines (parrots) (Jesus and Duarte Correia, 1998) and the faeces of Dendrocygna autumnalis 
(black-bellied whistling ducks) (Aguirre et al., 1992). Although not normally considered to be an 

avian pathogen, Bacillus subtilis can cause pneumonia (Beebe and Koneman, 1995) and has been 

implicated in embryo mortality in unhatched eggs of P. domesticus and P. montanus (Pinowski et 

a!., 1994). Meanwhile, Bacillus circulans can cause wound infections that can, in humans at least, 

progress to septicaemia (Beebe and Koneman, 1995). 

Fungal associations with wild birds and their nesting environments is not a well researched subject 
(Hubälek, 1978; Cafarchia et at., 2006). Microbial studies have usually focused on bacteria (e. g. 

Singleton and Harper, 1998; Berger et aL, 2003) and even where fungal species have been 

recorded, isolates have typically been regarded as "fungi" and not identified even to family or genus 
level (Lombardo et aL, 1996; Mills et aL, 1999; Stewart and Rambo, 2000). However, the results of 

this chapter suggest that the fungal communities of avian nests can be diverse, and may contain 

pathogens known to cause infection in young birds. Pathogens found in P. major nests include 

A. flavous, which can cause avian aspergillosis and aflatoxicosis (Ainsworth and Austwick, 1959; 

Wobester, 1981; Deacon, 2005); M. gallinae, which can cause favus (ringworm) (Droual et al., 

1991); and C. albicans, a causative agent of the sexually transmitted disease avian candidiasis 

(Nuttell, 1997; Garcia et al., 2007), which can cause mortality In P. domesticus and P. montanus 

chicks (Pinowski eta!., 1994). Of the three main fungal species isolated from the nestboxes, 

C. cladosporioides and C. herbarum and Ch. tropicum have been found previously in bird's nests 

(Hub6lek, 1978). 

The bacteria and fungi isolated from the nestboxes represent a diverse microbial community that 

probably stems from the number of different sources of microbial colonisation. Some of the 

microbes found are likely to have originated from the birds themselves. These Include plumage- 
based microbes such as Ch. tropicum and M. gallinae (Hubälek, 2000), and gut bacteria 

including E. cloacae and C. albicans (Aguirre et al., 1992). 
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The nesting material, which mainly comprised decaying moss, is also a source of microbes; for 

example P. agarici and P. syringae are normally isolated from vegetation (Tortora et al., 2007). 

Introduction of other material into the nest (e. g. wool from sheep) could also have an impact. For 

example, Staphylococcus lentus is most often isolated from sheep (Deinhofer and Pernthaner, 1993) 

and was found only in Nagshead nests containing sheep wool. Microbes might also occur in association 

with the nestbox itself (e. g. E. purpurascens often grows on wood: Mielnichuk and Lopez, 2007). 

Although the low number of microbes cultured from unoccupied nestboxes suggest that the birds 

and their nest material are the primary influences on nestbox microbial abundance, it is possible 

that the presence of the birds and their nesting material on the internal nestbox temperature and 

humidity might promote growth of microbial species associated with the wood of the nestbox. 

It is important to note that this study has identified microbial species through cultivation-based methods 

and that other species might have been present that were not cultivatable by the traditional methods 

used (Amann eta!., 1995; Shawkey eta!., 2005). A study aimed at identifying and quantifying non- 

culturable microbes using molecular biology methods would be a useful area for future research. 

10.4.2 Microbial loading and orientation 

Although the presence of specific microbial species and their relative abundance in any one nestbox 

is highly variable, nestbox orientation is an important determinant of the microbial community, 

particularly the fungal community, of the nesting environment (Fig. 10.1 5a-c). This demonstrates 

that nest cavity orientation can influence the microbial assemblage of the nesting environment, in a 

similar way to habitat influencing assemblages of cloacal and plumage bacteria in adult birds 

(Maul eta!., 2005 and Bisson et al., 2007, respectively). The influence of other nest site 

characteristics (for example, height of nestbox above the ground, proximity to water etc. ) on the 

microbial communities of nest sites would be useful avenues for further investigation. 

In addition to the general pattern of microbial community and orientation, orientation was significantly 

associated with the abundance of three specific microbial species: E. purpurascens and 

C. cladosporioides were more abundant in boxes facing south-southwest than north-northeast, while 

the reverse was true for the bacterium P. veronii. The higher abundance of E. purpurascens and 

C. cladosporioides in south-southwest oriented boxes is likely the result of a warmer, and possibly 

moister, nestbox microclimate. Such boxes experience higher temperatures during the hottest part 

of the day than boxes facing other directions (Chapter 7) and are oriented towards the prevailing 

wind and rain. The lower abundance of the bacterium P. veronii in nestboxes facing south- 

southwest compared with those facing north-northeast could be a direct result of the higher 

abundance of C. cladosporioides and E. purpurascens in south-southwest oriented boxes, as both 
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species, particularly E. purpurascens, have antibacterial properties (Baute et al., 1978; Mallea et a!., 
1991). This hypothesis is supported by a borderline-significant negative relationship between P. 

veronii and E. purpurascens in this dataset (Pearson product moment correlation r= -0.435, n= 20, 

P= 0.055). The abundance of these three species, particularly E. purpurascens, was a reliable (85% 

accurate) predictor of nestbox orientation category (south-southwest or north-northeast) using DFA. 

10.4.3 Microbial loading and avian offspring quality 
The findings reported in this chapter agree with those of Berger et al. (2003) in that no relationship 
between bacterial load and offspring fitness was identified. There was, however, a significant 

association between abundance of the fungus E. purpurascens and offspring quality. The abundance 

of E. purpurascens in the nesting environment explains 31.9% of variance in offspring fitness as 
determined by tarsus asymmetry at day 15 post-hatching. This is apparently the first time that fungal 

abundance in the nesting environment has been associated with avian offspring quality empirically. 
Although spores from any fungi can be allergenic, E. purpurascens is an important allergen, rapidly 
increasing specific IgE (Immunoglobulin E) values and causing histamine release (Bisht et al., 
2004a, 2004b). These allergenic attributes of E. purpurascens might explain why high abundance is 

associated with low offspring fitness. Another possibility worth investigating is that the antibacterial 

properties of E. purpurascens (Baute et aL, 1978; Mallea et al., 1991) might be acting indirectly to 

reduce offspring quality by inhibiting beneficial bacteria such as Enterococcus faecium, which 

positively influences chick growth and fitness (Moreno et al., 2003). 

The correlation between chick fitness and nest site fungal abundance is extremely important, 

particularly given the strength of the relationship (abundance of E. purpurascens explains nearly 

one-third of the variance in tarsus asymmetry of P. major chicks). This leads to speculation that 

there may be a causative relationship between the variables, such that fungal abundance 

influences offspring quality. As fitness at fledging has a fundamental influence on survival 

(Naef-Daenzer et al., 2001; Monrös et al., 2002), longevity (Lindström, 1999), recruitment Into the 

breeding population (Both eta!., 1999) and reproductive success (Haywood and Perrins, 1992; 

Perrins and McCleery, 2001), nest site fungal abundance has the potential to have an Important 

influence on individual life-history traits and population dynamics. Future research to determine 

whether the fungal-fitness relationship is indeed causative is a priority for future research. The 

suggestion that A. flavous may negatively correlate with offspring quality is also worthy of further 

research, especially as this is a causative agent of avian aspergillosis (see above). This would require 
larger sample sizes than were possible in this study and, ideally, assays of immunocompetence. 
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10.4.4 Correlations between variables and their importance for conservation 

The results of this chapter demonstrate the link between the orientation of a nestbox and its 

microbial community. Most notably, the abundance of E. purpurascens is typically nearly three times 

higher in south-southwest oriented boxes compared with those facing the diametrically opposite 

direction. The abundance of this same fungal species is correlated with offspring quality, explaining 

31.9% of the variation in P. majortarsus asymmetry. Given the research reported in Chapter 8 

which showed that P. major offspring quality is related to orientation, being lowest in nestboxes 

facing south-southwest, there are correlations between nestbox orientation, offspring fitness and 

nestbox microbial abundance (Fig. 10.16). 

Nestbox 
Correlation (Chapters) 

Offspring 
Orientation Quality 

Correlation between factorsfor 
Epicocumpurpurascens, Correlation between factors for 

Cladosporium cladosporioides, Epicoccumpurpurascens 
and Pseudorronas veronii 

Microbial 
Load 

. 

0, 

Figure 10.16: Relationships between nestbox orientation, offspring quality and nestbox microbial load. 

The directionality of the correlation (i. e. cause and effect) between microbial load and offspring fitness 

has yet to be established; however, it is suggested that nestbox orientation increases nestbox microbial 

load and that this in turn decreases P. major offspring quality. 

In conclusion, the higher loading of the E. purpurascens fungus in nestboxes facing south-southwest 

could be, either directly or indirectly, causatively responsible for reduced offspring quality in these 

nestboxes: testing this potential causative relationship is an area for future research. The observed 

parental patterns of nest-site selection behaviour (lower occupation rates in boxes facing south- 

southwest: Chapter 7) might have evolved to avoid nest sites simultaneously associated with high 

microbial loads and lower offspring quality. In terms of conservation, these findings support the 

recommendation that orienting nestboxes away from south-southwest might be to advantage 

(Chapters 7 and 8) and underline the importance of detailed research into the interactions between 

nestbox characteristics and breeding success to ensure that nestbox schemes are maximally effective. 
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10.5 Chanter summary 

1. Nestboxes occupied by P. major that faced south-southwest (180-269°) had a significantly 

higher fungal load compared with those facing north-northeast (0-890). This difference was 

attributable to the higher abundance of two particular fungal species, Epicoccum purpurascens 

and Cladosporium cladosporioides. 

2. There was no relationship between total (non species-specific) bacterial load and orientation. 
However, the abundance of one bacterial species did relate to orientation: Pseudomonas 

veronii was significantly lower in boxes facing south-southwest than those facing north-northeast. 

3. Principal Components Analysis showed that the microbial community, particularly the fungal 

community, was well differentiated between nestboxes facing south-southwest and north-northeast. 

4. Discriminant Function Analysis, using the abundances of E. purpurascens, C. cladosporioides 

and P. veronii as predictor variables, assigned nestboxes to the correct orientation group 
(north-northeast or south-southwest) with 85% accuracy. 

5. The abundance of E. purpurascens was significantly related to offspring quality: nestboxes 

where E. purpurascens was abundant were associated with highly asymmetric offspring. The 

abundance of E. purpurascens abundance explained 31.9% of the variation in tarsus asymmetry. 

6. These results provide empirical evidence for a correlation between nestbox orientation and the 

loading of microbial species, and a further correlation (possibly a causative relationship) 

between the load of one of these, the potential allergen E. purpurascens, and offspring fitness. 
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CHAPTER 11 

Conclusions 

This chapter summarises the research detailed in this thesis, drawing together the themes from 

each chapter. Key findings and methodological insights are outlined and discussed in the light of 

current knowledge. The importance of species-specific results in terms of conservation is 

considered and opportunities for future research are highlighted. 

Female F. hypoleuca perched on a Nagshead nestbox 

(June 2006) 
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11.1 Summary of research 
This study has combined elements of population biology, evolutionary ecology, animal behaviour, 

parasitology, and microbiology to investigate nest-site selection and breeding success in three 

co-occurring passerines, C. caeruleus, P. major, and F. hypoleuca, at Nagshead Nature Reserve 

(Gloucestershire, U. K. ). The multi-species research reported in Chapters 3-7 used data from 295 

nestboxes collected by RSPB staff and volunteers between 1990 and 2004. In contrast, the 

research detailed in Chapters 8-10 focussed on a single species (P. major) to examine factors 

influencing offspring quality using primary biometric data. The chapters share a common 

thread - the diversity of factors influencing avian reproduction - and are structured so that each 

chapter builds upon, and extends the findings of, the preceding chapters. Wherever possible, 

findings for F. hypoleuca have been related to previous research conducted at the same site 

(Lack, 1966; Harvey et al., 1984,1985; Stenning 1984; Stenning et al., 1988). 

All three aims outlined in Section 1.4.1 have been met. Temporal. change in the breeding 

population and productivity of each study species (aims 1 a, 1 b) was analysed in Chapter 3, while 

temporal change in breeding phenology (aim 1 c) was investigated in Chapter 4. In addition, the 

relationship between lay date and clutch size was examined in Chapter 5. The assumption that 

birds actively choose their nest sites was empirically tested (aim 2) for all three study species in 

Chapter 6. The influence of nest-site characteristics relating to cavity orientation on nestbox selection 

and breeding success (aim 3) was analysed for all three study species in Chapter 7. Intriguing 

species-specific results for P. major arising from Chapter 7 were further explored In Chapter 8 to 

examine the influence of nestbox orientation on offspring quality. Findings from this chapter were 

then related to nest ectoparasite load (Chapter 9) and nestbox microbial abundance (Chapter 10). 

11.2 Methodological considerations 

The Nagshead nestbox scheme: The nestbox scheme at Nagshead was never intended to be 

used for detailed scientific study, having been established originally to attract nesting birds as a form 

of biological pest control and adopted, subsequently, as a conservation initiative (Chapter 2). Unlike 

nestbox schemes specifically established for scientific study, not all Nagshead nestboxes were uniform 
in size and shape, while others had been moved during the study period. Accordingly, it was necessary 
to restrict analyses of the 1990-2004 data (Chapters 3-7) to the 295 nestboxes with a standard size 

and shape that were available during the entire study period in exactly the same position (Chapter 2). 

While this resulted in data loss, it was vital to ensure that the data used were temporally and spatially 

consistent. It is recognised that the necessary removal of these boxes from the dataset does not 

reflect the actual situation. In particular, it is possible that occupied boxes excluded from analysis 

could be confounding factors in some analyses, especially those of population trends In Chapter 3. 
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However, experimental analysis indicated that there was no significant difference in occupation or 
breeding success between the complete dataset (after controlling for the total number of nestboxes 
available which, in the full dataset, was annually variable) and the restricted dataset. 

Calculation of lay dates: Lay dates were used as measures of phenology in Chapters 4 and 5. 

These were calculated using the one-egg-per-day count-back method (Perrins and McCleery, 1989; 
Crick et al., 1997; Crick and Sparks, 1999; Winkler et al., 2002). Although this method is frequently 

used, it is based on a fundamental assumption: that females lay one egg early each morning until a 
clutch is completed, such that the number of eggs in an incomplete clutch can be used to calculate 
the date on which the first egg was laid. This assumption does not hold in all populations (M. 
Stenning, pers. comm. ). The accuracy of this assumption was tested at Nagshead in one year 
(2006): 98% of estimates were correct to the day; the remaining 2% were correct to within t1 day. 

Measuring offspring quality: Repetition of asymmetry measurements on P. major chicks in 

Chapter 8 (suggested as best practice by Swaddle et aL (1994) and Björklund, (1996)) was 

precluded owing to the time limitations necessary to prevent brood desertion. However, biometric 

measures were taken by one trained recorder only to eliminate any inter-observer or inexperience 

bias. The measurements were validated statistically: calculated repeatability was very high (0.853) 

and chi-square analysis indicated that there was no systematic measurement error (Chapter 8). 

Sample sizes for parasite and microbial analyses: Analysis of ectoparasite load and nestbox 

microbial abundance (Chapters 9 and 10) was restricted to twenty P. major nests. This was a smaller 

sample size than planned, but was the maximum possible: all P. major nests in 2006 in nestboxes 
facing south-southwest (180-269°) that contained two or more live young at day 15 post-hatching 
(n = 10) were included in the study, each being paired with a north-northeast facing nestbox with the 

same brood size. Even with this small dataset, several important and statistically significant 
findings were made following analysis of microbial species abundance (Chapter 10). No significant 

results were found for ectoparasite load in Chapter 9, but there is no evidence (e. g. borderline 

significance values) to suggest that this would have been any different with a larger dataset. 

11.3 Research findings 

The main research findings for the first part of the thesis (Chapters 3-5) are presented diagrammatically 

in Figure 11.1; while the findings for the second part (Chapters 6-10) are presented in Figure 11.2. 
Presenting the main findings diagrammatically has several advantages. It highlights key aspects of 
the individual chapter summaries without repetition, allows the relationships between the findings in 

any one chapter to be easily appreciated, and enables linkages to be made across chapters, such 
that research findings are set in context and a more holistic appreciation of the research Is possible. 
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Figure 11.1: Major research findings: interactions and interrelationships in avian breeding. 

A summary of the results detailed in Chapters 3-5. 
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11.4 Aoaraisal of results 

The following section is an interpretation of the results outlined in Figures 11.1 and 11.2, first 

considering the importance of the findings from a theoretical perspective, and then relating the 

main findings for each species specifically to practical conservation management. 

11.4.1 Theoretical importance 

The temporal changes in breeding population size, productivity and phenology Identified In 

Chapters 3 and 4 underline the fact that natural systems are in a perpetual state of flux. Such 

changes in a comparatively short time period demonstrate how easily, and how rapidly, important 

within-species processes and between-species interactions can become unstable (population 

dynamics) or mismatched (phenology). In addition, temporal change in phenological variability 
(Chapter 4) demonstrates that population-level study is insufficient to quantify Individual phenological 

responses to environmental change. Continuing with the variability theme, the work undertaken on 
the relationship between lay date and clutch size in Chapter 5 provides empirical evidence that 

annually variable factors such as temperature and density dependence can affect relationships 
between reproductive parameters, in addition to influencing the parameters themselves. The new 

contributions to knowledge arising from these three chapters are outlined In Table 11.1 

Table 11.1: Original contributions to knowledge: Interactions and Interrelationships In avian breeding 

Original Contributions to Knowledge (Chapters 3-5) 

Chapter 3: The North Atlantic Oscillation (NAO) can Influence population dynamics of F. hypoleuca 

The NAO influenced winter and spring migratory survival of F. hypoleuca and thus the number of birds that 
reached the breeding grounds. Previous studies on a range of species have related the NAO (and the EI Nino 
Southern Oscillation: ENSO) to migratory phenology, autumn migratory survival, breeding phenology and 
breeding success. However, this Is apparently the first time that a common global weather phenomenon has 
been related to winter and migratory survival of a British-breeding passerine species. 

Chapter 4: Breeding phenological variability Is Increasing for P. major 

The variability in breeding phenology of P. major increased between 1990-2004 (standard deviation of clutch 
initiation m 3.8 days in 1990 and 7.6 days in 2004). This suggests that some Individuals are laying earlier, 
possibly in response to climate change, but that this response varies at population level, such that the time 
between the first and last clutches being laid is greater in later (warmer) years. 

Chapter 5: The relationship between lay date and clutch size can be annually variable 
The well-known relationship between lay date and clutch size was re-Investigated and found to be annually 
variable, rather than a constant as previously accepted, but that the precise mechanisms that control this 
annual variability in the study populations (mainly density and temperature based) were species"speclfc. 
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Before investigating external factors that could potentially influence nest-site selection and 
breeding success (Chapters 7-10), the assumption of active nest-site choice in the study species 

was empirically tested (Chapter 6). The testing of this assumption, originally an exercise in 

scientific rigour, generated some unexpected results as F. hypoleuca appears to select sites 

randomly rather than actively choosing them. This challenges current thinking regarding nest-site 

selection in birds (Table 11.2), and may have relevance to other species that "choose" nest sites 
(mammals and reptiles), spawning grounds (fish), or oviposition sites (insects). Of the many 

environmental and habitat variables that were discussed in Chapter 6 as being potential nest-site 

selection cues and/or factors that could influence reproductive success, nest site orientation was 
identified as a variable that had been little researched for secondary cavity-nesting species. Before 

the research detailed in Chapter 7, there was just one study for C. caeruleus and P. major using 

natural cavities (van Balen et al., 1982) and one study on F. hypoleuca using nestboxes (Gaedecke 

and Winkel, 2005). Neither of these studies linked patterns in nest-site selection to breeding 

success to establish whether nest-site selection was adaptive. Making this link in Chapter 7 

provided insights into some of the major themes of evolutionary ecology: evolutionary trade-offs, 

behavioural adaptations, ecological traps, and resource-related search-costs (Krebs and Davies, 1993). 

The intriguing finding in Chapter 7 that adult P. major avoided nestboxes facing south-southwest 

when such boxes were not associated with reduced breeding success, prompted further study. 
In birds, the fitness of offspring immediately before fledging is a key determinant of future survival 
(Naef-Daenzer et at, 2001; Monrös et at, 2002) and fecundity (Haywood and Perrins, 1992; 

Both et at, 1999) and is thus intrinsically linked to the direct fitness of the parents. However, this 

fitness component is often overlooked In studies of parental productivity and nest-site selection. The 

research outlined in Chapter 8 demonstrates how measures of chick fitness can be Integrated Into 

studies of breeding success and provides empirical evidence that nest-site selection can be adaptive 
to factors that influence offspring quality, not simply the number of young to fledge (Table 11.2). 

The interactions between birds and microorganisms are a topic of Increasing study (Maul et aL, 2005). 

However, such research is often fairly descriptive, concentrating on qualifying and quantifying 

microbial species associated with birds (e. g. Mehmke et al., 1992; Cafarchia et al., 2006; 

Janiga et a/., 2007) rather than being designed to test specific hypotheses (although this is not 

always the case; see, for example, Moreno et al., 2003; Cook et al., 2004; Shawkey et al., 2007). 
The results outlined in Chapter 10 are thus important in two ways: specifically they provide 
interesting and novel links between specific fungal species, fitness of P. major chicks, and 

nestbox orientation (Table 11.2); more generally they hint at as-yet unknown effects of microbial 

species abundance on avian reproductive success and behavioural patterns. 
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Table 11.2: Original contributions to knowledge: Influences of abiotic and biotic factors on avian breeding 

Original Contributions to Knowledge (Chapters 6-10) 

Chapter 6: Birds do not always actively choose a nest site 

The assumption that birds actively (rather than randomly) choose a nest site when suitable sites are abundant 
was supported by empirical research for C. caeruleus and P. major, but not for F. hypoleuca. Further analysis 
showed that the relative importance of year-specific and site-specific factors was species-specific: site-specific 
factors were more important for C. caeruleus and P. major, while the reverse was true for F. hypoleuca. 

Chapter 7: Nestbox orientation has a species-specific Influence on nesting In the study species 

Nestbox orientation influenced the frequency of occupation by P. major and the average number of young to 
fledge per brood (nestling survival) for F. hypoleuca. Effects of orientation on nest-site selection and breeding 

success have been observed before, but not for these study species. 

Chapter 8: Nest-site selection behaviour can be modified by factors that constrain offspring fitness 

Adult P. major avoided nestboxes facing south-southwest, the same direction associated with lower offspring 

quality. This constitutes an evolutionary explanation for observed behavioural patterns and provides empirical 

evidence that nest-site selection can be an adaptive mechanism to enhance offspring quality, apparently the 

first time this has been found for birds. 

Chapter 10: Nest-site orientation can Influence the microbial load of the nesting environment 

The microbial community of nestboxes occupied by P. major (specifically abundances of Epicoocum purpurascens, 
Cladosporium cladosporioldes, and Pseudomonas veronii) was Influenced by orientation. This is apparently the 
first time that microbial species abundance has been related to nest-site characteristics In a natural ecosystem. 

Chapter 10: Abundance of fungi In the nesting environment may Influence avian offspring quality 

The abundance of Epicoccum purpurascens in nestboxes occupied by P. major was negatively correlated with 
chick fitness immediately before fledging, indicating a possible causal relationship. This Is apparently the first 
time that fungal load in the nesting environment has been empirically associated with avian offspring quality. 

11.4.2 Practical conservation imaortance: a species-specific overview 

With woodland birds in general decline (Fuller et al., 2005; Amar et at, 2006), better understanding 

of the complexity of interaction between environment, nest-site selection and breeding success Is 

essential to developing maximally effective species-specific conservation strategies. 

11.4.2.1 Cyanistes caeruleus 
The decline in breeding success of C. caeruleus at Nagshead during the period 1990-2004 Is not of 

major concern at present because the breeding population is increasing, both at the study site 

(Chapter 3) and nationally (Baillie et al., 2007). However, productivity clearly needs to be monitored 

as a decrease in survival rates could cause population decline if the reduction In breeding success 
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is coincidental to the increasing population and not density-dependent. Unfortunately, rapid decline 

in previously common species is not without precedent (e. g. Passer domesticus (house sparrow)). 

11.4.2.2 Parus major 
The breeding success of P. major has declined significantly at Nagshead during the period 

1990-2004 (Chapter 3) despite a breeding population that is stable at the study site and Increasing 

nationally (Baillie eta!., 2007). As with C. caeruleus, it is recommended that this be monitored. 

Changes to nestbox management could also be advantageous. Offspring quality appears to be 

significantly lower in nestboxes facing south-southwest, possibly as a result of the higher 

abundance of Epicoccum purpurascens in these boxes (Chapters 8 and 10). It is therefore 

recommended that boxes are oriented in an arc from west through north to south where fungal 

abundance is reduced. Given the possibility that E. purpurascens (which is often associated with 

rotting wood) may be causatively responsible for reduced offspring fitness, consideration should be 

given to replacement of old nestboxes with a high fungal load (often visible on visual inspection of 

the nestbox). The absence of an interaction between ectoparasite load and offspring fitness 

(Chapter 9) suggests that the current practice of removing nesting material between breeding 

seasons could be of benefit. Accordingly, it is recommended that nest structures are removed from 

nestboxes as soon as it is legal to do so (15t August in the U. K. under the general DEFRA licence 

WLF100068) to minimise ectoparasite burdens on chicks the following year. 

11.4.2.3 Ficedula hypoleuca 

The breeding population of F. hypoleuca is undergoing moderate decline across Britain, but rapid 

and severe decline at Nagshead, a site on the edge of the species range in the U. K. This decline 

could be an "early warning" of more widespread decline and demonstrates the Importance of 

intensively monitored sites in determining the population trends of scarcer species that are not well- 

represented in national surveys (Noble et al., 2001; Baillie et al., 2007). It is recommended that this 

situation be monitored, both in general and specifically at sites at the edge of the range. One factor 

which seems to be driving decline, at least at Nagshead, is a temporal decrease In the number of 

young to fledge (Chapter 3), such that any factors that increase breeding success have conservation 

importance. To this end, it is recommended that boxes used by F. hypoleuca should be oriented away 

from south-southwest, a measure which should increase fledging success by around 15% (Chapter 7). 

11.5 Overarching Insights into ecological research 
During ecological studies, considerable emphasis is rightly placed on research findings, their 

interpretation, and where appropriate, their relevance to conservation. However, the research 

process can also lead to important insights that have overarching interdisciplinary Importance. 
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11.5.1 Model species versus multi-species research approaches 

The consideration of certain species as "model" species Is common throughout biological research. 

Such species are selected on the basis of specific life-history traits, behavioural patterns or evolutionary 

traits (Hedges, 2002). Model species cover a wide range of taxa, including the bacterium Escherichia 

coil, Arabidopsis thaliana (thale cress), Caenorhabditis elegans (a nematode), Drosophila melanogaster 

(fruit fly), and Poecilia reticulata (the guppy) (Powell, 1997; Molloy et at, 2000; Aslaug, 2005). 

The three study species (C. caeruleus, P. major and F. hypoleuca) are frequently used as model 

avian species (Chapter 1 and references therein). However, analysis of reproductive behaviour, 

phenology, and breeding success of these three species in Chapters 3-7 gave results that were highly 

species-specific. Even when all species were shown to exhibit variation in the dependence of clutch 

size on lay date (Chapter 5), the mechanisms apparently controlling this variation differed between 

species. Differences in the responses of C. caeruleus and P. major versus F. hypoleuca to similar 

stimuli were not unexpected given the differences in life-history traits and migratory strategy (Chapter 1). 

However, the differences found in reproductive behaviour between C. caeruleus and P. major are 

surprising given their similarities in ecological niche and breeding strategy. Both species are considered 

"model" Paridae species, and thus might be expected to exhibit strong similarities, but differ in: (1) the 

relationship between population size and productivity (Chapter 3); (2) response to climate change 

(Chapter 4); (3) the mechanisms controlling variation in the dependence of clutch size on lay date 

(Chapter 5); and (4) the influence of orientation on nest-site selection (Chapter 7). Only In that nest 

sites are actively chosen, and that site-specific factors are more important than year-specific factors 

in determining nest-site occupation (Chapter 6), do both species show the same response. 

The model species approach is a powerful tool in the development of biological theory (Hanken, 1993; 

Kellogg and Shaffer, 1993). However, it also brings innate limitations that need to be recognised. 

Use of model species is based on the assumption that these species are typical or representative 

of extant diversity (Bolker, 1995), which is conceptually over-simplistic. Further, although it Is not 

always explicitly stated, there is often an implicit suggestion that findings for a model species will be 

directly applicable to other species, particularly those that are ecologically similar (Goth and Hauber, 

2004; Saikkonen et al., 2006). While using findings from one species to generate research 

hypotheses can be valuable, assuming that findings are directly transferable between species can 

be erroneous, as highlighted here. This is particularly true when species are reacting to rapid 

environmental changes, such as those presented by recent climate change (Goodenough, 2006), 

which often initiate responses that are both species-specific and site-specific (Chapter 4), such that 

there is no "model" species (nor, for that matter, a "model" research site). 
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Multi-species research is one way to address some of these limitations, particularly If a 

comparative approach is adopted (Rieppel, 1988; Krebs and Davies, 1993; Futuyma, 1998) as 

this enables horizontal linkages to be made across taxa, rather than restricting research to 

development of vertical linkages for the same study species. The approach has been used 

extensively in this thesis (Chapters 3-7), where between-species differences In life-history traits 

provided numerous insights into species-specific differences In research findings. This can be 

particularly valuable where research has a strong applied relevance (de Roode and Read, 2003). 

11.5.2 Empirical testing of common ecological assumptions 
Use of essentially untested assumptions in ecological research is surprisingly common. This is 

concerning, particularly when implicit or explicit acceptance of such assumptions is not acknowledged 

as a potential bias in research findings (Depickere et al., 2004; Saikkonen et al., 2006). In Chapter 6, 

one of the most basic ornithological assumptions, that nest-building birds actively choose nest sites, 

was empirically tested. For two of the species, C. caeruleus and P. major, nest sites were actively 

chosen, as is commonly assumed. However, for F. hypoleuca, nest sites were apparently selected 

randomly, contrary to the common assumption of non-random nest-site selection. It remains 

possible that this could be a site- or population-specific finding (Chapter 6), but it serves to underline 

the importance of empirically testing to ensure scientific rigour (Nykänen and Koricheva, 2004). 

11.5.3 From Dooulations to Individuals, not vice versa 

Over the past few decades, ecological research has increasingly focused on population-level 

dynamics, often using advanced modelling approaches to further understanding of functional 

processes at population- or species-level. However, this approach does have limitations, primarily 

that individual variation is unaccounted for, or even regarded as non-existent. In this way, 

populations are often regarded as single entities rather than as a collection of individuals. The 

Increase in phenological variability in the Nagshead P. majorpopulation (Chapter 4) demonstrates 

that population-level study is insufficient to quantify individual phenological responses to 

environmental change. A comparison can be made here with recent research Into the foraging 

ecology of Monomorium pharaonis (Pharaoh's ants) and Atta spp. (leafcutter ants), which has 

demonstrated that the actions of a few individuals laying pheromone trail exert a strong Influence 

on the entire colony, such that colony-based research cannot Ignore the effects of different 

individuals (Hart and Jackson, 2006; Evison and Fiatnieks, 2007). Findings such as these, for both 

non-social and social species, indicate that more emphasis should be placed on Individual variation 

and that, after a long period of gradual change from studies of Individuals to studies of populations, 

studies of individuals need to be reconsidered. 

181 



Chapter 11: Conclusions 

11.6 Future research: opportunities and recommendations 
This study has highlighted many aspects of ecology in general, and avian reproduction in particular, 

where further research would be useful to advance understanding of important behavioural patterns, 

evolutionary mechanisms and population dynamics. The most important of these are outlined below: 

The study of migratory species: The ecology of summer migrant species during migration and at 

their wintering areas is under-researched. This is concerning as it is difficult to understand species 
dynamics, especially to the level needed to develop an integrated population management strategy, 

without such knowledge (Newton, 2006; Holmes, 2007). Ficedula hypoleuca typifies the pattern for 

many migrants in that research has centred on behaviour and population dynamics during the breeding 

season. This species is declining, both at Nagshead (Chapter 3) and nationally (Baillie et al., 2007) 

for reasons that could relate to breeding, over-wintering, or migration. Analysis of the Nagshead 

population (Chapter 3) found that breeding performance and winter weather conditions are useful 

predictor of population decline, but year itself still enhanced the predictive model, Indicating that 

some influences on population remain unaccounted for by current research. Future research on 

migratory species, including F. hypoleuca, away from their breeding sites could be most informative. 

Climate change: The impact of climate change on species distributions, phenology, and between- 

species interactions is currently one of the most studied topics in ecology. However, the results 

reported in Chapter 4 indicate that much research is still needed, particularly on the Influence of 

temperature change on phenological variability (an aspect of climate change that has, thus far, been 

largely overlooked). The specific problems faced by migrant species and the Influence that climate- 

induced phenological mismatches might have on population dynamics also warrant further study. 

Ficedula hypoleuca nest-site selection: Under the semi-polygynous mating strategy of F. hypoleuca, 

females select their mate, nest site, and breeding territory as one unit (Lundberg and Alatalo, 1992). 

This could constrain choice even when there is a surplus of nestboxes (as at Nagshead), especially 
if females prioritise male quality (Alatalo et al., 1986; Lifjeld and Slagsvold, 1988). Whether females 

would exhibit active nest site selection either if there were more nestboxes, or If there were more 

good-quality males (i. e. whether the observed lack of nestbox choice in Chapter 6 Is a result of territory- 

level nest-site competition or mating strategy), is an intriguing question worthy of further research. 

Habitat analysis: Another key area for future research is breeding success In relation to environmental 

variables other than orientation, particularly for F. hypoleuca. Preliminary experimental analyses on 

the Nagshead population of F. hypoleuca suggest that the proximity of a nestbox to water and 

footpath disturbance influences nest desertion (positive and negative relationships, respectively). 
The abundance of flex aquifolium and Pteridium aquilinum in the area surrounding the nestbox 

seems to be related to nestling survival (negative and positive relationships, respectively). 
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The study of Individuals: Another topic worth investigating Is the analysis of nest-site selection 

preferences in individual birds: an aspect of nest-site selection not considered In Chapter 6 when It 

was concluded that F. hypoleuca selected nestboxes randomly. Classical models of habitat selection 

and nest-site choice assume that any one particular site is equally suitable, preferred, or avoided 

by all individuals in a population (Stamps, 2001). However, there is a strong possibility that there is 

individual variation in nest-site selection (Bolnick et a/., 2003; see above). It would be Intriguing to 

analyse this to establish whether adults select nest sites based on the characteristics of their natal 

nest site (Davis and Stamps, 2004) or the nest sites they have selected previously (and, if the latter, if 

the success or otherwise of previous nesting attempts influences this behaviour: Harvey et al., 1979). 

The potential for previous experience to influence subsequent nesting behaviour is exemplified by 

Taeniopygia guttata (zebra finch), which selects nesting material based on natal and past breeding 

experience (Sargent, 1965). Research into such individuality is hampered by the need to Identify 

every individual in a population. However, such analysis would be possible for a population, such as 

that at Nagshead, where individuals are marked using uniquely numbered metal leg rings (e. g. 

Harvey et al., 1985). The philopatric nature of the species would also facilitate analysis (for example, 

about 50% of the breeding adults at Nagshead each year have a previous association with the site, 

either having been raised there, or having bred there previously, or both (Stenning, 1984)). The 

philopatric nature of F. hypoleuca also means that there is increased potential for population-specific 

traits to develop, such that the study of individuals is particularly Important. 

Offspring quality: Chapter 8 demonstrated the importance of quantifying offspring quality, in 

addition to measures of fecundity, in studies of parental productivity and nest-site selection across 

taxa. Measuring fitness would be a valuable asset in future studies with a conservation focus, 

because of the diversity of factors which could influence offspring quality in vulnerable species. In 

terms of evolutionary and behavioural ecological research, parental responsiveness to factors that 

influence offspring quality could help to explain patterns of nest-site selection (preference or 

avoidance strategies) in situations where there are no apparent Impacts on breeding success. In 

this way, it may be possible to provide ecological explanations for observable behaviour patterns. 

Microbiology: The influence of microbes on breeding success and offspring quality is a surprisingly 

under-researched topic that would benefit from further study, especially as technological Innovations 

continue to reduce the costs of microbial analysis. One question arising from the microbial analysis 

undertaken in Chapter 10 is whether nest fungal abundance affects offspring immunocompetence, 

and if so, what Influence this has on survival. The possibility of a triangulated relationship between 

breeding success, microbial abundance and parasite load is also an area for Investigation (Warren, 

1994), but one which would need larger sample sizes than were available In this study. 
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Chapter 11: Conclusions 

11.7 Final conclusions 
Given the amount of avian research that has previously been conducted, including considerable 

research on the three study species, the number of gaps in understanding the factors influencing 

avian nest-site selection and reproductive success initially seems surprising. As discussed at the 

very beginning of this thesis, these gaps are testament to the fundamental diversity and complexity 

of ecological systems, and provide new and exciting research opportunities. 

The research reported here has succeeded in making several new contributions to knowledge 

(Tables 11.1 and 11.2). It has also extended knowledge in several other areas, most notably in 

deepening understanding of the interactions between the study species, the interrelationships 

between breeding population size and productivity, and the influence of climate change on certain 

resident and migratory species. Such findings are important in terms of empirical research, providing 
insights into many aspects of reproductive behaviour, evolutionary ecology, population dynamics, 

and interactions between species and their abiotic and biotic environments. Many of the findings 

are also relevant to conservation biology and in situ species management. 
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Appendix 1: Species Taxonomy 

APPENDIX 1 

Species taxonomy 

The following section lists all species cited in this thesis and details their taxonomic order, family, 

and taxonomic authority as commonly accepted by the Integrated Taxonomic Information System 

in December 2007. Species are listed in alphabetical order by their current scientific (Latin) name 

and other scientific names that are still in common usage are given In parentheses. The common 

(English) name is given where appropriate. 
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Appendix 2 Nagshead Nestboxes 

APPENDIX 2 

Nagshead nestboxes used in the study 

Nestboxes used in Chapters 3-7 inclusive (n = 295): 

Box GPS Box GPS Box GPS 

1 SO 60599 08613 76 SO 60370 08650 147 SO 60388 08488 
2 SO 60563 08589 77 SO 60396 08678 148 SO 60367 08512 
3 SO 60533 08561 78 SO 60417 08715 149 SO 60361 08504 
4 SO 60509 08541 80 SO 60363 08746 150 SO 60344 08494 
6 SO 60464 08450 81 SO 60317 08729 151 SO 60371 08458 
8 SO 60433 08362 82 SO 60288 09037 154 SO 60247 08564 
9 SO 60388 08339 83 SO 60337 08975 178 SO 60634 08838 

10 SO 60343 08318 84 SO 60514 08830 179 SO 60623 08875 
11 SO 60330 08357 85 SO 60446 08878 180 SO 60612 08925 
13 SO 60267 08415 86 SO 60401 08967 181 SO 60604 08962 
14 SO 60233 08445 87 SO 60410 09020 182 SO 60675 08925 

15 SO 60233 08472 88 SO 60359 09028 184 SO 60693 08859 
17 SO 60238 08588 89 SO 60308 09060 185 SO 60698 08794 

18 SO 60264 08655 90 SO 60467 08999 188 SO 60741 08841 
19 SO 60258 08684 91 SO 60504 08894 187 SO 60746 08873 
20 SO 60247 08715 93 SO 60558 08788 189 SO 60824 08953 
22 SO 60257 08811 94 SO 60574 08831 191 SO 60364 08342 
23 SO 60248 08852 95 SO 60560 08904 192 SO 60261 08597 
24 SO 60275 08887 96 SO 60523 08985 193 SO 60294 08809 
25 SO 60258 08941 97 SO 60580 08957 195 SO 60440 08524 

26 SO 60253 08986 99 SO 60609 08849 196 SO 60540 08655 
27 SO 60267 08999 100 SO 60617 08776 197 SO 60593 08784 

',. 28 SO 60276 08978 101 SO 60586 08749 198 SO 60603 08818 
29 SO 60295 08989 102 SO 60608 08720 200 SO 60801 08880 

30 SO 60338 08947 103 SO 60626 08751 202 SO 603 15 084 15 
31 SO 60362 08924 104 SO 60665 08749 203 SO 60379 084 78 

32 SO 60391 08915 105 SO 60723 08778 205 SO 60357 08674 
33 SO 60424 08888 106 SO 60718 08858 206 SO 60412 08701 
34 SO 60420 08861 107 SO 60717 08905 207 SO 60420 08772 
35 SO 60431 08820 108 SO 60703 08944 208 SO 60383 08821 
36 SO 60458 08796 110 SO 60657 08891 209 SO 60445 08970 

37 SO 60489 08763 111 SO 60655 08856 210 SO 60509 09008 
38 SO 60520 08754 112 SO 60667 08817 211 SO 6064708919 
39 SO 60540 08721 113 SO 60775 08851 212 SO 60694 08833 
40 SO 60563 08684 114 SO 60765 08930 213 SO 60564 08807 
41 SO 60576 08658 115 SO 60807 08887 214 SO 60335 08686 
42 SO 60544 08630 116 SO 60823 08985 215 SO 60361 08602 
43 SO 60507 08600 117 SO 60688 08733 216 SO 60589 09003 
44 SO 60472 08561 118 SO 60641 08747 217 SO 60579 09018 

45 SO 60444 08509 119 SO 60647 08696 218 SO 60662 08989 
46 SO 60429 08463 121 SO 60640 08619 219 SO 60678 08998 

47 SO 60408 08427 122 SO 60503 08571 220 SO 60637 08633 

49 SO 60350 08365 123 SO 60469 08510 221 SO 60556 09150 

50 SO 60317 08404 124 SO 60424 08424 222 SO 60567 09197 
51 SO 60304 08447 125 SO 60380 08371 223 SO 60557 09279 

52 SO 60261 08468 126 SO 60325 08391 224 SO 60559 09259 
56 SO 60284 08646 127 SO 60264 08499 225 SO 60585 09295 

57 SO 60290 08680 128 SO 60265 08620 226 SO 60575 09348 
58 SO 60290 08715 130 SO 60275 08855 227 SO 60550 09270 
59 SO 60297 08756 131 SO 60270 08970 249 SO 60489 08618 
60 SO 60294 08821 132 SO 60332 08917 250 SO 60497 08828 
61 SO 60299 08850 133 SO 60342 08821 251 SO 60453 08866 
62 SO 60292 08910 134 SO 60439 08797 254 SO 80343 089E8 

64 SO 60335 08877 135 SO 60491 08749 255 SO 60352 06980 

65 SO 60384 08853 136 SO 60521 08675 256 SO 60371 09013 

66 SO 60417 08794 137 SO 60475 08673 257 SO 60653 08606 

67 SO 60430 08767 139 SO 60448 08551 300 SO 60567 08622 

68 SO 60464 08731 140 SO 60367 08371 301 SO 60534 08 

71 SO 60480 08663 141 SO 60362 08397 302 SO 60459 084 76 

72 SO 60415 08619 142 SO 60373 08416 304 SO 60420 08535 

73 SO 60352 08569 143 SO 60370 08477 305 SO 60412 08552 

75 SO 60329 08624 146 SO 60400 08494 306 SO 60411 08573 
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Appendix 2 Nagshead Nestboxes 

155 SO 60275 08686 328 SO 60379 08699 416 SO 60611 09206 
156 SO 60275 08792 329 SO 60444 08663 418 SO 60835 09260 
157 SO 60334 08857 330 SO 60448 08635 419 SO 60819 09235 
158 SO 60367 08893 332 SO 60435 08618 420 SO 60803 09255 
159 SO 60408 08864 334 SO 60566 08767 421 SO 60768 09194 
161 SO 60413 08667 335 SO 60587 08786 422 SO 60765 09228 
162 SO 60401 08625 336 SO 60606 08794 423 SO 60773 09225 
164 SO 60386 08551 337 SO 60602 08765 424 SO 60794 09244 
165 SO 60328 08734 340 SO 60489 09038 425 SO 60809 09257 
166 SO 60354 08723 341 SO 60478 09057 426 SO 60838 09282 
167 SO 60300 09045 342 SO 60489 09096 427 SO 60785 09270 
168 SO 60305 09023 343 SO 60465 09096 428 SO 60777 09248 
169 SO 60459 08843 344 SO 60475 09140 429 SO 60753 09258 
171 SO 60377 08998 345 SO 60615 09059 430 SO 60767 09286 
172 SO 60494 08970 347 SO 60653 09042 431 SO 60774 09301 
173 SO 60555 08904 357 SO 60460 09208 432 SO 60852 08919 
176 SO 60592 08731 358 SO 60448 09238 433 SO 60853 08959 
177 SO 60646 08794 359 SO 60457 09274 435 SO 60899 08978 
308 SO 60484 08582 360 SO 60459 09292 436 SO 60921 09015 
309 SO 60495 08605 361 SO 60516 09247 437 SO 60908 09044 
310 SO 60513 08614 374 SO 60534 09180 438 SO 60868 09000 
311 SO 60528 08632 375 SO 60532 09158 439 SO 60860 09046 
312 SO 60585 08668 376 SO 60557 09104 R1 SO 60608 08881 
313 SO 60575 08673 401 SO 60766 09099 R10 50 60683 09189 
314 SO 60562 08710 402 SO 60790 09116 R il SO 60824 09253 
315 SO 60524 08705 403 SO 60781 09149 R12 SO 60826 09124 
316 SO 60536 08747 404 SO 60824 09154 R13 SO 60656 09108 
317 SO 60488 08716 405 SO 60841 09179 R14 SO 60528 09037 
318 SO 60492 08797 406 SO 60855 09212 R15 SO 60441 09193 
319 SO 60451 08764 407 SO 60853 09231 R2 SO 60633 08920 
320 SO 60554 08655 409 SO 60804 09168 R3 SO 60723 09090 
321 SO 60502 08664 410 SO 60792 09145 R4 SO 60618 08905 
322 SO 60479 08689 411 SO 60771 091 15 R6 SO 60515 08891 

323 SO 60465 08709 412 SO 60763 09140 R7 SO 60878 09036 
324 SO 60437 08730 413 SO 60774 09179 R8 SO 60791 09089 
325 SO 60431 08738 414 SO 60769 09181 
327 SO 60404 08718 415 SO 60796 09205 

Nestboxes used in Chapters 8-10 in addition to the 295 nestboxes listed above (n = 54) 

Box GPS Box GPS Box GPS 
7 SO 60428 08402 231 SO 60757 08959 348 SO 60844 09035 

53 SO 60271 08504 238 SO 60705 09058 349 SO 60936 08951 
54 SO 60270 08552 239 SO 60696 09086 350 SO 60959 08962 

79 SO 60396 08755 240 SO 60706 09227 351 SO 60950 08909 
92 SO 60522 08849 245 SO 60573 08740 352 SO 60932 08905 
98 SO 60594 08915 246 SO 60375 08563 353 SO 60884 08890 

120 SO 60653 08647 247 SO 60339 08671 354 SO 60884 08919 
129 SO 60263 08711 248 SO 60520 08774 355 SO 60852 08950 
138 SO 60490 08621 253 SO 60412 08967 356 SO 60824 08888 
145 SO 60401 08481 258 SO 60373 08986 408 SO 60816 09189 
152 SO 60368 08496 259 SO 60410 08976 417 SO 60829 09225 
175 SO 60589 08785 266 SO 60377 09046 440 SO 60951 08953 
183 SO 60672 08859 267 SO 60380 09053 441 SO 60831 09097 

188 SO 60770 08898 268 SO 60396 09025 442 SO 60766 09106 
190 SO 60746 08979 303 SO 60427 08520 138A SO 60465 08612 

228 SO 60569 09126 333 SO 60534 08783 330A SO 60462 08628 
229 SO 60582 09093 338 SO 60624 08705 R5 SO 60568 09201 

230 SO 60799 08851 346 SO 60550 09082 R9 SO 60880 08907 

Nestboxes never used as because they were non-standard between 1990 and 2004 and in 2006 (n . 36) 

Box GPS Box GPS Box GF'; ý 

5 SO 60485 08492 153 SO 60257 08440 331 SO 60446 08600 
12 SO 60287 08386 160 SO 60456 08751 339 SO 60615 08643 
16 SO 60234 08519 163 SO 60436 08583 434 SO 60881 08951 
21 SO 60255 08760 170 SO 60421 08929 320L SO 60531 08668 

48 SO 60388 08405 174 SO 60524 08860 Fl SO 60717 08830 
55 SO 60302 08601 194 SO 60367 08677 F2 SO 60713 08928 

63 SO 60287 08930 199 SO 60722 08877 F3 SO 60705 09055 
69 SO 60506 08693 201 SO 60331 08402 F4 SO 60699 09130 
70 SO 60523 08652 204 SO 60433 08578 Hid9L SO 60474 08637 
74 SO 60311 08550 252 SO 60425 08920 HidsR SO 60468 08628 

109 SO 60657 08928 307 SO 60399 08599 TCI SO 60620 09627 
144 SO 60383 08471 326 SO 60383 08799 TC2 S06066606616 
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Map of Nagshead nestboxes used in this study. The nestboxes used in Chapters 3-7 inclusive are shown in 

normal type (n = 295), the extra nestboxes used in Chapters 8-10 are shown in underlined type (n - 54) 

Positions of the nestboxes were mapped using GPS technology (see Chapter 2 for more details). 
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Appendix 3: English Nature Licence 

APPENDIX 3 

English Nature licence 

ENGLISH 
NATURE 

English Nature 
Northminster House Peterborough PEI ILA 

77 5p8874 Tel . 44(0)1737 459Fax . 4410117 

Email enyuincs@cngh%h nature nrg uA 
Mw % eng! hh naturc (Mg A 

Miss Anne Goodenough 
Department of Natural and Social Sciences 
Francis Close Hall Campus - Quad East 
University of Gloucestershire 
Swindon Road 
Cheltenham 
GL50 4AZ 

I have read and understood the 
conditions of this licence 
Signature of licence holder 

Date licence signed ) 5t.. f 

07-03 -2006 

Licence number 20MMp690 
Supersedes licence number 20060278 

WILDLIFE & COUNTRYSIDE ACT 1981 (amended by the Environmental Protection Act 1990) 

This licence is granted under the following legislation - Section 16 (1) (a) of the Wildlife & Countryside Act 
1981 (amended by the Environmental Protection Act 1990) English Nature hereby authorises Anne, 
Goodenough hereinafter referred to as the licensee", and the following accredited agent(s) to carry out 
the activities detailed on the attached annex 

None 

This Licence is valid from 06 March 2006 to 30 June 2007 inclusive, and is granted under the following 
conditions 

[1] While engaged in work permitted by this licence the licensee shall carry a copy of the licence and 
produce it to any police officer or any English Nature officer on demand 

[2] No work shall be carried out under this licence except by the licensee 
[5] No work shall be carried out under this licence on a National Nature Reserve except with the prior 

written permission of English Nature's appropriate local team 
[8] A report of the work carried out under this licence must be sent to English Nature at the above 

address within two weeks of the expiry date. To renew your licence from the date it expires a request 
must be sent to English Nature at least three weeks prior to expiry with a report form completed to 
that date. 

[101 This licence is granted subject to compliance with the conditions specified Anything done otherwise 
than in accordance with the terms of this licence may constitute an offence Before exercising this 
licence the licensee should sign and date it in the space provided 

[11] This licence may be modified or revoked at any time by English Nature 
[551 Any wild bird taken under this licence shall be liberated as detailed in the main body of this licence 

[76] Licensees are expected to exercise the utmost care to avoid undue disturbance to wild birds, and in 
particular to avoid any action which might endanger breeding success Failure to do so may result in 
revocation of the licence 

[84) Whilst in possession of dead wild birds, parts and derivatives of wild birds and wild birds' eggs under 
this licence the licensees shall have a copy of this licence available for production to any police 
officer on demand. 

Notes: 

[202] Nothing in this licence confers any right of entry onto land or property 
[217] All equipment used for the purposes of this licence shall be so constructed and maintained as to 

avoid cruelty and distress to the species named on this licence 

Date: 06 March 2006 Signed r 
FOR AND ON BE ALF' F ENGLISH NATURE 
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Appendix 3: English Nature Licence 

Annex to Licence Number 20060590 (Details) 

Species: Great Tit (Parus major) 
Item: Pulli 
Number From up to 50 nestboxes 
Activity: " Take 
Method: " Hand 
Purpose: " Science And Education 
County: " Gloucestershire 

o NAGSHEAD RSPB NATURE RESERVE 
Notes: Pulli may be taken from up to 50 nestboxes to take their biometrics and must be 

returned to their own nestbox immediately after examination. Nest structure and any 
contents including addled eggs and dead pulli may be removed once the young have 
fledged in order to analyse parasite loads. Eggs and pulli to be destroyed immediately. 

All 



Appendix 4: FAME Analysis 

APPENDIX 4 

Microbial identification using FAME analysis: 
annotated Sherlock® output for one isolate 

B6 

H 

ECL Deviation: 0.003 $ 

Total Response: 312179 

Percent Named: 97.51 % 

Reference ECL Shift: 0.006 

Total Named: 304405 

Matches: 

Library Sim Index 
RTSB50 5.00 0.892 

0.584 
0.555 

Rapid Trypticase Soy Broth 
library number 50 
(environmental isolates) 

Total Amount: 288796 

Number Reference Peaks: 7 

ed ECL (equivalent chain length) vatu, 
y acid methyl esters in the sample and 
in reference isolates: substantially 
the recommended maximum of 0.01C 
sky of al., 2006). 

Entry Name 
Pseudomonas-putida-biotype B 

Pseudomonas-fluorescens-biotype B 

Pseudomonas-c hlororaphis/aureofaciens/auranti ac a 

three possible identifications, the 
ed with confidence as the simila 

can bo 

FAME identification table for isolate B6 showing identification as Pseudomonas putida biotype B and the 

methods used. The main fatty acid methyl esters are listed based on elution time (c. 1.5 to 4 minutes using the 

rapid analysis technique) and are quantified. Of all the fatty acid methyl esters present in the isolate 97.51% 

were identified. All error margins are reported as being well within limits (Kunitsky el al., 2006) 
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Appendix 4 FAME Analysis 

Isolate ID: B6 

PA 
p 

70 

4 

W 

40 

30 

m 

10 

E 
I 

0. 

Reference L lIsolate identification and similarity index 
library [RTSB501 Paeudomonac-putida-biotype B (range 01 with 1 being e perfect match) 

Sim Index: 0.892 

10: 0 30H 

12: 0 -j 
The presence of 10: 0 30H and 12: 0 20H 

12: 0 20H r-. 16 indicate that this isolate is Gram negative 

12: 1 30H LIM 

12: 0 30H -tv 
Fatty 
acid 14: o 
methyl 
esters 15: 0 

16: 0 

17: 0 cyclopropane 

17: 0 

18: 1 w7c Cl 

18: 0 11 

11 methyl 18: 1 w7c 

19: 0 cyclo w8c 

19: 0 

Summed Feature 3J 

Summed Feature 6 

0 10 20 30 40 so 
Percentage in isolate 

The upper graph is the isolate chromatogram for isolate B6 which shows the elute peaks 1 ho liming of those 

peaks allows identification of the fatty acid methyl esters present, since differences in ECL (equivalent chain 
length) mean each elutes at a specific time after the addition of the organic solvent at the beginning of the 

chromatographic process. The strength of the reaction (i. e. height of each peak) provides a quantitative 
measure of the abundance of each fatty acid methyl ester in the bacterial isolate. The first peak at c. 0 7 minutes 
is a calibration peak and the second at c. 0.8 minutes is the maximum peak of the organic solvent I ho 

chromatogram enabled identification of the isolate as Pseudomonas putida biotype B. The lower graph 

shows the abundance of the major fatty acid methyl esters in reference isolates of this species using bars to 

show the range and a vertical line to show the median value. The actual values from the sample isolate are 

shown by black dots. The closer these are to the median value of the reference isolates, the closer the match. 
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