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Abstract

The costs of reproduction can be defined as the irade-off between present and
future reproduction, where current reproduction may diminish fufure
reproductive success of the parent and/or of the parent’s offspring. One
potential cost of reproduction in birds may be a reduction in the ability of the
fernale to escape from predators due to a reduction in maximal flight velocity.
Such a reduction in flight performance may come about in laying fomales as a
result of an increase in mass over the laying period, and a reduction in flight
muscle condition. The result of such a reduction in the flight velocity of wild
birds would be to increase the susceptibility of those birds to capture by
predators once attacked. To investigate the potential of egg production to affect
tlight velocity and consequently predation risk, the individual effects of body

mass and muscle condition needed to be determined.

Contrary to theoretical studies which have indicated that body mass might
significantly affect flight velocity in birds, no such relationship was found in
stattled zebra finches (Taeniopygia guttata), a finding supported by a number
of other empirical studies on other species. To determine whether muscle loss
is significant in affecting flight velocity, the physiological costs of reproduction
and consequently the extent to which females lost muscle condition were
maripulated. This was achieved by encouraging females to lay large or small
clutches on high or low quality protein diets, and measuring the changes in
muscle condition and flight velocity during the course of laying a clulch. A
strong positive relationship was found to exist hetween changes in muscle
condition and changes in flight velocity. Treatments in which birds exhibited
the largest declines in muscle condition, were associated with the Jargest
declines in flight velocity. In contrast to this, those freatments in which birds
lost the least muscle condition were associated with actual mmprovements in
flight performance, that is to say, birds flew faster at the end of a clutch than at
the beginning. These changes were independent of body mass and occurred
post-laying indicating that it is the cost of cgg production that is critical in

affecting flight velocity rather than the cost of carrying eggs as had previously
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been suggested. Morcover, it is demonstrated that independently of dict and
changes in body mass, increased reproductive output decreases maximal light
velocity mediated by an increase in muscle loss. This is the first demonstration
of a physiological trade-off between resource allocation to reproduction and the
maintenance of musculature critical to an animal’s escape response. Reduced
muscle condition as a resuli of laying might thus constrain cluiches sizes in
birds vulncrable to predation. Evidence was then found that femalcs may store
proteins within their muscle tissue for egg production, since females had
greater flight muscle to body mass ratios than males. This proved to be costly
to females since flight velocity negatively correlated with muscle condition
index (an estimate of muscle volume), whereas no such relationship existed in
male birds. This confirms that the costs of reproduction can eccur at all stages

of the reproductive cycle.

The costs of egg production in terms of reduced flight velocity post-laying is
shown to be state dependent: females laying clutches having been given a high
quality protein pre-breeding diet, demonstrated improvements in flight
velocity, whilst when having laid the same sized cluich on a low quality protein
pre-breeding dict, declines were seen in their flight velocity. This difference
was brought about by the differential shrinkage of the pectoral muscles of the
laying birds, and was independent of body mass, clutch size or cluich mass.
This is the first demonstration of diet quality affecting predator evasion and
illustrates state dependent costs of reproduction, independent of reproductive

oulpui.

Since a trade-off betwcen egg preduction and predation risk has been
demonstrated for females, one might expect females to alter their behaviour in
response to this change. Female zebra finches were shown {o take fewer risks
in the week following laying, than in the two weeks which preceded laying.
These effects were enhanced if females were deprived of cover. Consequently,
female zebra finches appear sensitive to changes in their predation risk, and
able to adapt to these changes. The findings so far described clearly

demonstrate that egg production may well be costly in birds. This has




implications upon the practice of egg-pulling; a conservation tool where eggs
are removed from the nests of wild birds to increase fecundity in endangered
species. The potential costs of egg-pulling which are considered include
reduced female condition, reduced offspring quality and an imbalance of
offspring sex ratio. It is suggested that mach of these costs can be minimised
by the provisioning of appropriate amino acid supplements, thus enhancing the

conservation value of this technique.




Chapter 1
General Introduction

On a daily basis, animals may suffer numerous set-backs such as a reduced
food intake or failure to obtain matings, but these may have only a minor effect
upon the animal’s lifetime fituess. In comparison to this, the failure to avoid
predation will have a far more significant fitness cost. Consequently, for many
species, predation pressure is a very powerlul sclective force, and the arms race
between predator and prey is such that slight changes in the ability of a prey
species 1o evade a predator will have disproportionate effects upon their
survival, and subsequently their fitness. This is particularly so of small ground
feeding birds who are exposcd to predation when feeding and are reliant upon
speed of flight to escape pursuing predators (Rudcbeck 1950, Page & Whitacre
1975, Cresswell 1993) to such an extent that it has been suggested that
predation risk per attack will increase exponentially with time taken to reach
cover {Bednekoff 1996). Subsequently even small reductions in flight velocity
may profoundly effect a bird’s chances of survival when under attack from a

predator.

In comparison to the short term seasonal or daily fluctuations in predation risk,
over evalutionary time predation pressure may be rclatively invariant (Lima &
Dill 1989). Predation risk may for example, vary on a seasonal basis, such as is
the case for migrant turnstones (Arenaria inierpres) who are subject to
sparrowhawk (dccipiter nisus) predation on arrival at their wintering grounds
in south-cast Scotland (Whitfield 1985), or even on a minute to minute basis,
such as when willow Lits (Parus mowntanus) leave cover to feed and

consequently expose themselves to predation (Hogstad 1988).

Reproduction in birds may represent another potential short term factor which
may significantly effect their risk from predation. Evidence exists that in a
number of animal groups the condition of an individual may decline during the

reproductive period in such a way as might impair their chances of survival, if

10




not their risk from predation. In red deer (Cervus elaphus) for example, adult
mortality is higher for nursing females than non-nursing females due to an
inability to lay down fat until weaning has occurred (Clutton-Brock et 4l
1989), and in the collared fly catcher (Ficedula albicollis), enlarged brood sizes
result in increased parasitic infections (Gustafsson et al. 1994), and a reduced
immune response (Nordling ez al. 1998). Some studies however, have shown
that the ability of an animal to ¢vade predation may also decline as a result of
reproduction. Slagsvold & Dale (1996) have shown that the predation rate of
pied flycatchers (Ficedula hypoleuca) is at its highest during the egg laying
phase, whilst Madsen (1987) has shown that the grass snake (Natrix natrix)
suffers from decreased [ocomotor capabilities when gravid and is subscquently

more vulnerable to predation.

It is possible that, as in the case of the collured flycatcher, predation rates may
increase in numerous bird species during the egg laying period. There is
however, a lack of evidence to suppott this, for a number of possible reasons:
L. Research has not paid adequate attention to the effects of egg production
upon predation risk in birds. 2. Wild populations of predatory birds have been
reduced over the last century, and subsequently predation rates may have been
artificially depressed, thus leading to an underestimation of the importance of
predation on many bird species {Lima 1987a). 3. Sludies investigating the
reproductive biology of birds tend to reduce predation rates due to the presence
of humans and the use of predator proof nest-boxes (Stearns 1992). 4. It may be
impossible to attribute the disappearance of a bird to a predation incident, and

so estimates of predation rates, are at best, only that.

Even if increased predation risk is a cost of reproduction in birds, there are
oven less data concerning the mechanisms which may underlie any such
increases. Numerous aspects of the reproductive period may expose individuals
across a wide range of taxonomic groups to an increased risk of predation. Nest
building, for exampie, has been shown to elevate predation rates in picd
flycatchers (Slagsvold & Dale 1996), and attempts to attracl a mate made by

the Timara frog (Physalaemus pustulosus), also serves to attract a number of
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predatory animals (Ryan 1983), whilst amplexus in the amphiped Gammarus
(spp) reduces the mobility of the mating unit and in doing so makes them more
vulnerable o predation (Ward 1986). It is possible that in birds as in some
reptiles (Schwarzkopf & Shine 1992), egg production may have an effect upon

predation risk through its effects upon maximal escape velocity.

Egg production may potentially result in reduced maximal flight velocity and
subscquently increased predation risk in female birds for two main reasons.
The first reason concerns changes which occur in maternal muscle condition

during laying, whilst the second concerns changes in maternal body mass.

It has been shown that the loss of flight muscle condition during the course of
egg production is a widespread phenomenon amongst birds. Twenty one out of
29 bird species studied exhibit such declines in flight mascle condition during
laying (Houston er al. 1995a). These losses may be substantial. Kendall e al.
(1973) for example found that losses in muscle weight of red-billed quelea
(Quelea guelea) during laying represenl approximately half the difference
between peak and starvation conditions, whilst Ankney (1984) found that
breast muscle condition in the brant goose (Branta bernicla) declined by 46.3%
over the laying period and into the start of the moult. [t has since been shown
that in the zebra finch (ZTaerniopygia guttaia) these losses in muscle tissuc
represent a direct contribution of muscle proteins to the formation of egps
(Houston ef af. 1995b). Moreover, it has been shown that flight muscle ratio
(i.c. the ratio of flight muscle mass to body mass) significantly effects take-off
ability, with animals with lower flight muscle ratios taking off at slower speeds

and shallower angles (Hartman 1961, Marden 1987).

In addition to this, it has been shown that during the egg laying period birds
may be between 7-50% heavier than when in non-breeding condition
depending upon the species (Moreno 1989, Perrins & Birkhead 1983). This
increase in mass is a result of the weight of the developing eggs retained in
reproductive tract and the gomadal hypertrophy that occurs al this time.

Theoretical studies carricd out by Pennycuick (1969), Rayner (1979) and
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Ellington (1984) suggest that such increases in body mass will impair take-off
performance since they claim that maximal lift production is inversely
proportional to the square root of wing Joading, for which therc is some
supporting empirical evidence. Jones (1987) found that femalc sand marting
(Riparia riparia) were slower to gain height during the pre-laying period, and
Metcalfe & Ure (1995) found that the 7% daily increase in mass observed in
zebra finches was associated with a 20% reduction in vertical flight velocity,
and a 32% increase in time taken to complete a vertical slalom course. In
addition to the increase in body mass, the position of the centre of body mass
will shift with egg load. Movement of the centre of body mass away from the
wing base will reduce speed and manoeuvrability (Lee et ol 1996). The
combination of an increase in body mass with a decrease in flight muscle size
and condition will significantly reduce the flight muscle ratio, and is thus likely
to reduce the take-off performance of the female (Hartman 1961, Marden
1987). This is likely to be particularly pronounced at the end of laying, since at
this stage flight muscle depletion is likely to be at its maximum, and the

reproductive organs will not yet have fully regressed (Moreno 1989).

The aim of this study was 1o investigate whether the avian teproductive cycle
atfected flight performance (i.e. velocity), and to tease apart the effects of
changes in body mass from the changes in flight muscle condition. Chapter 2
deals with establishing the nature of the relationship hetween body mass and
flight velocity that is relevant to predation risk. The work of Metcalfe & Ure
(1993) concerned the relationship between body mass and routine flight
velocity. However, this cannot be assumed to be applicable to the type of
flights made when escuping predators. This work was repeated therefore, but
investigating the effect of mass upoen maximal alarmed fiight velocity, To do
this females were encouraged to make alarmed flights from take-off at various
times of the day. In doing so, the diurnal variation in body mass that is known
to occur in the zebra finch was utilised (Dall & Witter 1994), which allowed
flights to be made over a wide variation in body mass for the same individual.
Chapter 3 aims to establish the nature of the relationship between changes in

muscle condition with changes in maximal flight velocity during laying. To do
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this, changes in muscle loss are manipulated by experimentally varying the
clutch sizes laid (see Haywood 1993ab) and also the pre-breeding diet quality
of the females. Changes in flight velocity over the course of a clutch are then
regressed against changes in muscle condition index, with corrections being
made for the changes in body mass. Chapter 4 aims to investigate whether there
is any physical evidence that females store proteins for egg production, as had
been suggested by Kendall e al. (1973) and Houston ef al. (1995bc) and
whether this is costly to them in terms of flight velocity. To do this, the relative
size of pectoral muscle tissue in males and females arc compared, and the
relationship between muscle size and flight velocity in non-breeding males and
breeding females investigated. Chapter 5 aims to investigate the effects of
reproductive output upon predation related costs m the zebra finch, particularly
since it {8 predicted that increased reproductive output will vield increased
fitness costs (Stearns 1992), and in lesser black-backed gulls (Zarus fuscus) the
number of eggs laid has been shown to influence changes in flight muscle
condition (Monaghan ef o, 1998) which may in turn affect flight performance.
In order to do this, females are manipulated into laying large and small
clutches, and the changes in flight performance are compared between the two
treatments. In Chapter ¢ the effect of maternal condition (i.e. state) upon
predation related costs of reproduction are investigated since changes in muscle
condition have been shown to be dependent upon pre-breeding diet quality
(Selman & Houston 1996a), and evidence is accumufating that decisions
concerning reproduciive output may be state dependent (McNamara & Houston
1996), implying that reproductive costs may afso be state dependent. In order to
do this, females are encouraged to lay simnilar sized clutches under both a low
and a high quality dietary regime, and the changes in flight performance at the
end of the chitch are compared across the two treatments. Chupter 7
investigates the extent to which females are capable of adjusting their
behaviour to minimise their risk from predation, and the extent to which this is
conmpromised by changes in the female’s relationship with the male. Since
animals must do many things that wmway compromise their ability to avoid
predators, one would expect animals to be sensitive to current levels of

predation and be able to adapt to them. If reproduction does indeed result in an
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increase in predation risk due to a reduction in flight performance, one would
expect birds to modify their behaviour to mitigate this. Such behavioural
changes arc most likely to be evident during feeding since it is at this time that
ground feeding birds will be mosl susceptible to predators duc to an inability Lo
maintain constant vigilance, and because they are often forced to feed in
exposed locations. In order to examine this, females wete allowed to breed in
large outdoor aviaries where they could adjust their exposure to risk by
choosing to feed in high or low risk food patches, by varying the extent to
which they flocked with other birds including their partner and the extent to

which they left cover.

Although the research contained in this PhD js not of an applied nature, it may
have uvseful conservation applications., In Chapter 8 the rclevance of these
findings to the practice of clutch manipulations in cndangered wild birds is

discusscd.

The same method of data colleclion was used in chapters 2-6, with {light times
recorded over 15 cm, 30 cm and 115 ¢m distances. In all of these chapters, only
the most significant results are discussed, in no cases were results for one
height coniradictory with those of another unless otherwise stated. In all, eight
breeding trials were carrted out. Data from thesc are vsed in the analyses of

chapters 2-6.




Chapter 2

A reassessment of the effect of body mass upon flight speed and predation

risk in birds

Abstract

A number of theoretical studies have predicted that avian predation risk is mass
dependent. Models of bird flight predict that increased mass will reduce flight
velocity, making birds more vulnerable to predators. Empirical studies
supporting this have demonstrated a significant relationship between mass and
routine (i.e. unalarmed) flight velocity. Studies investigating the effects of mass
upon flight velocity when birds are alarmed however, tend to show that the
mass/velocity relationship is less marked. We demonsirate a real difference in
the rclationship between mass and flight velocity in zcbra finches (Taeniopygia
guftata) when comparing routine and alarmed flights. Despite the strong
mass/routine velocity relationship already demonstrated for zebra finches, mass
tends to be a poor predictor of alarmed flight velocily within the natural weight
range of the species. This difference appears to be partly due to alarmed birds
increasing their velocity more when heavy than when light, in comparison to
their respective predicted routine flight velocities for their weights. As a result,
mass/velocity regression slopes tend to be more shallow for alarmed than for
routine flights. Consequently, increases in body mass within the natural weight
range of a bird, may have less effect on alarmed flight velocities than they do
on routine flights velocitics. We therefore recommend caution in the use of
weight as a predictor of predation risk m birds without examining its effects
upon alarmed flight velocity. A number of possible explanations for the
differences in the mass/velocily relationship between routine and alarmed

flights are suggested.
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Introduction

In avian prey species, predation must be considered as one of the most
powerful selective forces in the evolution of behavioural and morphological
characteristics. It has been suggested that predation risk in birds is mass
dependent, through its effcct on flight performance. Certain aspects of flight
performance, especially parameters that increase the time taken to reach cover,
such as take-off speed, flight velocity, and manoeuvrability, are vital in the
escape response repertoire of prey species, in particular for small ground
feeders. Attacks on small birds are most effective if the prey can be surprised
and caught whilst still on the ground, as once aitborne a small bird’s chances of
being caught are much lower (Temeles 1985). Predators generally attain speed
through diving. Prey species in turn attempt to out-climb pursuing predators as
the chances of capture are much reduced if they can stay above the predator
(Howland 1974). Cresswell (1993), for example, found that redshanks (7ringa
fotanus) suffered an 8% capture rate if they were in flight when attacked by
sparrowhawks (Accipiter nisus), compared with a 91% capture rate if they
remained on the ground. In addition, many spectes of small birds form flocks
when feeding and benefit from the dilution, confusion and seifish herd eftects
as reviewed by Grier & Burk (1992). Such co-ordinated behaviour makes it
esscntial for individuals to be able to take-olf and manoeuvre rapidly, as
stragglers will be at a greater risk of predation from both aerial and ground

dwelling predators (Hamilton 1971; Davis 1975; Kenward 1978).

Theoretical work on anima} tlight has for a long time suggested a link between
body mass and take-off performance. Hartman (1961) suggested that take-off
ability was determined by the flight muscle ratio (the ratio of flight muscle
mass to total body mass). Pennycuick (1969) suggested that maximum lift
production was inversely proportional to the square root of wing disk loading.
Thete is also indirect empirical evidence of mass having an etfecl upon avian
predation risk, such as a reduction in mass or fat storage in relation to an
ncrease in perceived predation risk (Grant 1965; Blem 1976; Gosler er af.

1995; Lilliendahl 1997). Direct studies on the effects of mass upon (light
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performance have, however, been somewhat less consistent in their findings. A
number of studics have demonstrated that the aspects of flight critical to escape
from predators may be impaired by an increase in body mass (e.g. Marden
1987; Hedenstrom 1992; Witter & Cuthill 1993; Metcalfe & Ure 1995),
Metcalfe & Ure (1993), for example, found that a mean increase of 7% in the
mass of zebra finches during the course of a day was associated with a 20%
reduction in vertical flight velocity, and a 32% increase in time taken to
commplete a vertical slalom course. Studies on climbing rates of different
species of bird have demonstrated that heavier species tend to have slower
climb rates (Hedenstrdm & Alerstam 1992). These, and other similar findings,
suggest a potential and yet substantial filness cost for prey species as a result of

being heavier.

However, the majority of studies on mass/flight performance relationships have
been carried out using routine, that is to say unalarmed, flights. Studies that
have used alarmed flights have found somewhat less convincing relationships
between mass and flight velocity. Metcalfe & Ure (1995) found that mass had a
smaller effect upon flight velocity when birds were alarmed, although a
significant mass/alarmed velocity relationship was demonstrated for data
pooled from a number of birds. Kullberg e/ «¢f. (1996) using data pooled for a
number of birds, [ound that although incrcased fat loads did affect velocity in
black caps, (Sylvia atricapilla), it did so to a much lesser extent than one might
have expccted from previous studies on routine flights. Witter e al. (1994)
found the addition of weights to starlings, (Sturnus vidgaris), resulted in a
lower angle of ascent, but did not significantly affect alarmed flight velocity,

implying a possible trade-off between velocity and angle of ascent.

The apparent disparity between the resulis obtained for alarmed and routine
flights mcans that experiments investigating routine flights alone imay
potentially over-estimate the increase in predation risk as a result of elevated
body mass. In order to establish the true effect of mass upon escape velocity, it
is necessary (o study the flight of birds under conditions as comparable as

possible to the type of flights made by birds under theat from predation. In this
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study, therefore, we compared the mass/velocity relationships of routine and
alarmed flights, ustng new data on vertical alarmed flights together with

vertical routine and alarmed flight data derived from Metcalfe & Ure (1995).

Methods

Data on alarmed flight performance were obtained from 10 non-breeding
female and 12 male zebra finches, from the same genetic stock as those used by
Metcalfe & Ure (1995). This species was chosen to ensure thal comparisons
could be made with the data from Metcalfe & Ure (1995) and owing to the
suitability of the zcbra finch for a study on predation risk. As with most sinall
bird species, wild zebra finches arc taken by both avian and ground predators,
mainly raptors, snakes and dingoes (Canis familiaris dingo) (Zann 1996), and
although captive bred, no evidence of domestication is apparent in the zebra
finches’ behavioural responses to human contact. n attempting to compare
alarmed and routine flights we were presented with the problem of gaining a
large number of alarmed flights. To atain alarmed flights, Metcalfe & Utre
{1995) presented birds with an artificial predatory stimulus when birds were on
the ground. ITowever this was carried out infrequently to prevent habituation,
and as a result, insufficient data were collected for adequate analysis of
individual flight performance. In order to get a larger sample size for
comparison with the Metcalfe & Ure (1995) data set, we decided to capture
birds, place them in a 10 cm high holding cup and alarm them upon release.
Habituation was prevented by the continued negative reinforcement resulting

from the bird’s recapture.

Birds were housed in single sex pairs in cages (60 x 50 x 40 cm) and
maintained on an artificial 14L:10D light regime, with surplus ad libitum
mixed sced and water. We conducled flight trials in a separate vertical flight
aviary (190 x 10Q x 100 cm) where we released the birds from the ffoor, from
where they flew vertically to a single perch mounted uear the roof (see Fig. 1).
To make the birds fly in as vertical a trajectory as possible, 40 cm high baffles
were placed 20 cm apart either side of the release point at the base of the aviary

(see Fig. 1). The ballle facing the observer was transparent, and the far baffle
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was opaque and marked at a height of 40 cm from the ground so that the time
taken to reach this point could be calculated. On each occasion that the birds
were flown, they were [rst taken from their home cages, placed in a holding
cup sufficiently wide (12 cm in diameter) to prevent undue resiriction of the
birds initial wing extension. The bird was then weighed whilst in the cup using
a balance accurate to 0.1g (A&D Instruments EW 300G). ‘The holding cup
containing the bird was then placed in a sheath at the basc of the Hight aviary
between the two baffles. The sliding lid of the cup was transparent, allowing
the bird to observe the nature of the flight it was required to make prior ta its
release. The Hd of the holding cup was then slid open, and simultaneously
given a tap to scare the bird into flying out and up to the perch at the top of the
aviary. The bird was then re-caught with a net, returned to the holding cup and
allowed to recover for a minimum of 30 s. We familiarised individual birds
with the flight aviary by flying them as they would be in the experiment until
no further tmprovement in their [ight speed was detected. This familjarisation
period of approximately ten flights, (one flight every other day) was required to
ensure birds were aware of the presence of the perch at the top of the cage to
which they subsequently flew, and most importantly to ensure 0o improvement
in the bird’s physical condition occurred during the experiment which might
aftect flight velocity independently of body mass. An analysis of the first 10
training irials for all birds showed clearly that flight times did leve! off (linear
regression: Fg=14.18, P=0.005, R*~0.639). As the birds were housed in cages
in which they could not perform extensive vertical flights, it was considcred
important to physically prime the birds prior to data collection. Subsequently
no data for naive birds are included in any analysis, and thus the problems of
habituation and the potential effect of improved physical condition were

minimised.

We conducted trials over a period of two months, across a wide range of
daylight hours from 0900 o 2000 in order to utilise the natural diurnal
variation in body mass that is known to occur in zebra finches (Metcalfe & Ure
1995). Birds were flown on alternate days and a minimum of 15 {light trials

(mean = 20.4) were recorded per bird. Fach trial was composed of three
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separate vertical flights. Thus regressions werce based upon a minimum of 45

vary with mass (Witter ef a/. 1994; Kullberg er al. 1996), this parameter is not
analysed here since it was not recorded by Metcalfe & Ure (1993), and so

cannot be compared across flight categories.

As with Metcalfe & Ure (1995), we filmed flights using a camcorder
(Panasonic NV MS 95B), and played the resulting video film through a digital
video timer (For.A Video Timer V1'G-33F) and re-recorded it on a VCR
(Panasonic NV-FS90) so that digital time measures accurate to 1/100" of a
second were encoded on to each fiame. This film was then played back on the
VCR using a frame by frame facility to measure the time taken for each hird to
fly vertically up to a line marked 40 cm from the ground. Times taken to
complete the distance from the top of the holding cup, to the 40 cm mark were
then converted into velocities and the mean velocity for cach trial calculated
from the three flights. The regression of this mean velocity against the
corresponding body mass was then determined for each bird, as in Metcalfe &
Ure (1995). We also tried quadratic regressions on the mass/velocity data, but

this did not improve the relationships.

We then compared these linear regression equations with the original data used
in Metcalte & Ure (1995), calculated over the same distance from the ground,
to establish the differences in the mass/velocity relationship between routine
and alarmed flights. Metcalfe & Ure (1995) obtained data for both routine and
alarmed flights. However, their sample size for the latter was relatively small
for each individual bud and so most analyses in that paper were based on the
routine flights. As the data in Metcalfe & Urc (1995) wete collected using birds
flying freely from the floor, certain corrections had to be made fo enable direct
comparisons with the present study where the birds were flown [om a
container. Flight times in the previous study were measured as the time from
the moment when both legs and wings were fully stretched to the point when
the bird’s head had passed a mark 40 cm from the ground (Metcalfe & Ure

1995), During this time the bird would not have flown 40 cm, rather it would
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have flown 40 cm mious the length of the bird stretched from toe to shouldet.
To correct for this, five zebra finches were meagured to give a mean stretched
toe to shoulder length (X+8SE =8.6 £0.48¢m, V=5). This was then subtracted
from the 40 cm, and (he flight velocities recalculated based upon this new
distance (31.4 cm), the distance more realistically flown by the bird. We then
re-calculated the individual regressions of velocity on mass based upon these
revised distances. The Metcalfe & Ure (1995) data could then be compared
with the data recorded in the current experiment, where velocity is recorded
from the point when the head passes the edge of the 10 cm high cup (a height
chosen to be equivalent to the stretched height of a zebra finch), to the point
when the head passes a line 30 cm above that. Thus velocities for the two data
sets were calculated over a comparable distance of 30 cm for the current

experiment and 31.4 cm for the modified Metcalfe & Ure (1995) data sct.

Having calculated the mass/velocity regressions for each bird, we then
compared the slope component (b) of the equations for the different data sets
using a one-way analysis of variance [oliowed by a Tukey FISD muliiple range
test, or a I-test if there were only two groups. Comparisons of the probability
or significance values (P), and the proportion of variation in velocity explained
by mass (r*), were made using the Kruskal-Wallis one-way analysis of variance
test, followed by a multiple comparison test after Siegel & Caslellan (1988),

since these parameters were not normally distributed.

Results

To establish that the birds were not becoming bhabituated to handling, or
improving during the flight trials, we regressed the mean flight time per trial
for all birds flown over the first 15 trials (the lowest number of trials flown by
any one bird) against frial mumber. No significant rclationship was found
(linear regression: F3=0.517, P=0.487, R3=~0.0357), indicating no evidence of

habituation or improvement.

Tt is possible that alurmed birds might be more inconsistent in their individual

flight velocities because of the onset of fatigue as the trial composed of three
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[ights progressed. In order to examine this, we considered the tepeatability of
the flight measures obtained. An analysis of variance for the calculation of
repeatability (Lessells & Boag 1987), performed across the three flight
measures recorded for all available trials showed the trials to be highly
repeatable (F%2242=113.43, 1=0.974), suggesting little inconsistency between
the ftights within a trial.

There were no significant differences in mean bird mass between the sexes or
between the three data sets (Two way ANOVA: effect of experiment,
Faa0=2.121, P=0.117; effect of sex, Fi1=3.179, P=0.055). In addition no
significant ditferences were shown to exist between the sexes or between the
three data sets in the variance of body mass over which the birds were tested
{(Two way ANOVA: cffect of experiment, 7, 3,=1.641, P=0.210; effect of sex,
F13:=2.758, P=0.107). In the current experiment no significant differences
were found in the relationship between mass and flight velocity of male (n=12)
and female (n=10) zebra finches in terms of the regression slopes (¢-lest:
10=0.17, P=0.87), their significance levels (Kruskal-Wallis one-way ANOVA:
effect of sex, 7,=1.596, P-0.21), nor the extent to which variation in velocity
was due to mass (¢ values; Kruskal-Wallis onc-way ANQOVA.: effect of sex,
H=2.300, P=0.13). Therefore we felt justificd in combining the data for the
sexes in subsequent analyses of flight performance, so that they could then be

compared with the combined Metcalfe & Ure datu (1995).

Regression lines of flight velocity against body mass for each bird for the three
sets of data (routine and alarmed from Metcalfe & Ure 1995, and alarmed from
the present study) are shown in Fig, 2. A simple visual examination of the threc
graphs shows that the regression lines are more varied for alarmed flights in
comparison to routine flights. Fig. 3 summarises a comparison between the
three data sets. We aimed to compare not the exact positions of the different
regression lines, but the strength of the mass/velocity relationships, as
measured by the regression line slopes, their statistical significance and the

proportion of variation in velocity explained by mass. We found differences in

the values for the regression slopes across the three data sets (One-way
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ANOVA, effcet of treatment, /4 36=7.74, '=0.0017). A Tukey HSD test located
these differences as being between the slopes for the current data set and both
data sets derived from Metcalfe & Ure (1995); (see Fig. 3a). The levels of
significance (probability values) for the regressions also differed between the
thwee data sets (Kruskal-Wallis one-way ANOVA: effect of treatment,
Fh=19.22, P=0.0001). A multiple comparison iest showed that dilferchces
existed between both alarmed data sets and the routine flights, with the
regressions for alarmed flights having higher probability values (i.e. they tend
to be non-gignificant) relative to those for routine flights (see Fig. 3b). In order
to check that these differences in probability values of the regression lines were
not simply duc to differences in sample size, we cxamined the 1* values of the
regressions. Significant differences were found in the extent to which mass
could explain the variance in velocity (rz) hetween the three data sets (Kruskal-
Wallis one-way ANOVA: effect of treatment, Fo=17.05, P=0.0002). A
multiple comparison test showed that a significant difference existed between
the alarmed data from the current experiment and the routine data from
Metcalfe & Ure (1995). There was a clear trend for the 1* values to be much
lower in alarmed flights than in routine ones (see Fig. 3c¢), a result that is
independent of sample size. Thus, it is evident that body mass was a poor (i.c.
non-significant) predictor of flight velocity when birds were alarmed in both
experiments, whereas it was a strong predictor when birds were making routine

flights.

Discussion

The relationship between mass and alarmed flight velocity appears to be much
weaker (if it can be said to exist at all) than the corresponding relationship for
routine flights within the natural weight range of zebra finches. This may also
be true in other birds. Witter ez ol (1994), for example, found that adding
weights of up to 8 g to starlings, equivalent to approximately 10% of body
mass, did not significantly affect the alarmed flight velocity of the birds,
although it did affect take-oft angle. Kullberg ¢f «f. (1996) found that a 60%
increase in fat load as a percentage of lean body mass in blackeaps affected

angle of ascent but only resulted in a 17% decrease i the vertical alarmed
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flight velocity. It should be noted that this regression line was based upon
single flights for 28 birds of varying fat levcls, rather than being calculated for
individual birds. Data for alarmed flights appear to be in contrast to the routine
Qight data from Metcalfe & Ure (1995) where a mere 7% increase in mass was
associated with a reduction of approximately 20% in routine vertical flight
velocity in zebra finches. Metcalfe & Ure (1995) did not prcsent data for
individual birds for alarmed flights since the sample sizes for these were
considered to be too small to give reliable results. Instead they presented a
single regression of velocity on mass pooled across all birds. However, our
much larger sample sizes (both of flights per bird, and numbet of birds tested)
show that this pooled result is rather misleading since the relationship within
individuals is weak, with mass having little or no effect upon velocity within

the natural weight range of the bird.

It is possible that the restricled aperture of the holding cup could affect the
flight performance of the birds by altering the air pressure distribution during
the wing-beat at take-off. However, the diameter of the cup was chosen to be
sufficiently wide to allow the bird to ‘escape’ without its wings hitting the
edges of the cup, and the height of the cup was chosen so as to be close to the
height of the bird at take-off. Subsequently, the down-flap of the wing-beat
would accur sufficiently close to the aperture of the holding cup so that any
restriction of airflow is likely to be minimal. Moreover, there is no obvious
reason why such an alteration in airflow should be significantly different for
the same bird at different masses. Thus this is unlikely to account for the lack

of a significant relationship between mass and alarmed flight velocity.

One muost then consider why bivds that are capable of overcoming much of the
apparently limiting constraints of mass upon flight performance when alarmed,
do not do so when making routine flights, and why the relationship hetween
mass and velocity is more variable when the birds are alarmed. ‘I'here are

numerous possible explanations, which are not necessarily mutually exclusive.




1. Alarmed flight is dependent upon the maximal powecr available to a bird,
which is determined by the properties of the bird’s muscles and skeleton,
whereas routine flight is controlled by the maximum power continuously
available, which is detetmined by the capacity of the animal to supply fuel and
oxygen to the flight muscles (Pennycuick 1972). With such different
determining factors for the different flight types, it is not surprising that

different mass/velocity relationships are yielded.

2. For horizontal flight, the velocity which minimises energetic requirements is
lower than the maximum velocity that the bird can achieve (Pennycuick 1989).
This is because the power required to overcome parasitic drag increases with
the cube of velocity. As parasitic drag caused by the air’s resistance to the
bird’s body is likely to act in a similar way when a bird is flying vertically, we
would expect the energy minimising speed for vertical flights also to be less
than the maximum attainable speed. We suggest that birds performing routine
flights will adjust their speed in order to save energy, but when alarmed will
sacrifice energetic considerations for maximum speed. For example, in the
corrected data derived from Metcalfe & Ure (19935) for which alarmed and
routine data are available for each bird, we can see that on average each bird
increased its velocity by 42% from the routine to alarmed condition {mean
routine velocity = 1.77 m/s = SI) 0.36, mean alarmed velocity = 2.51 m/s + SD
0.62). Given that the initial rate of climb is approximately constant from take-
off over 40 cm (Metcalfe & Utre 1995), this would mean thal the time taken to
rcach 40 cm from the ground would thus decrease [rom 0.23 s in the routine
condition to 0.16 s for the alarmed condition. If birds making routine flights fly
at a velocity which minimises their energetic costs, we wonld also expect them
to fly slower as their mass increases (Witter & Cuthill 1993; Kullberg ei .
1996) as the metabolic requirements of flight are an accelerating function of
body mass (Pennycuick 1972, Hedenstrém & Alerstam 1992), However, when
under attack from a predator, birds should prioritise iinmediate survival above
longer term energetic considerations, and so one might expect them to fly at (he
most effective (rather than the wmost efficient) wvelocity possible. The

mass/velocity relationship would thus be flexible, and dependent upon the
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prevailing conditions. Evidence supporting this comes from an analysis
comparing alarmed flight velocities of each bird with the velocity predicted
from a model that assumes the total power output (Pr) while flying was
independent of its mass (see Pennycuick 1989, Iledenstrém & Alerstam 1992).
The calculations were based on the procedure followed by Metcalfe & Utre
(1995), and used their mean measure of zebra finch wingspan and
Pennycuick’s (1989) program 1A to calculate aerodynamic power. The actual
alarmed velocities of the birds when at their maximum recorded mass were
significantly greater (54.1% +13.5 SE) than those predicted if Py had
remained constant (Paired f-test, £,;=0.83, P<0.001), therefore when alarmed

the birds did increase their total power output as mass increased.

3. Alarmed birds may be less consistent in their flights, possibly because of
errors resulting from panic, or even deliberate evasive movements in flight
trajectoties made under the pressure of a potential predatory attack, thus

lowering the t” values.

4. Birds performing routine flights may also reduce their velocity at higher
individual masses to minimise the risk of injury from muscle strains as a result
of {lying [aster or from the increased risk of collisions owing to their greuter
momentum, and consequently reduced manocuvrability (Cuthill & Guilford
1990, Witter & Cuthill 1993). When escaping from predators, such
considerations become relatively less important, and as such there is less of a

reduction in veloeity with increasing weight.

5. The mass/velocity relationship may be less marked in alarmed birds owing
lo varation in the perception of risk by the birds, which itself may be state
dependent (Witter ef . 1994). For exainple when a heavier bird is alarmed, it
may perceive its risk of caplure Lo be higher, and may subscquently increase the
effort in its escape flight, at a cost of, for instance, an increased risk of
collision, lessening the apparent effect of mass. It is noticeable that the
differences between alarmed and routine flights increased with increasing

mass, owing to alarmed birds increasing their velocity relatively more when
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heavy than when light (compare Figs 2a and 2¢). This is supported by the fact
that heavy alarmed birds were shown o expend on average 54.1% more enetrgy
than [ight atarmed birds. However, notwithstanding reasons 2 and 4, when
under attack from a predator (apparent or otherwise), one might have cxpected
all birds, not just heavier birds, to fly at a maximal velocity for their weight,
and so the difference between light and heavy birds should be more substantial
than it appears in Fig. 2¢. It is possible, however, that there is a gradation in
effort, where birds make progressively more strenuous attempts to fly fast as
mass increases, which is supported by our results. Such a strategy of light birds
flying at lower velocities than that of which they are capable even when under
attack from predators, may evolve to ensurc a more uniform take-off velocity
within a flock. Such a strategy would benefit all members of the flock
according to the selfish herd theory (Hamilton 1971) and by lowering the risk
of collisions with other birds due to their more uniform velocity. By contrast,
when performing routine [lights, the bird’s perception of risk will not be a
factor, and subsequently thc bird will not make an effort to overcome any
potential limiting effects of mass. Although this experiment was carried out on
individual zebra finches, zebra finches arc a flocking species, so such a
behavioural strategy may be innate, thus explaining its persistence when birds

are isolated.

6. We found that mass had little if any eftect upon alarmed flight velocity
within the natural weight range of zebra finches (although 18 out of the 22
hirds were faster when lightesl than when heaviest as calculated from their
respective regression equations), It is probable however, that above this natural
weight range, any increase in mass would significantly diminish alarmed
velocity. However, this natural weight range may have evolved as the range
within which a bird can vary its weight without compromising its escape
velocity, irrespective of the effect it has upon its routine flight velocity, In order
to test this, one would have to increase the weight of birds and measure
subsequent changes in velocity without the use artificial weights, which
themselves may give rise to problems of increased parasitic drag, impaired

wing movements, and an interference in the bird’s centre of balance.
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Considering those possibilities, it is perhaps not so surprising that the
relationship between mass and vclocity for alarmed flights is much weaker than
those for rowtine flights within the bird’s natural wcight range. This is
consistent with the view of Witter & Cuthill (1993) and of Kullberg er al.
(1996), that birds are not flying at their maximum velocity for a given weight
when unalarmed. We suggest that the extent to which mass affects alarmed
take-off performance within a bird’s normal weight range may be marginal in
terms of velocity, if not for other costs such as energy expenditure, collision
risk or other parameters such as take-oft’ angle {(Witter ef «¢l. 1994) and
manoeuvrability (Metcalfe & Ure 1995). Consequently the use of routine
flights to investigate the effects of mass upon predation risk may tend to over-
estimate the potential predation risk of elevated body mass. Previous studics on
the effects of mass upon routine flight velocity may have highlighted
behavioural/physiological trade-offs rather than absolute physical constraints
upon flight performance. In otder to translate the move marginal effects of mass
upon alarmed [Jight velocity into potential fitness costs, research should focus
upon calculating the extent to which mass affects alarmed flight velocity, take-
off angle and manoeuvrability, and just how much these changes affcct

predation risk, and other costs of flight.
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Fig. 1.

190 cm

125 cm

Fig. 1. Vertical flight aviary showing the 12 cm wide and 10 cm high holding
cup in the centre from where the birds were released, flanked by an opaque and
transparent baffle. Birds flew vertically upwards from the holding cup to the

perch positioned 125 cm from the base of the aviary.




Fig. 2.
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Fig. 2. Relationship belween body mass and flight velocity over a vertical
height of 40 cm from the ground in individual zcbra finches. (a) Routine flights
derived from Metcalfe & Ure (1995); n=8 birds; (b) alarmed flights derived
from Metcalfe & Ure (1995, n=7), (c) alarmed flight from current experiment

(n=22).
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Fig. 3.
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Fig. 3. Summary of mass/flight velocity regression equation components, {a)
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significantly diffcrent (see text for statistical analyses).
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Chapter 3

Flight muscle atrophy and predation risk in breeding birds

Abstract

Take-off velocity is critical to the escape response of most small birds when
attacked by a predator. However, take-off ability is likely to be effected by
physiological changes occurring as a resuit of egg formation. To investigate
whether reduced take-off velocily is a cost of reproduction, we experimentally
manipulated the physiological costs of egg production in the zebra finch
(Taeniopygia gutiata) by varying the number of eggs a female laid and the
guality of her pre-laying diet. We subsequently measured the effect of changes
in post-laying flight muscle condition and body mass upon alarmed flight
performance; a measure of predation risk in birds. Changes in muscle condition
were found to correlate with changes in various measures of flight
petformance: Treatments which caused the greatest declines in muscle
condition during laying were associated with the greatest declines in flight
petformance over this period. In contrast, those laying attempts which caused
the least declines in muscle condition were associated with improvements in
flight performance (i.e. birds flew faster at the end of laying than at the start).
These effects were independent of changes in body mass, and occurred post-
laying, suggesting that egg production itself is costly rather than carrying eggs
as other studies had suggested. The observed negative trade-off between
muscle loss resulting from egg production and escape ability could have

important implications on the evolution of optimal clutch size in binds.

Introduction

One of the main assertions of life history theory is that reproduction is costly,
and current reproductive effort can diminish the chances or amount of luture
reproduction (Stearns 1992). However, the underlying mechanisms of how
reproduction alfects survival are poorly understood (Tatar & Carey 1995). The
majority of studies (96.9%) investigating the costs of reproduction in birds

have in the past cmphasised the post-laying phase and so may have missed
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costs occurring earlier in the breeding cycle (Monaghan & Nager 1997). This
emphasis on post-laying costs may have come about for two reasons. Firstly it
is easier to manipulate the number of chicks reared than it is to manipulate the
number of eggs laid. Secondly, in the past, egg production has been considered
as inexpeunsive due to the apparent ease with which birds replace lost eggs or
even entire clutches (Monaghan & Nager 1997). However, more recently,
evidence is accumulating that egg production is costly in terms of energetic
expenditure (Ward 1996), female survival (McCleery ef al. 1996), subsequent
breeding success (Heaney & Monaghan 1995, Monaghan ef af. 1998) and
muscle condition (Kendall er af. 1973, Jones 1991, Houston et al. 1995abe
Monaghan ef al. 1998).

Recent work has shown that a wide range of bird specics (21 out of the 29 for
which muscle volume changes have been studied) exhibit declines in muscle
condition during the laying period (Houston ef a/. 1995z). It has been suggested
that these declines represent a direct contribution of muscle proteins to egg
production (Kendall er al. 1973, Jones & Ward 1976, Houston ef al. 1995bc).
Birds can be classified as capital breeders relying upon stored nuttients, such as
those which might exist within the flight musculature, or income breeders
relying upon daily dietary intake for egg formation (Drent & Daun 1980). Tt is
typically assumed thatl small passerines such as the zebra finch must be income
breeders becavse clutch masses often represent a high proportion of the
female’s body mass. However, it has been shown that in the female zebra
finch, muscle proteins are lransferred directly to eggs during their formation
(Houston ef a/. 1995bc), so that females may subsequently undergo an average
reduction of 14% in protein form the pectoral muscles (Houston ef al. 1995a)

despite the availability of ad libitum food during the laying period.

Similar results have been reported for the red-billed quelea (Quelea quelea),
which have been shown to lose 16 % of their muscle mass during breeding
despite an abundance of food. This loss of muscle condition is roughly
equivalent to being half way between the peak condition ever recorded for this

species, and the condition of birds which have died of starvation (Kendall ef af.
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1973, Jones & Ward 1976). Costs associated with such a substantial depletion
of protein reserves are likely to be particularly high if the proteins are derived
from contractile muscle fibres involved in flight. I§ has already been shown that
the flight muscle ratio (flight muscle mass/body mass) positivcly correlates
with residual lift capacily (Marden 1987), and so one might expect a reduction
in foraging efficiency (see Heaney & Monaghan 1995) or alarmed fight
velocities to occur as a result of reproduction in capital breeders. Since getting
off the ground rapidly and staying above pursuing predators is critical in
surviving attacks from mammalian and avian predators (Rudebeck 1950,
Ilowland 1974, Page & Whitacre 1975, Cresswell 1993, Bednckoff 1996),
predation risk in birds can be assumed to increase if the animal’s alarmed flight
speed has been reduced. Changes in flight muscle condition might therefore be
cxpected to profoundly affect maternal survival probabilities, particularly in

relation to predation risk.

Studies aﬁempting to demonstrate a link between reproductive oulput and
subsequent maternal predation risk have typically focused upon the increased
likelihood of a predatory attack rather than the increased risk once an attack has
been initiated {Magnhagen 1991, Székely ef a/. 1994) or have highlighted the
decline or cessation in reproductive activity of animals under increased risk
from predation (Korpimaki ef al. 1994, Magnhagen 1991). The importance of
predation on parents as a cost ol reproduction may have been unappreciated in
the past, since most detailed studies have taken place in the northern tempesate
zones where the effect of predators upon adult birds has been greatly reduced
by the activities of man in removing predators from ecogystems (Lima 1987a).
It should also be noted that clutch size manipulations themselves tend to
decrease predation risk due to the continued presence ot humans and the use of
predator-proof nest boxes (Stearns 1992). However, since predators have begun
to return to near hisiorical levels, the importance of predation upon adult
survival, and subsequently evolution, has begun to be appreciated more (see

Gosler et al. 1995, Slagsvold & Dale 1996).
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A number of studies have looked at the effects of reproduction upon predator
vulnerability once an attack has been launched, but these have typically focused
upon increases in mass associatcd with reproduction in flying animals (Jones
1987, Hughes & Rayner 1993). However, recent work has shown that within
the natural weight range of a bird, mass may not be significant in effecting
alarmed flight velocity over short distances during take-off (Witter et al. 1994,
Lee er al. 1996, Kullberg ef ¢d. 1998, Kullberg 1998, Veasey er al. 1998, Lind
el af. in pross). Although a number of studies investigated the elfect of egg
carrying upon locomotion (Berglhumd & Rosenqvist 1986, Schwazkopf & Shine
1992, Lee et af. 1996), I am not aware of any demonstration that the
consequences of egg production (rather than of carrying eggs) may increase
predation risk in iteroparous animals. In an attempt to redress the balance of
previous studies, this study will focus upon the costs of egg production rather
than chick rearing, and follow on from the work of Houston ef al. (1995abc)
which found that flight muscle condition declines during laying in zebra
finches. The aim of this investigation therefore, is o discover the extent to
which the maximal flying ability of females, and hence their ability to escape
from predators, is affected by losscs in muscle condition resulting from laying.
To do this trials were run in which the same group of birds was allowed to lay a
succession of clutches. The extent of the change in muscle condition during
each breeding attempt was varied by manipulating the number of eggs laid and
the quality of the bird’s pre-breeding diet. The relationship between the
changes in post-laying flight performance and flight muscle condition was then

examined,

Methods:

Treatments

Previously established zebra finch pairs were housed in separate cages (60 x 50
x 40 cm) and maintained on an artificial 141.:101 fight regime throughout the
experiment. Four treatments were utilised in order to manipulate changes in
female flight muscle condition resulting from egg laying. These treatments
consisted of manipulations of pre-breeding dicts and clutch sizes. The two

possible pre-laying diets were a low protein diet of ad libitum mixed seed, and
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a high protein diet of ad libitum mixed seed with a high quality protein
supplement containing soya protein and homogeniscd boiled hen’s eggs
(Selman & Houston 1996a). This high quality protein diet is known to reduce
the extent to which female zebra finches draw upon their pectoral muscles
when producing a clutch (Selman & Houston 1996a). The two clutch
manipulation treatments encouraged the laying of relatively large or smali
clutches: removal of the first four eggs on the day each was laid induced the
laying of a larger cluich, while adding one false cgg daily to the nest box for
four days, starting four days after pairing, induced birds to lay smaller clutches
{sec Haywood 1993ab). These two manipulations were combined to make four
treatments which manipulated both the clutch size produced and the nutritional
cost of producing a given clutch (see Table 1). In all trials birds were given free
access to water, grit and cuttlebone. The sexes were kepl aparl until the
breeding portion of each trial was started, at which point pairs were reunited,
cages provided with nest building material and nest boxes, and ali diets
reverted to the low protein type for the duration of the laying attempt. All eggs
were removed from the nest box on the day of laying, weighed and replaced

with an artificial egg wherc appropriate.

Once all the birds had completed their clutches {when two days had passed
without an egg being laid), the nest boxes were closed and the sexes separated
again. A period of four to six weeks was allowed for recovery before the onset
of the next breeding attempt, during which time the birds were maintained on

the appropriale pre-breeding diet for the following trial.

Flight performance

Flight perlormance was assessed by recording the time taken to complete
vertical flights when alarmed, since such escape flights are a better indicator of
changes in predation risk than unalarmed flights (Veasey ¢/ al. 1998). Fernales
were tested for flight performance prior to re-uniting the paiss, so as to obtain a
measurement of their pre-laying flight performance (see Veasey ef al. 1998 for
details). Once pairs had been re-established, females were lown only on the

days on which they faid an egg. Flights were conducted in a scparate vertical
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flight aviary (190 x 100 x 100 em), with 40 cm high vertical baffles positioned
20 cm apart either side of a holding chamber at the base of the aviary, in order
to make the birds fly in as vertical a trajectory as possible. Although body mass
has been shown to have only a minor effect if at all on alarmed flight velocity
in the zebra finch (Veasey et @/, 1998), females were flown at a time when their
body mass was known to be most stable, that is to say between thiee to five
hows afller dawn {Dall & Witter 1998), in order to minimise any confounding
effects of the natural diurnal variation in body mass that is known to occur in

the zebra finch (Metcalfe & Ure 1995, Dall & Witter 1998).

On each occaston that a bird was tlown, it was first taken from its home cage,
placed in a holding chamber and weighed to the nearest 0.1g. The holding
chamber containing the bird was then placed in a sheath at the base of the flight
aviary from where it was then startled into making a vertical escape flight
toward a perch at the top of the aviary. The bird was then re-caught, returned to
the holding chamber and allowed to recover for a minimum of 30 s. before the
procedure was repeated. Each test on a given day consisted of recording three
vertical flights for each bird. The measures obtained from these replicate flights
have been shown to be highly repeatablc (Veascy ef o/ 1998). In order to
minimise the stress subjected to the birds, the flight trials were made
predictable by the accompaniment of an audible stimulus, in the form of the
playing of a radio. Thus birds were only ever handled when the radio was
playing, and although this increased the levels of agitation amongst all birds for
the short period when the radio was playing (approximately two houss in every
24 hour period), the birds were visibly more relaxed whenever the radio was

not playing.

Flights were Glmed using a camcorder and played back on a VCR using a
frame by frame facility to measure the time taken for each bird to fly a vertical
distance of 15, 30 and 115 cm from the top of the holding cup. Mean values
from the three flights were then calculated for each bird, for each of the defined

heights on each day on which the bird was flown.
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Muscle condition

Since the changes in body mass during the course of the laying period will
reflect changes in the reproductive tissues within the bird, as well as the
presence or absence of eggs, ‘body mass’ will not give a satistactory measure
of female condition. However, mass changes are still recorded since there is a
large body of evidence which suggests that mass will affect flight performance
(for examples see Hartman 1965, Pennycuick 1969, Metcalfe & Ure 1995). As
an alternative measure of condition, [emale flight muscle condition is
considered. Although leg muscle condition has been shown to decline in laying
female zebra [inches (Houston ef ¢/ 1995c), and leg musculature will be
important in take-off performance (Marden 1987), this is not considered here
for two reasons. Firstly, it would not be possiblc to adequately monitor changes
in the leg musculature of laying female zebra finches, and secondly, an analysis
of the data from Houston ef al. (1995) on changes in flight and leg muscle mass
during laying, showed there to be a strong correlation between the iwo

(Pearson’s correlation: r=0.97, n=7, P=<0.001).

To investigate changes in female flight muscle ‘condition’ associated with
reproduction, the size of the pectoral muscles of females were measured using
a technique modified from Selman & Houston (1996b), females were measured
both immediately prior to being reunited with their mate (o give a pre-laying
measurement), and on the completion of the clutch (two days after the last egg
was laid). Individual birds were placed breast downwards into a 2 cm deep tray
of dental alginate (Cavex CA37 Superior Pink), which gives a faithful body
mould without adhering to feathers (Selman & Houston 1996b). Two people
were required for this procedure, one to hold the head, tail and the legs clear
trom the gel, while the other kept the wings from flapping. The alginate scts
approximately one minute after mixing with warm water. Birds were placed in
the gel approximately 45 seconds after mixing, so that they were held in
position for as short a time as possible. The birds were then eased from the
mould which was subsequently cut with a blade dorso-veniraily at the mid-

point between the fulcra and the posterior portion of the sternum (figure 1a).
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The cut surfaces of both halves of the mould were then placed in a plastic tray
to maintain their rigidity, and pushed downwards onto an ink pad. Ten prints
(five from each half of the mould) were then taken of the cross sectional profile
of the pectoral region (figure 1b). This was carried out immediately upon the
setting of the alginate fo avoid errors resulting from shrinkage of the moulds. A
horizontal line was then drawn 5 mm perpendicular from the base of the print
(approximately the average keel depth size in zcbra finches) corresponding to
where the keel would have been at its deepest (figure 1b). The encloscd area
was then measured using a compuier plotter (BBC Master computer with
cherry digitiser and puck), and a mean of these muscle cross-sectional areas
taken of measures from five separate prints, at least two being from each half
of the mould. An analysis of variance for the calculation of repeatability
{Lessells & Boag 1987) performed across the five measurements confirmed
that the repeatability was high (F)990=17.825, v ~ 0.771). The mean cross
sectional pectoral muscle area is hereafter referred to as the muscle condition

index.

All treatments outlined in Table 1 were repeated twice (with the exception of
treatment 4, i.e. the high protein pre-breeding diet with the addition of eggs,
which was only run once), in a sequence alternating from low to high protein
pre-laying diets to avoid any longer term effects of continued high protein
supplementation (see Williams 1996). The percentage change in muscle
condition index, from pre to post-breeding was calculated for each breeding
female, along with the corresponding mean percentage change in flight times
(for cach of the flight parameters) between the day of the first egg and that of
the last egg. All statistical analyses are based on using one mean value for all

females per trial (n=7 trials) to avoid problems of pseudoreplication.

Results

For each of the threc flight parameters (flights to 15, 30 and 115 c¢m), linear
regression analysis was used to examine whether the changes in muscle
condition index during breeding influenced changes in flight times between the

first and last egg across the seven breeding trials. Changes in muscle condition
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index produced significant changes in flight times to 15 cm (¥ 5=12.614,
adjusted R*~0.659, P=0.016, B=-1.450+0408, [figure 2aj), to 30 com
(Fy 5-25.383, adjusted R?=0.803, P=0.004, B~-0.962:+0.191, [figure 2b]), and
o 115 em (F;s=7.520, adjusted R*=0.521, P=0.041, B=-1.198--0.437, [figure
2¢]).

If breeding caused only a small change in pectoral muscle condition then birds
tended to fly faster at the end than at the beginning of egg laying. However if
the experimental treatment causcd the birds to lose a larger amount of muscle
condition, then their flight performance deteriorated during the laying period
(figures 2a, 2b, 2¢). The incorporation of changes in body mass into these
analyses did not improve the models for the shorter two flight distances of the
three, but did for the 115 cm flight times (multiple linear regression:
F>4=16.822, adjusted R*-0.841, P=0.01], B=-0.970+0.261), though changes in
body mass alone were not significant over this height (linear regression:
F 5=5.570, adjusted R2=0.432, P=0.065). In order to correct for the fact that
the three flight measurements were not independent, Bonferroni correction can
be used (where P=<0.05/3). Results for 15 and 30 cm are still significant, us
are the 115 cm results if changes in mass are incorporated into the model. The
results demonstrate that the mean change in muscle condition index during
breeding tended to be the most significant factor affecting the change in flight
times during the course of a breeding attempt, particularly for the immediate

take-off measures, while changes in body mass were generally unimportant.

Mass tended to have an opposing effeet to the changes in muscle condition
index over 115 cm (comparc figures 2c¢ with 3a). Therefore when the mean
change in flight performance over 115 cin is corrected [or muss using the mean
mags/flight time slope derived {rom & substantial pre-breeding data set
previously collected (see Veasey e al. 1998), the effect of changes in muscle
index becomes even stronger (linecar regressiom: £s=15.517, R:=0.756,

P=0,011, B=-0.977+0.248 see tigure 3b).
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Discussion

It has previously been stated that ‘in a class of vertebrates in which the young
depend on healthy parents for food and protection, protein loss from muscles
can not normally be so great as to impair locomotion’ (Jones 1991). In this
series of experiments, it has successfully been demonstrated that this is not the
case, with muscle wastage resulting from egg production being sufficient to
decreasc alarmed flight speeds to the extent that predation risk may be
increased. In all three measures, the difference between the best and the worst
of the changes in muscle condition resulted in a variation of approximately
20% in the time taken to fly the defined trial distances. A number of studies
investigating the effects of reproduction upon locomotion in birds (J.ee e al.
1996), reptiles (Schwarzkopf & Shine 1992) and crustacea (Berglund &
Rosengvist 1980) have primarily considered the costs of carrying epgs. Lee ef
al. (1996) claimed they could not determine the relative importance of the
production of eggs and the carrying of them in affecting flight performance.
‘L'hat the changes in flight times here appear ta be independent of changes in
body-mass, particularly at the take-off stage, and are séen to persist into the
post-laying phase, indicates that the real cost may lic not in the carrving of
developing eggs, but rather in the production of eggs and the muscle wastage
that this incurs. These results demonstrate not only the existence of a cost of
egg production, but alse the undertying mechanism of ihat cost. The
implications of this are wide reaching, and suggest that post-laying maternal
predation risk may form part of a physiological trade-oft between reproduction
and survival, where investment in developing eggs competes directly for
resources vital to the maintenance of fight muscle tissue. These findings have
implications not only upon maternal predation risk, but also maternal foraging
efficiency. The widespread natute of courtship feeding may be an attempt to
minimise the exposure of the female to predation at a vulnerable time, or may
be an attempt by the male to compensate for the reduction in female foraging
efficiency (see Lee ef al. 1996). Krebs (1970) for example, found a reduction in
foraging efficiency of blue tits (Parus caeruleus) prior to laying, potentially
resulting from the mobilisation of muscle tissue, and the hypertrophy of

reproductive organs. Such costs of reproduction may be sufficient to depress
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clutch sizes below the maximum which parents are capable of rearing,
especially since it has been shown that changes in muscle condition are
proportional to the number of eggs laid (Monaghan ef al. 1998, see Chapter 5).
In an environment where predators are presenl, females must balance gains in
fecundity with losses in muscle condition and the subsequent increase in
predation risk that this may entail. In Chapter 5, it is demonstraled that an
increase in clutch size of just over one egg resulted in an increase in flight
times of 7% at take-oft, which is sufficient to allow a pursuing raptor to iravel
between 70-120 cm toward the escaping bird. Such a reduction in velocity
would greatly reduce the chances of survival once attacked (Rudebeck 1950,

Page & Whitacre 1975, Cresswell 1993, Bednekoff 1996).

Lack (1947) was the first to propose that clutch size may have cvolved to an
optimal level, whereby birds will lay a clutch which gives rise to the most
young fledged. Ile hypothesised that as brood sizes increased, each chick
would rcecive less resources and subsequently survive less well (Lack 1947),
and so clutch size was for a long time considered to have been determined by
the trade-off belween the number and fitness of offspring rather than by any
costs to the parent. This was apparently corroberated by the work of Pettifor et
al. (1988), who found the addition or subfraction of hatchlings to a nest
reduced rectuitment in great tits (Parus major), but did not affect parental
survival, (hus leading to the assumption that reproduction itself was not costly.
However, the existence of parental cosis are suggested by the fact that the mean
clutch size in many birds appears to be consistently lower than the maost
productive clutch size (Stearns 1992). The trade-off between reproduction and
predation risk is such that a marginal increase in fitness such as laving an extra
egg, or laying a clutch when in a poorer nutritional state, may jcopardise a
female’s entire residual reproductive value (Clark 1994). Based upon life
expectancy in the wild (51 days at hatching), and the number of breeding
attempts made per season (1.7 + 0.9) (Zann 1996), it is apparent that futwre
reproduction may be a relatively small proportion of the life time reproductive
success in the zebra finch compared to other bird species. Consequently, zebra

finches may be more tolerant to reductions in flight performance (and hence to
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increases in predation risk) when compared to longer lived species, or species
that make more breeding attempts in their life whilst at a similar risk of
predation. We would therefore expect longer lived species to be more

conservative when deciding whether or not to breed undey the risk of predation.

It ig likely that females would attempt to minimise any increases in predation
tisk by behavioural adjustments at the time of laying. It has been shown for
example that activity in female birds declines at the time of laying (Houston et
al. 1995¢). This phenomenon has previously been interpreted as attempts to
protect developing eggs or to minimise energetic expenditure (Fogden &
Fogden 1979, Houston ef al. 1995¢). However, Schifferli (1976) found that
developing housc sparow (Passer domesticus) eggs were not vulnerable to
mechanical damage during normal activity, and in this series of experiments in
which 37 females were flown on 2,505 occasions, not a single individual
showed symptoms of having damaged an egg. It seems unlikely that the
observed reduction in female activity at this time is a result of an attempt to
minimise energetic costs during laying as it can be argued that one might
expect an elevation in activity to allow for the increased intake of resources
needed for the reproductive attempt. 1 suggest that the decline in activity is
mote likely to be an adaptive response to increased predation risk resulting
from muscle wastage, whereby females deliberately reduce their exposure to
predators at the time of laying. Thus I would expect females to adjust those

behaviours which influence their predation risk most (see Chapter 7).
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Table {.

Low protein pre-

breeding diet

High protein pre-
breeding diet

Four eggs
removed

from c¢lutch

Treatment 1:
Female induced to
lay large clutch on

poor quality diet.

Treatment 2:
Female induced to
lay large clutch on

high quality diet.

Four eggs
added to
clutch

Treatment 3:
Female induced to
lay small clutch on

poor quality diet.

Treatment 4:
Female induced to
fay small clutch on

high quality dict.

Table 1. This table demonstrates how the manjpulation of two factors, i.e,

clutch size and diet quality are combined to give rise to four treatments,
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‘ig. la.

Fulcra

Sternum

Position of cut

Fig. 1a. Schematic representation of an alginate mould taken from the pectoral
muscle area of a zebra finch showing the position where the mould is cut, and

prints consequently taken.

Fig. 1b.

Fig. 1b. Schematic representation of prints taken from alginate moulds with the
area measured; the muscle condition index, shown shaded. The right hand print
is typical of a post-breeding female showing the pronounced keel, whereas the

left hand print is typical of a pre-breeding female.
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Fig. 2a. The relationship between mean changes (+SE) in female muscle
condition index during the course of laying a clulch with the mean changes
(+-SE) inn flight time over a beight of 15 cm between first and last eggs. Fig. 2b.
The relationship between mean changes (+SE) in female muscle condition
index during the course of laying a clutch with the mcan changes (+SE) in
flight time over a height of 30 cm between first and last cggs. Fig. 2¢. The
rclationship between mean changes (+SE) in female muscle condition index
during the course of laying a clutch with the mean changes (+SE) in flight time

over a height of 115 cm between first and last eggs.
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Fig. 3.
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Fig. 3a. The relationship between mean changes (1 SE) in female body mass
during the coursec of laying a clutch with the mean changes (+-SE) in flight time
over a height of 115 cm between first and last eggs. Fig. 3b, The relationship
between mean changes (- SIE) in female muscle condition index during the
course of laying a clutch with the mean changes (+SE) in flight time over a
height of 115 cm between first and last eggs corrected for changes in body

Imass.
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Chapter 4

A cost of protein storage in the flight muscles of zebra finches

Abstract

Reproduction is known to be costly in all groups of animals. Costs associated
with reproduction can occur at all stages of the reproduactive cycle. In the
course of this experiment evidence is provided that reproduction in the zebra
finch (Taeniopygia gutiata) may be costly to females, even before the onset of
laying. It is shown that the relative size of flight muscle tissue is larger in
female zebra finches than it is in males, supporting the hypothesis that fomales
may store proteins which are used in the production of eggs. Moreover, it is
demonstrated that such protein storage may be costly since females with larger
flight musclc indices tend to fly slower than those with smaller [light muscles,
independently of weight. The costs associated with protein storage, must thus
be weighed against the potential bencfits associated with protein storage such
as enlarged clutch size and quality and the maintenance of flight performance

at the end of laying,

Introduction

Egg production represents a nutritionally and energeticaily demanding time for
female birds. Robbins {1981), for example, estimated that the daily protein
requirements for egg formation varies between 86-230% of normal daily
requirements depending upon species and egg size, and Walsberg (1983)
estimated the peak daily energetic costs during egg production to vary between
37-230% of basal metabolism depending upon specics. To satisfy these
requirements, some bird spccies appear to have evolved a strategy reliant at
least in part, upon the utilisation of stored nutrients for the formation of eggs
{Houston er al. 1995a, Jones 1991, Kendall er g/, 1973), while others obtain
nuttients needed for egyg formation (rom their diet (Drent & Daan 1980). Jones
& Ward (1976) proposed that some birds may use the level of protein reserves
in their muscles as a threshold to initiate breeding and showed that in red-bifled

quelea (Quelea quelea) there was a substantial loss of muscle mass during the
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days in which eggs were formed. Since this study, 21 species of bird out of 29
where changes in musclc condition have been studied, have demonstrated
significant declines in muscle mass (Houston et al. 1995a). In zebra finches,
females lose approximately 14% of their muscle mass during the course of egy
formation (Iouston et ol 1995¢), and the use of labelled amino acids has
shown that muscle proteins are used to contribute directly to egg production
{Houston et al. 1995b). It has since been shown that these changes in muscle
mass have implications for the flight performance of the female after laying
(Chapter 3). In this chapter, one further aspect is considered in detail, namely

the storage of proteins by birds, and the potential costs of such storage.

Kendall ef «l (1973) proposed that bird muscle may contain a labile
component which serves as a protein reserve which could be lost without
impairing the contractile performance of the muscle. Such proteins might be
able to be mobilised to assist with egg production without the need to break
down the complex myofibrillar proteins that are respomsible for muscle
contraction. Houston et al. (1995a) showed that in the zebra finch there is a
Joss of both myofibrillar and sarcosplasimic proteins during egg formation, but
among the sarcoplasmic proteins there is a heavy molecular weight protcin
which is preferentially lost, while levels of other sarcoplasmic proteins remain
unaffected. This supports the hypothesis that bird muscle tissue contains
sarcoplasmic proteins which can act as an amino acid reserve. 1t has already
been demonstrated that a reduction in muscle condition can impair flight
performance (Chapter 3), and may thus elevate predation risk. However, if
females lay down sarcoplasmic storage proteins in their muscles prior to laying,
this may incur costs. The carrying of extra mass in the muscle that does not
contribute directly to the contractile power of the muscle may incur a penalty in
flight petformance analogous to the cost of cartying fat stores in winter (Witter
& Cuthill 1993). This chapter investigates whether there is evidence to support
this hypothesis. If female birds do store muscle protcins for use in egg
production it would be predicted that prior lo breeding females would possess
more muscle tissuc for their size than males. It would also be predicted that

since some of this muscle tissue is comprised of sarcoplasmic storage reserves
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which may not contribute directly to the confractile function of the muscle,
there will be a cost in the carrying of this additional tissue in the form of

reduced flight performance.

In this study therefore, an attempt is made to determine whether there is any
gross physical evidence that female zebra finches do store nutricnis and
whether this entails a cost in lerms of a reduced ability to escape from
predators. To do this, measures of male and female muscle condition prior to
breeding are compared, and how this affects alarmed flight performance at

take-off is investigated.

Methods

A total of 17 temale zebra finches, and 15 males were maintained in single sex
pairs on an artificial 14L:10D light regime, wilh a diet of surplus ad libitum
mixed seed and free access to water, grit and ocuitlefishbone. Tlight
performance was assessed by recording the time taken to complete vertical
flights when alarmed, sincc alarmed flights are a better indicator of predation
risk than uwnalarmed flights (Veasey er af. 1998). Flights wete conducted in a
vertical flight aviary (190 x 100 x 100 cm). On each occasion that a bird was
flown, it was taken from its home cage, placed in a holding chamber and
weighed using a balance accurate to 0.1g. The holding chamber containing the
bird was then placed in a sheath at the base of the flight aviary. The sliding lid
of the holding chamber was transparent, alfowing the bird to vbserve the nature
of the flight it was required o muake prior to its release. The lid of the holding
chamber was then pulled open, and given a tap to startle the bird into making a
vertical escape flight up to the perch at the top of the aviary. Vertical baffles
(40 cm high and 20 cm apart) were positioned either side of the sheath in order
to make the birds fly in as vertical a trajectory as possible. The bafflc facing the
observer was transparent, and the far baffle was opaque and marked at heights
of 15 and 30 cm from the top of the release cup (25 and 40 cm from the ground
respectively) such that the time taken to reach these potnts from the top of the

release cup (i.e. when the bird was visible) could be calculated.
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The bird was then re-caught with a net, returned to the holding cup and allowed
to recover for a minimum of 30 s before being made to repeat the flight. tach
daily flight test consisted of recording three vertical flights, from which a mean
daily flight performance was calculated for the two distances. Flights were
filmed using a camcorder, and the resulting video film was played through a
digital video timer. This was then re-recorded on a VCR so that digital time
measutes accurate to 0.01s were encoded on to each frame. This [ilm was then
played back on the VCR using a [rame by frame facility to measurc the time

tuken [or each bird to complete the defined section of each flight trial,

Each bird was flown on 15 separate days, with cach trial comprising of three
flights. From these a mwean flight performance for each bird was calculated
prior to pairing with malcs, i.e. when in the pre-laying condition. ln addition to
this, I collected immediate post-laying data (i.e. before females could replenish
protein stores after having completed a clutch) from 17 other females in the
form of three flight measures together with mcasures of muscle condition index
which were compared with pre-breeding female data and with data derived

from malcs.

Pecloral muscle condition was estimated using a moulding technique modified
from Selman & Houston (1996b). Individval birds were placed breast
downwards into a tray of dental alginate (Cavex CA37 Superior Pink), which
gives a faithful mould without adhering to feathers (Selman & 1louston 1996).
The mould was then cut with a blade dorso-ventrally at the mid-point between
the fulera and the posterior portion of the sternum. Ten prints were then taken
using an ink pad from the cut surfaces of the mould (five from each half). A
horizontal line was then drawn at a perpendicular distance of 5 mm from the
keel of each print. This distance represents an approximation of the average
keel depth in zebra finches, and the position of the prints (the mid point along
the keel length) corresponds to where the keel would have been at its decpest.
This enclosed cross-sectional area of the pectoral muscle was measured using a
computer plotter (BBC Master computer with cherry digitiser and puck), and a

mean taken of measures from five separate prints, at least two being from each
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half of the mould. A test for repeatability (Lessells & Boag 1987) has shown
the five mcasurcs of the mould to be repeatable, such that mcans of these
measures can be used with confidence (see Chapter 3). The mean muscle cross-
sectional area is hereafter termed the muscle condition index. Mean flight times
were then rogressed against mean muscle condition index for males, and for

females before and after laying.

Results

An ANCOVA demonstrated that the pre-laying relationship betwcen the
covariate body mass, and the dependent variable muscle condition, differed
between the sexes (Effect of sex: Fy,6=8.711, P=0.006; effect of body mass:
F(20=3.608, P=0.067, see figure 1). Figure 1 cleatly shows that for a given
mass, temales tend to have larger indices of muscle condition. There was
however, no significant interaction between sex and body mass (effect of sex x
boady mass: F123=0.037, P=0.850). Thus, although there was no significant
difference in body mass between the sexes (i-test, £;915=2.06, P=0.054, mean
to breeding, males possessed on average 10% less flight muscle tissue than
females, and subsequently males had 16% lower flight muscle ratio (flight
nuscle mass/body mass) than females {t-lest, 13=-3.717, P=0.001, mean
muscle ratic of males = 4.28+0.168E, mcan muscle ratic of females —
5.11+0.15SE). This supports the prediction that females carry a protein store in

their flight muscles prior to breeding.

No significant differences were found in the pre-faying flight times between the
sexes (15 cm vertical flight times: t-test, f0 = -0.254, P — 0.801, 30 cm vertical
flight times: t-test, /30 = -0.976, ' = 0.337). A multiple stepwise linear
regression of mean flight times against mean body mass and muscle condition
was calculated for both sexes. In females, pre-laying muscle condition alone
had a significant effect on flight performance at take-off (15 cm vertical flight,
eftect of muscle condition index: #7,5=11.852, P=0.004, adjusted R*=0.404
[see figure 2]; effect of mass: P=0.077, 30 cm vertical flight, effect of muscle
condition index: F) s=11.440, P=0.004, adjusted R*=(0.395, effect of mass:
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P=0.094), with birds with larger indices of muscle condition flying slower than
those possessing smaller indices. In males, neither muscle condition nor mass
had a significant effect on mean flight performance (15 cm vertical flight,
effect of muscle condition index: F| ;3=0,789, F=0.391, adjusted R*=0.015 [see
figure 3]; effect of body mass: Iy 14—0.144, P=0.710, adjusted R*=0.065, 30 em
vertical flight, effect of muscle condition index: Fy 13=2.364, P=0.148, adjusted
R*=0.089, effect of body mass: /; 15=1.912, P=0.190, adjusted R2=0.06i). The
absence of a relationship bctween muscle condition index and flight
performance in males (figure 3), is in stark contrast to the relationship seen in

females prior to laying (figure 2).

Althouglh the mean measwres of muscle condition index werc smaller in post-
laying females (mean pre-laying female muscle condition index =
77.27+2.228E, mean post-laying temale muscle condition index = 73.84+1.51)
these differences were not significant (t-test, 5 152-1.278, £=0.212). However,
this probably arose because the analyses were not paired as in other
experiments, or because females had not relied unduly upon endogenous stores
in this breeding attempt. A significant difference between pre and post-laying
muscle condition has however been demonstrated before (Chapters 5 & 6,
Houston ef af. 1995a). Thus in this casc, as figure 4 shows, post-laying females
still had significantly greater muscle condition for their body mass than did
non-breeding males (ANCOVA, effect of sex: Fy,5=4.538, P=0.042; effect of
body mass (cavariate): I} 29=2.808, P=0.103, interaction between sex and body
mass: £25—1.758, P=0.196).

As figure 5 shows, no effect of muscle condition was found upon flight
performance for post-laying females (15 cm vertical flight, linear regression,
effect of post breeding muscle condition index: £ 15=1.947, P=0.183, adjusted
R*-0.056, 30 cm veriical flight, linear regression, effect of post breeding

muscle condition index: Fy 1s=2.570, P=0.130, adjusted R2:0.089).
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Discussion

These results indicate that a real difference appears to exist prior to breeding
between the flight muscles of male and female zebra finches, since females
typically have a higher flight muscle ratio and muscle condition index than
malcs. In neither males or females was a significant rclationship between flight
muscle ratio and flight times found. Moreover, in females, larger flight muscles
appear to incur a cost in terms of reduced alarmed flight velocity, but not in
males, contrary to the findings of Marden (1987) who found that animals with
a greater flight muscle ratio were capable of generating more power at take-off.
Chapter 2 clearly demonstrated that loss of muscle condition resulting from
laying, was correlated with losses in maximal {light velocity. It is notable
however, that slight losses in muscle condition causcd slight improvements in
flight performance, and only after approximately 4-7% of flight muscle
condition was lost were reductions in flight velocity seen (see Chapter 2). It is
possible that this initial loss in muscle tissue represents the storage component
which can be lost without any impairment of flight performance. Muscle loss
beyond that level might then represent losses of contractile components of
flight muscle tissue, and hence produce reductions in flight performance. In
this experiment, females were found to have higher levels of flight muscle
tissue per gram of body mass than males. This extra muscle tissue might thus
represent the storage component required for egg production, or alternatively
provide extra power to enable the female to carry her eggs. The reduced flight
performance in females possessing larger flight muscle condition indices
supports the first interpretation, as does the finding that this relationship breaks
down after a clutch is completed. Females thus appear to pay a cost prior to
laying, in that the storage of proteins (and possibly other nutricnts) impairs

their light performance.

In the past, when biologists have searched for costs associated with
reproduction, they have typically focused upon the costs which occur during or
after the breeding period such as reducced survival or fecundity as a result of
altracting mates (Ryan 1985), lactation (Clutton-Brock ef af 1982), the

establishment and defence of territories (see Huntingford & Turner 1987), nest
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building (Gauthier ef al. 1996), rearing young (Gustafsson & Sutherland 1988)
possibly mediated through a reduction in immune responsiveness (Nordling et
al. 1998) ctc. In this experiment we have discovered a potential cost of
breeding, which affects female birds prior to the onset of the reproductive
period. Female zebra finches are opportunistic breeders dependent wpon
rainfall and green seed availability which is relatively unprediciable over time
(Zann & Straw 1984, Alan & Hume 1997). It is therefore advantageous for
females to be physiologically capable of rapidly initiating a breeding attempt so
that they can make the most of these short and temporally unpredictable
windows of opportunity. This is particularly so siace the larger protein reserves
available to a female, the larger and better quality clutch she is likely to lay
(Houston et al. 1983). Moreover, for the same sized clutch she will lose
relatively less muscle condition than a bird with poorer protein reserves, with
its negative consequences on flight performance (see Chapter 6). Howcver, the
results from this experiment show that these benefits must be weighed against
the costs associated with the possession of such stores in terms of reduced
alarmed flight performance prior to .laying, not to mention the costs associated

with the acquisition of those nutrients.
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Ffig. 1. The relationship between mean body mass and muscle condition index

for male and pre-laying female zebra [inches. Males = open squares, females =

open triangles.

Fig. 2. The relationship between pre-laying muscle condition index and mean

time taken to fly to a height of 15 ¢m for female zebra finches prior to laying.

57




50 55 60 65 70 75 80 85 90

Muscle condition index {mm?)

Fig. 4.

2
m")
~l 0 o QO ©
01O Gt O Ui
I I
s
I
B
On

OO

O
[

r-] \
>

u

Muscle condition index {m
-..q
[
|
B
\
L

(&3]
(o)

[
12 13 14 15 16 17 18 19 20 21

Body mass ()

Fig. 3. The relationship between pre-laying muscle condition index and mean

time taken to fly to a height of 15 cm for male zebra finches.
Fig. 4. The rclationship between mean body mass and muscle condition index

for male and post-laying female zebra finches. Males = open squares, females =

open triangles.

58




120 - .

Flight time (ms™)
¢
*

100 - o o

80 |— | T
55 60 65 70 75 80 85 90

Muscle condition index (mm?')

Iig. 5. 'The relationship between post-laying muscle condition index and mean
time taken to fly to a height of 15 cm for female 7zebra finches atter having

completed a clutch.

59




Chapter 5

Clutch size, muscle condition and predation risk

Abstract

While the trade-off between reproduction and survival is a central tenet of life
history theory (Stearns 1992) the underlying mechanisms are poorly understood
(Tatar & Carey 1995). We demonstrate experimentally that when laying larger
clutches female zebra finches (Taeniopygia guttata) lose more flight muscle
condition and become significantly slower to muke flights of the type made
when attacked by predators. Moreover, individual birds show a trade-off
between muscle tissue invested in reproduction and escape flight speed. This is
the first demonstration of a physiological trade-off between resource allocation
to reproduction and to the maintenance of musculature critical to an animal’s
escape rcsponse. The reduction in muscle condition during laying may thus

constrain cluich sizes in birds vulnerable to predation.

Introduction

Egg production in birds has often been considered as a relatively inexpensive
process, since they may readily replace lost eggs and even entire clutches
(Monaghan & Nager 1997). This assumption has meant that in the majority of
studies investigating reproductive costs in birds, egg production is ignored, and
only the costs associated with incubation and rearing young are typically
considered (Monaghan & Nager 1997). It is perhaps not surprising that as many
as 30% of studies failed to find a cost of avian brood enlargement on either
parents or offspring (Stearns 1992), when only 3.1% of thesc studics
manipuiated the number of eggs laid (Monaghan & Nager 1997). Since many
bird species utilisc proteins from their own muscles in the formation of eggs
(Houston et al. 1995a), it is to be expected that larger clutches will cause
greater declines in muscle condition (Monaghan et /. 1998). The ratio of flight
muscle mass to body mass has been shown to affect take-off capability across a
variety of taxa (Marden 1987). Therefore any reduction in the mass of the flight

muscles due to increased reproductive effort might be expected to reduce the
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abilily to take flight rapidly, as when escaping predators. Previous studies on
the ecffect of reproduction on predation risk have, however, typically
concentrated upon the increased likelthood of a predatory attack, rather than an
increased risk of capture once an attack has been initiated (Magnhagen 1991,
Székely et al. 1994). Here we test for the first time whether there is a trade-off
between a bird’s clutch size and its ability to escape rapidly from predators,

mediated through a reduction in flight muscle size.

Materials and Methods

Two treatments were uiilised in which the same established pairs of zebra
finches were manipulated into laying either large or small clutches in
successive breeding attempts. In small clutch treatments, artificial eggs were
added to the nest boxes daily for four days, starting on the fourth day after
pairing, thus inducing the laying of a smaller clutch (Haywood 1993ab); in
large clutch treatments, the first four eggs were removed on the day each was
laid in order to induce the laying of a larger clutch (Haywood 1993ab). To
synchronise laying, the sexes were kept apar( until required to start breeding, at
which point pairs were reunited, provided with nest building material and nest
boxes. Upon completion of a clutch (i.e. when no further eggs had been laid for
two days), the pairs wete separated, nestboxes removed, and the birds left to
recover for between 4-6 weeks before the next breeding trial. Trials alternated

between large and small clutch treatments.

Flight performance was measured in a flight aviary (100 cm x 100 cm x 190
cm high) separate from the cages in which the birds were housed. Females
were trained to fly vertically during the period prior to paiving until they
showed no further improvement in performance with time., and were then
assessed for flight performance every day on which they laid an egg after
pairing. On each occasion that a bird was flown, it was removed from its home
cage, placed in a bolding chamber and weighed to the ncarest 0.1 g. The
charnber was then placed in a sheath at the basc of the flight aviary, from where
the bird was released and immediately induced to make a near vertical escape

flight to a pexch at the top of the cage. The bird was then re-caught, returned to
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the holding chamber and allowed to recover for a minimum of 30 s. Each trial
consisted of three vertical flights after which the bird was returned to its
breeding cage. Flights were {ilimed using a camcorder, and the mean time taken
to reach 30 cm from the top of the holding chamber was calculated from
analysis of the three recorded flights. Although body mass has only a minor
effect, if any, upon alarmed flight velocity within the natural weight range of a
number of bird specics studied including the zebra finch (Witter ef al. 1994,
Lee er al. 1996, Kullberg et al. 1998, Kullberg 1998, Veasey ef al. 1998, Lind
et al. in press), all trials were conducted between three to five hotus after dawn,
when body mass is most stable in order to minimise any confounding effects

due to the natural diurnal variation in body mass (Dall & Witter 1998).

An index of female flight muscle condition based on the maximum cross-
scotional area of the pectoral muscles was determined at the time of pairing and
after the completion of each clutch. individual birds were placed brcast
downwards into a tray of dental alginate (Cavex CA37 Superior Pink), since
this gives a faithful mould without adhering to feathers (Selmau & FHouston
1996b). The mould was then cut with a blade dorso-ventrally at the mid-point
between the fulcra and the posterior portion of the sternum (1.e. where the keel
is deepest). Ten prints were then taken from the cut surfaces of the mould (five
from each half). A horizontal line was then drawn at a perpendicular distance
of 5 mm from the position of the keel of each print, 5 mm being the average
keel depth in zebra finches. The enclosed area was then measured using a
computcr plotter (BBC Master computer with cherry digitiser and puck), and a
mean cross-sectional muscle area calculated from measures taken from five
separate priats, at least two bemng from each haif of the mould. This muscle

area is defincd as an index of pectoral muscle condition.

All females (n=18) completed at least two clutches under both large and small
clutch regimes: in the following analyses we compare the mean change in flight
performance and mean change in pectoral muscie condition of cach female

under the two treatments. We also calculate regression lines of changes in
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muscle condition against change in flight performance for individual birds,

using one data point per breeding attempt.

Results

As implicated, the manipulation of clutch sizes resulted in birds laying lighter
clutches, containing fewer eggs, when on the smali clutch treatment compated
to the large clutch treatment (figure 1a). Females lost the same amount of body
mass during egg laying, whether on the large or small clutch treatment (figure
1b). Iowever, they lost substantially more pectoral muscle condition when
induced to lay large clutches than when induced to lay small clulches (figure
1b). ‘The changes in (ight muscle condition were reflected in flight
performance at the end of laying: females flew quicker after the small clutch
treatment than after the large clutch trealment (figure 2a). There was also a
significant effect of cluich treatment on the change in flight performance
during laying: when induced to lay small clutches, birds flew faster at the end
of laying than at the beginning, whereas when induced to lay large clutches the
same birds flew slower after completing the clutch, despite having lost weight

during laying (figure 2b).

Individual trade-offs of the change in escape flight ability against the change in
muscie condition during laying were calculated for those females that showed a
minimum of 13% variation in the changes in muscle condition index in
different breeding attempts. Twelve of the 14 females in the analysis showed a
negative relationship between change in muscle index and change in flight
performance, a significant departure from the null hypothesis that relationships
were equally as likely to be positive as negative {(Binomial test, N=14, P =
0,013, figure 3).

Discussion

Our results show for the first lirne that increased egg production entails a
within-clutch cost in terms of decreased escape flight performance due to flight
muscle loss. Previous studies on the effecis of reproduction on locomotor

performance in birds (Lee ef al. 1996), reptiles (Schwarzkopf & Shine 1992)
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and crustaceans {Berglund & Rosenqvist 1986) have concentrated on the costs
of carrying eggs. In contrasl, the reduction in cscape ability measured here
occurred after all the eggs in a clutch had been laid, and was independent of
body mass, and must therefore be due to physiological changes associated with
the production rather than the cacriage of eggs. The observed decrease in
escape flight speed may have significant survival costs, as the ability of small
ground feeding birds to get airborne rapidly is the single most important factor
determining their chances of escape when attacked by mammalian or avian
predators (Rudebeck 1950, Page & Whitacre 1975, Cresswell 1993). In fact, it
has been suggested that predation risk per attack incrcases exponentially with
time to reach protective cover (Bednekoff 1996). A comparison of the two
clutch treatments showed that females flew approximately 7% slower when
laying an average of 1.3 extra eggs per clutch. This ditference in maximal
escape speed may have significant survival implications when under attaclk
from raptors, since speeds of up to 100 ms"' have been recorded for the
peregrine (Falco peregrinus) based on limed flights over known distances
(Hantge 1968), or up to 58 ms™ for radar measurements of a domesticated
gyrfalcon (Falco rusticolus) (Tucker et al. 1998). These speeds will result in
the predators travelling an additional 70-120 cm towards the finch in the extra
time that it would take to reach a height of 30 cm from the ground having laid a
larger clutch. It can thus be seen, that by slightly increasing her clutch size, a
zebra finch may severely jeopardise her survival from a predatory attack, and
thus her entire residual reproductive value. The demonsirated trade-off between
reproductive investment and subsequent impairment of escape ability within
individuals, may thus be sufficient to constrain clutch sizes in birds vulnerable

to predation.
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Fig. 1. Mean (+SE) reproductive parameters of 18 females when subjected to
the two contrasting clutch manipulations, I'he smaller clutch treatient resulted
in (a) fewer eggs being laid (open bars, paired t-test: £,,~3.88, P=0.001), with a
lighter overall clutch mass (shaded bars, paired t-test: #17=4.41, P=<0.001) than
the large clutch treatment, and (b) in smaller declines in muscle condition
{open bars) than the large chutch treatment (Wilcoxon matched pairs test: Z=-
2.55, N =18, P=0.011), though the trcatment did not affect the loss of body
mass during laying (shaded bars, Wilcoxon matched pairs test: Z=-0.59, N =18,
P=0.557).
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Fig. 2.
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Fig. 2. The effect of clutch treatments upon mean (+SE) initial escape flight
performance. (a) When induced to lay lfarger clutches, birds were slower to
reach a height of 30 cm (paired t-test: /7=2.27, P=0.037). (b) The effect of
treatment upon the change in cscape flight time between the first and last egg
of a clutch. Flight times decreased during egg laying in the small clutch
treatment, and increased in the large clutch treatment (Wilcoxon matched pairs

test: Z=-2.069, N =18, P=0.039).
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Fig. 3.
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Chapter 6

Staic dependent reproductive costs: The effect of pre-breeding diet on

subsequent predator avoidance

Abstract

It is widely accepted that reproduction is costly, but the underlying mechanisms
are often poorly understood since costs may be paid long after the period of
investment. Here the demands of egg production in female birds is investigated
in terms of impaired ability to escape from predators affer the completion of a
clutch. Jt is shown that egg production, through its depletion of flight muscle
proteins which are used to provision developing eggs, causcs a reduction in
maximal flight performance. Furthermorce, it is shown that this effect varies
with the nutritional state of the female prior to breeding. By experimentally
manipulating the pre-breeding diet of zebra finches it is shown that when
females feed on high quality protein foods prior to breeding they were faster to
make escape flights after egg-luying, whereas when the same birds were only
able to feed on lower quality protein food they were slower. This difference
was mediated through differential shrinkage of the flight musculature, and was
independent of clutch size, clutch mass or the females’ body mass, This is the
first demonstration of an effect of diet quality on predator evasion, and

illustrates state-dependent reproductive costs independent of offspring numbes.

Introduction

Both life history theory and empirical evidence suggest that curtent
reproduction incurs costs likely to diminish the prospects for reproduction in
the futurc (revicwed by Partridge & Harvey 1988, Roff 1992, Stearns 1992).
The decrease in residual reproductive value arises through a reduction in either
survival or future fecundity. However, the mechanisms undetlyig these trade-
offs are rarely understood, as it is often difficult to measure how current
reproduction can alter parental survival probabilities or future reproductive
capacity. One candidate mechanism for a decrease in survival rate in

reproducing animals is an elevated risk of predation. In this study, the potential
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effect of egg production upon the ability of female birds to escape from a
predator is examined; the novelty of the approach is firstly that an impairment
of escape petrformance qfier the eggs have been laid is demonsirated (so that it
is due to the physiological demands of producing eggs, and nol simply a
consequence of canying them [Jones 1987, Lee ef al. 1996]), and secondly that
this cost of reproduction is dependent on the pre-brecding nutritional state of

the femalc.

‘The acquisition of nutrients for egg production is a costly process for most
birds. While species vary widely in the extent to which they derive these
nutrients from current food intake or from bhody reserves (Drent & Daan 1980),
Houston ef al. (1995a) found that 21 out of 29 species exhibited a significant
loss of muscle mass at the time of laying, suggesting that the use of
endogenous reserves 1s widespread. The amino acid balance of egg proleins is
unusual, having particulatly high levels of certain amino acids which can be
limiting in the natural food supply ol a bird (Ramsay & Houston 1997). Since i
has heen demonstrated that birds use muscle proteins as a source of amino
acids for egg production (Houston er al. 1995bc), females with high quality
endogenous protein stores may be better able to supply limiting amino acids for
egg production than birds with poor quality muscle stores. Evidence in support
of this comes from Selman & Houston (1996a), who showed that the extent of
muscle mass lost by zebra finches (Tuerniopyga guttata) during egg laying was
strongly influenced by the quality of diets availabie before the start of laying,
with females given a high protein supplement prior to laying losing less muscle
mass per gram of egg laid than those maintained on a low protein diet. Since
both groups of birds had similar muscle mass at the start of laying and were on
identical diets during the period of egg production, these effects must have
been mediated through differences in the condition of their muscles prior to
laying. Selman & Houston (1996a) suggested that birds with access to high
quality protein prior to breeding were able to develop protein stores with the
optimum amino acid balance for egg production, and subsequently only needed
to break down comparatively small quantities of muscle protein to provide the

required amino acid balance for egg production. Birds maintained on a poorer
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nutritional diet might lack adequate specialised protein stores, and so might
need to break down larger quantities of gencral muscle proteins to provide the
nutrients for egg formation. These findings have obvicus implications for the

flying abilities of the female.

Klight performance at take-off is likely to influence the risk of being caught by
a predator (Rudebeck 1950, Page & Whitacre 1975, Cresswell 1993, Bednckoff
1996). Therefore reproduction may directly reduce survival through the effect
that egg production has on the musculature needed to escape from an attacking
predator. Moreover, the extent of this cost of reproduction should be dependent
on the muscle condition of the female at the time of laying, and hence her pre-
laying diet. Here we test this prediction in an experiment that mantpulated the
same birds into producing the same cluich size in successive breeding attempts,
but after having received dillerent pre-laying diets. The results demonstrate a
mechanism behind a state-dependent cost of reproduction: a poorer pre-laying
diet resulted in females breaking down more of their flight muscles to produce
eggs, so causing a reduction in their ability to escape rapidly from predators

atter the eggs were laid.

Methods

Pairs of zebra finches were kept in breeding cages (60 x 50 x 40 cm) under a
regime of 16 hours of light per day. In order to synchronise laying, sexes were
kept apart until the breeding portion of each trial, at which point paits were
reunited and cages were provided with nest building material and nest boxes.
Two treatments were utilised in arder to manipulate the costs of producing a
particular clutch size. In the low quality diet (LQD) treatment birds were
maintainced throughout a breeding trial on a diet consisting of mixed seed. In
the high quality diet (HQD) treatment, females were given a supplement of
homogenised boiled hens eggs in a rusk base which has been shown to reduce
muscle loss at the time of laying {see Selman & Houston 1996a), in addition to
the mixed seed diet, for four weeks prior to pairs being reunited (at which point
the supplement was stopped). From the time of pairing and throughout the

period of egg formation and egg laying both groups were therefore on identical
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seed diets, and previous studies showed that daily sccd consumption between
the two groups did not differ (Selman & Houston 1996a). In all treatments,
birds were given fiee access to water, grit and cuttlefishbone. In order to
encourage females to lay same sized cluiches, we compensated tor the known
effect that these diets normally have upon clidch size (Selman & Houston
1996a) by manipulating the female into laying more or fewer eggs (Ilaywood
1993ab). Thus when birds were on the LQD {reatments, we removed the first
four eggs of a cluich on the day each was Jaid in order io induce the laying of a
larger clutch than might otherwise have been laid. Conversely, when birds were
on the HQD treatmeni, a single artificial egg was added to the nest box on the
first four days afier pairing in order to induce the laying of a smaller clutch than
the female would normally lay given her nutritional condition (Haywood
1993ab). Liggs were weighed on the day of laying. Once the clutch was
completed (i.e. no new eggs having been laid for two days), the members of a
pair were placed in separate cages without nestboxes and left for six weeks to
allow them to recover. They were maintained on the appropriate pre-breeding

diet for the next trial for the last four of the six weeks.

Flight performance was assessed by video recording alarmed vertical flights
since they are better indicators of changes in predation risk than unalarmed
routine flights (Veasey ef al. 1998). Females were given regular experience of
the flight protocol during the recovery period between breeding attempts, to
ensure that they were accustomed to the flight protocol (see Veasey ef af. 1998
for further details). Once pairs had been re-established, females were flown
only on the days on which they faid an egg. On cach occasion that a bird was
flown, it was taken from its home cage, placed in a holding container and
weighed to the nearest 0.1g. The holding container was then placed in a sheath
at the base of a vertical flight aviary, from where the bird was startled inio
making a escape flight 1.25 m up to a perch at the top of the aviary. The bird
was then re-caught, retumed to the holding container and allowed to recover
for a minimum of 30 s before being tlown again. A total of three flights were
made on each day that a female laid an egg. The mean time taken to reach 30

¢m from the top of the release cup was calculated from an analysis of the video
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footage. Although body mass has been shown to have a minimal effcct on
alarmed flight velocity (Wiiter ef /. 1994, Lee et al. 1996, Kullberg ef al.
1998, Kullberg 1998, Veasey ef al. 1998, Lind ef al. in press), in order tv
minimise any confounding effects which might occur as a result of the diurnal
variation in body mass in zebra finches (Metcalfe & Ure 1995, Dall & Witter
1998), females were flown at a thime when their mass was most stable, between

three to five hours after dawn (Dall & Witter 1998).

To investigate changes in female pectoral muscle condition associated with
reproduction, an index of muscle condition was calculated by recording the
profile of the pectoral muscles of females using a technique modified from
Selman & Houston (1996b). The pectoral region of live birds was moulded in
dental alginate (Cavex CA37 Superior Pink), which gives a faithful mould but
does not adhere Lo feathers. The mould was then cut with a blade dorso-
venirally at the mid-point between the fulcra and the posterior portion of the
sternum. The cut surfaces of both halves of the mould were then inked, and
five prints were taken of each half. A nean measure of the maximal cross
sectional area up to 5 mm from the base of the stermam was then calculated
from five of the prints using a computer plottes (BBC Master computer with
cherry digitiser and puck). An analysis of variance for the calculation of
repeatability (Lessells & Boag 1987) performed across the five measurements
confirmed that the repeatability was high (#1905=17.825, r — (.771). The mean
cross sectional pectoral muscle area is hereafter referred to as the muscle

condition index.

The breeding trials alternated between HQD and 1.QD treatments, and females
were only included in the analyses if they had laid at least one clutch under
both treatments. In all, 19 birds completed at least one breeding trial under both
treatments, and 14 of these were also measured for pre and post-laying muscle
condition under both trcatments. All analyses are in the form of paired
comparisons of the mean laying and flight performance of the same bird under

the two treatments.
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Results

No differences were found in clutch masses (paired t-test: £15=0.65, P=0.523),
nor in the number of eggs laid (paired t-test: #19=1.25, P=0.234, figure 1)
between the two diet treatments, indicating that the egg manipulations had
successfully standardised the clutch size for the two treatments. The treatments
did not produce any differcnces in the female’s body mass after laying her first
egg (paired t-test: £13=1.73, P=0.100) or last egg (paired t-test: {1g=1.53,
P=0.143), nor in the percentage change in body mass between first and last
eggs (Wilcoxon matched pairs signed-ranks test: Z=-0.242, N =19, P=0.809,
sec figure 2). However, while vo differences were found in the muscle
condition index prior to breeding (paired t-test: 7;3=-1.57, P=0.140), the
percentage change in muscle condition during the laying of a clutch was
significanily diffcrent between the two treatments (Wilcoxon matched pairs
signed-ranks test: Z—-2.794, N=14, P=0.005), with the L.QD treatment causing
birds to lose muscle condition during faying whereas the muscle condition of
the same birds slightly improved after laying a clutch on the HQD treatment,

despite the samc decline in body mass (figure 2).

The time taken by females to reach 4 height of 30 cm at take-off was not
significantly different between the two treatmenis on the day the first egg was
laid (paired t-test: f13—-1.00, P=0.329). Howcver, by the end of laying a clutch,
birds were significantly slower when on the LQD than when on the HQD
treatment (paired t-test: #15=2.35, P=0,031, figure 3). The percentage change in
flight performance (time to reach 30 cin) between first and last egg was
significantly different in the two treatments (Wilcoxon matched pairs signed-
ranks test: Z=-2.052, N=19, P=0.040, figure 4) with the LQD {reatment causing
birds to fly slower towards the end of a clutch, whilst when on the HQD
treatment, the same birds tended to fly faster as the clutch was completed. A
similar result was obtained when comparing the mecan change tn flight time
between the pre-breeding period and the day of laying the last egg (Wilcoxon
matched pairs signed-ranks test: Z=-1.972, N =19, P=0.049).
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Discussion

It is well known that animals tend not to reproduce if their condition or
nutritional intake is poor, duc to an inability to provide sutficient resources
both for themselves and for their young. The major constraint has usually been
assumed to be energy, However, we have shown here that protein rescrves may
be of coustderable importance. Our findings also suggest that in zebra finches it
is the physiclogical process of producing eggs thal is the cause of reduced
flight performance in. gravid birds, rather than the increase in mass associated
with carrying them as has previously been suggested (Jones 1987). Firstly, the
treatments caused differential changes in flight performance during laying
without corresponding differences in body mass. Secondly, the changes in
flight performance were dependent upon pre-breeding diet quality and not
clutch size or mass, which were similar in the two treatments. Thirdly, the
greatest reduction in flight performance was seen after the eggs had been laid.
Moreover, body mass has a negligible effect on speed of escape flights in zebra
finches (Veasey ef al. 1998), unlike its effects upon routine flights (Mctealfe &
Ure 1995).

When searching for a cast of reproduction, studies have in the past primarily
congidered the chick rearing phasc in birds since egg production was
considered to be relatively inexpensive (Lack 1947). However, an increasing
number of studics have demonstrated that the energetic and nutritional costs of
producing eggs are far from insignificant (Monaghan & Nager 1997), and even
a modest increase in the number ol eggs laid can cause significant reductions in
the size of flight muscies {(Monaghan et al. 1998) or chick provisioning rates,
growth and survival (Heaney & Monaghan 1995). Muscle wastage may
therefore form the basis of a physiological trade-off between reproduction and
predation risk in birds, contributing to the determination of the optimal clutch
size. Since the trade-off between reproduction and predation appears to be
asymuetrical, with marginal increases in reproductive output jeopardising
maternal survival and subsequently the female’s entire residual reproductive

output, there is potentially a strong selective pressure to depress clutch sizes
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particularly in young birds of long lived species for whom future reproduction

is a larger component of expected life time reproductive output.

Mountford’s cliff edge hypothesis has been used to explain why mean clutches
sizes are smaller than the most productive, since larger clutches ‘fall off the
cliff® relative to the survivorship of smaller clutches in poor years (Boyce &
Perrins 1987). Morris (1996) demonstrated that this cliff edge effect may be
state dependent in white footed mice (Peromyscus leucopus), as smaller
mothers showed lower recruitment levels for large litfers in comparison to
larger mothers producing litters of the same size. Our current findings suggest
that life history strategies may also be state dependent (sce McNamara &
Houston 1996) in the zebra finch, but in this case it is the survivorship of the
female (and only indirectly that of the brood) that is the key. It is conceivable
therefore that the extent to whiqh clutch size is depressed below the maximum
number of eggs the parents are capable of producing and rearing successfully
may depend on this flight performance trade-off. Therefore the observed
smaller clutch sizes of females on lower quality diets or in poorer condition
(Selman & Houston 1996a) may not simply reflect their reduced ability to lay
eggs, but may reflect a staie dependent trade-off whereby birds in poorer
nutritional condition depress reproductive output in order to maintain (heir
flight capability and thus maximising their probability of surviving to breed

again.

It has already been demonstrated that zebra finches given high protein pre-
breeding supplementation usually lay heavier eggs and clutches (Selman &
Houston 1996a, Monaghan ef /. 1996), but it has now been shown that if
encouraged to lay the same number of cggs, high protein supplemented bixds,
tend to lay heavier individual eggs (paired t-test: f(g—2.24, P=0.038), with birds
on LQD laying eggs on average 14% lighter than when on HQD (see also
Selman & Houston 1996a). Since various parameters of offspring fitness may
correlate with egg size (Hill 1993, Amundsen 1996, Smith & Bruoum 1998), our
results confirm that pre-breeding diet quality may influence not only the cost of

reproduction to the parent, but also the number and guality of offspring. Given
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the importance of female nutritional condition in influencing maternal and
offspring survival, it is perhaps not surprising that females will actively change
their diet when coming into breeding condition or breed only when adequate
resources are available (Jones & Ward 1968, Ankney & Scott 1980, Ankney &
Afton 1988, Zann ef al. 1995). It is also noteworthy that male zcbra finches
have been shown to have an active preterence for females that have high
quality protein reserves (Monaghan ef «l. 1996), since they are not only more
likely to lay more and heavier eggs (Selman & Houston 1996a) but are also

mote able to survive a predatory attack during the breeding period.
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Eggs laid
Clutch mass (g)

LQD
Fig. 2.

Change (%)

Fig. 1. The effect of treatment upon the mean (+SE) number of eggs laid (open
bars) and mean (+-SE) clutch mass (shaded bars). LQD = low quality diet, HQD
= high quality diet.

Fig. 2. The effect of treatment upon the mean (~-SE)} change in muscle

condition index {open bars} and mean change in mass (+SE) (shaded bars).
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Tig. 3. The effect of treatment upon the mean (+SE) time taken to fly to a

height of 30 cm at the end of aying a clutch.

Fig. 4. The ellect of treatment upon the mean (+SE) change in the time taken to

fly to a height of 30 cru between laying the first and the last egg of a clutch.
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Chapter 7

Behavioural decisions made by laying female zebra finches (Taeniopygia

guttata) under an elevated risk of predation

Abstract

It has long been known that reproduction may be costly. More recently the
importance of predation risk as a cost of reproduction in females has begun to
be appreciated. Since there may be a trade-off between reproduction and
avoiding predation, one would expect animals facing such a trade-off to
optimise this rclationship. This may occur on an evolutionary leve] involving
an adaptive change in the genome of a species over time, or through animals
altering their behaviour, reproductive siratcgy or physiology in responsc to
more short term changes in predation risk. Here we investigate whether
breeding lemale zebra finches modify their behaviour to minimise their
likelihood of being predated at the time of laying. In the first experiment,
females were shown to alter their behaviour during laying in such a way as
might minimise their predation risk: they fed less often, avoided high risk
feeding patches, tended to associate with larger flocks, and spent more time in
cover, However, the relationship between the male and female of a pair
changed in such a way that would appear to elevate the female’s risk trom
predation, with an increase in solo flights made by the female, a reduction in
time spent with the male and in feeds made alongside the male during the
laying period. It is likely that this is a result of the male’s role in incubation
forcing the pair to spend more time apart. In a second experiment, females
deprived of cover were shown to feed more oflen with other birds, and feed
less often and Tor a shorter duration in high risk areas than females provided
with cover. These effects were especially pronounced during the egg laying
period. Female zebra finches were therefore shown to be sensitive to changes
in their predation visk, and demonstrated changes in behaviour likely to
minimise any increases in predation risk whether due to envirommenial
variables such as diffcrences in cover or physiological variables such as the

muscle loss which may tesult from laying eggs.
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Introduction

An increase in maternal predation risk as a result of reproduction is a
potentially widespread phenomenon in animals since changes in female
condition during this time are likely to affect her escape capabilities. Slagsvold
& Dale (1996) have demonstrated for example that predation rates of female
pied fiycatchers (Ficedula hypoleuce) are highest during the egg laying phase,
whilst Berglund & Rosengvist (1989) have shown that gravid prawos
(Palaemon adspersus) are more conspicucus to predators, and Madsen (1987)
has shown that the grass snake (Nafrix nairix) suffers from decreased
locomotor capabilities when gravid and is subsequently more vulnerable to
predation. Animals might adapl to such increases in predation risk by
undergoing inter-generational evolutionary changes, and/or by making intra-
generational behavioural or physiological adaptations. Hvolutionary changes
might include a change in reproductive strategies whereby animals synchronise
their reproduction to reduce the likelihood ot predation on offspring or adults,
evolve habitul preferences that reduce their exposure to predators, or possibly
reduce their reproductive oulput. However, predation risk may be relatively
invariant over cvolutionary time, but may vary considerably on a seasonal,
daily and even a minute by minute basis (Lima & Dill 1989). Consequently,
animals must be able to assess such changes in predation risk, and make short
term intra-generational adaptations to avoid predation, Such adaptations have
been demonstrated in the southetn water skink (Eulamprus tympanum) which
when gravid adopts an anti-predator strategy that is more reliant upon crypsis

due to its reduced mobility at this time (Schwarzkopf & Shine 1992).

It has already been shown that declines in pectoral muscle condition during
laying result in a reduction in alarmed flight performance and subsequently an
increased likelihood of predation (see Chapter 3). Moreover it has been found
that when cncouraged to lay a larger clutch, birds lost more peetoral muscle
condition index and subsequently flew slower at the end of laying (see Chapter
5). In the following experiments, whether or not laying females adjust their

behaviour to minimise any increase in predation risk which might result from
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ege laying is investigated, and whether any such behaviowral change varics
with the riskiness of the habitat. In order to do this, two experiments were
carried out. In the first experiment female zebra finches were given
opportunities to adjust their perceived risk from predation by varying the cxtent
to which they spent time flying and feeding, fed in high risk patches, sought
cover, or flocked with bengalese finches (Lonchura striata) or the male zebra
finch to which they were paired. In the second cxperiment, pairs of breeding
zebra [inches were again housed with bengalese finches, but the riskiness of the
habitat was varicd by altering the level of protective cover. From previous
findings on flight performance during laying (see Chapter 3), onc would expect
female zebra finches to minimise their predation risk by reducing the times and
extent to which they are vulnerable to predators during laying, and to do this to
a greater extent if denied access to cover (Beck & Walls 1998). However, egg
production is costly for female birds, both in terms of cnergy and nutrients
{(Houston et af. 1995a), consequently, there is likely to be a conflict between
the need to minimise predation risks, and the need to satisfy the demands of
egg laying. This may be particularly true in the light of experiments which
showed that birds flew slower and lost more muscle condition if encouraged to
lay when on a poorer diet (see Chapter 6). However, since failure to survive
from a predatory attack will have a greater fitness cost than a reduction in
[oraging behaviour, it is to be expected (hat birds will modify their behaviowr
to optimise the trade-off between foraging and predation risk. Consequenily,
birds denied cover are likely to take fewer risks than those with cover, since
their nutritional demands are likely to be the same, but their overall risk of

predation is higher.

Experiment 1

Methods

A single pair of zebra finches was housed with eight male bengalese finches in
fouwr replicate outdoor aviaries measuring 6 m long by 4 m wide and 2.5 m
high. The two species are related and will feed in mixed flocks, without the
complications of sexual interactions between them. Consequently, we can

assume that the primary reason a female zebra finch would choose to flock
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with bengalese finches is due to the enhanced predator detection and avoidance
that this would entail in accordance with the selfish herd theory (Hamilton

1971) and the many-eyes alfect (Kenward [978).

The aviaries were constructed of a wooden frame with wire mesh on all panels
including the roof, with the exception of one of the 4 m by 2.5 m end panels
which was of solid wood. Each aviary was divided along its length into six
zounes, one metre wide, enabling the position and subsequent associations
between the birds to be recorded. The aviaries were furnished with composted
wood bark flooring throughout, and numerous perches placed in the first 2 m of
the cage from the solid end panel. Cover was also provided in this area in the
form of military camouflage netting suspended from the roof (see figure 1).
This area was considered to be equivalent to shrub or tree cover in the wild,
since it had 3-dimensional complexity such that birds could hide in il, and
represented a place of refuge above the ground. All birds demonstrated a strong
preference for this area, spending a large proportion of their time perching

there including roosting, and flying back there when disturbed,

Food was provided at {wo feeding sites placed in the fourth and sixth meter
zones. Each feeding site had two food patches designed to create a low and
high predation risk patch. The low risk patch comprised ot a tray at ground
level on which 15 g of mixed finch seed was placed daily. The high risk food
patch consisted of a similar tray, containing the same amount of food, however,
around this tray was ‘placed a clear perspex tube, 25 cm high and 30 cm in
diameter. This forced birds to take-oft from the feeding tray in a near vertical
trajectory and thus reduced the speed of escape [ights when leaving the high
risk patch, since birds face a tradc-off between flight velocity and angle of
ascent (Witter & Cuthill 1993). Video-recordings of the initial 150 ¢m section
of alarmed flights made by zebra finches flying to cover from the two fecding
patches, confirmed that flights were significantly slower from the high risk
feeding patches than from the low risk feeding patches (T-test, V= 75, f5 4=
6.59, P=<0,0001, figure 2). The greater time and manoeuvrability required to

reach cover would therefore increasc the perception of visk at this site. In order
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to encouwrage birds to use the high risk feeding patch, seed in the low risk
patches was mixed with 200 g of coral sand of a similar grain size to the sced,
thus making feeding more time consuming. Moreover, since just enough food
was provided in the four feeding patches to ensure that the majority of food
was used up by the end of the day, birds were encouraged to feed in the high
risk sites as food was depleted in the low risk sites. The birds thus faced a
choice of teeding between a low risk but less profitable food patch, and a high

risk but more profitable one.

Birds were observed with binoculars through the windows of an observation
hut approximately 10 m from each of the four aviaries. The four replicate
aviaries were positioned so that there was a distance of approximately 22 m of
lawn between adjacent aviaries that were visible to one another. Thus birds
were not likely to be affected by the behaviour of birds in adjacent aviaries ot

gain a sense of cover from structures outside the aviary.

After an initial acclimatisation peridd, females were observed daily for two
weeks prior to the provisioning of nest boxes, four of which were placed on the
solid back wall amongst the cover. Daily observations continued until one
week after each female had laid her first egg, which included the period in
which all eggs were laid along with at least two days atter laying. For analysis,
a consecutive three week period starting two weeks prior to the laying of the

first egg and ending one week after the first egg was laid is considered.

Feeders were replenished at 0900 hours, and the behaviour of the birds was
subscquently obscrved during this initial feeding boul for three hours. The
behaviour of the focal female zebra finches were recorded using a combination
of continuous recording and instantaneous sampling (Martin & Bateson 1992).
The three hour period of observation was divided into five minute blocks.
During the first two minutes of each block, instantaneous sampling was used to
record data from each of the four aviaries in turn, namely the zone in which
each female zebra finch was in, and with whom and what she was doing. This

enabled data to be recorded concerning the extent to which she flocked and fed
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with the bengalese finches, with the male zebra finch, the extent to which she
stayed in cover, the amount of time spent feeding, and the percenmtage of
feeding time in the high risk patches, In the remaining three minutes of each
block, using continuous recording, data concerning the nature and number of
flights made by the focal female from one of the four aviaries was collected.
Data were collected from each of the four aviaries in turn, such that three
minutes of continuous sampling were recorded for cach focal female once
every 20 minutes. This experiment was repeated twice, thus providing data

from eight pairs of breeding zebra finches.

Repeated measures ANOVAs were performed using females (n=8) as subjects
and time as the within subject effect. Time was divided into three, week-long
periods: two periods in the two weeks prior to laying and one in the week
beginning on the day the first egg was laid. A mean value for the paramcters i
question was calculated for each female for each of the weeks. All data in the
form of a percentage were arc-sign transformed before analyses were carried
out. In all repeated measures ANOV Az multivariate tests of significance were
used whenever the Mauchly’s test for sphericity indicated that the univariate

lests were nol valid.

Results

All eight females completed a clutch during the period of observation (mean +
SE =4.125 + 0.398). Significant changes were seeu to occur in the associations
between the female zebra finches and the other birds in the enclosure with her
during the course of the experiment. The mean number of bengalese finches in
the same zone as the female zebra finches was significantly effected by timc
(Multivariate repeated measure ANOVA: K, 1,.=14.138, P=0.005, see figure 3),
with females showing an increased tendency to associate with hengalese
finches as they came toward laying. The percentage of time spent with the male
peaked in the week prior to laying, and declined to its lowest point in the week
following the taying of the first egg (Multivariate repeated measure ANOVA:
g 14=17.245, P=<0.003, see figure 4).
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The naturc of the females’ feeding behaviowr also changed during the course of
the experiment. The percentage of time spent feeding declined significantly
towards the laying period (Univariate repeated measure ANOVA: I 14=6.08,
P=0.013, see figure 5). The percentage of feeds made by the females with the
male zebra finches also declined markedly at the start of laying (Multivariale
repeated measure ANOVA: I 14=39.828, P=<0.001, see figure 6), whereas the
percentage of high risk feeds made by the female declined significantly through
out the observation period to reach a minimum during the laying and
immediate post laying period (Multivariate repeated measure ANOVA:
F,14=24.704, P=0.001, see figure 6).

The percentage of time spent in cover was significantly effected by time
relative to laying (Univariate repeated measure ANOVA! F; 14=6.76, P=0.009,
scc figure 7), with an increase in time spent in cover towards the laying period.
Although no significant changes were detected in the ratc at which females
made flights (Univariate repeated measure ANOVA: F;1,=3.45, P=0.061, see
figure 8), the number of solo {lights made was significantly effected by date
relative to laying (Univariate 1epeated measure ANOVA: F, 474,01, P=0.042,
see figure 9), with a marked increase in the percentage of solo flights made

during the laying and post laying petiod.

Experiment 2

Methods

Single pairs of zebra finches were housed separately in each of the four cutdoor
aviaries used in experiment 1, again with eight male bengalese finches. In order
to test whether the risk taking behaviowr of breeding females was affected by
the riskiness of the habitat as well as her reproductive cycle, two treatments
were utilised, one in which cover was provided, and one where no cover was
provided. In the cover treatment, the aviaries (n=2) were provided with an area
of cover, approximately 1 m deep along the length of the aviary in the form of
camouflage netting and five 1 m long perches suspended from the roof. Food
was provided on the ground at two sites along the length of the cage,

approximately 1.5 m away from the nearest area of cover (figure (0a).

85




The remaining two aviarics were subjected to the no cover treatment, where the
two feeding sites were placed at the far end of the aviaries, approximately 5 m
from the solid sided end wall of the aviary where perches were provided, but
no camouflage netting (figure 10b). The feeding sites consisted of a high and a
low risk feeding patch as in experiment 1. Each zebra finch pair was allowed to
acclimatise to the experimental set up for 14 days before daily observations
started. Four nest boxes were placed on the solid back wall of each aviary after
two weeks of data had been collected, and data collection continued until each

female was observed for eight days after she laid her first egg.

Birds were fed at 0900 hours, and the behaviour of the focal temale was then
observed for a three hour period using instantaneous focal animal sampling
(Martin & Bateson 1992). The three hour observation period was divided into
two minute blocks. Iivery two minutes the location and behaviour of cach of
the focal temale zcbra finches was recorded in turn, together with the identity
and number of individuals in the same zone as her. The experiment was carricd
out once, thus the behaviour of two females was observed for each of the two

treatments, those with cover and those without cover.

Repeated measures ANOVA were performed comparing daily means for each
treatment relative to laying date as the within subject effect, with the
provisioning of cover as the between subject effect. All data in the form of a

percentage was arc-sign transformed before analyses were carried out.

Resuits
All females completed a clutch, both females laying in the presence of cover

laid five eggs, whilst those laying in the absence of cover both laid four eggs.

The differences in cover between the lwo treatments and the effect of the laying
cycle were both significant in effecting various aspects of the females® feeding
behaviour, and the risks she took associated with it. There was a significant

effect of date relative to laying upon the percentage of feeds made by females
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with the male to which she was paired (Repeated measure ANOVA: effect of
day; £31=5.00, P=<0.001, effect of cover; f;,—=7.88, P=0.107, see figurc 11)
with birds feeding less often with their paired male shortly afier the onset of
laying. Though there was no significant effect of cover, birds without cover did
tend to feed more with their paired male than those with covet. There was a
significant affect of cover upon the percentage of feeds made by the female
with birds other than the male to which she was paired (Repeated measure
ANOVA: effect of day; /5,=1.54, P=0.135, effect of cover; f; ,=89.7, P=0.011,
see figure 12) with birds breeding in the absence of cover feeding significantly
more often with other birds, particularly in the days following the start of
laying. The provisioning of cover and time both had a significant effect upon
the percentage of high visk feeds made by the female, with birds breeding in the
absence of cover feeding far less often in high risk areas, and with birds in both
treatments exhibiting dechines in high risk feeding towards the onset of laying
{(Repeated measuwre ANOVA: effect of day; f(=3.64, P=<0.001, effect of
cover; £ 2=432.86, P=0.002, see figure 13). There was a also significant effect
of cover and time upon the duration of high risk feeds made by the laying
females with birds in both treatments exhibiting declines in high risk feed
duration towards the onset of laying (Repeated measure ANOVA: affect of
day; /,.,=4.82, P=<0.001, affect of cover; f1,=831.97, £=0.001, scc figure 14),
and with females laying in the absence of cover, feeding for significantly
shorter duration in the high risk patches than females laying in the presence of

COVeEr.

Discussion

The importance of declines in muscle condition due to laying in affecting
alarmed flight performance and subsequently predation risk in birds has already
been demonstrated {see Chapter 3), and there is a large body of evidence which
suggests that cover is also influential upon predation risk in birds (Lima & Dill
1987b, Bednekoff 1996, Slotow 1996, Beck & Watls 1998). In this series of
experiments we have attempted to see whether female zebra finches possess
the ability to assess these aspects of predation risk, and subsequently adjust

their behaviour in order to influence their risk of being predated,
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Work by Jones (1991) on house sparrows (Passer domesticus) and by Houston
et al. (1995a) on zebra finches has shown that declives in muscle volume seen
in laying females occur at least three days prior to the laying of the first egg.
Since reduced muscle condition is likely to correlate with an increased
likelihood of being caught during any single given predatory attack (see
Chapter 3), one might expeet females to adjust their behaviour at this time in
order to minimise this risk. However, at a similar time, one might also expect
females to adjust their foraging behaviour in order to increase food intake over
this energetically and nutritionally demanding period (Robbins 1981, Walsberg
1983), a behavioural sirategy which would conflict with attempts to minimise
predation risk (Lima 1987b). However evidence suggests that zebra [inches in
captivity decrease activity levels and no incrcasc in food inlzke is scen
immediately before and just after the onset of laying (Houston ef al. 1995¢),
Although it has been suggested (hat birds may reduce activity at this time in
order to minimise potential damage to developing eggs (Fogden & Fogden
1979), it is suggested here that this is not the case, since during the coursc ol a
series of experiments investigating the effects of body mass and egg production
upon flight performance, 37 females were caught, handled and flown on a total
of 2,505 occasions when gravid, and on no occasion were indications of egg
damage such as deformed or damaged eggs being laid or peritonitis seen. It can
be assumed therefore, that for much of the daylight hours atl least (i.e., the
period in which gravid females were flown and handled), zebra finches are
resistant to egg damage due to flight. Therefore the reductions in activity seen
in laying zebra finches would appear to be an adaptive response to some other
variable. Although the reduction in flight activity seen in femnales relative to
laying date in the first experiment was not significant, il is likely that this
results from the relatively large standard error of the mean doe to the rarity of
the behaviour, rather than from there being no real change (see figure 8).
However, there were significant changes in other behaviours potentiatly

indicative of attempts to reduce predation risk.
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Female zebra finches were shown to associate with bengalese finches more in
the week preceding and immediately following the onset of laying (figure 3).
This may result from the fact that females were more often in cover at this time
(see figure 7) due to the introduction of the nestboxes in the covered part of the
aviary, which is where all birds including the bengalese finches spent most of
their time when not feeding. However, the increase in time spent in cover, and
the increased association with bengalese finches can also be interpreted as an
attempt to minimise predation risk during the vulperable laying period,
particularly as the extent to which females associate with bengalese finches
appears to increase earlier than the increase in time spent in cover. Since as
gtoup size increases, individuals can reduce their own vigilance withowt
necessarily sacrificing predator detection (Lima 1987b), the female may be able
to maintain her rate of food intake at a time when it might otherwise have been
reduced as a result of the need for increased vigilance by choosing to feed with
fiocks of bengalese finches. Thus, the reduced time spent in the vicinity of the
feeding stations towards the laying period, may not nccessarily indicate a

reduced food intake, since females may be more cfficient feeders al this time.

The females” association with the male (see figures 4, 6, 11) might change for
three reasens; 1. The male will preferentially associate with the female when
she is most fertile to ensure pateinity of offspring (Birkhead ef o/, 1988, Burley
et al. 1994). 2. The malc will spend less time with the female away from the
nest during the incubation phase since both sexes share incubation (Birkhead et
al. 1988). 3. The male and female may associate more when her vulnerability
to predation increases, so as to increase their corporate vigilance and thus
chances of detecting approaching predators {(Hamilton 197}, Pullman 1973,
Kenward 1978), and to maintain the females’ rate of food intake (Lima 1987b).
It is apparent that the associations between the male and female are driven
more by reasons | and 2 than by 3, since at the time when her predation risk is
highest, (1.e. in the week following the start of laying), the male spends the
least time with her. The decrease in time spent with the male, including feeding
time and the increase in solo flights made by the female in the week following

the start of laying (figwe 9), is most likely to be due to his altendance and
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incubation at the nest and the reduction in the need to guard against extra-pair
copulation, The peak in time spent with the male coincides with the time at
which she is most fertile, but not necegsarily when she is most at risk from
predation. In fact an analysis of the daily data for all eight birds in experiment 1
revealed that on the day after the female laid her first cgg, and the first day on
which the male can be sure that she is ferfile, all males associated with their
respective female for 100% of the obscrved time. This coincides with the peak
in the rate of extra-pait courtship’s performed by males toward females

(Birkhead et al. 1988)

Figures 4, 6, 9 and 11 demonstrate that over the time period when the females’
escape flight capability declines and her degree of association with the male
decreases, female zebra finches show a marked shift in food patch prefercnce
away from the high risk patches and also reduce their overall time spent
feeding (see figures 5, 6, 13, 14). Although it has been shown that zebra
[inches do not increase their daily intake of food at the time of laying (Houston
et al. 1995¢), our results would appear to indicate that they may in fact reduce
their food intake, or at least the time spent feeding (see figure 5). Since egg
production is an energetically demanding time for birds (Walsberg 1983) and it
has been shown that reproductive success declines in zebra finches as the net
rate of energy gain decreases (Lemon & Barth 1992), the reduction in feeding
behaviour, and most notably in the percentage of time spent at the most
profitable but riskiest food patches (see tigures 6, 13 14), must have a strong
adaptive significance. It is suggested here that females arc actively adjusting
their behaviour in order to minimise their predation risk at a time when it may

be elevated due to reduced flight performance.

Although results [rom the second experiment should be treated with caution
due to the small sample sizes, similar apparently adaptive changes in behaviour
were seen as a result of the onset of laying, namely a reduction in the
proportion and duration of feeding bouts at the high risk patches and a
tendency toward an increase in feeds with birds other than the paired male as

the females began laying. However, in all cases, the females® response

90

L L R REE

-




appeared more cxtreme in the absence of cover than when birds were given
access to cover: thus females fed more often with bengalese finches and madc
fewer high risk feeds which were also of a shorter duration in the absence of
cover, than in the presence of cover. The reduction in feeding behaviour with
the paired male, is again likely to be a result of shared incubation and a declinc
in the need to mate-guard. Since there was no variation in clutch sizes between
the cover and no cover {realments, and sample sizes were small, statistical tests
on clutch size could not be performed. However, it is possible that a reduction
in cluteh size (from five eggs to four) in the absence of cover may represent a
physiological adaptation to minimisc any potential increase in predation risk

resulting from laying in this relatively more hazardous environment.

The findings from these experiments would appear to confirm the hypothesis
that egg production is likely to result in an increase in predation risk in zebra
finches, since the changes seen in female behaviour, such as a decrease in time
spent (n the high risk feeding patches are unlikely to bave occurred if this were
not the case. However, if this were the case, this would surely increase their
predation risk. Perhaps more significantly, these findings demonstrate that
female zebra finches clearly posses a behavioural flexibility which allows them
to modity their behaviour in such a way as to compensate for the reduced

ability to make rapid escape flights during the laying period.
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Fig. 3. The effect of stage of laying on the weekly mean (+SE) number ol
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week starting two weeks prior to the onsct of laying, stage 2 = the week starting

one week prior to the onset of laying, stage 3 = the week starting with the onset

of laying.
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Fig. 4. The effect of stage of laying on the weekly mean (+SE) percentage of

time the male zcebra finch was in the same zone as the female zebra finch.

Fig. 5. The effect of stage of laying on the weekly mean (+Sk) percentage of

time spent feeding by (he female zebra finch.
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Fig. 6.
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Fig. 0. The effect of stage of laying on the weekly mean (+SE) percentage of
feeds made with the male by the female zebra finch (open bars) and the weekly

mean (1 SE) percentage of high risk feeds made by the female (shaded bars).

Fig. 7. The cffect of stage of laying on the weekly mean (+SE) percentage of

time spent in cover by the female zebra finch.
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Fig. 8. The effect of stage of laying on the weekly mean (+SE) number of

fights made per minute by the female zebra finch,

Fig. 9. The effect of stage of laying on the weekly mean (+SE) percentage of

solo flights made by the female zebra finch.
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Fig. 10. a.

Fig. 10. b.

Fig. 10a. Schematic representation of the outdoor flight aviaries used in
experiment 2 for the cover treatment. Fig. 10b. Schematic representation of the
outdoor flight aviaries used in experiment 2 for the no cover treatment. Refer to

Figure | for further details.
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Fig. 11. The effect of date relative to the laying of the first cgg (day (1), and the
presence or abscnce of cover upon the mean (1-SE) percentage of feeds made
with the male by the female zebra finch. No cover treatment = triangles, cover

treatment = squares.

Fig. 12. The effect of date relative to laying, and the presence or absence of
cover upon the mean (+SE) percentage of feeds made by the female with birds
other than the male to which she was paired. No cover treatment = triangles,

cover Lreatment = squares.
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Fig. 13. 'The effect of date relative to laying, and the presence or absence of
cover upon the mean (1SE) percentage of high risk feeds made by the female

zebra finch, No cover treatment = triangles, cover treatment = squares,
Fig. 14. The effect of date relative to laying, and the presence or absence of

cover upon the mean (+SE) high risk feed duration made by the female zebra

finch. No cover treatment = triangles, cover treatment = squares.
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Chapter 8

Manipulating the nesting biology of endangered bird species: problems

and solutions

Abstract

The removal of cggs from the nests of rare wild bird species is a widely used
conservation tool designed to increase reproductive output and subsequently
bolster endangered populations. Although it has been used with some success,
theie are problems associated with this method which may compromige its
effectiveness as a conservation tool. Here relevant research which outlines
these problems is reviewed and suggestions as to how these problems can be

limited are made.

Introduction

Hgeg removal is a now widely used management tool utilised in order to
increase fecundity in endangered bird populations. In this procedure, freshly
laid eggs are removed from nests as soon as they are laid, thus encouraging
females to lay eggs to replace those which have apparently been lost.
Subseguently a larger than normal clutch is laid. Altenatively the entire clutch
may be removed at the cnd of laying to encourage the female to lay a full
replacement cluich, a technique known as double clutching (see Haywood
1993alb for details concerning the sensory cues which control this). The
removed eggs are typically incubated in controlied conditions, either using a
foster species ot an incubator. This method has been wvsed on the Mauritius
kestrel (Falco punctatusy (Jones er al. 1994), the Californian condor
(Gymnogyps  californionus) (Toonc & Wallace 1994), the black stilt
{(Himantropus novaezelandice) (Reed er af. 1993), the black robin (Petrocia
traversi) (Merton 1990, Butler & Metton 1992}, the echo parakeet (Psittacula
eques echo) (Jones & Dufly 1993} the takshe (Porphyric mantelli) (Clout &
Craig 1995), the kakapo (Strigops habroptilus) (Clout & Craig 1995) the

osprey (Pandion halivetus) (Poole 198Y) the peregrine falcon (Falco
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perigrinus) (Saar 1988) and the prairie falcon (Kalco mexicanus) (Cade &

Temple 1994} to name but a few.

Fgg removal and subsequent artificial rearing, however, has certain limitations.
Firstly, removed cggs need to be incubated and chicks reared either by a foster
species or by hand in captivity, with birds being released at a later date.
Difficulties with cross-fostering to a different species and the subsequent
release of captive bred young have been recognised in the past. Chicks from
Takahe eggs for example, cross fostered to bantams imprinted on the foster
parents (Clout & Craig 1994), and interspecefic mating has been seen to occur
in cross fostered raptors and betwecn whooping cranes (Grus americana)
fostered to sandhill cranes (Grus canadensis) (Cade & Temple 1994). Secondly
survival of captive bred birds may be low in the wild (Clout & Craig 1994,
Cade & Temple 1994). Finally the assumptions which underlies this
management tool, which is that increased egg production has no negative
consequences on the quality of egg produced or maternal condition is flawed,

and it is this area that is considered in detail here.

The assumption that egg production is inexpensive has risen from the apparent
ease with which females typically replace lost eggs (Lack 1947), no doubt
reinforced by the widespread knowledge that domesticated chickens (Galus
domesticus) can typically lay 80 eggs in 80 successive days. Recent studies on
birds, both in captivity and in the wild, have shown that egg production may in
fact be costly (Houston er al. 1995a, Ward 1996, Monaghan & Nager 1997,
Nager er al. in press), and is expensive in terms of energy and nutrient
requirements as well as breeding performance and potentially female survival
(Chapter 5, Slagsvold & Dale 1996, Monaghan et al. 1998). The excessive
depletion of protein reserves following clutch manipulations may also result in
the female being less able to attract a mate (Monaghan ef al 1996).
Consequently increased cgg production can be potentially costly and needs to

be taken into account by conservation biologists when using this technique.
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lHere experimental evidence is reviewed which suggests that increased egg
production negatively affects female body condition with consequences on her
own flight performance, the quality and sex ratio of her offspring, and her
attractiveness to mates. Although the cited studies come from common bird
species, the underlying processes are likely to be the same in endangered
specics as well. An outline of how these negative effects can be reduced is then

made, such that the effectiveness of this usctul tool can be maximised.

Female condition

It has been shown that in 21 of the 29 bird species for which female muscle
condition has been examined, there is a significant loss of muscle muss from
the body during laying (Houston e ¢l 1995a) as protein is transferrcd from
muscle tissue into the formation of eggs (Houston er al. 1995¢). Much of the
musculature concetned is involved in locomotion, both ambulatory and flight
(Houston et al. 1995¢). For example, Housion ef af. (1995¢) found that 14% of
lean flight muscle mass, and 15.3% of lean leg muscle mass is lost in the zebra
finch (Taeniopygia guttata) as a result of laying. Protein from muscle reserves
may be used to provide cssential amino acids which are limiting in the diet at
the time of egg formation (Houston ef «f. 1995¢). Iigg proteins have an unusual
amino acid balance compared to other proleins as they posses high levels of the
amino acids cystine and methionine (Houston ef /. 1995a), and subsequently,
it is the quality of proteins in the diet of birds which limits egg production
rather than the absolute quantity (Ramsay & Houston 1997). Moreover, there is
good evidence that it is the quality of muscle proteins rather than the absolute
amount of muscle which influences egg production, and that this muscle
quality is influenced by the nutritional balance of the diet in the period prior to

breeding (Selman & Houston [996a).

Such losses in muscle tissue are likely to effect the locomotor capabilities of
females, and subsequently the ability of the bird to forage and to escape from
predators, since the ability of a bird to get airborne rapidly is the single most
important factor determining the chances of survival when under atiack from

avian or mammalian predators (Rudebeck 1950, Page & Whitacte 1975,
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Cresswell 1993, Bednekoff 1996). Work carried out on captive zebra finches
has demonstrated that by encouraging females to lay an extra egg (mean clutch
+ standard ervor = 4.9+0.3), {emale muscle condition declines to such an extent
that post laying flight performance at take-off is reduccd by 7% comparcd to
when the same females were encouraged to fay a smaller clutch (mean clutch =
3.610.2) (Chapter 5). In the time represented by this 7%, a pursuing raptor may
be capable of travelling between 70-120 ¢m further towards the escaping bird,
thus severely lessening the chances of survival once an attack has been initiated
(Chapter 5). This is particularly relevant to many endangered bird species,
since a large proportion have become endangered due to the introduction of

alien predators (Clout & Merton 1998, Lovegrove 1996, Imber ef al. 1994).

The findings outlined in Chapter 6, together with those of Selman & Houston
(1996a) clearly demonstrate that the extent to which females rely upon muscle
tissue in the formation of eggs i1s dependent upon the protein quality of their
pre-breeding diet. Veasey et al. (Chapter 6) encouraged female zebra finches to
lay the same sized clutches under different regimes of protein supplementation.
When birds produced a clutch on a high quality protein pre-breeding dict, they
actually gained muscle condition during the course of laying (+3.45%+2.4),
whilst when birds laid a clutch having been given a low quality protein pre-
breeding diet they lost muscle condition (-8.37%-3.1). This was reflected in
the subsequent changes in {light performance: when given a high quality
protein pre-breeding dict, females took less time to complete a flight of a
prescribed length at the end of laying (-7.15%+3.1) than when given a low
quality protein pre-breeding diet (+3.84%43.4). Thus simply by providing
laying females wilh a high quality diet, in this case homogenised boiled hens
eggs and soya rusk, the effects of reproduction upon muscle wastage and

subsequently flight performance can be minimised.

‘That egg production effects maximal flight performance due to a reduction in
muscle condition, means that foraging efficiency may also be effected,
particularly in insectivorous and predatory birds which rely upon maximal

flight performance to obtain food. Work carried out on lesser black backed
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gulls (Larus fuscus) (Monaghan er al. 1998) and common terns {(Siersna
hirundo) (Heaney & Monaghan 1995) has shown that by encouraging females
to lay an extra egg, the capacity of the parents to provision for a control brood
is reduced. Tt should be noted that in both cases, the chick rearing period is
several weeks after laying, and so the capacily for femalcs {o compensate for
the demands of laying an extra egg during the later stages of the same breeding
attempt is limited. The costs of egg production for the parent may therefore be
long term. McCleery er al. (1996) found that a drop in nest predation which
resulted in increased clutch sizes in the great tit (Parus major), gave rise to
increased female mortality after 5 years old, related o the number of successful
breeding attempts she had made, though no such relationship was found for
males. It was suggested that this may have resulted from increased competition,
however such a relationship should then also have occurred in males who
would surely be subject to similar levels of competition. Since male great tits
also help in chick rearing, one might assume that the increased female
mortality is related to the costs associated with egg production. It is possible
for example that the increase in clutch size increased the likelihood of females
being predated or contracting diseases or parasites due to a reduction in their
condition, a factor that became more evident after 5 years old due to

physiological deterioration with age exaggerating the costs of reproduction.

Reproductive effort during the chick rearing period (rather than egg laying) has
also been shown to reduce antibody responsiveness in birds (Deerenberg et ol
1997). Here clutch sizes were manipulated in caplive zebra finches and
enhanced effort was found to affect the production of antibodies toward sheep
red blood cells (Deerenberg ef af. 1997). This reduction in immunocompetence
associated with reproduction may explain the increased parasitism observed in
numerous speeics during the reproductive period (Deerenberg et al. 1997). The
effort associated with rearing young, independently of laying, has been shown
to render birds more vulnerable to parasitic infection (Gustafsson ef al. 1994,
Deerenberg et al 1997, Nordling et al 1998). A rteduction in
immunocomnpetence appears to come about as a result of the adaptive

reallocation of limited resources during chick rearing (Deerenberg ef al. 1997).
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Il is possible thercfore, that the allocation of resources to egg production will
also compromise immunocompetence. Subsequently, the provisioning of extra
resources during the laying and pre-laying period may reduce the extent to

which birds become immunosupressed (Baron 1988).

Offspring quality

When lesser black-backed gulls were encouraged to lay additional eggs, the
resultant eggs proved to be of poorer quality (Nager ef g/, in press). Although
the egg mass of additional eggs did not decline below the mean egg mass of
normal last eggs, the proportion of lipids in the cgg, the main energy source for
the growing bird decreased, whereas the proportion of water increased (Nager
et al. in press). In a similar experiment on common terns, additional eggs
showed a significanl decrease in the thickness and relative weight of the

cggshell (Heancy ef al. 1998).

That these changes in egg gquality have an eflect upon chick survival is shown
by the poorer success of additional eggs when fostered to unmanipulated
control pairs. In lesser black-backed gulls, additional eggs had a poorer
hatching success and successful hatchlings had poorer chances of survival to
fledging compared to control eggs (Nager ef al. in press). A chick hatched from
the first egg of an experimentally extended laying sequence had an average
survival probability of 90%, whereas this declined to 31% for a chick hatched
from the 11th egg. This effect did not result from the poorer condition of the
mother, as eggs were transferred before incubation started to control pairs

unaffected by increased egg production.

Examples of reduced offspring quality in managed populations may be evident
in a number of endangered species. In the Mauritius kestrel for example,
females were made to lay up to four clutches. Egg quality however declined in
later clutches and no fourth clutch ever included fertile eggs (Jones ef al. 1994).
The Mauritius kestrel was atso induced to lay extended clutches by the removal
of fresh eggs, however the fertility and hatchability of the additional eggs
declined (Jones et al. 1994),

105




It is presently unclear what factors cause the poorer success of additional eggs.
It is typically assumed that chicks hatched from larger eggs are more successful
(Williams 1994). In the gull study, success of the egg was not only related to its
mass but 1o is position in the laying sequence; additional eggs had a
significantly poorer success than normal eggs despitc being of a similar size
(Nager er al. in press). This indicates that changes in egg composition may be
responsible for declines in egg quality in additional eggs. Alternatively, the
immune system of the laying female may compete for protein resources with
the process of egg formation, conscquently offspring from additional eggs
obtain smaller amounts of maternally transferred antibodies and might thus
have a compromised tmmunocompetence and therefore may have lowered

chances of survival.

So far only effects of increased egg production on females and subsequently
her eggs has been considered. However, by inducing larger clutches to be laid,
gamete production of the male might also need to be increased. For fesser
black-backed gulls there is evidence that additional eggs receive less sperm and

are more likely to be unfertilised (Nager, unpublished data).

The quality of additional eggs can be improved by supplementary feeding the
female both before and during laying of the manipulated clutch. Zebra finches
given high protein supplements prior to breeding tend to lay heavier clutches
(Selman & Houston 1996a, Monaghan ef al. 1996) or heavier individual eggs if
encouraged fo tay similar sized clutches (Chapter 6). Since various parameters
of offspring fitness have been shown to relate to egg size (Smith & Bruum
1998, Hill 1993, Willlams 1994, Amundsen 1996), the advantages of

supplementation for endangered birds prior to laying is evident.

Offspring sex ratio
In sexually dimorphic species, the larger sex is often more susceptibie to
changes in environmental conditions (Sheldon ef af 1998). Insufficient

resources in additional eggs might therefore have a larger negative effect on the
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bigger sex. In lesser black-backed gulls males grow faster (Griffiths 1992) and
are approximately 12% larger than females when adult (Cramp 1983}, but are
also already larger at hatching (Nager ef al. 1992). Males hatching from
additional, poorer quality eggs, have a higher chick mortality than females
halching from additional eggs (Nager et a/. 1999). This difference in survival
between males and females was independent of the condition of the female
afler laying since they all had been cross-fostered to, and were raised by,
unmanipulated parents. This sex-difference in survival will bias the sex ratio of
young, Furthermore, to improve their reproductive success under the given
poor condition, female lesser black-backed gulls produced an increasing
proportion of daughters with decreasing body condition: among last additional
eges these were 75% females (Nager ef al. 1999). Such exlreme sex ralio
biases can have very important negative impacts on the effective population
size and thus counteract the effects of increased fecundity. Although there are
potential advantages to this in polygamous species such as the kakapo, it is not
known which way, if any, a sex ratic bias may go. Since the difference in
offspting performance between the sexes depends on egg quality, the effects on
offspring scx ratio can be mitigated by supplementary feeding as demonstrated

by the lesser black-backed gull study (Nager ef al. 1999).

General conclusions

There ate numerous unwelcome costs associated with clutch manipulation that
are likely to jeopardise the survival of parents and offspring, and thus the
effectiveness of egg pulling as a conservation tool. However, all of the
physiclogical costs can to some extent be negated by the provisioning of high
quality food supplementation which also has the beneficial ¢ffects of increasing
fecundity (Drent & Daan 1980, Nager er af. 1997), and may even increase the
likelihood of pairing, since malc zebra finches have been shown to selectively
pair with females which have been exposed to a high quality diet (Monaghan ef
al. 1996). This may be particularly important for small populations where the
choice of mates is limited. It is notable that on Little Barrier Island,
translocated kakapo bred only after being provided with food supplementation

(Powlesland & Lloyd 1994), seven years after having been transferred there.

167




However the low hatching success of subsequent eggs, can possibly be

attributed to the poor quality o[ the supplementation provided.

Though there are certainly problems associated with the presentation of food
supplements for some wild bird species (Jones & Duffy 1993), persistence is
advised since the benefits are likely to be high: food supplementation is likely
to affect subsequent parental fecundity and survival, attractiveness to mates and
chick survival due its effects upon fledging weight (Kilner 1998). Since all bird
species may to differ in their requirements, a blanket reconunendation cannot
be made. Homogenised hard-boiled hens eggs mixed with a commercial rusk
and soya meal mix has proved beneficial in the zebra finch (Seltnan & Houston
1996a). However, such a high protein diet may prove toxic to some species. It
must be emphasiscd oncc again that protein quality rather than quantity is
critical, subsequently the supplementation of limiting amino acids may prove
beneficial. Ramsay & Houston (1998) found that blue tits (Parus caeruleus)
supplemented with the amino acids cystine, threonine, {ryptophan, lysine and
methionine laid clutches 8% heavier than control birds. Such supplententation
regimes may be applicable to others species, since a study by Murphy (1994),
found (he amino acid composition of egg proteins to be relatively invariant
between species. However this study is based on a limited number of species,
and so this assumption should not be taken for granted. Research into the
amino acid requitements for egg production of each individual specics 1s

therefore recommended.




Chapter 9
General Discussion

This series of investigations was prompted by findings from three main lines of
research. Firstly, and most obviously is the accumulated evidence which
highlights the importance of flight speed for birds in escaping predatory attacks
{Rudebeck 1950, Page & Whitacre 1975, Cresswell 1993, Bednekoff 1996).
Secondly is research which has followed on from the early work on declines in
pectoral muscle condition of laying red-bitled queclea (Quelea guelea) (Kendall
et al. 1973, Jones & Ward 1976): Houston et al, (1995¢) demonstrated similar
losses in muscle condition of laying female zebra finches (ZTaeniopygia
guttata), and has successfully attributed this fo a diversion of muscle nutrients
to egg production. Since pectoral muscles are the primary source of power for
flight, a reduction in muscle volume is likely to reduce subsequent flight
performance. Marden (1987) has already demonstrated that in flying animals,

the ratio of flight muscle mass to body mass positively correlates with
maximum lift production, and so, all things being equal, one would expect the
loss of muscle tissue in egg formation to negatively effect flight performance
and hence clevate predation risk. Finally, following on from the theoretical
work of Hartman (1961) and Pennycuick (1969), Metcalfe & Ure (1995) have
demonstrated that increased bady mass tends to reduce flight velocity in the
zebra finch. Since birds may be between 7-50% heavier when gravid in
comparison to when not breeding (Perrins & Birkhead 1983, Moreno 1989),
reproduction may have an effect upon predation risk through the effect mass

has upon flight performance.

It is widely accepted that reproduction is costly and may diminish parental
survival (see Stearns 1992). In concordance with this, it can be seen that egg
production may potentially affect flight performance via the reduction in
female muscle ratio during the cowrse of a breeding attempt due to the
combined effects of elevated body mass and decreased muscle condition,

which in turn will affect predation risk and thus the probability of survival.




Though many studies have investigated reproductive costs, relatively few have
investigated parental predation risk as a cost of reproduction in birds. When
predation risk as a cost of reproduction has been investigated, it is typically the
predation of the chicks or eggs that is considered, ot the predation of the parent
whilst incubating, and to a lesser extent whilst attracting mates, copulating and
when gravid (Magnhagen 1991). Thus, one of the aims of this study has been to
redress this balance, and discover the potential costs of egg production alone in

terms of predation risk.

In determining the cxtent to which egg production affects post-breeding
maternal predation risk in the zebra finch, a change in alarmed, i.e. maximal
flight performance needed to be demonstrated, since this is a better indicator ol
predation risk than routine flight performance (Veasey ef «l 1998). The
findings of Chapler 5 perhaps most clearly demonstratc how reproduction
aflects maximal flight performance. When encouraged to lay a small clutch, the
flight performance of females were better at the end of laying than at the
beginning, which presumably results from the fact that females appeared not to
rely on muscle stores and were considerably lighter (8%) at the end than at the
beginning, and were not limited in their movements by the presence of
developing eggs within their oviducts. However, when encouraged to lay a
larger clutch, females lost greater amounts of muscle condition and were
subsequently slower flyers at the end than at the beginning of the clutch,

despile being lighter and not having eggs within the oviduct.

Having demonstrated that reproduction does affect flight performance, the
cause of this change needed (0 be determined. As has been said, there were two
potential candidates which were under consideration; changes in body mass

and changes in muscle volume.

The first experimental chapter (Chapter 2) of this thesis therefore sought to
determine the exact natuxe of the relationship between alarmed flight velocity
and body mass. Contrary to the theoretical work of Hartman (1961) and

Pennycuick (1969), and the empirical work of Metcalfe & Ure (1995), no
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relationship between body mass and flight velocity was found. However, most
research into this area had nol really considered the potential for a difference
between alarmed and routine flight velocity. Six reasons potentially explaining
why the relationship was different between the two flight Lypes are described in
that chapter. Though these results scem somewhat counterintuitive, a nuunber
of other pieces of rescarch have confirmed these apparently anomalous
findings, but have failed to see the importance of the difference belwcen
alarmed and routine flights. Of eight studies investigating the effect of mass
upon flight performance (Witter et al. 1994, Lee et af. 1996, Metcalfe & Ure
1995, Kullberg ef al. 1996, Kullberg et al. 1998, Kullberg 1998, Veasey ef al.
1998, Lind ef al. in press), only two (Metcalfe & Ure 1995, Kullberg et al.
1996} found mass to significantly effect flight performance. The Metcalfe &
Ure (1995) paper was the only paper to consider routine flight in detail, whilst
all others were concerned with alarmed flight velocity. The existence of a weak
(t*=0.16) and yet significant relationship between mass and alarmed velocity
found in the blackeap (Syvivia atricapilla) by Kullberg ef al. (1996) can possibly
be attributed to the fact that the increase in weight considered was 59%, far
highet than in any other study. The fact that post-laying flight performance
differed between large and small clutch treatments, despite changes in mass
being equivalent between treatments (Chapter 5), (urther supports the assertion
that changes in body mass are not critical in effecting post-laying alarmed
flight performance. Having thus ascertained that the changes in body mass
likely to occur during the production of eggs in female zebra finches is unlikely
to have an effect upon the type of flights made when under attack from
predators, 1 was then free to investigate the other most likely cause of reduced
flight performance, namely the changes in muscle condition which occur

during laying.

A fairly large body of evidence has already demonstrated that muscle loss
during the course of egg production to be fairly widespread amongst birds (see
TTouston et al. 1995a). However, it had been suggested by Jones (1990) that
such muscle loss would be vulikely to impair locomotion, The investigation

carried out in Chapter 3 is the furst time this had been tested, and the resuits
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show this was not the case, with losses in muscle condition indices exceeding
6%, resulting in declines in alarmed flight performance, independently of bady
mass changes. The results of Chapter 5 leant further weight to these findings,
having shown that independently of diet and changes in mass, increased egg
production resulted in increased muscle depletion and subsequently reduced

alarmed flight performance.

Ilaving successfully demonstrated that increased predation tisk might well be a
cost of egg production in birds mediated through changes in muscle condition,
these costs were investigated further in terms of pre-breeding costs relating to
storage of proteins in muscle tissue and post-breeding costs related to clutch

size.

Since investment in reproduction will negatively affect investment in somatic
tissue, this can lead to decreased survival caused by metabolic drain, or an
increased susceplibilily to pathogens or predators. Since zebra finches do
utilise muscle tissue in egg production (Ilouston e al. 1995b¢), one would
expect females to lay down storage tissue prior to laying in order for them to be
able 1o make the most of unpredictable breeding opportunities (Zann er al.
1995) and to minimise muscle wastage due to laying. Such an iavestment
however, may yield costs in terms of the acquisition of nutrients (o be stored in
the bird’s muscles, and in the carrying of those nutrienis once stored. Chapter 4
aimed to investigate whether there was any physical evidence that female zebra
[inches did store nutrients, and whether this was costly to them in terms of
predation risk. Females were shown to have significantly greater (16%) flight
muscle ratios than males prior to breeding. This increased flight muscle ratio
can be interpreted as either resulting from the storage of nutrients, or the need
for females to have more musculature to transport eggs prior to laying.
However, the fact that in females, increased muscle size was associated with
slower flight times appears to suppott the storage component hypothesis, since
the larger muscle volumes negatively affect {light performance and thus is
unlikely to aid in the carrying of eggs. It therefore appears that females do

actively store protecins in their muscle tissue, possibly in the form of high
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molecular weight proteins (Houston et @/, 1995a), and that in line with life

history theory, this storage is costly to them.

Chapter 5 demonstrates that egg production is costly, and the extent to which it
is costly is at least in part determined by cluteh size. Thus when larger clutches
are laid, greater declines in muscle condition and flight performance are seen,
though changes in mass are similar, These findings have a significant bearing
upon the concept of optimal clutch sizes. Lack (1947) suggested that avian
clutch sizes had been shaped by natural selection whereby the most common
clutch size should correspond to the clutch which would yield the most
surviving young. However, it has since been demonstrated that avian clutch
sizes are typically lower than the number which have been shown to yield the
most young in brood manipulation experiments {see Monaghan & Nager 1997).
The fact that birds do not lay more eggs than they do, when so many species
have demonstrated an ability to rear more young (see Monaghan & Nager
1997) has lcad to the incorporation of trade-offs into the equation (Stearns
1992}, where the effects of reproduction upon parental survival and future
fecundity are considered as well as juvenile survival and fecundity. However,
the true cosls of reproduction in birds have often not been tully appreciated due
to the frequent exclusion of the costs of egg production. The findings of
Chapter 5 and Chapter 3 demonstrate that egg production is costly through its
effects upon the ability of females to escape from predators, and subsequently,
post-breeding female predation risk may be a factor which over evolutionary
time, may have contributed to a depression in clutch sizes below the maximum
which can be laid and reared. The implications of these findings ate wider than
simply effecting predation risk. The fact that maximal flight performance is
recduced means that it is likely that the ability of birds to forage will also be
diminished, particularly for pursuit foragers such as acrial insectivores, falcons
and many fish-eating birds. Thus reduced flight performance due to egg
production will have important implications upon the survival of both young
and parents, and is subsequently likely to have been a slrong selective pressure

depressing clutch sizes below the ‘Lack clutch’.
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It was then considered important to investigate how the relationship between
changes in flight performance and muscle condition are affected by female
condition. Selman & Houston (1996a) demonstrated that birds with access to a
high protein supplement prior to laying, exhibited smaller declines in flight
muscle condition. From the findings highlighted so far, it would be expected
that this would have a bearing on predation risk. The results of Chapter 6
clearly support this hypothesis, as it is demonstrated that pre-breeding diet
quality, independently of clutch size, significantly affects flight performance,
due to its influence upon the chunges in muscle condition during laying. Birds
given access {o high protcin supplementation prior to breeding loose less
muscle condition and fly faster than when encouraged to lay the same sized
clutches but on a low protein pre-breeding diet. In the absence of the findings
of Chapter 4 therefore, it would appear prudent for females to build up protein
reserves prior to breeding to minimise predation risk after breeding. However,
the benefits of protein storage highlighted in Chapter 6 (i.e. 2 maintenance of
post-breeding flight performance), must be weighed against the costs outlined
in Chapter 4 (ie. a reduction in pre»breeding‘ flight performance).
Subsequently, it can be seen that femalc zebra finches may not only face a
trade-off between predation risk and clutch size, but alse between pre and post-

breeding predation risk.

This investigation has so far considered the fixed costs of reproduction and the
potential consequences of these costs in terms of evelution and cluich size,
However, as these results demonstrate, predation risk will vary during the
cowrse of an animal’s life. Since animals have more to accomplish during the
coursc of their life than avoid predators, adaptations to predator evasion should
be sensilive to current levels of predation risk (Lima & Dill 1989).
Subsequently, although predation risk would appear to increase as a result of
cgg production, it is likely that birds will uttempt to ameliorate this by altering
their behaviour. Chapter 7 demonstrated that females did indeed alter their
behaviour alter laying in such a way as might minimise their risk trom
predation. Females were shown to associalc with larger flocks and take less

risks associated with feeding in the days following the onset of laying. These

114




effects were exaggerated if birds were deprived of cover. These findings
suggest that females actively alter their behaviour in such a way as would
minimise their susceptibility to predation al a time when it might otherwise be
elevated due 1o laying. Although the relationship between the male and female
changed in such a way as might elevate predation risk, as the pair spent fess
time together and fed less often together during the days after laying, this is
interpreted as being a result of the need for males to assist in incubation, and

the fact that the male no longer needs to guard against extra-pair copulation,

The final chapter (Chapter 8) applied the findings of these and other related
studies to the practice of egg pulling, i.e. the manipulation of the nesting
biology of endangered bird species in such a way as to increase reproductive
output. The removal of eggs from nests to increase productivity in rare birds
may reduce the ability of those birds to evade predators, survive infection,
provide for young, and may thus be counterproductive. Moreover, offspring sex
ratio and quality may also be affected. These problems may be ameliorated to
some extent by provisioning of a high quality supplement, and attempts to

exclude predators,

Costs such as those measured in this series of experiments are unlikely to be
the only costs associated with egg production. 1t is likely that egg production
will incur various life history trade-offs. This might includc a reduction in
clutch or egg size. The relatively small size of eggs of acrial foragers is widely
explained as constrains of egg mass upon foraging strategies (Lee ef o/, 1996).
Conversely the relatively large cgg size of the Kiwis (Apteryx spp.) can be
interpreted as resulting from limited costs of egg transportation since they
evolved in the absence of predators. The findings outlined so far, indicate that
egg production rather than egg transportation may constrain maximal [light
performance and is subsequently rclevant to predation risk and potentially
foraging efficiency depending upon the species, Subsequently, the relatively
large egg size of the Kiwis can be interpreted as resulting from the limited cost

of egg production rather than egg transport seeing as they are a ground

115




dwelling, ground feeding group, not reliant upon pectoral muscle condition to

acquire food, and have no real ancestral need 1o escape predation.

The reversed sexual dimorphism of many raptor species, has in the past been
interpreted as being due to reducing the effect of additional wing loading
resulting from the carrying of eggs (see lee ef al. 1996). However, in light of
the findings from these experiments, an alternative explanation is conceivable.
It is possible that the increased size of females within this group, may enable
them to more adequately cope with pectoral muscle loss during laying than if
they were smaller, and subsequently had smaller pectoral muscles from which
they could draw upon. To some extent, reversed sexual dimorphism is seen in
the zebra finch, with females having significantly larger flight muscle ratios
than males. A larger overall size seen in many fcmale raptors, might also be an
adaptation which minimises the costs of haviug large pectoral muscles as

described in Chapter 4.

As with many pieces of research, this investigation has opened up as many new
questions as it has answered old ones, Future research might focus upon the
rate at which females recover flight performance and muscle condition after
laying, and an investigation into the potential self-regulation of cluich sizes by
females in relation to current levels predation risk. Experiments catried out
here have shown that [emales are sensitive to changes in predation risk whether
due to environmental or physical factors, and are capable of adaptively
adjusting their behaviour in relation to this. It has also been shown that both
diet quality and clutch size play a part in affecting muscle condition, flight
performance and subsequently predation risk. It is conceivable therefore, that
when at a higher risk of predation, or a higher perceived risk of predation,
females will reduce their reproductive output to minimise any increases in
predation risk at the end of laying. It might also be the case that females lay
larger clutches when given access to high quality diets (Selman & Houston
1996a, Monaghan ef al. 1996) because of their enhanced ability to maintain
muscle condition and subsequently flight performance at the end of laying,

rather than because they are physically more capable of laying those eggs.
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Research into these areas would add greatly to the understanding of

reproductive trade-offs pertaining to predation risk in birds.

117




References
Allen L R, Hume I D. 1997, The imporiance of green seed in the nitrogen
nuirition of the Zebra Finch Tueniopygia guttata. Avstralian Journal of

Ecology. 22 412-418.

Amundsen T, Lorentson S H, Tveraa T. 1996. Effccts of egg size and
parental qualify on early nestling growth: An experiment with the Antarctic

Petrel. Journal Animal Ecology 65 545-555.

Ankney C D, Afton A D. 1988. Bioenergetics of breeding northern
shovellers: diet, nutrient reserves, clutch size, and incubation. The Condor

90 459-472.

Ankney € D. 1984. Nuirient reserve dynamics of breeding molting brant,
The Auk 101 361-370.

Ankney C D. Scott D M 1980. Changes in nutrient reserves and diet of
breeding brown-headed cowbirds. The Auk 97 684-696

Baron R B. 1988. Protein-calorie undernutrition. In Text-book of Medicine

(Wyngaarden J B, Smith L. Eds) pp 1212-12135. London: W B Saunders Ca.

Beck C W, Watts B D. 1998. The effect of cover and food on space use by
wintering song sparrows and field sparrows. Canadian Journal of Zoology 75
1636-1641.

Bednekoff P A. 1996. Translating mass dependent flight performance into
predation risk: an extension of Metcalfe & Ure. Proceedings of the Royal

Society of London Series 3 263, 887-889.

Berglund A, Rosenqvist G. 1986. Reproductive costs in the prawn Palaemon

adspersus: etfects on growth and predator vulnerability. Oikos 46 349-354,

118




Birkhead T R, Clarkson K. Zann R. 1988. Extra-pair Courtship, Copulation
and Mate Guarding in Wild Zebra Finches Taeniopygia guitata. Animal
Behaviour 36 1853-1855.

Blem, C. R. 1976. Patterns of lipid storage and utilisation in birds. American
Zoologist 16, 671-684,

Boyce M S, Perring C M. 1987. Optimizing great tit clutch size in a

fluctuating environment. Ecology 68 142-153.

Burley N T, Parker P G, Lundy K. 1994. Sexual selection and extrapair
fertilization in a socially monogamous passering, the =zebra finch

(Taeniopygia guttata). Behavioural Ecology 7 218-226.

Butler D. Merton D 1992. The Black Robin. Melbourne: QUP.

Cade T J & Jones C (G 1993. Progress in restoration of the Mauritius Kesttel,
Conservation Biology 7; 169-1735.

Cade T'J 1988 The breeding of Peregrines and other falcons in captivity: An
historical summary . fn Cade, T J., Enderson J H., Thelander C G. White C
M (eds) Peregrine Falcon Populations, Their Management and Recovery:
539-547. Boisc, Idaho: The Peregrine Fund.

Cade T J. Temple § A 1994. Management of threatened bird species:
evatuation of the hands-on approach. Ibis 137: S161-S172.

Clark C W. 1994, Antipredator behaviour and the assct-protection principle.
Behavioural Ecology 5 159-170.

Clout M N. Craig J L 1995. The conservation of critically endangered
fitghtless birds in New Zealand. Ibis 137: $181-S190.

119

BT P R T T I S PP




Clout M N. Merton D V. 1998, Saving the Kakapo: The conservation of the

world’s most peouliar parrot. Bird Conscrvation International 8 281-296,

Clutton-Brock T H, Albon 8 D, Guincss F E. 1989, Fitness costs of gestation

and lactation in wild mammals. Nature 337 260-262.

Cramp S. 1983. Birds of the Western Palacartic. Oxford University Press.
Oxford.

Cresswell W. 1993, Escape responses by redshanks, Tringa fotanus on attack

by avian predators. Animal Behaviour 46 609-611.

Cuthilt I C, Guilford T. 1990. Perceived risk and obstacle avoidance in flying
birds. Animal Behaviour 40 188-190.

Dall S R X, Witter M S. 199R. lieeding interruptions, diurnal mass changes

and daily routines in the zebra finch. Animal Behaviour 55 715-725.

Davis J M. 1975. Socially induced flight reactions in pigeons. Animal
Behaviour 23 597-601.

Deerenberg C, Arpanius V, Daan S, Bos N. 1997. Reproductive effort

decrease antibody responsiveness. Proceedings of the Royal Society of

London Series B 264 1021-1029.

Drent R, Daan §. 1980. The prudent parent: energetic adjusiments in avian

breeding. Ardea 68:225-252,

Ellington C. 1984. The aerodynamics of hovering insect flight. Philosophical
Transactions of the Royal Society of London Series B 305 1-181.

120

i
9
E




Fogden M I' L, Fogden P M. 1979, The role of fat and protein reserves in the
annual cycle of Grey-backed camaraptera in Uganda (Aves: Sylvidae).
Journal of Zoology 189 233-258.

Gauthier M, Thomas Id W, Speakman J R, Lapierre H. 1996. Advantages of

nest rcuse in cliff swallows (Hirundo pyrrhonota). Ecoscience 1 119-126.

Gosler A G, Greenwood F I D, Petring C M. 1995 Predation risk and the cost
of being fat. Nature 377 621-623,

Grant P R. 1965. The fat condition of some island birds, Ibis 107 350-356.

Grier I W, Burk T. 1992, Biology of Animal Behaviour. 2nd edn. St Louis
Missouri: Mosby Year Book.

Griffiths R. 1992, Sex-biased mortality in the lesser black-backed gull Larus
Suscus during the nestling stage. Ibis 134 237-244.

Gustalsson L, Nordling M, Andersson M S, Sheldon B C, Qvarnsttdm A.
1994, Infectious diseases, reproductive efforl and the cost reproduction in
birds. Philosaphical Transactions of the Royal Society of London Series B.
346 323-331,

Gustafsson L, Sutherland W J. 1988. The cost of reproduction in the collared
flycatcher (Ficedula albicollis). Nature 335 813-815.

Hamilton W D. 1971. Geometry for the selfish herd. Journal of Theoretical
Biology 31 295-311.

Hantge T. 1968. Zum Beuterwerb unserer Wanderfalken (Fulco peregrinus).
Ornithol. Mitt, 20 211-217.

121




Hartman F A. 1961. Locomotor mechanisms of birds. Smithson. Misc.

Collns. 143 1-91%,

Haywood S. 1993a. Role of extrinsic factors in the control of clutch size in

the blue tit Parus caeruleus. Ibis 135 79-84.

Haywood S. 1993b. Sensory conirol of clutch size in the zebra finch
(Taeniopygia guttata). The Auk 110 778-786.

Heaney V, Monaghan P. 1995. A within-clutch trade-off betwecen cgg
production and rearing in birds Proceedings of the Royal Society of London

Series B 261 361-365.

fleaney V, Nager R G, Monaghan P. 1998. Effect of increascd egg
production on egg composition in the common tern Sterna hirundo. Ibis 140
693-696.

Hedenstr8m A, Alerstam T, 1992. Climbing performance of migratory birds
as a basis for estimating limits for fuel carrying capacity and muscle worlk.

Journal of Experimental Biology 164 19-38.

Hedenstrom A. 1992. Flight performance in relation to fuel load in birds.
Journal of Theoretical Biology [58 535-537.

Hill W C. 1993, Importance of prenatal nutrition to the development of a
precocial chick. Developmental Psychobiology 26 237-249.

Hogslad O. 1988. Social rank and anti-predator behaviowr of willow tits

(Parus major} in winter flocks. Ibis 130 45-56.

122




Flouston D C, Donnan D, Jones P, Hamilton I, Osborne D. 1995a. Changes
in the muscle condition of the female zebra finch Pocephila guttata during

egg laying and the role of protein storage in bird skeletal muscie. Ibis 137
322-328.

Houston D C, Donnan D, Jones P. 1995b. Use of labelled methicnine to
investigate the contribution of muscle proteins to egg production in zebra

finches. Journal of Comparative Physiology B 164 161-164.

ITouston D C, Donnan D, Jones P. 1995¢. The sources of nutrients required
for egg production in zebra finches Poephila guttata. Joumal of Zoology 235
469-483.

Houston D C, Jones P J, Sibly R M. 1983, The effect of female condition on

ege laying in Lesset black-backed gulls Larus fuscus. Journal of Zoology
200 509-520.

Howland H C. 1974, Optimal strategies of predator avoidance: the relative
importance of speed and manocuvrability. Journal of Theoretical Biology 47

333-350.

Hughes P M, Rayner J M V. 1993, The (light of pipistrelle bats Pipistrellus
pipistrellus during pregnancy and lactation. Journal of Zoology 230 541-555.

Huntingford T, Twner A. 1987, Animal Conflict. Chapman aud Hall,
London.

Imber M J, Taylor G A, Grant A D, Muan A. 1994. Chatham Island taiko

Pierodroma mageniage management and research, 1987-1993: Predator

control, productivity, and breeding biology. Notornis 41 61-68.

123




Jones C G, Duffy K 1993. Conservation management of the Hcho Parakeet

Psittacula eques echo. Dodo, Journal of the Wildlife Preservation Trusts. 29

126-148,

Jones C G, Heck W, Lewis R E, Mungroo Y, Glenn S, Cade T. 1994, The
restoration of the Mauritius Kestrel Falco punctatus population. Ibis 137

S173-S180.

Jones G. 1987. Sexual chases in sand marting (Riparia riparia): cues for
males to increase their reproductive success. Behavioural Ecology and

Scociobiclogy 19 179-185.

Jones M M. 1991. Muscle protein loss in laying House Sparrows (Passer

domesticus) Tbis 133 193-198.

Jones P J, Ward P. 1976. The level of reserve protein as the proximate factor
controlling the timing of breeding and clutch size in the Red-billed quelea.
Ibis 118 547-574.

Kendall MD, Ward P, Bacchus S, 1973. A protein reserve in the pectoralis
major muscle of Quelea quelea. 1bis 115 600-601.

Kenward R E. 1978, Hawks and doves: factors affecting success and
selection in goshawks attacks on wood-pigeons. Journal of Animal Ecology

47 449-460,

Kilner R. 1998. Primary and secondary sex ratio manipulation by zcbra

inches. Animal Behaviour 36 155-164.

Korpimaki E, Norrdabll K, Valkama J. 1994, Reproductive investiment under
fluctuating predation risk: Microtene rodents and small mustelids.

Evolutionary Ecology 8 357-368.

124




Krebs J R. 1970. The cfficiency of courtship feeding in blue tits. Jhis 112
108-110.

Kullbetg C, Fransson T, Jakobsson S. 1996. Impaired predator evasion in fat
blackcaps (Sylvia atricapilla). Proceedings of the Royal Society of London,
Seties B 263 1671-1675.

Kuillberg C, Jakobsson S, Fransson T. 1998. Predator-induced take-off
strategy in great tits (Parus major). Proceedings of the Royal Society of
London, Series B 265 1659-1664,

Kullberg C. 1998. Does diurnal variation in body mass affect take-off ability

in wintering willow tits? Animal Behaviour 56 227-233.

Lack D. 1947. The significance of clutch size. Tbis 89 302-352.

Lee S J, Witter M 8, Cuthill I C, Goldsmith A R. 1996. Reduction in escape
performance as a cost of reproduction in gravid starlings, Sturnus vulgaris.

Proceedings of the Royal Society of London Series B 263 619-624.

Lemon W C, Barth R H. 1992, The effects of feeding rate on reproductive
success in the zebra finch Taeniopygia guttata. Animal Behaviour 44 851-

857.

Lessells C M., Boag P T. 1987. Unrepeatable rcpeatabilities: a common
mistake. The Auk 104 116-121.

Lilliendahl K. 1997. The effect of predator presence on body mass in captive

greenfinches. Animal Behaviour 53 75-81.,
Lima S L, Dill L M. 1989. Behavioural decisions made under the risk of

predation: a review and prospectus, Canadian Journal of Zoology 68 619-

640,

125




Lima S L. 1987a. Clutch size in birds: A predation perspective. Ecology 64
1062-1070.

Lima S L. 1987b. Distance to cover, visual obstructions, and vigilance in

house sparrows. Behaviour 102 231-238.

Lind J, Fransson T, Jakobsson, Kullberg C. Reduced take-off ability in
robins due to migratory fuel load. In press: Behavioural Ecology and

Sociobiology.

Lovegtove T G. 1996. A comparison of the effects of predation hy Norway
(Rattus norvegicus) and Polynesian rats (R. exulans) on the saddleback

{(Philesturnus carunculatus). Notornis 43 91-112.

Madsen T. 1987. Cost of reproduction and female life history tactics in a
population of grass snakes (Natrix natirx) in southern Sweden. Qikos 49
129-132.

Magnhagen C. 1991. Predation risk as a cost of reproduction. Trends in

Ecology and Evolution 6 183-186.

Marden J H. 1987. Maximum lift production during lake-off in flying
animals. Joumnal of Experimental Biology 130 235-258.

Martin P, Bateson P. 1992. Mocaswring behaviour: an introductory guide.

Cambridge University Press. Cambridge.
McCleery R H, Clobert J, Julliard R, Petrins C M. 1996. Nest predation and

delayed cost of reproduction in the great tit. Journal of Animal Ecology 65

96-104.

126

&




McNamara J M, Houston A 1. 1996, State-dependent life historics. Nature
380 215-220.

Merton D V. 1990. The Chatham Island black robin. Forest and Bird 21 14-
19.

Metcalfe N B, Ure S E. 1995, Diurnal variation in predation risk in birds.
Proceedings of the Royal Society of London Series B 261 395-400,

Monaghan P, Metcalfe N B, Houston D C. 1996. Male finches selectively
pair with fecund females Proceedings of the Royal Society of London Series
B2631183-1186

Monaghan P, Nager R G, Houston D C. 1998, The price of eggs: increased
investment in cgg production reduces the offspring rearing capacity of
parents. Proceedings of the Royal Society of London Series B 265 1731-
1735.

Monaghan P, Nager R G. 1997, Why don’t birds lay more eggs?. Trends in
Ecology and Evolution 12 270-274.

Moreno J, 1989, Strategies of mass change in hreeding birds. Biological

Journal of the Linnean Society 37 297-310.

Morris D W. 1996. State dependent life histories, Mounttord’s hypothesis,

and the evolution of brood size. Journaf of Animal Hcology 65 29-42.

Murphy M E. 1994, Amino acid compositions of avian eggs and tissues:

nutritional implications. Journal of Avian Biotogy 25 27-38.

127

Slent a %L




Nager R G, Monaghan P, Griffiths R, Houston D C, Dawson R, 1999,
Experimental dernonstration that offspring sex ratio varies with nutritional
condition. Proceedings of the National Academy of Science USA. 96 570-
573.

Nager R G, Monaghan P, Houston D C. Within-clutch trade-offs between the
number and quality of eggs: experimental manipulations in gulls. Ecology. In
press.

Nager R G, Riiegger C, Vuan Noordwijk A. 1997, Nutrient or energy
limitation on cgg formation: a feeding experiment in great tits. Journal of
Animal Ecology 66 495-507,

Nordling L, Andersson M, Zohari S, Gustafsson L. 1998. Reproductive
cffort reduces specific immune response and parasite resistance. Proceedings

of the Royal Society of London Series B 265 1291-1298.

Page G, Whitacre D F. 1975, Raptor predation on wintering shorebirds,
Condor 77 73-83.

Partridge L, Harvey P H. 1988. The Ecological Context of Life History
Evolution. Science 241 1449-1455.

Pennycuick C J. 1989. Bird Flight Performance. Oxford University Press.

Pennycuick, C J 1969. The mechanics of bird migration. Tbis 111 525-556.

Pennycuick, C J. 1972. Animal Flight. London: Edward Arnold.

Peirins C M, Birkhead T R. 1983. Avian Ecology. Blackie, Glasgow.

128




Petiifor R A, Petrins C M, McCleery R H. 1988. Individual optimisation of
chutch size in great tits. Nature 336 160-162.

Poole A F. 1989. Ospreys: a Natural and Unnatural Histery. Cambridge:

Cambridge University Press.

Powlesland R G, Lloyd B D. 1994. Use of supplementary feeding to induce
breeding in free-living kakapo Strigops habroptilus in New Zealand.

Biological Conservation 69 97-106.

Pullman H R. 1973. On the advantages of flocking. Journal of Theoreticat
Biology 38 419-422.

Ramsay S L, Houston D> C. 1997. Nutritional constraints on cgg production
in the blue tit: a supplemenatry feeding study. Journal of Animal Ecology 66
649-657.

Ramsay S L, Houston D C. 1998. The effect of dietary amino acid
composition on egg production in blue tits. Proceedings of the Royal Society

of London Series B 2653, 1401-1405.

Rayner J M V. 1979, A pew approach to animal flight mechanics, Journal of

Lxperimental Biology 80 17-54.

Reed C E M, Nilsson R J, Murray D P. 1993. Cross-fostering New Zealand
black stilt. Jowrnal of Wildlife Management 57 608-611.

Robbins C T. 1981 Estimation of the relative protein cost of reproduction in
birds. Condor 83 177-179.

Roff D A. 1992. The Evolution of Life ITistories. Chapman & Hall.

129




Rudebeck G. 1950. The choice of prey and modes of huniing of predatory

birds with special reference to their selective effort. Oikos 2 65-68.

Ryan M J. 1985, The Tingara Frog: A Study in Sexual Selection and

Communication. University of Chicago Press.

Saar C. 1988. Reintroduction of the Peregrine Falcon in Germany. {n Cade,
T J, Enderson J H, Thelander C G, While C M (eds) Peregrine Falcon
Populations, Their Management and Recovery: 539-547. Boise, Idaho: T'he

Peregrine Fund.

Schifferli L. 1976, Factors affecting weight and condition in the House
sparrow Passer domesticus particularly when breeding. D. Phil. Thesis,

Oxford University.

Schwarzkopf L, Shine R. 1992. Costs of reproduction in lizards, cscape
tactics and susceptibility to predation, Behavioural Ecology and

Sociobiology 31 17-25.

Selman R G, Houston D C. 1996a. The effect of prebreeding diet on
reproductive output in zebia [inches. Proceedings of the Royal Society of

1.ondon Series B 263, 1585-1588.

Sctman R G, Houston D C. 1996h. A technique for meuasuring the lean

pectoral muscle mass in five small birds, Ibis 138 348-350.
Sheldon B C, Merild J, Lindgreen G, Lllegren H. 1998. Gender and

envirommental sensitivity in nesting collared flycatchers. Ecology 79 1939-
1948.

Siegel S, Castellan N J J. 1988. Nonparamettic statistics for the bebavioural.

sciences. Second Edition. New York: McGraw-Hill Book Company.

130




Slagsvold T, Dale S. 1996. Disappearance of female pied flycatchers in
relation to breeding stage and experimentally induced molt. Ecology 77 461-

471.

Slotow R. 1996. Aggression in white crowned spatrows: Effects of distance

from cover and group size. Condor 19 245-252,

Smith H G, Broum M. 1998. The cffect of egg size and habitat on starling

nestling growth and survival. Occologica 115 59-63.

Steamns S C. 1992, The Evolution of Life Histories. OUTR, Oxford.

Székely T, Karsai 1, Williams D. 1994, Determination of clutch size in the
Kentish Plover Charadrius alexandrius. Tbis 136 341-348.

Tatar M, Carey ] R. 1995, Nutiition mediates reproductive trade-offs with
age-specific mortality in the beetle Callosobruchus macularus. Ecology 76
2066-2073,

Temeles E J. 1985, Sexual size dimorphism in bird eating hawks: the eflfect

of prey vulnerability. American Naturalist 125 485-499,

Toone W D, Wallace M P. 1994, The extinction in the wild and
reintroduction of the Californian condor (Gymnogyps californianus).
Creative Conservation: Interactive management of wild and captive animals.

Olney P I §, Mace G M, Feistner A T C (Eds). Chapman & Hall. London,
ISBN 0412 49570 8.

Tucker V A, Cade T J, Tucker A E. 1998. Diving speeds and angles of a
gvrfalcon (Falco rusticolus). Journal of Experimental Biology 201 2061-
2070.

131




Veasey I S, Metcalfe N B, Houston D C. 1998. A reassessment of the effect
of body mass upon flight speed and predation risk in birds. Animal

Behaviour 56 883-889,

Walsberg C E. 1983, Ecological cncrgetics: what are the guestions? In
Perspectives in Orithology: 135-158, Bush A H and Clark G A. (Eds).
Cambridge: Cambridge University Press.

Ward P 1. 1986. A comparative field study of the breeding behaviour of a
stream and pond dwelling population of Gammarus-pulex amphipoda. Qikos
46 29-30.

Ward S. 1996, Energy expenditures of female barn swallows Hirundo
rustica during egg formation. Physiological Zoology. 69 930-951,

Whitfield D P. 1985. Raptor predation on wintering waders in southeast
Scotland. Tbis 127 554-558.

Williams T D. 1994. Intraspecific variation in egg size and egg compaosition

in birds: effects on offspring fitness. Biological Review 68 36-59.

Williams T D. 1996, Variation in reproductive etfort in female zebra finches
(Taenopygia guttata) in relation to nutrient-specific dietary supplements

during egg laying. Physiological Zoology 69 1255-1275.

Witter M 8, Cuthill I C, Bonser R H. C. 1994. Experimental investigations
of mass dependent predation risk in the European starling, Sturnus vulgaris.

Animal Behaviour 48 201-222.

Witter M S, Cuthill T C. 1993, The ccological costs of avian fat storage.
Philosophical Transactions of the Royal Society of 1.ondon, Sertes B 340 73-
92,

132




Zann R A, Morten S R, Jones K R, Butley N T. 1995, The timing of
breeding by zebra finches in relation to rainfall in central Australia. Emu 95

208-222.

Zann R A, Staw B. 1984. Feeding Fcology and Breeding of Zebra Finches in
Farmland in Northern Victovia. Australian Wildlife Research 11 533-532,

Zann R A. 1996. The Zebra Finch A Synthesis of Pield and Laboratory
Studies Oxford Ornithology Series. Oxford University Press.

133




