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Abstract

Food supply is known to be a major factor influencing timing and level of investment iv avian
reproduction and the nature of its influence has been a subject of research for many years. Most
previous studies, however, have considered food primarily in terms of energy supply. In this
research | have investigated the possibility that other nutrients, particularly protein, may
proximaltely constrain egp production. An experimental approach, involving the provisioning of
hreeding blue tits with supplementary foods of differing nutritional composition, was combined
with observafion and analysis of the birds’ natural foraging sites and prey availability around
the time of ege formation.

Early in the breeding season (15-29" April), before most birds had begun to lay,
approx. 76% of all ohserved foraging occurred in oak, with the remainder observed
predoeminautly in birch. By mid fo late May, howevor, when the majority of birds had begun
laying. hlue tits were observed to forage almost exclusively in oak (~98% of foraging records).
Over the whole observation period around 92% of all arboreal foraging was recorded on twigs,
buds and leaves.

Systematic sampling of arthropods at the identified foraging locations of breeding blue
tits was carried out concurrently in order Lo cxamine prey availability. In oak, arthropods were
found to be relatively searce during mid to late April, increasing in abundance through the
laying period of the population, The predominant arthropods present were Lepidopteran larvac
and sinall Araneae. Arthropods were found 1o be extremely scavce in birch during the period
when birds were seen to forage there,

Amina acid analyses were performed on samples of blue tit eggs, Arancae and
Lepidopteran larvae collected at three times through the laying season, These analyses
indicated that the sulphur-containing amino acids, methionine and cysteine, would most likely
be ihe most limiting essential amino acid for a faying blue it consuming an insectivorous diet.

In the first supplementary feeding experiment, onc group received a pure energy food
(animal fat) whilst the other received cooked eggs (on the assumption that this would contain
all the necessary wnutrients for cgg formation). Supplementary lipid and supplementary epg
cesulted in the same degree of laying enbancewnenl compared with control birds. However, the
provision of supplementary cgg resulted in a significant increase in egg volume (approx. 7%)
whilst supplementary lipid had no significant cffeet on egg size. The eggs laid early in the
laying sequence showed the greatest size increase, with cggs from the egg-fed freatment group

being significantly Jarger than those in both the fat-fed and coutrol groups. 1 discuss the




hypothesis that energy supply may influence the initiation of laying, whilst specilic nutrients
may proximately constrain egg production.

The hypothesis that egg production may be proximately constrained by the availability
of high quality protein was examined in a second supplementary feeding experiment. This
involved the provision of supplementary foods of identical calorifie, ‘crude’ protein and non-
protein content, but differing amino acid composition. Both supplemeuntary diets vesulted in a
similar degree of laying advancement compared with cantrol birds; supporting the hypothesis
that initiation of laying is influenced by energy supply. Clutch size declined significantly
through the scason in all three experimental proups and, after controlling for laying date, mean
cluteh size was found 1o be significantly larger in the treatment group receiving “high-quality’
protein compared with those veceiving “‘low-qualily’ protein or controls; whilst in the treatment
group receiving “low-qualily’ protein, mean clutch size did not differ significantly from
control. The increased clutch size in the ‘high-quality® protein treatment group was reflected in
a higher mean number of fledglings compared with control, although this difference was not
statistically significant. The hypothesis that egg production may be proximately constrained by
the availabilily of specific essential amino acids is discussed and considered in relation to our
existing knowledge regarding the role of food supply in the determination of clutch size in the
blue tit.

Simple balance calculations of essential amino acid and calorific content in arthropods
compared to estimated requirements for laying, suggested that the intake level needed to satisfy
energy requirements would be about four times greater than that which would lead to amino
acid limitation. However, such calculations may be a significant misrepresentation of the
nutritional scenario experienced by laying blue tits, particularly those breeding early in oalk-
dominated woodtand. Arthropods may be extremely scarce and it is hypothesised that the diet
may contain a high proportion of low protein quality plant tissue and high calorific content
plant secretions such as sap and nectar; leading to ihe availability of specific amine acids
forming a proximate constraint on egg formation.

Finally, calcium for cggshell formation has been proposed as a potentially important
nulritional constraint on egg production in locations where acid precipitation and underlying
geology combine (0 make natural calcium sources scarce. Stady areas were chosen which
reccive amongst the highest tevels of acid precipitation in the UK and have particularly poosly
bullered soils with amongst the lowest calcium fevels in the UK. A survey of snail abundance
(the most important natural caleium source for its) revealed that they were extremely searee in
this location. However, the experimental provisioning of breeding blue tits with supplementary
caleium sources provided no evidence that egg production was in any way constraincd by

calcium availabitity.
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CHAPTER 1

General Introduction

A bird a’flight

Her wings spread wide
The soul of a man

With his bonds untied
Beyaond the plough

The spade, the hod,
The bird flies,

Inn the face of god.

Yer we with reason

Bright as day
Forever trecd

An earthbound cluy

Spike Milligan




(eneral Introduction

1.1 Nutritional requirements for egg production

Lgg production is a nutritionally demanding process for many birds. In some species, a clutch
of eggs representing more than the female’s own body weight may be produced over the course
of only a few days. The estitnated peak daily energy requirement for egg production ranges
from 29% ot basal metabolic rate (BMR) (or raptors and 13 - 41% in some passeriformes, up to
160 - 216% in some waterfow! and the kiwi, Apteryx australis (Walsberg 1983; Ricklefs 1974
Meijer ef o/ [989). Whilst the energetics of egg production have been comparatively well
studicd, the coiocident requirement for protein has received considerably less attention.
Robhing (1981, 1993), noted that the estimated increase in daily protein requirement for egp
production varied lrom 72% to 237% of maintenance requirements for different avian groups.
The long-standing emphasis on the encrgetics of egg production may, therefore, have neglected
an cqually important problem; that of obtaining sufficient protein.

These demands, above the normal requirements, vary from species to species
depending on the clutch size and relalive size of the egg and the rate at which they are laid. [n
inferspecific comparisons, average egg size is inversely proportional to body weight - that is,
sialler bivds generally fay larger eggs relative to body weight than do larger birds (Lack 1968,
Rahn ef ¢f 1975). Variation in egg composition between species largely rellects the differing
stage of embryonic development at hatehing (Sotherland & Rahn 1987); the eggs of precocial
species having larger yolks than those of altricial birds. As the yolk contains victually all of the
cgg’s lipid. increasing the relative size of the yolk increases the amount of energy per unit of
egp. Differences in energy density are, in fact, even larger than sugpested by relative yolik size
because the yolk lipid concentration is, on average, 41% higher in (he cggs of precocial species
(~37% of fresh yolk) than in altricial species (~26% of fresh yolk) {(Ricklefs 1974; Roca et ol
1082). Consequently, in relation to body size and energy requirements for egg production,
relative protein requirements would be cxpected to be grealest 1o small, altricial species
producing large clutches.

Aside from yolk and albumen, the other primary component of egps is the shell. Avian
eggshell is predonminantly composed of calcium carbonate (~90%) of which caleium lorms
40%. Consequently. the caleium requirements ol laying birds are many times higher than those
for normal body maintenance (Robbins 1993; Scott, Nesheitn & Yaung 1982; Tavlor & Moore
19541: Simkiss 1975).




1.2 Source of the nutrients for egg production

The nutrients required Tor egg synthesis may either be derived cxogenously, by increasing
dietary intake. or endogenously, by drawing upon body reserves. In addition, a reduction in the
daily energy or protein metabolism of the female can ailow her to divert a grealer proportion of
resources into egg formation (Walsberg 1983; Houston, Dounan & Jones 1995a; Drent & Daan
1980},

Within the species that have been investigated, an array of sirategics have been found,
ranging from total reliance on body reserves to complete dependence on dietary intake, with no
detectable use of reserves (Fouston ef af 1995¢). For example, species which do not feed at all
during laying, like the Adélie peaguin (Pygescelis adeline, Astheimer & Grau 1985), or have
very limiled access to food during laying, such as some Arctic-nesting geese (Ankney &
Maclnnes 1978; Raveling 1979; but see Choiniere & Gauthier [995), may rely entirely on
endagenous sources for all the eggs’ nutrients. In contrast, species such as the brown-hcaded
cowbird (Molothrus oter, Ankney & Scott 1980) and white-bellied swiftlet (Collocalia
esculenta, Vails & Turner 1985) appear 1o utifise virtually no endogenous reserves for egg
production. For many species the situation is somewhat intermediate, with reserves being used
to augment the dietary intake (e.g. Ojanen 1983; jones 1987a: Krementz & Ankncy 1986).

Although lipid is perhaps the most ubiquitous form of reserve, several species studied
have been found o utilise endagenous protein reserves to compensate for inadequate protein in
the diet (e.g. Jones & Ward 1976; llouston et af 1995a,b.c; Ankney 1984; Raveling 1979a,b).
Further, it has been suggested that some other species, apparcntly using only lipid reserves, do
50 in order to allow selective foraging for protein rich food items (e.g. Drabney 1980; Krapu
1681). Studies on a number of species have concluded that protein, rather than energy. might be
the limiting factor for egg production (Jones & Ward 1976, Raveling 197%a; Fogden & Fogden
1979 Llouston, Jones & Sibly 1983: Dirobney & TFredrickson 1983; Bolton, Houston &
Monaghan 1992).

The exrent to which birds depend on endogenous reserves for meeting the energy and
nutrient demands of egg production obviously varies among species, and body size may be ¢ne
of the main determinants. The metabolic demands of larger bhirds are relatively lower than those
of smatler birds (Walsherg 1983}, so that, in comparison to small birds, they can store
relatively more energy for the same proportion of body weight. Moreover, an upper limit on the
level ol endogenous reserves may exist due to the severe costs of extra weight on flight
efficiency (c.g. Freed 19815 Norberg 1981). Consequently, small specics may have to depend
o exogenous resources much more than do larger species (Ankney & Scott 1980 Jones &

Ward 1979). Further, it has been proposed by Murphy (1986) that it may be additionally




disadvantageous for some smatler birds to have large anounts of muscle, Muscle is a vory
metabolically active lissue and, consequently, birds with less muscle may be able o divert a
ereater portion of daily energy intake to reproduetion (Wiley 19745 Downhower 1976).

f has been suggested, however, that in some species muscle may make sclective
contributions, providing essential amino acids that are limiting in the diet at the time of cpg
production (Mouston ef af 1995a,b,e; Fogden & Fogden 1979; Kendall et af 1973; Krementz
1984). Whilst not accounting for a substantial quantitative amount of total protein, it may still
make an important qualitative contribution. The amino acid compasition of egg proteins is
somewhat unusual. In particular, egg proteins have levels of the sulphur amino acids cysteine
and methionine which are often greater than those found in plant proteins and some animal
proteins (Harvey 1970).

As stated earlier. birds tequire large amounts of calcium for effective eggshell
[ormation. Some large species are able to mobilise skeletal calcium for this purpose, but in
small passerines, this can provide only a small {raction of that required for the clutch (Ankney
& Scott 1980: Graveland & Van Gijzen 1994, Schifferli 1979; Houston ef ol 1995a; Graveland
& Berends 1997). In species laying large clutches, the calcium content of the eggs can
approach, or exceed, that of the female’s entire skeleton (Maclean 1974; Perring 1979; Jones
19762 Ormerad er of 1988). Most small birds, therefore, must depend upon obtaining sufficient

calcium from their diet.

1.3 Nutritional constraints on egg production

In order to raise young successfully, birds arc generally helieved to adjust their breeding
decisions ultimately to food availability (Lack 1968). In many temiperate species, breeding
occurs durtng a relatively short period of food abundance in spring (Murton & Westwood
1974). Observational correlative studies have aften demonstrated an association between the
natucal food abundance and reprodiictive parameters such as onset of laying dale (Perrins 1965;
Newton 1976; Lundberg ef al 1981; Dijksira et of 1982; Murphy 1986; Blancher & Robertson
1987 Nager & van Noordwijk 1995), egg size (Nisbet 1973; Murton & Westwood 1974: Otio
1979 Murphy 1986; Nager & Zandt 1994) and egg number (Pervins 1965; Bryant 1975;
Newton 1976; Lundberg ef af 1981: Dijkstra er ¢/ 1982: Hussell & Quinney 1986; Murphy
1986; Blancher & Robertson 1987).

However, food availability and reproductive parameters may be varying independently
in response to other environmental factors. Better evidence for a causative relationship between

food supply and reproductive performance comes trom supplementary feeding studies. These

1




have produced mixed results, however (reviews in Martin 1987, Arcese & Smith 1988; Boutin
1990 Aparicio 1994); many stceeeded in advancing laying date, but far fewer resulted in any
increase in egy size or number, Severat hypotheses have been proposed (o account for these
variations between studies.

Firstly, some of the variation in results can possibly be ascribed simply to differences
in the life history strategics of the vaviouns species examined. For example, in some colonial
breeding species any advantage of advancing breeding in response to food provisioning may be
owrwetghed by the disadvamages ol becoming asynchronous with other individuals in the
colony {Robertson 1973; Hoogland & Sherman 1976). Similarly, Svensson (1995) provided
cvidence that muiti-brooded birds tend to advance their laying dates to a greater extent
foliowing food provisioning than single-brooded birds. However, this does not adequately
explain much of the variation between different studies of the same or similar species,

Secondly, the relationshiip between food availability and reproductive traits may be
moderated by other factors, which become limiting at high food availability (Martin [987;
Arcese & Smith 1988; Boutin 1990; Schultz 1991; Killander & Karlsson 1993; Wiebe &
Bortolotti 1994: Svensson & MNilsson 1995; Nager. Riegger & van Noordwijk 1997).
Supplemcentary food would then affecl only populations. or individuals within a population,
when natural foad availability fell below a critical threshold level.

Finally, most experimeutal studies have focused on the energy coutent of the diet, and
few shudies have considered the nutritional quality of the supplementary food. However, as we
have already established, cgg formation is demunding, not only in terms of energy, but also in
ferms of nurients such as protcin. Differences in the nutritional quality of the supplementary
food used could resolt in different responses by the experimental subjects. For example, Smith
ef af (1980) found only an advancement of laying date in song sparrows (Melospiza melodia)
supplemenied with millet secd. However, in a later experiment on the same population, using a
higher quality supplementary food, all the breeding parameters cxamined were enhanced with
the result thut four times more voung were produced in experimental territories than controls
{Arcese & Smith 1988). In both years, environmental conditions and breeding densities were
reported to be similar,

it has further been suggested that. as a result of the somewhat unusual protein
compaosition ol avian cggs, cgg praduction may be limited by the availability of specific
essential amino acids in the diet (Magrath [992; Bolton, Tlouslon & Monaghan 1992). A field
study by Bolton ¢f af. (1992} on the lesser black-backed gull (Larus fuscuy), involving the
provision of supplementary foods ot differing nuiritional composition, but equivalent calarific
value. during the pre-laying period, demonstrated that egg production could be differentially

affected by the pratein quality of the supplementary food provided. Experitnental work with
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captive zebra finches (Yacniopygic guttata) has turther demonstrated the importance of diet
quality on egg production and suggests that an imbalance in the amino acid composition of egg
proteins compared to those present in the diet may result in access to quality protein having an

important influcnce on egg production (Houston ¢ af 1993a),

1.4 'The study species

The Paridae are a family of small passcrine birds, belonging to the sub-order Oscines. I'wao
members of this family, the blue tit, Purus caeruleus, and its relative the great tit, Purus major,
have. perhaps. been more intensively studied than any other species of wild bird. {n Scotland,
the blue tit is the more common of the two, and was chosen as the study species for this
investization.

The blue tit is distributed over much of Europe and western Russia (Perring 1979), In
Britain, the indigenous population has been recognised as a distinet subspecics, Perus
cacruleus obscurus, in contrast to P, caeruleuy caerulews, on the conlinental mainland,

Although found in a variety of habitats, such as parks, pardens and hedgerows, the blue
tit is essentially a bird of deciduous woodland, especially oakwoods. Tt will readily nest in
nestboxes, 1 provided, although Gibb (1950) estimated that only about 70% of the breeding
blue tit population in Marley wood, near Oxford, utilised them, despite abundant avajlability.

Blue tits generally lay one egg per day, with an average clutch size, in Britain, of
around {0 - 12 eggs (Perrins 1979; Cramp & Perrins £993); amongst the largest average clutch
size ol any altricial bird. Genuine second broods are extremely rare in Britain (Gibb 1950;
Pecring 19793,

The blue tit will feed on a wide varicty of food types, including sceds, nuts and fruit,
but primarily takes inscets and spiders when available (Cramp & Perrinsg 1993). The diet often
reflects local and seasonal changes in food abundance, Throughout the majority of the breeding
season, the diet consists almost entirely of invertcbrates. T.epidopteran larvae can form over
91% of the dict ol a brood in oak woodland (Betts 1955), and the pair can make up to 1000
visits per day. depending on brood size (Nur 1984c).

The breeding success of tits is heavily dependent upon themn being able to raise their
young within the narrow Llime window of peak calerpillar availability (Perrins 1965; Perrins &
McCleery 1939; Perrins 1991; van Noordwijk, McCleery & Perring 1995). Pre- and post-
fledging survival and establishment success of juveniles is often ncgatively related to hatching

date (Norris 1993; Perrins 1979; Nilsson & Smith 1988; Nilsson 1989, 1990; Perrins 1970).




Conscquently, females are ollen under strong pressure to lay sarly (van Noordwijk ef af 1995).
Early in the scason, however, food availability may be relatively low and females may
potentially, therefare, Tace a nutritional constraint regarding how early they are able to lay

and/or the level of resonrces they are able to invest in a clutch.

1.5 Study sites

The majority of the field work for this study was cavried out between 1994 and 1996 in an area
of woodland surrounding the University Field Station at Rowardennan; located on the castern
shores of Loch Lomond, in west-central Scotland (see figurc 1). In 1994, additional fieldwork
was carried out at Tarbet and Inversnaid, which are also located on the perimeter of Loch
Lomond. The predominant habitat at all sites is oak dominated deciduous woodland. 197
nestboxes were deployed n the woodland at Rowardennan in 1991/92, and a (urther 76 were
deployed in the winter of 1993, 66 nestboxes were available at the site in Tarbet and 53 at

tnversnaid,

1.6 Aims and layout

The facus of this study was to investigate potential nutritional constraints on egg production in
the blue tit. Particular investigative cmphasis was placed on the role of protein nutrition, a
previousty somewhal neglecled avenue of research.

Chapter 2 examines the foraging locations and potential prey available to blue tits at
the study sile during the egg formation period, Amino acid analyses of blue (it eggs and
potential prey were used to indicate which essential amino acids one would expect first to
become limiting.

The influences of food availability and quality in determining both the timing and level
of investment in egg production were investigated through supplementary feeding experiments,
described in Chapters 3 and 4. By providing Tood supplements which differed in nutritional
compositian, but were of consistently high calorific content, the hypothesis that egg production
may be constrained by protein supply was tested in (994, The importance of protein quality

was [urther exantined, in 1995, by providing supplements of equivalent calorific and crude




protein content, but differing amino acid composition, in order to invesligatc the bypothesis
that specific amino acids may be scarce in the diet at the tine of cgg formation.

In Chapier 3, the availability of calcium for eggshell formation as a potential constraint
on reproduction is examined in a calcium supplementation cxperiment. Potential declines in
environmental calcium availability as a result of anthrapogenic acid deposition are considered.

Chapter 6 brings together several years of laying data for the study population. Tlis
allows the previous expertmental results to be placed within the context of longer term natural
variation in the study popufation. [n addition, variation in nestbox site quality is investigated
and the paossibility of using this information to enbance the analysis of experimental data
considered.

hu the ‘General discussion’ (Chapter 7), the findings of previous chapters arc intcgrated
and an evaluation made regarding the nature and identity of nutritional constraints on cgy

production in the blue tit.

MN.B. The amino acid analyses detailed in Chapier 2, were performed relatively tale in the
course of this research. The f{indings, therefore, were not available when designing the

experiments detailed in Chapters 3 & 4.
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CHATPTER 2

Foraging locations, food availability and amino acid composition of

diet prior to and during the egg laying period.

“Bees make honey and we just aceepi it.........but do spiders make gravy; do carwigs mcke
J D grav] 84

cliutney? ™

Eddie Izzard




2.1 Introduction

Food abundance and quality are wajor factors influencing the timing of breeding and the level
ol investient in a breeding attempt (Martin [987; Arcese & Smith 1988; Ankney & Alisauskas
1991; Bolton, Houston & Monaghan 1992) aud, conscequently, can determine the nature of food
itotns taken by breeding birds (Krapu & Swanson 1975, Jones & Ward {976: Ankney & Scott
1080: Krementz & Ankney 1988). For many species, the mosl successful breeders are those
that raise their young when toed is most plentiful (Perrins 1970; Arcese & Smith 1988; Simons
& Martin 1990; Richner 1992; Verhulst 1994; Nager & van Noordwijk 1995; van Noordwijk,
McCleery & Perrins 1995) and, especially amongst Parids, post-fledging sarvival and
establishment success of juveniles is often ncgatively related to hatching date {Perrins 1979,
Nilsson & Smith 1988b; Nilsson 1989, 1990). Thus, in many years, there is strong selection
pressure for individuals to lay early. when food is still retalively scarce (van Noordwijk ez af
1905).

The nutrient requircments of laying birds comprise those necessary for routine body
maintenance. plus those required for egg synthesis. The principal constituents of avian eggs, in
addition to water, are protein, lipid and caleium and limited availability of any of these may
constrain egg prodaction (Houston 1978, Drobney & Frederickson 1985; MacLean 1974,
Bolton, Houston & Monaghan 1992; Houston, Donnan & Jones 1995a).

A number of avian speeies have been shown to selectively forage for protein-rich tood
items around the time of laying {Ankney & Scott 1980; Krapu & Swanson 1975; Krementz &
Ankney 1988; Jones & Ward 1976; Krapu 1981; Drobney & Frederickson 1979). Protein,
llowever, is a complex macronutricul composed of around twenty conunon amino acids, ten of
wlhich cannot be synthesised in the body and are, therefore, essential componcnts of the diet.
The nutritional value ol a food item thus depends on both the guantity and quality of protein
contained therein. Protein quality is defined in terms of the availablc essential amino acids in
the protein reiative to the essential amino acid requirements of the animal; proteins supplying
an array ol amino acids that closely paralle]l the animal’s needs are considered high quality
(Murphy §1994). Researcl on zebra finches (Selman & Houston 1996) and lesser-black-backed
sulls (Bolton, Houston & Monaghan 1992) suggests that  avian egg production may be
consttained by the availability of high quality protein. Further, there is  some evidence that
birds can discriminate between foods an the basis of their protein quality (Murphy & King

1987).




This chapter focuses, firstly, on the identity and nutritional compasition of the diet of
blue tits around the time of laying and, secondly, on their nutritional requirements for
maintenance and egg production

Lxtensive research was carried out in southern England in the 1950s, to investigate
foraging niche separation in Paridae through the year. Betts (1955) cxamined the gizzard
contents of four species (blue tits, great tits, coal tits and marsh tits), whilst Hartley (1953) and
Gibb{1954) studied their feeding biology by direct observation. These studies have provided a
great deal of valvable information on foraging locations and diet composition. They did not,
hawever, fully elucidate the effects of relative tree species abundance on tree choice, making it
difficult Lo extrapolate their results, with confidence, to a woodland, such as ours, of differing
iree species composition. Also, the difference in climate between southern England and central
Scotland, although not extreme, is sufficient to cause plant development, bud burst and average
laying date of blue lits, to occur some time later in Scotland. Further, such differences in
climate can influence the species composition of invertebrates oceurring in any particular trec
species. Thus, an observational survey of blue tit foraging locations was carried out and
systematic sampling performed concurrently, at identified foraging niches, in order to provide
additional information reparding the identity and availability of potential food items.

! report here:

[} The toraging locations of blue tits prior to and during the egg laying period.

23 The identity and availabitity of potential invertebrate prey at identified foraging locations.
3) The amino acid composition of blue tit eggs in relation ta those for other avian species.

4) The amino acid composition of prey items that may be taken by tits.

5) Which amino acid(s) might first become limiting during egg production

vl




2.2 Observations of foraging blue tits

2.2.1 Methods

Qbservations of foraging blue tits, prior to and during (he faying period, were made between
15" April 1996 and 28" May 1996 (Mean date of laying for birds in this year was 9" May). 1
walked through the study area constantly scanning for blne tits. When a blue tit was spotted, |
stopped and recorded information on: i. whethor the bird was situated on the ground or in a
tree, ii. species of tree, iii. site within tree (trunk, branch, twig, leaf or bud), iv. activity. Ouce
this information was recorded, 1 continued walking. | followed a fairly linear route and this, in
conjunction witlh a fast walking speed, made multiple observations of the same individual

within one observation session unlikely.
2.2.2 Results

No systematic survey was madce of the disteibntion and relative abundance of different tree
species within the whole study site. However, a brief census of all trees in a representative area
of woodland contained about 85% oak. 10% birch and 5% other species including alder, holly
and ash.

About 30 hours of observations of foraging tits were madc and 302 records were obtained.
Only 2 records of blue tits foraging on the ground were obtained, in the period 15 - 29% April.
The distribution of records hetween different tree species from mid April to late May, is shown
in Figure 2.1. Chi-square analysis (after grouping together ‘birch’, “other trees’ and ‘ground’
categories) showed a significant difference in foraging site use botween early, mid and Jate dale
periods ()122 = 2447, P < 0.01), primarily due to an increasing dependence on oak trees as the
season progressed. Information on the position of blue tits within trees is presented in Figure
2.2, In tins (gure, records of birds at buds, teaves, catkins and twigs have becn grouped
together. Although the identity of these various sites obviously diffors, they are all essentially
the same spatial zone of the tree, and their identity changes only with the progress of the season
and the concwrrent development of the tree. Since the primary reason for this obscrvational
survey was to identify the appropriate zoues for invertebrate sampling, the information
prescated in Figure 2.2 is sufficient, and clearly shows the preference shown by tits {or the

outer twigs on the trec.
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2.3 Arthropod abundance at blue tit foraging sites prior to and during

the egg laying period
2.3.1 Mcthods

Oak trees were sampled systematically at weekly intervals throughout the period 29 April 10
20" May 1995, and 25" April to 24" May 1996. Birch trees were only sampled in 1996 and

only during the weeks when blue tits were seen to forage on them.

OAK: In order to ensure that trees were sampled in an unbiascd [ashion, random number tables
weie used fo select the identity numbers of six nestboxes. The closest vak tree to each of these
boxes was then sampled. Sampling invelved snipping off the terminal 30 cim (approx.) from a
branch. using a 3m long tree pruner, which was then caught on a beating (ray held below the
blades of the pruner. The severed twig was placed in a labelled polythene bag and any
invertebrates which had been dislodged from the twig and were on the beating tray were
collected and placed in a labelled container. Four branch ends, from dillerent aspects, were
collected per tree, All samples were taken back to the laboratory and stored in a refrigerator
until they were examined. Each twig was placed individually in a while plastic tray and any
invertebrates found on it were coflected, identified and recorded. Any buds or partially
unopened leaves were dissccted to check for inverlebrates within, since it is known that blue
tits will tear open buds to get at such prey. All sainples were processed within one day of

colicction.

BIRCH: Birch trees were sampled in each of the wecks during which blue tits were observed
foraging at birches. Sampling involved snipping off the terinipal 30 - 530 cm of branches, using
a 3 long tree proner, then catching them on a beating tray held below the blades of the pruner
- as wilh the oak trees. Branch ends were taken from different aspects of six rundomly chogen
individual trees. Sampling was continued until a plastic sack (approx. volume, 60 1) had been
filled with birch twigs. These were then taken back to the laboratory for examination. In the
laboratory, lwigs were placed in a white plastic tray and examined systematically. Any
invertebrates found were collected, identified and rccorded. Any bhuds, partially unopened

leaves, or catkins were dissected to check for invertebrates withiu,
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2.3.2 Resnlts

OAK: The abundances of potential prey items found on the cak samples, at weekly intervals
throngh the sampling period. are presented in Figures 2.3a and 2.3b and Tables 2.1a and 2.(b,
for 1995 and 1990, respectively, The data presented in these figures are the mean number of

items per tree tor the sum of the tour branch samples.

Table 2.1a: Mean (£ S.E.) prey abundance per tree, on four terminal oak branches, at weekly

intervals through the laying period (1995).

20 Apri] 7" May 13" May 207" May

Lepidoptera 1033 =421 2175 £5.70 27 +0.58 4238 +16.90
Araneae 0.33 =0.21 1.25 10.41 (.88 +0.23 0.5 +0.27
Coleoptera 0 +0 0.25 40.16 0.38 +0.26 0.62 +0.26
Henmiptera 0.50 40,50 0.5 +0.19 1.12 +0.35 0.25 +0.16
Acarn 0 240 0 =0 0.88 +0.74 0 +0
I’socoptera 0 +0 0 =() 0 10 0 +)
Other Inevae .00 +0.52 0 =0 0.12 =0.12 0 0
Leaf galls 2.5 +2.5 9.25 +2.23 12 =3.88 12,75 £2.17

Table 2.1b: Mean {= S.E.} prey abundance per tree, on four terminal oak branches, at weekly

intervals through the laying period (1996).

25 April 27 May 9" May 16" May 24" May
Lepidoptera 0 () 1.50 +0.62 10,00 £2.82  47.00 +13.41 84.00 +19.36
Araneae 0 () 0.17 017  0.83 +0.31 1.50 +0.43 .00 +1.55
Coleaptera 0 +0) 0,50 +0.23 0,17 +0.17 0 =0 3.00 +0.89
Hemiptera 0 +0 0 -0 0 *0 0.50  =0.50 0.500 +0.30
Acart 0 ()} 0 40 0 +( .17 +0.17 0 ()
Psocoptera  0.50 %022  0.50 +0.34 0 () 0 0 0 +0
Other larvae 0 () 0 +0 0 +0 0 () 0 +0
Leaf galls 0 &0 0 +0 0 +0 7.50  £1.57 6.00 %1.22
17




The mean masses of individual caterpillars, on the sampled branches, at approximately

weekly intervals in 1996 are presented in Table 2.1. For the sake of accuracy and convenience,

mean mass was obtained by weighing a sample of caterpillars and then dividing by the total
number of individuals in the sample, rather than weighing individual caterpillars and then }
taking an arithmetic mean. A reliable mean mass for caterpillars earlicr i the season was not
obtained due to their scarcity and very small size. Therefore, the values obtained were plotted
on a graph and a second order polynomial fitted, Figure 2.4, Using the cquation given, an

. . . d ,
estimated mean mass for caterpiliars on 2™ May was calculated as 7.55mg. Using the data for

caterpillar abundance and caterpillar mass, we can calcvlate an index of relative biomass

(abundance x mean individual mass) for each week during the egg laying period. This is

presented in Figure 2.5 for 1996.

Table 2.2: Mean nass of caterpillars at approximately weekly intervals.

o

Date Mean fresh caterpillar mass (ng) (n)

9% May 1996 0.49 (33)
16" May 1996 13.67 (49)
| 24" May 1996 2238 61

7" June 1996 41.89 (72) :

16" June 1996 61.35 (30

BIRCH: In the first week of sampling (26ih April), no invertebrates were found on any of the
birch (wigs examined. [n the second week (3“t May), sampled twigs contained 2 Coleoptera
larvae and 1 sawlily larva found inside catkins, and 3 very small Lepidopteran larvae, 4 adult
Coteoptera and | unidentified nymph were found on the surface of the catkins and buds.
Invertebrate numbers on birch at the time of egg laying were clearly extremely low, and I have

not considered the invertebrates on birch any further,
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2.4 Discussion 1

Bluc tits were observed loraging predominantly at cak trees early in the season and as the
scason progressed they foraged alimost exclusively on aak. A preference for oak has also been
found in other studies of blue tit foraging, although it did not account for such a large
proportion of foraging sites as was found here (Gibb 1954, Tlartley 1953)., This can be
explained, however, by the fact that these previous studics were conduected in considerably
mare mixed wowls, with a lower overall proportion of oak trees.

Within trees, virlually all foraging oceurred at the outer extremities of branches - fwigs,
buds. leaves or catkins, depending on tree species and exact time of season. Again, this largely
canfirms the findings of other studies (Gibb 1954; Hartley 1953; Betts 1955). Blie tits atc
considerably lighter than great tits (the other common Parid of deciduous woodland) and
generally considered to be more agile. They are thus able to exploit the outer reaches of trees;
often hanging upside down from leaves or twigs in order to forage; whilst great tits concentrate
maore on the stouter branches, trunk and ground.

Once confirmed by observaiion, the faraging locations of biue tits were sampled and
analysed periodically in order to determine the potential prey available there. Perhaps the most
striking finding was Lhe apparent scarcity of any invertebrates, immediately prior to and during
the early stages of the egg laying period. Whether egg praduction and onsct of laving are
actually directly constrained hy food availabilily or not, it would appear that invertebrate prey
in our study area was certainly in relatively short supply at this time, By far the most abundant
invertebrates in oak, during the breeding seasen, were Lemdopteran larvae. Although scarce
prior to the onsct of laying, by around the time of mean onset of laying ot the population,
numbers were beginning lo increase quite rapidly. In terms of biowass, it can be seen that
available caterpillar tissue increased dramaltically and rapidly through the laying period.
Therefore, any nutritional constraints on early laying birds, imposed by timited caterpillay
avaifability, would probably quickly disappear. Although oak is generally considered to have
the highest spocies richness of all trees in Britain (Southwood, Moran & Kenncdy 1982), most
other invertebrates remained at fairly fow levels during the period of sampling, with Arancae
being the most abundant of these, followed by Coleoptera. Very few invertcbrates were found
in birch, althongh three relatively large larvae were found in catkins and bluc tits were
obscrved tearing at bireh catkins.

In a similar study conducted by Woodburn (1997), in the mixed woodland of Wytham
Wood, near Oxford, arthiropod abundance was measured in five different species of deciduous

tree al two times in the breeding season. During the prelaying period, ouk exhibifed the lowest

S Aar e




abundance and biomass of arthropods of the five tree species considered; the greatest
abundance and biomass of invertebrates at this time occurring in hawthorn and hazel, due
predominantly to high levels of Coleoptera. However, by the time most birds were laying, oak
had the greatest abundance and biomass of nvertebrates of any tree species examined. When
the foraging locations of biuc tits were investigated, it was found that althongh over the whole
season they showed a significant preference for oak, in relation to its abundance, a considerable
proportion of foraging still occurred in other tree species, in particular hawthoro and hazel.
Although no data are given on changes in foraging location through the season, hawthorn and
haze! do come into leat significantly earlier than oak (mse in arthropod abundance, in particular
phytephagous arthropods, is closely related to bud burst) and it was reported that birds used
tree species largely in accordance with their arthropod abundance at the time. Correspondingly.
in an examination by Woodburn (1997) of the gizzard contents of two laying blue tits,
Coleoptera acconnted for a grealer proportion of the gizzard contents than any other acthropod
order; followed by Lepidoprera and Araneae. Other studies conducted in mixed woods have
also found that, although there is a preference for oak. a considerable proportion of foraging
(particularly early in the season) is also conducted in other tree species (Gibb 1954; Hartley
1953).

It contrast to these studies, Betts® (1955) investigation of Parid diets was conducted
within an oak plamation, In this situation, biue tits ability to switch tree species in order to
track arthropod abundance was restricted and. thus, when preferred acthropods were not readily
availabie in oak, tits had to feed on other food items, Bets found that many birds® gizzards
contained a large proportion of oak bud tissue at this tme (all birds’ gizzards contained over
40% bud tissne, and many had over 75%:compared with Woodburn®s study where the mean at
this time was 9%). Tt is diflicull o distinguish whether bud fissue is taken unintentionally
whilst scarching for eggs, larvae and pupae, or eaten deliberately. Plant material is generally of
lower nutritional quality than animal tissve; in particular it is often considerably lower in the
amino acids methionine, cysteine and lysine. ln addition, plants can only partially be digested
by species which do not have digestive tracts adapted for herbivory, because all higher
vertebrates lack an enzyme system which can digest the cellulose cell wall of plants (Schimidt-
Nielsen 1990}, Therelore, blue tits breeding in woodland which is heavily dominated by oak
(such as our study site) may Face greater potential nutritional fimitations on cgg production
early in the breeding season, as a result of both lower arthropod tood availability and increased
proportion ol fower quality plant food in the diet, than birds breeding in more mixed woods.
Later in the breeding season, however, birds breeding in oak dominated woods may have

access to grearer food resaurces than birds breeding in mixed woods,




2.5 Amino acid composition of blue tit eggs and prey items

2.5.1 Mcthods

2.5.1.1 Arthropod killing methods

[ used two methods because my original technique using cthyl acetate proved impractical for
larpe samples,

Ethvl Acetate.

Straight sided glass vials (12.8mm x 50mm) with corked tops were used for this technique. In
the faboratory, prior to embarking upon a days collection, around 6 vials were filled with cotion
wool, Approximalely 0.5ml of ethyl acetate was then added to the cotton wool in each vial and
the cork stopper replaced firmly, These vials, together with several empty, corked vials were
then taken into the lield. Collected arthropods were placed in an empty vial. When they were to
be killed, the cork stopper from the vial containing the arthropods was exchanged with a cork
from one of the vials containing ethyl acetate and replaced firmly, Within a few minutes, the
vapour from the cork tiad killed all the arthropods in the vial. Collected arthropods could then
either be left in the vial until the collector returned to the laboratory or transferred Lo another

container.

Chloroform:

In the laboratory, prior to commencing collection, several drops of chloroform were placed
inside a kilner jar lined with porous plaster and the lid replaced firmly. T the ficld, arthropods
to be killed using this technique were collected in swall glass jars. When a sample of
arthropods was to be killed, the lid was removed from the collecting jar and a Toose plug of
cotton wool inserted to prevent any arthropods climbing out. The collecting jar was then placed
inside the kilner jar and the lid replaced. Within a fow nmtinutes all the arthropods would be
dead. The collecting jar(s) could then be removed and either the lids replaced and the sample

returned to the lab like this, or the contents transferred to another container,
2.5.1.2 Sample collection

All the invertebrates found whilst examining twigs in the course of the abundance survey
(section 2.3) were collected. These arthropods were killed using Ethyl Acctate, weighed, placed
in labelled and sealed glass vials and stored at -20°C. This did not, generally, provide cnough

material for noeitional analysis. however, and additional invertebrates had to be collected by
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using beating trays. It was found that conventional beating techniques (a hand held beating tray
of approx. 1m’ and a short stick) were inadequate due to the height of the ‘lower’ branches and
the low density of invertebrates carly in the season. Therefore, a technique on a somewhat
larger scale was developed. Two large cioth sheets (approx. 3m x 2m each) were laid out on the
ground beneath the chosen tree and the branches above struck hard several times vusing a 6m
long length of timber (in actual fact, a slender debranched tree trunk). Any invertebrates which
fell onto the sheets were then collected and placed in labelled glass vials aceording to order, or
nr some cascs famity. If only a small number of arthropods fell onto the sheet, they were all
collected before being killed. if, however, there were many, collected arthropods were killed at
approximately 5 minute intervals. All arthropods, except Lepidopteran larvae were killed using
Sthyl Acetate. Small numbers of caterpillars were also killed using Ethyl Acetate, but
Chloroforis was found to be more convenient for killing larger numbers of larger catecpillars.
After collection and killing, arthropods were taken back to the laboratory, placed in labelled
vials, weighed and frozen at-20°C. All samples were frozen within 2 hours of collection,

Blue tit egps were collected (under licence from SNH) from clutches laid around the

middle of the population laying period. Two eggs were collected from each of 5 clutches.
2.5.1.3 Sample preparation

Frozen prey samples were freeze dried for 5 days and then re-weighed. Samples were then
ground. using a mortar and pestle, divided into subsamples and transferred into labelled vials.
These were stored at -20°C until analysed.
The overall nutritional quality of caterpillars may be significantly influenced by the cantents of
the gut, if the gut containg a relatively large volume of Icaf material. Therefore, in order to
investigate this, 20 relatively large caterpillars, collected in late Junc, were dissected and their
gut contents removed. The gut contents and caterpillar bodies minus gul contents were then
prepared for analysis as above.

To solidify contents and ftacilitate separation into shell, yolk and albumen, blue 11t egys
were cooked in an oven at 100°C for 1 hour; having first made a small holc at the airspace o
allow expanding gas to escape. Separated constituents were weighed, Mreeze dried for 5 days,

and then weighed again.




2.5.1.4 Amino acid analysis

Complete amino acid profile analyses were carried out by Experiment Station Chemical

Laboratories, ai the [niversity of Missouri. The procedures used were those recommended by

the Association of Official Analytical Chemists (A.O.A.C)) in AOAC Methods 15; 982.30

Ef{a.b.,c), 1990. Two replicates were performed for each material under investigation. For blue

tit eggs, each replicate was an individual cgg from a different clutch; whilst for all the

invertebrates. each replicate was a subsample from an homogenised sample of many

individuals.
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2.5.2 Results

2.5.2.1 Aming acid analyses

Amino acids are grouped into ‘Lssential’, ‘Semi-essential’ and ‘Now-cssential’ amino acids.
Essential amino acids (EAA) cannot be synthesised by the animal and must, therefore, he
ingested in the diet. Non-essential amino acids (NEAA) are those which can be produccd
adequately from non-specific precursors  within the animal. Semi-essential amino acids
(SEAA) are those, such as cysteine and tyrosine, which can be derived mctabolically, but only
from specific essential amino acids: methionine and phenylalanine, respectively, in this case, If
SEAA are present in the diet they can have a sparing etfect on the animal’s requirements for
the respective EAA. Maintenance requirements for methionine and phenylalanine are usually
determined in the absence of dietary cysteine and tyrosine. If cysteine and tyrosine are present
in the diet, they can contribute up to 50% of determined maintenance requirements for
methionine and phenylalanine, respectively.

In the results below, figures with the suffix ‘a’ present amino acid composition data in
terms ol p/100g dry weight, whilst those with the suffix ‘b” present it in terms of ¢/100g
protein. This allows one to compare different materials in terms of protein quality rather than
just absolute amino acid quantity, The mean amino acid compositions of blue tit egg yolk and
albumen are presented in Figure 2.6a and 2.6b The mean composition of whole blue tit eggs
has been calculated from these data and is presented in Figure 2.7 along with amino acid
composition data from the literature for eggs of other species. Figures 2.8a. and 2.8b present
mean amino acid composition data for whole biue it cggs and all the potential prey items
investigated. The mean amino acid composition of the gut contents of late scason caterpillars
and bodies minus gut contents are presented in Tigures 2.9a and 2.9b and, as above, the mean
composition of whole late season caterpillars has been calculated from these data and presented
in the same figures. The mean amino acid compositions (in g/100g dry weight), of all materials
investigated. are also presented in Table 2.2, primarily for the refercnce of future investigators.

The total protein content of all samples is presented in Table 2.3.
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Tabile 2.4: Mean protein content (= SE) of blue tit eggs and potential invertebrate prey.

Samples

Mean protein content (% of dry weight) + SE

blue tit albumen

biue it yolk

Whotle blue tit egg

Woll spiders

small arboreal spiders

26" May caterpiliars

14" June caterpiliars

Late season caterpillar gut contents

[.ate season caterpillars minus gut contents

Whole late season caterpillars

674 0.4
252 0.2
40.9 1.1
60.2 =09

552 £24
474 £39
414 402
178 +£0.6
433 +£32
383 27

2%
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2.5.2.2 Estimated daily amino acid requirements of laying blue tits

A. MAINTENANCE

Murphy (1993) determined the daily EAA requirements for maintenance of captive white-
crowned  sparrows, in terms of mg/k) basal onergy expenditure. Since maintenance
requirements amongst small passerines are probably fairly consistent, these data were uscd to
caleulate EAA maintenance requirements for blue tits.

Firstly, the equations of Aschoff & Pohl (1970b) for BMR in passerines, were used to calculate

an estimate of BMR for blue fits. These cquations differ between active phase and non-active
phase:

Active phiase BMR ([Keal/day) = 1409 x mﬂss,(Kg)O'704
Non-aclive phase BMR (Keal/day)— 114.8 x mass(Kg)[)'m

The average mass of a female blue tit during laying (including reproductive tissue, but
excluding any [ully formed eggs) is about 12.0g (Perrins 1979). Thus:
Active phase BMR (Kcal/day) = 140.9 x (O.(JIZ)O'?04

=6.26 Kcal/day

Non-active phase BMR (Keal/day)—~ 114.8 x (O.DEQ)U'726
- 4.63Kcal/day

It birds are aclive for approximately 16 hours per day, at this time of year, then
average BMR = $.72Kcal/day {— 23.93kJ/day).

Estimated EAA maintenance requirements of a 12g blue tit arc presented in ‘lable 2.4a.

Values for methionine and phenylalanine are in the absence of cvsteine and (yrosine
respectively. Cysteine and Lyrosine could supply about half of the below requirements for

methionine and phenylalanine, respectively (Murphy 1993).
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Table 2.5a: Estimated daily EAA maintenance requirement of a layiug blue tit

Amino acid

Maintenance requirement (anoles/day)

Argininc
Histidine
Lysine
[soleucine
l.etcine
Valine
Methionina
Phenylalanine
Threonine

Tryptophan

5975
19,19
5414
57,10
8G.36
57.95
6931
6341
44.97
~ 8.93
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B. GG PRODUCTION

The mean fresh egg weight for blue tits in our study population was 1.138g and the mean fresh
weight of constituents: 0.083g shell, 0.262g yolk and 0.793g albumen. The mean dry masses of
these components were: 0.070g, 0.125¢g and 0.086g. Using the amino acid analysis of eggs data
from Tabte 2.2, the mean amino acid composition of blue tit eggs in our study population was
calculated and is presented in ‘l'able 2.4b, Asswning a utilisation efficiency of 75% (Fisher
1980: Scott ef al 1982), the quantily of amiino acids required in the diet for the formation of ane
ege was calculated and is also presented in Tuble 2.4b. Required dietary quantities of
methionine and phenylalunine are in the absence of cysleine and tyrosine, respectively. in ege
protein, cysteine accounts for 64% ol total SAA and tyrosine accounts for 47% of total
combined phenylalaning and tyrosine. Consequently. dietary cysteine could probably substitute
tor 64% of quoted requircments for dietary methionine and tyrosine could probably substitute

for 47% of quoted requirements for dietary phenylalanine.

Table 2.5b: Estimated EAA content of one blue tit egg, and estimated dictary requirement

assuming a 75% utilisation efficiency.

EAA & SEAA  Quantity in whole blue tit egg Quantity required in diet for formation of one egg

{(nmolesfegg) {(jxmolesicgg)

Arginine 32.00 42.66
Histidine 16.06 21.42
[Lvsine 59.39 79.18
[soicucine 33,01 70.68
l.eucine 72.84 97.12
Valine 61.46 81.94
Methionine 12.41 46.45
Phenylalanine 30,20 76.00
Threonine 44.37 59.16
Tryptophan < (.54 0,72
Cysteine 2243

Tyrosine 26.80
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2.5.2.3 Estimated daily amino acid requircments in relation to dietary sapply.

King (1973) showed that, in birds where a succession of follicles begin development at daily
intervals, the daily metabolic output required for the formation of the clulch reaches a peak that
is equivalent to the total energy expenditure on a single cgg. This peak value is reached p -1
days after the onset of rapid yolk deposition in the first follicle , where p = the number of days
over which a follicle grows. This peak investment in egg production must be sustained for as
long as new follicles begin enlargement each day. Egg formation in fits takes about 4 days
(Kluijver 1951) and mean clutch size for blue tits is around 10 - 11 eggs. Consequently, this
peak level of investment must often be sustained for over | week. King’s model can also be
applied to protein requirements and, thercfore, peak level of protein investment in egg
production is equivalent fo the total protein investment in a single egg.

Estimaled total daily EAA requirements for maintenance and egg production are thus obtained
by snmming the values from Tables 2.4a and 2.4b, and are presented in Table 2.4¢.

By combining the values given above, for the proportion of estimated methionine and
phenylalanine vequirements, for egg production and maintenance, ihat can be substituted with
cysteine and tyrosine, respectively, dietary cysteine and tyrosine could substitute for about 56%
and 48% of total estimated dietary requircinents for methionine and phenylalanine,
respectively. The EAA and SEAA contents of small arboreal spiders and caterpillars from
around 26" May are also presented in Table 2.4c Values for tryptophan have been omifted

becanse they fell below accurate detectable levels in analyses.




Table 2.5¢: U'otal daily EAA and SEAA requirements [or a laying blue tit and content in small

spiders and caterpillars

EAA & SEAA  Total dictary  TFAA & SEAA content of 26" EAA & SEAA contenl of small
requikement  May caterpillars (pmoles/g dry arboreal spidders (umoles/g dry mass)

(moles/day)  mass)

Arginine [02.41 22345 238.49
Flistidine 40,612 [15.2t 125.05
Lysine 133,33 301.54 321.83
[soleucine 127.777 195.30 245.67
Leucine 177.47 331.39 39913
Valine 139.88 27791 307.16
Methionine 11577 79.65 98.71
Phenylalanine 13941 138.27 162.05
Threonine 104.13 217.10 239.35
Tryptophan

Cysteine 6545 20.17
Tyrosine 133.60 165.16

The total dry masses of small spiders or small caterpillars that would need to be ingested to
satisfv eslimated daily requirements lor cach amino acid, are prescnted in Table 2.4d. The

values for melhionine & cysteine and  phenylalanine & tyrosine were calculated with the

assumption thar dietary cysteine and tyrosine could provide a maximum of 56% and 48%,
respectively, of the requirement (or methionine & cysteine and phenylalanine & tyrosine,

respeclively (sce above).

From Tabie 2.4d. il can be scen that sulphur-conlaining amino acids (SAA) would be the most

limiting dietary amino acids,

39




Table 2.54d: Estimated mass of caterpillars or small spiders required to satisfy daily requirement

for each amine acid (mg dry mass/day)

EAA & SEAA  Fslimated  mass  of 267 May Estimated mass of small arboreal spiders

caterpillars required to satisly dictary required to sadsly dietary requirement

requirement (mg dry mass/day) (mg dry mass/day)

Argimine 433 429 ’
[listidine 353 325
Lysine 442 414
Isoleucine 634 520
Leucine 536 444
Valine 503 433 ‘
Threonise 480 435
Tryplophan
Methionine & 798 G613

Cysteine

Phenylalanine & 524 447

Tyrosine

3
A

Rt T T
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2.6 Discussion 11

BLUE TTT EGGS
Figure 2.7 presents data on the amino acid composition of whole blue tit eggs plus data from
the literature for five other avian species. The levels for blue tits are very similar to those for
other species. although there are a few noteworthy differences. Levels of phenylalanine are
slightly lower than for other species, but this is more or less balanced by rclatively higher
levels of tyrosine. The most siriking difference is in the sulphur amino acids (SAA). Bluc tit
eugs have the lowest levels of methionine of all the specics for which data are available, the
next lowest being for zebra finches. Turning to cysteine, we see that i species other than blue
tits. low methionine levels are generally counteracted hy higher cysteine levels, For example,
the egps of zebra finches, pigeans and chickens have, in that sequence, increasing proportions
of methionine (2.19, 3.07 & 3.25 ¢/100g protein) and decreasing proportions of cysteine (3.82,
3.34 & 2.25 g/100g protein), As a result, although methionine and cysteine levels vary quite
considerably between species (up to 48% and 70% respectively), the combined levels of
methitonine and cysieine (6.01, 6.41 & 5.5 g/100g protein respectively) are more similar
{maximum of 7% difference). [n blue tit eggs, however, ¢ysteine levels arc the second lowest
of all the species Tor which data were available; being only fractionally greater than that for
chickens. As a result, combined methionine and cysteine lovels arc only 4.36 g/100g protein.

Further, fevels of tryptophan (the only other sulphur-containing essential amino acid)
arc considerably lower than those in other species where it has been measured. Levels for
chickens, budgerigars and pintails were 1.41, 1.88 and 1.28 g/100g protein, respectively. whilst
in blue tits it was below 6.1 g/100g protein. In a study by Doennan (1993), which examined the
amino acid composition of zebra finch eggs, tryplophan was, similarly, detected only in trace
levels. However, the levels of several other amino acids were unusually high or low in
Donnan’s study compared with published results for other specics and Murphy’s (1994) results
For Zebira Bnches. 1t is possible, therefore, that the results from Donnan’s study were somewhat
aberrant and it would perhaps be wise to treat his result for tryptophan with some caution.
Thus. tevels of tryptophan may vary quite considerably between species, with blue tits not
being exceptional. However, in conjunction with low methionine and cysteine levels, this result
docs compound the finding that the SAA content of blue tit eggs is comparatively low. Why,
then, should blue tit eggs contain somewhat low levels of SAA?

Civstly, it is possible that the blue tit eggs examined were unusual or abervant in some

way and thus unrepresentative. Although this is possible, since only two cggs were analysed, it
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is very unlikely, Levels of all other amino acids were very similar to those found in other avian
speeies: total proportional protein contents of yolk and albumen {Table 2.3) werce similar to
those reported for great tits (Yoo, 1993); and each egg came from a different clutch, yet the
standard errors for mean levels of cysteine and mcthionine are extremely small for both yolk
and atbumen - in fact, amongst the smailest standard errors for any of the amino acids
examined. I the cggs were in any way aberrant, one would not expect two indopendent cags.
from different clutches, to be so similar. Further, although only 2 oggs were analysed, four
scparate analyses were carried oul since yolk and albumen were analysed separately. The
paltern of methionine and cysteine levels in yolk and albumen (Figure 2.6a,b) was very similar
to that scen in Murphy’s (1994) zebra finches; methionine levels virtually identical in yolk and
albumen. and levels of cysteine higher in albumen than yolk.

A sceond possible explanation is that female blue tits are unable to obtain enough SAA
in the dict to maintain optimum levels in the egys, ie. they face a nutritional constraint. Again,
hawever, this is very unlikely. 1If such a constraint were to exist, it would be most likely to
oceur with those birds laying particularly early in the season. At this time, invericbrates are stil
relatively searce and there are reports of blue tits” gizzards containing quite high proportions of
nak bud ussuc; possibly ingested incidentally whilst foraging for bud-inbabiting larvae. Plant
tissue, such as this, is generally a relatively poor supply of SAA (Scott, Nesheim & Young
1982), and in herbivorous or granivorous birds, SAA and lysine are generally reported to be the
first limiting amino acids during egg production (Houston ¢f al 1995a; Murphy 1994; Murphy
& King 1992; Scott, Neshetm & Young [982). The eggs analysed in this study, however, wete
collected from birds laying mid season, when females should have had beiter access to
invertebrates and, further, the blue tit egus analysed had the highest levels of lysine of any of
the avian species for which data were available (Figure 2.7). In addition, birds such as zebra
linches and pigeons, which feed primarily on a plant-derived diet, appear o produce egys
which contain significantly higher levels of SAA.

A third hypothesis, is that blue tit eggs do not have higher levels of SAA because they
simply do nol need them; because developing, pre-hatching young do not require as much as
those of other species andfor because the young can get a good supply of SAA after hatching,
from the invertebrate prey supplied by their parents. Blue tits are altricial and, therefore, may
require less SAA in the egg for feather production than a precocial species. However, zebra
Mnches, pigeons and bodgerigars are also altricial but have significantly higher levels of SAA
than blue tits. Further, although the precoeial pintail duck has considerably higher levels ol
SAA than the other species, the chicken, another precocial species, has lower combined levels

of methionine and cysteine than both zebra finches and pigeons.




Once hatched, blue tit young receive an invertebrate diet which is relatively rich in
protein and confains protein of higher quality than plant material. Perhaps other altricial
specics, whose young receive a dict containing a lower quantity/quality of protein. require more
SAA in the cgg to help them form down feathers and satisfy SAA requirements in the first day
or two following hatching. Data from more species, particularly those whose young receive a

high quality diet. however, would be required to substantiate this hypothesis,

INVERTEBRATES

Spiders have considerably higher protcin contents than caterpillars (55-60% versus 38-47%),
with the protem content of woll spiders being about 5% greater than that for assorted small,
arhereal spiders. Within caterpiliars, profein content fell from 47% to 38% of dry body weight
ay they developed and grew through the season (although the actual mass of protein confained
per caterpillar increases throught the scason as a result of their increase in size). This may
reflect a change in actual body composition or perhaps simply a greater proportion of gut
contents in larger caterpiltars. it is difficult, however, to conclude which explanation s correct,
since the proportion of gut contents was not determined through the season. The nutritional
implications ol gut contents were investigated, however, in late season caterpillars. The overall
protein content of caterpillar gut contents (hereafter referred to as ‘caterpillar guts’) was
considerably lower than that of the caterpillars’ bodies minus gut contents (hereafter referred to
as ‘caterpitlar bodics™), being 17.8% and 43.3% respectively. From Figure 2.9a, it can be seen
that atl amine acids, with the exception of hydroxyproline, were considerably less abundant in
caterpitlar guts compared with caterpillar bodies, in terms of mass per vnit dry mass. If we
consider protein quality, however, by examining amine acid composition in terms of mass per
it protein mass (Figure 2.9b), it is apparent that the levels of most amine acids wereg very
simifar in both caterpillar guts and caterpillar bodies: the main exceptions being
hydroxyproline, alanine and cysteine, which were higher in caterpillar guts, and tyrosine and
lvsine which were lower in caterpillar guts. Of these, only lvsine is an EAA with cysteine and
tyrosine being SEAA.

Plant-derived protein generally bas quite different proportions of EAA [rom animal
proteins: in particular, lysine and the SAA (especially methionine) are usually present in
significantly lower levels in plant-derived proteins, 1lowever, in our analyses of caterpillar guts
and caterpillar bodies, proportions of amino acids were very similar; the proportion of lysine
being only slightly higher in caterpillar bodies: levels of methionine being equal; and the
proportion of cysteine actually being somewhat higher in caterpillar guts. This is quite

surprising, since one would expect the gut contents to consist almost entirely of oak leaf tissue.
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Although we have no amino acid wnalysis data for cak leaves, there is no obvious reason to
suspecl that they should depart radically from he pattern seen in other plant material. How,
then. can one explain the observed result?

Caterpillars have a fairly rapid throughput of leaf material and probably, therefore, only
extract a proportion of all the amino acids present. {I"amino acids were not digested/absorbed
equaliy, and digestcd amino acids remained in the gut for a short time after the semi-digested
material had passed vn, then the overall composition of amino acids present in the gut at any
one time would be different from that of leaf material. This would be exacerbated if, in the
short period of time between caterpillars being dislodged from the foliage and being kitled,
they cxcreted a portion ol the partially digesied leat” material, without ingesting any fresh
material. Also. the caterpillac will have contributed digestive enzymes to gut contents, adding
unlknown levels of protein. The protein content ol early growth in grasses, forbs and browses
can be as high as 20-30% of dry weight: falling to as little as 3-4% at maturity (Robbins 1993).
Thus, although the protein content of 17.8% tound tor caterpillar guts is consonant with them
consisting predominantly of oak leaf fragments, onc cannot rule out the possibility that the
caterpillar guts contained a significant and selective proportion of digested amino acids and
digestive enzymes. A second possibility is that, as a result of freezing and thawing prior to
disscetion, many caterpillar body cells may have been ruptured allowing higher quality
cytoplasmic contents to ‘contaminate’ gut contents. It should be noted that these hypotheses are
not mutually exclusive.

To return again to the full range of invertcbrates examined, it is apparent from figure 2.8b that
relative amino acid compositions are very similar between both groups of spiders and all three
stages of Lepidopteran larvae, with the striking exception of taurine (of the other ammo acids,
mosl variation is seen in serine, proline, tyrosine and arginine):fuurine levels in wolf spiders
were over 10 times the mean level in caterpillars; whilst in smalt arboreal spiders, tauring
levels were close to 40 times the level in caterpillars. Taurine was only detected in relatively
small quantities in the blue tit eggs. However, conjugation of bile acids with taurince, in the
formation of bile, occurs obligatorily in most vertebrates above the selachiaus; with the
exceplion of some mammals which can also use glycine (Jacabsen & Smith 1968; Haslewood
1962). In the majority of vertebrates studied, the taurine required can be synthesised in the
bady from cvsteine; which can in turn be synthesised from methionine (facobsen & Smith
1968). Thercfore, although taurine is not usually an essential nutrient in the diet, it can, if
present, have a sparing effect on the antmal’s cysteine/methionine requirements (Scott,
Nesheim & Young 1982); thus freeing-up more of the birds dietary SAA intake for egg
formation. An additional, and potentially very important, role for dietary taurine in the

development of post-hatching young is discussed in Appendix §.
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EGG FORMATION AND NUTRIENT INTAKE

The comparison of amino acid requirements during laying, and the amino acid composition of
small spiders and caterpillars (‘Table 2.4c,d) suggests that SAA would most likely be the most
limiting EAA n the diet of a laying blue tit; in agreement with the predictions of Murphy
(1994). Although methionine levels arc similar between invertebrate protein and blue tit egg
protein (Figures 2.8a,b), cysteine levels are significantly greater in egg protein compared with
invertebrates (131% to 201% of invertebrate level for woll spiders and late season caterpillars,
respectively). Although spider protein was a somewhat better source of cysteine than caterpitlar
protein, SAA would still appear to be the most limiting EAA in a spider based diet. As
discussed abave, the high levels of taurine available in spiders could probably substitute for a
proportion of the birds maintenance requirements for SAA, although there is no information
available regarding exactly what proportion of tatal SAA requirements in a blue tit could be
satisfied by dietary tavrine. However, | believe it is unlikely (o be particularly substantial and,
consequently, SAA would still be the most Limiting BEAA.

In the above considerations, a utilisation efficiency of 75% was assumed for all dietary
protein. However, there is some evidence that the digestibility of aduit insects may be less than
for invertebrate larvae as a consequence ol the greater proportion of cuticle (Karasov 1990).
Thus, although the total protein content of spidecrs was higher than for caterpillars, available
protein levels may be more similar,

Anina acid composition was only determined for Lepidopteran larvae and Araneae.
Although these were the most abundant invertebrates available ar identified foraging sites, a
small proportion of other arthropods, predominantly olher bud/leaf inhabiting larvae, were also
present and may have [ealured i the diet. Although I have no data on the amino acid
composition of these other larvae, it is probable that a small insect larvae feeding exclusively
on oak bud tissue will have a somewhat similar amino acid composition 1o a Lepidopteran
larvae feeding on the same material, Consequently, the inclusion of a small proportion of other
larvae in the diet is ualikely to affect our findings. Simtlarly, plant protein generally contains a
comparatively low propartion of SAA and, as a result, the ingestion of any oak bud tissue
waould be uinlikely to after our conclusions regarding SAA bLeing the most limiting EAA during

epg laying.
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CHAPTER 3

Nutritional constraints on egg produaction in the blue tit : a

supplementary feeding study

“The birchwaicher ... ay i coasi use more specialised instr » for specialisec
The birchwaicher may have occasion to use more specialised instruments. pecialised

work., These may include raps, stuffed and dead birds, dumnry eggs, nestboxes, paint, mirvors,

golf-balls, little cakes, tin plates, string, climbing irony, boats, motor-bicycles, ballouns, kites,

aeroplanes, money, guns, and butter.”

James VFisher (1940, Watching Birds)
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3.1 Introduction

The productian of cggs is a nutritionally demanding pracess for many birds, particularly small
passerines, some of whom lay a cluch of egpgs weighing more than the females’ own body
weight. The influence of foad supply prior to and during the egg laying period on cgg
production has been examined in a variety of bird species (review in Martin 1987). Purely
observational, correlative studies have often found a positive relfationship between [avourable
food conditions and reproductive paramelers such as dute of laying and clutch size (for
example Perrins 1965; Murphy [986; farvinen & Vaisanen 1984 Perrins & McCleery 1989,
Perrins 1991). These studies suggest that food availability can limit egg production, and
ovidence for this comes fram experimental studies involving the provision of supplementary
food. T'hese have generally found an advancement of laying date but much less [requently any
increase in clutch size (Reviews in Martin 1987; Arcese & Smith 1988; Boutia 1990), Effects
on epg size and weight are less frequently recorded. but where they have been measured, mast
found no increase.

Most of these experimental studics have assumed that it is the energy content of the
dict that is limiring and few studies have considered the nutritional quality of supplementary
feeding. However, Magrath (1992) and Bolton, Houston & Monaghan (1992} have suggesicd
that birds may have requirements fov specific nutrients during egg production, sueh as essential
amino acids. and that Iimited availability of these in the dict may constrain egg size. A field
stucdy by Bolwon e ¢f. (1992) on the lesser hlack-backed gull (Zerus fuscus), involving the
provigian of supplementary foods of differing nutritional composition, but equivalent calorific
value, during the pre-laying period, demonstrated that egg production could be differentially
affected by the protein quality of the supplementary food provided. Experimental work with
captive zebra finches (7Taeniopygia guttata) has Turther demonstrated the impartance of diet
guality on egg production and suggests that an imbalance in the amino acid composition of egg
proteins compared to those present in the diet may resull in access to quality protein having an
important influence on egg production (Houslon ¢f «f 19954; Selman & Houston 1996),

The factors influencing egg production have been most extensively studied in tit
species, in which over eight supplementary feeding trials have heen conducted. Although the
type of food used has varied between studies, very litlle attention has been paid to the
comparative effect of more than one type of dist.

This chapter reports the results of an experimental field study to compare the effects of
different food quality on egg production iu a population of blue tits (Parus caerufeus ).

Supplementary food was provided prior to, and during, ege production {0 cxamine whether
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increased foad supply could enhance egg production and, if so, whether any such enhancement
was due simply to energy limitation or to a more specific nutrient requirement. To achicve this,
ane experimental group received a food supplement composed only of animal fat whilst the
other experimental group received a food supplement containing cooked hens’ eggs tagether
with animal fat. A third control group reccived no food supplement. Since it is likely that all
specific nutrienis required lor egg production would be present in the egg food supplement, any
nutritional limitation which exists on egg production should be released in this group and egg
production enhanced. If a similar enhancement of egg production oceurred in the group

receiving animal fat this would indicate that it was energy level of the diet which was limiting.
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3.2 Mecthods

All leld studics were carried out on a population of blue tits using nestboxes in an oak-
dominated woodland around the University Field Station, Rowardennan, Loch Lamond, North

ot Glasgow.

3.2.1 Feeding schedule

All nestboxes were checked weekly for signs of nestbuilding, beginning in late March, When a
new nest was found, which was at least one quarter built, it was assigned to either one of the
experimental groups or to the control group. Supplementary Jood was provided from the
following day in wiremesh feeders suspended close to the chosen nestbox. Feeders werc
replenished weekly, or when nearly empty if this occurred within one week, so that
supplementary food was provided ad {ibitum. Feeding continued until clutch completion.
Contro] birds reecived no additional food. The fat diet consisted of blocks of fard. The egg
protein diet consisted of 100 hons” eggs minus their shelfs (approx. 5.5kg) : 500g lard : 500g
oatmeal heated together: earlier trials had shown that tits would not feed on a diet of pure egg
and the cooked egg/lard/oatmeal mix was found to be most palatable in a series of experimental
choice trials using various dietary mixes. Approximately 200g of lard or 500g of
egg/lard/oatimeal mix was supplied per feeder when deployed or refiiled: the greater quantity in
the cge mix feeder was o allow for greater wastage through spilling and dehydration,

Blue tits usually become territorial five fo six weeks before laying and coatinuc
tervitortality untit chick rearing {C.M. Terrins, personal communication}, Supplementary
feeding at a nesthox began, on average, some lwo to three weeks before the onset of laying and
obscrvations suggested that tits from neighbouring territories were denied aceess to the feeders,

which were used exclusively by the intended nesting pair.

3.2.2 Assessment of reproductive parameters

Once a nest was fully built, it was checked daily in order to determine the onsel of laying, After
the first egg was laid, a nest was visited every second day, until clutch completion. At each
visit any new eggs were numbered, using permanent OHP pens, weighed (to 0.05g) with a 5g
pesola spring balance and the Jength and width measured (to 0.05mm) with vernier callipers.
Epg volume was caleulated using the equation : Egg Volume = 0.51% egg lfength x egg width®

(from Hoyt 1979).
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It a female had not begun incubation by clutch completion, the nest continued o be
checked daily to determine the ansel of incubation. Nests were then not visited for 10 days,
afler which they were visited daily to determine hatching dute. After the first egg had hatched,
a nest continued to be checked daily until all the viable eggs haed hatched. Hatching asynchirony
was calculated as number of days between hatching of first chicle and last chick, The duration
of incubation was caleulated as the time from determined onset of incubation to hatching of the
first chick. The delay in onset of incubation in relation to clutch completion was calculated as
the number of days after clutch completion before incubation began. Therefore, if incubation
began before clutch completion, incubation delay will have a negative value. Nests were visited
again when the chicks were 7 and 14 days old. If hatcling was asyuchronous, the nest was
visited when 250% of the chicks were of the required age. When the chicks were 7 days old
they were weighed (to 0.1g) using a 50g pesola spring balance, and measurements taken of
wing fength. radius & ulna length and tarsus length (to 0.05mm) using a standard wing rule.
When the chicks were 14 days old they werc weighed again and measurcinents taken of tarsus
length and wing length. Young were then ringed using an individual metal BTO ring on one leg
and a red plastic ring on the other. Blue tits fledge al approx. 18 days, therefore nests were

visited atl approx. 25 days after hatching to check if alf young had fledged.
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3.3 Results

3.3.1 Onset of laying

Ounset of laying data was square-root transformed, in order to improve normality, prior (o
performing parametric analysis. The mean laying dates in days from April 29™ are presented
in Figure 3.1, which shows that the egg-fed and Jipid-fed trealment groups laid significantly
earlier than the control group (Anava, F = 3.376, d.f. = 2,62, p<0.05: Duncans Multiple Range

Statistic, egg-fed group and fat-ted group differ significantly from control).
3.3.2 Egg production

The eggs within a clutch are not statistically independent (variation in egg size and weight was
considerably greater hetween clufches than within, F-test, p<0.00005 in all cases) and,
therelore, analyses of cgg size between feeding treatments were carried out on clutch means.

Figure 3.2a shows mean values for egg volume. There was a signilicant difference in
cgg volume between treatments (F =3.570, d.t. = 2,62, p<0.05), however, only in the hirds fed
with the egg supplement were the epgs signiticanily larger than control (Schefte test).

A stinilar effect to egg volume was also seen for egg weight, although the dilference
was not statistically significant (p = 0.08): this may simply be due to less precise measuring of
cgg weight (which was measured 10 0.05g, approx. 5% of mean value compared to egg
length/width measurements which were to 0.05min, approx.0.5% of mean value).

Figure 3.2b shows the effect of laying sequence on mean egg volume in the three
rreatment groups (eegs laid afier the | yo egg (n a sequence have been omitled, as these are only
represented by a few nests). BEgo volume appears to fall noticeably through the laying scquence
(at least in the first 7 eggs) in the cgg-fed group, whiist it declines only slightly or not at ail in
the fat-ted and control groups. However, mean egg volume and egg mass in the egg-fed group
remains greater than in controls, throughout the laying sequence,

As mentioned earlier, the individual eggs cannot be regarded as independent data
points, in an analysis of several clutches. Therefore, simple linear regression equations were
calculated. which describe the relationship between egg volume and laying sequence for each
clutch. The slope value obtained for sach clutcli was then used in the subsequent analyscs. The
mean slope was negative in all three treatment groups but only in the egg-fed treatment group
cdid it differ significantly from zero (Table 3.1). Despite this, mean slope did not differ

significantly hetween treatment groups in an Anova.




Table 3.1: Meun (x S.E. (n)) for slope of intraclutch regressions of egg volume through the

laying sequence.

Egg Supplement Lipid Supplement Contral Statistics

Slope -6.16& 2,74 -1.744,2.34 -142:238 Faer =097
(17N (19) (29) n.s. -
Significance of stope t1s = -2.24 Lz =-0.74 tyg = -0.59
p<<0.05 ILS. 1.5,

There are twa reasons for also considering the intercepts of these intraclutch laying
sequence regressions. Firstly, if egg size declines through the Taying sequence, then a female
laying a farge cluteh (7 + x) would have a simalier mean egg size than a female laying a smaller
cluteh {#), as a result of the additional ‘x* smaller eggs at the end of the laying sequence, even
if the sizes of the first *#” eggs in the two clutches were identical. Using intercepts overcomes
this problem. Secondly, if the siope of the regression of egg volume through the laying
sequence is negative and dillers between treatments, then the magnitude of the difference in
absolute egg volume between treatment groups will be greater (and therefore more likely to be
detected statistically) early in the laying sequence. Using intercepts atlows us to examine the
situation at the beginning of the laying sequence.

Figure 3.2¢ shows mean values Tor the intercepts of iutracluteh regressions of egyg
volume throngh the laying scquence. There was a significant difference in mean intercept
between treatments (F = 4.316, d.f. = 2,62, p<0.02} with the intercept in the egg-lod group
being significantly greater than the intercept in both the fat-fed and control groups (Duncans
multiple range statistic). We can therefore conclude that egg-fed birds laid eggs which were
significantly larger (about 7%) than thosc of the controls, and the first laid eggs in their
clutches were stgnificantly larger than those of both the fat-fed group and the controls.

Cluteh size data were transformed by squaring, in order to normalise it, prior to
performing parametric analysis (Mecan clutch size +8.F. {n} : egg-diet 9,73 +0.61 -0.70 (17),
lat-diet 9.78 +0.60 —0.62 (21), control 9.55 +0.33 —0.36 (29); F = 0.103, d.f. = 2,64, n.s.).
Clutch size. however, declined significantly through the season (Pearsons p<0.005, n=65;
p<0.05, n=27 for controis oniy}. In order to contrel for this, an analysis of covariance was
carriedd out with laying date as a covariate, Clutch size was unaffected by supplementary

feeding. (F— 0,175, d.f. = 2,64, n.s.)




3.3.3 Incubation

There were no significant differences between experimental groups in the onset of incubation
™ April + SE. (n) : egg-fed 16.2 +0.9 (13), lipid-fed 17.3 1.0
(16), coutrol 18.1£0.8 (23), F =2.715, d.f, = 2,64, n.s.), duration ot incubation period (Mean in
days = 5. (n) : cgg-fed 12.8 £0.5 (12), lipid-fed 3.5 10.5 (15), control 13.0 £0.3 (20), F =

(Mean date in days from 29

0.452, d.f. = 2.45, n.s.) or defay in the onsel of incubation in relation to clutch completion
{Median delay in days [interquartile range] {n) : egg-fed 0.0 [-1.0 - 2.5] (13). lipid-fed 0.0 |-
1.0~ 2.75] (16), control 0.0 [ 1.0-1.0] (20), x* = 0.222, d.f. =2, n.s.).

3.3.4 Hatehing and chick parameters

There were no significant differences in hatching date (Mean date in days from 29" April +
SO s egpe-led 30,6 0.2 (14), lipid-fed 30.2 £0.7 (16), control 33.0 £1.1 (23), F =2.218, d.1.
= 2.50, n.s.), hatching success (Median [interquartile range] (n) : egg-fed 0.85 [0.00 - 1.00]
(17), lipid-fed 0.86 {0.33 - 0.903 (21), control 0.89 [0.00 - 1.00] (29), ¥° = 0.211, d.f. = 2, n.s.)
ot hatching asynchrony (Mean + S.E. (n) : epp-fed 1.2 L0.2 (14), lipid-fed 1.2 £0.2 (16),
contral 1.5 0.2 (23), F = 0971, d.[. = 2,50, n.s.) between the 3 experimental groups.

There were no significant differences between treatments in brood size at 7 davs (Mean
+ 8.0 () ceg-fed 8.5 0.9 (12), lipid-fed 8.2 +0.6 (16), control 8.3 1:0.6 (19), F = 0.055, d.f. =
244 nsyand 14 days ( egg-led 8.5 £0.9 (12), liptd-fed 7.9 0.5 {16), control 8.3 £0.6 (19), IF
= 0.180, d.f. = 2,42, n.s.) or fledging number (as at 14 days). As with clutch size, fledging
number declined through the season; fledging number was signilicantly negaiively correlated
with hatching date (Pearsons, p<0.0005, n=45; p<0,01, n=18 for controls only). In order to
controb for this, an analysis of covariance was carried out with hatching date as a covariate.
Fledging number was unaffected by supplementary feeding (F = 0.757, d.f. = 2,44, n.5.).

Chick size measurements (weight, tarsus, radius & ulna and wing) at 7 and 14 days are
given in Table 3.2. There were no significant differences in these measurements between the

experimental groups,




Table 3.2: Mean (£ S.E. (n)) for chick measurements at 7 and 14 days old.

Leg Supplement  {.ipid Supplement Control Statistics

7 Day Chick Weight (g) 7.84+0.22 7.76:.1 0.22 7524032 Fpe=0.692
(12) (16) (19 n.s.

7 Day Chick Tarsus (mim) 16,63+ 0.29 16.18+0.24 15.79=0.37  Fa44=1.608
(12) (16) (19) 1.s.

7 Day Chick Radius&Ulna (mm) 14.97£0.23 14.72£0.20 14352036 Tpqq=1.059
(12) (16) (% n.s.

7 Day Chick Wing {(mm) 15.77+ 0.57 1521+ 0.34 14.80£0.60  F,44=0.794
{12) (16) (19) n.s.

14 Day Chick Weight (g) 11.574 (.29 11.59£0.23 11754 0.23  Fi4 =0.165
(n (16) (18} n.s.

14 Day Chick Tarsus (imm) 20.12L0.12 20.00£0.11 2012013 [Fp4yp=0275
(n (18) (18) 1.8,

14 Day Chick Wing (mm) 45.54+0.73 42.204 0.64 4098+ 1.07 Fh4=0.862
(1 (16) (18) n.s.

There was also no difference in survivorship (the proportion of hatched eggs which

ffedged) between the experimental groups (Medians [interquartile range] (n) : egg-fed 1.00

F0.91 - 1.00] (12), lipid-fed [1.00 [0.89 - 1.00] (16), contral 1.00 [0.89 - £.00] (18), ¥ = 0.608,

d.f.=2,n.s.).
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Figure 3.1: Mean values (+ SE) of onset of laying for control (n=27), Jipid-
fed (n=21) and egg-fed (n=17) blue tits. Significance of pairwise
comparisons indicated, *P<0.05.
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Figure 3.2a: Mean values (+ SE) of egg volume for eggs laid by control (n=29),
lipid-fed (n=19) and egg-fed (#=17) blue tits. Significance of pairwise
comparisons indicated, *P<0.05.

56




Mean egg volume (mm3)

1200

1150 — '%' % % %]
1100 —- %
1050 — $ i %

El E2/3 E4/5 E6/7 E8/9 E10/11

Laying scquence

Figure 3.2b: Mean values (+ SE) of egg volume through the laying sequence,
for eggs laid by control (M ,2=29 clutches), lipid-fed (O ,#=19 clutches) and
egg-fed ( 1 ,n=17 clutches) blue tits. E1 indicates the first egg laid in the
clutch. E2/3 indicates the mean for second and third laid eggs.

57




1250 -
[ Ex
. %

Q -

2 1200 |

E

B

> 0'

5115

é X

g

E e

S 1100}

&

5

= 1050

1000

Egg-fed Fat-fed Control
Treatment group
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3.4 Discussion

FOOD SUPPLY AND TIMING OFF BREEDING.

The onset of laying was significantly advanced by ihe provision of supplementary food. The
mean advancement of approximately 2'4 days is compacable with that produced in other
supplementary feeding studies involving blue tits; 5 and 6 days in different years in Clamens &
{senmann’s (1989) study and 4 days and 6 days in Nilsson & Svensson’s {1993a) and Nilsson’s
(1994) study. It is known that there is considerable variation, between years and study areas, in
the degree of laying advancement induced by supplementary feeding. The extent of the effect
carrelates inversely with the naturad food supply, so that experimental feeding generally has
greatest effect in years when natural feeding is poor (Marlin 1987) or in low quality territories
(Svensson & Nilsson 1995), With an advancement of only 2'%, days it seems likely that natural
food supplies at our study site were relalively good during the period of the study.

Food supply is almost certainly only one of several factors which act on a female hlue
tit to determine the onset of laying, Photoperiod (Suomailainen 1937; Farner & Wingfield
1980). environmental temperature (Kluyver 1952; Lack 1958), female age/experience (Dhondt
1989; Perrins & McCleery [985; Nakamura 1995), breeding density (Arcese & Smith 1988),
genetics (van Noordwijk [984; Blondel ¢f of 1990) and hody condition (Murphy 1986) have all
been shown to influence timing of breeding in passcrines. Despite this, advancement ot laying
date is the most comman response to supplementary feeding (Martin 1987; Arcese & Smith
1988, Boutin 1990). Savings of time, leading to earlier hatching, appear to be cxtremely
important in increasing {itness. Norris (1993) demonstrated a causal link between hatching date
and chick survival in blue tits, independent of any parental quality effects; chick survival
decreased with laying dale, although survival was also reduced it chicks halched very early.
There are two probable main advautages ol carly laying and hatching:

1) That nestlings/fledglings are present at a time when more food is available. In many species,
particularly Partds, the prey abundance peaks relatively carly in the year in relation to the
birds™ breeding cycle, with tlic result that late nestlings/fledglings are present after the food
peak (Perrins 1970). Farly hatching has been shown to paositively influence the survival of
young (vontaartmann 1966; Perring 1979; Newlon & Marguiss 1984).

2) Juveniles which are present carlier in the season may be sociatly dominant over thosc
hatching later (Garnet 1981; Arcese & Smith 1985) and have increased establishment success
(Nilsson & Smith 1988b; Nilsson 1989, 1990), which leads to an increased probability of heing

recruited into the breeding population (Hochachka 1990).




There was no significant difference in the degree of advancement between the
experimental group receiving supplementary food composed of fat and the group receiving a
protein diet, This would sunggest that the food constraint on onset of laying is purely an
energetical one, Perhaps a female must delay the onset of laying until she can obtain sufficient
energy to allow egg synthesis whilst maintaining her own metabolic requirements (Constraint
hypothesis: Perrins 1970}, Alternatively, Tood levels may not directly constrain onsct of laying
but, rather, may act as a cue to the female, indicating size and timing of food levels at some
important stage of the breeding cycle in the future eg, brood rearing (Cue hypothesis: Lack
1934 Kallander & Karlsson 1993). This point of wncertainty has been noted by several
researchers studying the interaction between food supply and breeding,

The majority ol supplementary feeding studies only manage to advance laying by a
relatively small amount in comparison to the magnitude of differences in mean ongct of laying
seen between years. This suggests that, regardless of whether energy supply acts as a cue or a
proximate constraint, once tood levels pass a threshold level, onset of laying is deternined by
other environmental factors,

The time advantage of feeding, as evidenced by earlier laying dates, had vanished, however, by
the time ol onset of incubation. This is a similar result to that obtained by Nilsson (1994).
Female blue tits in our supplementary fed treatment groups may have postponed the onset of
incubation because they were proximately constrained by food abundance/energy intake rate
and had to wait until they passed some intake threshold allowing them to incubate successfully,
or alternatively, they may have been waiting for food abundance/energy intake rate (in
conjuncticn with other environmental cues) to pass a threshold indicating that beginning

incubation now would result in the chicks hatching at an appropriate time for rearing,

FOOD SUPPLY AND CLUTCH S{ZE

The provision of supplementary food had no cffect on clutch size in our sfudy. A few other
studies have found increased clutch size with supplementary feeding ,but these are in the
winority (e, Hogstedt 1981 Nilssaa 1991). In contrast, many non-manipulative studies have
demonstrated that clutch sizes are larger in more favourable food vears or habitats (from
Martin 1987). As Martin ([987) points out, most studies relating natural food availability and
clutch size, either use very different vears or are conducted over a rclatively long time scale
and thus have a higher chance of including ycars of low food availability when clutch size may
be depressed. On the other hand, experimental studies ave typically conducted over just one or
a few years, and are therefore more likely to contain average years when nataral food levels

may be above the threshold at which clutch size ceases to be depressed by food availability and
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is, instead, controlled by other proximale factors such as date (IDaan et al 1988) or predation
risk (Lima 1987). Note that the threshold level of food need not be the same for onset of laying
and clutch size determination. As with onset of laying, low food levels may result in reduced
clutches dircetly by providing insufficient nutrients to form a larger clulch, or may act
indirectly as a cue that food leveis at some future stage will be insufficient to raise a larger

hrood.

VARIATION [N EGG SIZE IN RELATION TO SUPPLEMENTARY FEEDING.

‘Those females receiving supplementary food composed of fat produced slightly, but not
significantly, larger eggs (2% increased mean volume) than coutrol females. [lowever, the
provision of supplementary food containing egg protein resulted in a significant increase of 7%
in the mean volume of eggs. The eggs laid early in the laying scquence show the greatest size
increase, with eggs from the egg-fed treatment group being significantly {arger than those in
both the fat-fed and control groups.

It would appear, therefore, that there is a nutrient (or nutrients) present in eggs which is
normally limited in the blue tits' diet, and which, if provided, can result in the production of
larger epgs. The difference between the experimental groups suggests that this nutrient may not
be just lipid ie. the limitanion is not simply onergetical. This is particularly interesting when
considered with the fact that both the supplementary food comiposed of fat and the supplement
composed of cggs and fat produced the same degree of laying enhancement. This would
suggest cither of two possible scenarios. Energy levels could be acting as a cue for the onset of
laying and cgg production/egg size is proximately constrained by the availability of a specific
nutrient(s) (the slight increase in egg size in the fat-fed group could either be a chance effect or
the extra energy could have allowed selective foraging for the ilimiting uutrient(s)}).
Alternatively, onset of laying and egg production could be, initially, proximately constrained
by cnergy availability but if the energy constraint is removed. egg size can only be increased by
a very small amount (without detrimentally altering egg composition) before other nutrient(s)
become limiting,

What then, could this limiting nutrient be? The other major component of eggs, aside
irom lipid and water, is protein and, thercfore, this is « possible limiting factor. However, blue
tits are predominantly insectivorous and, therefore, the proportion of protein in their diet, in
relation Lo lipid, should be high. If this is the case, then it seems unlikely that protein,
generally, could be limiting whilst lipid is not. It is possible, however, that only a few essential
amino acids are actually limiting. [t is known that the amino acid composition of egg proteins

dilfers from that of animal tissues, and there are a few amino acids (the sulphur amino acids
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and lysine in particular) that are represented in higher proportions in cggs (Murphy 1994
Houwston, Donnan & Jones [993a). Egp production could potentially be restricted by the
avaitability ol a few or even onc cssential amine acid. However, further research would be
needed to investigate this and from the cuwrrent study we can only suggest that there is some

unknown nutrient which appears to limit egg production.

THF SIGNIFICANCE OF EGG SIZE

In order for egg size to have any effect on parental fitness, an increase in cgg size must resull in
cithanced hatchability, higher survival of young or greater probabilities for the young to
become established (Nilsson & Svensson 1993b). A few studies have reporled reduced
hatchability of, particularly, small eggs (eg. Rofstad & Sandvik 1985; Perrins 1996). In a study
by Nilsson & Svensson (1993b} on the blue tit, a significantl positive relationship was found
between egg mass and hatching mass and Perrins (1996) veported that in an extensive data sct
on Great tits (Parus major, L), Hedging weight increased with egg weight and recruitment to
the breeding population was closely related to fledging weight (Perrins 1965).

Many studies. however, can provide, at best, only equivocal support for a positive
relattonstip between cpg size and offspring fitness. This can be, as Mueller (1990) pointed out,
becanse of the confounding cllect of intraclutch egg size variation in the laying sequence and
concurrent differential martality due to asynchronous hatching and broed reduction, rather than
epy sice per se. A more common, and often noted, problem is the failure to control for
confounding faclors such as parental quality, which may be correlated both with egg
production and offspring fitness. A nuniber of studies have controlled for one, or a number, of
these potentially confounding variables and a few have still demonstrated a residual efTect of
egyg size on chick fitness (Nisber 1978; Magrath 1992; Bolton 1991),

A smaller number of studies have examined the relationship between cgy size and
chick size, growth and/or survival in the early stages of chick rearing, prior to fledging. The
majorily of these have found a positive relationship belween cpy size and earfy chick size,
growth and survival (eg. Schifferli 1973; Jarvinen & Ylimaunu 1984). A few, however. found
that this relationship could not be detected when overall survival to fledging was considered.

Thus. egg size may have more impoctance to chick growth or survival early in chick
rearing. As Williams (1994) points out, “slower growth immediately after hatch, due to
hatching from a smaller egg, may be compensated for later in the rearing period” (Qjanen
1983a; Schifferli 1973; O'Comnor 1975a). “However, early chick mortality cannot be
compensated for (even though the effect cun be swampoed by subsequent egg size independent

mortality, making its detection difficult or impossible).”
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Il egg size influences early chick growth or resistance to starvation or chilling, then
cgy size effects may he more apparent in years of low food availability or adverse weather
conditions (Williams 1994). Oganen (1983) and Davis {1973) both found a relationship between
egp size and chick survival in some vears and not others, although no data are given on
prevailing environmental conditions. As our study was probably cacried out in a relatively good
fvod year, this may cxplain why no difference in offspring fitness was found between the
treatment groups.

We can conclude that food quality may be an important factor in the proximate control
of reproductive output. Most previous studies have only considered food supply as an energetic
constraint in life history decisions. This study sugpgests that the quality of diet may also be
significant and that it may acl in a different manner on egg production to overall energy

availabifity.




CHAPTER 4

Protein quality as a proximate constraint on egg production in the

blue tit

“There is eloguence in screaming™

Patrick Jones
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4,1 Introduction

Food supply (s generally acknowledged to be one of the most important environmental factors
determining the timing and level of investment in breeding by passerine birds. Purely
observational, correlative studies have often found a positive refationship between favourable
food conditions and reproductive parameters such as date of laying and clutch size (for
example Perring 1965; Murphy 1986; Farvinen & Vaisanen [984; Perrins & McCleery 1989;
Perrius 199 (). Further evidence for a causal relationship between food supply and reproductive
output comes from studies involving the experimental provisioning of supplementary food.
These studics have generally found an advancement of laying date but only sporadically any
effect on egy size or number (Reviews in Martin 1987; Boutin 1990; Aparicio 1994). However,
as pointed out by a number of researchers (Nishet 1978: Krapu & Swunson 1975; Ewald &
Rohwer [982) differences in the guality of the supplementary food used may explain some ol
these inconsistencies. Magrath (1992) and Bolton, Houston & Monaghan (1992) have
suggested that birds may have requirements for specific nutricots during cgg production, and
that limited availability of these in the diet may constrain egg production. If this is the case,
then results of supplementary feeding experiments may depend to a large extent on the ability
of the supplementary diet to provide the [imiting nutrient(s).

A held study by Bolton ef af. (1992) on the lesser black-backed gull (Zarus fuscus),
invalving the provision of supplementary foods of differing nutritional composition but
equivalent calorific value during the pre-laying petiod, demonstrated that egg production could
be differentially affected by the nutritional quality of the supplementary food provided. Bolton
et al (1992) proposed that this result was due to differing protein quality between diets, and that
cge production may be limited by the availability of only a few specific amino acids.
Experimental wark with caplive zebra Tinches (Yaerniopygia gutfata) has further demonstrated
the importance of dietary protein quality on egg production and suggests that an imbalance in
the amino acid composition of egg proteins compared to those present in the diet may result in
access to guality protein having an important isfluence on egg production (Houston et af
1995a; Setman & Houston 1996).

We have previously demonstrated experimentally thal whilst onsct of laying in blue tits
i5 inlluenced by dietary cncrgy supply, egg size can be constrained by the availability of
specific nutrients (Ramsay & Houston 1997 Chapter 3). Although the identity of thesc
nutrients could not be ascertained it was proposcd that the constraint may cepresent a

requirenicnt for high quality protein.




This chapter reports the findings of a second fecding experiinent, to examine the extent
to which egg production in bluc tits iy, in Tact, constrained by the availability of high quality
protein in the diet. As in the previous study, supplementary food was provided prior to and
during the cgg production period and subsequent reproductive output monitored. The

supplementary diets used, were of identical calorifie, ‘crude’ protein, and non-protein-nutrient

content, but differing amino acid composition.
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4.2 Methods

4,2,1 Sapplementary diets

Ground peanuls were used as the base for both supplementary diets.

For the *High quality’ protein diet, Methionine, Lysine, Cysteine, Threonine and
Tryptophan were added to the peanut base in order to produce a mixture with similar
proportions (mg of amino acid per g Nitrogen) of these amino acids as would be found in hens’
egps (Paul & Southgate 1978, Paul ef o/ 1978).

n the ‘Low quality’ protein diet, Glutamic acid was added to the peanut base in order
to produce a mixture with the same total protein content as the *High quality’ prolein mixtare,

The amounts of amine acids added are shown in Table 4.1.

Table 4.1: Masscs of crystalline amino acids added to supplententary diets,

Melhionine l.ysine Cysteine  Threonine Tryptophan Glutamic
acid
‘High Quality” Amino acids  8.8g 13.9g 23g 9.9¢ 2.7 Og
Prolein [ict  added
(kg pranuts)
‘Low Quality’ Aminoacids Qg Qg 0g Og Og 37.6g

PProtein Liet added

(z/kg peanuts)

L-fysine hydrochioride has a natural L-lysine potency of 78.4%. Therefore, 13.9g of [.-
lysine hydrochloride was added in order to add 10.9¢ of avaiable lysine 1o the mixture, When
expressing the amino acid content of the diet in terms of mg AA per 100g of malerial {Table
4.2), we counsider that 13.9g of matcrial has been added to the mixture, but that the lysine
content has been raised by only 10.9g.

Similarly. Dl.-Mecthionine has a natural L-Methionine potency of 78 - 92% (we used a
value of 83%). We thercfore, added 8.8y of DI.-Methionine in order to add 7.5g of available

methionine to the mixture. As belore, when expressing the amino acid content of the diet in




terms oi g AA per 100g of material, we consider that 8.8g of material has been added to the
mixture, but that the methionine content has been raised by only 7.5g,

The amino acid compositions of the supplementary diets are shown in Table 4.2 and Tablc 4.3,
Protein contents, calorific contents and energy : protein ratios are shown in Table 4.4. Energy :

specific amino acid ratios are shown in Table 4.5.
4.2.2 Feeding Schedule

All nestboxes were checked weekly for signs of nestbuilding, beginning in late March. When a
new nest was found, which was at least one quarter buil, it was assigned to either one of the
experimental groups or to the control group. Supplementary food was provided from the
following day in wiremesh feeders suspended close to the chosen nestbox. Feeders were
replenished weekly, or when nearly cmpty if this occurred within one weck, so that
supplementary food was provided ad libifum. Feeding continued uniil clutch completion.
Control birds received no additional food.

Blue tits usually become territorial five to six wecks hefore laving and continue
tervitoriality until chick rearing {(C.M. Perrins, personal communication). Supplementary
feeding at a ncstbox began, on average, some two to three weeks before the onsetl of laying and
observations suggested that tits [tom neighbouring territories were denied access to the feeders,

which were used exclusively by the intended nesting pair.

4.2.3 Assessment of reproductive parameters

Once a nest was fully built, it was checked daily in order to determine the onset of taying. After
the first egg was laid, a nest was visited every second day, until clutch completion. At each
visil any new cggs were numbered, using permanent OHP pens, weighed (to ¢.01g) with an
Acculab Pocket Pro portable electronic balance and the length and width measured (to
0.05mmY) with vernier caflipers. Cgg volume was calculated using the equation :

Egg Volume = 0.51 % egg length x egy width® (from Hoyt 1979).

If a female had not begun incubation by clutch completion, the nest continued to be
checked daily to determine the onset of incubation. Nests were then not visited for [0 days,
after which they were visited daily to determine hatching date. After the first egg had hatched,
a nest continued to be checked daily until all the viable eggs had hatched. At each visit any new
hatchlings were weighed (to 0.01g) with an Acculab Pocket Pro portable electronic balance and
individually marked using permaneat OHP pens. The tufts of down above each eye and on top

ol the head could be dyed; these three sites and a range of colours allowing each chick to be
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individuatly marked. flatching asynchrony was calculated as number of days between hatching
of first chick and last chick. The duration of incubation was calculated as the time [rom
determined onset of incubation to hatching of the first chick. The delay in onset of incubation
in relation to clutch completion was calculated as the number of days after clutch completion
belore incubation began. Therclore, if incubation began before clutch completion, incubation
delay will have a negative value. Nests were visited again when the chicks were 7 and 14 days
old. 11 hatching was asynchronous, the nest was visited when =50% of the chicks were of the
required age. When the chicks were 7 days old they were weighed (to 0.01g) with an Acculab
Pockel Pro portabie electronic balance, re-marked by clipping a combination of claw tips, and
measurements taken of wing length and tarsus length (to 0.05mm) using a standard wing rule.
When the chicks were 14 days old they were weighed again and measurements taken of tarsus
fengih and wing length, Young were then ringed using an individual metal BTO ring on one leg
and a yellow plastic ring on the other. Blue tits fledge at approx. {8 davs, therefore nests were

visited al approx. 25 days aftec hatching to check if all young had fledged.
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Table 4.4: Macronutritional composition of supplementary diets and hens’ eggs.

Protein content Calorific content Energy : protein ratio
a/100g ) keal/[00g  kJ/100g keal/g kifg
protein protein
Wholc hens® cggs 12.3 147 612 12 50
Amino acid 264 581 2408 22.0 91
supplemented dicts
Egg-basced dict 11.27 221 922 19.6 82

All values obtained directly, or calculated from, Paul & Southgate, 1978; Paul ef of, 1973:

10G1.

Holland ef a/
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4.3 Results

4.3.1 Ousel of laying

The onset of laying in the two fed groups was slightly eartier than in the conlrol group (Mean

date in days from April 29" £SE (a):High quality protein, 6.0 £1.2 (20); Low guality protein,

4.8 +1.0 (18): Control, 8.4 1.2 (20)) bul, this dilference was not statistically significant in an

Anova (£ =247 d.f. =255, 7 =0.09).

4.3.2 Kgg production

GG WEIGHT AND DIMENSIONS

As explained in Chapier 3, the eggs within a clutch are not statistically independent (variation

in egg sice and weight was considerably greater between clutches than wilsin, F-test,

p<<0.00005 in all cases) and, therefore, analyses of egg size between feeding treatments were

carried out on clutch means. Table 4.6 shows mean egg length, width, volume and weight for

the three treatment groups. None of the egg measurements differed significantly between

treatments.

Table 4.6 Mean (L S.E. (n)) egg measurements for contral and supplementary fed birds.

HIGITQ PROTEIN  LOW Q PROTEIN CONTROL Significance

Eug Lenglh 15.42+0.13 1545£0.14 15.30+0.14 T=0.33,d.f =2,55, ns.
{mm) (20) (18) 20)

Eey Width 1171+ 0.07 11.73%£ 0.07 11,60+ 0.08 =087, d.f. =2,55, n.s.
(mm) (20) (18) (20)

Fgg Volume 10RO+ 20 1085+ 19 1051~ 19 F=0.93, d.f, =2,35, n.s.
(mm’) (20) (18) (20)

Lgg Weieht 11394 0.021 11585+ 0.021 L1132 0017 F=1.14 d.f. -2,55, ns.
(g} (20) (18) (20)
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CLUTCH SIZIE

Cluich size data was transformed by squaring, in order to normalise it, prior to perforiming
parametric analysis, Cluteh size declined significantly through the season. In order to contral
for this, an analysis of covariance was carried out with laying date as a covariate (F,, = 26.36,
d.fo= 1,57, 2 <0.0005; F gregor = 415, dofl = 2,55, P <0.025; Floqe = 13.01, d.[. = 3.54, p<
(.0005). After controling for laying date, therc is no difference in mean clutch size between
the treatment group receiving “low quality” protein and the control group, whilst the group
receiving “high .quality™ prolein shows a signilicantly greater mean clutch size than either of

the other two groups; see Figure 4.1 and Tahle 4.7,

Table 4.7: Mean (£ 8.5, (n)) eluteh size in control and supplementary fed birds: calculated

using square fransformed data. Values presented have been back-transformed.

HIGH Q PROTEIN LOW Q PROTEIN CONTROL

Clueh Size 10.58 9.56 8.65
+0.35, —0.37 + 0.50, —0.56 +0.52, ~0.60

(20) (18) {20)

Clutch Size Adjusted for Laying 10.35 8.68 8.77

Dale




4.3.3 Incubation

Data on incubation is presented in Table 4.8. None of the incubation parameters examined

differed significantly between treatment groups.

Table 4.8: Mean values (£ S.E. (n)) for incubation parameters in control and supplementary

fed birds.

HIGH Q PROTEIN LOW Q PROTEIN  CONTROL Significance
“Onset of 15.95+ 1,00 15.00+ 1.06 1724+ 1,08  T= .09, d.f. =248,
Incubation (19) (15) (7 1.8,
Duaration of [3.72+ 0,59 13.36x (.32 12,18£0.52  F=2.13, df —2,40,
Incupation (days) (18) (14) (1 1.8,
Delay in Onsct of —0.21+ 0.7t 0.53=0.27 .53+ 0.65 F=2.17, d.f. =248,
Incubation (¢aysr) (19 {15) (7 n.s.

“ Mean dates i days from April 20™

4.3.4 Haiching parameters

Hatching data is presented in ‘Fable 4.9. None of the parameters examined differed significantly

between treatment groups.

Table 4.9: Mcan (% S.E. (n)) or median (interquartile ranges (n)) valucs lor hatching

paramelers in contro} and supplementary fod birds.

HIGH Q LOW Q CONTROL Significance
PROTEIN PROTEIN
" Harching Date 29.89+ 097 28537+ 1,14 2900+ 0,87 [~ 0,46, d.f =2.40, n.s.
(18} (14) (an
Hatching Success 0.80 0.89 0.81 ¥=043,df =2,
.77 - 1.00 0.52-0,94 0.00-1.00
(20) (18) 20) n.s
Hatching Asynchrony (days) 1.50 1.50 2.50 X2 =375, d.£=2,
1.50 - 2.50 1.50-1.75 1.50 - 2.50
(18) (14) (11) n.s
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4.3.5 Chick parameters

Chick sizc measurements and weifgts are shown in Table 4.10. None of the parameters

cxamined differed significantly between freatment groups.

Table 4.10: Mean (+ S.E. (1)) values for brood sizc and chick measurements at hatching, 7

days and 14 days in control and supplementary fed birds.

HIGH Q PROTEIN  1.OW Q PROTEIN CONTROL Significance
Hatchling Brood Size 8.56:k 0,47 7.86+0.43 7.36+ .88 F= 111, d.f. =240,
(18) (14) on 1.8,
7 Day Brood Size 8.27+ 0.60 7.62£0.40 7.56= 090 F=~0.44, d.f. -2,34,
(15} (13) {9) LS.
4 Day Brood Size §.20+ 0.60 7.544+ 0.39 7.33.-0.91 F=0.56, d.f, =2,34,
(5} (13 %) n.s.
Hatchling Weight () [.O1E0,02 1.07L0.05 0,97 0.04 F=1.62, d.f. —2,40,
(18) (14) (an n.5.
7 Day Chick Weight 7324 0.27 7.39%£0.30 7252039 =005, d.f. =2,34,
() {15} (13) {9} 1.5.
7 Day Chick Tarsus 15.25£0.34 15.38+ 0.37 1526+ 0.43  F=0.,04, d.f. =2,34,
(mm) (1) (13) (©) f.5.
td Day Chick Weight 11.82+£0.15 1169018 [1.83£ 026 F=0.16, d.f =2,34.
(@) (15) (13) (%) n.s.
14 Day Chick Tarsus 10.96+ 0.13 19,974 0.13 20,09+ 021 F=0.19, d.f. =2,34,
{mm) (13) (13) 9 n.s.
b4 Day Chick Wing 41,73£0.73 41.83£0.80 41.74:- 1.00  F=0.01,d.l. =234,
{mm) (15) (13) %) n.s.
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Figure 4.1: Regressions of clutch size against laying date for each experimental
treatment group.

78




4.4 Discussion

4.4.1 Response to the provision of supplementary food
SUPPLEMENTARY FEEDING AND TIMING OF LAYING

The onset of laying in the two fed groups was earlicr than in the control group, with a mean
advancement of approximately 3 days. This is comparable with the advancement produced in
other supplementary feeding studies involving blue tits; 5 and 6 days in different years in
Clamens & Isenmann’s (1989) study and 4 days and 6 days in Njlsson & Svensson’s (1993a)
and Nilsson's (1994) study; and 1s very similar  the degree of advancement evoked by
supplementary {eeding, in the same population, in the previous year (2.5 days, Chapler 3,
Ramsay & Houston 1997 ). The advancement was not statistically significant in an Anova,
however., despite a mean advancement slightly larger than the previous year, This was most
probably as a result of a slightly smaller sample size and one particularly late laying individual
in the *iligh quality protein’ group.

Interestingly. the mean onset of laving dates for the control groups in both years were virtually
identical (8.5 and 8.4 days from April 29" for 1991 and 1995 respectively). This, in
conjunction with the very similar degree of advancement in the two years, supports the
hypothesis that once food levels pass a threshold level, anset of laying is determined by other

environmenlal factors such as dayvlength (Chaprer 2; Ramsay & [{ouston 1997).
VARIATION IN EGG PRODUCTION AS A RESULT OF SUPPLEMENTARY FEEDING

Mean epg size was slightly larger in the two fed treatment groups compared with contro} but
this difference was far from significant. ‘I'he mean size of eggs in the control group was similar
to that for the control group in the previons year - if anything control eggs were slightly smaller
than i 1994, Therefore, in terms of anatomical / physiological ability, birds in the fed
reatment groups should have had the ‘scope’ to increase the size of their eggs. The fuct that
they didn’t suggests either that the supplementary diet they received did not provide enough of
the limiting nutrient(s) to allow an increase in egg size or as a result of oiher influential
environmental factors the birds were unable to, or “chose™ not to, increase egy size. | consider
now whether the Jack of an inercase in cgg size in the group receiving the “high quality protein’

supplementary food could have been the result of a remaining nulritional constraint,




A NUTRITIONAL  DEFICIENCY IN THE ‘HIGH QUALITY PROTEIN’
SUPPLEMENTARY DIET?

The ‘high quality” diet contained approximately the same levels of the assumed five potentially
limiting amino acids as whole hens’ eggs (in lerms of mg amino acid / g Nitrogen) and,
consequently, approximately the same or slightly higher levels than were present in the egg-
based supplementary food the previous year. The lack of an increase in egg size amongst these
hirds receiving the ‘High quality’ diet, whilst those receiving the egg-bascd dict the previous
year showed a significant increase in egg size camnot, therefore, be explained in terms of
composition of these amino acids in the supplementary diets. Amino acid intake from the
supplementary diets may be influenced by more than just their amino acid composition. Many
poultry can adjust their feed consumption to obtain adequate energy when receiving diets of
varying energy content (Scott, Nesheim & Young 1982). It is, therefore, necessary to adjust the
protein content of the diet, in relation to the energy lovel of the dier, so that the hen receives the
appropriate amount of protein. We do not know how the blue tit determines its level of [vod
intake, therefore it is possible that such a mechanism may operate. The energy : protein ratio in
the egg-based diet is lower than for the “high quality’ diet {approx. 90% of the ‘high quality’
ratio}, Therefore, if blue Lits consumed supplementary tood on the basis of energy content, the
birds receiving the egp-hased supplementary diet would consume more protein than those
recetving the “high quality’ dict (approx. 10% more protein). However, this is crude protein and
we arc more interested in the five specifically supplemented amino acids. H we congider the
cnergy @ specific amino acid ratio between diets (for these five) we find that they are almost
identical (ratio for egg-based diet is approx. 102 % of that for ‘high quality’ diet). This means
that birds receiving the ‘high quality protein’ diet would consume about the same, or even
slightly more, of these specific amino acids than those receiving the egg-based diet. Differences
in energy : amino acid ratio cannot, therefore, explain the lack of an cffect on egg size in the
group receiving the ‘high quality’ supplementary diet. Another, similar, aspcet of the
supplementary diels fo consider is nutrient density (i.e. nuirients per unit mass/volume).
Nutrient density (both energy and protein) is greater in the ‘high quality’ dict than in the egg-
based diet. Therefore, if blue tits were constrained in the amount of food they could physically
ingest, the birds feeding on the ‘high quality” diet should be able to consume more nutrients
(including more amino acids) than those receiving the egg-based diet. Nutrient density also
cannot, therefore, explain the lack of an increase in egg size either.

Having examined amino acid related differences in supplementary diets as an

explanation for the differing effect on egg size, [ now consider whether there are any other




nutritional explanations. Other potential candidates are vitamins, minerals and “essential’ fatty
acids.

Peanuts, which formed the base for the ‘high quality” dict, are deficient in Vitamin A
and Vitamin D (Holland e ol 1991): both of which (but especially Vitamin A} are present in
fairly high levels in cgg yolk (Holland ef ef 1991). Vitamin A is involved in development of the
cbryo and hatchability of eggs, but there is no evidence in poultry for any effect on egg size
(Scott, Nesheiin & Young 1982). Vitamin D plays a role in effective eggshell formation; being
invelved in the absorption of calcium from the intestinal tract; but again there is no evidence
reported for any effect on egg size (Scotl, Nesheim & Young 1982). Therefore, if there were
any vitamin deficiency it would most probably also manifest itself in other symptoms, such as
redaced hatchability or defective eggshells (Scott, NWesheim & Young 1982). There was no
evidence lor this. Further, the supplementary dicts are, as the term implies, a supplement to the
natural dict. Since vitamins are requited in very small quantitics, it is most likely that any that
were deficient in the peanut-based diet would be obtained from the portion of the diet that was
of natural origin, Finally, vitanin levels in the cgg-based diet were probably reduced by the
heating involved in preparation of the dict; thus narrowing the difference between
supplementary diets. [t is, therefore, very unlikely that any vitawin deficiency can explain the
fack of an increase in egg size.

‘Essential” falty acids arc another component of nutrition that is often overlooked. In
poultry at least, linoleic and arachidonic acids are the main ‘cssential’ fatty acids. Linoleic acid
appears to have a marked effect upon egg size, and it is necessary to ensure that a sulTicient
amounl of linoleic acid is included in the diet of laying hens to enable them to lay eggs of
maximum size (Scott, Neshieim & Youag 1982). Linoleic acid, however, is present in hens’
eges at only abaut 1.0g / 100g fresh weight, whilst peanuts and lard contain about 13.5g/ 100g
and 8.2g / 100y respectively(Holland er af 1991). Essential fatty acids would not, therefore, be
[Hniting to birds recciviug the peanut-based diets.

Finally, the first mineral to become limiting to a laying blue tit waould probably he

calcivm. However, this potential constraint has already been examined and eliminated - sec
Chapier 3).
Having cansidered the poinis above, il appeurs, perhaps, more likely that the difference in
chserved effect on egg size between the group receiving the egg-based diet in 1994 and the
group receiving the ‘high quality’ diet in 1995 was a result of the interaction of other
environmental factors, rather than a nutritional deficiency in the ‘high quality’ diet,

Clutch size, however, was significantly affected by the provision of supplementary
lood. The proup receiving ‘low quality protein’ had a mean clutch size slightly, but not

significantly, greater than control whilst the group receiving ‘high quality protein’ had a
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significantly larger mean clutch size than control. However, clutch size also fell through the
season, thus introducing additional variation into the data. When this was taken into account, in
an analysis ol covariance, it could be seen that: firstly, all three groups showed parallel declines
in clutch size through the season; secondly, that the siight increase in mean clutch observed in
the group receiving low quality protein was entirely due {o the slight advancement of laying
date: and thirdly, that mean clutch size in the group receiving high quality protein was
signiticantly greater than that in both the control group and the group receiving low quality
protein and that his difference was consistent throughout the season. Mean cluich size,
adjusted for laying date, in the high quality protein group was approximately 1.6 eggs greater
than in the low quality protein or control groups.

Why did birds increase their chutch size in response to the ‘high gquality protein’
supplementary food, but not their egg size, and why did clutch size still decline in parallel
through the season? [ cannot find a clear explanation. However, | shall now examine the
information available regarding the influence of food supply on cluteh size in the blue tit, and

atlempt 1o interpret the results of this study within the existing framework of knowledge.




4.4.2 The Influcnce of Food Supply on Clutch Size in the Blue Tit

There is cvidence that in tits and other small, insectivorous passerines, clutch size is often
refated 1o natural food abundance (Jarvinen 1982; Jarvinen & Viisiinen 1984; Perrins 1991). It
is possible, however, that food supply is not the cause in such a relationship but that both
parameters, in fact, vary in response to a third, environmental parameter. More conclusive
evidence, perhaps, would come from supplementary feeding experitments and a number of such
studies have been carried out on tits and other small passerines (see reviews in Martin 1987;
Boutin 1990). The results of these studies, however, are mixed. Although most produce an
advancement of laying date, only a few have resulted in any increase in clutch size (Nager,
Riegger & van Noordwijk, in press; Arcese & Smith 1988; Hogstedt 1981). This would
suggest that cluteh size is frequently not determined by food supply (i.e. it is determined by
other lactors) and/or the supplementary food used does not adequately mimic an increase in
natural food supply,

In cases where the provision of supplementary food does result in an increase in cluich
size, there are two main alternative mechanisms by which this could occur, Firstly, clutch size
could be directly constrained by the availability of nutrients to form more eggs (food supply at
time of laying is proximate and witimate constraint on clutch gize). In (his scenario,
supplementary food would allow the female to form the size of clutch she ‘desircs® - as
determined by other factors. Alternatively, females may adjust their clutch size in response to
current food supply if this provides an indication of food levels at some future, potentially food
iimited, stage of the breeding cycle such as chick rearing (food supply at time of jaying is only
proximate constraint, whilst food supply at future stuge of breeding is wiiimote canstraint). |

shalt now consider the evidence for these two alternative explanations.

DOES FOOD SUPPLY AT THE TIME OF EGG LAYING DIRECTLY CONSTRAIN
CLUTCH S1£E 2

Feniale blue tits lay the largest clutches of any knows altricial bird, with a mean of around 11
eggs in inany areas ol central und notthern Furope and complete clutches are oflen heavier than
the faying female’s own body weight, Thus, endogenous reserves could only provide a fraction
of the total nutrients required for formation of the clutch and females must, therefore, rely
either wholly or predominantly on dietary intake. This was confirmed in a recent study by

Woodburn (1997).




The cost of producing the tirst e