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Abstract

Stochastic dynamic programming (SDP) models
should behave

a number of predictions as to how birds

different ecological conditions. These models are easily tested in the field,

although there have been few studies of their predictions. In this thesis, I use predictions from
SDP models to investigate the effects of food availability on three aspects of bird behaviour.
I fIrst examined how supplemental food affects daily patterns of
SDP models predict that birds should converge on the same mass by the

in birds.
of the day

irrespective

their fat reserves at the beginning of the day. I tested this prediction by

comparing

mass trajectories of 12

New Zealand robins (Petmica atlstraliJ) when they

started the day with differences in fat resel'Yes. Fat reserves were manipulated experimentally by
feeding birds one day and comparing

on two control days. I also examined caching

behaviour and singing behaviour throughout the experiment in response.

ptedicted, body

mass converged to a similat value at the end of the day regardless of initial mass. Fed males also
sang mote than on control days and
Next, I examined the effect

less food ovet the course of the day.
supplemental feeding on the dawn chorus of silvereyes

(Zosterops lateralis) by comparing the singing behaviour of 12 males between days with and
without access to short-tetm supplementation. As predicted, I found that males increased their
quantity and quality intesponse to supplementary food.
Lastly, I examined how food supplementation influences incubation behaviour. With
petiodic cyclic behaviour such as incubation, SDP models predict that birds should dectease the
spent off the nest when they have greater access to food. I tested this prediction by
compating the incubation behaviour of silvereyes on days

they received supplementation

compated with days when they had no supplementation. As predicted, the renewal time (time

2

taken for birds to renew their energetic reserves) decreased

response to supplementation,

while overall investment increased.
The results from all chapters provide strong

for SDP models. These experiments

show how even short-term changes in food availability can alter the behaviour of birds in ways
that may ultimately be important in determining

reproductive success. My experiments

reveal that there is much potential for the formulation and testing of these models in New
Zealand species.

3

Chapter 1
General Introduction
Trade-offs, optimisation, and the importance of state
The concept of the

is a central paradigm of the biological sciences (\Villiams 1966).

Organisms rarely invest maximally in the expression of anyone trait because under normal
conditions, they are subject to intrinsic and extrinsic constraints. Constraints are factors that
make it unprofitable

an organism to continually express a trait For example, the amount of

time an ectothermic animal such as a lizard spends
temperature.
Lizards increase

efficiency of the lizard

is constrained by its body
as its body temperature increases.

body temperature through basking in the sun. However, if time

IS

allocated to basking, a lizard must decrease the amount of time it can spend foraging.
may also increase the risk of being depredated as this behaviour increases exposure to predators.
Hence, there is an optimal amount of time that a lizard should spend in the sun in order to
sufficiently warm itself. This example shows how one behavioUl' such as foraging is constrained
by other behaviours such as basking (intrinsic constraint) and predation pressUl'e (extrinsic
constraint)

& Kingsolver 1989).

If behavioUl' is shaped by natural selection then animals should behave

maximises their reproductive success. An O1'ganism's optimal behavioural

a manner which
is a set of

rules which specifies how it should behave in response to every possible environmental variable.
The perf01'mance of a particular strategy is measUl'ed as fitness, which in
J.H~,-~lJ.J.,",

reproductive success (Houston & McNamara 1999).

is measUl'ed as

4

approach of optimisation theory is to build mathematical

which make

predictions as to what is the optimal behavioural strategy. These models can then be tested
empirically. Although animals are selected to behave in an optimal manner, they are unlikely to
be perfectly adapted to their environment. However,
selection they should behave

that animals are subject to natural

a manner that is predictable (Houston & McNamara 1999).

It would be impractical to follow animals for their life-time in order to find out the effects
of short-tellll changes in condition, such as

brought about by fluctuations in food

availability. However, we can infer that short-term changes can have some effect on an animal.
This is where the concept

energetic state becomes important as it can be used as a short-tellll

to life-time reproductive success (Houston 1993; McNamara & Houston 1996;
Houston & McNamara 1999; Clark & Mangel 2000). This is because energetic state is what is
used by an animal to decide behavioural actions. For example, if an animal is hungry, it should
obviously forage. However, the question of how long to forage is detelmined as the point
the costs of foraging are greater than the benefits of foraging. The optimal energetic state
will be that state which yields the highest probability of survival over the period of
consideration.

~ .• ~ •. ,,~~~

state is characterised by a set of vatiables which represent an animal's

energetic conditions at a patticular point in time. The energetic state of an

VL~~"'H.l"

can

therefore be seen as the sum of different physical components such as fat reserves, undigested
gut contents, external food stores, glycogen, and blood sugat. Howevet, in most cases one or
two state variables are sufficient in otder to represent the
make realistic predictions.

,",U'-'J.~,vL',",

state accurately enough to
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Stochastic Dynamic Programming (SDP) models
Stocahstic dynamic programming (SDP) is a computational technique which has been used to
model many behaviours that follow a periodic cycle. Its origins lie in operations research
Nemhauser 1966) and has been applied to biological problems in the past few decades. It was
first discussed as a tool for the calculation of optimal sequences of behaviour in the early 1970s
(McFarland 1971; Sibly & McFarland '1976). More recently, with the increasing computational
powers of personal computers, these techniques have led to many behaviours being extensively
modelled (see Mangel & Clark 1988; Houston & McNamara 1999; Clark & Mangel 2000 for
reviews). However, empirical study of model predictions has lagged behind their formulation
(Houston & McNamara 1999; Hutchinson & McNamara 2000).
Stochastic dynamic programming is a mathematical technique which is used to deliver
optimal sequences of behaviour given environmental constraints and taking into consideration
the animal's energetic state. It works through dividing the period under consideration (e.g. a
day), into a series of small time intel\Tals. At the beginning of each time-interval the animal
makes a decision as to its behaviour for the upcoming interval. 'rhis decision is based on the
animal's energetic state at the end of the last interval and on a set of environmental constants if
the behaviour is time invariant (Nemhauser 1966). In most cases however,

animal's

behaviour has to change with time because the environment changes in a stochastic manner.
The decision that an animal makes is assumed to affect the probability of sm-vival to the next
time interval (Hutchinson & McNamara 2000).
Dynamic programming works through backward iteration from the end

at which

the state of the animal is lmown, to earlier time-periods to calculate the optimal strategy. This
strategy is a rule specifying the optimal behaviour given the state of the animal at each time.
Given the strategy, it is possible

to

follow an individual through time and calculate what

6

decision the animal makes given its state and its likely state in the next period using conditional
probability. This sequence

actions constitutes the behavioural routine (Hutchinson &

McNamara 2000).

Thesis outline
In

thesis, I investigate short-tertntrade-offs that birds face given their environment. Many

mathematical models have

formulated using the SDP technique although there have been

few experimental studies of their predictions or assumptions. It is the purpose of this thesis to
test some general predictions of SDP models by using supplemental feeding to alter the
state of birds over the short-telm. I chose two species of native passerine for these
New Zealand robin (Petroit'a ClflJtralis) and silvereyes (Zosteraps laterellis). I chose the
New Zealand robin as they are a confiding species and easy to use as a study animal in the
field. Silvereyes were chosen because they are

common and have a complex dawn chorus.

In Chapter 2, I tested the prediction that the masses of New Zealand robins should
converge by the

of

day inespective of their rese1\Tes at

Throughout this experiment, I also observed the singing rates
supplementation and their caching behaviour over the course

beginning of the day.
males in response to food

the fed day.

have been

few studies that have simultaneously investigated behaviour as well as aspects of state (e.g.
Lucas & Walter 1991). 'Ibis experiment is an integrated study between energetic state and
behaviour.
In the third chapter, I examined changes in dawn

'UU~"U}S

behaviour of silver eyes in

response to increased food availability. SDP models predict that when birds are exposed to a
short-telm increase in supplementation, this should in turn

their energetic state. Food

7

supplementation was predicted to increase the song output of birds at dawn (McNamara et at.
1987; Houston & McNamara 1987, 1999; Hutchinson et a!. 1993).
In

final experimental chapter (Chapt~r 4), I focus on the incubation beha,riour of

silvereyes in response to increased food availability. There are few formal SDP models of
incubation beha\r:iour although there are still some general predictions that can be derived
using the SDP technique. For exampie, the time it takes silvereyes to feed should decrease on
fed days and this should translate into shorter recesses and longer on-bouts at the nest. By
comparing the incubation behaviour of birds on fed and unfed days, I determined if their
beha\r:iour changed in a predictable way to increased food availability.
Chapter 5 is a summary of the results and a discussion of their meaning and I suggest
future directions for research. I also discuss any points which are relevant to the entire thesis.
Together, my experiments demonstrate the

r\1"'_1""""""'"

trade-offs that birds have to make

how these decisions, when considered over an individual's lifetime, could significantly affect
reproductive success.

8

CHAPTER 2
An integrated study of daily mass change and behaviour

in the New Zealand robins
The body masses of small- to medium-sized diurnal passerines

50 g) fluctuate greatly (up to

10 %) over the course of a day (Clark 1978; Haftorn 1989, 1992; Blem 1990). This is because
for a diumal species, feeding is confined to daylight hours. During this time, birds must obtain
energetic reserves to ensure survival for the oncoming night. In winter, short day lengths
combined with the scarcity of food and cold weather exacerbates this problem and
overnight survival far

certain (Evans 1969; Houston & McNamara 1993). The situation

becomes more critical if there is a continued run of poor weather such as a storm. In these
circumstances, it seems intuitive that birds should build up large fat reserves during the day.
However, field studies

that even under good environmental conditions free-living birds

seldom carry their physiological maximum of

(Blem 1990) because carrying extra mass

entails costs (see Witter & Cuthill 1993 for a review).

suggests there may be a trade-off

between the costs of fat storage and maintaining energetic reserves to avoid starvation.
Energy is stored mainly as fat, but also glycogen, blood

and undigested gut

contents (Bednekoff & Houston 1994). Wbat policy should a small passerine adopt to gain
enough

reserves to ensure survival until the next morning even in poor weather? Birds

must strategically manage their energetic resenres to find the optimal mass that allows them to
survive the night, given their constraints which are
extrinsic

intrinsic (e.g., digestion rates) or

patch profitability, predation pressure). For example, birds must have enough

9

energy to avoid stal'vation in the oncoming night but not be so heavy as to decl'ease the
probability of escape if attacked by a predator.
L:,,..Lll<C.L

studies in foraging policy have foc~sed on rate maximisation models (pyke et ai.

1977; Stephens & Krebs 1986), which have yielded good results although they are only
applicable to a limited number of situations due to

simplicity (see Stephens & Krebs

(1986) for a review). If a bird forages,\rith a strategy to maximise rate of
of

gain per unit

birds should forage in the same way in a given en"vtronment irrespective of external

factors (Houston 1993).

is a simplistic way

looking at behaviour and does not take into

account the effect of the environment. In contrast, SDP models include constraints and state
vatiables, which represent condition of an individual at a particular time (see the general
introduction for explanation of the SDP technique). Hence, SDP models aid in prediction of
animal behavioural policies given their state and the constraints to which animals are subject
(Houston 1993).
An advantage of SDP models is that they are computationally tractable and can be used
to test whether models

with observed biological phenomena. SDP models yield a number

of predictions that are simple to test empirically, although

models have

under-

utilised in field studies (Houston & McNamara 1999; Hutchinson & McNamara 2000). For
example, SDP models show that birds should strive to have an optimal level of
dusk, irrespective

reserves by

their energetic reserves at the beginning of the day. Figure 2.1 shows the

predicted daily trajectories of fat l'eserves in willow tits (Fams J11olltan1fs), a small passerine of
European woodlands. Willow tits average about 11 g and require 1.2 g of fat by

end of the

day in order to ensure survival over night (Clark & Mangel 2000, chaptel' 5).

a 'good'

night of mild temperatures, individuals might start the day with greater resel'ves than the same
individual would aftel' a 'poor night of cold temperatures. At dusk on both days, the fat

to

reserves of the bird should converge to

same point of about 1.2 g (fig 2.1). Testing such

predictions is possible because weighing birds in the field can reliably estimate fat resewes with
fat resewes increasing with mass (Blem 1990; Witter et al1995; Dall & Witter 1998).
Thomas (2000) tested this prediction by comparing the mass trajectories of European
robins (ElithacHs rttbecttla) on different days when they had different reserves at the beginning of
the day. He found that by the end ofthe day, there was no significant difference in mass and
thus energetic resewes. Lilliendahl et al. (1996) undertook a similar study by altering
energetic states of great tits (Pal7ls I11qj01J through keeping individuals at different temperatures
overnight. This altered the amount of energy that the birds had to expend and so altered the
energetic res enres of the birds at dawn. Great tits recovered their weight within an hour of
dawn whereas, Thomas (2000) found European robins reached the unmanipulated masses
studies show that a bird's mass converges to reach an optimal mass by

around mid-day.

the end of the day as predicted by SDP models. Godfrey & Bryant (2000), also working on
European robins, manipulated

energetic states of birds through keeping birds at different

overnight temperatures. They found that birds kept at warmer temperatures than others
expended less energy, were more vocal, and were less active throughout

next day than

untreated birds. Godfrey and Bryant (2000) did not directly test predictions of SDP models but
suggest that birds

poorer condition were working harder to find enough reserves by the end

of the day to ensure overnight survival following a poor night.
are another behaviour that has been extensively modelled using SDP

Singing

techniques (Houston & McNamara 1987, 1999; McNamara ct al 1987;

LI.Ulll;'C'll

ct al. 1993;

Hutchinson & McNamara 2000). Most models assume males have a choice between singing
and foraging.

V.A."!",HJl!",

allows the bird to gain energetic reserves to ensure suwival, whereas

singing gives the male a chance of attracting a mate. Males should

when their reserves are

11

above a 'switchpoint', which is the point where the bird has enough resel-ves to survive the
night given the time of day. Above the swirchpoint, the male should stop foraging because of
the costs associated with carrying too much fat. Thomas (1999a,b) investigated singing
routines

male European robins and found that males

more throughout the day when

experimentally supplemented and that males sang less in

morning when their food supply

was
male

predictable. Food supplementation has also been shown to improve the quality of
(see Catchpole & Slater 1995).
In this chapter, I examine the diurnal patterns of mass gain in the New

robin

(Petmica at/stralis). I use supplemental feeding experiments over a 3-day period to alter the costs
of

and repeated

ICLJ;HllJlJ;

of individual birds to determine how their mass changes

over the course of the day. By experimentally supplementing birds, I effectively alter the
profitability of a food patch over a short-term basis.

allows birds to feed at a higher rate

on the fed day than they could normally feed on control days. It is expected that birds should
respond to a short-telln

HH_L'-,,,,,,-

in food availability by feeding at a higher rate. Hence, birds

should have a higher mass at the end of the fed day. This means that the birds will start day
1 (control day) and day 3 (morning after a fed day) ,virh different levels of resel-ves. By
comparing the mass trajectories of birds on day 1 and day 3, I will be testing the prediction
that the mass of birds should converge by the

of the day irrespective of starting resel-ves. I

have a different approach than those used by odler authors as they have investigated the mass
trajectories free of foraging constraints (Lilliendahl et al. 1996; Godfrey & Bryant 2000;
Thomas 20(0). In my experiment, birds were still subject to feeding constraints but started
days 1 and 3 with differing masses. This experiment has three aims which are to determine: (1)
if birds arrive at the same level of fat reserves at dusk if their resel-ves at dawn are different, (2)

12

if the time of highest energy need is the time of highest mass

and (3) if the treatment

causes the birds to behave differently.

It is important to note that most previous tests of SDP models have
North American

European and

that do not cache food and are subject to higher perceived and actual

risk of predation compared with New Zealand robins. New Zealand robins are short-tenn
scatter-hoarders (IGllander & Smith 1990; Vander \Vall 1990), and have been found to behave
in a way that is consistent with models of caching behaviour (powlesland 1980, 1981).

cost

associated with food caches dictate that food should be eaten if the bird is at risk of starvation
but stored for

if its bodily reserves are adequate given the time of day (McNamara et at.

1990; Lucas 1994; Pravosudov & Lucas 2001). Hence, birds at the beginning and end of the
day have high energetic demands in order to avoid starvation at dawn and overnight.
New Zealand robins offer a good opportunity to test SDP models as they may be less
constrained by predation than European and North American species. This is because they
evolved in an environment largely free of mammalian predators and with little risk of
predation from avian predators. Although New Zealand robins have evolved with avian
predators, their main predator is the New Zealand falcon (Falco Ilovaesee!afldiae) and this species
has been reduced to low

and so probably poses little threat relative to that

encountered by birds in continental areas. The Australasian harrier (CirclIJ approxilnclIlJ),
although common, also pose little threat to adult robins as they primarily hunt over open
country and not under forest canopy where robins live.

13

METHODS

Stl/{!y Site
Motuara Island (174° 16' E 45° 5' S) was chosen as

site for this study due to the high

population density of robins. Motuara Island is a small (ca. 58 ha) island in the outer
Marlborough Sounds. It has been free of introduced mammalian predators since 1990 and has
a population of about 360 adult robins (Maloney 1991). The island is covered in regenerating
forest that is dominated by Mahoe (J\tlelicystis ratllijlortls), Karaka (Corynowptfs laevigattls) ,
Kohekohe (Dyso:xyilltll spectabile), Kawakawa (Macropiper excelstftll), and Tree Fuschia (FtlSchia

exorticata). At higher altitudes, Manuka (Leptospertlllll'lJ Jcopariutll) and Kanuka (Ktfllzea cricoidcJ)
become dominant. The climate is mild with moderate rainfall, although the island is often
buffeted by strong winds.

island has a thin soil layer and litde leaf litter, and a steep

topography. Permission to study on Motuara Island was obtained from

Department of

Conservation (DoC), as it is a scenic reserve under their jurisdiction.

Sttft!y SpecieJ
The New Zealand robin is a medium-sized (30-44 g) endemic passerine of the family
Eopsaltriidae (the Australasian robins) (Fig 2.2).

have a dark slaty-grey plumage with a

white breast. They have relatively long legs and an upright stance on the ground (where they
spend most of their time feeding), which, with their confiding nature makes them easily
spotted (Heather & Robertson 1996). The sexes are dimorphic with the males being larger,
darker in colouration, and havring more white on their breast than the females. The New
Zealand robin is one of three species of the family Eopsaltriidae found in New Zealand. There
are three sub-species of New Zealand robin, each corresponding with one of

14

landmasses: North Island, South Island, and Stewart Island. The population on Motuara Island
was founded in 1972 from birds of the South Island subspecies (P. australis allstraliJ] (Flack
1978).
New Zealand robins feed mainly on invertebrates

find in the leaf litter of the forest

floor. Robins maintain an exclusive territory throughout the year with their partner. During the
winter, the pair may split the territOlY with each bird occupying half of the territory (Heather &
Robertson 1996). Throughout the year, robins will scatter-hoard food on

territory, wbich

they recollect over the next one to truee days (powlesland 1981). They are the only extant
native passerine to engage in cacbing beha"\>iour. New Zealand robins are extremely confiding
birds wbich is one of the factors that has seen their numbers decline on the mainland in the
makes this

face of introduced mammalian predators. However, tbis behaviour

very

amenable to study.

Experimelltal J11tl11iptllatioll

of et/ergy resert)es

I studied 18 free-living male New Zealand robins during truee visits to the island between
until early-October 2000. Permission to handle robins was granted by the Department
of Conservation (Authority No: BIR 0009). Permission for tbis experiment was also granted by
the University of Canterbury, Animal Etbics Committee. I used data

only 12 of these

birds for tbis chapter because the remaining six males were either feeding young, or courtsbip
feeding their mates. I used only male robins as previous work has shown there are differences
in the sexes in

way they utilise energy and store

(Wingfield

males are dominant to females and so less subject to harassment
I used robins that had

lit

al 1997) and because

other birds.

previously banded for other studies (Maloney 1991, Byrne

1999). Each bird had a metal band (DoC size B) and up to three plastic eolour bands for

15

identification. I used body mass as an indicator of the energetic state as mass gain throughout
day correlates \vith energy reserves (Blem 1990). Birds were trained to feed off a battelYpowered balance (Ohaus Scout SC6010) fitted 'with a tray

2.2) (N=5) or with the bait

taped to the weighing platform (N=7). This method was preferable to catching the robins
repeatedly throughout

experiment for weighing which is stressful to the bird and may cause

the bird to lose weight due to elevated 'levels
Once

corticosterol (Wingfield et ai. 1997).

robins were accoustomed to the apparatus, the experiment started. The

experiment ran over three days and the birds were weighed at least five times on each of the
three days of the experiment (Table 2.1). The first and third days of the experiment were
control days, while the supplementation occurred on the second day. The birds were weighed
within 30 minutes after sunrise and less than thirty minutes before sunset on each day. They
were also weighed on at least three other times at regular intervals throughout the day. The
exact time of these daytime weighings varied because
of the study (see later). At each weighing, I also took

increasing day-length over the course
air temperature with a mercUlY

thermometer. The control treatment consisted of birds being given one Temblio sp. larvae at
each weighing to

them onto

out from the scales. One

scales (Fig 2.2). This was sufficient to get a stable read

was considered a sufficient bait as it would not constitute a

great amount of extra nourishment. Robins could easily find food of equal value over the five
min it took to weigh the bird (5 min is the approximate time it took to set scales up, weigh
bird, and pack up the

again, during which time the robins were present, pers. obs). The

second control day was necessaty to test for residual effects of the treatment.
On the second day of the experiment, the robins were fed 10 large Tembtio each time
they were weighed (50 worms in total for experimental day). This represents a significant
supplement to the birds as the combined weight of the 50 worms is 7.96 g

± 0.065 g (mean ±

16

S.B.; n == 10).

energetic composition of 1 g

TC1I8btio larvae is c. 8.3 kJ (Hillstrom 1995).

If it is assumed that robins can extract about 0.85 of the total available calories from their
food, which is about average for

av~an

species (Harper

(It

al. 2001), the net energetic gain per

gram oflarvae is about 7.1 kJ. Thus, the supplement "vill provide a net energetic gain of about
56.5

0.5 kJ. I calculated that robins would have daily energetic requirement of 62.2 kJ (see

Appendix 1 for calculation). Even considering the conservative nature of the daily energetic
requirement, the provision of 50 Te11ebrio larvae is a substantial supplement for a single robin (""
90 % of daily requirement).
Using the above procedure, I was able to calculate the mass of birds between days at
standardised times and standardised between individuals (see below for standardisation
procedure). I was also able to compare the mass gains between different parts
this by subtracting an earlier mass (Ill,,) from the mass (JnI/+1) at

the day. I did

next time. For example,

difference 1 is the difference of maSS 2 minus mass 1. I calculated

difference for all

consecutive sequences on each day.

Singing
An advantage of working \vith exclusively male robins was that I could measute their singing
behaviour over the course of the experiment to see if males sang more when fed. I did this by
visiting the territory of a male in the morning between

hours of 0700 and 1100 hrs New

Zealand standard time (NZST) and observing the male for singing behaviour. I kept all
observations

the same male within an hour of each other, which standardised males within

subjects for time of day. The times of observations (data pooled for all three days) were evenly
distributed among the hourly intervals from 0700 to 1100 hrs (chi-squared test: X2 == 1.738,
N.S., d.E. == 3).

a male was singing from his territory upon my arrival, I would wait until the
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male had finished that particular bout of song before beginning the observation. On each day,
I listened for ten minutes while the male exhibited normal behaviour. When the male moved
away and began feeding and interacting with his' partner or other robins he was considered to
I

be behaving normally. Because the males learned to associate people with food, the males
could take up to 20 min to resume normal behaviour. Some observations tookup to an hour
to complete, due to robins expecting me to feed them, although most observations were
complete within 30 min.
To estimate singing behaviour, I ran an instantaneous sample

10 min and recorded

the presence or absence of singing every 15 sec. Fifteen seconds was chosen because male
song was rarely shorter than the time between observations. Hence, the sampling method
should accurately reflect the proportion of time-spent singing by males. At the end of the
observation periods, the temperature was taken as singing behaviour has been shown to be
affected by temperature (Gottlander 1987; Mace 1987a; Thomas 1999a).

Cat'hillg
At each weighing on day 2 of the experiment, the male was provided with ten Te11ebrio sp.
larvae. This provided an excellent opportunity to collect data on how the caching behaviour of
males changed throughout tl"le day. Only males that were single were used for this test because
paired males almost exclusively fed

larvae to their mate or chicles. At each weighing, one

larva was used as bait, which was usually consumed, to
could

the male onto the scales so that he

weighed. After this, I would feed the male the remaining lal'vae singly so he had to

make a decision of whether to cache or consume each lnva. I recorded the result of his
decisions by noting the number of larvae cached out of ten.
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Statistics
In order to test the difference between the weight trajectories between days it was necessary to
standardise time and mass between individuals. I standardised the

by dividing

number

of minutes elapsed since sunrise by the total number of minutes between sumise and sunset
plus 15 min. I added 15 min to the total because birds were sometimes active just before
sumise or after sunset. Having a standard time meant that I could divide the day up into six
equal intervals numbered from 1 (dawn) to 6 (dusk). I predicted mass for each robin at
standardized

thtough

interpolation between the known mass and times. To

account for differences in mass gain at different times of day, I used only the three successive
known mass values. Hence, I predicted mass for each bird on each day using slopes
constructed using known masses from weighings (1,2, 3), (2, 3,4), and (3,4, 5). I calculated
interpolated masses for each bird on eacb of the days. I standardised mass between individuals
by dividing the mass standardised for time by the mass at time 6 on day 2 (the fed day). I
calculated difference in masses between consecutive weight values each day. This yielded five
values, which are the differences between time 1 (t/) and /2' /2 and
values were
of

. . . until /J and /6 . All

visually inspected for normality by plotting frequency distributions for each

times on each of the days. This analysis showed that the sample did not deviate much

from a nOlnlal distribution. I used two-tailed repeated-measures ANOVA or relevant
parametric statistics for all tests whenever apptopriate. This technique is more powerful than
statistical methods which rely upon individuals being independent. I compared temperatures at
each time between treatments using repeated-measures ANOVA.
The data for observations of singing behaviour were considered an estimate of
amount of time the male spent singing. Hence, I divided the number of observation bouts in
which the male sang, by the total number of obsel"'Vation bouts to yield a proportion of
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obsetvations in which males sang. I square-toot

"J. ...,'''-.1,l\-

transformed the data to remove the

effects of homoscedasticity and attain normality. I then compated individuals between days
using repeated-measures ANOVA. I performed ~ linear regression on the data of control day 1
to ascertain if temperature contributed significantly to

rates of singing observed.

I counted how many larvae were eaten versus how many were stored. They were treated
as nDtmal data after visual inspection of the distributions. I compared

number of larvae

cached at each time throughout the day for diurnal differences in caching behaviour using
repeated-measures ANOVA. I treated time simply by assuming all measurements were taken at
equal times within and between subjects.

RESULTS

Energy reJerlJes
was no significant difference between the three days in total mass gained between dawn
and dusk (mean

±

day 1

= 2.43 ± 0.210 g, day 2 = 2.69 ± 0.394 g, day 3 = 2.21 ± 0.395

g, repeated-measures ANOVA: F

?)

?

??

0,05 (_. _, _

= 0.916, N. S.). However, there were significant

differences between individuals for mass gained over a day (repeated-measures ANOVA: Fo.05
(2), 11, 24

= 2.820,

P < 0.05). Temperature might confound this study, but there were no

differences in temperature detected between treatment days (fable 2.2).
Table 2.3 shows the average masses of birds throughout the day ovet the

days of

the experiment. It can be seen that mass rises consistently throughout the day. It was expected
that the daily mass of individuals would increase the most at the beginning of the day (between

t/ and t2) and at the end of the day (between t5 and t6)'

pattetn was observed for some

individual birds on separate days (Fig. 2.3); however, this

disappears when

data for all
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individuals are combined (Fig. 2.4). There were significant differences in the mass of birds at
comparable times on different days (Table 2.3). At t/, there were significant differences in mass
between day one and three (Scheffe's F-test for multiple contrasts: F O.05 (1),2,22
multiple contrasts:

and day 2 and 3 (Scheffe's

7

?

_,2_

3.52, P < 0.05),

= 3.52, P < 0.(5). At tb there

was a significant difference between the mass on day one and day three (Scheffe's F-test for
multiple contrasts: F 0.051,2,22
()

= 4.586, P < 0.05). There are no other significant differences in

mass between days at any

(Table 2.3).

differences between consecutive mass readings show that birds gain most mass
between

t/

and

t2

(difference 1 in Fig 2.5) and between

were no significant
ANOVA: d1, 1-'~.05(2),2,22
2, 22

t5

and

t6

(difference 5 in Fig 2.5). There

between days for comparative times (repeated-measures

= 1.503, N.S.; dz, F

- 1.492, N.S.; d,5 F 0.05(2),

2, 22

005 (2),2,22

0.535, N.S.; dy F~.05(2),2,22

0.041, N.S.; d4,

= 0.462, N.S.). There were significant differences in

weight change at different times throughout day 2 (repeated-measures ANOVA: F 0,05(2), 4, 44

P < 0.001), but not on the other two days (repeated-measures ANOVA: day 1, F 0.05(2),4, 44
1.050, N.S.; day 3,

- 2.075, P - 0.102) (Fig 2.5).

Birds on day 3 have a higher mass at dawn than birds at dawn on day 1. The higher mass
on day 3 is a result of feeding on day 2 and it allows a test of the prediction that birds should
strive to have an optimal amount of energetic reserves by the end
morning resetves (see

the day irrespective of

2.1). When the standardized mass for day 1 is compared with that of

day 3, the differences between the two days are more marked (Fig 2.4). The mass differences
persist until after t.; which is about 1400 hrs. Throughout the day, the masses of the birds on
the two days show a trend of decreasing differences throughout the day. The difference in
weight between day 1 and day 3 at dusk is not significant (Wilcoxon signed-ranks test:

Z005(2)
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-1.245, N ::: 11 *, N.S. * 1 case deleted due to tied ranks). There does seem to be a residual

effect of the treatment, although this is not a significant factor.

differences in mass

± 0.292 g (~ean ± S.E.), which represents a proportion of

between day 1 and day 3 were 0.42

0.011 ± 0.008 (mean ± S.E.) of the mass at the end of day 2.
If birds .are converging upon an optimal mass throughout the day, then the variance

the standardised mass should decrease throughout the day. On both day 1 and day 3 the
variance of the bird's standardised mass does decrease throughout the day as one would
predict if birds were converging on an optimal mass. However, the difference is significant
only for day 3 (F test: day 1 F o.os

(1), 11, 11

1.8, N.S.; day 3

(1),11,11 :::

3.25, P < 0.05) (see

decrease in standard errors throughout the day in Fig 2.4).

Singing
Figure 2.6 shows that supplementary food increases

singing behaviour

significantly (repeated-measures ANOVA: between treatments F O.OS (2), 2, 22
between subjects F 0.052,
() 11,24 ::: 0.93, N.S.). Significant

d1tter(~nc

8.362, P < 0.005,

:::

were found between the song

rates on day 1 versus day 2 (Sheffe's F test for multiple contrasts: F 0.0,"(I). ???
_, __
and day 3 versus day 2 (Sheffe's F test for multiple contrasts: F 0.0'1,
_() ~_, 2_?

-

?

??

~, _~

6.465, P < 0.05)

= 6.071, P < 0.05).

There was no significant dit1erence in temperature bet\veen the
observations (repeated-measures ANOVA: F 0.0,(-),
"?

males

days of

0.946, N.S.). Linear regression of data

from the three days reveals a significant negative relationship between proportion of time
?

singing and temperature on day 1 (y::: -0.02x + 0.2667, P < 0.001, R- ::: 0.512), no relationship
?

on day 2 (y
3 (y

= -0.0125x + 0.325, N.S., R- ::: 0.027), and a significant positive relationship on day

= O.0178x - 0.155, P < 0.05, R

2

::: 0.459). When the differences between song output and
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temperature were plotted against one another for day 1 and day 3, there was no significant

= 0.77,

trend (Spearman rank correlation: (/s)c

N

12, N.S.). However, as there was no

consistent trend on the three days, temperature was not considered to significantly effect male
singing behaviour in this experiment.
Time was not standardised within subjects for the observations over the three days. All
obsenrations were within half an hour of the time

observation on day 1 so that there were

an equal number of observations in each time-period. Thus, the sample

observations was

not biased by observations at anyone time.

Cat:hillg
number of Tel1l!b,io

larvae stored throughout the day changed significantly with time

day (repeated-measures ANOVA: between times F 0.0 5(0)_,4,44 = 4.043, P < 0.01) (see Fig. 2.7). By
end of the day, robins were are storing a smaller number of larvae than at the start of
day. Although the exact

of the supplementation varied slightly

one individual to the

next, the time between individuals did not ""gllll,!L.UILl y vaq from the mean for each feeding
test: '/ < 0.01, N.S., dJ.
N.S., d.E. = 11,

11,

'2

< 0.01, N.S., d.f. = 11, '} < 0.01, N.S., d.E. =11,

I.

< -0.01,

'5 < -0.01, N.S., d.f. = 11).

DISCUSSION

The eJfocls 0f.rtlpplell18nlalion 011 emrgy reserves
Male New Zealand robins showed a consistent increase in mass throughout the day and on
average tended to reach the same

of fat reserves by

evening. Comparing the mass

gains of birds between days, there were no differences for mass gained over the experiment.
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Although the body masses of birds at the beginning of the day were significantly different
between days, these differences in the masses of the birds converged by about mid-day thus
supporting SDP models.

decrease in variance in mass throughout the day is further

support for SDP models as if birds were not converging on a specific mass, the variance would
not change throughout the day. A possible explanation for only the variances on day 3 being
significantly different could

because birds on day 3 are starting the day with higher fat

reserves and so are less constrained by the environment. \\1hen I compared the differences in
dusk masses between day 1 and day 3, I found New Zealand robins had five times the variance
in mass as those found in European robins (Thomas 2000).

are two possible

explanations for the greater variation in New Zealand robins compared with European robins.
Firstly, New Zealand robins are short-term scatter-hoarders meaning that they can
regulate mass over a longer period than a day. On day 2 of the experiment, robins cached an
average

(± S.E.) of 19.9 ± 2.17 larvae throughout the day. Hurly (1992) found that marsh tits

(Pal7ls pallfJttis) kept only 29 % of caches into the next day and that cache retrieval was quicker
under conditions of high food variation. Other studies using marsh tits have found that the
half-life for seeds were less than a day (Cowie et al. 1981) and that they eat most food within
three days (Stevens & I<:rebs 1986). New Zealand robins probably have a similar caching
pattern as they keep hoards

up to three days before they are retrieved (powlesland 1980).

birds on the third day of the experiment also had access to supplementary food stored
on the previous day. Therefore, it would

been useful to have included a fourth day in the

experiment which would have been another control to see if reserves did return to the levels of
day one. Other studies that have treated daily mass trajectories in the manner I have, show
variation in the rate of convergence of fat resel'Ves (Hurly 1991; Lilliendahl et al. 1996; Thomas
2000). Hurly (1992) found that daily mass trajectories of birds did not vary given differences in
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predictability of food in marsh tits. Thomas (2000) found that birds in his experiment took
about half a day to converge whereas, lilliendahl et al. (1996) found that great tits (P. majo!,
masses converged

an hour.

all three of the above experiments investigated

birds with no feeding constraints through the provision of food ad libitum. My experiment is
the first to compare mass trajectories under field conditions which means birds are probably
reaching a lower mass· than they would if freed of foraging constraints.
The second reason why there may have been slight differences in the mass trajectories is
that New Zealand robins are subject to a low perceived and actual risk of predation. The other
studies that have looked at strategic daily regulation of mass have used European species that
have evolved in environments of high predation risk. Conversely, New Zealand robins on
Motuara Island face a low risk of predation.

is because Motuara Island is free of

introduced mammalian predators. There are also few threats posed by avian predators such as
the New Zealand falcon although they may

also been subject to historically higher rates

of predation because New Zealand had a larger assemblage of avian predators before human
anival (ca. 1000 years b.p.) (Holdaway 1989). SDP models would predict that when the
predation is lower, then the level of fat reserves should have a much
(Houston 1993; Houston & McNamara 1999).

of

optimal range

New Zealand robins may still be

maintaining their mass within the optimal range given the set of constraints to which they are
subject. Further research in this area is needed to differentiate between these explanations in
the New Zealand robin.
A growing body of research is showing that the effects of predation are far from clearcut on the effects of body mass. Birds have been found to be slower and

manoeuvrable

with increased mass (Witter et al. 1994; Metcalfe & Ure 1995; Kullberg et al. 1996; Kullberg et

al. 2000; Hedenstrom & Rosen 2001) although this is still equivocal (Kullberg 1998; Van der
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Veen & Lindstrom 2000). Gravid female European starlings (Stm'lllis vulgaris) have also been
shown to have poorer escape ability from predators (Lee et al. 1996) although this may be due
to flight muscle atrophy rather than increased mass

to

egg production (Veasey et al. 2001).

Bird's weights also change in response to perceived predation lisk.

masses of birds

exposed to higher perceived risks of predation are lower in greenfinches (Cal'dmlis t:hloris;
Lilliendahl1997, 2000), coal tits (Par-us'atel; Carras cal & Polo 1999), and great tits (Gosler et al.
1995; Gentle & Gosler 2001). However, studies on great tits (Ivams 2000), tufted titmice

(BaeJophillJ bkolollr, Pravosudov & Grubb 1998), and yellowhammers (Emberiza dtrill8lla;
Lilliendahl 1998) have all shown that birds gain mass in response to perceived predation risk.
Mass gain is predicted by the interrupted foraging model

diurnal mass regulation (Ekman &

1990; McNamara et al. 1994; Houston and McNamara 1999) under which birds gain
more mass when faced with foraging uncertainty (in this case caused by predation). Studies on
yellowhammers (Van del' Veen 1999) and greenfinches (Lilliendahl 2000) have found no
change in weights at the end of the day in response to perceived risk of predation. These
results indicate that there is still much work needed to clarify this area.
Given that robins were subject to different patch profitability on

three days of the

expeliment, they did not behave in a way which suggests that they are gaining as much mass as
they possibly could (rate maximising). Compalmg the differences in mass between consecutive
times on the three days, the birds gain most mass early in the morning and in the late
afternoon as predicted by theory (McNamara et a/1994; Houston & McNamara 1999; Brodin
2000; Clark & Mangel 2000). This corresponds with the prediction that birds should forage
most when there is most energetic need (McNamara et al 1994; Houston & McNamara 1999;
Brodin 2000; Clark & Mangel 2000).

it is assumed that the amount of mass gained per time

period corresponds with how hard the bird is foraging, the birds gain mass on day 1 in a
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manner that suggests that

are working more consistently throughout the day compared

with the more crepuscular mass gain on the later days. This difference shows that birds on the
later two days are able to gain mass quicker in the morning while foraging
day until the end of the day where they can

throughout

on the supplementary food to boost their

reserves. This same pattern of crepuscular activity and mass gain has

found in other field

studies (e.g. Marples 1945; Owen 1954; Gibb 1956; Evans 1969; Powlesland 1980; Haftorn
1989, 1992; Lilliendahl et a/. 1996; Pravosudov & Grubb 1997; Olsson et al. 2000). Hence, this
experiment has been successful in showing that birds do gain rese1'Ves at the times of highest
need.
Temperature was found to have no significant effect on the mass gains of birds between
the days. However, the sample size was probably too small to detect an effect if temperature
was a significant factor. Differences in ambient temperature cause changes in energy usage
(Blem 1990; Lilliendahl et a/. 1996; Pravosudov & Grubb 1997; but see Cuthill et a/. 2000). In
cooler weather, birds should use more energy than during warm weather. The optimal fat
reserve of bird should not change in response to temperature. This is because the short-term
optimal fat reserve is the level that offers a high probability of survival irrespective of most
temperatures given the time of year. The optimal energetic rese1'Ve is based on tlle worst
temperatures that birds can expect to be exposed to at a particular time (Houston &
McNamara 1999). Thomas (2000) did not control

temperature and yet found a high rate of

convergence in fat reserves between treatments. Lilliendahl et al. (1996) found that great tits (P.
JJtqjof) kept 12°C cooler were about 1.5 % lighter because of this treatment. However, it is
possible that the birds went into torpor with the experimental treatment but not

control.

The temperature manipulation in tlle above experiment was far in excess of the temperature
differences between days in this experiment. During this experiment, the average temperatures
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did not differ by more than 1 °C at the same times over the three days. Hence, temperature
should not have a major impact on the final energetic reserves of the day. However, this is
probably an unrealistic assumption as many shIdies have found that bird's masses may be
directly influenced by temperature (e.g. Evans 1969; Bednekoff & l<1ebs 1995; but see Cuthill

etal2000).
New Zealand robins are ground foragers, which feed among leaf litter and bark on or
near the ground. New Zealand robins are able to locate prey to a maximum of about 4 cm
(Brindle 1999). Variation between days may have been due to wet weather which created a
flush of invertebrates on the forest floor and so increased foraging ability of robins. There
were a higher number of wet days on the second and third days of the experiment than on the
day. Further research is required to see if robins are profiting from wet weather or if they
are gaining reserves because they cannot forage while it is raining.

Singillg

Birds

more when they were supplied with supplementary food compared with the control

days. The rates of song produced on day 1 and day 3 of this experiment were consistent with
rates observed by Powlesland (1983) in the same species at the same times of day and year.
This indicates that although my method of sampling was not ideal, it accurately reflected the
singing behaviour of birds. Surprisingly, there is little difference between the two control days
given that the energetic state of a bird was higher on day 3 compared with day 1.
My observations show that the treatment does alter the behaviour of the birds
throughout the experiment. The supplementary food allowed the birds to invest more energy
throughout the day in non-maintenance behaviours such as singing. Singing is energetically
costly (e.g. Eberhardt 1994, but see Chappell et ai. 1995; I-lorn et al 1995) and so the
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supplementary food increases the energetic state of the bird. Hence, males are able to

at

higher rates because of the male's elevated energetic state. Singing also represents an
opportunity cost and so the supplementation frees the male from the need to forage
(Catchpole & Slater 1995). Time budget studies show that when males are exposed to higher
food availability, they sing at higher rates (e.g., Powlesland 1981; Davies & Lundberg 1984;
Strain & Mumme 1988; Cucco & Mal~rcarne 1997). However, further research on the
costliness

bird song is required before these two hypotheses can be differentiated.

The increase in singing on the fed day may have been a reaction to birds perceiving that
the value of their territory may have increased (Alatalo et al 1986). However, this explanation is
not considered likely because of the short duration of the treatment. In addition, we should
a higher rate of singing on the third day, due to their remaining caches

day 2, but

this was not the case.
SDP models show that birds should

more at times when their energetic reserves are

above a certain level, which is termed the 'switchpoint'. At the switchpoint,

benefits of

increased energetic reserves are less than the benefits derived from singing (Houston &
McNamara 1987, 1999; McNamara et al. 1987; Hutchinson et al 1993; Hutchinson &
McNamara 2000). SDP models of bird singing behaviour have not been extensively studied in
the field. Thomas (1999a) tested some predictions of SDP models through supplementing
European robins and so changing their energetic states. It was found that when birds were
supplemented, they sang more than when they were not supplemented. Godfrey & Bryant
(2000) found that when birds were chilled, and so with lower reserves at the beginning of the
day, that they were less likely to initiate song bouts and to reply to neighbour's song bouts.
Temperature was found to be a significant factor on two of the days but in opposite
directions. When differences in singing rate and temperature were compared between day 1
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and day 3, there was no difference. Therefore, temperature was not considered a significant
factor in the amount of song produced by birds throughout the experiment. Singing behaviour
has been found to have a positive relationship with temperature through higher energy
consumption in European robins (Godfrey & Btyant 2000). However, the differences in
overnight temperature, which caused the differences in energetic state, were much larger than
those encountered by robins in this experiment.
Further studies

of song behaviour are required

supplementation on singing behaviour.

For a

fuller

to

elucidate

discussion

the

of the

effects

of
of

supplementation on singing behaviour, see the discussion in Chapter 3.

Cacbing
Birds displayed decreased caching behaviour later in the day which supports theoretical
predictions that caching behaviour is dependent on the time of day (McNamara et al. 1990;
Lucas 1994; Pravosudov & Lucas 2001). This observation corresponds "vith earlier studies of
New Zealand robins at Kaikoura (powlesland 1980). This study found that robins cached most
in the morning and recovered caches in the late afternoon. It was assumed that the

of the

food object was not important in the robin's decision of whether to cache a larva. Generally,
robins would eat most of the first larvae offered and cache later ones to indicate they were
becoming satiated rather than caching larvae according to size.
It is predicted that birds should eat food when there is highest energetic demand and
cache food when there is lowest energetic demand. The times of most enetgetic stress, and so
times of lowest caching behaviour are early in the morning to avoid starvation and in the later
day to avoid overnight stalYation (McNamara

1ft

al. 1990; Lucas 1994; Pravosudov & Lucas

2001). However, robins cached a higher number oflarvae than would have been predicted by
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these models early in the morning. This could be because the robins were fed after their peak
demand in

morning. However, birds were often fed near sunrise when birds were still

singing. Powlesland (1981) found that birds at Kaikoura displayed the predicted pattern of
caching behaviour although there was the opposite trend found on the Outer Chetwode
Island. The birds on the Outer Chetwode Island are under more food stress than mainland
birds and so are under more pressure to eat prey rather than cache throughout the day.
Pop~ulation

density is higher on the Outer Chetwodes and this may also influence caching

decisions as individuals at higher population densities may have higher rates of cache theft.
However, the proportion of recovery efficiency has been found to be higher when birds are
more energetically stressed which suggests the

of population density are far from clear

cut (Pravosudov & Clayton 2001).
Lucas and Walter (1991) found that Carolina chickadees (Pams t'arolim!1!sis) cached seeds
as predicted by SDP models during midday while consuming most caches in

morning and

at dusk. Hurly's (1992) experiment on marsh tits also support predictions of SDP models. My
expel1ment also show that birds do show a distinct pattern of diurnal val1ation in the numbers
of Taenebrio sp. larvae that are cached.
The data that comprises this section was collected on day 2. It would have been
preferable to have obselved birds on all three days of the experiment so the rates of caching
behav'iour under normal foraging conditions could have been compared. This is because
feeding might change the caching behaviour of individuals between days of the experiment.

COlldllSiOJls
I had three aims in this experiment which have been fulfilled. Firstly, I have shown that the
masses of male robins are regulated within a narrow range and converged at dusk, although
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their masses were significantly different at dawn. Secondly, I have shown that the times of
highest demand, are the highest time of mass gain, and the lowest time of caching behaviour.
Finally, I have shown that food supplementation significantly alters the behaviour of the birds.
Once supplemented, birds were able to gain more mass early in the day compared with mass
gain on day 1. This meant that birds were able to invest more in non-maintenance behaviours
such as singing.
These results are exciting because this is one of the first integrated studies of the effects
of different energetic states on the behaviour of birds. Thomas (1999a, b, 2000) studied many
the same predictions in his work with European robins and found support for SDP model
predictions in pattern of mass gain but did not examine other behaviours concurrently.
Godfrey & Bryant (2000) integrated behaviour and state in their study. However, they did not
measure the energetic state of the bird consistently throughout the day. My results show that
the daily mass trajectories of birds converge irrespective of their energetic reserves of the
individual at their start of the day, which is consistent "vith other studies (Lilliendahl et al. 1996;
Thomas 2000). Furthermore, my results show that the energetic states of birds were
significantly altered as they were able to

at elevated rates when exposed to the treatment.

Other integrated studies have yielded important insights into the regulation of fat resetves and
food caches in tesponse to food ptedictability and the time of day (Lucas & Walter 1990;
Hurly 1991).
The tesult of this experiment opens the way for further tesearch in this area with this
and other species. Firstly, it would be worthwhile to repeat this experiment on a mainland
population which is exposed to mammalian and Rv'"ian ptedators. Robins on the mainland may
be more constrained by predation and so should regulate their mass within a narrowet optimal
range. It would also be valuable to extend this expetiment for a fourth day to see if there are
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further residual effects of the treatment and to see if the birds are returning to

same masses

on day 1. Secondly, an excellent experiment would be to compare the mass trajectories and
caching behaviour of New Zealand robins when individuals are subjected to different
perceived risks of predation. Further work on the bird's activity given different treatments
could also be investigated by using doubly-labelled water, time budget studies, and state
variables.
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Figure 2.1. Optimal daily trajectories of fat reserves in vrillow tits (farus !nonfat/tis) as predicted
using SDP model (a) following a good night and (b) following a bad night. Both trajectories
achieve energetic reserves::::: 1.2 g (after Clark & Mangel 2000 p. 114).

1.6....,....-------,-----r-----.,...--------,:-------,

1.2
(a) After a good night

0.4
(b) After a bad night

1

2

3

4

Time period, t

5

6

3-1

J "igmt:

2.2. ,\ rubin weighing irself on scales firtcd \Virh a tray.

35

Figure 2.3. The mass
of a bird throughout the day showing a peak in mass gain in the
morning and in the evening on day one of the experiment.

39.5
3
38.5
,.-..,

0.0
'-'

38
37.5
37
36.5
3

1

3

2

5

4

6

Time

Figure 2.4. A comparison of mass (± S.E.) trajectories of 12 New Zealand robins on day 1 and
day 3. There is a trend throughout the day towards convergence of levels of energetic reserves
at dusk (time 6). Each point represents the mean of at the standardised time.
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Figure 2.5. Mean mass gain between successive time periods on the
days (error bars
excluded for clarity). It can be seen that the peaks of mass gain are generally in the morning
and in the late afternoon. There are no significant differences be1:\veen days at comparable
times. There are significant differences between times on day 2 but not on the other two days.
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*p < 0.1 which may indicate a slight level of significance

Figure 2.6. Comparison of proportion (+ 95% confidence interval) of observations New
Zealand robins spent singing over the three day experiment.
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Figure 2.7. The mean (± 95% confidence intetval) numbet oflatvae stated by tobins
thtoughout the day when fed ten tembtio sp.latvae at each weighing.
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Table 2.1. The feeding schedule for the experiment. Each New Zealand robin was weighed
repeatedly over a period of 3 days.

Day

Numberoflarvae fed

Number of times weighed

1. Cantrall

~5

5

2. Experimental

50

5

~5

5

3. Control 2
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Table 2.2. Standardised temperatures (mean °C ± S.E.) at standardised times throughout the
day. Time is standardised using the total foraging time available as 6. Therefore, 0
represents dawn and 6 represents dusk.

Treatment
Time
1

Day 1
9.8

0.6

Day 2

Day 3

F 2;24

10.4 ± 0.7

10.8

± 0.8

0.748

2

10.7 ± 0.5

12.6 ± 0.6

11.2 ± 0.8

0.448

3

12.0 ± 0.5

12.6 ± 0.6

12.0 ± 0.7

0.544

4

12.8 ± 0.4

13.6 ± 0.6

12.9 ± 0.4

0.764

5

12.5 ± 0.5

13.0± 0.7

12.3 ± 0.7

0.407

6

11.4 ± 0.4

11.8±0.7

11.6 ± 0.8

0.201
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Table 2.3. Mean masses in grams (± S.B.) of male New Zealand robins between experimental
treatments and at different times throughout the day.

Control 1

Fed

Control 2

F

1

36.17 ± 0.605

36.17 ± 0.536

36.81 ± 0.622

4.694**

2

36.81 ± 0.639

37.22 ± 0.568

37.50 ± 0.612

4.636**

3

37.33 ± 0.541

37.67 ± 0.640

37.84 ± 0.635

3.225*

4

37.61 ± 0.587

37.95 ± 0.675

38.08 ± 0.631

2.850

5

38.13± 0.614

38.23 ± 0.669

38.34 ± 0.640

0.513

39.02 ± 0.667
6
38.59 ± 0.645
38.86 ± 0.680
** P < 0.05, repeated-measures
* P < 0.1, repeated-measures ANOVA, may indicate weak significance.

1.401

Time
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CHAPTER 3
The effect offood limitation on the singing behaviour of
silvereyes
dawn choms is a paradoxical behaviour, which has drawn our attention for centuries. In
most species, the dawn choms is an exclusively male behaviour, which has led authors to
speculate on its function. Dar'\vin (1871 pp. 641-642) wrote that flamboyant epigamic displays
might aid females in choosing the most vigorous mate. However, few other biologists until
recently have considered
thought

in the context of female choice, or sexual selection. It was

intrasexual competition (Howard 1929; Armstrong 1963) and species recognition

(Huxley 1942 p. 289; Armstrong 1963; Lorenz 1963 pp. 26-27) were the main explanations for
male singing behaviour. An upsurge in interest in sexual selection over the last two decades has
seen female choice emerge as an important factor in shaping male singing behaviour
(Andersson 1994; Catchpole & Slater 1995; Searcy & Yasukawa 1996).
Singing behaviour is energetically expensive for small passerine birds as has been shown
for Carolina wrens (Thryothoms /Jldovkim/lls). A conservative estimate is that male wrens expend
between three to nine times the basal metabolic rate when they are singing.

makes singing

the second most expensive behaviour, per unit of time, behind flight (Eberhardt 1994). Recent
results using a non-passerine species (Gal/lIS gal/tts) suggest that foraging behaviour may be
mme expensive than calling (Chappell et al. 1995; Horn et al. 1995). However, it should be
noted

rooster calls are structurally less complex than a passerine and that a rooster spends

comparatively less time calling. Even if song in itself does not increase energy consumption,
singing does have opportunity costs because males are unable to forage when they are singing
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and may, also alert predators to their whereabouts. Further evidence to indicate that singing
behaviour is energy limited comes from time budget studies on experimentally

birds. Birds

spend more time singing when they are promded with supplementary food (Davies &
Lundberg 1984, Strain & Mumme 1988; Cucco & Malacarne 1997).
Before breeding, males in many species of birds increase the amount and complexity of
song produced (Catchpole 1973).

The seasonal increase in song that is

associated ,vith the

onset of breeding functions in part, in attracting a mate (see Andersson 1994; Catchpole &
Slater 1995; Searcy & Yasukawa 1996 for reviews). Once mated, males again sing more
stereotyped songs at lower rates (von Haartman 1956). Removal of females, or delaying
females from exiting their nighttime roosts has also been associated with increases in male
singing behaviour (Krebs et al. 1981; Cuthill & Hindmarsh 1985, Welling et al. 1997). For
example, silvereyes (Zosterops lateralis) have a seasonal cycle of singing behaviour and increased
song output when their mates are removed (Robertson 1996). It is thought that this seasonal
variation is mediated by physiological factors which. are linked to environmental cues such as
food availability and photoperiod (Catchpole & Slater 1995). However, the proximate
detelminates of song over the diurnal cycle are still poorly understood.
are many hypotheses proposed to explain male circadian singing behaviour,
particularly the increased rate of singing at dawn (see Mace 1987a; Staicer et al. 1996 for
reviews). These include the suitability of the acoustic environment at dawn (Henwood &
Fabrkk 1979), poor feeding conditions at dawn (Kacelnik & J<iebs 1983), increased levels of
testosterone in the morning (\Vingfield & Farner 1993), male-male stimulation (\Vingfield et al.
1990), male-female stimulation (Wingfield & Farner 1993), reinforcing territorial boundaries
(Kacelnik & Krebs 1983), reduced risk of predation at low light levels (Staker IJt al. 1996),
increased energetic costs at dawn compared with other times (Montgomerie 1985 cited in
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Catchpole & Slater 1995), and mate guarding dUl1ng periods of peak female fertility (Mace
1986, 1987b; M(?)ller 1991a, but see Gil et aL 1999). The evidence for many of these hypotheses
is equivocal. Recent, theoretical investigations h~ve focused on the role of energetic reserves
and have revealed new insights into the diUlnal patterns of male singing.
In themy, a bird should aim to gain energetic reselves at a level that ensures a high
probability of survival given unpredictable overnight energetic requirements. On many nights,
a bird will store more energy than is required to survive, as conditions will be better than a
worst case scenario. This means a bird will have an excess of energy in the morning, which it
then may use in singing. Stochastic dynamic programming (SDP) models of singing behaviour
in birds (McNamara et aL 1987; Houston & McNamara 1987, 1999; Hutchinson etaL 1993) use
the energetic state of birds as a predictor of their behaviour. When the energetic state is above
the 'switchpoint' (i.e., the point when a bird should switch from foraging to singing), the bird
should sing. This is because the net benefits of carrying the reserves above the s\vitchpoint are
less than the net benefits del1.ved from singing given the time of day. The 'switchpoint' rises
steadily throughout the afternoon so that birds should sing less later in the day as the birds
have to forage to increase their energetic reserves

overnight energetic requirements.

SDP models predict that when birds are exposed to an increase in food availability, they
should exploit this increase (Hutchinson et al. 1993; Houston & McNamara 1999). By
exploiting this short-term increase, birds will increase their energetic reserves by the end of the
day. This should then increase the W<:elihood that an individual will sing more in the morning.
Indeed, supplementation experiments have noted increased song output of birds at dawn and
throughout the day (e.g. Searcy 1979, Davies & Lundberg 1984; Cucco & Malarcarne 1997;
Thomas 1999a; Chapter 2 this study).
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The link between dawn chorus and temperature has been well documented in many
studies in which song output declines \vith temperature (e.g. Garson & Hunter 1979;
Gottlander 1987; Reid 1987; Strain & Mumme 1988; Mace 1989; Thomas 1999a). This is
because at colder temperatures birds expend more energy overnight, assuming they do not
become hypothermic, and so have less energy to spend on singing in the morning compared
with warmer nights. Thomas (1999a) manipulated the energetic states of European robins

(Enthams mbeCtlla) and found that song output increased both at dawn and dusk when
supplemented with food. Godfrey and Bryant (2000), also working with European robins,
found that when birds were chilled overnight they produced less song.
In this chapter, I provided silvereyes with supplemental], food over a short-time (ca. 24
hrs) to assess its effect on their singing behaviour. It was assumed that short-term
supplementary food increased the energetic resel'Ves of silvereyes and allowed birds to increase
their foraging success and so their energetic reSel'Ves at the end of the day. Because dawn
chorus is dependent on the bird's energetic state, it is expected that dawn chorus should
increase quantitatively. It is

clear if increased energetic resel'Ves should also improve the

quality of dawn chorus, but such a result is possible if the cost of complex songs are
energetically more expensive than simpler song (Eberhardt 1994). In this Chapter, I had two
aims, which are (1) to determine if supplemental], food increases

quality of male dawn

chorus, and (2) to see if supplementation improves the energetic state of birds.
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Methods

Stlicfy site
Dawn chorus in silvereyes was studied at Kowhai Bush Reserve (173° 36'E 42° 23'S) at
Kaikoura, in coastal North Canterbury. Kowhai Bush is a narrow strip of bush (ca. 240 ha) 7
km from Kaikoura that runs parallel with

Kowhai River. Silvereyes were studied in a 10 ha

section of reserve off the end of Schoolhouse Road. The bush at this site is secondary growth
forest dominated by Kanuka (Leptospmntlm ericoides) but '"rith other species such as Tutu (Coiaria

arborea), Kohuhu (Pittosportlm tct!tifolillll1) and many species and hybrids of Coprosma (Coprosma
spp.). The ground cover consists of various grasses, lichens, mosses, flatweeds, Ulicittia (hook
sedge), and local expanses

Hound's Tongue Fern (PI?ymatosortls p#sttllatlls). The climate is

mild with a mean annual rainfall about 850 mm although drought is a problem about every 4-5
years (Gill 1980). Strong "rinds were infrequent at Kowhai bush although sea-breezes
frequently pick up mid-morning. Permission to work at Kowhai bush was granted by the
Canterbury Regional Council.

Sttfcfy animal
Silvereyes are a small (mean weight ± SE

12.71± 0.08 g,

18, unpublished data) olive

green passerine of the family Zosteropidae (Figs 3.1-3.2). This family is very distinctive ,mth
the majority of its 84 species having a ring of small white feathers encircling the eye (Heather
& Robertson 1996). They are common in most habitats in New Zealand and are one of the

most common birds at Kowhai Bush (Gill 1980, unpublished data). Silvereyes feed readily on
fruit and nectar; their slightly de curved bill and brush tipped tongue aiding in this feeding
habit. However, due to seasonal availability of fruit and nectar, they are mainly insectivorous
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for most of the year, gleaning small moths, spiders, geomettid caterpillars, and bugs from the
canopy (Cattetall et al 1982). Silveteyes ate thought to have colonised New Zealand sometime
in the early to mid-nineteenth century from Tasmania. Because silvereyes ate self-inttoduced,
they are considered native and so are a protected species. Permission to study them was
granted by the Department of Consetvation and approved by the University of Canterbury,
Animal Ethics Committee.
Silvereyes breed between September and February (Heathet & Robinson 1996), although
they were late to bteed during the 2000 season compared with

years (personal

obsetvation). During the breeding season, birds set up small exclusive territories around their
nest although they do not defend large feeding tetritoties with birds seen feeding over
hundteds of mettes. DUling the winter, the bitds may fotm small feeding flocks of up to 40
birds. They are monogamous maintaining pair-bonds from year to yeat and throughout the
winter. They have low rates of extra pair copulations (EPCs) (Robettson 1996; Robettson et al.
in ptess). Both parents invest about equally in incubation and chick rearing (Catterall et al.
1982).

Food JIIpplcmclltatioll schedHle
I conducted a food supplementation expetiment ovet three days on male birds. The entire
dawn chorus was recorded on each day for each male in

study. The first morning was

defined as a control day as the birds had not yet received supplementary food. Immediately
the end of the dawn chorus on the fitst day, supplementary food was provided and freely
available until after the end of the dawn chorus on the second day (i.e., 24 rus later). Fed bitds
were provided \\1.th a high energy mixture of fat and sugar ad libitum from a pinecone tied to a
btanch of a tree neat the focal male's territory (Fig 3.2). After the second dawn chorus, the
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food was removed. On

third day, the dawn choms was recorded for a third time. By this

stage, the birds had not received supplementary food over the previous 24 hr period.
also acted as a control to in order to assess the residual

day

of the treatment.

Supplemental food was a mixture of 454 g of beef fat and 500 g of white sugar. This
provided birds with 26.4

kJ / g

of the mixture consumed. Silvereyes have an active daily

metabolic rate is about 95 k] (Maddocks & Geiser 2000). Hence, the fat/sugar mh:ture
represents a substantial supplement to the birds if they feed regularly from the pinecones. The
exact amount of food consumed by focal birds could not be estimated but often birds were
seen to visit a pinecone five to six times an hour. Although the supplement was meant for
adults, non-focal birds were also seen feeding the supplement to chicks (J. Briskie, personal
communication).

Bat/diJig
Birds were banded so that they could be identified when singing and to avoid repeated
sampling of the same individual. In order to band birds, pinecones loaded with fat mixture
were placed near mist nets to act as a bait. Birds would then fly into the mist net and entangle
themselves (Fig 3.1). I would retrieve birds and band them with a aluminium Department of
Conservation band (size A) and up to three coloured plastic bands. I also recorded mass (to
nearest 0.1 g using a pesola spring balance), left tarsus (to nearest 0.1 mm), flattened left wing
(to nearest 0.5 mm), culmen length (to nearest 0.1 mm), and subclavicular fat score (visually
inspected and scored on a scale of 1 to 6 using the method outlined by Brown (1996)).
Processing took between 5 and 10 min

which birds were released away from the mist net.

I ensured that the mist nets were only raised when conditions were suitable (generally after
0800 hrs New Zealand standard time (NZST)) and that birds were trapped for less than 10
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min. I also did not set baits or nets on any of the three days of the experiment. This insured
that focal birds were not inadvertendy fed or stressed by accidental capture.

Prot'edm'8
I conducted this experiment between November and December 1999, and between October
and December 2000 using twelve males in total (N

= 4 in 1999, N

8 in 2000). I trained birds

to feed from pinecones loaded with the fatl sugar mixture by tying pinecones from prominent
branches between 1.5 and 2 m high. Naive birds often took up to four days to learn to
associate food with the pinecones. However, once one bird discovered the food source, it
would not take long for rest of the local population to find the food source through copying.
Once birds had learned to associate pinecones with food, it did not take long for them to find
pinecones even if they had not been up for a few weeks. Given that silvereyes do not defend
large feeding territories and that birds moved freely over a large area, individuals were not able
to monopolize and exclude conspecifics from pinecones (Fig. 3.2). Hence, many birds in
addition to that of the focal male may have had access to the supplement. Aggressive
interactions (e.g., wing quivering and chasing) were noticed between individuals; however,
subordinate birds were free to feed once dominant birds had left. Most birds spent about 10
sec on feeding the pinecones before leav"ing.
Once birds were trained to feed freely from pinecones, the singing territories of focal
males were mapped. This was done by visiting the territory of the birds at dawn to identify the
trees males used as singing posts. Birds repeatedly favoured the same prominent perches that
they flew between during the dawn chorus. Once the singing territory was known, the 3 day
experiment was started. Silvereyes did not display any noticeable dusk chorus and so dusk
chorus is not considered in this experiment.
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Recordings were made using a Sony professional walkman (model \1.'JVl D6C) and a
Nakamichi microphone (CM300) fitted with a Nakamichi um-directional microphone head
(CP-4).

record the entire dawn chorus, I arrived on a focal male's territory about Y2 h

before dawn (usually 5-15 min before the start

dawn chorus). \",{lhen the focal male started

singing, the start-time was noted and the entire chorus taped until the bird stopped singing
approximately 30-40 minutes later. The stop time was also noted.

identity of the focal bird

was checked repeatedly (by examining colour bands) and especially if it had changed perches
while singing.
After the first recording was made, pinecones containing the fat/sugar mixture were tied
from a branch near the singing territory (ca. 20 m from the edge of his territory) to provide the
singing bird with increased energy availability. These were watched to confirm the focal male
was feeding from the pinecone. Throughout the day, the pinecones were checked many times
to ensure adequate supplies of the tnixture remained. The pinecones remained up until after
the second recording was completed,

which they were immediately taken down. The

pinecones were never exhausted of the fat/sugar mixture and so it was assumed that birds had
continuous access to the food throughout the second day of the experiment. To control for
any temperature effects on dawn chorus, I took the temperature at the end of each dawn
chorus using a mercury thermometer suspended 1.8 m from the ground.
The focal birds were not able to monopolise the resource for themselves because many
birds, including the neighbours, had access to the supplementary food (Fig 3.2). Hence, it is
possible that song output of the focal male may have been influenced by increased numbers
conspecifics around the male's singing territory, or through neighbours also singing at higher
rates. I was not able to rule this out as a factor, although I checked the energetic reserves of
the birds in order to see that the treatment did increase the fat reserves of males as would be
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predicted. I compared the fat reserves of birds in the morning and in the evening on days
when birds had access to the mixture for the entire day, with the fat reserves of birds when
they had access only while mist nets were open: I caught birds in

nets in the morning

between 0700 and 0900 hrs (NZST) and in the evening between 1930 and 2100 hrs (NZST).
For the control treatment, I used pinecones as baits only while mist nets were up, but took the
pinecones down when I stopped mist netting. For the experimental treatment, I left the
pinecones up between mist netting birds in the morning and evening. This ensured the birds
had access to supplementary food throughout the day. If supplemental feeding affects the fat
reserves of birds in the experiment, then fat reserves of birds should be higher on days when
fed throughout

day.

I did not control for differences in singing behaviour between individuals because these
differences were not the focus of this study. It is possible that birds within the experiment
changed their breeding status such as through attracting a mate. However, most birds singing
on territoties were paired as they were consistently seen with a partner and nests of these birds
were often known before the experiment started or found shortly after the experiment,
indicating that they had a mate.

SotigAnafy.riJ
I used the recordings that I made to measure characters of male singing behaviour. I first
calculated the proportion of time during the total dawn chorus the male was singing by noting
the length of time I heard the male singing during the entire period in which he was recorded
singing. Because the males often moved from tree to tree while singing, I did not include the
time that was spent by myself walking between singing positions. To ensure that bias due to
hand timing was not a problem, I timed each recording twice. The second recording was found
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to be within 5 % of the first every time. I took the mean of the two times as the proportion of
time singing. I also had a friend time three song sessions independently of mine and found that
these were also within 5 % of my mean times, although these times were not included in
analysis. The duration of dawn chorus was calculated as the time elapsed from when the focal
male first sang.until when he last sang.
To estimate the number of syllables used per unit of time for each male on each of the
three days, I produced spectrographs of songs using Canary 1.2.1 (1995 Cornell Laborat01'Y of
Ornithology). I used a capture/recapture method, which was first used by Ince & Slater (1985)
to estimate the repertoire size (see Appendix 2). I did not investigate the repertoire size more
thoroughly because the number of syllables a bird would be able to sing between three days is
highly unlikely to change (Le., a bird was unlikely to learn large numbers of new syllables over
the course of the experiment). However, this does not mean that song complexity might be
different between days due to supplementary feeding. I used a method that would be sensitive
to any relative differences in the number of syllables used per unit of time and thus my
estimation is unlikely to be an accurate estimate of the absolute total number of syllables in
each male's repertoire.
I also produced spectrographs for a 30 sec sample of
each dawn chorus

for eve1y five minutes of song

each male on each day of the experiment. From these samples, I took

measurements of song length, intersong interval, syllables per song, and maximum and
minimum frequencies of each song following the definitions of Catchpole and Slater (1995)
(see Fig. 3.3). TillS allowed me to calculate the mean f01' each of the parameters measured.
Sampling eVe1} five minutes also ensured that I would get a mean that was not unduly biased
by songs of one part of the dawn chorus. I chose thirty second samples so songs and intersong
measurements were both included in their entirety.
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.rtatistit's
All data were pooled after analyses using t-tests of means
no differences in data collected between years.
normally distributed

1 assumed

all measures and all days revealed

that all time and count data were

visual inspection of the frequency distributions. All proportionate

data were square-root arcsine transformed to restore normality and heteroscedasticity (Zar
1996). This allowed me to use parametric ~tatistics for all analyses. For comparisons between
days, I used repeated-measures ANOVA which is a multisample analogue of the paired t-test.
I controlled for temperature in three ways. Firstly, I performed linear regression on day 1
data using temperature as the independent variable and measures of singing performance as
the dependent variable. Secondly, I performed linear regression on the differences in
temperature between the 1:\vo control days with the differences in singing performance
measures. Thirdly, I compared the differences in temperatures between days to see if they
differed significantly from one another. I used linear regression for the first two methods and
repeated-measures ANOVA for the third.

Results

Effot't qfsttpplet1letlt on singing behaviour
The aim of this experiment was to assess

effect of food supplementation on the singing

behaviour of male birds. It was clear that food supplementation had a marked impact on the
singing behaviour of birds (Table 3.1). Food supplementation increased the proportion of time
spent singing during the dawn chorus (Fig 3.4; repeated-measures ANOVA: F 0.05()2,

2, 22

16.149, P < 0.001), mean song length (Fig 3.5a; repeated-measures ANOVA: FOO -()2)

2, 22

. :J

5.651, P < 0.05), mean number

=
=

elements per song (Fig 3.5b; repeated-measures ANOVA:
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F 0.05(2.)

??

2, __

-

4.44, P < 0.05), and mean maximum frequency per song

measures ANOVA: F110,'()2 • 2, 22

3.985, P < 0.05).

3.5c; repeated-

mean minimum frequency was found to

decrease on treatment days (Fig 3.5d; repeated-measures ANOVA: F 0.05(2),

2, 22

= 3.509, P

<

0.05). There were no significant differences found between days in measures for total duration
of dawn chorus (repeated-measures ANOVA:
repertoire size (repeated-measures AN OVA: F 0.0,'()2,

2, 22

0.314, N.S.), and estimated

1.585, N.S.). Intersong pause was

2, 22

close to significant (repeated-measures ANOVA: FO.05 (2),

2, 22

= 3.264, P = 0.057). Table 3.2

shows that when there are differences between days detected, the differences were between
day 1 and day 2, or between day 2 and day 3. Hence, I assume that all significant results for
repeated-measures AN OVA are indicating a difference between the day of increased food
availability and the two control days.
Temperature was not a significant factor in the variation between days with the
temperatures not being significantly different between days (mean
1.04°C, day 2
22

S.E.: day 1

= 8.75

+

7.42 ± 1.02°C, day 3 = 7.21 ± l.03°C; repeated-measures ANOVA: F O.05 (2),2,

2.424, N.S.). Regression of the temperature at dawn with specific parameters

singing

perf01mance show that no parameter was significantly affected by temperature on day 1 (tab
3.3). Regression of the differences in temperature

day 1 and day 3 with differences of

parameters of song perf01mance between day 1 and day 3 also reveal no relationship between
temperature and singing (Table 3.3).

Effid oj J'tIpplementatiofl Oft energetic Jtate
I found that birds gained more mass when they had access to food

the full day (Fig 3.6).

The morning masses of birds were very similar in both treatments 'with there being no
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appreciable difference (Fig 3.6a; Mann-\X'hitney U test: U

= 45, N.S., N

j

7, N z

12). By

evening, the birds that had day-long access to food gained more reserves so that by the end of
the day, the masses of the two groups were different (Fig 3.6b; Mann-Whitney U test: U
108.5, P < 0.05, N j

11, N z == 13). Fat scores also seemed to increase throughout the day. Fat

scores were identical at the beginning of the day for the two treatments (mean
unsupplemented
N.S., N j

-

±

S.E.:

2.0 ± 0.22, supplemented == 2.0 ± 0.30. Mann-Whitney U test: U = 44.5,

7, N z = 12) but by the end of the day, they had increased in the fed birds, although

the difference was not statistically significant (mean ± S.D.: unsupplemented
supplemented = 3.2

± 0.22. Mann-Wbitney U test: U

2.6 ± 0.24,

95, N.S., N j = 11, N z = 13).

Discussion

Silvereyes increased several quantitative and qualitative aspects of their

in response to

short-term supplementary feeding. Although there was no difference in the total duration of
the dawn chams, the proportion of time that experimentally fed birds sang during the dawn
chams increased significantly. Spectrographic analysis of the song also revealed many fine scale
differences between fed and non-fed birds. The mean length of song increased which meant
that fed birds were able to sing a higher number of syllables

song. The birds were also able

to sing with a higher frequency range per song with mean maximum frequency increasing and
mean minimum frequency decreasing. This indicates that although the duration of the dawn
chams was no longer on fed days, males were singing at a higher rate and with a more complex
song. Thus, it is likely that the dawn chorus after the supplementation was costlier to produce.
As expected, birds on fed days had significantly higher mass indicating that they indeed had
greater reserves at the end of the day. Assuming similar overnight energetic expenditures
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between treatments, fed birds would

had more energetic reserves in the morning and

would be able to produce more energetically expensive dawn choruses.
There was no difference in duration of dawn chorus between days. I also noted no
difference in the start times of the dawn chorus between days. This indicates that there may be
little benefit

increasing the length of the dawn chorus or beginning earlier. A possible

explanation for this may be that the birds are constrained to singing at a particular time. The
times that I noted were not different from those found in a population of silvereyes in New
South Wales, Australia (Keast 1985). This indicates that it may be unprofitable to continue
singing past a certain point as conspecifics may not be listening or acoustic environment is
unsuitable. This may also be the case for the start time:

may be little benefit to sing

before conspecifics if none of them are listening. Under these constraints it may be more
profitable to produce a higher quality dawn chorus than usual. The silvereyes seemed to adopt
the latter strategy of singing a more intense dawn chorus.
Few studies have examined if song becomes more complex in response to improved
energetic state. Stain and Mumme (1988) studying Carolina wrens (Thryothonls ludovkia!lI{s)
found that males changed song types at a higher rate when they had access to supplementary
food. This means that males could sing more song types per unit time when attracting a mate.
My results show that silver eyes sang longer consecutive sequences of syllables, which indicates
that each song was more complex. Silvereyes have large syllable repertoires of up to 60
syllables per individual (Slater 1993). Each song consists of several strings of three or four
syllables together as specific phrases (see Fig 3.3). Thus adding even one more syllable from a
possible sixty \vill increase the song complexity. My results show that birds add between two
and three syllables to each song on fed days. Hence, the treatment was effectively adding a
phrase to each song. Singing more syllables per unit of time may be important in the context
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of attracting a mate as females may visit the same male repeatedly before deciding with which
male to mate (Bensch & Hasselquist 1992).
My results also show that silvereyes provid~d with supplemental food sang songs with a
greater frequency range. Singing with a greater frequency range is likely to increase the cost of
singing because to generate a higher frequency range, syringeal muscles would have to work
harder in response to produce the extremes of frequencies (Suthers & Goller 1997). Hence, by
increasing maximum frequency and reducing minimum frequency, silvereyes were expending
more energy in their song through greater frequency range. Songs with a larger frequency range
also are easier for vertebrate ears to hear (Wiley & Richards 1982). This might impose costs as
males may be easier for predators to detect. On the other hand, potential mates may also be
able to detect males with greater ease. This benefit may favour the production of songs with a
greater frequency range when males can afford greater energetic costs.
Temperature was found to have little effect on the singing performance of males.
However, silvereyes have been found to reduce overnight energetic expenditure during cold
weather by becoming hypothermic (Maddocks & Geiser 1997). This is likely to decrease the
impact of cool nights and so actually increase the power of this test through decreasing the
impact of cold nights. Because the experiment was run over three days, this is not enough time
for seasonal changes in temperature to be an important factor. However, it should be noted
that the sample size might also have been too small for temperature effects to be detected.
How birds perceive the change in food availability is an important consideration in this
experiment. A bird's reaction to supplementaq food may change depending on how long the
bird has been exposed to the increased food. Birds may perceive supplementaq food as being
more predictable the longer they have been exposed to this food. Hence, birds might
accumulate larger reserves in response to longer exposure to elevated food availability. If food
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is typically distributed in the environment in a stochastic fashion, then short-term flushes in
food availability are exploited to guard against later runs of bad luck (Hutchinson et a1.1993;
Houston & McNamara 1999). Given longer exposure to increased food availability, birds may
continue to accumulate mass and reach their daily target of reserves earlier and so recommence
their singing at dusk (Hutchinson et at. 1993). However, silvereyes did not exhibit what could
be considered a dusk chorus even on food supplemented days (personal observation). There
was no highly synchronised dusk peak in singing behaviour in which a high proportion of
males reliably sang as has been predicted in all SDP models of singing behaviour (McNamara et

al. 1987; Houston & McNamara 1987, 1999; Hutchinson et at. 1993) and found in empirical
studies (Cuthill & Macdonald 1990; Thomas 1999a,b). \xlhy silvereyes did not exhibit a dusk
chorus is unclear, but it is likely that birds were maintaining their extra reserves until the next
motning from whence they could sing with incteased rate and quality.
My experiment was successful in demonstrating that increased food availability increases
the energetic state of individuals and so singing behaviour. SDP models predict a bird's dawn
chorus behaviour is dependant on its energetic state in the morning. The higher the bird's fat
resel'Ves are, the more a bird can invest in its dawn chorus. This prediction, which is central to
SDP models, was supported. These results have also shown that birds increase the quantity
and quality of song.
One possible criticism of studies using food supplementation is that the treatment may
be affecting the male's perception of his territory quality. Males might sing at higher rates when
supplemented because they value their territory more highly than when unsupplemented. Fot
example, incteased territory intrusion has been found to increase male territorial behaviour in
great tits (]Jams mqjolJ (Ydenberg 1984). I was able to minimize this problem in my study in
two ways: fttstly, food was provided on only one day and my recordings were made after about
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ten hours since the birds last had access to supplementary food. This meant that

sudden

increase in food was fairly unpredictable and the focal male had little power to predict the
value of his feeding area at the beginning of the day. Secondly, male silvereyes do not defend
large feeding territories as they range over a large area collecting food. Males did not appear to
exclude other males from their home ranges and so, the higher densities of birds around the
focal pair's nest may have increased song rate. This could be easily tested by comparing the
dawn choruses of birds that were known to be feeding but had territories at different distances
from the food sources. When birds were exposed to the treatment they increased incubation
behaviour (see Chapter 4) and increased the fat reserves (this chapter) indicating that
supplementation was probably the reason

the improved song quality on fed days. Other

studies have avoided the problem of confounding territory quality for male quality by
recording male singing after the treatment has finished (e.g., Reid 1987; Thomas 1999a), or by
manipulating the males state without affecting the territory of the male (e.g., M011er 1991b;
Godfrey & Bryant 2000).
There have been few previous studies that have tested predictions of SDP models of
singing behaviour. Table 3.4 summarises studies of food supplementation in birds. In general
these studies have found that song output increases with increased food availability. However,
few of these studies examined dawn chorus, and instead focused on the patterns of diurnal
singing in response to food availability. Those studies that explicitly examined dawn chorus
have found that supplementation increased the song output of males in response to increased
food availability. Cuthill and Macdonald (1990) found that blackbirds (TtmitlJ mertt/a) increased
the song output of their dawn and dusk choruses when given supplementary food. These
results are consistent with those of Thomas (1999a) and provide support for SDP model
predictions. Thomas (1999a) avoided the problem of territmy quality confounding male quality
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by separating the time of supplementation from the time of observation. Reid (1987) also goes
some way to minimising these effects as she removes the supplement before beginning her
observations.
My experiments manipulated the energetic state of male birds by providing them \\>ith
additional food. In theory, manipulations to alter the energetic state of individuals can be either
positive (e.g. food supplementation

Table 3.4)) or negative (e.g. overnight chilling

(Godfrey & Bryant 2000)). M011er (1991b) hied to negatively manipulate the energetic states of
unpaired swallows (Hinmdo t7/stica) by increasing their parasite loads. He found that increased
prevalence of haematophagous mites did not affect a male's song output in

nesting

attempts but did affect song output in the second attempts. Buchanan et al. (1999) found that
male sedge warblers (Acrocepbaltls schoetlobaefltls) \vith high prevalences of blood protozoans also
sang less and had smaller repertoires compared v.';th males carrying lower rates of infection.
Both studies thus concur \vith food supplementation experiments that suggest song quality
may be affected by energetic state. This result was thought to be due to birds \vith higher
parasite loads having fewer resources to devote to developing neurons responsible for song
production (Nmvicki et al. 1998). However, it is also possible that birds with higher parasite
loads expressed fewer new elements per unit of time, and so would take longer to express their
entire repertoire. Species \vith complex songs show a lot of variation between individuals in
the number of syllables expressed per unit of time (Slater 1993; FeB! & Hoi 2000). These
differences could be based on energetic state which may be linked with dominance. Either
way, these findings show that song repertoires may be energetically limited.
The cost of singing more complex songs are unknown although considering the cost of
singing, it likely that more complex songs can only increase the energetic cost (Eberhardt 1994;
Suthers & Goller 1997). \Xlhat are the benefits of singing at higher rates and \vith greater
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complexity? Given that a short-term supplement '."ill increase a bird's energetic reserves by the
end of the day, such males should have more to invest in singing in the morning. Singing
behaviour can therefore be used as an indicator to conspecifics of the energetic state of the
individual. Females may gain direct benefits from mating with males who sing at higher rates.
This is because a male singing at a higher rate than other males may be signalling that he is able
to forage more efficiently or lives ona better territory. To other males, by singing at higher
rates, a male may be advertising his quality and ability to defend a territory. Many previous
studies have shown that females prefer males with high song output (see Catchpole & Slater
1995; Searcy & Yasakawa 1996 for reviews). However, few studies have found direct benefits
for females mating

males that sing at high rates. Greig-Smith (1982) found that male

stonechats (Saxicola torqllata) that sang at higher rates, provisioned their nestlings at higher rates
and were more active defenders of their nests. It has also been shown that male willow tits that
the rate of food provisioning and nest defence increases with song output (\\lelling et al. 1997).
There is little other evidence to suggest that females are deriving direct benefits from mating
preferentially with males that sing at higher rates. Hence, most benefits are thought to accrue
to females through indirect means (see Andersson 1994 for review).
As with song rate, females have been shown to prefer males with larger repertoires (see
Andersson 1994; Catchpole & Slater 1995 for reviews). However, the benefits have been
harder to demonstrate. Female Belgian "wasserschlager" canaries (Serintts cal1atius) built nests
faster and laid more eggs when exposed to playbacks of recordings with 35 songs compared to
playbacks containing five songs (I<roodsma 1977).

indicates that females may invest more

in the current breeding attempt when breeding with males with larger repertoires. Buchanan
and Catchpole (2000) have recently demonstrated that male sedge warblers ,vith
repertoires invest more in parental effort. This is one of the first studies to find a link between
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song quality and the quality of parental care. Other studies have found that females may gain
indirect benefits from mating with males with larger repertoires (Hasselquist iit al. 1996).
My study is important as it shows that male silvereyes were able to change the quality of
their song relative to their current energetic state. This is the first study that has found this
relationship between fine scale song quality and energetic state. This has implications for the
way we think about bird song and the link between resource availability, male quality and mate
choice by females.

CottcltlsiotlJ
In this chapter I have shown that the song quantity and song quality of male silvereyes are
dependent on the current energetic state of the individual. This supports a central prediction of
SDP models in that singing behaviour of birds will increase when exposed to short-term
unpredictable increases in food availability. However, it should be noted that the SDP models
were formulated using northern temperate species as study organisms. Many of these species
are migratory or live in more seasonal environments than New Zealand species. Given this
consideration it would be worthwhile continuing research in this area to gain further
information on other New Zealand birds so that more realistic models can be constructed for
silvereyes and other southern hemisphere species There are also other predictions of SDP
models that can be tested using birds as study animals. For example, birds should gain larger
reserves when exposed to higher variation in food availability to guard against runs with no
access to food (McNamara iit al. 1994; Dall & Witter 1998; Houston & McNamara 1999). Birds
should also sing at higher rates in the dawn when exposed to higher variability in food
availability as has been found in recent studies (Thomas 1999b; Cuthill iit al. 2000).
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My results show that bird song can be variable in both quality and quantity in relation to
food availability. This means that we may have to reassess the results

supplementation

studies as few people have considered that male song quality can be related to short-term
differences in food availability and hence, energetic state. This demonstrates the high cost of
producing high quality song in the context of sexual selection theory. Males that can afford to
sing at higher rates or with more complex songs may be demonstrating their ability to procure
resources.
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l:ig l11"e 3.1 .. \ ~ il \'l' rey c hanging a round ~lwairin g m eas urcmcnr. N ore rhis bird a lready ha s b t'l' n
caprured o nce l)L'fofl: a nd bears b a nJs used for indi v idu~ll iLicnritlc <1ri()l1.

l'igLLrC 3.2. The hungr y hard o f silvercves descends upon a pinecone laden wirh their fa \'o urite
rrea t.

J;ig ure :">.2. !\lll'xa mp1c of o nc song taken from a recording of silvcrcye dawn chorus . 1 dC[lJIcd thc cnUre len g th ShOW11 here ~s a so ng (notc tbe song
was abuut 3.5 sec long) . Syllables werc defined as the smallest indi\' idua1J~' recognisable unit wit'hin a SO Jl g . Oftcn males \l,'ou lcl sin g strings of thrcl' o r
four sy llable together to form plnascs. Phrases were recugnisable strin g~ (i f s~ ' l1ables that males co n sistcn tJ y sang.
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3.4. The mean proportion
95 % confidence interval) of time males spent singing
during the dawn chorus. Male silvereyes sang increased significantly on the second (fed day) of
the experiment compared with the other two control days.
5u~--------------------------------------------~

Control 1
P < 0.001, repeated-measuredANOVA.

Fed

Control 2
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Figure 3.5.
effects of supplementation on of singing behaviour of male silvereyes. (a) The
mean length of song
95 % confidence interval) increases in response to food
supplementation. (b) There are a greater number of elements used
song (+ 95 % C.L) on
supplemented days. (c) Mean maximum frequency
95 % C.L) per
is higher on fed days
whereas (d) the mean minimum frequency (+ 95 % c.l.) is lower on fed days
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3.6. (a) The mean mass (+ 95 % confidence interval) of birds were very similar on both
mornings. (b) By the evening, fed birds had higher mean masses (+ 95 % c.r.) compared with
the unsupplemented treatments.
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Table 3.1. The means (± S.E.) for parameters measured from dawn choruses of males over the
experiment.

Parameter

Control 1

Fed

Control 2

F

23.6 ± 2.08

25.3 ± 2.81

24.3 ± 2.19

0.314

Proportion singing

43.51 ± 0.978

46.72 ± 1.082

42.55 ± 1.037

16.149**

Song length (sec)

3.57 ± 0.379

4.21 ± 0.379

3.48 ± 0.260

5.651 *

Intersong pause (sec)

3.65 ± 0.345

3.01 ± 0.167

3.68 ± 0.249

3.264

Repertoire size

29.5 ± 1.97

30.8 ±2.05

29.2 ± 1.50

1.584

Elements/song

15.9 ± 1.66

18.3 ± 1.6

15.4 ± 0.99

4.44*

5.73 ±0.098

6.01 ± 0.082

5.91 ± 0.095

3.985*

Duration (min)

Maximum frequency (kHz)

** P < 0.001, repeated-measures i\NOVA. * P < 0.05, repeated-measures ANOVA.
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Figure 3.2. Comparisons between days of dawn chorus parameters. \\1hen differences between
days in a particular are evident, it was normally between day 1 and day or day 2 and day 3.

Day 1 v. Day 2

Day 1 v. Day 3

Day 2 v. Day 3

Duration (min)

0.313

0.063

0.095

Proportion singing

8.680*

0.798

14.744*

Song length (sec)

3.661 *

0.070

4.745*

Intersong pause (sec)

2.358

0.003

2.536

Repertoire size

0.823

0.092

1.463

Syllables/song

2.564

0.149

3.948*

Maximum frequency (kHz)

3.883*

1.589

0.504

Parameter
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Table 3.3. R2 values for temperature and dawn chorus parameters on day 1 of the experiment
and for the differences between day 1 and day 3 temperature and dawn chorus parameters.

Method
Control day 1

Differences between day 1 and day 3

Duration (min)

0.0l2

0.162

Proportion singing

0.020

0.157

Song length (sec)

0.171

0.06

Il1tersong pause (sec)

0.104

0.004

Repertoire size

0.135

0.009

Syllables/song

0.199

0.017

Maximum frequency (kHz)

0.128

0.065

Parameter
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Table 3.4. Studies investigating manipulation of food availability in relation to singing
behaviour. These studies have generally found that increased food availability increases the
song output of males.

Effect on
Species

Duration of

song quantity supplementation Source

Passert'ulus saltdwichellSis

+ve

< 24 hrs.

Reid 1987.

Erithit-Hs rt(bcctlla

+ve

4-7 hrs.

Thomas 1999a.

0

ca. 4 hrs.

Mace 1989.

TIJlyothortfS bfdoviciallt{s

+ve

11-26 days

Agelaitls phoellicells

+ve

6 days

Searcy 1979.

Pho{lftClfms ochmros

+ve

4hrs.

Cucco & Malarcarne 1997.

Pmmlla 1110dulatis

+ve

119-187 days

Davies & Lundberg 1984.

Ficedllia i?JpOICNca

+ve

> 3 days

Gottlander 1987.

f?ypolelfca

+ve

> 30 days

Alatalo et al. 1990.

Ttmbls l7Jerttla

+ve

ca. 4 hrs.

Cuthill & Macdonald 1990.

Sitta CIIropaea

0

120 days

Enoksson 1990.

Part(s 111qjor

/

Strain & Mumme 1988.
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CHAPTER
The effect ofshort-term food limitation on

incubation

behaviour of silvereyes

Birds pruvide an excellent opportunity to test hypotheses regarding life-history trade-offs in
reproduction. This is because their reproductive costs can be split into four discrete phases:
pre-reproductive costs (e.g., mate attraction & nest building), egg formation and laying,
incubation, and raising chicks to independence. Trade-offs can occur both within (between the
phases) and between reproductive attempts in iteroparous species (Williams 1966). However, it
is the trade-offs between producing a clutch and raising a clutch that has attracted the most
attention from evolutionary biologists.
The most important factor selecting for clutch size in birds has long been thought to be
the parent's ability to feed the chicks, which is known as Lack's hypothesis (Lack 1968). Over
the past few decades it has been found that birds can regularly raise enlarged clutches
compared with those laid under normal conditions (e.g. Baltz & Thompson 1988; Vander
Werf 1992). This suggests that Lade's hypothesis cannot explain all the variation obsenTed
clutch sizes. Other authors have suggested that clutch size may be limited by the nutrients
needed to form

(Jones & Ward 1976; Jones 1990; Gloutey & Clark 1991; Magrath 1992;

Monaghan & Nagar 1997; Veasey et al 2000; but see Christians 2000). The hypothesis that
incubation costs are a major selective factor has only recently been seriously considered and
was at first highly controversial (Walsberg & King 1978). However, recent research shows that
incubation may be a critical time of the avian reproductive cycle and may have had more
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impact on the evolution of clutch size than previously thought (Yom-Tov & Hilborn 1981;
Heaney & Monaghan 1996; Thomson et al. 1998a, b).
Incubation behaviour is costly

both energy and

opportunity. A negative correlation

between temperature and attentiveness (the amount of time parents invest in incubation) has
been found in many studies indicating that parental investment is more costly at lower
.

.

.

ambient temperatures (Mertens 1977; Haftorn & Reinertsen 1985; Kulesza 1990; Malloty &
Weatherhead 1993; Conway & Martin 2000a). Slowing the cooling rates of clutches through
applying a small amount of heat increases the attentiveness of parents (Bryan & Bryant 1999;
Reid et al. 1999). Correlations between clutch size and attentiveness also show that birds invest
more energy in incubation when given larger clutches (Drent 1975; Mertens 1977; Biebach
1981; Haftorn & Reinertsen 1985; Heaney & Monaghan 1996; Wiebe & Martin 2000). Studies
using doubly-labelled water to determine daily energy expenditure (DEE) show that in many
species, incubation behaviour is as energetically expensive as feeding chicks (\XTilliams 1991,
2001; Tatner & Btyant 1993; Thomson et al. 1998b). Female birds have

shown to lose

weight consistently throughout the incubation period indicating that the females are under
stress (Malloty & Weatherhead 1993; Cucco & Malacarne 1997; Wiebe & Martin 2000; but see
Hillstrom 1995) although it should be noted that an alternative explanation is that weight loss
is an adaptive response to ease the parent's own energetic requirements and to increase flight
performance during btooding (Freed 1981; Norberg 1981; Slagsvold & Johanssen 1998).
Results from a small number of studies show that food supplementation increases
attentiveness and other correlates of teproductive success (Martin 1987; Nilsson & Smith
1988; Moreno 1989; Boutin 1990;

~Hillstrom

1995; MerIcle & Barclay 1996). However,

experimental food supplementation has not been used to its fullest potential as a method in
studying incubation costs.
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Most studies of incubation have focused on uni-parental incubators because it is
assumed the incubator (usually the female) will be under

o-1'f'<'ltl'1'

stress in these species (pinxten

ct al. 1993). However, there is evidence suggesting that gynelateral (bi-parental) incubators are

also under stress during the incubation period. In kittiwakes (Rissa trydactyla) , willch are
gynelateral incubators, the parent's daily energy expenditure wbile incubating was not
significantly different from that when chick rearing (Thomson et al. 1998a). Smith and
Montgomerie (1992) also found that in barn swallows (Hirtmdo rustica), pairs altered their
investment depending on the cost of incubation. These results suggest that gynelateral birds
are constrained by energy availability. Whether tills is due to the parental constraints on
incubation is unknown. Most studies using gynelateral incubators have concentrated on nonpasserine species that have long incubation bouts due to the distance of the nest from feeding
areas (such as pelagic seabirds and birds of prey).
There are several predictions that optimisation theory makes on how parents should
behave when supplementary food is provided for short intervals. For example, parents should
invest more in incubation when supplemented with food. Tills increased investment can be
measured using parameters such as attentiveness (the amount of time that parents devote to
incubating the clutch), mean length

on-bouts, and mean length of recesses (time parents

spend away from the nest). Using dynamic programming, it is predicted that parents should
decrease their foraging length in relation to incubation bouts (Houston & McNamara 1999).
Figure 4.1 shows a hypothetical renewal cycle for an incubating gynelateral bird. Birds that
have access to abundant food should spend less time searching for food compared with when
food is limited. Hence, the renewal cycle should be shorter for individuals in resource rich
environments (Houston & McNamara 1999).
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In this study, I assessed the effect of energy limitation on a gynelateral incubating species
of passerine, the silvereye (Zosterop.f lateralis). \X1h:ile many earlier studies have concentrated on
the costs of incubation, there have been few studles that have attempted to alter the energetic
state of the incubating pair in the short term (ca. 24 hrs of supplementation). This was
achieved by providing a high energy supplement to silvereyes for 24 hours and compating the
incubation beha'viour of the patents to when they did not have access to supplementaty food.
Because of the btevity of experiments (ca. 48 hrs), many of the problems of longet-term
experiments are avoided such as long-term changes in body condition

01'

the adjustment of

clutch size.

Methods

S ttl elY site
The study site is as desctibed in Chapter 3.

Sttlcjy allimal
In addition to the description in Chaptet 3, it is imp01'tant to note that silveteyes are gynelateral
incubat01's and brooders. Members of the family Zosteropidae (of which the silvereyes are a
membet) are known to have among the shottest incubation periods of any avian family (10-11
days) (Kikkawa 1985). This makes them a particulatly suitable species for this experiment.
Figure 4.2 is a photogtaph of a silvereye incubating

clutch of eggs.
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Food strpplellletttatioJt schedllie
F or energetic information on the amount of energy prmrided in the fat/sugar mix, see Chapter
3. Before beginning the experiment, the birds were trained to feed from the pinecone feeders
that had been tied about 1.5 m high in trees near their territory (Fig 3.2). It generally took less
than a day for the birds to start feeding from the pinecones as this method of supplementation
had been used previously (see Chapter 3). However, birds that were naive could take up to
four days to discover and learn to associate the pinecone with food. To see if birds were
feeding freely, I watched the pinecone for up to an hour to see how many birds visited the
pinecone. Previous obse1'Vations of colour banded birds show that those with territories closest
to the pine cones found

pinecones before other birds. Hence, if birds were visiting the

pinecones at least evety five minutes it was assumed that the focal pair was feeding from the
pinecones. I also followed birds back from the pinecones to their nests to confirm the target
birds were taking the supplementa1Y food. In only two pairs were both birds colour banded
and so identifiable (see previous chapter for details of colour banding).
The experiment ran over two consecutive days for each nest. On the first day, birds
experienced one of two possible treatments: either fed (experimental treatment) or not fed
(control). The treatments were assigned randomly to control for order effects. The
experimental treatment corresponded with the erection of a pinecone to provide food ad

libitulll. Other features of the supplement schedule are described in the previous chapter.

Prot:edllre
The main objective of this experiment was to assess the effects of short-term food
supplementation on the incubation behaviour of silvereyes. To do this, I watched eight nests
during November and December of 2000. I watched five nests with binoculars (Olympus 8 X
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38) for 90 min on both days

a blind placed between 3-4 m from the nest. The blind was

erected at least half an hour before the observation started on the flist day. The blind was left
by the nest overnight to avoid unnecessary dist'urbance. After the second observation, the
blind was dismantled. The remaining three nests were flimed using a video camera (Sony
Handycam Hi-8 CCD-TRV67E and SKC MP 8 mm ,'.ideo cassettes), placed on a tripod, 2-3 m
from the nest. I watched the recording later that day for behaviour scoring. When I filmed a
nest, the camera was set up with recording beginning straight after set-up was completed. The
camera was taken down when recording finished each day. In neither situation was there any
indication that birds were reluctant to return to the nest because of the presence of the blind
or camera
Each treatment had a discrete time-period of 24 hrs in which the observation bout was
made at the end of the treatment period. For example, if the control was first, I watched the
bird's nest after a day and then erected the pinecones loaded with fat/sugar mixture. The next
day would be the fed day with the experimental observation starting 24 hI' after the first
observation had been made. I ensured that there was a continuous supply of food available
during the experimental period by checking the pinecones at least twice daily to see if they
contained food.
During the observation, I watched the nest continuously noting any change in behaviour
of the incubating bird. At each change, I noted the time (using a stopwatch) that had elapsed,
in minutes and seconds, from the beginning of the observation (time 0). I categorised four
states of behaviour exhibited by the parents towards the clutch. These behaviours were: (1)
bird incubating, (2) pair swapping, (3) nest unattended, and (4) parent vigilant. The category
'bird incubating' includes all time that a parent was seen on the nest. The second category of
'nest swapping', was categorised by the non-incubating parent returning to the nest and
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replacing the incubating parent. The nest was considered unattended if the incubating bird left
the nest without being replaced by its partner. Finally, for a bird to be 'vigilant',

parent had

to be off the nest but within 1 m of the nest and not ob'lliously swapping with the other parent.
Using the above categories of incubation status, the following measures of parental
investment were calculated: (1) attentiveness (proportion of time parents incubating), (2)
number of swaps per hour, (3) longest on-bout (the longest unbroken incubation bout which
includes time present (within 1 m of nest) but not incubating), (4) longest recess, (5) average
length of on-bout, and (6) average length of recess. The average on-bout was calculated as the
total time (90 min) minus the time the nest was not incubated divided by the number of
incubation bouts during each observation. The average recess was calculated as time nest
un1ncubated divided by the number of incubation bouts per observation.

AdditiollalJactor.r
To avoid psuedoreplication, nests that were found in the same area as a nest that had been
previously watched were not observed unless the fIrst nest was still active or the parents could
be positively identifIed. This is because birds tend to breed in close proximity to where they
did during previous breeding attempts of the same year (personal observation). The
temperature

coq was taken at the beginning and end of each observation from a height of 1.8

m. The clutch size and nest heights were recorded as these factors might explain variation in
incubation behaviour between subjects. Each observation was made between 0600 hours and
1000 hours New Zealand standard time (NZST) with no significant difference between the
start times of observations over the two days for each nest (t-test: t::: 0.859, N.S., d.f. ::: 7). It
was not possible to standardise for the length of time the parents had been incubating the eggs
between subjects. This could have been a signifIcant contributor to variation as the costs of
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incubation may fall throughout incubation because of the increased heat production of the
embryo as it grows.

Statistics
All measures, apart from the number of swaps per hour, were converted to proportions of
time. I square-rooted and arcsine transformed proportions to restore hetorescedasticity and
normality. The arcsine transformation also removes the dependence of the different categories
on one another. This is because all of the behavioural categories will add to one and thus some
categories are the sum of one minus the other categories combined (Zar 1996). I used a paired
experimental design to increase the power of the experiment given the small sample size. This
is because each pair of birds acted as their own control with only the treatment being a factor
in the experiment. I performed two-tailed paired t-tests on the transformed data to test for
difference between treatments. For the data that was not transformed (number of swaps per
hour), I performed Wilcoxon signed-ranl<:s tests or Mann-Whitney U tests. To control for (1)
temperature, (2) clutch

(3) nest height, and, (4) treatment order effects, I performed a

regression (a spearman ranl;;: correlation was used for swaps per hour) for the control data for
all variables. It was not possible to control for laying date as many of the nests were found
when parents were already incubating eggs.

Results

Effiet of stfpplcmcntedfeedil1g Oft attclltiVQ!1eSS
Assuming the control data represents the pair's normal behaviour, attentiveness (proportion of
time sitting on eggs) was by far the most common behaviour, 'with the parents absent from the
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nest as the next most common behaviour (Table 4,1). The other two behaviour categories
(time spent vigilant and time spent swapping) were of minor significance with their combined
totals making up less than 1% of the total time.
The incubation behaviour of the birds was significantly altered by the addition of
supplementary food during the experiment.
test: t

2.954, P <0.05, d.f.

birds spent more time incubating (paired 1-

7) and swapping partners (Fig 4.3a; paired I-test: I

2.676, P <

0.05, d.f. ::: 7) when they were fed. However, the amount of time that birds spent away from
the nest was significantly less (paired t-test: 1= -3.163, P < 0.05, dJ.

7) when they had access

to extra food. There was no difference between treatments in amount of time parents were
vigilant (paired I-test: I::: -1.534, N.S. dJ.

7). When I performed equivalent non-parametric

statistics on non-transformed data, the results were the same as the results presented here
which used parametric statistics on transformed data.
Other measures of incubation behaviour investment reinforce my finding that the
parents increased investment in incubation when provided with supplemental food. There was
a significant increase in the duration of
< 0.05, dJ.

longest on-bout (Fig 4.3b; paired I-test: 1= 3.235, P

7) and a significant decrease in the duration of the longest recess

paired I-test: 1= -3.74, P < 0.01, dJ.

4.3c;

7) and average recess (Fig. 4.3d; paired I-test: 1= -2.377,

P < 0.05, d.f. = 7) on days when supplementary food was available. There was no difference in
the number of swaps that birds made (Wilcoxon signed-ranks test:

ZO.05(2)

= 7, N=5, N.S., note

that 3 cases deleted for tied ranks) and the average on-bout (paired I test: 1= 0.765, N.S., d.f. =
7) given the treatment.
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Effiel rif olherjadors 011 il1t11baliotl behaviour
There was no difference between the control days depending on the order of the food
supplementation schedule (i.e., whether the contr~l day was first or second). This is seen in all
measutes of incubation effectiveness: proportion of time incubating (I-test: 1= 0.49, N.S., d.£.
- 6), longest on-bout (I test: I

== 6), average on-bout (I-test: I

-0.04, N.S. dJ.

= 6), longest recess (I-test: I

- -0.08, N.S., d.f.

= 0.28, N.S., d.f. == 6), average recess (I test: I-test

dJ. = 6), and number of swaps per hour (Mann-Whitney U test: U

7, N J

-0.48, N.S.,

N2 == 4, N.S.).

Temperature was not a significant contributor to the variation of the results. The average
temperatures for the two days were not significantly different from each other (paired I-test: I
0.50, N .S., d.£. = 7). There was no relationship between temperature and proportion of time
2

incubating (F < 0.01, N. S., N

2

8, R < 0.01), longest on-bout (F < 0.01, N.S., N == 8, R <

0.01), longest recess (F == 0.064, N.S., N

= 8, R

2

- 0.011), average on-bout

2

- 8, R < 0.01), average recess (F = 0.084, N.S., N
per hout (Spearman rank correlation: (ls)c

8, R

0.756, N

2

= 0.012, N.S., N

0.014), and the number of swaps

8, N. S.) for the control data. \X/hen

the results from fed days were subtracted from the control data and regressed against the
difference in temperature for these two days there was little to suggest that temperature was a
major component of the variation. The differences between control and experimental in the
proportion of time incubating (F
1.573, N.S., N

bout (F

8, R

2

0.023, N.S., N

= 0.451, N.S., N = 8, R

0.208), longest recess (F

8, R

2

2

== 0.070), longest on-bout (F
2

= 0.06, N.S., N = 8, R = 0.010), average on2

= 0.004), average recess (F = 0.573, N.S., N = 8, R = 0.087),

and number of swaps an hout (Spearman rank correlation:

(t:~)c

-1.547, N == 8, N.S.) were

not correlated to the temperature differences between days.
The size of the clutch also did not appear to be a confounding factor in the analysis.
clutch sizes laid by the birds in this experiment ranged from 2-3 (2

N - 3; 3 eggs N = 5).
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This sample was representative of the clutch sizes of all nests found at Kowhai Bush during
the 2000 season (personal observation). There was no relationship between clutch size and
attentiveness (Mann-Whitney U-test: U
\X'hitney U-test: U
Nj

= 11, N = 3, N z = 5, N.S.), longest on-bout (Mannj

= 9, N = 3, N2 = 5, N.S.), longest recess
j

(Mann-W'hitney U-test: U

= 3, N2 = 5, N.S.), average on-bout (Mann-Whitney U-test:

average recess (Mann-Whitney U-test: U
per hour (Mann-\x'hitney U-test: U

U

8, Nl

= 10,

= 3, N z = 5, N.S.),

= 11, Nl = 3, N2 = 5, N.S.), or the number of swaps

= 10, N = 3, N2 = 5, N.S.); however, it should be noted
J

that sample sizes were small and most of these tests do not have the power to pick up small
differences in behaviour.
Finally, there was no difference between the heights of the nests used in my sample for
the expeliment and the heights of all the nests found at Kowhai Bush dUling the 2000 season
(t-test: t

= 0.006,

N.S., d.f.

31) (data provided by

J.

significantly related to the proportion of time incubating
the longest on-bout (F = 0.463, N. S., N

= 8,

Briskie). The nest height was not

= 2.64, N.S., N

= 0.072), longest off-bout (F

= 8, R2 = 0.396), average on-bout length (F = 0.049, N.S., N
bout (F

2.798, N.S., N

correlation: (rs)c

= 1.503, N

8, R

2

8, R

2

8, R

2

0.306),

3.933, N.S., N

= 0.008), average off-

0.318), and number of swaps per hour (Spearman rank

8, N.S.).

Discussion

I found a strong relationship between incubation behaviour and the availability of food.
Silvereyes experimentally supplemented with food showed significant increases in their
attentiveness and time spent on the nest per incubation bout. The frequency and duration of
time spent off the nest also declined when birds were provided with additional food. All of
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these measures suggest that attentiveness and efficiency of incubation in silvereyes is affected
by food availability.
Increased attentiveness could affect the fitness of individual silvereyes as it accelerates
the rate of development of the embryo and leads to longer periods at the physiological optima
for development (36-38

0q.

Development in the avian embryo ceases completely when the

temperature falls below 26°C a temperature known as physiological zero (Conway & Martin
2000a). By increasing the proportion of time a clutch is maintained at optimal temperature for
development, the shorter the total time required before the chicks hatch. A shorter duration of
the incubation period should be adaptive because chicks are vulnerable to predation and other
extrinsic factors while in the nest. Natural selection will exhibit a selective advantage for
individuals able to minimise periods of vulnerability (Williams 1966, pp. 87-91).
Maintaining an optimal egg temperature presents conflicting demands between parental
maintenance behaviour and embryo development. Parents must leave the nest to feed but
leaving the clutch unattended increases the cost of incubation considerably. This is because,
the longer the embryo is uncovered, the longer the embryo is cooling and the more energy has
to be invested in rewarming the clutch. Rewarming is more energetically expensive relative to
maintaining the egg temperature within the developmental optimum (Drent 1975; Vleck 1981;
Biebach 1986). All things being equal, it is preferable to take many small breaks away from the
nest rather than take a long recess of equal time (Conway & Martin 2000b).
Observations from this study indicate that the incubating bird decides when to leave the
nest (see Fig 4.1). Upon returning to the nest, the non-incubating parent would land near the
nest and make 'seep' calls. The incubating parents then chose to stay or leave. If the incubating
parent chose to stay, the partner would fly off again. However, in some instances incubating
birds left the nests unattended

order to forage. This is evidence against White and Kinney's
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(1974) hypothesis that parents use the temperature of the

as the factor in decision making.

There was no evidence to suggest a difference in the temperatures between the two days from
the differences in air temperature. Further work using thermocouples or data-loggers to
determine the clutch temperature would be valuable to confirm this.
Silvereyes when provided with supplemental food took significantly shorter recesses
than for the control treatment. However, this was not the case for the average on-bout
duration, with no difference between days detected. This supports the hypothesis that
incubation behaviour may be constrained by parental energetic state. On fed days, parents
were able to alter their investment in incubation behaviour by shortening the recess time while
not changing the length of the on-bout. This is because birds were able to find food and
replenish their energy levels in a shorter amount of time. The length of on-bout may be
determined by the bird's energetic state relative to a 'threshold' which acts as a 'switch point'
(Houston & McNamara 1999). Hence, attentiveness increased as result of the shorter offbouts and because parents were not having to invest as much energy in rewarming the clutch.
There were no significant differences in the number of swaps made by birds on the two
days of the experiment. There are two possible explanations for this pattern. Firstly, the
supplemented food had a high fat content. The normal range

fat digestibility is 85-95

for

most avian species (Harper et al. 2001). Because birds were probably unable to digest all of the
fat in the supplementary food, any undigested fat in the digestive system could have had a
"laxative effect". This could have put a limit on the maximum amount of time a bird could
have stayed at a given nest (this is because the birds leave the nest to defecate). It has been
found that silvereyes eating fruit of Coprosma qtladrifida have a gut passage rate of between 6-28
min (French 1996). Some pairs did have very short bouts lasting between 30-60 sec although
this was only evident for two of

eight nests. Most on-bouts ranged from 10 min to 40 min.
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Although food passage

will ultimately limit on-bout duration, there is little evidence to

suggest birds in my study were suffering from diarrhoea due to the treatment.
Secondly, rates of swapping may have evol~ed depending upon the rate of predation to
which silvereyes have been subject. Skutch (1949) proposed the hypothesis that the rate of
feeding of clutches and number of swaps could be determined by the predation pressure to
which the population is exposed. In species that are exposed to higher rates of nest predation,
the parents should make fewer trips to the nest to feed chicks as each visit could potentially
alert a predator to the nest location. It has been found that predation risk has a significant
influence on the clutch size and feeding rates between sympatric species (lima 1987; Martin
1992, 1995). Expetimental studies confirm that species investing mote in each reproductive
bout are more likely to expose themselves to higher predation risk and that this response can
be affected by perceived risk of ptedation (Ghalambot & Martin 2000). However, the fact that
thete was no diffetence between treatments in the ptesent experiment, shows, that either the
sample size was too smail, that the swap rate is unaffected by predation rate, or that thete was
no perceived inctease in the tisk of predation due to the treatment. It is also possible that
placing feeding cones near nests could have caused artificially high densities of silvereyes. This
could have both positive (mote sets of eyes scanning fot predators) and negative (attracting
predators to areas of high silvereye density) effects.
I found that no extrinsic factor had a significant effect on the results, although the
sample size (N ==8) is too small to have confidence that there are not other factors affecting
incubation investment. This is because other studies that have found correlations for these
factors have relied upon much larger sample sizes

01'

temperatute differences (e.g., Kulesza

1990, Conway & Martin 2000a). Some variables were found to have weak associations (P<0.1)
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with some measures of incubation efficacy. \'Vhether these variables are associated with
environmental factors is dependent on further observations of silvereyes.
Comparisons of individuals in food patches of differing quality (in space and time) show
that birds are able to invest a greater amount in incubation when food is more readily available
(Martin 1987). A study comparing the reproductive success of Capricorn silvereyes (2. !.

chloracephala) inhabiting areas of varying resource richness on Heron Island, Australia, has
shown that birds on better quality patches had greater reproductive success as measured by
fledgling success (Catterall et af. 1982). Caldow and Furness (1992) working on Great Skuas

eCathattica skua) and Arctic Skuas (Jtercoratills patt1sitiClfs) found that in years where there was
poorer food availability, parents spent a larger proportion of time away from their territories
searching for food. Nests that were left unattended more often had higher rates of chick
predation. In Water Pipits (Altthm spinoletta), decreased food availability resulted in decreased
attentiveness of the female (Rauter & Reyer 1997). This trend has been found in many other
species including Tmmpeter Swans CC;ygltIlS /JlfCCillat01; Henson & Cooper 1993), White-tailed
Ptarrnigan (LagoPlIs letlc1'ems; Wiebe & Martin 2000), Pied Flycatchers (rzcedllia I!ypolmca; Smith et

af. 1989), Great

(Pants mqjol; Boyce & Perrins 1987), and Wheatears (OelJallthe oeJlallthe;

Moreno 1989). These studies indicate that parental investment in incubation is limited by the
amount of energy the adults can derive from the environment. A problem with natural
comparisons is that the differences in attentiveness may be due to other environmental
variables that have not been controlled. A more direct test of the hypothesis that energetic
state may affect incubation investment would be to manipulate the energetic state of
individuals while controlling for external environmental factors.
In theory, manipulations attempt to alter the energetic state of individuals. The type of
manipulation should not be significant as they are merely methods, rather, the important factor
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is the amount of energy supplied or removed. Manipulations of energetic state can be positive
or negative and there have been a number of methods devised for manipulating energetic state.
Negative manipulations include: clutch enlargement, mate removal, and increasing the parasite
load of incubating parents. Positive manipulations include warming clutches and food
supplementa tion.
It has been found that larger clutches generally cost more for parents to incubate (Drent

1975; Biebach 1981; Haftorn & Reinertsen 1985). Table 4.2 shows that experimental increase
in clutch size generally affect the incubation performance of parents negatively. Of the six
variables examined, clutch enlargements cause parents to be generally less attentive while the
duration of the incubation period tends to increase. The effects of dutch enlargement on
hatching and fledgling success are equivocal. However, fledgling weight is less in response to
dutch enlargement indicating parents have trouble raising enlarged broods. Three studies
show, female mass is negatively affected by increased incubation costs, although it should be
noted that the costs of incubating a larger clutch have not been separated from the costs of
brooding a larger clutch in most studies. Three studies have done this and all have shown that
the increased incubation costs negatively impacts on reproductive performance (Heaney &
Monaghan 1996; Minguez 1998; Cichon 2000).
Mate removal is another method negatively affecting female energetic state. The removal
of males has been extensively used as a method of assessing the costs of incubation although
the results are equivocal

many species. In precocial species,

affecting the cost of reproduction for

evidence for mate removal

female is equivocal (rvfanlove & Hepp 1998). This is

possibly due to the lesser tole the male has in raising young in these species. In Snow Buntings

(PlectrophCltax llivalis) (an altricial species), it was found that widowed females were less attentive,
had longer incubation periods, and had lower hatching success than paired females (Lyon &
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Montgomerie 1985). Duckworth (1992) found that female reed warblers (Acrocphaltls scitpacetls)
did not increase incubation behaviour when the male was removed, but because the male
incubated the clutch, the total incubation time decreased. Robertson (1996) studying Capricorn
silvereyes found that when males were removed, females compensated partially
male's incubation. The females also, had higher rates

the absent

desertion due to increased harassment

from neighbouring males. However, when females were removed, males stopped incubating
within two days of mate removal.
There have been few manipulations of parasite load in incubating birds as a method of
increasing the costs of incubation. Gustafsson et al. (1994) found that female collared
flycatchers (F. albico/lis) with higher parasite loads had poorer reproductive success. Cichon
(2000) induced specific immune responses in female collared flycatchers by injecting sheep red
blood cells. This treatment was found to have no effect on incubation efficiency of females
even when the clutches were enlarged. In my study, I noticed several birds with avian pox
lesions on their lores, legs, and

It is possible that this disease and other diseases may

also negatively affect incubation behaviour. However, more research is required before the
effects of parasite load can be fully understood.
Heating nestboxes has been found to have a significant effect on the incubation
behaviour of parents. When clutches were heated, females increased attentiveness, increasing
the duration of overnight incubation sessions and increasing the mean daytime on-bout (Bryan
& Bryant 1999; Reid et al. 1999). Parents of heated nests expended less energy compared with

control parents when nights were colder (Bryan & Bryant 1999). It has also been found that
heating nests allowed females to start laying earlier (Yom-Tov & Wright 1993), to lay larger
eggs (Nagar & van Noordwijk 1992), and to have increased fledgling success (Ried ot al. 2000).
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The most common method of manipulating the energetic state of indh;riduals has been
to provide them with supplemental food. Table 4.3 shows the effects of food supplementation
on incubation efficiency across a range of species. Moreno (1989) studied incubation in
wheatears and found that females were more attentive when supplemented than when not
supplemented. Nilsson and Smith (1989) found that food supplementation increased female
attentiveness in blue

(P. caem/ellS) due to decreased time off the nest. Smith et al (1989) also

found that female pied flycatchers increased attentiveness through decreasing the duration of
recesses. The duration

incubation decreased with the corresponding increase in

attentiveness (Nilsson & Smith 1988; Moreno 1989). Odler measures of incubation efficiency
show the predicted response to supplementation of food. Increases have been demonstrated
for hatching success (Hogstedt 1981; Nilsson & Smith 1988), fledgling success (Crossner 1977;
Hogstedt 1981; Arcese & Smith 1988), fledgling weight (Yom-Tov 1974; Crossner 1977;
Hogstedt 1981; Arcese & Smith 1988), and female weight (Cucco & Malarcarne 1997)

ill

response to increased food availability.
The relationship between reproductive perf01mance and reproductive success of adults
is well documented (Clutton-Brock 1988). Birds ",lith higher reproductive investment generally
have a higher number of young recruited into the breeding population. It has been found in a
large long-term study of collared flycatchers that experimentally enlarged clutches reduced the
future reproductive success of the females (Gustafsson & Part 1990) as well as their daughters
(Gustafsson et al 1994). Boutin (1990), reviewing terrestrial vertebrates, found that pwviding
supplementary food caused animals to have an earlier onset of breeding behaviour. Nur (1984)
found that heavier fledglings of blue tits had a higher probability of overwinter survival and
Magrath (1991) has also shown that blackbird (Turdus mertl/a) chicks that have a higher
fledgling mass had a higher rate of ovelw1nter survivaL Hence, it can be seen that positive and
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negative manipulations of energetic state do influence reproductive success positively or
negatively, respectively. Tables 4.2 and 4.3 show that short-teliIl measures of incubation
efficiency can be linked to longer-term measures of reproductive success. Therefore, energetic
state of parents at incubation may play an important role in the dete1lIlination of their
reproductive success.
My experiment opens the way for many further experiments. Birds could be weighed
remotely during the incubation period to see how supplementation may affect the weight
changes of birds throughout incubation and on specific days. Monitoring the temperature
fluxes of clutches would also be worthwhile to investigate if the changes in incubation
behaviour do increase the temperature or reduce variation of temperature about the mean.
Food supplementation experiments can be used to determine cues birds use to decide when to
leave the nest (White & Kinney 1974; Reid et al. 1999). For example, it may be possible to see
if males and females change their investments with regards to supplementation. It has been
found that males of some species are less efficient incubators than females (Kleindorfer et al.
1995). Male and female silvereyes apparendy invest equally in all aspects of breeding behaviour

(Catterall et al. 1982). However, Robertson (1996) found that males invested less in incubation
behaviour (although he had a small sample size). Hence, females may increase their investment
on fed days compared ,vith unfed days. The two banded pairs in which I could sex individuals,
show that the females increased investment on the experimental day as would be predicted.
Finally, it would be interesting to expand the current study to compare the effects in food
limitation in species employing different incubation strategies (e.g., gynelateral vs. uni-parental
incubators) .
This study has shown that food limitation affects the incubation behaviour of parents.
Parents increased reproductive investment when they had access to supplementary food which
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confIrms that reproductive behaviour is constrained by the need for energy. Hence, it can be
seen that short-telID energetic state may have a significant impact on parental reproductive
success as well as the survival of the offspring. Blrds are faced 'with many decisions that have
potential to significantly alter fitness every day. My study shows that birds are flexible in
their behavioural policies and can change their behaviour in a short amount of time. This view
is in contrast to the traditional approach of behavioural studies which have viewed behaviour
as relatively fIxed.
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Figure 4.1. Renewal cycle for incubation beha,~our in a gynelateral species. A renewal cycle is
amount of time it takes the animal to return to a prior beha~oural state. If the bird leamg
the nest is used as a start point, the renewal cycle is the amount of time that has elapsed before
the bird next leaves its nest. \X'hen a feeding bird has enough reserves, it returns to the nest. If
the partner is incubating,
incubating bird then must decide to continue to incubate or to
leave and forage. If it continues to incubate, its recendy returned partner can either continue to
forage or engage in non-maintenance beha~our.
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Figure 4.2. Should 1 stay Of ~hould 1 go? .\n incubating silvereyc is co nstantly
llucstiun in order tu decide when to leave the ne s t tu forage.
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Figure 4.3. The effect of experimental supplementation on various indicators of incubation
efficiency (note all Y-axes expressed as a proportion of total observation time arcsine
transformed). (a) Attentiveness of parents (mean + 95 % confidence interval) in response to
food supplementation. (b) Longest on-bout (mean + 95 % CI.) in response to food
supplementation. (c) Longest recess (mean + 95 % CI.) in response to food supplementation.
(d) Average recess (mean + 95 % CI.) in response to food supplementation.
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Table 4.1. Mean proportions of raw data for behaviours of incubating birds.

Behaviour
Incubating
Swapping
Unattended
Vigilant

Mean control (± S.E.)

± 0.0688
0.0015 ± 0.0006
0.1878 ± 0.0684
0.007 ± 0.0048

0.8039

P-values using Wilcoxon signed-ranks test.

Mean fed (± S.E.)

P < 0.05

± 0.0367
0.0035 ± 0.0006
0.0688 ± 0.0375
0.0013 ± 0.0012

*
*
*
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Table 4.2. Effects of clutch enlargements on different variable.s which correlate \\>ith reproductive
success.

Measure of r.s.
Methoda 1

2

3

+

0

4

5

6

Source

0

Wiebe & Martin 2000.

0

Szekely et al. 1994.

LagoPtls leI/emus

1

Charad'71ltlS alexadtintls

1

Hydrobates pelagims

2

Lams glatlcescclls

1

Sterna hirtmdo

1

0

Hirollclo mstiea

1

+

Empidollax minimllS

1

+ 0

Briskie & Sealy 1989.

Fkedttla albkollis

1

+ 0

Moreno et ai, 1991.

F. albicollis

1

F. aIbico/it's

2

Irypo/etlca

1

F. l!ypo/8Jlca

1

Paros mqjor

1

Lolldmra striata

1

0

+
0

Minguez 1998.

0

Reid 1987.
0

0

Heaney & Monaghan 1996.

0
0

0

0

0

0

Jones 1987.

Cichon 2000.
Cichon 2001

+

0

+

+

0

Moreno & Carlson 1989

+ 0

Sanz 2001.
0

Sanz & Tinbergin 1999.

0

Coleman & Whittall 1988.

size manipulation. 2 = duration of incubation increased through manipulation.
1, attentiveness; 2, duration of incubation period; 3, hatching success; 4, fledgling success; and 5, fledgling weight;

and 6, female weight.
+ - positive relationship between manipulation and variable,
blank space indicates that the variable was not measured.

=negative relationship, 0 = no relationship, and
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Table 4.3. Effects of supplementation on different variables which correlate with
reproductive success.

Measure of reproductive
success

Pams caemle1ls

+

+

COl'lJIIS corO!le
Oellatlthe oe1lallthe

0
0

+

StlmlltS vttlgatis
Melospiza melodia

Moreno 1989.

0

+

0

Hogstedt 1981.

+

+

Crossner 1977.

+

+

Arcese & Smith 1988.

0

Styrsky et al. 2000.

Troglorfytes aedon
Fked1tla l!Jpoletlt'a

+

F. f?ypolet(t'a

Smith et al 1989.
0

I?ypolnlca
Zosterops lateralis

Yom-Tov 1974.

0

+

Pit-a pit-a

+

+

PhoetliatrtfS ochmros

Nilsson & Smith 1988.

0

0

Hillstrom 1995.

0

Slagsvold & Johansen 1998.

+

This study.

+

Cucco & Malarcarne 1997.

1, attentiveness; 2, duration of incubation period; 3,

6, fetnale weight.
+ positive relationship between tnanipulation and variable. , - = negative relationship, 0
blank space indicates that the variable was not tneasured.

no relationship, and
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CHAPTER 5
Conclusions
The main aim of this thesis was to assess the effects of increased food availability on a variety
of behaviours in small- to medium-sized passerines. I used predictions derived from stochastic
dynamic programming (SDP) models to test hypotheses regarding how birds should react to
short-term increases in food availability.

data from my experiments generally support the

hypotheses and thus, SDP models.
In Chapter 2, I examined the effect of increased food availability on the daily mass
trajectories of New Zealand robins and their behaviour. The experimental treatment did not
cause great differences in the mass trajectories over the three days of the experiment.
However, the supplemental feeding did induce significant differences in the energetic reserves
of individuals at

beginning of day 1 and day 3. Hence, I was able to test a prediction that is

central to all SDP models of mass regulation: birds should strive to reach the same mass by the
end of the day irrespective of their initial fat reserves (McNamara & Houston 1990; Bednekoff
& Houston 1994; McNamara et al 1994; Houston & McNamara 1999; Clark & Mangel 2000

chapter 5). This prediction was supported with robin masses at the end of the two days not
being significantly different. Throughout the experiment, I also measured the singing
behaviour of robins. It was expected that male robins would spend a greater amount of time
singing on fed days as the treatment would increase their energetic state (Houston &
McNamara 1987, 1999; McNamara ct al 1987; Hutchinson ct al 1993). This prediction was
supported with robins spending a greater amount of time on the fed days singing. Finally, it
was found that birds cached fewer Tc1tlJb'70 sp. larvae at the end of the day compared with
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other times of the day. This supports models of caching behaviour which state that birds
should consume food when they are under energetic stress but store food when they have
adequate bodily reserves (McNamara et aJ. 1990; Lucas & Walter 1991).
In Chapter 3, I conducted a similar experiment as in Chapter 2. However, the focus was
on song quantity and quality rather than state variables such as body reserves. I compared the
dawn chorus of silvereyes on days when they had access to supplementary food with the dawn
chorus on days when not receiving supplementary food. It was expected that the energetic
reserves of males would be higher at the end of the day when they had access to
supplementary food. This meant that birds should have been able to increase their investment
in the dawn chorus and so produce a higher quality dawn chorus (Houston & McNamara
1987, 1999; McNamara et ai. 1987; Hutchinson et ai. 1993). As predicted, I found that
silvereyes increased their investment in the dawn chorus following the supplemented days by
singing at a high rate and with more complex song. I also compared the fat reserves of birds in
the morning and the evening on days when they were supplemented and not supplemented. It
was expected that their energetic reserves would be different between the two treatments. I
found that their masses were significantly different. However, the birds that were weighed
were not the same individuals that had been used for the singing experiment and so the link
between increased da\vn chorus quality and increased energetic state is more inferential than
my earlier study of robins.
In the final experiment, I compared the incubation behaviour of silvereyes when they
were supplemented and when they were not supplemented. It was expected that the pairs
would increase their investment in incubation behaviour on fed days. This expectation was
supported with pairs increasing their investment in incubation when fed. The parents increased
their overall investment in incubation through decreasing the length of the recess. These
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results suggest that birds used energetic state rather than other cues such as the temperature of
the eggs to decide on when to take a recess (White & Kinney 1974).
The results from all three experiments provide support for SDP models. This suggests
that, although there are differences in the constraints between the species used for these
experiments and the northem temperate species for which the models were originally based,
SDP models are robust and yield p~edic·tions that are applicable in most circumstances.
However, tests of individual assumptions or predictions do not in themselves provide support
for these models. A wide attay of experiments are required before it can be said these models
are valid (Hutchinson & McNamara 2000).
As I used two different species in my experiments, it is worth considering how the birds
perceive the treatment and if this differs between robins and silvereyes. This is because the
models tested are dependent on how birds perceive the increase in food availability.
McN amara and Houston (1994) found that when birds perceived an increase in short-term
food availability, they intensifIed their foraging effort. Their foraging effort also decreased the
more permanent the increased food availability seemed. How birds perceive the increased food
availability can therefore change the predictions that the models make (Hutchinson &
McNamara 2000). In all my experiments, food was pro"vided for only a short period (:S

h)

and this did not differ between the two species. However, robins defended exclusive territories
and so could exclude neighbours. This meant that larvae were fed directly to the focal bird.
However, silvereyes did not defend large feeding territories and ranged over large areas while
foraging. Hence, a large number of birds had access to food when supplementary food was
available. This difference may have affected some of my results although it should be noted
that singing and incubation behaviour differed markedly between treatments, which would not
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be the case if birds were perceiving the treatments in vastly different ways (McNamara &
Houston 1994).
Differences between species

1n

mating system might also affect the outcome of

supplemental feeding experiments. This was not a problem in my study because New Zealand
robins and silvereyes may have similar mating systems. Both species have low rates of extrapair paternity and intra~specific brood parasitism (Ardern 1997; Robertson et al. In press). Both
species are also sequentially monogamous maintaining pair-bonds between breeding attempts
and between years. Such a high level of mate fidelity probably means that males in my
experiments were paired (nests were later found for many of the birds) and were not using
song to attract a mate. Although all published SDP models are based on singing to attract a
mate, it should be noted that the predictions of SDP models are still applicable to my study as
the model's predictions concern when it is more profitable to sing than to forage.
Although both robins and silvereyes increased their singing in response to supplemental
food, the function of this increase may have differed between the 2 species. The function of
adult New Zealand robin song is linked to territorial behaviour (powlesland 1983, personal
obs.). Song may also be functioning to stimulate the female to breed. The function of song in
silvereyes is more equivocal. This is because silvereyes do not maintain large feeding territories.
Silvereye singing behaviour was not found to be linked to female fertility (Robertson 1996).
Male silvereyes actually were found to sing most once their females were finished laying
Robertson (1996) removed three male silvereyes from their mate during incubation. In all
cases, the females suffered increased harassment from neighbouring males. In two cases, the
increased harassment caused females to desert their nest. This indicates that song may be
acting as a territorial m aggressive signal to other males. However, Slater (1993) thought it
likely that silvereye dawn chorus did have a significant function in attracting a mate. She found
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that male silvereyes rarely responded to song playback of other males with song, but \vith
visual display and calls. This indicates visual signals and calls might be the method of territory
defence. Clearly, further research into this matte~ is required before the function of silvereye
song can be stated with any certainty.
One problem \\/lth many empirical studies in behaviour is that they test only one aspect
of a model's predictions. However,· snp models posit that behaviour is dependent on
energetic state. By only investigating one aspect of an SDP model, much potentially important
information is lost. More importantly, the theoretical underpinnings of SDP models may be
violated as behaviour might change in response to a treatment. If state has not been measured,
then the change in behaviour may be due to other effects of

treatment not related to state.

The same is hue if one only investigates state \vithout considering an animal's behaviourchanges

state may be linked to changes in behaviour.

example, Slagsvold & J ohanssen

(1998) found that female pied flycatchers that were supplemented, lost the same amount of
mass as those who did not receive extra food. However, females that were fed could have been
investing more in incubation than those who were not and so one would not expect to find
many differences. The study by Slagsvold and Johanssen (1998) would have been stronger if
incubation behaviour was considered as well as state. Their study also assumed that birds
should display similar behaviour irrespective of treatment. My incubation experiment shows
that both behaviour and state were affected by food supplementation and so it is important to
measure both if SDP models are to be tested adequately.
The two chapters in which I used silvereyes (Chapters 3 & 4) rely on an indirect link
between state and behaviour and there was the added uncertainty in the measurements of state
as the birds were not paired for either time or treatment. The link between state and behaviour
was more solid in Chapter 2 where the energetic states and behaviour of New Zealand robins
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were examined simultaneously in the same individuals. Although it is not possible to set up all
experiments in the same way, when possible such an approach is preferable as we do not have
rely on inductive reasoning to reach the conclusion that

behavioural changes are due to

treatment effects.
An assumption in all optimisation models, including SDP models, is that animals are able
to measure their own state and time accurately. Models suggest observations should yield data
""rith perfectly sharp switchpoints and end masses (H:utchinson & McNamara 2000). However,
this may not be the case in practice and there is evidence that animals may not measure time
with perfect accuracy. Brunner et at. (1992) found that European starlings (Stllnllls vulgaris)
stayed longer in a patch than its profitability would have predicted from marginal value
models. The slight differences in the end masses in New Zealand robins in my study may be
because robins also are not 'perfect' animals. Hence, they may not have been able to regulate
their masses as perfectly as SDP models predict and so any deviations from an optimum
predicted by a model may reflect the imprecision inherent in biological systems rather than
faults with the theory.
In all experiments, I tested for the effects of the treatment on the day after the treatment
stopped. I did not fInd much evidence to suggest residual treatment effects. This indicates that
the effect of the treatment was generally less than 24 hours. Thomas (1999a) found that
European robins sang at higher rates on the day after the treatment than they did before being
fed. In New Zealand robins, the bird's masses were greater in the morning of the posttreatment control compared with the pre-treatment control. In silvereyes, birds sang with
greater frequency ranges on post-treatment controls than they did for pre-treatment controls.
For both of these species there is no indication that the birds were behaving as if their states
were better on the second control day.
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This thesis has focused on a theme common to most animals with regards to life-history
and behaviour. That is, birds are prevented from investing as much as they could in a particular
trait because other factors may make it unprofitable for them to do so. I have shown that by
easing the constraints placed on foraging behavriour, animals will increase investment in other
behaviours. Hence, all of these chapters have demonstrated that short-term behavrioural
decisions are based on state, which is a central tenet of SDP models. In theory, these shortterm changes in behaviour could change, over the lifetime of an individual, its fitness
(McNamara & Houston 1996).
SDP models have not been utilised in the field to their fullest potential. Hence, there
need to be further tests of models of both species used in this thesis and also in other species.
This will allow us to gain a better understanding as to what parameters other than energetic
state are important in determining the behaviour of animals. There have been few formal tests
of SDP models although there have been many studies that have yielded results that would be
predicted by SDP theory (e.g. Lilliendahl et al. 1996; Godfrey & Bryant 2000). This thesis and
the work of Thomas (1999a,b, 2000), are among the first studies which have investigated these
predictions of SDP models. There have been other studies of mass regulation in response to
the predictability of food which show that SDP models predictions are SuppOl1:ed (e.g.
Houston & McNamara 1993; Witter et al. 1995, Dall & Witter 1998; Cuthill et al. 2000).
Combined, these results lend increasing weight to the explanatory power of these models of
short-term as well as longer-term sequences of behaviour. SDP models are a potentially
powerful tool in predicting optimal behavioural strategies, but it remains to be seen if they will
be embraced in the study of behavriour.
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APPENDIX 1
Calculation

if daijy cmrgctic reqJ{iremellts for New Zealmtd robills

The daily energetic requirement was calculated using the equation below:

ME requirement (kJ/d) = 535 MO.715

bird's mass is measured in kg. The birds weights are based on the corrected weights of the
birds at time

°

on day 1, which is 36.1 g. This measure of daily energetic requirement is

probably an underestimate as these estimates are based on birds that have been fasted and so
do not have the metabolic cost of digestion. The cost of digestion, absorption, and metabolism
has been estimated to be about 25 % of daily energy budget. Hence, the figures found using
the above equation were multiplied by a correction factor of 1.25 (Harper et al. 2001). Another
point to note is that the above equation was derived using birds housed in laboratory
conditions whereas this study used free-living birds. It has been found that there is an 8
difference in the metabolic costs of birds when the temperature changes from 15°C to 20°C in
copper sunbirds (Nudm1m ctlprea) (Harper et al. 2001). The birds on Motuara Island rarely
experienced temperatures above 15°C during the study and so the energetic requirements can
be taken as a conservative estimate.
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Appendix 2

Estimation if rate f!felement lise in silverrye dawl1 choms .
To calculate the relative number of elements used each day, I counted all of the syllables of the
male in one minute of song and compared this with the next minute to calculate the
proportion of shared syllables. Inceand Slater (1985) used a capture/recapture method
whereby:

11 in

first half/total

fl

shared/n in second half.

The only assumption made is that the repertoire is stable between days.

