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Why do they get so fat?

Abstract
The Flesh-footed Shearwater Puffinus carneipes, a 625g (± 3) shearwater, was studied
on Woody Island, off the southern coast of Western Australia, from 2000 to 2003,
mainly during the chick-rearing phase. Flesh-footed Shearwaters arrive back at their
breeding colony at the end of September/early October, dig burrows and court in
October, before an unsynchronised pre-laying exodus through November. Eggs are laid
in the last week of November, incubated in December and January, and then hatch midto late-January. The fledglings depart in late-April/early-May.
Most nesting burrows were located in areas where soil depth was greater than 350mm
(± 14), and were angled into a slope so that the average length was about 1050mm
(± 16) long. Burrow activity, monitored with knock-down barricades, peaked around
83-86% of burrows visited nightly in late-October/early-November. Nightly visitation
of burrows fell to 8-10% in the third week of November (the pre-laying exodus), and
then rose rapidly to around 70% through late-November/early-December as laying
commenced. Body mass was high 632g (± 5) during courtship, fell just before the
exodus 606g (± 6), then rose again 620g (± 11) upon return.
Parents incubate their egg alternately, each undertaking a shift of one to eight days. A
few days after hatching, the nestling is left unattended by day in the burrow, where it
receives a meal weighing 13-18% adult body mass every 1.4 nights, on average, during
the 101 days (± 1) it spends there. Flesh-footed Shearwaters are strictly nocturnal
visitors to their colony, although nightly proportions of nests entered were not
adversely influenced by bright moonlight, climatic or oceanographic conditions.
Initially, nestlings received small overnight feeds, but these increased in size and were
delivered more frequently as nestlings grew. In consequence, although mean peak
body masses attained by nestlings differed significantly between years, after an average
period of 66 days (± 2) in the nest young attained masses equivalent to 135-160% mean
adult mass. This coincided with deposits of body fat, but carcass analyses of nestlings
revealed that a substantial proportion of mass accumulation was attributable to water,
particularly as a component of body fat.

Subsequently, nestlings lost 30-40% of their mass as the time of fledging approached,
even though masses of food were generally no smaller, nor delivered any less
frequently during this period. Mass recession occurred primarily as a result of water
loss, mainly from the integument, but also, substantially from body fat. This is
consistent with the view that mass accumulation is related to feather growth. Although
the final body masses recorded differed between years, nestlings fledged at around 9298% mean adult mass, even though they retained a store of body fat. Nestlings
continued to be fed to within one to two days prior to departure. The exception was if
the peak mass attained was only 800g or less. Individuals in this low peak mass
category lost a proportion of body mass similar to heavier chicks and therefore fledged
correspondingly lighter than other fledglings.
It is suggested that parent shearwaters “over-feed” their nestling so that the peak in
body mass coincides with the period of maximum feather growth, and nestling obesity
stems from both lipid and water accumulation. The Flesh-footed Shearwater nestling
attains a high level of obesity, even though it is fed large meals almost nightly
throughout its life ashore, even in poor years. This lends little support to those
explanations for nestling obesity in shearwaters that are based upon buffering the young
against erratic feeding schedules and long intervals between meals.
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Chapter 1
Introduction
Fitness, in evolutionary terms, is a measure of the relative contribution an individual
makes to future generations. Generally, those members of a species with greater fitness
will be favoured by natural selection because they leave more reproducing descendants
than others. To achieve this, they may reproduce at a higher rate, live longer to breed
on more occasions, or both. However, time, energy or nutrients are usually limited, so
that only rarely is an organism able to exploit one such trait without compromising
another. A high rate of reproduction does not confer high fitness if reproductive
lifetime is reduced, or if survival of the young is poor. Life-history strategies represent
past solutions to differences in fecundity and survivorship, resulting in the allocation of
resources that best resolve the conflicting demands attributed to an organism during its
reproductive lifetime. This approach typically involves trade-offs, particularly between
reproduction and survival, which contribute most to overall fitness (Stearns 1992,
Krebs 2001, Wooller et al. 2003a).
Lack (1947) recognised that reproduction and survival were closely associated and
proposed that the number of young that parents could efficiently provide with food
ultimately determined clutch size in birds. The benefits of laying more eggs were clear
- more descendants in the next generation. However, the costs were less clear. The
costs of making each additional egg and feeding each additional nestling offset the
benefits because parents worked harder, and thereby compromised their own survival.
There is little advantage in laying extra eggs or feeding additional young if all of them
fail or are of lower quality. Similarly, the energy deficit may affect breeding lifetime so
that overall fecundity is reduced. The optimal number involves a trade-off, and is
therefore rarely the maximum.
One extreme set of life-history characteristics is represented by the so-called K-selected
organisms (Wooller et al. 2003a). These are typically long-lived, slow-growing
organisms characterised by delayed maturity, low rates of reproduction and high
parental investment in their young. Relatively constant conditions, or environments in
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which conditions alternate regularly (seasonally), favour K-selected organisms. In
contrast, environments in which conditions are favourable irregularly or only briefly on
an unpredictable basis, give rise to rapid-reproducing r-selected species. These invest
little in long-term survivorship, and heavily in many (small) offspring (ibid.).
In an environment where the availability of resources may be highly unpredictable, a Kselected organism may enhance its fitness by making a trade-off between reproduction
and survival. During stages of its life cycle when reproductive uncertainty is greatest,
an individual may ‘hedge its bets’ by reallocating the resources it would otherwise
devote to breeding and, instead, maintain its body condition. This bet-hedging strategy
maximises the probability that the individual will survive to begin the next breeding
season in good condition, whilst prolonging its overall reproductive life. Variability in
annual reproductive success is also reduced because a better initial condition will
increase the probability of success in poor years, while limiting maximum breeding
output in good years. The fitness advantage of this strategy is that any young produced
in a poor year, when others fail, make a greater contribution to population growth than
extra young produced during a good year (Wooller et al. 2003a).
The marine environment is a dynamic system, the health of which is clearly reflected in
the trade-offs made by its K-selected fauna. Seabirds are marine predators at the top of
the food web, whose distribution, abundance and reproductive performance are
inextricably linked to the availability of their prey (Crawford & Dyer 1995). The
conspicuousness of seabirds makes them ambassadors of the global marine system in
general (Monaghan 1996), as well as simple, robust and efficient predictors of
fluctuations in marine resources (Adams et al. 1992, Bost & Le Maho 1993,
Montevecchi 1993, Velarde et al. 1994, Crawford & Jahncke 1999, Furness 1999).
Accordingly, the strategies that seabirds adopt in providing food for their young are a
precursor to using birds as bio-indicators of ecosystems and to understanding the
evolution of life histories in such specialised animals (Hamer et al. 1997, 2000).
Shearwaters of the genus Puffinus are burrow-nesting seabirds in the Order
Procellariiformes. They share a distinctive set of life-history traits that make them ideal
subjects of investigation. All are long-lived and delay their first breeding attempt until
at least five years of age. Their tendency to return to natal colonies is well developed,
2

as is fidelity to their breeding partner and nest site. Although the annual rate of
reproduction is low, shearwaters may breed on many occasions during their long
lifetimes. They lay only a single egg per year which, if lost or unsuccessful, is not
replaced. Accordingly, they exhibit no clutch size trade-off. Development of the
embryo is slow, as is the post-natal growth of the nestling. The egg is incubated for
about two months and the nestling is fed at the nest by its parents for another three
months before it can fly. Subsequently, the fledgling may not return to breed itself until
it is seven years old (Warham 1990). In total, it takes a breeding pair of shearwaters
over six months of each year to raise a single offspring. This clearly represents a
substantial reproductive investment on behalf of the parents which, for most of this
period, are committed to their breeding colony. Such a reproductive strategy results in
low levels of recruitment and a correspondingly low population-turnover, which greatly
simplifies the interpretation of life-history strategies.
Among birds, some taxonomic groups such as birds of prey (Falconiformes), swallows
(Hirundinidae), swifts (Apodidae), oilbirds (Steatornithidae), as well as some pelagic
seabirds, including tropicbirds (Phaethontidae), gannets (Sulidae) and some auks
(Alcidae), accumulate large quantities of body fat during the nestling period. However,
in none of these is the phenomenon as well developed as it is among the
Procellariiformes (Ricklefs et al. 1980, Phillips & Hamer 1999). During its time in the
nest, a shearwater nestling may attain a peak body mass up to 50% greater than that of
its parents, before declining to a similar mass around the time it fledges (Warham
1990).
One traditional view is that this obesity represents an accumulation of adipose tissue as
insurance against starvation if feeds are infrequent (Lack 1968). The excess body fat
ensures the survival of nestlings during prolonged fasts that result from seasonal,
climatic, or oceanographic factors, or otherwise poor foraging conditions experienced
by parents at sea. Even the single-egg clutch and slow development of the nestling
have been considered factors related to irregular provisioning because food resources
were often unpredictable or sparsely distributed, in addition to the constraints of
transporting food to the nest from distant foraging zones (Lack 1968, Ashmole 1971).
In particular, the slow post-natal growth was viewed as an adaptation to reduce the
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daily metabolic energy expenditure of a nestling, in line with the maximum rate at
which its parents could supply food (Warham 1990).
A more recent hypothesis is that obesity occurs as a result of each parent feeding its
chick an infrequent, large meal independently of its partner, so that meals provided by
one parent are separated by intervening meals from the other. In this case, routine
overfeeding arises because parents do not forage cooperatively and have limited
capacity to regulate food delivery according to their nestling’s short-term energy
requirements (Ricklefs 1990, 1992). If the amount of food delivered is adjusted to meet
immediate requirements, the nestling may, by chance, be undernourished by the time
the same parent returned if foraging is unsuccessful or, if its mate fails to return in the
interim. Rather, provisioning is governed by an intrinsic feeding rhythm in which each
parent provides a slight excess; a little insurance with each meal to minimise the
probability of undernourishment occurring by chance. The result is that the overall rate
of food delivery is elevated above that which would result in acute starvation of the
nestling if, due to unforeseen circumstances, its parents were unable adequately to
provide for it (Ricklefs & Shew 1994).
In this context, lipid accumulation insures against variable foraging success by
individual parents, over and above the effects of short-term fluctuations in food
resources or feeding conditions that would affect a colony as a whole. Moreover, the
hypotheses of Lack (1968) and Ashmole (1971) imply that nestling obesity is an
investment of resources against the possibility of an adverse event, whereas that of
Ricklefs & Shew (1994) regards it as a buffer against a continuous natural process. The
Ricklefs & Shew hypothesis generates the prediction that nestling obesity should
increase with increasing variability in parental provisioning at the level of the
individual nestling (Hamer et al. 2000).
The phenomenon of nestling obesity has been explored most thoroughly in the Puffinus
shearwaters. The species studied most intensively to date are the Manx Shearwater P.
puffinus, which breeds in the Northern Hemisphere, and the Sooty P. griseus and Shorttailed Shearwaters P. tenuirostris of the Southern Hemisphere. All three species are
known to forage at great distances from their breeding colonies. Similarly, all three
show considerable variability in nestling provisioning regimes (Hamer & Hill 1997,
4

Hamer et al. 1997, Weimerskirch 1998, Weimerskirch & Cherel 1998, Hamer et al.
1999, Hamer et al. 2000, Schultz & Klomp 2000a, 2000b, Gray & Hamer 2001).
Given their distribution, numbers, and biomass, Puffinus shearwaters are extremely
successful seabirds, with populations varying in size from small to very large (Warham
1996). The Sooty Shearwater is probably the most abundant seabird in the subAntarctic region (Hamilton et al. 1997) and some 2.75 million pairs are thought to
breed on New Zealand’s Snares Islands alone (Warham & Wilson 1982). The most
numerous seabirds around continental Australia are also shearwaters (Ross et al. 1996).
The most abundant is the Short-tailed Shearwater, which, like its New Zealand
congener, occurs in huge colonies. Breeding primarily around Tasmania between 40°S
and 43°S, around 80% of an estimated 11.5 million burrows are occupied annually by
nesting birds. On Babel Island alone there are an estimated 2.86 million Short-tailed
Shearwater burrows (Skira et al. 1985, 1986). Additionally, approximately 20 million
individuals breed on islands around the south-eastern sector of the Australian mainland
(Marchant & Higgins 1990). The huge colony sizes have been linked to these species
occurrence at the southern distributional limit of their genus. This allows reduced interspecific competition due to a foraging strategy that enables them to exploit a huge
biomass of seasonally available prey (Weimerskirch 1998, Weimerskirch & Cherel
1998). Further to this strategy, the highly abundant shearwaters that breed and forage
at high latitudes in the Southern Hemisphere, undertake an annual trans-equatorial
migration to similarly food-rich high latitudes in the Northern Hemisphere during their
non-breeding season.
Weimerskirch & Cherel (1998) suggested that Short-tailed Shearwaters foraged at least
1000km south of Tasmania in the Polar Frontal Zone, whilst satellite telemetry data
have since revealed that a single foraging trip can involve distances of over 15,000km
(Schultz & Klomp 2000a). Parents alternate short chick-feeding intervals (meals 1-2
days apart), during which the young gains weight and parents lose weight, with much
longer intervals linked to Antarctic foraging, during which the reverse is true. At such
times the nestling may remain unfed for up to two weeks, continually losing weight,
whilst subsisting on a store of fat that may have increased its body mass to over 40%
adult mass (Weimerskirch & Cherel 1998, Hamer et al. 2000).
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However, nestlings of other shearwaters also exhibit obesity despite more frequent and
regular provisioning. Little Shearwaters Puffinus assimilis and Wedge-tailed
Shearwaters P. pacificus forage closer to their colonies in waters of lower productivity,
and feed their nestling nightly, or more frequently. Nonetheless, the nestlings of these
species still attain body masses considerably higher than those of their parents (Hamer
1994, Pettit et al. 1984, Nicholson et al. 1998, Booth et al. 2000a, 2000b, Schultz &
Klomp 2000b, Priddel et al. 2003). Thus, it seems unlikely that the accumulation of
lipid serves exclusively to increase survival because of long or erratic intervals between
feeds. Consequently, this casts considerable doubt upon the completeness of current
explanations for nestling obesity. Although extreme lipid deposition may not
necessarily be indicative of protracted feeding intervals, and may alternatively be to
some degree species-specific (Prince & Ricketts 1981, Warham 1990, Table 15.4,
pp.364-5), Hamer et al. (2000) provided evidence that nestling obesity was a function
of variability in parental food provisioning, as predicted according to the hypothesis
proposed by Ricklefs & Shew (1994). The greatest obesity reflected a highly variable,
long-distance Antarctic foraging strategy. Conversely, the least pronounced obesity
was linked to frequent and regular provisioning, and foraging in tropical waters. In
keeping with this, a shearwater breeding at temperate latitudes would be expected to
exhibit intermediate variability in its provisioning regime, and a correspondingly
intermediate degree of obesity in its nestling.
Wedge-tailed Shearwaters are essentially tropical seabirds, breeding off both the east
and west Australian seaboards from 16°S to about 32°S. Together with the Short-tailed
Shearwater, these account for almost 90% of all the breeding seabirds around Australia
(Ross et al. 1996). Nesting at lower latitudes, the Wedge-tailed Shearwater forages at
relatively short distances from its breeding grounds (mostly within 60km).
Accordingly, it occurs in smaller colonies, probably due to a consequential food
constraint, and shows less pronounced seasonal movements (Nicholson et al. 1998). It
follows that the contrasting strategies of food delivery stem from the different patterns
of food availability for sub-polar and tropical-foraging species. Short-tailed and
Wedge-tailed Shearwaters probably exhibit the least similar foraging and nestling
provisioning strategies among the Puffinus shearwaters that breed around Australia.
Therefore, in order to extend the generalisations that may be drawn from comparisons
of these closely related shearwaters, it would be desirable to examine a temperate
6

species; preferably a Puffinus shearwater in order to avoid confounding phylogenetic
effects (Harvey & Pagel 1991).
In southwest Australia below 32°S, the Wedge-tailed Shearwater is replaced by the
Flesh-footed Shearwater Puffinus carneipes. This species breeds on islands off the
south coast of Western Australia from 34°S to 35°S, between Cape Leeuwin and
Israelite Bay. Colonies also exist at similar latitude on Smith Island near the southeast
tip of the Eyre Peninsula, South Australia and, at their most northerly, on Lord Howe
Island, off the coast of New South Wales, between 31°S and 32°S. Here, Wedge-tailed
and Flesh-footed Shearwaters nest sympatrically (Marchant & Higgins 1990, Dyer
2001). In recent years, much has been published describing the breeding of Puffinus
shearwaters in Australia. In particular, the chick provisioning strategies employed by
adult Short-tailed and Wedge-tailed Shearwaters have received considerable attention
(Pettit et al. 1984, Wooller et al. 1990, Bradley et al. 1991, Hamer et al. 1997,
Nicholson et al. 1998, Weimerskirch & Cherel 1998, Hamer et al. 2000, Schultz &
Klomp 2000a, 2000b). However, the Flesh-footed Shearwater has remained little
studied and details of its ecology are poorly known (Marchant & Higgins 1990).
Indeed, the most current data from a Western Australian colony is that of Warham
(1958), who spent two weeks around the time of hatching on Eclipse Island, off the
coast of Albany, almost 50 years ago. Accordingly, this study aimed to produce data
for this shearwater of temperate seas, equivalent to that available for its sub-polar and
tropical congeners.
Given the distance to Antarctic waters from the south coast of Western Australia, it was
predicted that the Flesh-footed Shearwater would exhibit less-variable nestling
provisioning, reflecting a less-extreme foraging strategy than the Short-tailed
Shearwater, and a correspondingly lower degree of nestling obesity. Conversely, other
aspects of chick-growth would be similar; i.e. the development of skeletal components
would follow a similar pattern in both species. Flesh-footed Shearwater nestlings
would still attain a body mass significantly greater than the mean mass of adults of the
species and, in keeping with Hamer et al. (2000) this would be of a greater magnitude
than in Wedge-tailed Shearwaters. Subsequently, nestlings would lose mass and leave
the nest at a body mass not significantly different than that of adult Flesh-footed
Shearwaters. Further to addressing these general predictions, the study intended to
7

provide more specific descriptive data regarding seasonal and inter-annual variability in
the sizes and frequencies of feeds, and in nestling growth parameters. In addition, a
contribution of knowledge regarding the biology of the Flesh-footed Shearwater in
relation to its life history will further contribute to the better theoretical understanding
of life-history strategies in general, and may also aid the future informed management
of a species known to be vulnerable to anthropogenic processes.
The next chapter provides more background on the Puffinus shearwaters generally,
before returning to the Flesh-footed Shearwater in order to outline its annual breeding
cycle. Chapter 3 describes the study site and the general methodology employed in the
field. Chapter 4 examines the nesting habitat of the Flesh-footed Shearwater, and the
influence of particular colony characteristics upon breeding success, before the pre-egg,
laying and hatching stages are addressed in Chapter 5. The post-hatching guard stage
leads into the subject of nestling provisioning, which is examined in Chapter 6 by
intensive short-term measurement of food delivery parameters using established
methods.
Chapter 7 follows, where longer-term predictions concerning food delivery, including
the size and frequency of meals, are made on the basis of the data acquired in the
preceding chapter. Chapter 8 examines some of the physiological effects of chick
rearing upon both parent and nestling shearwaters, whilst in Chapter 9, attention is
turned to the influence of astronomical, climatic and oceanographic effects upon
parental visitation. This precedes a detailed account (Chapter 10) of the developmental
patterns observed in the nestlings, including mass accumulation and skeletal growth,
which is complemented by a carcass analysis of sacrificed nestlings that addresses the
changes of various body components during nestling growth.
Finally, the thesis concludes with a general discussion in which the findings of the
study are briefly reiterated, then discussed critically in relation to similar published
studies. Here, the overall nestling provisioning strategy of the Flesh-footed Shearwater
is compared with those of its congeners with particular focus on the phenomenon of
nestling obesity which is prominent throughout the Puffinus shearwaters.
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Chapter 2
The Puffinus shearwaters
2.1 The Order Procellariiformes
The formal classification of the Order Procellariiformes has long been a subject of
much controversy and is one upon which a general agreement remains unlikely
(Warham 1990). Illiger (1811) of the Berlin Museum recognised that a distinct
assemblage of seabirds possessed nostrils sheathed in prominent tubes arising near the
base of the bill. Indeed, this feature was the basis upon which he created the nowredundant classification Tubinares (tubenoses), which included petrels, prions, diving
petrels and albatrosses. Although Coues (1866) had misgivings about using this alone
as a principal diagnostic feature, Fürbringer (1902) created a sub-order
Procellariiformes based on the tubular nostrils, in which Tubinares became
synonymous with the ‘gentes’ Procellariae.
Gadow (1892) subsequently raised the Procellariiformes to an order, retaining
Tubinares as the lower category, but the British Museum disputed the change. Thus,
the two names became synonymous and vied for prominence until Sibley & Ahlquist
(1990) launched their controversial work based on DNA-DNA hybribisation, in which
the tube-nosed seabirds lost their exclusive order. However, this revision was largely
ignored and the Procellariiformes retained their standing as the higher taxon, which has
since been accepted generally (Tickell 2000). The Order Procellariiformes traditionally
consists of four well-defined families, which collectively contain over 100 seabird
species. Any one of these and the sub-species therein, may be referred to as a
Procellariiforme or procellariiform seabird, which are both synonymous with ‘petrel’.
For detailed taxonomic listings see Alexander et al. (1965), Warham (1990), Schreiber
& Burger (2002) and Brooke (2004).
Whilst all procellariiforms possess the characteristic nares (nasal tubes), there is
considerable variability in these between species. The ridge of the culminicorn
separates the nostrils of albatrosses, but in other petrels they merge on top of the beak
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in a single tube divided by a medial septum. Lying low along the culmen in the
Puffinus shearwaters; in some species of storm petrel the nares are very prominent,
even up-turned. The giant petrels (Macronectes spp.) are easily recognised by their
extremely pronounced nasal tubes, which occupy three-fifths of the length of the beak
(Warham 1990). There are various speculations as to their function, but the tubes
possibly play a role in olfaction. One aspect of the petrel brain is the size of the
olfactory bulbs, and the power of smell is known to be exceptionally good in many
procellariiforms (Bang 1966, Wenzel 1980, 1987, 1991, Verheyden & Jouventin 1994).
This in turn may be linked to the characteristic musty petrel odour. Anatomy of the
nasal passages suggests that air funnelled into anterior chambers via the nasal tubes
may assist in locating food, colonies, nests, and even identifying partners. It may also
enable the birds to detect shifts in the wind flowing over the sea, helping them exploit
updraughts as the wind flow is disrupted by waves (Warham 1990, Tickell 2000).
Another distinguishing characteristic of the procellariiforms is the division of the
ramphotheca - the horny coating of the beak, into plates separated by deep grooves.
Petrels typically have 11 separate beak plates although the albatrosses have 12 (Tickell
2000). A feature unique to the order is a digestive tract that does not include a crop.
Instead, the lower oesophagus has a large, glandular extension - the proventriculus.
The extensible nature of this bag-like organ allows for the storage of a large amount of
food, as well as acting as a separation funnel. Many procellariiform prey contain high
lipid levels, often rich in wax esters (Warham 1996). The aqueous food layer passes
through the proventriculus first, followed by the lipid layer which, by differential
digestion, is separated out as the characteristic stomach oil found in the petrels (Roby et
al. 1986, Place 1992).
Further to these diagnostic features, petrels possess less obvious characteristics such as
three, fully webbed front toes whilst the other is either absent or vestigial.
Additionally, chicks of some other birds, e.g. gannets and ducks, grow two sets of down
(protoptiles and mesoptiles). Young of petrels (and penguins) also do this, but differ in
that the mesoptiles grow attached to the protoptiles and, the true feathers (teleoptiles)
emerge attached to the mesoptiles without any visible break (Warham 1990).
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2.2 The Puffinus shearwaters
The majority of breeding seabirds around Australia are petrels (Ross et al. 1996), the
most numerous belonging to a distinct assemblage known as the shearwaters. There are
21 species of shearwater (Brooke 2002, 2004), two of which belong to the genus
Calonectris. These two species are large-bodied, and breed in warm, northern waters
(Mathews & Iredale 1915). The remainder comprises the genus Puffinus. Chaloner
(1656) visited the Isle of Man in 1651-1652 and described some biological aspects of a
noisy, burrow-nesting seabird now known to be the Manx Shearwater Puffinus puffinus.
He also documented the harvesting of these ‘puffins’ by local people. On this basis
Brisson (1760) later assigned the generic classification Puffinus.
The Puffinus shearwaters breed most abundantly in cool, temperate seas, their greatest
diversity occurring in the waters around New Zealand. The most northerly breeding
stations are those of the Manx Shearwater, at 63°N in the Westmann Islands, Iceland,
and the most southerly are those of the Sooty Shearwater at 55°S around Cape Horn
(Warham 1990). The shearwaters share membership of the Family Procellariidae with
the fulmars, prions, gadfly-petrels and larger petrels, which themselves collectively
encompass 58 species in 12 genera (Brooke 2002, 2004). This diverse petrel family
joins the Diomedeidae (albatrosses), the Hydrobatidae (storm petrels), and the
Pelecanoididae (diving-petrels) in comprising the Order Procellariiformes. Some
biological aspects of several Puffinus shearwaters are summarised in Table 2.1.
The term ‘shearwater’ is seemingly derived from the flap-gliding mode of flight
(Pennycuick 1987), enabling energy to be extracted from ‘sheared wind’. Shearwaters
travel fast on long, thin, cambered wings which are used for gliding, interspersed with
bursts of flapping. They take advantage of the reduced wind speed near the surface of
the sea by gliding along wave furrows, then climbing into the wind and banking before
accelerating towards the surface again. A short distance above it, the bank is reversed
and, as the name might imply, the newly acquired momentum is used to skim the sea at
an angle to the wind and waves, before repeating the manoeuvre in a spiral fashion
(Warham 1990).
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Table 2.1. Aspects of the breeding biology of some Puffinus shearwaters.
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Puffinus species

Body mass (g)

gravis
griseus
creatopus
carneipes
tenuirostris
puffinus
pacificus
bulleri
nativitatis
huttoni
gavia
lherminieri
assimilis

715-950
666-978
709
533-692
508-614
430-575
415-490
408-488
280-415
305-370
199-243
165-259
160-202

Breeds north (N)
or south (S) of
equator
S
S
S
S
S
N
N&S
S
N&S
S
S
N&S
N&S

Breeds over
summer (S) or
winter (W)
S
S
S
S
S
S
S
S
continuous
S
S
continuous
W

Incubation period
(days)

Nestling period
(days)

Trans-equatorial
migrant?

55
53
unknown
60
53
51
53
51
52
50
unknown
49
54

84-105
97
unknown
92
94
70
109
100
96
84
unknown
75
72

Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
No
No
Yes
No
No

Data drawn from Marchant & Higgins (1990), Warham (1990) and Brooke (2004).

Puffinus shearwaters are small to medium-sized petrels weighing, on average, between
200-800g, with wing-spans from about 60cm to 1.5m. They are further characterised,
inter alia, by their laterally compressed tarsi (lower legs), and slender beak, which is
always shorter than the tarsus. The upper-mandible features the tubular nares at its
base; the two apertures separated by a thick septum and opening obliquely upward.
The tongue is short and pointed, with rows of stiff, spine-like papillae for holding
slippery prey (Warham 1990, 1996). Wood (1993) regarded the degree of lateral
compression of the tarsi in Puffinus shearwaters as being related to their diving ability.
Although the typical procellariiform wing is long and used mainly for gliding, Shorttailed Shearwaters Puffinus tenuirostris have been observed swimming rapidly at a
depth of 20m with their wings half-extended (Brown et al. 1978, Skira 1979). The
larger Sooty Shearwater Puffinus griseus is even more remarkable underwater, having
the ability to forage consistently up to 60m (Weimerskirch & Sagar 1996).
Perhaps a less proficient diver than the Short-tailed or the Sooty Shearwater, the Fleshfooted Shearwater Puffinus carneipes is reported to forage more often by surfaceseizing or pursuit-plunging in the top 2m of water (Gould et al. 1997, Spear & Ainley
1997). Nonetheless, despite its reported surface-feeding tendencies, the Flesh-footed
Shearwater, like its congeners, is smooth hydrodynamically with tight waterproof
plumage (Warham 1990) and, has been observed diving up to 5m, chasing fish baits
and discarded offal (Falla 1934, Wood 1993, pers. obs.). Perhaps as a consequence of
its scavenging tendencies, the Flesh-footed Shearwater suffered considerable mortality
to long-line tuna fishing operations off the south coast of Western Australia during the
1980s (Gales et al. 1998). Each year tens of thousands of seabirds die on long-line
hooks, most of them albatrosses and mollymawks (Family Diomedeidae) (Gales et al.
1999). Seabird by-catch occurs when scavenging birds are attracted to fishing vessels
by discards and baits, and then ingest the baited hooks, usually during the setting of the
long-line. The hooked birds are subsequently pulled under the water by the weight of
the line and drown. Although most birds killed are diomedeids, the Flesh-footed
Shearwater is second only to the Black-browed Mollymawk Thalassarche melanophrys
in its annual long-line-related mortality rate. Whilst most of the latter taken are
immature and the sex ratio equal, the majority of Flesh-footed Shearwaters caught off
south Western Australia are adult females (Gales et al. 1998).
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Since 1979, Japanese long-lining vessels have fished the Australian Fishing Zone
(AFZ) for Southern Blue-fin Tuna Thunnus maccoyii. The Japanese fishing effort
reached its peak in 1988, at which time fisheries observers were engaged to record the
number of seabirds caught accidentally during fishing operations. By 1989 the annual
fishing effort by the Japanese had declined, whilst the Australian fishery increased
markedly. In 1997 alone, over seven million hooks were deployed. However, no
observer scheme for the domestic long-line fishery was upheld and, as a consequence,
information on seabird catch rates in the Southern Ocean is best known from Japanese
operations, while details concerning domestic by-catch are scarce. Analyses of trends
in by-catch by the Japanese long-liners suggested a decrease from the 1988 level.
However, the more recent figures still translated to a mortality of over 30,000 seabirds
in the AFZ between 1988 and 1997. From these data, Gales et al. (1998) estimated that
between 1989 and 1995 up to 1500 adult Flesh-footed Shearwaters were taken in any
single year, as many as 91% of them females. Over 75% were caught during summer,
had brood patches or developing eggs and, probably came from local Western
Australian colonies (ibid.).
The loss of a breeding bird during its nesting season means that breeding fails. The
death of a partner, even during the contra-nuptial season, means that at least one year of
breeding is lost, with a probable reduction in fecundity even if a new pair-bond is
fashioned (Warham 1996). The extent of by-catch mortality is such that long-line
fisheries are acknowledged today as the most pervasive threat to seabirds, causing
widespread declines in populations across the world (Gales et al. 1999). Although the
introduction of by-catch mitigation measures (Brothers & Foster 1997) has greatly
reduced the incidence of mortality, fisheries observer coverage is still extremely
inadequate (Baker et al. 2002). Since the early 1990s, the total reported long-lining
effort from fleets operating south of 30°S was well over 250 million hooks per year.
The impact of such a fishing effort, some of which shows either inconsistent use of
mitigation measures or none at all, together with substantial illegal long-line fisheries,
places the viability of many Southern Ocean seabird species in grave jeopardy (Tuck et
al. 2003).
Shearwater eggs and chicks have been a traditional food-source for indigenous peoples
since antiquity. Whalers and sealers also caught adult birds at sea or ashore, seal
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colonies often being in close proximity to those of shearwaters. The popular term
‘muttonbird’, used for shearwaters, is ambiguous; some suggest this term is a reference
to the woolly texture of the down of the nestling, others to their tasting like mutton
(Warham 1996). An extension of this theory is that they smell like mutton whilst being
cooked (they don’t), or were simply a substitute for mutton in the diet of a seafarer.
Another possibility is the burrowing characteristic, which is akin to that of rabbits
(underground mutton?). Today, muttonbirding occurs predominantly in the far south of
New Zealand, where the young of the Sooty Shearwater or ‘titi’ are harvested
traditionally by local Maori (Richdale 1948, Lyver et al. 1999). Similarly, in Tasmania,
the Short-tailed Shearwater forms the basis of a carefully controlled cottage industry
(Skira et al. 1996). The nestlings of both Sooty and Flesh-footed Shearwaters were
traditionally taken from Titi Island in New Zealand’s Cook Strait until the colonies’
decline prompted the cessation of harvesting in 1960 (Gaze 2000). Nonetheless, young
birds are thought to be still taken illegally in northern New Zealand (Imber 1985), and
applications under the Treaty of Waitangi are pending for the right to resume harvesting
on the Cook Strait islands (Warham 1996).
Several species of shearwater occur in both hemispheres and often undertake extensive
trans-equatorial movements. Six species of Puffinus cross the equator, including the
Short-tailed, Sooty and Flesh-footed Shearwaters. The change in hemispheres allows
participants to benefit from seasonal aggregations of prey during their nesting period
then, after breeding, to forage in the other hemisphere, where seasonal upwellings and
fronts provide food resources of a magnitude such that inter-specific competition is
much reduced (Warham 1990). Short-tailed Shearwaters choose cooler water in the
northern summer (sea surface temperature of 3.5-7°C) than that near the southern
locations where they breed, many individuals reaching the pack ice of the Bering Sea.
This seems to reflect the Antarctic component of their bimodal foraging (Weimerskirch
& Cherel 1998). Sooty Shearwaters prefer sea-surface temperatures of 11-12.5°C and
rarely penetrate this far north, although Kuroda (1991) found that these two species
tolerate sea-surface temperatures down to 3°C and 4°C respectively. The more
temperate Flesh-footed Shearwater prefers waters of 7°C or greater (Warham 1990,
1996).
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2.3 The breeding chronology of the Flesh-footed
Shearwater Puffinus carneipes
2.3.1 The Flesh-footed Shearwater
The breeding colonies of the Flesh-footed Shearwater, are widely separated, but
generally occur between 30°S and 40°S. The southerly margin of the species range
coincides with the northerly limit of the Sooty Shearwater in Cook Strait, New Zealand,
where the two breed sympatrically at around 41°S (Gaze 2000). Other eastern
populations occur around the north of New Zealand, at Lord Howe Island, off the coast
of New South Wales, and on Smith Island, near the south-eastern tip of the Eyre
Peninsula, South Australia. The western populations breed on islands along the
southern coast of Western Australia at 33-35°S (Warham 1958, Marchant & Higgins
1990, Johnstone & Storr 1998) and, on Île St. Paul and Île Amsterdam in the southern
Indian Ocean which together accommodate 400-600 breeding pairs (Jouventin 1994a,
in Warham 1996).
Two sub-species are recognised, Puffinus carneipes hullianus Mathews 1934 of the
eastern populations, and P. c. carneipes Gould 1844 of the western populations. The
two are said to be separable by a slightly more robust beak and longer average wing
length in the former (Hindwood 1945). The specific epithet carneipes is derived from
the Latin carnis (flesh) and pes (foot) - an expression which has, in the past, been a
point of some ambiguity. Whilst the species is often referred to as the Fleshy-footed
Shearwater, the name is inappropriate as it implies a fleshy nature. Although strikingly
pink in colour, the tarsi and webs of the Flesh-footed Shearwater are no more ‘fleshy’
by nature than those of any other shearwater, even if the Latin name suggests otherwise.
Flesh-footed contains less of this imputation. The American term Pale-footed
Shearwater might have been more acceptable if the Flesh-footed Shearwater is to be
distinguished from its sibling species the Pink-footed Shearwater P. creatopus, a
poorly-known species endemic to South America. Nonetheless, the former name has
been dropped from the AOU Checklist. Other common names of the Flesh-footed
Shearwater include Big Muttonbird, Lord Howe Island Muttonbird, and ‘toanui’ (Imber
1985, Marchant & Higgins 1990).
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Flesh-footed and Pink-footed Shearwaters have a similar anatomy, both weigh up to
around 700g, and breed in similar latitudes at 30-40°S. Both are distinctive in having
pink webs and tarsi, as well as a pale, but dark-tipped beak. No other member of
Puffinus shares these characteristics (Warham 1990). However, the Pink-footed
Shearwater’s distribution is much restricted, breeding only on the Chilean islands of
Robinson Crusoe and Santa Clara in the Juan Fernández Archipelago and on Isla
Mocha, which lies some 700km south-east of these, about 35km from mainland Chile
(Guicking 1999, Guicking et al. 2001). Additionally, the Pink-footed Shearwater is
markedly different in that it exhibits plumage polymorphism with pale, dark and,
intermediate phases (Warham 1990). It has been suggested that the Pink-footed
Shearwater is a geographical variant of the Flesh-footed Shearwater, which is entirely
brownish-black above and below (Marchant & Higgins 1990).
2.3.2

The contra-nuptial season

Considerable numbers of Flesh-footed Shearwaters are known to congregate in the
Arabian Sea and the Gulf of Oman during the austral winter (Bailey 1966). These are
assumed to be Western Australian birds (ssp. carneipes), because numerous recoveries
of birds banded on Lord Howe Island suggest that those from eastern Australian
colonies (ssp. hullianus) migrate into the north-west Pacific (Hutton 1990, Marchant &
Higgins 1990). However, the movement of Western Australian birds north-westwards
through the Indian Ocean has yet to be confirmed by recoveries of banded individuals.
New Zealand birds (ssp. hullianus) apparently follow a different route through the
central Pacific to Korean and Japanese waters, concentrating off the west coast of North
America whilst in transit (Imber 1985, Warham 1996).
The climate of the Arabian Sea is dominated by two monsoons, with conflicting
oceanographic effects. From May to September the wind is predominantly from the
south-west and the humidity is high. The effect of the south-west monsoon is to set up
a clockwise system of surface currents which, at certain points off the coast, carry
surface water away from the shore allowing cool, nutrient-rich sub-surface water to upwell towards the surface. During this period, the high surface nutrient concentrations
near the coast facilitate the proliferation of phytoplankton, which in turn increases the
abundance of zooplankton and organisms higher in the food chain. Conversely, from
November to March when the wind is from the north-east and the air is dry, upwellings
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cease and warm oceanic water, lacking in nutrients, accumulates at the surface close to
the Arabian coast (Bailey 1966). This author reported the Flesh-footed Shearwater as a
common visitor to the Arabian Sea during the south-west monsoon. Although no birds
were observed during March, late in May flocks could be seen south of the Laccadive
Islands heading north-west, probably towards the upwellings off Arabia. Off south-east
Arabia itself, small numbers were present at the end of May; however, Flesh-footed
Shearwaters were most common in this region from late June to mid-August, close to
shore in the area of coldest surface water (ibid.). Gibson-Hill (1953, in Warham 1958)
suggested that, upon leaving their breeding grounds, Flesh-footed Shearwaters from
Western Australia moved westward around Cape Leeuwin, making for the waters south
of the Houtman Abrolhos Islands.
“Thence they strike out diagonally across the southern part of the Indian Ocean, finishing up
somewhere in the broad patch of open sea north of the Mascarene Islands. Here, they pick up
the monsoon in June and are carried round with it in a broad sweep. First northwards, past
the Seychelles, then eastwards between the Maldives and Laccadives, past the south-west
coast of Ceylon, and so down again towards Australia, skirting the Fremantle coast,
southward bound in September” (Warham 1958, p.2).

2.3.3 Return to the breeding colonies
Whether on distant migration or dispersed at sea, the return of shearwaters to their
colonies may involve a mass influx, as in the case of long-distance migrants, or be a
more gradual process. In the latter instance, the earliest birds may only fly over the
breeding sites, not landing until several nights later (Warham 1990). Although Falla
(1934) noticed Flesh-footed Shearwaters off the coast of northern New Zealand in early
September, adults reappear in southern Australian waters about the third week of that
month (Serventy et al. 1971). Breeding males are usually the first to return, inspecting
and cleaning out their burrows whilst awaiting their partners. The first signs of their
return are occasional vocalisations on dark nights, and newly thrown soil at the entrance
to a few burrows (Warham 1990). The tendency to return to their natal colonies seems
well developed, but ultimately depends upon the young bird’s ability to navigate back
to, and recall the environs of it birthplace. This is thought to be the result of imprinting,
presumably attained during nocturnal explorations prior to fledging. Once having bred
at a colony, adult shearwaters tend to remain faithful to it, particularly if a nestling was
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successfully reared. Presumably having a mate with whom one has previously bred
successfully, and a knowledge of the nest surroundings is advantageous, although
precise locations often change because burrows collapse or their entrances become
filled with soil or choked with new vegetation during the contra-nuptial season
(Warham 1990, pers. obs.).
Shearwaters are well known for their rafting behaviour, during which flocks assemble
on the sea near their nesting islands towards evening, the birds resting and preening as
they await the onset of darkness. Warham (1960) described offshore rafts of Shorttailed Shearwaters 1-2km long that broke up as groups of birds rose and headed for
their colonies at dusk. Warham (1958) noted similar behaviour in Flesh-footed
Shearwaters, where a raft of up to 700 birds assembled regularly in the late afternoon,
about 2km south of Eclipse Island, Western Australia. The birds became increasingly
restless with the fading light until, shortly after dusk, the whole raft would dissipate, the
birds flying off in groups, just above the waves. At about the same time, the first
individuals were circling over the island.
2.3.4 Courtship
Once ashore, shearwaters are noisy, especially during the periods of courtship and
copulation. The noise peaks in the first hour or two following landfall, then declines
for much of the night as many birds sleep on the surface. Whilst some depart silently
during the night, the din increases again with the main daily departure which usually
ends in the half-light of dawn (Warham 1990). Observations made during the present
study agree with Warham (1958) in that occasionally, calling was heard from Fleshfooted Shearwaters in flight, but much more from others on the ground.
The song of this shearwater is described as a ‘trisyllabic asthmatical crooning’ in three
parts; 1) a brief, ‘warming up’ series of “gug, gug, gugs”, leading into 2) the trisyllabic
crooning with the middle syllable stressed “koo-kooo-ah”. This is repeated 3-6 times in
succession, becoming increasingly hysterical in tone, the “kooo” becoming a scream
towards the end. The first two syllables are given as the breath is expelled, the final sob
on inspiration. 3) The conclusion is a splutter rapidly dying away, not unlike the
introductory phrase (Warham 1958). Described equally as colourfully by John
Warham:
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“Bursts of activity are followed by rests or sleep, but the chorus is rekindled locally when
particularly vociferous pairs burst into song and neighbours join in. This pool of activity
quietens as the initiators fall silent, but the din kindles outbursts at the periphery so that the
sound spreads outwards from its origin like the waves from a stone dropped into a pond”

(Warham 1996, p.299).
Hutton (1990) similarly described the courtship of Flesh-footed Shearwaters as “a
raucous cacophony of whistles and shrieks that continues all night”, whilst Falla (1934)
noted that throughout November, the din at night associated with courtship and mating
was considerable. The repertoire of courting birds may also include a variety of quiet
cackling sounds, not unlike those of a broody hen (Warham 1958).
2.3.5 The pre-laying exodus
The interval, following the return of the birds to their breeding grounds, to the time of
egg laying varies considerably between species according to body size and migratory
status. In shearwaters, this period is 30-38% of the length of the whole reproductive
cycle and, in some species, includes a pre-laying exodus in which some or all birds
leave their breeding colony to forage at sea while the egg is forming (Warham 1990). It
has not been confirmed whether Flesh-footed Shearwaters undertake a pre-laying
exodus following courtship (Serventy et al. 1971), although Thoreson (1967) suggested
that an absence of about 20 days preceded laying by New Zealand birds. A key factor
in determining whether there is a long or short exodus, or any exodus at all, will be the
distance to the main feeding grounds. Inshore foragers would be expected to have
either a brief exodus or none, whilst those that undertake more distant expeditions are
likely to be absent for longer. This may also determine whether an exodus is total or
partial (Warham 1990).
The exodus is complete in the Short-tailed Shearwater, all birds, including nonbreeders, departing their nesting grounds early in November, so that the colonies
become deserted within five days. The return of the birds about two weeks later is
equally dramatic; the first eggs are laid the night they re-appear (Marshall & Serventy
1956). In contrast, the Sooty Shearwater, a species very similar to the Short-tailed
Shearwater in its breeding timetable and ecology, exhibits only a partial exodus,
perhaps restricted to females only (Warham et al. 1982). Both species show trans-

20

equatorial movements and exist in huge populations. However, incubation shifts are
longer in the Short-tailed than in the larger Sooty Shearwater (Table 2.1), which may
suggest that the former are exploiting more distant foods (Warham 1990). A pre-laying
exodus has likewise been recorded in the more sedentary Wedge-tailed Shearwater
(Swanson & Merritt 1974, Garkaklis et al. 1998), although in this species the colonies
were never completely deserted; probably, non-breeders failed to participate.
2.3.6 Egg laying
Egg laying may be spread out over many days in more sedentary species, or over only a
few days as with the highly migratory forms. The Short-tailed and Sooty Shearwaters
provide examples of compressed laying, presumably associated with the tight breeding
schedules needed to fit in vast trans-equatorial migrations (Serventy 1963, Warham et
al. 1982). However, in the Manx Shearwater, another species known to make extensive
post-breeding migrations, laying is spread over a period nearly three times that of the
former two species (Harris 1966). The same may be said of the Wedge-tailed
Shearwater (Shallenberger 1973), although less is known of its seasonal movements.
Relatively short laying periods are known, however, in other non-migratory
Procellariiformes namely the Blue Petrel Halobaena caerulea (Jouventin et al. 1985)
and Sooty Albatross Phoebetria fusca (Jouventin & Weimerskirch 1984, in Warham
1990), so that such anomalies probably arise through a series of unstudied factors.
Short-tailed Shearwaters, for example, breed over a wide range in latitude, adjacent to
seas that vary widely oceanographically, for instance in their temperature, chemistry
and microfauna. Nonetheless, the laying dates of Short-tailed Shearwaters are the same
throughout their range and from year to year (Serventy 1963).
Despite a scarcity of data, in Flesh-footed Shearwaters the laying period is thought to
be well synchronised, most eggs being laid at Western Australian colonies within two
weeks during late November and early December (Serventy et al. 1971, Marchant &
Higgins 1990). In 1943, a Mr. A.V. Newman visited Eclipse Island and found that the
bulk of egg-laying took place from 4-6 December (Serventy & Whittel 1976); however,
details of this visit are unavailable. Similarly, eggs are laid on Lord Howe Island
during the first week of December (Hutton 1990) and dates of laying vary little between
colonies.
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2.3.7 Incubation
Like most of the Flesh-footed Shearwater’s breeding schedule, the incubation period is
not well known; Warham’s (1958) visit to Eclipse Island was too late in the season to
ascertain it. Generally, the pattern seems to be the same throughout the
Procellariiformes; development of the nestling within and without the egg is slow and,
ceteris paribus, large petrels take longer to hatch their eggs than small ones (Warham
1990). However, within the genus Puffinus, incubation period does not appear to
increase relative to body size (Table 2.1). On Lord Howe Island, Flesh-footed
Shearwaters incubate for about 57 days (Hutton 1990). Marchant and Higgins (1990)
generously quoted 60 days as the incubation period, a reasonable estimate if, as
Warham (1958) suggested, hatching peaked between 30 January and 3 February.
2.3.8 The hatchling
A recently hatched Flesh-footed Shearwater nestling resembles a fluffy ball. The down
is about 25mm thick dorsally and is coloured medium-grey, although it is lighter on the
breast, belly, and under the wings (Warham 1958). The tarsi and webs are usually
grey-blue, as is the beak. However, in some older nestlings the tarsi and beak were
almost white, in marked contrast to the dark maxillary unguis which is characteristic of
the species. As described by Warham (1958), the very young nestling, when handled,
‘chirrups’ persistently whilst striking at the fingers, perhaps reflecting the fierceness of
its parents, or in solicitation of a potential meal. Similar chirruping occurs when adult
birds arrive at the nest.
On the altricial/precocial scale of development, Warham (1983) considered that
shearwaters, and indeed all petrels, fitted best into the semi-precocial category. The
nestlings are dependent on their parents because of their slow growth and need of
provisioning, but have a precocious ability to rapidly attain body temperature and to
move around on their legs almost as soon as their down is dry. Nestlings of burrowing
petrels are usually left unattended after only a few days, whereas those of surface
nesting species are guarded for weeks rather than days, but this is not due exclusively to
the former being sheltered from aerial predation. Rather, nestlings of burrowing
species simply attain homeothermy much sooner than the others, irrespective of body
size (Farner & Serventy 1959, Bech et al. 1982).
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2.3.9 The brooding /guard stage
The guard stage is defined as the period between hatching and the time at which the
chick is first left alone in the nest. This can be further divided into a brooding period
when the nestling’s body temperature is maintained by the parent, and a post-brooding
period during which the parent is on guard, but the chick is homeothermic (Warham
1990). Farner & Serventy (1959) found that two-day old Short-tailed Shearwater
nestlings could maintain body temperatures almost equivalent to those of adults despite
being in burrows that were 15oC cooler. Similarly, unattended Wedge- tailed
Shearwater nestlings in burrows at 5oC were homeothermic at around 34oC (Bech et al.
1982).
Although brooding/guard periods of two to three days are common in burrowing
petrels, some chicks are left alone after being brooded for only a few hours (Warham et
al. 1977). On Eclipse Island, Warham (1958) reported two instances in which the time
of hatching was known. In both, the Flesh-footed Shearwater nestling was brooded by
both parents for only two days before being left alone. Another three chicks, found
soon after hatching, were estimated to have been brooded for two, three, and three days
respectively.
2.3.10 The nestling period
Adults usually feed their nestling soon after reaching the nest and, whilst some depart
immediately after this, others remain in the burrow, or outside on the ground nearby.
Both parents feed the Flesh-footed Shearwater nestling, although their visits may be
rather brief or infrequent and, once brooding is over, it is evidently by chance alone that
they meet at the nest. Warham (1958) observed that during a chick’s first 10-12 days in
the nest it was visited, on average, about six times and, that the visits of the two parents
coincided more frequently when the chick was younger. For a detailed account of the
transfer of food from adult to young, see Warham (1958).
The nestling period can be defined as the time elapsed between the hatching of the
chick, and the time when it finally leaves its nest and fledges. Although the largest
petrel species take longer to rear their chicks than the smallest (Warham 1990), like
incubation, the nestling period in Puffinus shearwaters does not increase relative to
body size (Table 2.1). Nestling periods are, however, generally much more variable
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than incubation periods (Table 2.1). This is partly because the embryo develops within
the microclimate of an egg, which contains its own food supply, whereas outside, the
nestling may have to cope with highly variable food resources. Variation in the
nestling period within a population could more likely be ascribed to variation in
foraging success and provisioning by individual parents. Under weight nestlings are
likely to remain in the nest for longer, while badly starved ones may die there or
wander off and die elsewhere. Others may successfully fledge whilst under weight, and
then survive to return to their natal colony (Warham 1990, but see Sagar & Horning
1998, Hunter et al. 2000).
Richdale (1963) found that whether Sooty Shearwater nestlings were well-fed or
otherwise, the time spent in the nest rarely differed. This was evident also in Wedgetailed Shearwaters, Brooke (1986) suggesting that fledging weight reflected parental
quality and that the trend was not only constant within pairs, but also hereditary.
Bradley et al. (2000) supported this suggestion by the change in serial correlations in
body mass when nestlings were exchanged between burrows. Some of the variation
may also stem from environmental conditions, such as El Niño effects (Ribic et al.
1992) or violent gales at the time of fledging. Similarly, calms may inhibit departures,
as may bright moonlight (Storey & Grimmer 1986, Klomp & Furness 1992, Granadeiro
et al. 1998).
The duration of the nestling period is determined in part by chick growth rate but also
by the pattern of development and the stage of development at which the chick leaves
the nest. Regardless of their position on the altricial / precocial spectrum, body mass in
most seabirds increases almost monotonically before reaching an asymptotic mass
similar to adult mass around fledging (Hamer et al. 2001). However, there are a
number of exceptions to this pattern. In the Procellariiformes, for example, nestlings
accumulate large quantities of non-structural body fat during their development,
resulting in body masses far in excess of adult body mass (Chapter 1).
Petrel chicks typically attain body masses of 130-150% those of their parents (Warham
1990, Table 15.4, pp.364-5), but in smaller species (e.g. storm petrels-Family
Hydrobatidae) nestling body masses may consistently reach 140-170% those of adults,
and even as high as 192% (Beck & Brown 1972). The Puffinus shearwaters are no
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exception to this phenomenon of nestling obesity, chicks of the Short-Tailed
Shearwater rising to 144% adult mass before declining towards fledging (Serventy et
al. 1971, Lill & Baldwin 1983). The development of skeletal body parts follows a
more normal growth curve than body mass. The legs and feet typically grow fastest,
reaching asymptotic values by the time 55-70% of the nestling period has elapsed. This
presumably affords the chick mobility in the nest from an early age. The head and beak
follow, reaching their asymptote after 60-90% of the nestling period has elapsed. Wing
development tends to lag, because wings are of little use until the nestling begins to
venture outside the nest towards the time it fledges. Thus, wings often barely reach
adult length before the chick’s first flight (Warham 1990, Saffer et al. 2000b). Both
mass accumulation in nestlings and the development of their skeletal extremities will
receive a more detailed treatment in subsequent chapters.
As the nestling grows it becomes increasingly active and spends more time awake.
Towards the time it leaves the nest, the young bird becomes more restless and its
weight falls; it tends to venture to the burrow entrance and, later, embarks on nocturnal
excursions outside the burrow. These explorations are accompanied by bouts of wingflapping in preparation for departure of the colony. During this exploratory phase, the
young bird conditions its flight muscles, finds the best places for final take-off and,
presumably becomes imprinted with the environs of its natal colony (Warham 1990).
2.3.11 The desertion period
The final abandonment of their nestling by parents is known as the desertion or
starvation period. The nestling completes its development alone in the burrow whilst
losing weight, eventually flying off unaided. A true desertion period is almost confined
to the highly migratory petrels, but even then there are exceptions. A few transequatorial species do not desert their nestlings, but these are in the minority. Warham
(1990) suggested that some of this variability might relate to parental experience and
foraging efficiency. A bird stressed by provisioning an offspring may, at the end of the
season, switch to self-feeding in readiness to migrate, leaving its nestling to its own
devices; a more experienced parent, in better condition, might not need to do that. To
establish that true desertion occurs, it must be shown that the parents do not visit the
nest after the nestling has departed. This is difficult to demonstrate without the aid of
automatic monitoring equipment. Simply fencing burrow entrances with barricades is
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of little value, as they are displaced during the nocturnal activities of the nestling.
Similarly, continued barricade monitoring after nestlings have departed may indicate
whether parents have also departed, but may equally indicate the entry of other
nestlings or, indeed, other animals (Warham 1990). Desertion periods have been
established in both Sooty Shearwaters (Richdale 1963) and Short-tailed Shearwaters
(Serventy et al. 1971, Lill & Baldwin 1983), these averaging 12 and 14 days
respectively. Other notable post-nuptial migrants for which a desertion period has been
established include the Manx Shearwater (Harris 1966) and Cory’s Shearwater
Calonectris diomedea (Zino et al. 1987). Conversely, Wedge-tailed Shearwaters have
no desertion period; in this species, parents feed their nestling until it fledges and they
are mainly sedentary, although Australian populations do shift north after breeding
(Warham 1990). Nonetheless, there is no direct evidence that transient species desert
their nestlings specifically in order to commence their migration. Tracking of parent
birds by satellite telemetry might clarify this (ibid). Warham (1958) did not determine
a desertion period in Flesh-footed Shearwaters.
2.3.12 Fledging
Fledging is taken as the time of the nestling’s first flight, assuming that the young bird
permanently leaves the colony at this time. Consequently, assumed fledging dates may
not necessarily reflect the date on which a fledgling reaches the ocean. Some may
alight closer to the coast and delay final departure, especially if they fail to get away
before dawn on their first attempt. Such leavers may take refuge in burrows at lower
altitude and await the onset of darkness before making a new attempt (pers. obs.). In
practice, the fledging date is taken as the time at which the full grown nestling was last
recorded at the nest and, for the above reasons, true ages at departure may be
underestimated (Warham 1990). Warham (1958) gave an average nestling period of 92
days for his Eclipse Island Flesh-footed Shearwaters, although this was calculated from
a sample of three individuals, for only one of which was the precise date of hatching
known. Hutton (1990) made no mention of sample size, but quoted about 90 days.
From the records of these workers, and others (e.g. Marchant & Higgins 1990), the
yearly breeding cycle of Western Australian Flesh-footed Shearwaters is outlined in
Figure 2.1.
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Figure 2.1. The annual cycle of the Flesh-footed Shearwater Puffinus carneipes.
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Chapter 3
The field site and general
methodology
3.1 The field site
3.1.1 The Archipelago of the Recherche and Woody Island
The fieldwork was undertaken on Woody Island, in the Archipelago of the Recherche a chain of islands and reefs occupying part of the Southern Ocean, adjacent to the
eastern portion of Western Australia’s south coast. The Archipelago comprises over
1500 rocks, shoals and granite islands (105 of which are named) and covers about
3,900km2 in total area (Latitudes 33o 37´- 34o 28´S, Longitudes 121o 30´- 124o 10´E).
Commencing with Figure of Eight Island, 35km SW of Esperance, the Archipelago
stretches some 245km eastward to Christmas Island, in the Eastern Group, near Israelite
Bay, at the western extremity of the Great Australian Bight. A striking feature of the
Archipelago is the small size of the individual islands in comparison to their great
number, all ranging in area from less than half a hectare, to slightly more than 10km2.
The largest islands are Middle, Mondrain, Salisbury, North Twin Peak, Figure of Eight
and Christmas Islands.
With the exception of Middle Island, the Archipelago was collectively gazetted in 1948,
as a nature reserve for the conservation of flora and fauna (Béchervaise 1954). It is
now an A-class Nature Reserve (Reserve 22796) vested under the Western Australian
Department of Conservation and Land Management (CALM). Woody Island is
situated at 33o 58´S, 122o 01´E, and lies 16km south-east of the port of Esperance, a
coastal town with a population of approximately 13,500. About 240ha in area, Woody
is the largest island within Esperance Bay, the body of water semi-enclosed by
Observatory Point to the north-west, and Cape Le Grand to the south-east (Figure 3.1).
In the early 1980s the Esperance Shire Council moved that one of the islands in the
Archipelago of the Recherche be officially developed for tourism. Mr. Don Mackenzie
had been transporting tourists to Woody Island since 1973, under licence granted by the
Department of Fisheries and Wildlife, and had already undertaken the construction of a
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jetty. Accordingly, it was decided by the Shire to allow the further development of
Woody Island to include a tourist jetty, camping and accommodation facilities, as well
as a visitors centre and kiosk, under a lease agreement with CALM (Mackenzie &
Colliver 1995). Due to its current standing as a centre for nature-based tourism, Woody
Island is an A-class Nature Reserve in its own right (CALM Reserve 39435). The
above-mentioned facilities and daily ferry service, both generously made available to
this study by Mackenzie’s Island Cruises, are unique to the Archipelago and, made the
project possible. Moreover, the proximity of the camping facilities to the study sites
greatly improved the logistics of the study and, although small, the shearwater breeding
colonies on Woody Island were assumed to be representative of others within the
Archipelago of the Recherche.

3.1.2 Climate and topography
The Archipelago exhibits a temperate oceanic climate with winter rain, dominated by
anticyclone-borne east/south-easterly winds during the summer months, replaced by
westerlies as low-pressure systems move across the southern Indian Ocean during
winter. Climatic data for Esperance are representative of Woody Island, although
factors such as landmass may suggest slightly more continental conditions than those
experienced offshore (Fairbridge & Serventy 1954). Maximum and minimum daily
temperatures range from 17.1-26.4°C and 8.2-15.9°C respectively (means 21.9°C and
11.9°C over 25 years 1968-1992). Mean climatic data for these years is presented in
Appendix 1. Climatic extremes for 41 years (1962-2002) are presented in Appendix 2.
Mean annual rainfall is 618mm (33 years 1970-2002, range 404-873mm), the wettest
month being July (Esperance Meteorological Office, pers. comm.).
The Esperance coastline is characterised by spectacular peaks, granite tors and,
prominent headlands and islands resulting from periods of intense geological activity
and changing sea level. Deformation of the extensive Albany-Fraser Orogen gave rise
to projections of Precambrian granite and metasedimentary rock, which typify the
indented coastline and the innumerable navigational obstacles lying offshore.
Fluctuations in sea level since the Eocene (37-54 million years BP), when it fell from a
higher to much lower level than present, have resulted in wave-quarried benches of
granite above and below the sea’s present level. These are evident throughout the
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Archipelago and, on contiguous coastal landforms (Chape & Hesp 1984, Johnson &
Baddock 1998). Bays between headlands facing south and southwest are subject to
heavy swells and wind waves, resulting in wide, high-energy surf zones with bar/rip
systems and reefs, whilst east-facing bays are sheltered. Holocene (10,000 years BP present) or Quindalup Dune sands accumulated within bays as coastal dunes which, in
most areas, are stabilised by widespread, species-rich heath vegetation. During the
Pleistocene (1.5 million-10,000 years BP), ancient sands amassed forming immense
dunes. The calcareous sands that formed these dunes contained a high proportion of
lime, derived from seashells and minute marine organisms. The lime was dissolved by
acidic rainwater, then re-deposited as the water evaporated, cementing the sand grains
together forming coastal limestone or aeolianite. This limestone complex, known as
Tamala Limestone, occurs from the south coast of Western Australia, north to Shark
Bay and represents the ancient Spearwood Dune System (Chape & Hesp 1984, Rippey
& Rowland 1995).
In general, the topography of the Archipelago is characterised by conical or domeshaped projections of granite, rising from the Continental Shelf which, from a
geomorphological perspective, are comparable with those of the mainland that rise from
the coastal sand plains. Beaches are scarce. Matthew Flinders, however, during his
voyages of 1801-1803 made mention of ‘dune limestone’ overlying granite on the south
side of Middle Island and on Goose Island, a small islet in the northern bay of the
former. These, as well as Boxer and Salisbury Islands, in particular, feature substantial
limestone cappings (Béchervaise 1951, 1954). On such islands a completely different
topography is apparent. Not only do they support a different flora, but feature a flattish,
undulating upper surface accentuated by the hard limestone crust. The sides then drop
sharply away as ‘talus’ cliffs to expose the sandy dune material beneath, often windscoured to form shallow caves (Fairbridge & Serventy 1954).
Although devoid of limestone, Woody Island is typical of the region in exhibiting
precipitous outcrops and slopes of smooth pale granite, rising to 130.5m at the summit.
Morgan & Peers (1973) described the bedrock as a composition of Precambrian
migmatite, with alternating bands of mixed lath-granite and garnet-gneiss. Much of this
is overlain with a soil cover derived from sand and decaying rock, of correspondingly
higher acidity (pH4-5) than that which overlies aeolianite (pH6-8) (Abbott 1980). On
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the higher slopes, soil profiles are absent because the parent material is constantly being
eroded (Goodsell et al. 1976), whereas the gentler lower slopes are less prone to
erosion, and soil materials have accumulated.
3.1.3 Woody Island flora
In comparison to the sparsely covered granite typical of the Archipelago, the floral
composition of Woody Island is diverse. Most of the island is vegetated, although there
is a marked difference between the flora of the east-end and that of the northwest and
southwest sections. Low heaths and shrubs cover the exposed, western perimeter of the
island, and stabilise shallow soils. In contrast, the east-end has a much deeper soil
cover, supporting the tall Eucalyptus woodland from which the island derives its name.
There is interdependence between exposure, the slope gradient, and soil depth, as well
as corresponding interdependence between soil depth and the dominant vegetative
formations (Goodsell et al. 1976).
The list of vegetation recorded on Woody Island by Willis (1953) was amended and
reproduced by Goodsell et al. (1976). A plant collection compiled by Mrs. Coral
Turley of the Esperance Wildflower Society, during March 2002, is itemised in
Appendix 3. Above the 10m contour, thickets of Acacia-Melaleuca complex are
intermittent among belts of Bald Island Marlock Eucalyptus conferruminata, Yate E.
cornuta, and Coastal Moort E. utilis (formerly E. platypus ssp.heterophylla) to 15m tall,
which occur in pure and mixed stands. The medium-closed vegetative complex of the
lower eastern slopes of the island consists mainly of dense shrubs 1-3m high,
decreasing in height with proximity to the sea. In the deeper soils of the narrow,
eastern headland Granite Bottlebrush Melaleuca elliptica, Moonah M. lanceolata and
Mohan M. viminea are conspicuous, as are Saltbush Rhagodia baccata, Boobiala
Myoporum insulare and Rice-flower Pimelea ferruginea. These species, along with
Coastal Daisy Bush Olearia axillaris, and Beard Heath Leucopogon revolutus are
particularly prominent around the eastern perimeter below the 20m contour.
Here, Flesh-footed Shearwaters burrow amongst Rhagodia and Melaleuca scrub in the
bay facing south, near the south-eastern point, and at Twiggy’s Landing, the adjacent
south-facing bay at the headland’s base. A concentration of burrows also occurs in
level ground facing north, east of the main building in Shearwater Bay, whilst
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occasional burrows are scattered along the south coast above precipitous granite slopes
towards the south-west extremity of the island. Despite extensive slopes of Rhagodia
and Myoporum overlooking Skinny-dip Bay on the northeastern shore, there is no
evidence of colonisation by shearwaters on these slopes.
3.1.4 Woody Island fauna
Current biological information regarding the seabird fauna of Woody Island is scarce,
scientific visits in recent years having been few and of short duration. The most
recently published ornithological account is that of Lane (1984), who counted 14 adult
Flesh-footed Shearwaters in burrows towards the end of October 1982. Ten birds were
banded (Australian Bird and Bat Banding Database, pers. comm.). Abbott (1981), who
spent about two weeks on the island in February 1976, found fewer than 100 burrows
on the southern coast, about 80 of which were said to be occupied by breeding pairs.
The most thorough study of Woody Island to date is that of Goodsell et al. (1976).
Over ten days during October and November 1975, these authors compiled a detailed
topographical and biological inventory of the island and noted some subjects previously
unrecorded for the Archipelago. Given the enormity of their task, however, the
shearwater colonies received only a cursory inspection. One bird was captured, whilst
occupied burrows were said to be ‘common along the south coast of the island’,
presumably on the eastern headland. They were unable to ascertain whether egg laying
had commenced. Earlier ornithological visits were made by Hull (1922), Serventy
(1947) and Serventy (1952), but for a general account of the marine avifauna of
Western Australia’s southern coastline see Lane (1984). A list of birds recorded on
Woody Island during this study is presented in Appendix 4.
The bathymetry of Esperance Bay suggests that sets of islands were isolated at different
times during the last rise in sea level and consequently, the biological features of some
islands are quite distinctive (Goodsell et al. 1976). Death Adders Acanthophis
antarcticus may be found on most of the Archipelago’s islands (Béchervaise 1951);
whilst Rosenberg’s Monitor Varanus rosenbergi occurs on Middle Island, as does the
Tammar Wallaby Macropus eugenii. Tammars are also present on North Twin Peak
Island, whilst the Black-footed Rock Wallaby Petrogale penicillata has been recorded
on Wilson, Mondrain, Coombe and Salisury Islands (Serventy 1947). Off the south
coast of Western Australia, rock wallabies occur only on islands over 10,500 years old
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whereas, with one exception, tammars occur on islands younger than this (TyndaleBiscoe 1973). Both snakes and native mammals are absent from Woody Island,
although Goodsell et al. (1976) lists the Ashy-Grey Mouse Pseudomys albocinereus.
Before receiving A-class reserve status, Woody Island had been subject to conflicting
uses, such as timber felling, burning, and the introduction of exotic grazing animals.
Whilst sheep have long been removed, a small population of Western Grey Kangaroos
Macropus fuliginosus persists. Although Ship Rats Rattus rattus alexandrinus are
regularly encountered, no rodent predation of shearwater eggs or chicks is obvious.
Warham (1958) commented on the number of eggs holed by the large, predatory King’s
Skink Egernia kingii on Eclipse Island. As Abbott (1981) observed, E. kingii is absent
on Woody Island. However, its smaller congener, the Cuvier’s Skink E. napoleonis
(Glauert 1954) is conspicuous and scavenging of abandoned eggs by these reptiles is
common.

3.2 General methodology
3.2.1 The breeding colonies
Data were collected from three small breeding colonies on Woody Island. The colonies
are located at Twiggy’s Landing (colony A), the unnamed southeastern bay (colony B)
and east of the main building in Shearwater Bay (colony C) (Plate 3.1). The breeding
sites themselves are well defined, perhaps with the exception of colony C. Both
colonies A and B contain a network of distinct trails through dense Rhagodia and
Myoporum thicket, formed by shearwater traffic and probably kangaroos. These occur
throughout the sites, dividing the vegetation into small sections. The trails assist in
locating and accessing burrows, whilst others deep within the vegetation are
inaccessible.
At the western boundary of colony A, the ground rises steeply beyond the trail, giving
way to almost vertical granite. The northern perimeter of the site is fringed by dense
Melaleuca scrub which similarly rises, although more gently, to the 10m contour
adjacent to the walking trail from the camp. This trail encircles Twiggy’s Landing to
the east as it descends, almost creating an amphitheatre. Similarly, a walking trail
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outlines Colony B along its northern slopes and a steep track leads down to the sea at its
eastern boundary. Vegetation becomes less dense at the western end of this bay, which
eventually becomes a smooth granite incline. Situated on low-lying level ground, the
north-facing colony C is less typical. Here, the shearwaters nest in a range of habitat,
including sparse Rhagodia to the west, dense Melaleuca to the east, open ground
beneath tall Eucalyptus to the south, and under granite slabs and boulders towards the
sea. The total burrowed ground over the three colonies covers areas of approximately
1700m2, 2400m2 and 2900m2 respectively.
3.2.2 Burrow monitoring
Adult Flesh-footed Shearwaters return to southern Australian waters about the third
week of September (Serventy et al. 1971). From mid-October, all accessible burrows
were monitored daily using knock-down barricades. These consisted of flat, wooden
‘pop-sticks’ 100 x 10 x 1mm, placed in the burrow entrances. Depending on the width
of the burrow mouth, between two and five sticks were deployed per barricade, placed
upright in the soil, with the flat faces oriented towards the entrance. Burrow activity
was determined by repeated displacement of the barricades when adult shearwaters
returned to the colony at night in preparation for breeding.
Active burrows were mapped, assigned unique identification numbers and marked with
numbered plastic ‘ear-tags’ intended for livestock. These tags were either stapled to
wooden stakes hammered into the ground next to the burrow or attached to adjacent
shrubbery with thin-gauge copper wire. The markers are weatherproof, and should
suffice to make the burrows concerned identifiable in the long-term. 136 burrows have
been numbered at Colony A, the number of active burrows varying from year to year as
some collapsed or filled with soil, whilst new ones appeared. From the calling of adults
and chicks, it was clear that many more active burrows existed, although these were
concealed within dense vegetation. Because Woody Island is an A-class Nature
Reserve, destruction or removal of vegetation is prohibited. Concealed burrows,
therefore, remained inaccessible. Colony A included a small concentration of burrows
in low-lying ground, east of the encircling trail adjacent to the rocky shore. At Colony
B and Colony C, 49 and 38 burrows have been numbered respectively.
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Plate 3.1. The eastern headland of Woody Island, and the three Flesh-footed Shearwater colonies.
A: Twiggy’s Landing. B: the unnamed southeastern bay. C: Shearwater Bay.

Monitoring of barricades continued throughout the breeding season, from mid-October
until the second week of May when most fledglings had departed. From midNovember, when egg laying begins, active burrows were, in addition to barricade
monitoring, subject to daily visual examination to determine laying dates. Visual
examination was achieved by way of a 12v battery-powered infra-red burrowscope.
This device consisted of a small video camera mounted inside the end of a 2m flexible
corrugated tube of approximately 50mm diameter. The tube could be manoeuvred
down a burrow by twisting the tube, whilst projecting an image onto a small LED
monitor at the surface (Dyer & Hill 1991, Lyver et al. 1998). The burrowscope camera
was manipulated carefully underneath birds in active burrows daily, until the presence
of an egg was confirmed. This practice continued until approximately mid-December,
when egg laying concluded. Burrowscope monitoring recommenced around midJanuary to determine dates of hatching and, subsequently, cessation of brooding of
hatched chicks.
3.2.3 Daily weighing of nestlings
At a total of 20 nests, incorporating all three colonies, the chick was weighed daily
(with occasional breaks of up to ten days), from the time, soon after hatching, when it
was left unattended by day, until it left the burrow permanently. Chicks were accessed
either by reaching into the nest chamber from the burrow entrance or through a hatch
dug into the burrow close to the nest chamber. This provided a sample of chicks from
burrows of varying length. It was decided that twenty chicks was an acceptable sample
size mainly due to the typically low number of accessible chicks in each year – even
when considering those accessible via hatches. Hatches were covered with either a flat
slab of granite or a square of plywood weighted with a rock. Chicks were placed in a
calico weighing-bag, and their body masses were recorded to the nearest gram up to
100g, then to the nearest 5g thereafter, using Pesola™ spring balances.
3.2.4 Linear skeletal measurements
At weekly intervals, during the daily weighing sessions, measurements of head length,
beak length, beak depth, and tarsus length were taken, to the nearest 0.1mm using dial
vernier calipers. The head length was measured from the tip of the maxillary unguis
(upper nail of the beak) to the supraoccipital (the rear of the skull). Because the edge of
the exposed culminicorn was sometimes difficult to define, particularly in young
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chicks, the beak length was measured from the tip of the maxillary unguis (upper nail)
to the posterior extremity of the nares (nasal tubes) when viewed from directly above.
The beak depth was measured vertically through the nares and, the tarsus length was
taken as the length of the tarsometatarsus (inner tarsus). Wing measurements were
made using a stainless-steel stopped rule to the nearest 1mm. These measurements
were of the maximum flattened chord of the metacarpal, excluding down and,
thereafter, to the longest developing primary feather. Where appropriate, specimens
were measured on the right-hand side, to eliminate variability resulting from fluctuating
asymmetry (Cuervo & Møller 1999). An index of moult was employed, as a means of
monitoring feather growth, where nestlings were scored weekly, during linear skeletal
measurements. Scores from 1-5 were assigned, reflecting the progression from down to
feather [1 = 100-76% down (no visible feather development), 2 = 75-51% down
(developing primaries visible), 3 = 50/50 down/feathers, 4 = 51-75% feathered, 5 = 76100% feathered].
3.2.5 Capture and banding of adults and pre-fledglings
Adult shearwaters were captured at random, as they returned to the colonies after dusk
throughout each season. Captures were made using a hand net, and captured birds were
weighed and measured as described above. Following issue of the appropriate licence
and authority, adults were banded during 2002 and 2003, following the guidelines of
the Australian Bird and Bat Banding Database (ABBBS). Pre-fledging chicks were
banded at the nest prior to their final departure.
3.2.6 Licenses and authorities relevant to this project
All procedures in the field were performed in accordance with the following
legislation:¾ Authority to Enter CALM Land and/or Waters (Woody Island and Breaksea Island).
Conservation and Land Management Regulations 2002, Regulation 4. Department
of Conservation and Land Management, Western Australia.
¾ Licence to Take Fauna for Scientific Purposes. Wildlife Conservation Act 1950,
Regulation 17. Department of Conservation and Land Management, Western
Australia.
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¾ Authority (Class R) to capture (Level 2 - basic capture methods) and band Fleshfooted Shearwaters Puffinus carneipes, Australian Bird and Bat Banding Database,
Environment Australia, Canberra.
¾ Licence to Take and Mark Fauna for Research Purposes. Wildlife Conservation
Act 1950, Regulation 23. Department of Conservation and Land Management,
Western Australia.
¾ Licence to Take Fauna for Educational or Public Purposes, Wildlife Conservation
Act 1950, Regulation 15. Department of Conservation and Land Management,
Western Australia.
¾ Permit for Research / Educational Excursion in CALM Estate. Conservation and
Land Management Act 1984, WCA Regulation 46 & NPA Regulations.
Department of Conservation and Land Management, Western Australia.
¾ Authority to Perform Operations or Experiments on Animals. Prevention of
Cruelty to Animals Act 1920, Western Australia.
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Chapter 4
The Breeding Colony
4.1 Introduction
In general, underground nesting is uncommon among birds, but of the few terrestrial
species that do (including bee-eaters Merops spp., kingfishers of the sub-Family
Alcedininae and Sand Martins Riparia riparia), burrows are typically in vertical faces
of exposed earth, in riverbanks or similar situations. Although Burrowing Owls Athene
eunicularia, Kakapos Strigops habroptilus and shelducks Tadorna spp. are also known
to nest underground, they often or usually make use of existing burrows excavated by
other animals, such as rabbits (Furness 1991). In contrast to terrestrial species,
burrowing is prevalent among some groups of colonial seabirds, and is the normal
mode of nesting among many procellariiforms. These include the Puffinus shearwaters,
which generally visit their colonies only by night (Warham 1990). It is reasonable to
infer that both the nocturnal habits and burrow-nesting tendencies of the smaller petrels
are predator avoidance adaptations, a parallel also evident in the auks (Family Alcidae)
(Gaston & Jones 1998) and some penguins (Family Spheniscidae) (Williams 1995).
The benefits of burrow nesting could also include protection from climatic extremes, as
well as the opportunity for long-distance foragers to temporarily desert their egg in the
protected microclimate of the burrow (Furness 1991).
Shearwaters breed mostly on islands or remote headlands beyond the reach of
mammalian terrestrial predators, usually in close proximity to the sea (Warham 1990).
The few mainland colonies that exist are either relict (Lyver et al. 2000) or montane
populations (Cuthbert & Davis 2002). Usually open habitats are favoured, with low or
no vegetation to aid take-off during calm weather (Richardson 1961). About 86% of
procellariiform species breed in such habitats, whilst the remainder nest below dense
vegetation and forest, some having to dive through forest canopies to reach their nests
(Warham & Wilson 1982, Warham 1990). Most procellariiforms, but particularly
shearwaters, are colonial breeders. Shearwaters are almost exclusively burrow-nesters,
although there are some tropical exceptions (Warham 1990). High densities are
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achieved by burrowing species, the biggest aggregations occurring at high latitudes,
particularly in the subantarctic. Skira et al. (1985) estimated a total breeding stock of
some 23 million Short-tailed Shearwaters in the Tasmanian /Bass Strait region, whilst
up to 2.75 million pairs of Sooty Shearwater are reported to breed on New Zealand’s
Snares Islands. Here, burrow-entrance densities up to 1.2.m-2 were recorded (Warham
& Wilson 1982). Some surface-nesting seabirds such as guillemots Uria spp. and some
penguins nest at extremely high densities (sometimes over 10.m-2), whereas burrow
entrances rarely exceed densities of 3.m-2. Thus, burrow nesting may be a limiting
factor upon the size of a population, particularly on a small island (Nelson 1980).
Seabirds do not burrow into the ground at random. Primarily, burrowing depends upon
vegetative cover, as well as the depth and suitability of substrates, which may vary from
waterlogged and peaty soils, to heavy clay and soft, dry, sand (Warham 1990).
However, factors such as gradient and aspect are known to also play a role. For
instance, the timing of breeding by seabirds in some arctic colonies was affected by the
spring thaw, which differed between sites according to aspect and consequently
exposure, as well as the order in which different habitats drained away the winter buildup of water (Hornung & Harris 1976). Similarly, puffins Fratercula spp. selected
medium to steep slopes (37°- 45°) in which to burrow, because take-off from shallow
slopes was more difficult (ibid.). Gradient has also been linked to breeding success,
when larger, higher quality birds occupied burrows in the steeper sloping areas
(Nettleship 1971). When Manx Shearwaters colonised a new area, sites were selected
where the vegetation was already disrupted by erosion, presumably allowing easier
initial penetration (Storey & Lien 1985). Similar observations were made by Sealy
(1976). Burrowing seabirds that colonise a new area appear to select sloping areas
where erosion is active, in preference to more stable, flat and heavily vegetated areas
(Furness 1991).
Although soil type, depth and structure all influenced the physical stability of a colony,
Harris (1984) considered that the most important factor was gradient. On very steep
slopes the soil is liable to slumping, but on stable slopes between 20° and 40°
burrowing results in much less disturbance to soil and vegetation than on level ground.
On level ground burrowing is restricted to a single level; the tunnels run parallel to the
surface at a depth that gives an adequate roof thickness, whereas on steeper slopes
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burrows can be driven in horizontally. The difference is that the amount of soil
disturbed on level ground is a proportion of the surface area, whilst on a steep slope it is
proportional to the total volume of soil. For example, if burrow length is constant, an
entrance density of 3.m-2 in soil 500mm deep will affect 48% of a level site, but only
12% of a 30°-slope (Harris 1984). Given similar soil conditions, the difference
between level and sloping ground may be crucial. Hornung (1981) reported that
entrance densities in unstable sites commonly exceeded 2.m-2, reaching up to 4.m-2 in
some badly eroded areas. Such densities can result in destruction of the substrate to a
level that the slope collapses and the colony is no longer habitable (Harris 1984).
Lockley (1953) referred to the “habit of puffins” in “colonising a turfy island, working
it to a ruin, and perforce, departing for new territory”.
Estimating the size of a seabird population is more complicated than simply conducting
a ground count of birds on nests, or of burrow entrances. Failed breeders and nonbreeders will probably be at sea, as will young birds who may not return to their colony
for several years following fledging (Warham 1996). Additionally, disused burrows,
those dug by unsuccessful parents, as well as burrows with multiple entrances may lead
to an overestimate of the population of breeding birds. Census methods will, however,
vary with the objective and, in order to relate burrow densities to substrate or
vegetation, simple estimates based on counts of burrow entrances within marked
quadrats may suffice (e.g. Hunter et al. 1982). Although there may be some logic in
delaying the discussion of breeding success (the proportion of eggs laid that ultimately
produce fledglings) until a much later chapter, factors such as aspect, gradient and
burrow geometry, as discussed by Nettleship (1971), Hornung & Harris (1976), Harris
(1984) and Brooke (1990) may have significant effects upon breeding success. Such
variables therefore, seemed worthy of examination following these discussions and,
consequently, this chapter concludes with an examination of hatching and fledging in
relation to geographic factors at the breeding colony.
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4.2 Methods
Burrow density was measured at the three colonies using strip transect sampling during
April 2003. Aspect (compass direction of slope) was recorded to ± 1°, then categorised
to a general aspect within a 45° sector. In the absence of an inclinometer, the angle of
slope was not measured, but estimated as either slight (<10°), medium (10°- 40°) or
steep (>40°) (West & Nilsson 1994). A transect line was stretched across the colonies
above the vegetation, over courses selected to include as great a strip of burrowed
ground as possible. This stratified method of sampling was employed because of
distinct natural boundaries to the colonies that preclude burrowing by birds (refer
Section 3.2.1), and randomly selected transects extending outside of these boundaries
would, consequently, have returned consistent densities of zero. In short, burrowed
ground only was sampled, rather than burrowed and non-burrowed ground.
Three transects, of 38m, 30m and 18.5m were made following headings inland from the
shore over Colony A. Three similar transects, of 40m, 30m and 24m were made over
Colony B and two transects (45m and 15m) were made parallel to the shore over
Colony C. A 2m-long PVC tube was threaded onto the line with 1m extending either
side. The tube was moved along the line and burrow entrances falling within its
extremities were scored (Naarding 1980). As outlined in Section 3.2.2, destruction or
removal of vegetation is prohibited on nature reserves. Consequently, dense vegetation
falling within the transect strips probably contained entrances that evaded detection due
to the reluctance to inflict unnecessary damage, in line with a policy of minimum
impact. Calculated burrow entrance densities may, therefore, be underestimated. The
2m wide transects provided sampled areas of 76m2, 60m2 and 37m2 (173m2 in total) at
Colony A, 80m2, 60m2 and 48m2 (188m2 in total) at Colony B, and 90m2 and 30m2
(120m2 in total) at Colony C. All data were transformed to burrows m-2 transect-1 for
each colony, and then pooled to obtain a mean burrow density at each colony.
Given the relatively small number of accessible burrows, as many as possible were
monitored for activity, using knock-down barricades. Burrows that showed continued
activity after the initial influx of birds during October were then monitored daily,
towards the time of egg laying, using the infra-red burrowscope described in Chapter 3.
Not all of these monitored burrows necessarily contained eggs or chicks later.
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Burrowscope monitoring allowed the distance from the burrow entrance to the nest
chamber to be measured against a scale marked on the exterior of the burrowscope
tube. This technique necessarily restricted the measurement of burrows to those within
the range of the length of the tube (2m). However, a preliminary investigation of
burrow lengths during the 2000 contra-nuptial season, using a long length of flexible
plastic strapping, revealed that the number of burrows longer than 2m was less than 5%
of the total examined. The lengths of burrows, in which an egg was subsequently laid,
were later compared between years. Additionally, the number of entrances to the nest
chamber was recorded, as well as whether the burrow was branched or not.
Soil depth sampling was performed in quadrats marked along transects at the three
breeding colonies and also on the north-eastern slopes of Woody Island, overlooking
Skinny-dip Bay (Plate 4.1). There was no evidence of burrowing in this area, nor is
there any record of shearwaters having colonised these slopes. Soil depth transects
were undertaken here because the vegetation, gradient and soil accumulation appeared
similar to that at the known breeding areas, particularly colonies A and B. Aspect and
slope were measured in the same manner as described in Section 4.2.1. Soil depth was
measured using a 1m-long x 6mm diameter sharpened spring-steel probe. Quadrats
were marked out in 2m diameter plots, at 5m intervals along transects, with soil
penetrations made 90° apart and at the centre point of each quadrat. The density of
vegetation meant that random placement of straight-line transects was not feasible.
Instead, transects followed a compass bearing, as closely as possible, along trails
between the vegetation, in keeping with the policy of minimum environmental impact.
Initially, the probe was pushed into the soil as far as possible, then withdrawn to the
surface and ‘thumped’ back into the soil vigorously. Each penetration consisted of one
‘push’ followed by four ‘thumps’. The final depth of penetration of the probe was
measured against a steel tape measure. Soil depth at each quadrat was the mean of the
five penetrations. The mean was used to allow for anomalous readings due to buried
rocks etc. (Neil & Dyer 1992, Cuthbert & Davis 2002).
Three transects, of 65m, 55m and 50m were made over the north-eastern slopes.
Additionally, three transects (35m, 25m and 20m) were made over Colony A, two (60m
and 35m) over Colony B and two transects (50m and 55m) over Colony C. For
purposes of data analysis, these have been labelled Transects 1-10 respectively. Unless
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stated otherwise, statistical analyses were performed using the SPSS Advanced
Statistical Package for Windows™ (Norusis 1994). All data were, prior to analysis,
explored for outliers or extreme variables, as well as homogeneity of variances. Where
necessary, data were log-transformed to improve conformity with basic testing
assumptions. If these remained seriously violated following log-transformation, nonparametric tests were employed, which assume neither homogeneity of variance nor a
normal distribution (Kinnear & Gray 2000).
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Plate 4.1. The east end of Woody Island, showing the north-eastern slopes overlooking Skinny-dip Bay (encircled).

Breeding success may be defined loosely as the proportion of eggs laid that ultimately
yield fledglings. However, in this study, breeding success was calculated by
multiplying the proportion of eggs laid that hatch (hatching success) by the proportion
of chicks that fledge (fledging success) following the methods of Brooke (1990). The
effects of variables such as aspect, gradient and burrow geometry upon these outcomes
have been discussed already. The 2001 field season did not commence until April of
that year, by which time the chicks were well grown. Consequently, dates of hatching
were unknown and any estimation of fledging would be strongly biased by any early
mortality of chicks. Data concerning the 2001 nestlings was, therefore, removed from
breeding success analyses. Similarly, hatching was unable to be assessed for the
1999/2000 breeding season; however, the chicks of 2000 were monitored from early
post-hatching, thereby allowing an unbiased assessment of fledging success during that
year. Aspect, gradient and burrow length, as described in Sections 4.2.1 and 4.2.2, at
each of the three colonies were examined over the years 2000, 2002 and 2003.
Data were analysed by logistic regression using the EGRET for Windows™ program
(CYTEL 1999), with hatching (successful eggs) and fledging (successful chicks) as
dependent variables. Shearwaters are known to be highly philopatric; i.e. they are
faithful to their natal colony, as well as to their breeding partner and burrow (Warham
1990). Although mate and nest fidelity could be confirmed by the recapture of only ten
banded pairs at their nest over two consecutive years, it was assumed that a substantial
proportion of the burrows would be utilised by the same birds from year to year. Thus,
it was assumed that underlying correlations would exist between outcomes for each
burrow over all years. In other words, there would be a repeat-measures effect
dependent on burrows. The CYTEL software, developed to deal with medical data, is
designed to accommodate the repeat-measures effect in logistic regression models.
Consequently, the factor ‘burrow’ was included as a random grouping variable when
the logistic regression models were defined. The significance of each dependent
variable in the logistic regression was determined by backward stepwise iteration,
eliminating first the variable whose significance value was highest when examined by a
Wald’s chi-square test in each model. As each variable was eliminated, the difference
in the deviance in each model was calculated. Deviance differences are robustly
distributed with a chi-square distribution, and consequently provide a robust test of
significance.
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4.3 Results
4.3.1 Burrow density
The slopes of Colony A and Colony B were of southerly aspect (135°- 225°) and
generally of a medium gradient (10°- 40°), although both contained a small number of
burrows in level ground. In contrast, Colony C was of a northerly aspect (310°- 045°)
and slight gradient (<10°). Despite these differences in aspect and gradient, burrow
density at Colony C was intermediate between the burrow densities at Colonies A and
B. A one-way analysis of variance (ANOVA) determined no significant difference in
burrow densities between the three colonies (F2, 5 = 0.496, p = 0.636). These are given
in the following table:

Colony
Transect 1
2
3
Mean (± SE)

A
0.18
0.18
0.30
0.22 (± 0.04)

B
0.12
0.23
0.10
0.15 (± 0.04)

C
0.08
0.27
0.17 (± 0.09)

In total, 80 burrows were counted in a sampled area of 481m2, giving a mean burrow
density for the total area sampled of 0.18.m-2 (± 0.03). If this value was typical for all
the areas where shearwaters breed, and estimating that the total area of burrowed
ground approximated 7000m2 (<0.3% of the total area of Woody Island), then it could
be calculated that the island contains 1100-1200 shearwater burrows. However, whilst
burrow densities did not vary significantly between colonies, transects were selected
non-randomly, to incorporate the maximum distance over burrowed ground at each
location. Consequently, this procedure may have favoured discrete concentrations of
more densely burrowed ground. Perhaps as a further consequence, the highest and
lowest burrow densities recorded, differed by almost four-fold. Thus, it is likely that
the mean burrow density and, consequently, the number of burrows on the island have
both been overestimated. Furthermore, not all burrows are necessarily used for
breeding in any single year and a more specific investigation would be needed to
predict the annual population of breeding birds. However, as a breeding station, it
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seems unlikely that Woody Island would contain over one thousand pairs of Fleshfooted Shearwaters. In all probability, this total is considerably less.
4.3.2 Burrow geometry
Nests were generally accessible to their occupants by a single, unbranched entrance
tunnel; very rarely was more than one burrow entrance detected. The burrows
measured, that later produced an egg, varied in length from 400mm to >2m. Most
sloped downwards at an angle estimated to be between 15° and 30°, so that the nest
chamber was up to 600mm below the surface depending on the configuration of the
ground. Burrows longer than 2m could not be measured and, consequently, were not
included in the analysis. However, assuming that burrows longer than 2m accounted
for less than 5% (refer Section 4.2), it was considered that the mean length of measured
burrows (1050 ± 16mm, N = 424) would have been underestimated only marginally.
Most burrows less than about 500mm in length were, in reality, not underground at all,
being merely shallow hollows scooped in the soil, effectively shaded from above by
tightly packed mat-like vegetation. The nest itself was a slight hollow, usually at the
far extremity of the burrow, which may have a lining of plant material, feathers or other
debris, including the wooden pop-sticks used as nest barricades. As observed by
Warham (1958) and Dyer (1990), burrow entrances were sometimes covered with grass
and other vegetation, presumably dragged there by the birds themselves. Between
colonies, measured burrows differed significantly in length during 2003 only (ANOVA,
F2, 116 = 5.184, p = 0.007) and, although burrows were shorter, on average, during 2000,
they did not differ significantly in length between years (χ23 = 2.813, p = 0.421, Figure
4.1).

51

1300

Burrow length (mm)

1200

1100

1000

900

800

700
2000

2001

2002

2003

Year
1150

Burrow length (mm)

1100

1050

1000

950

900
2000

2001

2002

2003

Year

Figure 4.1. Mean (± SE) lengths (mm) of Flesh-footed Shearwater burrows at Colonies
A (□), B (■) and C (◊) on Woody Island (upper graph), and mean (± SE) burrow
lengths (mm) overall, during four successive breeding seasons (lower graph).
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4.3.3 Soil depth
Soil depth measurements were obtained by sampling at 100 quadrats, over 10 transects
at four sites. The mean soil depths measured at each of the sites were as follows:-

Site
N-E slopes
Colony A
Colony B
Colony C
Colonies A-C

Mean (± SE) soil depth (mm)
Range (mm)
203.6 (± 11.0)
61-401
500.5 (± 21.2)
296-638
389.5 (± 23.3)
222-559
349.7 (± 13.9)
238-508
408.5 (± 13.6)
222-638

Quadrats
N=
37
19
21
23
63

Following log-transformation of the data, to correct for excessive heterogeneity of
variances, a one-way analysis of variance determined a highly significant difference in
soil depth between the ten transects overall (ANOVA, F9, 90 = 20.934, p = <0.001).
However, similar analyses could not determine significantly different soil depths
between transects at Colonies-A, -B or -C respectively (ANOVA, F2, 16 = 0.076, p =
0.927; t-test, t19 = 1.804, p = 0.087 and t21 = -1.276, p = 0.216). Post hoc contrast
analyses subsequently determined that although the soil depth on the north-eastern
slopes also did not vary significantly between the three transects conducted there
(ANOVA, F2, 34 = 2.560, p = 0.092), the soil was significantly shallower over each of
these than over any transect conducted at the three breeding colonies (Table 4.1, Figure
4.2).
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Table 4.1. Comparisons of log10 soil depth over ten transects conducted on Woody Island. The A-B p-value denotes the significance of Tukey’s
HSD post hoc multiple range tests for soil depth between the numbered transects falling under A and B in each column respectively.

B

1

6
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A

A

B

2
3
4
5
6
7
8
9
10

A-B
p=
0.986
0.149
<0.001
<0.001
<0.001
<0.001
0.041
0.018
0.001

A

B

1
3
4
5
6
7
8
9
10

A-B
p=
0.986
0.793
<0.001
<0.001
<0.001
<0.001
0.003
0.001
<0.001

2

1
2
3
4
5
7
8
9
10

<0.001
<0.001
<0.001
1.000
1.000
0.860
0.150
0.092
0.354

7

A

B

1
2
4
5
6
7
8
9
10

A-B
p=
0.149
0.793
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

3

1
2
3
4
5
6
8
9
10

<0.001
<0.001
<0.001
0.953
0.919
0.860
0.777
0.632
0.984

8

A

B

1
2
3
5
6
7
8
9
10

A-B
p=
<0.001
<0.001
<0.001
1.000
1.000
0.953
0.184
0.101
0.443

5

1
2
3
4
6
7
8
9
10

A-B
p=
<0.001
<0.001
<0.001
1.000
1.000
0.919
0.177
0.106
0.415

4

1
2
3
4
5
6
7
9
10

0.041
0.003
<0.001
0.184
0.177
0.150
0.777
1.000
0.999

9

1
2
3
4
5
6
7
8
10

0.018
0.001
<0.001
0.101
0.106
0.092
0.632
1.000
0.997

10

1
2
3
4
5
6
7
8
9

0.001
<0.001
<0.001
0.443
0.415
0.354
0.984
0.999
0.997
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Figure 4.2. Mean (± SE) soil depths (mm) on the north-eastern slopes (Transects 1-3),
at Colony-A (Transects 4-6), Colony-B (Transects 7-8) and Colony-C (Transects 9-10).
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4.3.4 Breeding success
Using logistic regression, least significant effects were progressively eliminated to
determine which parameters influenced the proportion of eggs that hatched, and the
proportion of chicks that fledged. The deviance differences were determined upon
elimination of a factor. In the case of ‘year’ and ‘gradient’, when considering hatching,
the other variable of the pair was retained as each was eliminated since both are
significant. Neither ‘aspect’, ‘colony’ nor ‘burrow length’ had any significant effect on
either of these outcomes; nor did ‘year’ upon fledging. By contrast, ‘year’ had a
marginally significant effect upon hatching, whilst ‘gradient’ was a highly significant
determinant of both hatching and fledging, as shown in Table 4.2.
Table 4.3 summarises the overall breeding success of Flesh-footed Shearwaters on
Woody Island over the 2001/2002 and 2002/2003 breeding seasons. The earlier season
showed a lower number of burrows visited during the pre-laying period and a lower
percentage of these subsequently produced eggs than during the latter. However, egg
loss was higher during 2002/2003, resulting in a lower percentage of hatchlings. By
contrast, a higher percentage of chicks were subsequently lost, resulting in a much
lower fledging percentage, in 2002 than in 2003. Breeding was more successful from
burrows located on a medium than slight gradient in both years, but the difference
between gradients was markedly greater during the latter. Overall breeding success
during 2001/2002 was 13.6% lower than during 2002/2003.
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Table 4.2. Significance of deviance differences between potentially influential parameters, progressively eliminated by
backward stepwise iteration in a logistic regression model used to examine breeding success, with hatching
(successful eggs) and fledging (successful chicks) as dependent variables.
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Parameter
Aspect
Colony
Burrow length
Year
Gradient

Deviance
difference
0.000
0.421
1.186
4.226
27.910

Hatching
Degrees Significance
freedom
p=
1
1.000
2
0.810
1
0.276
1
0.040
1
<0.001

Deviance
difference
0.000
0.474
2.071
0.573
34.527

Fledging
Degrees Significance
freedom
p=
1
1.000
2
0.789
1
0.150
2
0.751
1
<0.001

Table 4.3. Breeding success of Flesh-footed Shearwaters on Woody Island, during the 2001/2002 and 2002/2003 seasons.
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Breeding season Burrows showing
regular activity
prior to egg laying
2001/2002
-

2002/2003

Gradient Eggs
laid
slight

22

Active burrows
that produced
an egg
-

medium

63

-

160

total

85

53.1%

-

slight

34

-

-

medium

97

-

190

total

131

68.9%

Eggs
hatched
(A)
18
81.8%
49
77.8%
67
78.8%
11
32.3%
74
76.3%
85
64.9%

Chicks
fledged
(B)
7
38.9%
27
55.1%
34
50.7%
5
45.5%
64
86.5%
69
81.2%

Breeding
success
%A * %B
31.8%
42.9%
Overall
39.9%
14.7%
66.0%
Overall
52.7%

4.4 Discussion
When a breeding colony is spread over a relatively large area it is sometimes difficult to
determine whether the group exists as a single functional unit. Such situations pose the
question ‘when does a colony become two colonies’? To maintain a colony, some form
of communication is necessary and, this may be difficult to achieve when physical or
topographical features of the nesting area separate individuals (Coulson 2002). In
keeping with this, the three breeding areas on Woody Island were regarded as separate
colonies despite being only about 400m apart. Harris (1980) found that the breeding
performance of puffins was better in densely burrowed habitat, of 0.5-0.6 burrow m-2,
than in an area 500m away, of only 0.1 burrow m-2. Birds in the former area laid
earlier, a greater proportion of burrows there contained eggs, more eggs hatched, chicks
reached a higher peak mass, a greater proportion fledged and, they fledged heavier.
Conversely, in the sparsely populated area, more eggs were deserted and fewer lost
eggs were replaced. Harris (1984) considered it anthropomorphic to say that puffins
breeding at a higher density were ‘happier’; but nonetheless, they survived and bred
better.
Nettleship (1971) also attributed higher breeding success in puffins to density, but
burrow density was closely correlated with slope; pairs nesting on a steeper gradient
were better able to cope with parasitic gulls. Over two contrasting years of breeding,
nesting success on flat and sloping ground was 10% and 24% respectively during the
poor year, compared with 28% and 51% during the better year (ibid.). However, in a
nearby gull-free colony, 87% of eggs laid on flat ground and 93% laid on sloping
ground produced fledglings. The theory that a high density of individuals may confuse
or intimidate potential predators (Pierotti 1983) remains controversial, but predator
avoidance alone seems an unlikely factor in dictating burrow density, or indeed, colony
size. To some extent, it would be paradoxical for colonial breeding to have evolved as
an anti-predation strategy since seabird colonies are generally situated in places that are
relatively predator-free (Coulson 2002). Indeed, a high density of individuals may only
serve to attract predators.
On Woody Island, burrow density and predation are both relatively low. There was no
evidence of predation by Ship Rats; Flesh-footed Shearwaters seem to be of sufficient
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body size to co-exist with these rodents (Brooke 2004). The large Cuvier’s Skink
Egernia napoleonis was seen to take eggs (pers. obs.); however, whether this was
predation or scavenging of failed eggs is uncertain. Australian Ravens Corvus
coronoides occasionally dug chicks from their burrows, as described by Johnstone et al.
(1990). Undoubtedly sea eagles and other raptors also take adults and fledglings,
particularly at sea, but this was never witnessed at the colonies. Generally, chicks were
in good condition and mortality was low. There was no evidence of any disease such as
puffinosis (Dane 1948) seen in Manx Shearwaters or limey-bird disease (Munday 1966)
in Short-tailed Shearwaters. Ectoparasites (ticks) were seen on chicks only
occasionally. Flesh-footed Shearwaters were known only to nest in burrows; none were
observed to have laid on the surface, although much courtship activity was noted
beneath large granite slabs and boulders at Colony C. Due to inaccessibility, it was not
known whether these locations subsequently produced eggs or chicks.
The basic analyses performed, detected no significant differences in burrow density or
soil depth between the colonies on Woody Island. Furthermore, the finding that
shearwaters do not burrow in the expansive north-eastern slopes, where the soil is
significantly shallower than at any of the colonies, suggests that soil depth is the main
criterion for where the ground is burrowed. Harris (1984) considered that the most
important factor in the physical stability of a burrowing seabird colony was its gradient.
Soil disturbance is lower on a medium gradient than on level ground and, a partially
eroded slope is also easier to burrow (Sealy 1976, Storey & Lien 1985, Furness 1991).
Although Nettleship (1971) and Harris (1984) both attributed higher breeding success
to areas with a higher concentration of burrows, Nettleship (ibid.) found that burrow
density was closely related to gradient; higher density was positively correlated with
steeper ground, but this in turn was related to aerial predation. Removing predation
from the equation, breeding success was only 6% higher in burrows situated on a
steeper gradient in a predator-free area. During a poor year, however, breeding success
was 14% higher in burrows on a steeper gradient and 23% higher during a good season
(Nettleship 1971).
During February and March 2000, Woody Island experienced an overnight deluge of
70.2mm of rain, followed by a further 70.6mm in 48 hours, less than two weeks later
(Esperance Meteorological Office, pers. comm.). Consequently, some isolated
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incidents of burrow flooding and chick loss resulted in the low-lying area at Colony A,
as well as at Colony C. Considering that a mass death of pilchards also occurred
throughout the archipelago during the preceding year (Gaughan et al. 2000), one might
consider 2000 to have been a poor season. Unfortunately, figures for overall breeding
success are not available for that year, but fledging success was 17% higher than in
2002 and 13.5% lower than in 2003. Incidentally, fledging success was 22% greater
from nests situated on a medium than a slight gradient in 2000.
Whilst individual interpretations of good and poor seasons may vary, on Woody Island
the overall breeding success of 2002 (39.9%) was considerably lower than that of 2003
(52.7%). The poorer season exhibited initially, a lower loss of eggs (13.9% lower), but
a greater percentage (30.5% higher) of chick deaths than the other. Because eggs
typically fail during the early days of incubation, hatching success is generally lower
than fledging success (Brooke 1990, Warham 1990). However, the reverse was true in
2002, with almost 50% of the chicks perishing. Concurrently, breeding success was
11% higher from burrows situated on a medium than a slight gradient during the poorer
year, but over 50% higher during the better year. This reflects the observations of
Nettleship (1971), but the difference is much greater. This author related higher
breeding success to gradient because birds of higher quality or greater experience
occupied burrows in steeper sloping areas. Similarly, Thompson (1987 in Brooke
1990) found an inverse correlation between the wing length of male shearwaters and
the likelihood of their burrow flooding during rainstorms. If longer wings were an
indication of higher quality, then superior males may have been better able to defend
their higher quality burrows in steeper ground, from competitors.
Despite their philopatric tendencies, Brooke (op. cit.) confirmed that Manx Shearwaters
sometimes moved to a new burrow, but were more likely to do so following a breeding
failure than if a chick was raised successfully. A new burrow might offer better
prospects if breeding failed because the original burrow was in some way unsuitable.
This process would lead to the occupation of the best burrows by more experienced
birds. Thompson (op. cit.), however, after analysing burrow-quality in terms of
susceptibility to flooding, found no tendency for shearwaters that changed burrow to
move ‘up market’ to a higher quality residence. Thus, a bird could not assess the
quality of a prospective burrow in any other way than by actually attempting to breed in
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it. Nonetheless, this would still eventually result in experienced shearwaters using the
best burrows since those that raised chicks would be less likely to move.
It follows that the lower breeding success in burrows more susceptible to flooding is
likely not only because of the direct impact of flooding upon eggs or chicks, but also
because burrows situated on a slight gradient may be occupied by less experienced
breeders (Brooke 1990). Burrow density on Woody Island did not appear to vary with
colony and, consequently, with gradient. Breeding success, however, differed
significantly in relation to gradient; during two seasons that experienced no serious
incidences of burrow flooding.
On Lord Howe Island, Flesh-footed Shearwaters nest in lowland palm forest (Dyer
2001). This contrasts with Woody Island, where relatively open areas are colonised.
However, on nearby Remark Island, shearwaters nest in forested gullies (pers. obs.),
suggesting that in the Archipelago of the Recherche, nest site location is determined
predominantly by soil depth. On Woody Island, areas of soil depth exceeding about
300mm are burrowed; whether slight or medium in gradient and, aspect is of no
consequence. The higher breeding success evident in the sloping areas is probably due
to more experienced birds preferentially occupying these burrows, with occasional
catastrophic events contributing to lower success from burrows in low-lying ground
during some years. Nesting in these low areas persists because of an overall shortage of
suitable burrowing habitat on Woody Island, which in turn limits the size of the
breeding population there.
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Chapter 5
Pre-laying to hatching
5.1 Introduction
As noted in Section 2.3.2, adult Flesh-footed Shearwaters become more numerous in
south-western Australian waters towards the end of September (Serventy et al. 1971).
From then, until the commencement of laying, is an interval of some six to eight weeks.
During this pre-laying period burrows are fought over, reclaimed and extended, or new
ones are excavated; presumably by the male birds who arrive before their partners
(Warham 1990). The shearwater chisels at the soil with its beak and removes the spoil
with its webs, sending showers of earth from the burrow entrance.
By mid October, birds appeared over the Woody Island breeding colonies shortly after
dusk, but rarely were more than five or six individuals sighted at a time. Thereafter,
they continued to arrive throughout the night, but only intermittently following the
initial influx. At no time could they be seen rafting offshore, and the direction from
which they arrived was difficult to determine. As observed by Warham (1958), several
circuits of the colony were made before landing was attempted. On their final approach
the birds would sweep into the wind, braking with their spread webs, before raising
their wings to stall and drop to the ground, or crash-land into the vegetation. If startled,
they could move remarkably quickly across the ground, half-running and half-flapping.
More often, however, they would remain stationary for a period, perhaps to orientate
themselves, before moving off to their burrows. Incoming birds were usually silent,
calling on the wing only occasionally. Additionally, as Falla (1934) observed, the
colony was surprisingly quiet during the night. Only sporadic bouts of calling occurred
throughout the night, with an increase at the approach of the dawn departure.
Continuous vocal activity of the magnitude described by Hutton (1990) was not evident
even during late October and early November, prior to egg laying, the period which
Warham (1958) predicted should be the noisiest, when many unemployed birds visited
the breeding grounds. At no time were shearwaters seen copulating on the ground; this
activity presumably took place in the burrow.
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Although Thoreson (1967) suggested that the colonies of New Zealand Flesh-footed
Shearwaters became deserted for about 20 days prior-to egg laying, it has not been
confirmed that Western Australian birds undertake a pre-laying exodus. The exodus is
well known among the Puffinus shearwaters, and is evident as a fall in attendance at the
colony during an interval that follows copulation and precedes egg laying (Warham
1990). In the Manx Shearwater only the female departs to forage at sea and amass
energy reserves to aid formation of the egg. The male continues to visit the colony by
night, which may be important in defending the burrow against intruders.
Alternatively, he may be seeking opportunities for extra-pair copulations (Brooke
1990).
Warham (1990) suggested that a key factor in determining any pre-laying exodus,
whether it be long or short, total or partial, would be the distance to the main feeding
grounds. Inshore foragers could be expected to have either a brief exodus or none at
all, whilst those that undertake more distant expeditions are likely to be absent for
longer. The exodus has also been related to laying synchrony. If egg laying is spread
over several weeks, then later pairs will be busy with the preliminary stages of
courtship and burrow acquisition at the same time as earlier pairs approach laying. If
both members of a pair embarked on a pre-laying exodus, they could risk losing their
burrow to a late-breeding pair. The male’s departure on foraging expeditions by day
still enables him to build up the energy reserves necessary to undertake the first long
incubation shift (Brooke 1990).
In the Short-tailed Shearwater the pre-laying exodus is complete; the huge breeding
colonies become completely deserted within a few days. Two to three weeks later the
birds re-appear just as suddenly, the first eggs being laid immediately (Serventy 1963,
1967). Similar behaviour is known in the Greater Shearwater (Rowan 1952) and
Buller’s Shearwater (Harper 1983). Nonetheless, the highly abundant Sooty
Shearwater, a species very similar to the Short-tailed Shearwater in its breeding
timetable and ecology, exhibits only a partial exodus, perhaps restricted to females
(Warham et al. 1982). A partial exodus has likewise been recorded at the smaller
colonies of the more sedentary Wedge-tailed Shearwater (Swanson & Merritt 1974,
Garkaklis et al. 1998).
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Although the Flesh-footed Shearwater does not appear to breed in huge colonies, it is
presumed nonetheless, to cross the equator in its non-breeding season (Gibson-Hill
1953 in Warham 1958, Bailey 1966). If migratory movements have any relationship to
the pre-laying exodus, then, Flesh-footed Shearwaters should demonstrate at least a
partial exodus. This may, of course, depend on the proximity and productivity of
foraging grounds, which may vary temporally. If food is patchy and far from the
breeding colony, the pre-laying exodus may allow breeding even in the absence of a
dependable nearby food supply, making possible the use of temporary aggregations of
food that could otherwise not support a breeding population (Warham 1990). In
summary, a high degree of laying synchrony is evident in shearwater species that
exhibit the most pronounced pre-laying exodus (Serventy 1963, 1967, Rowan 1952,
Harper 1983).
The pre-laying exodus is one main stage of the breeding cycle during which adults
would be expected to accumulate fat reserves. This period at sea is thought to be
important in allowing the accumulation of energy reserves, facilitating long incubation
shifts, the first thought to be undertaken by the male. However, egg production would
also contribute to any such weight gain in females at this time (Lill & Baldwin 1983).
These authors found no mass increase in adult Short-tailed Shearwaters prior to the
exodus, despite daily foraging excursions. They attributed this finding to the energetic
costs of gonadal development, burrow digging and courtship. However, mean adult
mass underwent a significant 10% increase from shortly before the exodus to soon after
laying (ibid.).
When the female returns from her pre-laying exodus, she is carrying a fully formed,
fertilised egg. Since she has been absent from the colony for two to three weeks, the
implication is that the sperm necessary for fertilisation were received from her mate
prior to her departure, and stored internally to be released just before ovulation (Brooke
1990). Marshall & Serventy (1956) and Serventy (1967) investigated gonadogenesis in
Short-tailed Shearwaters and found that, at the time of the pre-laying exodus, oocytes in
females were undeveloped. The same females returned from their exodus carrying
shelled eggs, indicating that ovulation had occurred at sea. Whilst copulation at sea has
not been recorded in petrels, it seems unlikely given that the activity appears to require
a solid support for the participants (Warham 1990). Imber (1976) reported an
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extremely protracted exodus in the Grey-faced or Great-winged Petrel Pterodroma
macroptera, which implied an ability to store viable sperm for up to 60 days. Sperm
storage may make the pre-laying exodus possible in petrels, which in turn, permits the
formation of a large egg from distant or patchily distributed food resources (Hatch
1983).
Short-tailed Shearwaters breed more synchronously than almost all other birds, for
reasons not fully understood (Meathrel et al. 1993), with laying dates the same
throughout the species range and from year to year. Serventy (1963) reported a mean
laying date of 25-26 November with 85% of eggs laid within three days each side of
this date. It is likely that such a compressed laying period in a highly migratory species
is associated with the tight breeding schedules needed to encompass extensive seasonal
movements, whereas the actual date of laying is probably related more to the
availability of food during the pre-laying exodus (Warham 1990). However, despite
recording synchrony in laying similar to that reported by Serventy (1963), Meathrel et
al. (1993) noted that laying was spread over 16 days, between 21 November and 6
December. Although data concerning the Flesh-footed Shearwater are scarce, laying is
said to occur at Western Australian colonies over two weeks during late November and
early December (Serventy et al. 1971, Marchant & Higgins 1990). On Lord Howe
Island, eggs are laid during the first week of December and laying is reported to vary
little between colonies (Hutton 1990).
After laying, the female usually departs the nest within a day of two, delays usually
resulting from failure of her mate to return (Warham 1990). Brooke (1990) reported
that the average interval between laying and the onset of incubation by the male Manx
Shearwater, who undertakes the first long shift, is a fraction over one day. Thereafter,
partners alternate incubation shifts until hatching. Shift lengths vary, but a major
determinant may be body size, larger species having a greater capacity for fasting than
smaller ones. However, the relationship is not strictly allometric, because the longest
spells are not restricted to the great albatrosses (Warham 1990). The typical mean
duration of incubation shifts in some of the larger shearwaters range from 5 to 12.5
days (Warham 1990). Particularly long shifts of 20 days have been recorded for the
Great-winged Petrel, a species similar in size to the Flesh-footed Shearwater, which
mirror its protracted pre-laying exodus. Imber (1976) deduced, from an analysis of
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their prey that Great-winged Petrels may forage up to 650km from their colonies along
the Subtropical Convergence.
The time that elapses between the first penetration of the eggshell and the chick’s
complete freedom from the shell, is comparatively long in procellariiforms, often taking
place over a number of days (Warham 1990). Warham et al. (1982) closely followed
the hatching progress of seven Sooty Shearwater eggs from the time the first crack
appeared in the shell. Of these, one chick took five days, three took four days and three
took three days to break free from the shell; the mean time that elapsed was 3.7 days.
Brooke (1990) gave a similar estimate of about four days for the Manx Shearwater, but
added that this activity may continue for as long as a week. In the Wedge-tailed
Shearwater, this phase may be equally prolonged, accounting for 9.2% of the total
incubation period (Whittow et al. 1982, Pettit & Whittow 1983).
The total incubation period of an egg is defined as the length of time that elapses
between the laying of the egg and the chick emerging completely from the shell,
providing incubation is continuous (Warham 1990). The last proviso is important
because highly variable periods of ‘apparent’ incubation may result. Uninterrupted
incubation periods for burrowing petrels were given by Jouventin et al. (1985), but
otherwise most estimates fail to make the distinction (Warham 1990). For the Fleshfooted Shearwater, incubation periods of 57 and 60 days have been quoted (Hutton
1990, Marchant and Higgins 1990). However, it is unclear whether these estimates
accounted for interrupted incubation.
Nestlings of burrowing petrels can be left unattended after only a few days (Farner &
Serventy 1959), whereas those of surface-nesting species are typically guarded for
weeks rather than days. This, however, is not due exclusively to the former being
sheltered from aerial predation. Rather, nestlings of burrowing species seem to attain
homeothermy much sooner than others. Brooding or guard periods of two to three days
are typical of burrowing petrels and, appear unrelated to body size (Warham 1990). On
Eclipse Island, Warham (1958) reported two instances in which the time of hatching
was known. In both, the Flesh-footed Shearwater nestling was brooded for only two
days before being left alone by day.
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5.2 Methods
As detailed in Chapter 3, active burrows were monitored daily while on the island,
using knock-down barricades, from about mid-October. This enabled a record of
burrow entry to be maintained over critical periods of the breeding season, for example,
from the time the birds returned to the colony, through the courtship and mating period
until the conclusion of egg laying. Marked differences in burrow attendance over these
intervals will determine whether the Flesh-footed Shearwater undertakes a pre-laying
exodus and, if it does, to what extent.
In order to examine mate and nest fidelity, adult shearwaters were captured
opportunistically, weighed, measured and banded, using the methods described in
Section 3.2, from March 2002 to May 2002, and between October 2002 and May 2003.
Data collected during these sessions were used to examine whether adults experienced
any significant changes in body mass prior to egg-laying. Body masses of adults
handled during late 2002 were compared over three consecutive periods, namely in
mid-late October (during courtship), in early-mid November (before egg-laying), and in
late November-early December (during and after egg-laying). Statistical comparisons
of data from these three periods were made using the SPSS Advanced Statistical
Package for Windows™ (Norusis 1994).
From mid-late November, when egg laying begins, through the first week of December,
active burrows were subject to daily visual examination by burrowscope, in addition to
barricade monitoring (Chapter 3). This permitted the determination of laying dates and
provided a general overview of laying synchrony. The larger southern shearwaters,
such as the Short-tailed, Sooty and Flesh-footed Shearwaters can, in some respects,
make difficult subjects to study in the field. According to Warham (1990) these species
are very susceptible to disturbance, often deserting their egg if handled during
incubation. Consequently, disturbance, and handling of incubating adults in particular,
was kept to a minimum during this period. Handling of eggs was deliberately avoided
for this reason. Visual observations were generally made using the burrowscope, unless
a removable hatch, as described in Chapter 3, covered the nest chamber.
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At a small number of nests where newly incubating adults were beneath a hatch or only
a short distance from the burrow entrance, the bird was removed briefly from the egg
and marked on the forehead with a spot of highly visible, white paint. This enabled
marked individuals to be readily distinguished from their unmarked partners during
daily inspection of the nest using the burrowscope or by lifting the hatch. In this way,
changeovers between members of incubating pairs could be monitored. All marked
adults were weighed and measured, and each was fitted with a stainless steel leg band
conforming to federal banding and state animal welfare requirements.
Burrowscope monitoring recommenced around mid-January, towards the start of
hatching, in order to determine hatch dates and synchrony in hatching. Because the
process of hatching may take place over a number of days, a hatch date was considered
to be that date when a chick was free of its eggshell. The establishment of hatching
dates also allowed for the calculation of a mean incubation period for Flesh-footed
Shearwaters. This was calculated, in days, from the mean date of laying to the mean
date of hatching. The mean incubation period does not account for interrupted
incubation as defined in Section 5.1. Daily burrowscope monitoring also allowed
determination of the duration for which newly hatched chicks were brooded by their
parents before being left alone by day.
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5.3 Results
5.3.1 The pre-laying period
Figure 5.1 shows the percentage of active burrows entered, as determined by knockdown barricades, between mid-late October and early December during both 2001 and
2002. Burrow activity peaked on 5 November in 2001 (83% burrows entered), and on
30 October in 2002 (86%). Both years followed a similar pattern with increasing
activity until early November, then a marked fall reaching a nadir towards the third
week of November. There followed a steady rise in burrow activity into the first week
of December, which coincided, with the appearance of the first egg on 24 November
2002. The three divisions (A, B and C) on Figure 5.1 denote the periods 18-29
October, 5-12 November and 20 November to 6 December 2002, during which marked
adults were weighed. These periods corresponded to courtship and mating, the interval
immediately before the exodus, and the one after it that incorporated egg laying. A
partial exodus was confirmed by the marked reduction in burrow attendance between
periods B and C. Indeed, during both years, burrow attendance declined to 8-10% on
21-22 November, which followed a significant fall in mean adult body mass between
periods A and B (ANOVA, F2, 159 = 4.035, p = 0.020, Tukey’s HSD, p = 0.014) as
shown:

Period
A
B
C

Mean (± SE) adult body mass (g)
632.2 ± 5.1
605.6 ± 6.3
620.3 ± 11.0
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Sample size
90
40
32

5.3.2 Laying
Barricade monitoring indicated that the maximum burrow attendance (71%) following
the pre-laying exodus, occurred on 2 December in 2002 (Figure 5.1). The first egg of
the season appeared on 24 November, and daily examination until 6 December
confirmed that egg laying continued over at least this 13 day period. Of 113 eggs laid
during this interval, laying also peaked on 2 December to coincide with the maximum
post-exodus burrow attendance. 15% of the total number of eggs was laid on this date
(Figure 5.2), and over 90% of the total was laid by 6 December. Once visual
examination was resumed in January 2003, it was further confirmed that egg laying had
continued at least into the second week of December. This was evident from the
presence of 12 additional eggs (9.5% of the total) being incubated in burrows that were
empty on 6 December 2002. Disregarding these, because their specific laying dates
were unknown, the overall mean date of laying in 2002 was the night of 30 November
(Figure 5.2). Laying synchrony is summarised in the following table:

Days either side
of 30 November
1
2
4

Total laying
period (days)
3
5
9

Number
of eggs
38
68
104

% laid by
6 December
34
60
92

5.3.3 Incubation
To minimise disturbance, marked birds in accessible nests, were not removed to be
paint-marked until they were observed by burrowscope to be incubating an egg.
Consequently, it was not possible to determine at the time of marking, whether an
incubating bird was the female responsible for laying the egg or whether a changeover
had already taken place, so that the incubating bird was the male commencing his first
shift. Incubation was not monitored after 6 December so any subsequent changeovers
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were indeterminable. The available data are, therefore, minimal but nonetheless,
presented in Table 5.1.
On only one occasion was a complete changeover recorded, i.e. a member of an
incubating pair was seen to relieve its partner at the nest and was subsequently relieved
itself. This incubation shift was of two days duration (nest D in Table 5.1). Another
shift of four days preceding a changeover was recorded; however, this spell was itself
preceded by an absence of one day during which the egg was unattended (nest H in
Table 5.1). The same individual had been marked in the nest the previous morning,
after the egg was first sighted. At the other nests, it was not possible to determine
whether a changeover had occurred between discovery of the egg and the marking of
the incubating bird. Any subsequent changeovers after 6 December could not be
recorded. Nonetheless, it was evident that incubation shifts varied from at least one day
to over eight days in duration. Of seven eggs that were left unattended at some time
during the monitoring of incubation, three were subsequently known to have hatched.
One of these hatched after having been unattended for at least three consecutive days
(nest M in Table 5.1).
5.3.4 Hatching
When burrowscope monitoring recommenced on 14 January 2002, it was apparent that
hatching had begun. In two nests, adult shearwaters were already brooding small
young. Hatching continued over the remainder of the month (17 days), the final three
chicks becoming free of their shells on 30 January. Hatching peaked with nine chicks
on 23 January (Figure 5.3), which was also the mean hatching date, assuming that the
first two chicks hatched on 14 January. In 2003 the onset of hatching commenced later,
the first two chicks not emerging until 19 January. Hatching peaked the following day
with 14 new chicks and had largely concluded by 26 January, although late eggs
continued to hatch until 4 February (Figure 5.3). In common with 2002, the mean
hatching date in 2003 was 23 January and, similarly, hatching occurred over a 17-day
period. Given that the mean laying date in 2002 was the night of 30 November, the
Flesh-footed Shearwater incubates its egg for a mean period of 54 days, although
individual incubation periods varied by up to seven days either side of the mean.
Laying, hatching and incubation are summarised in the following table:
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Season
2001
2002
2002
2003

Mean laying date
[sample size]
Range
30/11/2002 [113]
24/11-6/12 (13 days)

Mean hatching date
[sample size]
Range
23/1 (61)
14/1-30/1 (17)
23/1/2003 [65]
19/1-4/2 (17 days)

Mean incubation
period [sample size]
Range
54 days [64]
47-61 days

5.3.5 Brooding
Often during burrowscope checks, a nest would on one day contain an adult shearwater
incubating an egg, and the next, an unattended chick. In these instances, the chick was
recorded as having been brooded for ‘zero days’. In early 2002, chicks were brooded
for periods of from zero to four days (N = 57), the mean duration of continuous
brooding being 1.3 days. The following season, the period of brooding was
significantly longer (t80 = 1.99, p = 0.001) at 2.1 days, ranging from zero to six days
(N = 48).
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Figure 5.1. Percentage of burrows entered, as determined by knock-down barricades, during the courtship (A),
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pre-laying exodus (B) and egg laying (C) periods in 2001 and 2002. The three divisions A, B and C
denote periods during which three subsets of birds were weighed during 2002.
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Figure 5.2. Frequency distribution of eggs (N = 113)
laid from 24 November to 6 December 2002.
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-27

-26
6

Table 5.1. Incubation shifts of marked (1) and unmarked (0) birds during November and December 2002. Each row represents a different nest. ‘L’ denotes
the date when the egg was first sighted by burrowscope, indicating that it had been laid the previous night. ‘L 1’ denotes that the incubating bird was marked
as soon as the egg was sighted. ‘E’ denotes an unattended egg.

Nest
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A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P

25

26
L

L

November
27
1

1

L1

28

29
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1
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3
4

1

1

L

1

1
1
0

1
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1
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0
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0
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0
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0
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1
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1
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Figure 5.3. Frequency distributions of chicks hatched over the
2002 (N = 64) and 2003 (N = 66) hatching periods.
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5.4 Discussion
Brooke (1990) and Lill & Baldwin (1983) reported that Manx and Short-tailed
Shearwaters arrived at their colonies heavy, following their migrations, and then
declined in weight during their respective pre-laying periods. Although the latter
species reached its mean annual minimum just before departure on the pre-laying
exodus, the fall in body mass preceding this event was not significant (Lill & Baldwin
1983). During 2001, Flesh-footed Shearwaters also showed a non-significant decline in
body mass prior to the pre-laying exodus, but whether they recouped appreciable mass
during the exodus could not be determined in that year. During 2002, the fall in mass
over the courtship and mating period was significant, suggesting that post-migratory
adults arrived at their colony well fed. The subsequent loss of body condition was
attributable to the energetic costs of gonadogenesis, courtship and burrow preparation.
Breeding adults then departed their colony and foraged at sea, returning from their prelaying exodus with the necessary energy reserves for egg laying and the initial
incubation shift.
However, the increase in mean body mass attained during the 2002 pre-laying exodus
was not significant. Although Lill & Baldwin (1983) recorded a 10% increase in postexodus body mass, they also reported a 14% loss in body mass during the first half of
the nestling period, in contrast to a similar increase during the more energetically
expensive incubation period. This, they attributed to reduced food abundance adjacent
to the colony which forced the Short-tailed Shearwaters to travel much farther to collect
food at this time. Thus, weight changes over the pre-laying period may be indicative of
stochasticity in foraging and food resources, rather than reflect any inherent patterns in
breeding energetics. Nonetheless, a low body mass does not necessarily indicate poor
condition because food is in short supply (Brooke 1990).
Clearly, an extremely low weight would suggest that a bird is nearing starvation. On
the other hand, a relatively low body mass may indicate that feeding conditions are
good. Presuming that not carrying excess weight is advantageous for a bird, if food is
plentiful a bird might remain lean because there would be no value in carrying
‘emergency rations’ in the form of body fat (ibid.). Conversely, an individual would
benefit from becoming heavy when the food supply is uncertain. The excess body fat
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would then provide the measure of insurance against difficulties likely to be
encountered in securing food, in line with the hypotheses of Lack (1968) and Ashmole
(1971) (Chapter 1).
The Short-tailed Shearwater is celebrated for its highly synchronous egg laying and
extreme pre-laying exodus (Meathrel et al. 1993, Warham 1990), presumably to
accommodate its extensive seasonal migration. Serventy (1963) reported that in this
species, 85% of eggs were laid within three days each side of the mean laying date
(seven days). However, despite this high concentration of eggs appearing over a
relatively short interval, the total laying period was spread over about 13 days (ibid.).
Similarly, Meathrel et al. (1993) showed that the Short-tailed Shearwater laid over a
period of 16 days, with about 90% of the eggs appearing within three days each side of
the mean. In contrast, the Manx Shearwater, another migratory species, exhibits only a
partial pre-laying exodus and comparatively asynchronous laying, which takes place
over a period nearly three times as long; extreme dates recorded were 77 days apart
during one year (Harris 1966). Whilst the Sooty Shearwater is less renowned for
deserting its colony during the pre-laying exodus, like the Short-tailed Shearwater it is a
highly migratory species and almost as synchronous in its laying (Warham et al. 1982).
These authors found that 66% of eggs were laid within a six-day period but laying
continued for at least 18 days. The Sooty Shearwater too, exhibits only a partial exodus
and makes less pronounced seasonal movements than the Short-tailed Shearwater
(Warham 1990).
Serventy et al. (1971) and Marchant & Higgins (1990) both stated that in Western
Australia, the Flesh-footed Shearwater laid over two weeks during late November and
early December. Hutton (1990) reported a slightly later period of laying on Lord Howe
Island, with the bulk of eggs appearing during the first week of December. During
2002 on Woody Island, over 90% of the total number of eggs was laid during a 13-day
period from 24 November to 6 December, during which the mean date of laying was 30
November. The remaining 9.5% of eggs were laid after 6 December. Ignoring the
latter, 34% were laid in a three-day period, 60% in a five-day period and 92% in a nineday period. Whilst clearly less synchronous during its peak of laying than the Shorttailed Shearwater, the total period over which laying was spread was remarkably
similar in the Flesh-footed Shearwater, given that less than 10% of eggs were laid
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outside a 13-day interval. Of even greater similarity was the 60% of eggs laid over five
days, compared to the 66% of Sooty Shearwater eggs laid over six days, given by
Warham et al. (1982). The total laying period of ‘at least 18 days’ quoted by these
authors, suggests that the Flesh-footed Shearwater may be more synchronous in its egg
laying than its larger southern congener. Furthermore, it does not appear to be
markedly less synchronous than the Short-tailed Shearwater, which questions the
universality of any relationship between a total pre-laying exodus and highly
synchronous egg laying (eg. Serventy 1963, 1967, Rowan 1952, Harper 1983).
Warham et al. (1982) found the roles of the sexes difficult to determine in incubating
Sooty Shearwaters owing to the species sensitivity to disturbance at the nest.
Nonetheless, from their observations, these authors determined that some females left
before dawn on the night during which they had laid, whilst others spent one or two
days with their egg before leaving the male to incubate. Warham (1990) cautioned that
Flesh-footed Shearwaters were equally susceptible to interference during incubation so,
in order to minimise the risk of desertion, marked birds in accessible nests were not
removed to be paint-marked during the present study until they were observed, by
burrowscope, to be incubating an egg. Consequently, it was not possible to determine
whether the individual marked was the female responsible for laying the egg or,
whether a changeover had already taken place; the incubating bird being the male
commencing his first shift.
Abandonment of eggs is a widespread phenomenon among petrels, be they subject to
interference by humans or not (Warham 1990). The most common cause of desertion is
the failure of the incubating bird’s mate to reappear, so that hunger eventually drives it
from the nest in search of food. In experienced pairs, the shift system runs relatively
smoothly and the relieving partner returns in adequate time to take over incubation
duties. Sometimes, however, for various reasons, relief is delayed and the bird on duty
is forced to depart in time to reach its feeding grounds. Consequently, the petrel egg
has an ability to withstand a certain degree of chilling, so allowing successful breeding
despite periodic absences by the prospective parents (ibid.). Matthews (1954) found
that absences of up to three days did not affect the viability of Manx Shearwater eggs,
but over longer periods of neglect survival declined until no eggs hatched after eight
days of chilling. In contrast, Shallenberger (1973) found that tropical Wedge-tailed
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Shearwaters regularly left their egg, particularly on hot days. That this occurred within
a short time of returning to the egg suggests that the departure was to prevent
overheating of the embryo rather than due to hunger.
On Woody Island, Flesh-footed Shearwater eggs were left unattended occasionally, but
usually for only a day or two, unless abandoned permanently. On one occasion, an egg
was unattended for at least three days and subsequently hatched. These observations
are in agreement with those of Matthews (1954). It is unlikely, however, that any eggs
were temporarily deserted to minimise the risk of overheating. Extremely hot days
were rare and burrow temperatures, whilst not measured specifically, were markedly
cooler than temperatures on the surface. Furthermore, eggs were generally deserted
during the night, left uncovered by day, and then incubated again the following day.
In both 2002 and 2003, hatching was spread over a 17-day period, although in the latter
year it both commenced and culminated later. Given that in 2002, 90% of eggs were
laid within a 13-day period, synchrony in laying and hatching are similar. This is not
surprising considering that individual incubation periods varied by 14 days;
presumably, earlier eggs hatched earliest and vice versa. Interruptions and temporary
absences during incubation could account for the more pronounced variation in
incubation periods. On Eclipse Island, Warham (1958) determined the exact day of
hatching at two nests only. At both, the chick was guarded continually for two days
before being left by day. Another three nestlings, found soon after hatching, were
estimated to have been brooded for two, three, and three days respectively.
Data obtained during this study indicate that many Flesh-footed Shearwater chicks were
indeed brooded for two and three day periods, but some for much longer and others,
only briefly. Chicks recorded as having been brooded for ‘zero days’ were likely to
have been brooded for a matter of hours, rather than days, before attaining
homeothermy. Perhaps sensing this, the attending parent presumably departed the nest
to commence foraging, any further delay being unnecessary. In these instances,
hatching and subsequent brooding would have taken place between consecutive
burrowscope checks (made at approximately 24-hour periods), so that these chicks
would probably have been brooded for a 12- to 24-hour period, rather than not at all.
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Chapter 6
The nestling period
Chick provisioning: Measuring food delivery by
repetitive frequent weighing.
6.1 Introduction
6.1.1 Background
As discussed in Chapter 1, seabirds have broadly similar life histories, most typically
exemplified by a slow rate of nestling growth. Oceanic species in particular, exhibit
slow embryonic and post-natal development, as well as the accumulation of large
quantities of body fat during the period when the chick is fed by its parents. This
phenomenon is not exclusive to, but it is most pronounced among, the
Procellariiformes. During its time in the nest, a shearwater nestling may receive food
infrequently, but may simultaneously attain a body mass as high as 150% of that at
which it fledges (Warham 1990, Hamer et al. 1997, Phillips & Hamer 1999).
The traditional explanations for nestling obesity are that excess body fat accumulates to
ensure the survival of chicks during prolonged fasts. The ocean, being a dynamic
environment, is subject to varying seasonal, climatic, and oceanographic factors which,
may contribute, both individually and cooperatively, to unpredictable or poor foraging
conditions. Consequently, parents may be forced to travel great distances before
encountering prey, leading to irregularity in provisioning (Lack 1968, Ashmole 1971).
However, evidence in support of this hypothesis is scarce. Despite some exceptions
(e.g. Cherel et al. 1994), seabird nestlings do not regularly encounter intervals between
feeding of a duration to justify the evolutionary persistence of such exaggerated
obesity. To the contrary, nestlings of some shearwater species attain up to 140% adult
body mass, despite being fed nightly, or even twice nightly (Pettit et al. 1984, Hamer &
Hill 1993, Nicholson et al. 1998, Schultz & Klomp 2000b). One alternative hypothesis
for nestling obesity assumes that parents do not forage cooperatively and have limited
capacity to regulate food delivery according to their nestling’s short-term energy
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requirements (Ricklefs 1990, 1992). In this case, routine overfeeding arises because
each parent feeds its chick an infrequent, large meal independently of its partner, so that
meals provided by one parent are separated by intervening meals from the other.
If a parent adjusted the amount of food it delivered to satisfy the immediate
requirements of the chick at each meal, the chick may be compromised if, by chance, its
other parent failed to return or if foraging was unsuccessful. Thus, by an intrinsic
feeding rhythm, parents supply a slight excess of food at each meal, which acts as
insurance against acute starvation of the nestling if, due to unforeseen circumstances,
provisioning failed (Ricklefs & Shew 1994). In this model, nestling obesity results as a
buffer against variable foraging success by individual parents, where unpredictable or
fluctuating food resources are part of an ongoing natural process. This differs from the
earlier hypotheses of Lack (1968) and Ashmole (1971), which imply that nestling
obesity persists as an investment of resources against the possibility of an adverse
event, such as a catastrophic crash in prey that would equally affect a colony as a
whole.
A further explanation is that nestlings deposit lipid early in their growth period, when
energetic requirements are relatively low, to offset higher metabolic costs later in
development (Ricklefs 1990). Alternatively, chicks are oversupplied with energy as a
by-product of some other limiting nutrient and the fat deposits act as an energy sink
(Ricklefs 1979, Ricklefs et al. 1980). For example, diets comprised mainly of
cephalopods and crustaceans may be energy-dense, but nutrient-poor (Taylor &
Konarzewski 1992) and, in order to obtain sufficient nutrients, an excess of lipid is
consumed and deposited subdermally. However, Reid et al. (2000) emphasised that
substantial deposition of body fat did not commence until later in development, when
the chick was close to its peak mass, and suggested that lipid deposition was timed to
coincide with the period of maximum flight feather development. These authors
reasoned that, in order for a nestling to make the rapid transition from a sedentary nestexistence to one of foraging at sea independently, a fully developed contingent of flight
feathers was essential. If feathers are high in protein (ibid.), then their development
probably represents the most intense period of protein synthesis during the growth of
the nestling. It follows, that if a chick encountered a period of extreme nutritional
stress prior to fledging, when normal lipid reserves were low or exhausted, it may as a
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last resort metabolise its own protein as an energy source, thereby compromising the
full development of crucial flight feathers. Accumulated lipids would, therefore,
provide a buffer to ensure that protein synthesis was directed solely towards feather
growth if a chick endured an extreme fast late in the nestling period (Reid et al. 2000).
Delayed lipid deposition could be further interpreted as a manifestation of the adultdesertion hypothesis (e.g. Brooke 1990). The latter argues that obesity has evolved as
an energy store to fuel nestling metabolism in the period shortly before fledging,
allowing adults to depart the colony and commence post-breeding migration before
their nestling has fledged.
A modification of this hypothesis is that chicks fledge carrying an energy store of fat to
maximise their chances of survival immediately after fledging, as they develop foraging
skills (Perrins et al. 1973, Reid et al. 2000). Phillips & Hamer (1999) provided some
supporting evidence in that very large fat stores were maintained by fulmar nestlings
well beyond the time when the addition of lean dry tissue, and virtually all feather
formation had ceased. Contrary to the earlier postulates of Ricklefs (1990, 1992), both
Bolton (1995b) and Hamer & Thompson (1997) found evidence of short-term
adjustment in food delivery in British Storm-petrels Hydrobates pelagicus and
Northern Fulmars Fulmarus glacialis, two species in which nestlings are fed at average
intervals of 1.5 days or less. The possibility was thereby raised that parents are indeed
able to adjust food delivery in accordance with the requirements of their nestling, but
that it is related to the frequency of feeding.
If life-history adaptations such as protracted postnatal development and lipid
accumulation in nestlings are to be related to temporal patterns of food delivery, then a
consistent, quantitative basis is required for comparison among species (Ricklefs et al.
1985). Moreover, if for example, the ability of parents to adjust food delivery is
directly related to the frequency at which provisioning occurs, there is a need for
studies of provisioning variability among species that feed their young at comparatively
frequent intervals (Hamer & Hill 1997). Accordingly, this chapter examines the
nestling provisioning of the Flesh-footed Shearwater; a species which, from preliminary
investigations, appears to feed its young frequently, whilst the nestling simultaneously
exhibits the pronounced obesity typical of the Puffinus shearwaters (Warham 1990).
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6.1.2 Matters concerning the methodology
As well as gaining mass from feeding, nestlings lose mass rapidly through respiration
and excretion and, consequently, masses of meals will be underestimated if deduced
purely from daily or even twice-daily weighing. Accordingly, various methods of
calculating meal masses have resulted, relying on accurate estimations of metabolic
mass loss, which involve more-frequent weighing (Ricklefs 1984, Ricklefs et al. 1985,
Bolton 1995a, Hamer & Hill 1993, 1997, Hamer et al. 1997, Phillips & Hamer 2000).
Although generalised rates of pre- and post-absorptive mass loss have been calculated
using statistical indices (Ricklefs et al. 1985, Hamer & Hill 1993), these tend to be
relatively constant because they are based on the assumptions that nestlings are about
the same age, or synchronous in their body size. More recently, regression equations
have predicted different rates of mass loss for individual nestlings depending on various
factors, such as body mass, age, or whether the mass loss in question preceded or
followed a recent meal (Hamer & Hill 1997, Hamer et al. 1997). This approach
typically assumes that a nestling has been fed if there is a positive mass increment
between successive weighings. The mass increase is then corrected by the predicted
amount of mass lost, and the meal mass is estimated accordingly.
However, a meal delivered soon after weighing, or a very small meal, may not
necessarily result in a positive mass increment at the following weighing event (Phillips
& Hamer 2000). To account for this, an additional refinement is to predict what a chick
would weigh at the end of an interval when no food was delivered. Subsequently, if the
observed mass is greater by a certain value, allowing for errors in measurement and
analysis, then the chick is assumed to have been fed, even if it has only maintained, or
even lost, mass (ibid.).
Typically, not all chicks hatch on the same date and, therefore, are not all at the same
stage of growth at the same time. In the absence of known-age growth data, from
which the ages of chicks can be estimated (e.g. Hamer & Hill 1993), indices of body
size, calculated from measurements of skeletal body components, may be used to
correct for body size. Using this approach, Phillips & Hamer (2000) claimed to have
predicted nestling provisioning with an accuracy of over 96% at nests where adult
attendance was monitored independently. Although repetitive frequent weighing has
been used widely and, the methodology is now reasonably well refined, few studies
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have incorporated estimates obtained through frequent weighing exclusively, with
similar data supplemented by an independent assessment of parental attendance. Whilst
Phillips & Hamer (2000) complemented their weighing data of surface-nesting seabirds
with visual observations at the nest, in burrow-nesting species, direct observation is
difficult. Thus, various electronic and ultrasonic logging devices have been created for
monitoring burrow traffic, and even recording the body masses of chicks before and,
after parental visits (Prince & Walton 1984).
Nicholson et al. (1998) developed an ultrasonic monitoring system that recorded the
time and date of adult shearwaters entering and departing their nesting burrows.
Similarly, Granadeiro et al. (1998, 1999) supplemented their evidence of feeding by
chick weight gains with data provided by an electronic system, which logged the entry
of each parent to its nest. More recently, Gray & Hamer (2001) used radio-telemetry
coupled with periodic weighing of chicks to examine foraging trip duration and
contributions to chick provisioning by individual shearwater parents. Although such
instrumentation is highly desirable and clearly advantageous in some field situations, it
may also be impractical in multiple applications, difficult to install in certain substrates,
or simply be cost prohibitive.
At a less advanced level, knock-down barricades have long been used as indicators of
burrow activity (e.g. Richdale 1963). Barricades typically consist of a series of small
sticks inserted into the substrate vertically across burrow entrances and indicate entry of
the burrow by their displacement. However, as emphasised by Warham (1990),
although undisturbed barricades will accurately ascertain no burrow visitation, the
actual causes of their displacement may not be so readily determined. This is
particularly true close to fledging when young birds undertake nocturnal explorations
and when barricades may be subject to incidental displacement by other animals. Thus,
barricades have traditionally been considered useful as approximate indicators only,
rather than as accurate determinants of burrow attendance by nesting seabirds (Warham
& Wilson 1982, Gaston & Collins 1988, Hamilton 1998).
This chapter investigates the chick provisioning strategy of Flesh-footed Shearwaters
using an intensive chick weighing protocol. The frequency of weighing events and
duration of frequent weighing periods provided data of as high a resolution as that
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available from similar work to date. Additionally, the established frequent weighing
methodology provided the criteria for assessment of the barricades, not only as
indicators of burrow attendance, but as more specific determinants of chick
provisioning. This approach was intended to confirm that it is possible to detect food
delivery by repeated frequent weighing, even if meals are so small that there is no
increase in chick body mass. Barricade monitoring of nesting burrows was undertaken
to complement these observations by accurately determining when burrow entry, and
consequently chick provisioning, did not take place. Nestling body masses at the end of
an interval during which no food was delivered are therefore, observed rather than
predicted values.
There are two consecutive chapters that specifically address the provisioning of the
Flesh-footed Shearwater nestling. This initial chapter is concerned with the empirical
data produced during the repetitive frequent weighing program described above.
However, although continuous data are desirable, overnight weighing is labour
intensive and, consequently, it was possible only to obtain such data for relatively short
continuous periods. While the subset of chicks subject to the frequent weighing regime
was additionally weighed once daily in between frequent weighing periods, a separate
group of chicks was also weighed once daily over the duration of the nestling period in
each year. By examining the observed strategy of food delivery in relation to 24-hour
mass changes in the former group, it was possible to make predictions regarding food
delivery over the longer period from equivalent 24-hour mass changes in the latter
group. This will be addressed in the following chapter (Chapter 7), which will also
include the discussion pertinent to both chapters.
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6.2 Methods
Overnight food delivery was calculated from repeated three-hourly weighings of
chicks, using methods that followed Bolton (1995a), Hamer & Hill (1997), Hamer et al.
(1997) and Phillips & Hamer (2000). Weighing commenced before dusk on each of
these nights and the final session commenced twelve hours later, after dawn the
following morning. Eleven chicks were weighed on each of seven consecutive nights
between 14 and 21 February and, over six consecutive nights between 14 and 20 March
in 2000. Another ten chicks were weighed over seven consecutive nights, between 28
March and 4 April in 2001. A further ten chicks were weighed over seven consecutive
nights, between 14 and 20 February, and again over seven consecutive nights between
14 and 20 March in 2002. Between 14 and 20 April 2002, ten chicks, then nine chicks
were weighed consecutively, over two nights each (four nights in total). Finally, during
2003, ten chicks were weighed on seven nights between 13 and 21 February, over six
consecutive nights between 16 and 20 March and, on six nights between 9 and 17 April.
Each weighing session lasted 20 to 30 minutes, and chicks were weighed in the same
order unless a parent was in the nest. In this event, the nest was revisited at the end of
the weighing schedule and, if the parent remained, weighing was omitted for that nest.
This situation eventuated only occasionally. On no occasion did a chick regurgitate its
stomach contents during these sessions, although some dribbled a small quantity of oil
from the beak. Payne & Prince (1979) and Warham (1990) drew attention to the
possibility of a parent arriving at the nest during a weighing session and, upon finding
the researcher present, flying off, depriving the chick of its meal. On no occasion did
this occur; to the contrary, adults often observed their chick being weighed from
nearby.
Food delivery is described in terms of a ‘feed’ (the mass of food received by a nestling
overnight), and a ‘meal’ (the mass of food delivered by a single adult on any one
occasion) (Hamer & Hill 1997). Primarily, the amount of food comprising a feed was
calculated by summing positive mass increments between weighings over the twelvehour period (referred to hereafter as a SUM). However, as explained in the previous
section, SUMs underestimated total food delivery by an amount equivalent to the mass
lost through respiration and excretion by the chick between successive weighing events.

89

Consequently, it was necessary to correct SUMs for metabolic and excretory mass loss
in order to deduce the actual amount of food delivered.
Initially, factors with the potential to influence mass loss were explored using a
multiple analysis of covariance (ANCOVA) with mass loss as the dependent variable,
initial chick mass (prior to mass loss) as the covariate and burrow as a random factor.
Burrow in this context, referred to the individual characteristics of chicks because each
lives in a different nest, rather than to the nests themselves. Continuous variables (i.e.
mass and mass loss) were log-transformed to improve conformity with testing
assumptions. Whether or not the mass loss was preceded by a meal, as well as the
weighing period (February, March or April), were included in the analysis as fixed
factors.
Due to a marked variation in body sizes and, consequently, body masses between
chicks, individual body size indices were calculated based on skeletal measurements in
lieu of consistent known hatching dates in each season or, known-age growth data from
which skeletal measurements could be calibrated (e.g. Granadeiro 1991). The bodysize index of each chick equalled the sum of ‘z-scores’ of values for head length, beak
length, beak depth, tarsus length, and wing length. Measurements were taken, as
described in Chapter 3, on the dates that each frequent weighing period commenced.
After log transforming the values, the z-scores were obtained by subtracting the mean
skeletal measurement from the individual measurement of that body component for
each chick, then dividing by the standard deviation. This procedure followed that of
Phillips & Hamer (2000), with the exception that those authors log-transformed the
summed z-scores rather than the original variables.
Using stepwise multiple regressions, body-size indices and body masses were regressed
upon mass losses, to determine whether size and mass had an influence on the mass that
nestlings subsequently lost over a three-hour interval. All variables were logtransformed to improve conformity with testing assumptions, with log10 mass loss as
the dependent variable. Following the initial regression, separate analyses were
performed for mass losses over three-hour intervals in chicks having both received, and
not received a meal. The pre-meal and post-meal regression equations were used
respectively, to correct mass differences between weighings depending on whether
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feeding had occurred during the previous weighing interval. Initially, feeding was
identified by the occurrence of a positive mass increment between weighings.
Consequently, small meals, or those delivered soon after a weighing may not
necessarily have resulted in a positive mass increment, and may have therefore, been
overlooked. To account for this, body masses were measured following a three-hour
fast, confirmed by undisturbed barricades and, if subsequent masses were greater than
these values by 10% of the maximum SUM recorded, feeding was assumed to have
taken place even if chicks had only maintained, or even lost mass. In such instances,
this changed a chick’s PFED-status (whether previously fed or not) to that of having
been fed, enabling its mass loss over the following interval to be corrected accordingly.
Phillips & Hamer (2000) considered that 10% of the maximum SUM was an
appropriate margin of error. A lower value may have incorrectly predicted that
additional meals were delivered, when they were not, and a higher value may have
missed occasions when provisioning had in fact taken place. Due to its reliability in
identifying meals, the procedure was simultaneously, used to test the efficacy of nest
barricades as indicators of chick provisioning by correlating meals so identified, with
the displacement status of the barricades. As described in Section 3.2, burrow
entrances were set with knock-down barricades, which, if displaced, indicated entry to
the burrow, presumably by an adult shearwater returning to feed its nestling. The status
of the barricade was recorded (displaced or otherwise) at each weighing event, and the
barricades were re-set after replacement of the chick following weighing.
During the March 2000 frequent weighing period, body temperatures were measured at
random, in nestlings both before and after receipt of a meal, to determine any influence
of nutritional status upon body temperature. A lubricated electronic probe-thermometer
was inserted approximately 10mm into the cloaca of each of the eleven nestlings
subject to overnight weighing, during one of the five overnight weighing intervals. The
interval, during which the temperature measurement was taken from each chick, on
each of the six nights, was selected using a table of random numbers. The probe was
cleaned with ethanol between chicks to minimise any risk of cross infection. With
body temperature as the dependent variable, covariance was analysed using body mass
at the first weighing interval as a covariate. Whether nestlings had been fed at the time
of temperature measurement was included as a fixed factor and burrow, as described
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previously for the mass-loss ANCOVA, as a random factor. Body mass at the first
weighing interval (i.e. nestlings were unfed) was prescribed to avoid any confounding
effect of body mass and feeding status. All statistical analyses were performed using
the SPSS Advanced Statistical Package for Windows™ (Norusis 1994). Prior to
analysis, all data were explored for homogeneity of variances, and outliers or extreme
values. Where basic testing assumptions were violated, data were, in the case of
independent-sample t-tests, analysed using the assumption of unequal variances or, in
the case of one-way analyses of variance, log-transformed to reduce skewness. Where
log-transformation of data failed to improve testing assumptions, non-parametric tests
were employed (Kinnear & Gray 2000).

6.3 Results
6.3.1 Total overnight food delivery
When weighing nestlings repeatedly overnight, the sum of positive mass increments
recorded is referred to as a SUM (one or more meals that represent a feed). In 2000,
SUMs ranged from 5g to 235g during the February period of frequent weighing and
from 5g to 280g during March. A two-sample t-test determined that these did not differ
significantly between the two periods. The following year, SUMs ranged from 5g to
255g during the single 2001 period of frequent weighing in late-March/early-April. In
2002, SUMs ranged between 5g and 175g during the February frequent weighing
period, between 15g and 230g during March and between 15g and 165g during April.
A univariate analysis of covariance (ANCOVA) determined that there was no
significant difference in SUMs between the three periods of frequent weighing in 2002.
In 2003, uncorrected SUMs ranged between 5g and 130g during the February frequent
weighing period, between 5g and 195g during March and between 15g and 190g during
April. A similar ANCOVA determined that SUMs did differ significantly between the
three periods (F2, 129 = 18.028, p = <0.001).
6.3.2

Factors relating to mass loss

In 2000, an ANCOVA determined that neither chick individuality (BURROW), nor
whether a chick had previously received a meal (PFED) had an independently
significant effect upon the rate at which it subsequently lost mass (LOGLOSS = mass
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loss transformed to log10). LOGLOSS did not differ between February and March
(MSPERIOD), although in this instance the lack of significance was only marginal.
Initial body mass (transformed to log10 = LOGPWT) was the only variable with an
independently significant influence upon subsequent mass loss. Although neither
BURROW nor MSPERIOD had an influence independently, these factors both
produced an interactive effect with LOGPWT, as did a three-way ANCOVA of these
three factors combined. However, a further three-way analysis indicated that mass loss
was most dramatically affected by the interaction of whether the chick had been fed, its
mass prior to the loss, and the fact that chicks reside in individual burrows. This
relationship was highly significant (Table 6.1). A subsequent four-way analysis failed
to establish that mass loss differed between February and March in combination with
these variables.
In common with the previous year, LOGPWT in 2001 had a significant impact upon
LOGLOSS. However, in contrast to 2000, the influence of PFED was highly
significant. The interactive effect of these variables was equally significant, whilst
BURROW had no significant effect, either independently or in concert with PFED or
LOGPWT (Table 6.2). A three-way ANCOVA of these factors combined, produced an
equally non-significant relationship. Because only one period of frequent weighing was
undertaken during 2001, MSPERIOD did not apply. As in 2001, the random variable
BURROW produced no significant influence upon LOGLOSS, either independently or
collectively during 2002 or 2003. Because the quantity of degrees of freedom
consumed by BURROW was substantial, leaving little scope for other comparisons,
BURROW was subsequently removed from the analyses. In the corrected models for
2002 and 2003, PFED had no significant influence upon LOGLOSS either
independently or collectively. In contrast, MSPERIOD and LOGPWT were influential,
both independently and together during 2002. In 2003, however, only LOGPWT had
an independent influence, whilst no interactive combinations of variables produced a
significant effect (Table 6.3).
Using stepwise multiple regressions, body-size index and body mass were regressed
upon mass loss, to determine whether size and mass had an influence on the mass a
nestling subsequently lost over a three-hour interval. All variables were transformed to
log10. The initial regression determined that, in 2000, both initial mass (LOGPWT) and
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body-size index (LBSINDEX) significantly and independently influenced mass loss
over a three-hour interval (LOGLOSS). The final regression was highly significant,
and highlighted the relationship of LOGPWT and LBSINDEX as an interactive
influence. In 2001, LOGPWT was an independently significant predictor of
LOGLOSS; however, LBSINDEX was not. Nonetheless, a highly significant
interactive relationship was produced by the final regression. As in 2000, LOGPWT
and LBSINDEX were both significant predictors of LOGLOSS in 2002 and in 2003.
Highly significant final regressions were produced in both years (Table 6.4).
Following the initial regressions, separate analyses were performed for mass losses over
three-hour intervals both before and after receipt of a meal. The 2000 pre-meal
regression determined that LOGLOSS was heavily influenced by LOGPWT, but only
marginally by LBSINDEX. However, the final regression was highly significant
(Table 6.5), producing an equation of the form:
LOGLOSS = A * LOGPWT – B * LBSINDEX – C
The 2001 pre-meal regression determined that LOGLOSS was again heavily influenced
by LOGPWT, but not by LBSINDEX, whereas the 2002 and 2003 pre-meal regressions
determined that both variables were significant predictors of LOGLOSS. The final
regressions were highly significant in each case (Table 6.5). The coefficients A and B
and the constant C are provided in Table 6.5 for each year. The 2000 post-meal
regression determined that LOGPWT was a highly significant predictor of LOGLOSS,
but in this instance, the relationship with LBSINDEX was not significant. The final
regression was, nonetheless, highly significant (Table 6.5). The 2001 post-meal
regression differed in that neither LOGPWT nor LBSINDEX were significant
predictors of LOGLOSS (Table 6.5). However, the ANCOVA had previously
determined highly significant relationships of LOGPWT and PFED, both individually
and interactively (Table 6.2). Consequently, the final post-meal regression of
LOGPWT and LBSINDEX upon LOGLOSS, although non-significant, was considered
valid for purposes of correcting mass loss in 2001. In common with 2000, both the
2002 and 2003 post-meal regressions determined that LOGLOSS was heavily
influenced by LOGPWT, but not by LBSINDEX. Nonetheless, the final regressions
were highly significant in each case (Table 6.5).
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Table 6.1. Analysis of covariance of the log10 mass loss values (LOGLOSS) in 2000,
with BURROW as a random factor and the log10 mass preceding mass loss (LOGPWT)
as a covariate. The fixed factors MSPERIOD and PFED refer respectively, to whether
mass loss was measured during the first or second frequent weighing period, and
whether or not mass loss was preceded by a meal.

Dependent Variable: LOGLOSS
Source of Variation
Intercept
BURROW
LOGPWT
MSPERIOD
PFED
BURROW * LOGPWT
MSPERIOD * LOGPWT
PFED * LOGPWT
BURROW * MSPERIOD
MSPERIOD * PFED
BURROW * PFED
BURROW * MSPERIOD
* LOGPWT
BURROW * PFED *
* LOGPWT
BURROW * MSPERIOD
* PFED
MSPERIOD * PFED *
* LOGPWT
BURROW * MSPERIOD
* PFED * LOGPWT

Hypothesis
Error
Hypothesis
Error
Hypothesis
Error
Hypothesis
Error
Hypothesis
Error
Hypothesis
Error
Hypothesis
Error
Hypothesis
Error
Hypothesis
Error
Hypothesis
Error
Hypothesis
Error
Hypothesis
Error
Hypothesis
Error
Hypothesis
Error
Hypothesis
Error
Hypothesis
Error
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df
1
96.97
10
7.763
1
274
1
101.64
1
58.842
10
274
1
274
1
274
9
8.995
1
139.49
8
8.012
10
274
10
274
8
274
1
274
8
274

2000
F
3.6
0.534
6.392
3.51
1.834
2.16
4.394
2.857
1.534
0.657
1.97
2.394
2.865
1.787
0.890
1.626
-

p
0.061
0.825
0.012
0.064
0.181
0.020
0.037
0.092
0.267
0.419
0.178
0.010
0.002
0.079
0.346
0.117
-

Table 6.2. Analysis of covariance of the log10 mass loss values (LOGLOSS) in 2001, with
BURROW as a random factor and log10 mass preceding mass loss (LOGPWT) as a covariate.
The fixed factor PFED refers to whether or not mass loss was preceded by a meal.

Dependent Variable: LOGLOSS
Source of Variation
Intercept
BURROW
LOGPWT
PFED
BURROW * LOGPWT
PFED * LOGPWT
BURROW * PFED
BURROW * PFED *
LOGPWT

2001

Hypothesis
Error
Hypothesis
Error
Hypothesis
Error
Hypothesis
Error
Hypothesis
Error
Hypothesis
Error
Hypothesis
Error
Hypothesis
Error

96

df

F

p

1
17.949
9
9
1
153
1
37.964
9
153
1
153
9
153
9
153

5.254
2.693
10.168
16.965
1.854
14.040
0.683
0.684
-

0.034
0.078
0.002
<0.001
0.063
<0.001
0.724
0.723
-

Table 6.3. Analyses of covariance of the log10 mass loss values (LOGLOSS) for 2002
and 2003, with log10 mass preceding mass loss (LOGPWT) as the covariate. The fixed
factors MSPERIOD and PFED refer respectively, to whether mass loss was measured
during the first, second or third frequent weighing period, and whether or not mass loss
was preceded by a meal.

Dependent Variable: LOGLOSS
Source of Variation
Corrected Model
Intercept
LOGPWT
MSPERIOD
PFED
MSPERIOD * LOGPWT
PFED * LOGPWT
MSPERIOD * PFED
MSPERIOD * PFED *
LOGPWT
Error

df
11
1
1
2
1
2
1
2
2

2002
F
19.648
26.605
45.933
7.574
0.748
6.978
0.827
0.606
0.599

p
<0.001
<0.001
<0.001
0.001
0.388
0.001
0.364
0.546
0.550

df
11
1
1
2
1
2
1
2
2

2003
F
10.991
3.032
11.070
0.506
0.635
0.454
0.397
1.696
1.729

p
<0.001
0.082
0.001
0.604
0.426
0.635
0.529
0.185
0.179

419

-

-

452

-

-
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Table 6.4. Multiple regressions of log10 initial mass (LOGPWT) and log10 body-size index (LBSINDEX) upon log10 mass loss
(LOGLOSS) of Flesh-footed Shearwater nestlings over four breeding seasons on Woody Island.

Year
98

2000

2001

2002

2003

Regression
variable
(Constant)
LOGPWT
LBSINDEX
(Constant)
LOGPWT
LBSINDEX
(Constant)
LOGPWT
LBSINDEX
(Constant)
LOGPWT
LBSINDEX

Unstandardised
Coefficients
Coefficient Significance
Beta
Std. Error of t-test
of t-test
-1.986
0.311
-6.387
<0.001
1.155
0.118
9.773
<0.001
-0.017
0.005
-3.175
0.002
-8.664
1.387
-6.247
<0.001
3.397
0.481
7.070
<0.001
0.963
-0.761
0.170
-4.467
<0.001
0.640
0.063
10.087
<0.001
0.006
0.002
2.810
0.005
-0.442
0.231
-1.914
0.056
0.509
0.082
6.210
<0.001
-0.012
0.003
-3.406
0.001

Source of
variation
Regression
Residual
Total
Regression
Residual
Total
Regression
Residual
Total
Regression
Residual
Total

Degrees of
freedom
2
358
360
1
191
192
2
428
430
2
461
463

r2

F

0.273
0.207
0.227
0.083
-

67.279
49.990
62.857
20.842
-

Significance
p=
<0.001
<0.001
<0.001
<0.001
-

Table 6.5. Multiple regressions of log10 initial mass (LOGPWT) and log10 body-size index (LBSINDEX) upon log10 mass loss
(LOGLOSS) of Flesh-footed Shearwater nestlings in the intervals both preceding and following receipt of a meal.
Previous Regression

Unstandardised
Coefficients

Coefficient Significance

Source of

Degrees of

r2

F

Significance

variation
Regression
Residual
Total
Regression
Residual
Total
Regression
Residual
Total
Regression
Residual
Total
Regression
Residual
Total
Regression
Residual
Total
Regression
Residual
Total
Regression
Residual
Total

freedom
2
251
253
2
104
106
1
141
142
2
47
49
2
353
355
2
72
74
2
376
378
2
82
84

0.218
0.233
-0.164
0.034
0.192
0.285
0.073
0.075
-

35.02
15.79
27.624
0.831
41.968
14.328
14.722
3.344
-

p=
<0.001
<0.001
<0.001
0.442
<0.001
<0.001
<0.001
0.040
-

Year
meal
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2000

No

2000

Yes

2001

No

2001

Yes

2002

No

2002

Yes

2003

No

2003

Yes

variable
(Constant)
LOGPWT
LBSINDEX
(Constant)
LOGPWT
LBSINDEX
(Constant)
LOGPWT
LBSINDEX
(Constant)
LOGPWT
LBSINDEX
(Constant)
LOGPWT
LBSINDEX
(Constant)
LOGPWT
LBSINDEX
(Constant)
LOGPWT
LBSINDEX
(Constant)
LOGPWT
LBSINDEX

Beta
-1.580
0.989
-0.013
-1.351
0.944
-0.007
-8.755
3.420
-1.932
1.114
<0.001
-0.520
0.541
0.005
-1.479
0.935
0.011
-0.273
0.435
-0.011
-0.209
0.492
-0.007

Std. Error
0.374
0.143
0.006
0.661
0.246
0.010
1.872
0.651
2.519
0.864
0.011
0.180
0.067
0.002
0.502
0.182
0.006
0.238
0.085
0.004
0.548
0.193
0.007

of t-test
-4.23
6.90
-2.05
-2.044
3.840
-0.676
-4.678
5.256
-0.767
1.289
-0.001
-2.886
8.033
2.444
-2.943
5.137
1.863
-1.146
5.129
-3.216
-0.380
2.551
-0.904

of t-test
<0.001
<0.001
0.042
0.043
<0.001
0.501
<0.001
<0.001
0.972
0.447
0.204
1.000
0.004
<0.001
0.015
0.004
<0.001
0.067
0.252
<0.001
0.001
0.705
0.013
0.368

6.3.3 Correction of mass loss
The regression equations were used to estimate mass loss between weighings
depending on whether feeding had occurred during the previous weighing interval.
They were also used to correct subsequent mass differences for metabolic and excretory
mass loss. Corrected SUMs (CSUMs) were, therefore, equivalent to the total masses of
food delivered overnight. Any outliers or extreme values detected during the
preliminary data exploration were not removed from the data set because the
calculation of total food delivery on a given night includes nestlings which were not fed
and represents the average mass of food received overall. CSUMs therefore range from
zero. At the other extreme, high individual values may represent the receipt of more
than one meal per night (see Section 6.3.5). CSUMs differed significantly between
February and March 2000, and between February, March and April 2002, but not
between February, March and April 2003 (Table 6.6). Post hoc multiple comparisons
determined that in 2002, the February mean was significantly lower than that of March
(Tukey’s HSD, p = 0.018), but not of April. However, mean CSUMs did not differ
significantly between March and April 2002. The frequency distributions of the
CSUMs measured in each year are illustrated in Figure 6.1.

Mean CSUMs recorded during February 2000, 2002 and 2003 differed significantly (F2,
193 =

4.955, p = 0.008). Subsequent post hoc comparisons revealed that CSUMs for

February 2002 were significantly lower than for February 2000 (Tukey’s HSD, p =
0.005), but not significantly lower than those in February 2003. CSUMs differed
significantly between March over all four years (F3, 261 = 9.119, p = <0.001). Post hoc
comparisons determined that March CSUMs in 2000, were significantly higher than in
all subsequent years (Tukey’s HSD, p = 0.005 in 2001, p = <0.001 in 2002, p = <0.001
in 2003), but that the other three years did not differ from each other. There was no
significant difference between mean CSUMs recorded in April 2002 and April 2003.
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Table 6.6. Mean (± SE) mass of corrected meal, corrected SUM and the number of meals delivered per
night for four breeding seasons, and the significance of the differences between weighing periods.

Year
2000

2001
101

2002

2003

Variable
Corrected meal (g) ± SE
Range (g)
Corrected SUM (g) ± SE
Range (g)
Meals per night
Range
Corrected meal (g) ± SE
Range (g)
Corrected SUM (g) ± SE
Range (g)
Meals per night
Range
Corrected meal (g) ± SE
Range (g)
Corrected SUM (g) ± SE
Range (g)
Meals per night
Range
Corrected meal (g) ± SE
Range (g)
Corrected SUM (g) ± SE
Range (g)
Meals per night
Range

February
103.9 ± 5.7
31.1 - 245.5
80.6 ± 8.6
0 - 293.9
0.8 ± 0.1
0-3
102.0 ± 8.0
31.6 - 182.5
45.1 ± 7.6
0 - 182.5
0.4 ± 0.1
0-2
76.2 ± 3.9
33.0 - 136.2
64.2 ± 8.0
0 - 209.6
0.8 ± 0.1
0-2

Frequent Weighing Period
N=
March
N=
April
59
119.7 ± 5.5
78
28.7 - 298.4
76
139.7 ± 9.7
66
0 - 298.7
76
1.2 ± 0.1
66
0-3
111.5 ± 6.2
58
29.0 - 265.9
93.7 ± 10.0
69
0 - 283.4
0.8 ± 0.1
69
0-2
30 107.04 ± 6.0 50
109.8 ± 6.2
49.3 - 239.6
55.1 - 174.4
64
76.4 ± 8.8
70
54.9 ± 10.1
0 - 251.2
0 - 179.4
64
0.7 ± 0.1
70
0.5 ± 0.1
0-2
0-2
54
115.7 ± 6.5
40
113.7 ± 8.4
39.3 - 204.2
32.3 - 200.5
56
77.1 ± 10.7
60
56.8 ± 9.6
0 - 341.5
0 - 229.6
56
0.7 ± 0.1
60
0.5 ± 0.1
0-2
0-2

Test Statistic
N=
19
38
38
30
60
60

t134 = -1.965
Independent-samples t-test
t140 = -4.558
Independent-samples t-test
t140 = -3.422
Independent-samples t-test
2
χ 2 = 0.968
Kruskal-Wallis
F2, 169 = 3.820
One-way ANOVA
F2, 169 = 3.451
One-way ANOVA
χ 22 = 25.140
Kruskal-Wallis
χ 22 = 2.263
Kruskal-Wallis
F2, 173 = 3.090
One-way ANOVA

Significance
p=
0.051
<0.001
0.001
0.616
0.024
0.034
<0.001
0.322
0.048

Figure 6.1. Frequency distributions (with normal curves superimposed) of corrected mass
increments (CSUMs) measured during February and March 2000, late-March/early-April 2001,
February, March and April 2002 and February, March and April 2003.
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6.3.4 Maintenance of body mass
To provide information on food conversion efficiency, the minimum amount of food
required by chicks to maintain body mass (i.e. neither gain nor lose mass) over a 24hour period was determined by examining the relationship of mass change over 24
hours with the total amount of food received overnight. With CSUM as the dependent
variable, an analysis of covariance (ANCOVA) was used to examine the independent
and interactive influences of 24-hour mass change (NET), as a covariate, MSPERIOD
as a fixed factor and BURROW as a random factor. As explained in Section 6.2,
MSPERIOD refers to whether mass loss was measured during the first, second or third
frequent weighing period and BURROW refers to the individual characteristics of
chicks because each resides in a different nest.

As expected, NET was a highly significant independent predictor of CSUM in each
year examined (Table 6.7). Data for 2001 was omitted from this analysis because only
a single frequent weighing period was undertaken in that year and, consequently,
MSPERIOD is inapplicable. MSPERIOD was, however, significant in each other year.
BURROW had no independent influence upon CSUM, but formed an interactive effect
in concert with MSPERIOD in 2000 and 2002. NET had no interactive influence with
any other variable (Table 6.7). The minimum amount of food required by chicks to
‘break even’ was calculated by regressing NET upon CSUM. The intercept of the slope
on the y-axis (NET = 0) is equivalent to the amount of food required to neither gain nor
lose body mass over a 24-hour period (Figure 6.2). The mean 24-hour food
requirement for zero growth increased by 98% from 66.8g (SE ± 4.6g) in February, to
132.2g (SE ± 6.6g) in March 2000, whilst in late-March / early-April 2001, around the
time of peak mass, chicks required on average, 99.9g of food (SE ± 6.3g) to maintain
body mass. During 2002, the zero-growth values increased by over 86% from February
(41.7g ± 4.6) to March (77.8g ± 4.8), followed by a decrease of around 30% to (54.2g ±
9.1) in April. The following year exhibited a similar, but less extreme increase in zerogrowth values of 34% from February (58.5g ± 4.5) to March (78.2g ± 5.8), which
preceded a 25% decrease to 58.4g (SE ± 6.2) in April 2003.
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Once body-mass maintenance requirements had been met, the non-significance of the
MSPERIOD*NET relationships (Table 6.7) indicated that the regression slopes of NET
on CSUM did not differ significantly during 2000, 2002 or 2003. In other words, the
amount of food required to produce a given 24-hour mass increase over and above the
maintenance requirements was similar for each frequent weighing period during each of
these years.

6.3.5 Identifying meals
As stated in Section 6.2, mass differences equal to, or greater than 10% of the
maximum SUM recorded (prior to correction), were regarded as a meal even if chicks
had only maintained, or even lost mass. The maximum SUM observed during the study
(280g) was recorded in 2000. A meal was, therefore, assumed to have been delivered
in those instances when a corrected mass difference was 28g or more above the mass
predicted following a three-hour interval during which no food was delivered. This
meal determinant of 28g was applicable in each year.

The difference in mean meal mass between February and March 2000 was not
significant, but only marginally so. Similarly, meal masses were not significantly
different between February, March and April in 2002. However, the reverse was true
of the following year in 2003 (Table 6.6). Independent-samples t-tests determined that
February meal masses were smaller, by a highly significant margin, than those in both
March (t66.246 = -5.224, p = <0.001) and April (t42 = -4.064, p = <0.001). Meal masses
recorded during February 2000, 2002 and 2003 differed significantly (Kruskal-Wallis
χ22 = 13.228, p = <0.001). However, further post hoc comparisons were not possible
due to severe inequality of variances revealed during preliminary explorations of the
data. Nonetheless, meals were markedly smaller on average, during February 2003
(Table 6.6). There was no significant difference in March meal masses between any
year, nor did April meals vary significantly between 2002 and 2003.
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Table 6.7. Analysis of covariance (ANCOVA) with corrected SUM (CSUM) as the dependent variable, 24-hour mass difference (NET)
as a covariate, MSPERIOD as a fixed factor and, BURROW as a random factor. MSPERIOD refers to whether mass loss was measured
during the first, second or third frequent weighing period, and BURROW refers to the individual characteristics of chicks because they
live in different nests. The year 2001 is omitted because MSPERIOD did not apply in that year.

Dependent Variable: CSUM
Source of Variation
Intercept
105

Hypothesis
Error
NET
Hypothesis
Error
MSPERIOD
Hypothesis
Error
BURROW
Hypothesis
Error
MSPERIOD * BURROW Hypothesis
Error
MSPERIOD * NET
Hypothesis
Error
BURROW * NET
Hypothesis
Error
BURROW * NET *
Hypothesis
MSPERIOD
Error

df
1
10.429
1
76
1
10.236
10
10
10
76
1
76
10
76
10
76

2000
F
339.266
180.060
22.067
0.553
3.718
0.016
0.286
0.632
-

p
<0.001
<0.001
0.001
0.818
<0.001
0.901
0.982
0.782
-

df
1
78.714
1
76
2
18.770
9
16.915
15
76
2
76
9
76
15
76

2002
F
25.999
15.358
8.089
0.385
3.080
0.343
1.185
0.801
-

p
<0.001
<0.001
0.003
0.926
0.001
0.710
0.317
0.673
-

df
1
14.071
1
78
2
20.384
12
15.587
15
78
2
78
12
78
15
78

2003
F
155.435
75.460
3.688
1.750
1.026
0.486
0.282
0.127
-

p
<0.001
<0.001
0.043
0.149
0.439
0.617
0.991
1.000
-

Figure 6.2. The regression upon CSUM, of 24-hour mass differences (NET) recorded during
the frequent weighing trials of February (◊) and March (□) 2000, late-March/early-April 2001
(□), and February (◊), March (□) and April (∆) in both 2002 and 2003. The intercept of the
slope on the y-axis (NET = 0) is equivalent to the amount of food required to neither gain nor
lose body mass over a 24-hour period. The differences in the regression slopes, in 2000, 2002
and 2003, are not significant which indicates that the amount of food required to produce a
given 24-hour mass increase, over and above the maintenance requirements, was similar for
each trial.
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The 28g meal-determinant was used to assess the efficacy of knock-down barricades as
indicators of chick provisioning by plotting barricade displacement in relation to
CSUMs and nestling body mass. Of 713 observations during 2000, displaced
barricades coincided with 133 of 136 meals identified by mass difference (97.8%).
However, for one of the three meals not detected, the burrow in question was later
determined to have an inaccessible second-entrance. Similarly, on 546 of 577
occasions when a meal did not take place by mass difference (94.6%), barricades
remained undisturbed. On the other 31 occasions barricades were displaced, but no
meal was delivered (Figure 6.3). In no way does this demonstrate any insensitivity in
the burrow monitoring technique because the 31 burrow entries were detected even
though no food was delivered.

From 350 observations in 2001, displaced barricades coincided with all 58 meals
identified by mass difference. On a further 252 of 292 occasions when a meal did not
take place (86.3%), barricades remained undisturbed. On the remaining 40 occasions,
barricades were displaced but no meal was delivered (Figure 6.3). Barricade
displacement in 2002, in relation to CSUMs and nestling body mass, is also illustrated
in Figure 6.3. In common with the previous year, of 878 observations, displaced
barricades coincided with all 99 meals identified by mass difference. On a further 755
of 779 occasions where a meal did not take place by mass difference (99.5%),
barricades remained undisturbed. On the remaining 24 occasions, barricades were
displaced but no meal was delivered. Similarly, from 925 observations in 2003,
displaced barricades coincided with all 124 meals identified by mass difference. On a
further 730 of 801 occasions where a meal did not take place by mass difference
(91.1%), barricades remained undisturbed. On the remaining 71 occasions, barricades
were displaced but no meal was delivered (Figure 6.3). Thus, as in previous years,
considering that burrow entry without food delivery is in no way any demonstration of
failure on behalf of the monitoring technique and, taking into account the inherent
errors typical of statistical procedures, the barricades proved to be highly reliable
indicators that nestlings had been fed.
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6.3.6 Rate of food delivery
The frequency of positive mass increments that coincided with displaced nest
barricades determined that during overnight frequent weighings, parent shearwaters
delivered between zero and three meals per night in both February and March 2000.
The mean rates of food delivery during these periods represented a highly significant
increase in feeding frequency between February and March during that year (Table
6.6). The distribution of zero-meals, single meals, double-meals and triple-meals
delivered to chicks was also significant between the two weighing periods (Table 6.8),
although the significance was attributable to the low number of zero-meals occurring
during March. A comparative test determined that the difference in the frequency of
single-, double- and triple-meals was non-significant (Fisher’s exact test, p = 0.107).

The following year, in late-March/early-April 2001, chicks received between zero and
two meals per night. Similarly, during 2002, chicks received between zero and two
meals per night, the means of which varied significantly between February, March and
April (Table 6.6). However, overall food delivery was lower during February and
March than in previous years, with a significant increase between these months
(Tukey’s HSD, p = 0.035) preceding a non-significant decrease from March to April.
The distribution of zero-meals, single meals and double-meals did not differ
significantly between February, March and April 2002 (Table 6.8). Feeding frequency
was higher in February 2003 than the previous year, but fell from February to March,
before rising again from March to April. The difference in food delivery between the
three months was marginally significant (Table 6.6), post hoc comparisons revealing
that the variation was between February and April (Tukey’s HSD, p = 0.037). In
common with 2002, the distribution of zero-meals, single meals and double-meals did
not differ significantly between February, March and April in 2003 (Table 6.8).
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Figure 6.3. Displacement of knock-down barricades in relation to corrected SUMs
(CSUMs) and nestling body mass during 2000, 2001, 2002 and 2003. Squares (□)
and crosses (+) indicate, respectively, whether a barricade was displaced or not.
The horizontal line above zero represents the 10% meal determinant threshold.
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Provisioning rates recorded during February differed significantly between 2000, 2002
and 2003 (F2, 193 = 5.583, p = 0.004). The low frequency of meals in 2002 (Table 6.6)
represented a significant fall from February 2000, followed by an equally significant
rise to February 2003 (Tukey’s HSD, p = 0.010). The feeding frequencies for March
over all four years also differed significantly (F3, 261 = 7.711, p = <0.001), however this
was due exclusively to a higher rate of provisioning in 2000. The more frequent
delivery of food in March 2000 was significantly greater than the rate observed in
March 2001 (Tukey’s HSD, p = 0.020), as well as those observed in March 2002 and
2003 (Tukey’s HSD, p = <0.001, both years). The frequency of food delivery was
identical in April 2002 and April 2003 (Table 6.6).

Because inequality of variances could not be corrected by log-transformation of data,
multiple-range comparisons could not be made between the overall frequencies of
meals over the four breeding seasons. Because non-parametric testing determined that
the overall difference between the means was highly significant, independent-samples
t-tests were employed where the nominal level of the test significance was set using the
Dunn-Šidák method (Sokal & Rohlf 1995). The corrected level of significance, using
the equation ά = 1-1 (1-0.05)1/6 ( p = 0.008), confirmed that although overall frequency
of food delivery was similar in 2000 and 2001, meals were more frequent in 2000 than
in 2002 and 2003. Similarly, whilst meals were more frequent in 2001 than in 2002,
feeding frequency did not differ significantly between 2001 and 2003, or between 2002
and 2003 (Table 6.9).

6.3.7 Effects of nutritional status on body temperature
To determine whether body temperature was affected by nutritional status, an analysis
of covariance was used to examine body temperature (TEMP) in relation to chick
characteristics (BURROW), and whether feeding had preceded temperature
measurement (CFED). The latter variables were included and as random and fixed
factors respectively. Body mass at the first weighing interval of the evening
(WEIGHT1) was included as a covariate. As in previous analyses, BURROW referred
to the individual characteristics of chicks because each resided in a different nest.
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The ANCOVA determined that CFED had a mildly significant influence upon body
temperature, whilst pre-feeding body mass (WEIGHT1) did not. However, TEMP was
strongly influenced by BURROW, suggesting that individual chicks have inherently
variable body temperatures whether they have been fed or not. Moreover, there was no
interactive influence of CFED with BURROW and, the mean of 244 ‘unfed chicktemperatures’ differed from that of 76 ‘fed chick-temperatures’ by a non-significant
margin of only 0.16° C (Table 6.10).

6.4 Discussion
As stated in Section 6.1, in addition to the subset of chicks subject to the frequent
weighing regime, a separate group of chicks was weighed once daily over the duration
of the nestling period in each year. By examining the observed strategy of food
delivery in the former group, it was possible to make predictions regarding food
delivery over the longer period from equivalent 24-hour mass changes in the latter
group. Because these two approaches are closely related, to avoid repetition the
material pertinent to this chapter (Chapter 6) will be discussed in the following chapter.

111

Table 6.8. The distribution of zero-meals, single-meals, double-meals and triple-meals
delivered to Flesh-footed Shearwater nestlings during frequent weighing periods over
four consecutive years.

Year
2000
2001
2002

2003

Weighing period
February
March
Total
March /April
February
March
April
Total
February
March
April
Total

0
26
8
34
21
38
27
20
85
20
26
34
80

1
43
41
84
38
23
36
17
76
27
28
22
77

Meals per night
2
5
15
20
10
3
7
1
11
9
6
4
19
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3
2
2
4
0
0
0
0
0
0
0
0
0

Total
76
66
142
69
64
70
38
172
56
60
60
176

Significance
Fisher’s exact test
p = 0.002
Fisher’s exact test
p = 0.126
Pearson χ24 = 6.374
p = 0.173

Table 6.9. Individual and overall comparisons of feeding frequency (mean ± SE meals per
night) over the four seasons examined. To maintain the independence of the t-tests, the
nominal level of test significance was adjusted using the Dunn-Šidák method (Sokal & Rohlf
1995), from the equation ά = 1-1 (1-0.05)1/6. The corrected level of significance is p = 0.0085.

Year
2000
2001
2000
2002
2000
2003
2001
2002
2001
2003
2002
2003
Overall

Meals per night
N = Mean ± SE
142 0.96 ± 0.06
69
0.84 ± 0.08
172 0.57 ± 0.05
176 0.65 ± 0.05
-

-

-

-

559

0.73 ± 0.03

Significance
t-test (equal variances assumed)
t209 = 1.160, p = 0.247
t-test (equal variances not assumed)
t281.778 = 5.155, p = <0.001
t-test (equal variances not assumed)
t294.806 = 3.925, p = <0.001
t-test (equal variances assumed)
t239 = 3.040, p = 0.003
t-test (equal variances assumed)
t243 = 1.985, p = 0.048
t-test (equal variances assumed)
t346 = -1.218, p = 0.224
Kruskal-Wallis, χ23 = 28.945, p = <0.001
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Table 6.10. Analysis of covariance with body temperature (TEMP) as the dependent
variable. CFED is included as a fixed factor, BURROW as a random factor and WEIGHT1
as a covariate. The lower part of the table gives the mean body temperatures of fed and
unfed nestlings recorded at randomly selected overnight weighing intervals.

Dependent Variable: TEMP
Source of Variation
WEIGHT1
Hypothesis
Error
CFED
Hypothesis
Error
BURROW
Hypothesis
Error
CFED * BURROW
Hypothesis
Error

Overnight
weighing interval
First
Second
Third
Fourth
Fifth
Mean (± SE)
Significance

df
1
297
1
14.615
10
13.815
10
297

F
1.246
6.234
10.264
0.404
-

p
0.265
0.025
<0.001
0.944
-

Previous meal
No (N = 244)
Yes (N = 76)
Mean (± SE) body temperature (°C)
37.43 ± 0.06
37.37 ± 0.12
37.46 ± 0.23
38.23 ± 0.20
37.51 ± 0.06
37.61 ± 0.12
37.84 ± 0.11
37.95 ± 0.16
37.65 ± 0.11
37.70 ± 0.17
37.58 ± 0.05
37.74 ± 0.08
t318 = -1.594, p = 0.112
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Chapter 7
The nestling period
Chick provisioning: Estimating food delivery from
24-hourly mass observations.
7.1 Introduction
As emphasised in Section 6.1, although continuous empirical data would have been
highly desirable, overnight frequent weighing is extremely labour intensive and
possibly deleterious to the wellbeing of the nestlings. Consequently, the program was
carried out for only short continuous periods. Over the four breeding seasons, different
subsets of chicks were weighed frequently over 57 nights in total (Section 6.2). Chicks
subject to the frequent weighing program were additionally weighed once daily in
between frequent weighing periods, and a separate group of chicks was also weighed
once daily over the duration of the nestling period in each year (Section 3.2.3). By
examining the observed strategy of food delivery in relation to 24-hour mass changes in
the former group, it was possible to make predictions regarding food delivery over the
longer period from equivalent 24-hour mass changes in the latter group.

In long-lived animals, even a small reduction in adult survival may have a large
negative impact upon lifetime reproductive success (Wooller et al. 1992). Accordingly,
it has been suggested that procellariiform seabirds may have evolved a fixed level of
parental investment where parents feed their chick by an intrinsic rhythm, independent
of its short-term needs (Ricklefs & Shew 1994). An alternative suggestion is that
parents may be able to adjust food provisioning according to their chick’s, as well as
their own needs (Johnsen et al. 1994, Bertram et al. 1996, Cook & Hamer 1997,
Erikstad et al. 1997, Hamer & Thompson 1997, Tveraa et al. 1998). To investigate this
latter hypothesis, sizes and frequencies of meals were examined in relation to the recent
feeding history of nestlings. Because this factor may significantly influence body mass,
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corrections for body size were made by calculating indices of body condition based on
the relationships between body mass and various skeletal measurements.

7.2 Methods
An analysis of covariance previously confirmed that NET was a highly significant
independent predictor of CSUM in each of three years examined (Section 6.3.4, Table
6.7). To examine whether body size and body mass influenced the ability of this
relationship to predict overnight food delivery from observations of 24-hour mass
change, NET was regressed upon CSUM in relation to body mass at the previous
weighing, as well as body size index (transformed to log10). Chick body masses
recorded daily, over the duration of the nestling period were subsequently used to
estimate overnight food delivery to chicks over the same period. CSUM estimates were
calibrated against barricade knock-downs, as described in Section 6.2, and those not
coinciding with displaced barricades, as well as those falling below the minimum meal
threshold (28g), were excluded from further analyses.

Initially, it was intended to examine the age-specific pattern of food delivery by
dividing the nestling period into one-week age classes, with the data aggregated to give
mean values for each chick in each age-class (Hamer et al. 1997). However, it was
possible to record hatching dates only during the last two seasons. Furthermore, not all
chicks hatched within a seven-day period. Thus, not all chicks were, for example, oneweek old during Week-5, and so on. Nonetheless, to provide a basis for the
examination of food delivery, the nestling period was divided into weekly blocks from
1 January in each year. The minimum amount of food required by chicks in each week
to maintain body mass was determined from the intercept of the regression slope on the
y-axis (NET = 0), when NET was regressed upon CSUM, as described earlier in
Section 6.3.4. Zero-growth requirements were examined with food delivery, in relation
to mean weekly mass changes.
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In ascertaining whether both parents delivered food during the same night, predicted
CSUMs were divided into single and double meals by determining the expected
frequency of double meals using a binomial distribution, following the approach of
Ricklefs (1984), Bolton (1995a) and Hamer & Hill (1997). Because undisturbed nest
barricades are a reliable indication that a feed has not taken place (Warham 1990), the
probability of feeding by a parent ( p) was able to be calculated from the observed
proportion of nights when no food was delivered (i.e. when neither parent delivered a
meal) (1- p)2. The full equation, where (1- p)2 is the probability of no meals, 2(1- p) is
the probability of one meal and p2 is the probability of two meals was as follows:
(1- p)2 + 2(1- p) p + p2 = 1

The observed frequencies of zero, one, two (and three) meals recorded during the
frequent weighing trials were compared with the frequencies predicted by probability,
over the same number of chick-nights, using a Chi-square test of association. The Chisquare test was employed except when the expected frequencies were less than five, in
which case equivalent non-parametric tests were used instead (Kinnear & Gray 2000).
Assuming no significant difference between the observed and predicted frequencies,
similar predictions were made by probability, from the total number of chick-nights
monitored over the duration of the nestling period. CSUMs were sorted by weight and
the single-meal cut-off point was deduced by assuming that the top percentage of the
cumulative distribution, as determined by p2, represented feeding by both parents.

Because daily body masses may vary significantly due to recent feeding history, to
examine whether food delivery was regulated in accord with the nutritional status of
nestlings, indices of body condition were calculated using skeletal measurements, as
well as body mass. Accordingly, growth parameters of individuals in a representative
population were used to estimate body masses from the skeletal measurements of other
individuals, and subsequently calculate body condition indices (BCIs) (Krebs &
Singleton 1993). Because skeletal measurements also changed over the nestling period
due to chick growth, BCIs were calculated separately, for chicks measured within each
period of frequent weighing, in each year.
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Typically, skeletal measurements were made on the morning before each frequent
weighing trial commenced and again on the morning it concluded, a week later. In the
latter instance, the measurements were, therefore, made on the morning following the
final measurement of food delivery, not the morning preceding it. Furthermore, on
some occasions, measurements were made not on, but within a few days of, these dates.
Consequently, to ensure that food delivery was related to a chick’s most recent
nutritional status, body masses on the morning preceding the measurement of food
delivery were incorporated into the BCI equation, although these were not necessarily
the same dates when the skeletal measurements were made. However, in contrast to
body masses, it was considered that skeletal measurements were unlikely to change
markedly within a short period of time.
Thus, body masses were recorded on the mornings before frequent weighing
commenced and concluded. Head lengths, beak lengths, beak depths, tarsus lengths
and wing lengths were also measured on or near these dates. All measurements were
regressed upon observed body masses using a multiple backward stepwise analyses.
Around twenty chicks were measured on each of these occasions and, to account for the
overall changes in skeletal dimensions as chicks grew, separate regressions were
performed for this group and, for subsequent groups, in their corresponding period of
frequent weighing. The regression equations were used to estimate body masses from
the skeletal measurements for each individual, and then the BCIs were calculated by
dividing the observed body masses by the estimated body masses (Krebs & Singleton
1993). BCIs of chicks that received food on the nights following body mass
measurement were then regressed upon both CSUM and feeding frequency to assess
whether food delivery was regulated in accordance with nutritional status.
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7.3 Results
7.3.1 Predicting overnight feeds from 24-hour mass changes
To determine whether the amount of food delivered nightly could be predicted by the
mass change a chick experienced over 24 hours, CSUMs were examined in relation to
net 24-hour mass difference (NET), the chick’s previous final body mass (PWT) and,
its log-transformed body size index (LBSINDEX). In 2000, all three variables were
independently significant predictors of CSUM that produced a highly significant final
regression (Table 7.1), and an equation of the form:

CSUM = A * NET + B * PWT – C * LBSINDEX – D

In all three subsequent years (2001, 2002 and 2003), NET and PWT were both
independently significant predictors of CSUM, but LBSINDEX was not. Nonetheless,
in each case the final regression was highly significant (Table 7.1). The coefficients A,
B and C, and the constant D are provided in Table 7.1 for each year. The high
significance of the regressions allowed CSUMs to be estimated from 24-hour mass
changes experienced by individual chicks varying in body size and mass. An analysis
of variance determined that the mean CSUMs measured during February and March
2000, and the mean CSUM estimate for the 2000 chick season (all log-transformed)
differed significantly (Table 7.2). However, post hoc multiple comparisons revealed
that the significance was derived from differences between the February and March
values (refer Table 6.6), and the mean CSUM estimate was significantly different to
neither. Conversely, the mean estimate over the latter part of the 2001 season was
significantly lower than that measured during the late-March / early-April frequent
weighing period, although the significance was only marginal (Table 7.2).

Log-transformation of data failed to correct for severe inequality of variances;
consequently, multiple comparisons could not be made between CSUMs recorded in
February, March and April 2002 and, those estimated by NET mass differences during
that year. Non-parametric testing subsequently determined that the four means were
significantly different (Table 7.2), however, those of the three frequent weighing
periods themselves differed by a higher degree of significance (refer Table 6.6). By
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contrast, the mean CSUMs recorded in February, March and April 2003, and the mean
CSUM estimated by NET during that season did not differ significantly (Table 7.2).

Because inequality of variances could not be corrected by log-transformation of data,
standard multiple range comparisons could not be made between annual CSUM
estimates. Nonetheless, the overall difference between the means was highly
significant (Kruskal-Wallis, χ23 = 181.705, p = <0.001). Consequently, individual twosample non-parametric tests were employed, but the level of test significance was
adjusted, using the Dunn-Šidák method (Sokal & Rohlf 1995), to maintain
independence. At the adjusted significance level ( p = 0.01), CSUM estimates
exhibited highly significant differences between years, with the exception of 2002 and
2003, in which the difference was marginal (Table 7.3). CSUMs estimated over the
duration of the 2000, 2002 and 2003 seasons, and over the latter portion of the 2001
season are shown in Figure 7.1.
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Table 7.1. Stepwise multiple regressions of corrected mass increments (CSUM) against the previous day’s
body mass (PWT), 24-hour mass difference (NET) and log-transformed body-size index (LBSINDEX).

Dependent variable: CSUM
Year
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2000

2001

2002

2003

Regression
variable

Unstandardised
Coefficients

(Constant)
PWT
NET
LBSINDEX
(Constant)
PWT
NET
LBSINDEX
(Constant)
PWT
NET
LBSINDEX
(Constant)
PWT
NET
LBSINDEX

Beta
Std. Error
-22.691
11.986
0.231
0.024
0.959
0.046
-3.333
1.293
-300.872
73.956
0.514
0.095
1.023
0.076
-0.707
1.830
-9.453
6.954
0.146
0.013
0.883
0.035
0.434
0.467
31.710
13.154
0.048
0.018
0.859
0.045
-1.762
1.014

Coefficient Significance
of t-test
of t-test

-1.893
9.488
20.906
-2.577
-4.068
5.426
13.449
-0.387
-1.359
10.936
25.295
0.928
2.411
2.678
19.189
-1.738

0.061
<0.001
<0.001
0.011
<0.001
<0.001
<0.001
0.701
0.176
<0.001
<0.001
0.355
0.017
0.008
<0.001
0.085

Regression
source of
variation
Regression
Residual
Total
Regression
Residual
Total
Regression
Residual
Total
Regression
Residual
Total
-

Degrees of
freedom

3
116
119
3
55
58
3
129
132
3
134
137
-

r2

0.805
0.782
0.838
0.740
-

F-value

160.079
65.868
222.823
127.403
-

Significance
of F
p=
<0.001
<0.001
<0.001
<0.001
-

Table 7.2. CSUMs deduced from frequent weighing trials conducted during February, March and April from 2000 to
2003, and the CSUMs estimated from 24-hour mass changes over the duration of the four successive nestling periods.

Year
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2000
2001
2002
2003

CSUM (g ± SE)
Range (g)
Estimated
96.9 ± 2.3
0-379.5
72.7 ± 4.4
0-329.5
57.1 ± 2.0
0-300.0
61.7 ± 2.1
0-333.8

N=
1365
319
1106
933

CSUM (g ± SE)
Range (g)
February
80.6 ± 8.6
0-293.9
45.1 ± 7.6
0-182.5
64.2 ± 8.0
0-209.6

N=
76
64
56

CSUM (g ± SE)
Range (g)
March
139.7 ± 9.7
0-298.7
93.7 ± 10.0
0-283.4
76.4 ± 8.8
0-251.2
77.1 ± 10.7
0-341.5

N=
66

CSUM (g ± SE)
Range (g)
April
-

N=
-

69

-

-

70

54.9 ± 10.1
0-179.4
56.8 ± 9.6
0 - 229.6

38

60

Test Statistic

60

F2, 1044 = 4.880
ANOVA
t386 = -1.988
t-test
χ23 = 6.988
Kruskal-Wallis
χ23 = 2.923
Kruskal-Wallis

Significance
p=
0.008
0.048
0.072
0.404

Table 7.3. Two-sample non-parametric Mann-Whitney tests between CSUMs estimated from
NET mass differences during four breeding seasons. To maintain independence, the level of
significance was adjusted ( p = 0.01) using the Dunn-Šidák method (Sokal & Rohlf 1995).

Year
2000
2001

2001
U = 194647
p = 0.003
-

2002

-

2002
U = 547580
p = <0.001
U = 140338.5
p = <0.001
-
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2003
U = 486764
p = <0.001
U = 127420
p = <0.001
U = 483247
p = 0.010

Figure 7.1. CSUMs estimated from 24-hour mass differences over the duration of the 2000,
2002 and 2003 chick seasons, and over the latter portion of the 2001 season.
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7.3.2 Weekly variation in overnight feeds and 24-hour mass changes
On average, during 2000, food delivery exceeded nestling zero-growth levels by 12.3g
(SE ± 3.0g) prior to Week-13 (before 23 March) and chicks gained mass at a rate of
13.2g (SE ± 2.5g) per day. Conversely, zero-growth levels exceeded food delivery by
7.2g (SE ± 3.0g) following Week-13 (30 March onwards) and chicks lost mass at a rate
of 5.9g (SE ± 2.7g) per day. Overall, mean 24-hour mass changes were positive up to
Week-13 and negative after Week-13 (Figure 7.2) and, although chicks lost as much as
200g and gained up to 255g in a 24-hour period, daily mass changes did not differ
significantly by week, during either of these periods. During the following year, after
Week-13 in 2001 (31 March onwards), CSUMs were lower than zero-growth levels by
6.8g (SE ± 3.3g), and chicks lost mass at a mean rate of 15.0g (SE ± 4.6g) per day
(Figure 7.2). Although chicks lost up to 285g, and gained up to 220g in a 24-hour
period, mean daily mass changes did not differ significantly by week, over this period.

In the next year 2002, CSUMs exceeded zero-growth levels by 8.8g (SE ± 2.0g) prior to
Week-14 (before 2 April), and chicks gained mass at a mean rate of 10.2g (SE ± 2.3g)
per day. Conversely, zero-growth levels exceeded food delivery by 6.0g (SE ± 3.8g)
following Week-14 (9 April onwards), and chicks lost mass at a mean rate of 9.6g (SE
± 4.4g) per day. Overall, mean 24-hour mass changes were positive up to Week-14 and
negative after Week-14 (Figure 7.2), and although chicks lost as much as 190g and
gained up to 255g in a 24-hour period, daily mass changes did not differ significantly
by week, during either of these periods. In the final year of the study, CSUMs during
2003 exceeded zero-growth levels by 13.4g (SE ± 3.9g) up to Week-14 (up to 8 April),
and chicks gained mass at a mean rate of 16.8g (SE ± 3.2g) per day. Conversely, zerogrowth levels exceeded food delivery by 11.1 (SE ± 4.0g) after Week-14 (after 8 April),
and chicks lost mass at a mean rate of 6.5g (SE ± 2.9g) per day. As in previous years,
nestlings exhibited substantial daily mass changes, losing as much as 175g and gaining
up to 330g in a 24-hour period. In 2003, daily mass changes differed significantly by
week, prior to Week-14 (Kruskal-Wallis, χ26 = 13.745, p = 0.033) but thereafter, did
not.
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The amount by which estimated CSUMs exceeded, or were exceeded by zero-growth
values, did not differ significantly between years, either before or after peak mass,
(ANOVA, F3, 26 = 0.272, p = 0.845 and F3, 15 = 0.111, p = 0.958). However, CSUMs in
Week-6 (the week February frequent weighing commenced) and Week-10 (the week
March frequent weighing commenced), exceeded zero-growth values by a much greater
percentage in 2003 than in 2002 (Figure 7.2).

7.3.3 Identifying meals from overnight feeds
By plotting CSUM estimates in relation to the status of knock-down barricades, the
procedure was refined by scoring as a feed only those estimates that coincided with a
barricade displacement, as well as a mass difference. Similarly, only those occasions
when mass losses coincided with undisturbed barricades were regarded as ‘no-feeds’,
as opposed to for example, vacant burrows, which would not be associated with any
change in mass. Of 1617 observations in 2000, 1111 barricade displacements were
recorded, of which, 939 (84.5%) coincided with determinations of food delivery as
estimated using CSUMs of 28g and over (Figure 7.3). On the remaining occasions
when burrows were entered chicks were not fed, or they received very small meals
weighing less than 28g. Similarly, of 506 observations in which barricades were
undisturbed, 426 coincided with nights when chicks were not fed and lost mass (84.2%)
and the remainder were not associated with any mass difference.

During 440 observations in 2001, barricades were displaced on 320 occasions, of which
203 (63.4%) coincided with food delivery (Figure 7.3). Barricades remained
undisturbed on 120 occasions, 116 (96.7%) of which were due to chicks not being fed.
Of 1433 barricades inspected in 2002, 914 burrow entries were recorded, of which 575
(62.9%) coincided with food delivery. Barricades remained undisturbed on 519
occasions, one of which failed to detect a positive NET mass difference of 10g (Figure
7.3). During 2003, 579 of 751 burrow entries (77.1%) were associated with food
delivery and, of 1080 observations in total, barricades were undisturbed on the
remaining 324 occasions. In common with the previous year, on one of these occasions
a positive NET mass difference was undetected by barricade monitoring (Figure 7.3).
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Figure 7.2. Mean (g ± SE) weekly differences in positive and negative 24-hour mass changes
(NET ■), in relation to overnight food delivery (CSUM □) and minimum food requirements
for maintenance of body mass (zero-growth ♦) during 2000, 2001, 2002 and 2003.
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Thus, in all four years the great majority of burrow entries coincided with food delivery
(estimated CSUMs) as well as positive NET mass changes in chicks. However, many
entries coinciding with food delivery also coincided with neutral or negative mass
differences. Whilst some of these represent smaller meals that did not result in mass
increases over 24 hours, there were also many instances in which undisturbed
barricades (represented by crosses in Figure 7.3), although not associated with positive
mass changes, coincided with CSUMs over 28g. These scores are due more to
predictive error associated with the regression procedure than to insensitivity of the
burrow monitoring technique.

Similarly, burrow entries by adults, during which no food was delivered to the chick
would, in the perfect model, fall below the 28g threshold. Such inconsistencies are
equally suggestive of statistical noise due to CSUMs being predicted values, whereas
the NET mass differences resulted from daily observations. Although, on two
occasions, mass increases of 10g and 60g were not detected by barricades, errors in
transcription of data are suspected because in both cases, the chicks in question resided
in short, easily-accessible burrows, known to have a single entrance only. In other
words, it is very likely that barricade entries were mistakenly recorded as no-entries in
these instances. Nonetheless, these two cases were removed from any subsequent
analyses.

7.3.4 Estimating frequency of meals per night
In ascertaining whether estimated CSUMs are the result of food delivery by one or both
parents, one approach is to assume that the upper tail of the frequency distribution of the
total mass of food delivered (outside the curve of normal distribution), represents
provisioning by both parents (Phillips & Hamer 2000). The frequency distributions of
CSUM estimates for all four years are illustrated in Figure 7.4 which clearly depicts
some CSUMs lying outside the normal curve. Table 7.4 shows that by sorting measured
CSUMs by weight, not all double- (or triple-) meals were of greater mass than a singlemeal delivery. Consequently, estimated CSUMs were divided into single- and doublemeals using the expected independent probabilities of double-meals, calculated from the
observed proportion of nights during which feeding did not occur in each year. These
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probabilities were determined using the binomial equation described in Section 7.2.
Because, during the 2000 frequent-weighing trials, there was evidence that some chicks
received three meals per night, it was also possible to predict the probability of a third
meal by modifying the equation, where (1- p)3 is the probability of no meals, 3p(1- p)2 is
the probability of one meal, 3p2(1- p) is the probability of two meals and p3 is the
probability of three meals. The modified equation is as follows:

(1- p)3+ 3p(1- p)2 + 3p2(1- p) + p3 = 1
The probabilities of zero, one, two and three meals determined using both equations were
as follows:

Year

2000

2000

2001

2002

2003

Chick-nights

1365

1365

319

1106

933

No feed

31.2%

31.2%

36.4%

48.3%

37.9%

One meal

44.4%

49.3%

47.9%

42.5%

47.3%

Two meals

21.0%

19.5%

15.7%

9.4%

14.7%

Three meals

3.3%

-

-

-

-

This procedure was tested by comparing the observed frequencies of zero, one, two (and
three) meals recorded during the frequent weighing trials, with the independent
frequencies predicted by probability, over the same number of chick-nights. The
observed and predicted frequencies of zero, one, two and three meals in 2000 was
marginally non-significant (Table 7.5) with the assumption that a triple-meal resulted
from a parent leaving the colony and foraging for more food after having already fed its
chick (a genuine triple-meal). However, if a third meal was assumed to be an
undelivered portion of a second meal (perhaps because the chick was satiated due to the
second meal too closely following the first), and classified accordingly, then the observed
and predicted frequencies differed by a margin of much less significance.
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The observed and predicted frequencies of zero, one and two meals per night from
frequent weighing trials did not differ significantly in any year. Thus, the frequencies
of single- and double-meals delivered over the duration of each breeding season could
similarly be predicted, with the assumption that parents feed their chick independently
(Table 7.5). CSUMs were sorted by weight and the cut-off value for a single-meal was
deduced by assuming that, in 2000, the top 19.5% of the cumulative binomial
distribution, as determined by p2, represented feeding by both parents. Similarly, under
the trinomial distribution, the top 3.3%, as determined by p3, represented triple-meals
and the following 21% represented double-meals. Using the same protocol, CSUM
estimates for the following three seasons were sorted by weight, and the top 15.7%,
9.4% and 14.7% of their cumulative binomial distributions were assumed to represent
double-meals in 2001, 2002 and 2003 respectively. In keeping with the assumption that
the triple-meals identified during 2000 were really double-meals, the minimum values
at which observed and estimated CSUMs represented double-meals were as follows:

Year
2000
2001
2002
2003

CSUM (g)
Observed
Predicted
106.9
174.3
133.9
153.1
101.3
154.8
99.1
133.6

The estimated mean frequency of meal delivery over the duration of the chick-rearing
period in each year is shown in Table 7.6. In 2000, the estimated mean, and the feeding
frequencies measured during February and March differed significantly. However, the
measured frequencies themselves differed by a highly significant margin (Chapter 6,
Table 6.6), and post hoc multiple comparisons determined that the rate of food delivery
in March 2000 was significantly greater than the estimated mean (Tukey’s HSD, p =
0.004) as well as that during February.
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Figure 7.3. Displacement of knock-down barricades in relation to corrected SUMs (CSUMs)
and net 24-hour mass differences (NET) during 2000, 2001, 2002 and 2003. Squares (□) and
crosses (+) indicate, respectively, whether a barricade was displaced or not. The horizontal
line above zero represents the 10% meal determinant described in Chapter 6.

131

Figure 7.4. Frequency distributions (with normal curves superimposed) of corrected mass
increments (CSUMs) estimated from 24-hour mass differences during the 2000, 2001, 2002
and 2003 nestling periods.
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Table 7.4. The ten heaviest CSUMs measured during frequent weighing trials in each of the
four years. CSUMs (sorted by weight) were comprised of the corresponding number
of meals per night.

2000
CSUM (g) Meals
298.7
2
298.4
1
297.1
2
293.9
3
286.5
2
283.4
3
273.3
2
260.9
2
249.7
3
249.3
1
245.5
1
244.3
2
228.6
3
227.5
2
227.5
2
225.0
2
219.5
2
219.0
1
209.1
2
206.8
1

2001
CSUM (g) Meals
283.4
2
267.0
2
265.9
1
265.8
2
226.7
1
226.2
2
218.1
2
209.3
1
201.2
1
195.7
2
195.2
2
190.6
1
181.1
2
177.3
2
168.8
1
155.2
1
144.6
1
134.2
1
134.0
1
133.9
2
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2002
CSUM (g) Meals
251.2
2
239.6
1
200.2
2
198.9
1
197.4
1
195.9
1
193.2
2
190.4
2
189.0
2
182.5
1
182.1
2
179.4
2
177.2
1
174.4
1
170.8
1
167.0
1
158.6
2
157.0
1
156.8
1
153.0
2

2003
CSUM (g) Meals
341.5
2
276.6
2
241.9
2
229.6
2
216.1
2
209.6
2
200.5
1
199.7
2
198.7
2
195.1
2
190.7
1
190.5
2
189.5
1
185.2
1
185.0
1
169.1
1
164.4
2
160.4
1
159.5
1
158.7
1

Table 7.5. The frequencies of zero, one, two (and three) meals per night, as observed during
overnight frequent weighing, compared with those predicted over the same number of chicknights under a binomial distribution ( p2 ) in all four years, as well as under a trinomial ( p3 )
distribution in 2000. Because the observed and predicted frequencies were not significantly
different, the frequencies of zero, one, two meals per night delivered over the duration of
each nestling season could be predicted under a binomial distribution.

Year

Chick-nights

Meals per night

0

1

2

3

Significance

2000

142
142

Observed
Predicted ( p3 )

34
44

84
63

20
30

4
5

Fisher’s exact test
p = 0.090

142
142

Observed
Predicted ( p2 )

34
44

84
70

24
28

-

Pearson χ22 = 2.862
p = 0.239

2001

1365
69
69

Predicted ( p2 )
Observed
Predicted ( p2 )

426
21
25

673
38
33

266
10
11

-

Pearson χ22 = 0.748
p = 0.688

2002

319
172
172

Predicted ( p2 )
Observed
Predicted ( p2 )

117
85
83

152
76
73

50
11
16

-

Pearson χ22 = 1.010
p = 0.603

Predicted ( p2 )
Observed
Predicted ( p2 )

531
80
67

471
77
83

104
19
26

-

2003

1106
176
176

-

933

Predicted ( p2 )

354

441

138

-
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Pearson χ22 = 2.464
p = 0.292

The estimated mean feeding frequencies during 2001 and 2002, did not differ
significantly in each case, from the mean number of meals per night delivered during
the single frequent weighing trial of 2001, and three trials conducted during 2002
(Table 7.6). In contrast, the estimated and measured feeding frequencies differed
significantly during 2003 (Table 7.6). However, in common with 2000, the mean
number of meals delivered per night during February, March and April themselves
differed by a significant margin (Chapter 6, Table 6.6), but the estimated mean was on
the margin of significance with that measured in February 2003 only (Tukey’s HSD, p
= 0.050).

The overall mean frequencies of meal delivery during the four nestling periods differed
significantly (ANOVA, F3, 3699 = 47.314, p = <0.001), although there was not a
significant difference between 2000 and 2001, nor 2002 and 2003. Moreover, the
highest (2000) and lowest (2002) means varied by a margin of only 0.27 meals per
night. Therefore, disregarding the highly significant difference between years, Fleshfooted Shearwater nestlings were fed at an average rate of 0.73 meals per night. The
average interval between successive nights when food was delivered is given by the
reciprocal of feeding frequency (Hamer et al. 1997). Thus, chicks were fed, on
average, once every 1.4 nights. On a weekly basis, feeding frequency varied
significantly up to Week-13 in 2000, 2002 and 2003. Conversely, from Week-14
through until fledging, feeding frequency was not significantly different in 2000 and
2002, but did vary significantly over this period in 2001, as well as in 2003 (Table 7.7).

Although the average interval between successive nights of food delivery may be
calculated by taking the reciprocal of feeding frequency, this gives little indication of
the maximum intervals between feeding events. Consequently, intervals between feeds
were examined for individual chicks over the duration of each season. Intervals
between successive feeds ranged between one night (N = 649, 72.7%) and eleven nights
(N = 1, 0.001%) in 2000, and between one night (N = 116, 73.4%) and six nights (N =
4, 2.5%) in 2001. Similar intervals between one night (N = 257, 57.9%) and twelve
nights (N = 1) were observed in 2002, and between one night (N = 325, 58.4%) and
seven nights (N = 1) in 2003 (Figure 7.5).
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Whilst protracted intervals between feeds were rare in any year, Figure 7.6 shows that
during February 2002, some nestlings endured fasts of up to twelve days. Nonetheless,
despite these young chicks being subject to nutritional hardship during the critical posthatching period when maximum body fat had not yet accumulated, each recovered to
attain considerable subsequent body mass, and each survived to fledge. Furthermore,
the mean body masses of the four individuals depicted in Figure 7.6 (pooled as one
sample), and those of the remaining chicks (pooled as a second sample) did not differ
significantly (t472 = -1.176, p = 0.240) during February 2002. The one nestling that
perished during this month was excluded from this analysis.

Body masses of adult shearwaters captured at random, over the four years of the study,
did not vary significantly between years (ANOVA, F3, 389 = 2.585, p = 0.053).
Conversely, the mean masses of meals (transformed to log10), measured during frequent
weighing trials in each year, differed by a highly significant margin (ANOVA, F3, 1324 =
29.652, p = <0.001). Individual meal masses were not estimated because not all
double-meals were of greater mass than a single-meal delivery (Table 7.4).
Consequently, it was difficult to assign an overall value representative of meal mass.
Meal masses did not vary significantly between the two frequent weighing trials in
2000 (Chapter 6, Table 6.6), nor between these and the single frequent weighing trial in
2001. Pooling these values produced a mean meal mass of 112.4g (± 3.4g, N = 194) for
2000 and 2001, which equated to 18% mean adult body mass (pooled for all years).
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Table 7.6. Mean feeding frequency (meals per night) measured during frequent weighing trials in February, March and April
from 2000 to 2003, and mean estimated feeding frequency over the duration of the four successive nestling periods.

Year
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2000
2001
2002
2003

Meals. night -1
(± SE)
Estimated
0.88 ± 0.02
0-2
0.79 ± 0.04
0-2
0.61 ± 0.02
0-2
0.62 ± 0.02
0-2

N=
1365
319
1106
933

Meals. night -1
(± SE)
February
0.76 ± 0.07
0-2
0.45 ± 0.07
0-2
0.80 ± 0.09
0-2

N=
76
64
56

Meals. night -1
(± SE)
March
1.17 ± 0.08
0-2
0.84 ± 0.08
0.71 ± 0.08
0-2
0.67 ± 0.08
0-2

N=
66

Meals. night -1
(± SE)
April
-

N=
-

69

-

-

70

0.50 ± 0.09
0-2
0.50 ± 0.08
0-2

38

60

60

ANOVA
test statistic
Significance
F2, 1504 = 6.511
p = 0.002
t386 = 0.555
p = 0.579
F3, 1274 = 2.242
p = 0.082
F3, 1105 = 3.554
p = 0.014

Table 7.7. Mean (± SE) overnight feed size (CSUM) and feeding frequency (proportion of a meal per night) in weekly blocks from 1 January, during the
intervals preceding and following peak mass in each year. The significance refers to Kruskal-Wallis tests of each parameter by week, during each interval.
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Year
Week
4
5
6
7
8
9
10
11
12
13
Significance
14
15
16
17
18
Significance

2000
CSUM (g)
Meals night -1
9.6 ± 6.5
0.18 ± 0.12
17.6 ± 3.2
0.35 ± 0.06
35.4 ± 4.4
0.49 ± 0.05
75.9 ± 7.1
0.75 ± 0.06
81.5 ± 8.0
0.79 ± 0.07
111.3 ± 14.1
0.97 ± 0.13
114.5 ± 6.9
0.98 ± 0.06
125.5 ± 7.4
1.08 ± 0.06
143.0 ± 8.9
1.20 ± 0.07
χ28 = 191.968, χ28 = 119.680,
p = <0.001
p = <0.001
108.4 ± 8.1
0.91 ± 0.07
112.7 ± 8.5
0.93 ± 0.07
107.9 ± 7.6
1.00 ± 0.07
106.2 ± 5.2
0.98 ± 0.04
97.3 ± 5.6
0.91 ± 0.04
χ24 = 2.083,
χ24 = 1.768,
p = 0.720
p = 0.775

CSUM (g)
92.7 ± 19.4
-

2001
Meals night -1
0.90 ± 0.18
-

91.4 ± 8.0
83.4 ± 8.5
31.6 ± 5.0
44.1 ± 10.0
χ23 = 28.619,
p = <0.001

0.91 ± 0.07
0.89 ± 0.08
0.50 ± 0.07
0.60 ± 0.10
F3, 295 = 6.386,
p = <0.001

2002
CSUM (g)
Meals night -1
20.2 ± 4.9
0.38 ± 0.08
20.2 ± 3.1
0.31 ± 0.04
23.5 ± 3.5
0.31 ± 0.04
43.9 ± 5.3
0.47 ± 0.05
64.8 ± 8.0
0.64 ± 0.07
77.7 ± 8.6
0.77 ± 0.08
71.2 ± 7.1
0.75 ± 0.07
87.1 ± 7.8
0.89 ± 0.07
84.2 ± 7.9
0.81 ± 0.07
96.5 ± 11.9
0.94 ± 0.11
χ29 = 136.025, χ29 = 106.906,
p = <0.001
p = <0.001
67.6 ± 8.1
0.69 ± 0.08
67.8 ± 12.1
0.71 ± 0.12
60.1 ± 8.4
0.67 ± 0.09
55.3 ± 7.3
0.72 ± 0.08
χ23 = 0.690,
χ23 = 0.304,
p = 0.876
p = 0.959

2003
CSUM (g)
Meals night -1
45.2 ± 8.0
0.63 ± 0.09
76.1 ± 7.5
0.77 ± 0.06
64.7 ± 4.8
0.71 ± 0.04
63.5 ± 8.2
0.63 ± 0.06
53.0 ± 6.8
0.49 ± 0.05
81.1 ± 9.1
0.60 ± 0.05
66.8 ± 7.8
0.51 ± 0.05
χ26 = 10.411,
χ26 = 21.316,
p = 0.108
p = 0.002
63.6 ± 5.9
0.56 ± 0.05
51.5 ± 6.4
0.44 ± 0.05
62.9 ± 8.9
0.60 ± 0.07
43.2 ± 3.6
0.83 ± 0.05
49.9 ± 1.3
0.98 ± 0.02
χ24 = 4.976,
χ24 = 52.111,
p = 0.290
p = <0.001

Figure 7.5. Frequency distributions of intervals between successive overnight feeds,
during 2000, 2001, 2002 and 2003.

139

Figure 7.6. Body masses of four individual nestlings that underwent periodic fasts of up to
12 days during February 2002 and, subsequently survived to fledge. The vertical lines in
each chart denote the range of days encompassing both fasts, in each case.
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Similarly, meal masses did not vary significantly between the three frequent weighing
trials in 2002 (Chapter 6, Table 6.6). However, the overall mean in 2002 was
significantly smaller than in both previous years (Tukey’s HSD, p = <0.001 and p =
0.021). The overall mean in 2003 was significantly smaller than all three previous
years (all p = <0.001, Tukey’s HSD), and also exhibited intra-annual variation where
the February mean was significantly smaller than March and April (Chapter 6, Table
6.6). Consequently, no further aggregation of data was possible. Mean meal masses,
expressed as percentages of adult body masses for each successive year, are
summarised in the following table:

Year
2000
2001
2002
2003
Significance
Pooled mean

Adult mass
(g ± SE)
609.2 ± 15.4
621.1 ± 13.9
616.2 ± 4.9
631.5 ± 3.7
p = 0.053
624.6 ± 2.9

N=
19
13
142
219
393

Meal mass
(g ± SE)
112.8 ± 4.0
111.4 ± 6.2
92.6 ± 1.5
81.0 ± 1.4
p = <0.001
90.6 ± 1.0

N=
136
58
570
564
1328

Meal mass =
% adult mass
18.5
17.9
15.0
12.8
14.5

7.3.5 Weekly variation in overnight feeds and frequency of meals
In line with the inevitable increase in body size of chicks between hatching and peak
mass, mean nightly CSUMs in 2000 increased from Week-5 to Week-12. However,
this did not correlate negatively with feeding frequency. Chicks were not visited more
often with smaller feeds early in the nestling period, to compensate for gut capacity.
By contrast, frequency of meal delivery in 2000 increased proportionally with CSUM,
so chicks received larger overnight feeds more frequently, as peak mass approached
(Table 7.7, Figure 7.7). Provisioning was similar in 2002, when increases in the size of
overnight feeds corresponded with feeding frequency up to Week-13. Only during the
final year of the study did CSUMs fluctuate inconsistently by week, with meal delivery
following a remarkably similar pattern prior to peak mass. However, in contrast to the
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previous years, CSUMs did not differ significantly over this period in 2003 (Table 7.7,
Figure 7.7).

Over the period following peak mass (Week-14 to Week-18) in 2000, there was no
significant difference in mean food delivery (overnight feeds or feeding frequency,
Table 7.7) despite a highly significant decrease in body mass (Kruskal-Wallis, χ24 =
85.706, p = <0.001). Thus, despite receiving a similar amount of food, on average,
chicks lost significant body mass on a weekly basis, over the later part of the nestling
period. By contrast, over the latter part of the 2001 nestling period, both food delivery
(Table 7.7) and nestling body masses varied significantly (Kruskal-Wallis, χ24 =
138.645, p = <0.001) by week. Mass changes in nestlings will be dealt with in greater
detail in the following chapter. There was no significant difference in mean food
delivery after Week-14 in 2002 (Table 7.7) despite highly significant decreases in body
masses (ANOVA, F3 = 12.680, p = <0.001). Therefore, in common with 2000, despite
receiving similar-sized feeds over the final weeks of the season, and no-less frequently,
chicks lost significant body mass towards the time they departed the colony.

During 2003, CSUMs prior to Week-13 exhibited similarities to those after, in not
varying significantly by week, despite the changes in chick body size between hatching
and peak mass. Conversely, the mean number of meals delivered per night fluctuated
significantly during the earlier period, falling to less than 0.5 during Week-10.
Similarly, feeding frequency was shown to differ significantly over the final weeks of
the 2003 season, but increased rather than decreased towards fledging (Table 7.7).
Nonetheless, in common with 2000 and 2002, mean weekly body masses (transformed
to log10) following peak-mass decreased by a highly significant margin (ANOVA, F3 =
116.108, p = <0.001).

Both CSUMs and feeding frequency were low early in the 2000 nestling period, but in
comparison to the other years, increased significantly from Week-9 onwards. By
contrast, CSUMs in 2003 were larger early, but decreased inversely in comparison to
2000, resulting in highly significant differences between equivalent weeks in
consecutive years. Due to gaps in the data, weekly blocks were analysed individually
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Figure 7.7. Mean (± SE) overnight food delivery in weeks from 1 January, during 2000 (◊),
2002 (□) and 2003 (■). Upper graph: grams of food delivered per night (CSUM). Lower
graph: proportion of a meal delivered per night.
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between years, with the level of test significance adjusted using the Dunn-Šidák
method (Sokal & Rohlf 1995) to account for repeat-testing (Table 7.8). Overall, nightly
feeds were larger, and the frequency of meals was higher in 2000, whilst both
parameters reached a nadir around Week-10 in 2003.

7.3.6 Regulation of food delivery in response to nestling body condition
Multiple backward stepwise regressions, with all variables transformed to log10, were
initially used to eliminate those skeletal components that were not significant predictors
of body mass. However, because no consistent pattern of elimination emerged, for
purposes of estimating body masses, all variables were retained and regressed upon
body mass using multiple linear regressions, with log10 body mass as the dependent
variable. The regressions produced equations of the typical form:

log10 body mass = A * log10 tarsus + B * log10 beak length – C * log10 head length
+ D * log10 beak depth – E * log10 wing length + F

These equations were used to estimate body masses for chicks that were subsequently
fed on the nights investigated. The chicks’ measured body masses were divided by the
estimates, thereby giving an index of body condition corrected for body size, with the
assumption that, in the average individual, BCI = 1.0 (Krebs & Singleton 1993). The
2000 regression of BCI upon CSUM was not significant (F1, 35 = 0.163, r2 = 0.005, p =
0.689). Therefore, it was assumed that the amount of food a chick received overnight
was not altered to compensate for variation in body condition. Similarly, there was no
evident relationship between BCI and the number of meals received per night (F1, 35 =
0.444, r2 = 0.013, p = 0.510). Figure 7.8 shows that the sizes of overnight feeds were
randomly distributed in relation to BCI, whilst the chicks that received more than one
meal per night were of intermediate BCI - neither high nor low.
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Table 7.8. Comparisons, using t-tests and one-way analyses of variance, of mean (± SE)
overnight feeds (upper table) and the mean (± SE) proportion of a meal delivered per night
(lower table), by week, from 1 January, in each year of 2000, 2001, 2002 and 2003. To account
for repeat-testing, the level of test significance was adjusted using the Dunn-Šidák method
(Sokal & Rohlf 1995), from the equation ά = 1-1 (1-0.05)1/15. The corrected level of
significance is p = 0.003 and significant results are given in bold type.

Year
Week
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

2000
CSUM (g)
9.6 ± 6.5
17.6 ± 3.2
35.4 ± 4.4
75.9 ± 7.1
81.5 ± 8.0
111.3 ± 14.1
114.5 ± 6.9
125.5 ± 7.4
143.0 ± 8.9
108.4 ± 8.1
112.7 ± 8.5
107.9 ± 7.6
106.2 ± 5.2
97.3 ± 5.6

2001
CSUM (g)
92.7 ± 19.4
91.4 ± 8.0
83.4 ± 8.5
31.6 ± 5.0
44.1 ± 10.0
-

2002
CSUM (g)
20.2 ± 4.9
20.2 ± 3.1
23.5 ± 3.5
43.9 ± 5.3
64.8 ± 8.0
77.7 ± 8.6
71.2 ± 7.1
87.1 ± 7.8
84.2 ± 7.9
96.5 ± 11.9
67.6 ± 8.1
67.8 ± 12.1
60.1 ± 8.4
55.3 ± 7.3

2003
CSUM (g)
45.2 ± 8.0
76.1 ± 7.5
64.7 ± 4.8
63.5 ± 8.2
53.0 ± 6.8
81.1 ± 9.1
66.8 ± 7.8
63.6 ± 5.9
51.5 ± 6.4
62.9 ± 8.9
43.2 ± 3.6
49.9 ± 1.3

Significance
t43 = -1.122, p = 0.268
F2, 221 = 7.804, p = 0.001
F2, 304 = 25.754, p = <0.001
F2, 367 = 8.073, p = <0.001
F2, 230 = 1.605, p = 0.203
t67.402 = 2.032, p = 0.046
F2, 306 = 21.613, p = <0.001
F2, 327 = 9.508, p = <0.001
F2, 276 = 23.882, p = <0.001
t72 = -0.165, p = 0.870
F2, 376 = 9.151, p = <0.001
F3, 390 = 12.389, p = <0.001
F3, 264 = 15.843, p = <0.001
F3, 255 = 22.655, p = <0.001
F2, 157 = 19.731, p = <0.001

Week
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Meals night -1
0.18 ± 0.12
0.35 ± 0.06
0.49 ± 0.05
0.75 ± 0.06
0.79 ± 0.07
0.97 ± 0.13
0.98 ± 0.06
1.08 ± 0.06
1.20 ± 0.07
0.91 ± 0.07
0.93 ± 0.07
1.00 ± 0.07
0.98 ± 0.04
0.92 ± 0.04

Meals night -1
0.90 ± 0.18
0.91 ± 0.07
0.89 ± 0.08
0.50 ± 0.07
0.60 ± 0.10
-

Meals night -1
0.38 ± 0.08
0.31 ± 0.04
0.31 ± 0.04
0.47 ± 0.05
0.64 ± 0.07
0.77 ± 0.08
0.75 ± 0.07
0.89 ± 0.07
0.81 ± 0.07
0.94 ± 0.11
0.69 ± 0.08
0.71 ± 0.12
0.67 ± 0.09
0.72 ± 0.08

Meals night -1
0.63 ± 0.09
0.77 ± 0.06
0.71 ± 0.04
0.63 ± 0.06
0.49 ± 0.05
0.60 ± 0.05
0.51 ± 0.05
0.56 ± 0.05
0.44 ± 0.05
0.60 ± 0.07
0.83 ± 0.05
0.98 ± 0.02

Significance
t20.498 = -1.351, p = 0.191
F2, 221 = 5.719, p = 0.004
F2, 304 = 17.851, p = <0.001
F2, 367 = 9.186, p = <0.001
F2, 230 = 1.576, p = 0.209
t95 = 1.430, p = 0.156
F2, 306 = 17.085, p = <0.001
F2, 325 = 13.257, p = <0.001
F2, 227 = 27.581, p = <0.001
t72 = -0.211, p = 0.834
F2, 376 = 10.345, p = <0.001
F3, 389 = 11.609, p = <0.001
F3, 263 = 9.344, p = <0.001
F3, 251 = 7.774, p = <0.001
F2, 155 = 6.564, p = 0.002
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The 2002 regressions determined no significant relationship between BCI and CSUM
(F1, 20 = 0.081 r2 = 0.004, p = 0.779), nor BCI and the number of meals a chick received
per night (F1, 20 = 3.358 r2 = 0.144, p = 0.082). Figure 7.8 shows that on the single
occasion, out of all the nights investigated, when a double-meal was delivered, the
receiver was a nestling of the highest body condition. A higher BCI is indicative of a
higher measured body mass (prior to being fed). In common with the previous years,
during 2003, there was no significant relationship between BCI and CSUM (F1, 28 =
0.174 r2 = 0.006, p = 0.679), nor between BCI and the number of meals received per
night (F1, 28 = 1.632 r2 = 0.055, p = 0.212). CSUMs were distributed randomly, and
chicks with a lower BCI were neither fed more often, nor less often, than others (Figure
7.8). In conclusion, there is no evidence that in 2000, 2002 or 2003 adult Flesh-footed
Shearwaters regulated food delivery in response to nestling body condition.
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Figure 7.8. Scatterplots of body condition indices (BCI) in relation to overnight feeds
(CSUMs) and single- and double-meals received in an overnight feed, during frequent
weighing trials in 2000, 2002 and 2003. The number of meals per night during 2000
includes triple-meals that were later re-classified as double-meals.
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7.4 Discussion
There is a considerable body of existing literature concerning the provisioning of
nestling seabirds, most of which focuses on quantities of food delivered and frequencies
of parental visitation. This information has been derived using various adaptations of
established methods which, ultimately, rely on regularly weighing nestlings (Ricklefs
1984, Ricklefs et al. 1985, Hamer & Hill 1993, Hamer 1994, Bolton 1995a, Hamer &
Hill 1997, Hamer et al. 1997, Phillips & Hamer 2000). Calculation of food delivery
and feeding frequency typically involves weighing young once- or twice-daily and such
work can be time consuming and labour-intensive if statistically adequate data are to be
generated. Moreover, because nestling body masses fluctuate so rapidly, even twicedaily weighing may underestimate large meals, and overlook small ones altogether.

Altered patterns of provisioning, and losses through observer effects have been
discussed by Payne & Prince (1979), Serventy & Curry (1984) and Ollason & Dunnet
(1986). Indeed, some burrowing seabirds, the larger Puffinus shearwaters in particular,
can be particularly intolerant of disturbance (Warham 1990) and frequent weighing
necessarily involves repetitive visits to the nest. Because this may influence patterns of
food delivery and chick growth, the effects of repeatedly handling chicks will be
addressed in a subsequent chapter. The methods of Ricklefs et al. (1985), subsequently
adopted by Hamer & Hill (1993), assumed that meals were distributed uniformly over
intervals and that nestlings experienced different rates of mass loss if a meal was
delivered mid-way through an interval. This was accounted for by calculating
standardised rates of mass loss, both before and after meal delivery, then averaging the
result. The averaged rate of mass loss (in grams per hour), when multiplied by the
number of interval hours, provided a value by which mass increments were
underestimated due to metabolic mass-loss experienced by the nestling. The value was
then used to correct positive mass increments accordingly.

However, these methods made no allowance for individual nestling characteristics, such
as differences in age, or body mass prior to weighing. This was addressed by using
regression equations that predicted rates of mass loss on an individual level, depending
on factors such as initial mass, age and meal size (Bolton 1995a, Hamer & Hill 1997,
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Hamer et al. 1997). In these studies, a feed was assumed if a positive mass increment
was recorded between two successive weighings, but corrections were still made for
two rates of mass loss, with the assumption that the nestling was fed mid-way between
the weighings. Consequently, in the event of a meal being delivered immediately after
a weighing, or if a particularly small meal was delivered, a positive mass increase may
not necessarily have been detected. To account for this, an improvement was to
calculate the expected mass of individual nestlings at the end of a known interval when
no food was delivered. If the subsequent observed mass was greater than the expected
mass by a pre-determined margin of error, then feeding was assumed to have taken
place, even if the nestling had lost mass in the interim (Phillips & Hamer 2000).
This improved method was employed in the present study. Using linear regression, it
was determined that the initial mass of an individual nestling, as well as a body size
index calculated from its skeletal dimensions, had a highly significant effect on the
degree of mass it lost over a three-hour interval, both before and after a meal. Body
masses were measured following a three-hour fast (confirmed by undisturbed nest
barricades) and, if subsequent masses were greater than these values by the predetermined margin of error, feeding was assumed to have taken place, even if chicks
had only maintained, or even lost, mass. In such instances, this changed a chick’s
PFED-status (whether previously fed or not) to that of having been fed, enabling its
mass loss over the following interval to be corrected accordingly.
It was important to adopt an appropriate margin of error, in this case 28g, which
equalled 10% of the maximum uncorrected SUM recorded during the frequent
weighing trials (Phillips & Hamer 2000). A lower value may have predicted incorrectly
that additional meals were delivered when they were not, whereas using a higher value
may have missed occasions when provisioning had taken place. Only recently have
similar studies applied this strategy, most considering only positive mass increments
between weighings as evidence of provisioning. Consequently, in species that
occasionally deliver small meals, underestimation of food delivery would be inevitable
(ibid.). In general, studies of nestling provisioning have been based on regular
weighing and, where possible, supplementary data such as visual observations of
parental behaviour at the nest. Whilst direct observations may be achieved readily in
surface-nesting species, the opposite is true of those that nest underground.
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Consequently, to improve the assessment of provisioning behaviour in burrow-nesting
seabirds, various instruments have been devised to monitor burrow traffic, and even
record weights of nestlings and adults, both before and after food delivery (Prince &
Walton 1984, Granadeiro et al. 1998, Nicholson et al. 1998). However, because such
instruments are typically cost-prohibitive and impractical in certain field situations, a
cheap and practical alternative is to simply barricade burrow entrances with knockdown indicators such as wooden pop-sticks. Whilst the causes of barricade
displacement may not always be readily identified, this study demonstrated that very
few meals, as determined by the previously described methods, went undetected; even
though on many occasions, barricades were displaced when no food was delivered.
Considering that burrow entry without food delivery in no way demonstrates
insensitivity on behalf of the monitoring technique, and taking into account the inherent
errors typical of statistical procedures, the barricades proved to be remarkably reliable
and cost-effective indicators of nestling provisioning.

Although displaced barricades did not necessarily represent feeding, or indeed, entry by
a parent shearwater, providing all entrances were monitored, absence of burrow
visitation could be confirmed if barricades were undisturbed. From the proportion of
nights on which, judging by undisturbed barricades, feeding was known not to have
taken place, it was possible to predict, using probability functions, the proportion of
nights on which feeding did occur and the respective frequencies of single- and doublemeals. The predicted frequencies did not differ significantly from the observed
frequencies of single- and double-meals recorded during frequent weighing trials,
emphasising the versatility of barricades, not only as good determinants of provisioning
by observed burrow entry, but also as excellent predictors of feeding frequency
determined by probability.

Body mass affects many different physiological processes and the performance of most
physiological systems. As a general rule, smaller animals tend to have higher massspecific metabolic rates than larger animals (Randall et al. 1997). However, Warham
(1996, Table 7.2) confirmed in 54 procellariiform species, from albatrosses to storm
petrels, that body temperature was not related to body size. Similarly, but on an intraspecific level, an analysis of covariance confirmed that, in this study, the body
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temperatures of nestling Flesh-footed Shearwaters were not influenced by their prefeeding body masses. In birds, the principal, and usually the only significant, source of
body heat is that resulting from metabolic processes. Only rarely, and temporarily, is
there a direct uptake of heat per se from the environment (King & Farner 1969). Of the
‘gross energy’ ingested as food, the amount absorbed from the digestive tract is known
as ‘digestible energy’. A fraction of this is excreted as nitrogenous waste in the form of
uric acid, leaving the remainder as available ‘metabolisable energy’. Depending on the
composition of food, as well as environmental conditions, the portion of gross energy
that becomes metabolisable energy may vary between species from about 70% to 90%.

Some of the metabolisable energy appears immediately as heat and is described as the
‘specific dynamic action’, or ‘calorigenic effect’ of the food. This is believed to result
from the exothermic reactions of intermediary metabolism in the inter-conversion,
transportation and storage of food molecules and, for animals in a thermoneutral
environment (e.g. a burrow) this is represented entirely as waste heat (King & Farner
1969). As there is little difference between cloacal and proventricular body
temperatures (Warham 1996), temperature measurements made in the field, via the
cloaca, are reliable and representative of deep body temperature (King & Farner op.
cit.). These authors also stated that the fraction of metabolisable energy expressed as
specific dynamic action is directly proportional to the level of energy intake, which
depends upon the previous nutritional state of the bird and on the composition of its
diet. An analysis of covariance confirmed that, in this study, previous nutritional state
had a mildly significant influence upon the body temperature of nestlings. However,
the mean cloacal temperature of nestlings fed prior to temperature measurement
exceeded that of unfed nestlings by a non-significant margin of less than 0.2°C.

The specific composition of the diet is unconfirmed, predominantly because a dietary
analysis was not the principal focus of this study, but also because of a dearth of
analysable samples due to the study species’ unwillingness to regurgitate. From a few
opportunistic samples of stomach contents and, anecdotal accounts from commercial
fishers, the Flesh-footed Shearwater is thought to predominantly exploit schooling
teleost fishes as prey. The effect of protein, which exhibits the greatest calorigenic
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effect (body heat), is known to exceed basal energy expenditure by up to 18% in
domestic fowl (Barott et al. 1938). If Flesh-footed Shearwater nestlings received a diet
high in fish protein, it was not reflected in elevated body temperatures in recently fed
nestlings. However, chicks occasionally dribbled orange-coloured oil from the beak
when handled which, according to Weimerskirch & Cherel (1998) is indicative of
crustacean prey. Clearly, a detailed investigation into the diet of the Flesh-footed
Shearwater would contribute to this debate, and complement the present study.

Hamer et al. (1997) reported that, during the first 10 days after hatching, small Shorttailed Shearwater chicks were fed more frequently, but received significantly smaller
feeds than, older chicks. Hamer & Hill (1997) reported the same for Manx Shearwaters
and, in addition, that chicks more than two months old (i.e. after the peak in mass)
received significantly smaller feeds, less frequently. Conversely, Hamer & Hill (1993)
and Hamer (1994) inferred that, for Cory’s Shearwater and the Little Shearwater, food
delivery did not vary in relation to body size between chicks only a few days old and
those at their peak mass. However, these latter studies were of relatively short duration
and did not actually include the period immediately after hatching. Nonetheless, a
comparable study, by Klomp & Furness (1992), of Cory’s Shearwater chicks five to
fifteen days old, produced rates of food supply similar to those calculated by Hamer &
Hill (1993) in older chicks. This confirmed that, at least in Cory’s Shearwater, bodysize was not an influential factor upon the size of an overnight feed.

Only in 2000, during the present study, was body size index a significant predictor of
CSUM. In that year, mean nightly food delivery increased significantly between Week5 (chicks aged one to two weeks) and Week-12 (chicks aged eight to nine weeks).
However, in very young chicks, more regular provisioning did not compensate for
smaller overnight feeds, as reported by Hamer et al. (1997). Nor were older chicks
visited less frequently (Hamer & Hill 1997), even though they received larger feeds.
Particularly in 2000, Flesh-footed Shearwater nestlings received progressively larger
overnight feeds over progressive weeks and received a greater proportion of meals per
night, as peak mass approached. Prior to peak mass, daily mass changes corresponded
to the degree by which overnight food delivery exceeded the amount of food required
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by chicks in order to neither gain nor lose mass (the zero-growth value). In common
with Short-tailed Shearwaters (Hamer et al. 1997), nightly food delivery only slightly
exceeded zero-growth values in the youngest chicks, before peaking in Week-9 (lateFebruary/early-March), when the mean CSUM exceeded zero-growth by almost 45%.
During the period prior to Week-13, food delivery exceeded zero-growth levels by
12.3g on average and chicks gained mass at a mean rate of 11.9g per day. An
indication of food conversion efficiency can be calculated by dividing the mean CSUM
by the mean NET mass increase, yielding the amount of food required for a mass
increase of 1.0g (Schultz & Klomp 2000b). Using this method, during the period
preceding peak-mass in 2000, Flesh-footed Shearwater chicks required 7.5g of food on
average, per gram of weight gain. This result is comparable to those for Short-tailed
Shearwater chicks (2.0 - 9.1g) and Wedge-tailed Shearwater chicks (4.9 - 9.6g) (Schultz
& Klomp 2000b).

From Week-14 (late-March/early April) onwards, zero-growth values typically
exceeded overnight food delivery and 24-hour mass changes were negative. In
common with Short-tailed Shearwaters (Hamer et al. 1997), but in contrast to Manx
Shearwaters (Hamer & Hill 1997), neither the size of overnight feeds, nor the
proportion of meals delivered per night, decreased significantly towards the end of the
2000 nestling period. Nonetheless, chicks lost 6.1g per day, on average, during this
interval. This, however, was not the case the following year. Over the same period in
2001, both food delivery and feeding frequency differed significantly by week.
Although the significance stemmed from only a sporadic fall and a subsequent recovery
in both variables during Week-16, chicks still lost mass, on average, at a rate of 8.0g
per day.

Even though the regression determined that body size index was not a significant
predictor of CSUM in 2002, mean nightly food delivery increased significantly between
Week-5 (chicks aged one to two weeks) and Week-13 (chicks aged nine to ten weeks).
In common with 2000, the proportion of meals delivered per night increased in line
with CSUM, although both variables fluctuated and, with the exception of Week-4,
were lower overall than during 2000. Nightly food delivery again only slightly
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exceeded zero-growth values early in the season, the difference peaking in Week-8
when CSUM exceeded zero-growth by 55%. During the period up to Week-13, food
delivery exceeded zero-growth levels by 8.8g on average, and chicks gained mass at a
mean rate of 9.6g per day. On average, during 2002, 5.8g of food was required to
produce a 1.0g increase in body mass, which again is comparable to published results
for Short-tailed and Wedge-tailed Shearwater chicks (Schultz & Klomp 2000b).
Conversely, zero-growth values mostly exceeded food delivery after Week-14, when
24-hour mass changes were generally negative. As in 2000, neither the size of
overnight feeds, nor the proportion of meals delivered per night, decreased significantly
towards the end of the 2002 nestling period.

2003, the final year of the study, differed markedly from the previous years in that
overnight feeds did not differ significantly in size between Week-5 and Week-12, and
the frequency of meals exhibited marked fluctuations. Rather, CSUMs recorded during
Week-5 and Week-6 were significantly larger, on average, than during the same weeks
in previous years. Mean weekly CSUMs subsequently decreased, before reaching their
peak in Week-11, at a comparatively lower level. Similarly, the proportion of meals
delivered per night differed significantly prior to peak mass, and in common with
previous years, fluctuated weekly, approximately in proportion with the mean overnight
feed size. Although nightly food delivery in 2003 only exceeded zero-growth values
slightly in Week-5, by the following week the excess was as high as 73%. An excess of
50% subsequently coincided with the Week-11 peak in food delivery. During the
period prior to Week-13, food delivery exceeded zero-growth levels by 13.4g on
average, and chicks gained mass at a mean rate of 14.7g per day. On average, 4.0g of
food was required to produce a 1.0g increase in body mass, which is within the range of
published results for Short-tailed Shearwater chicks (Schultz & Klomp 2000b). Whilst
food delivery during 2003 did not differ significantly from Week-14 through to Week18, the proportion of meals delivered per night exhibited a pronounced and highly
significant increase towards fledging.

Flesh-footed Shearwaters thus exhibited two different patterns of chick provisioning.
During two seasons, chicks received increasingly larger, and more frequent, overnight
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feeds (on a weekly basis) from the time that they hatched until their peak body mass.
More regular feeding, therefore, did not appear to compensate for smaller feeds early in
the nestling period. This finding supports the concept that from just after hatching until
the age at which chicks attain maximum mass, feeding rate is not adjusted to chick
body size (Harris 1966, Ricklefs et al. 1985, Hamer & Hill 1993, Hamer 1994). During
the third season, overnight feeds in Week-5 were more than twice as large as during the
same period in the other two years, before increasing to over three times the average
size of Week-6 food delivery in 2002. This preceded a subsequent decrease, but, in
common with other years, the proportion of meals delivered per night varied in
conjunction with the size of overnight feeds. Where in the former situation, smaller
feeds were not compensated for by more regular meals, similarly, in 2003 larger feeds
were not compensated for by a lower frequency of meals. These observations contrast
with those of Hamer et al. (1997), who suggested that the large increase in feed sizes to
Short-tailed Shearwater chicks after the age of 10-days probably resulted from the
inability of very small chicks to accept all of the food offered by their parents.

Both scenarios suggest that Flesh-footed Shearwaters do not adjust their strategy of
provisioning in accordance with nestling body size. The lack of a relationship between
body size index and CSUM, in three of the four years of this study, lends further
support to this concept. However, in all four years, both a chick’s previous body mass
and, the amount of mass it gained or lost over a 24-hour period, were significant
predictors of CSUM. This suggested that body condition (body mass corrected for
body size) may have been a more meaningful index of a chick’s level of nutrition
(Ricklefs 1984, 1992). Nonetheless, in each of three years examined, BCI (body
condition index) was neither a significant predictor of CSUM nor feeding frequency. In
each year, overnight feeds were distributed randomly in relation to the BCI of chicks,
and nestlings with a lower BCI did not receive more meals per night than others. To
the contrary, in 2003, recipients of double-meals had a higher BCI, on average, which
may reflect more successful or more experienced parents (Wooller et al. 1990). The
fact that parents did not alter their pattern of food delivery in response to their chick’s
nutritional requirements supports the hypothesis of Ricklefs & Shew (1994), whereby
food is supplied in accordance with an intrinsic rhythm.
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The fact that each parent fed its chick independently of its partner, as well as of its
chick’s level of nutrition, also agrees with Ricklefs & Shew (1994) in that lipid
accumulation may act as insurance against variable foraging success by individual
parents. Some chicks endured fasts of up to 12 days during February 2002. The mean
CSUM measured during frequent weighing in February 2002 was 30% lower than in
2003 and 44% lower than in 2000. This is suggestive of a period of stochastic
fluctuation in food resources or feeding conditions that would have affected the colony
as a whole, rather than certain breeding pairs only (Lack 1968, Ashmole 1971).
However, despite this observation, prolonged fasts were not widespread.

Although the Flesh-footed Shearwater is large in comparison to most other shearwaters
(Warham 1990), the chicks in question were only 14 to 19 days old at the onset of their
respective fasts. On one hand, it is difficult to accept that extreme lipid accumulation
has evolved solely to insure against periodic fasts, when young chicks of small body
size, and little obvious body fat, were able to survive. On the other hand, the body
masses of the starved chicks did not differ significantly, on average, from those of the
remaining chicks during February 2002. These observations may indicate that even
very small chicks have a reserve of body fat, or that some other mechanism enables
them to endure fasts. Alternatively, the phenomenon of nestling obesity may be
unrelated to fasting.
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Chapter 8
The nestling period
Physiological trade-offs of provisioning affecting
parents and nestlings.
8.1 Introduction
Body condition has already been examined in nestlings, to determine whether parent
shearwaters regulate food delivery accordingly (Chapter 7). Further to this, in
allocating time and energy between competing life-history traits such as reproduction
and survival, parents face trade-offs in terms of fitness (Stearns 1992). Pelagic seabirds
rely on food that may be located long distances from their breeding colony; this implies
a high cost of foraging, especially considering the additional costs of provisioning a
high-maintenance offspring. Some species resolve this by employing a specific
strategy whereby parents alternate between short foraging trips when they sacrifice
their own body condition whilst feeding their chick, and long trips during which they
restore their energy reserves (Chaurand & Weimerskirch 1994, Weimerskirch & Cherel
1998, Schultz & Klomp 2000a). Such a bimodal foraging strategy is unknown in the
Flesh-footed Shearwater. Therefore, to investigate whether parents incurred a deficit
by rearing young, in terms of their own body condition, adult shearwaters were
examined at successive intervals over the course of their breeding season.

Measures of body condition generally fall into two categories; those which express
condition as an absolute mean value such as mass for a given size, and those that give
an arbitrary value for e.g. a mass/size relationship. The second of these does not define
a standard against which all individuals will be judged. Consequently, later
measurements on different populations will not fall above or below the ‘standard’, but
will simply supply an index which can be compared either to that of the same
population in different seasons, or to that of other populations (Bakker & Main 1980,
Bolton et al. 1991). As emphasised in Chapter 7, body masses may be highly variable
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due to factors such as recent feeding history. Accordingly, indices of body condition
for adult shearwaters were calculated using skeletal measurements, as well as body
mass. Relationships between body masses and the various skeletal measurements in a
representative population of adult shearwaters were used to estimate body masses from
similar skeletal measurements of individuals, and subsequently calculate indices of
body condition (Krebs & Singleton 1993).

Several aspects of the breeding biology of shearwaters have suggested that their prey
may be unpredictable or sparsely distributed. Among these are the single-egg clutch,
slow pre- and post-natal development of the young and, in particular, the extreme
obesity prevalent in the latter, all of which have been considered factors related to
irregular exploitation of food resources (Lack 1968, Ashmole 1971, Warham 1990). In
birds, as in mammals, dietary carbohydrates provide an intracellular energy source
which, ultimately, is distributed by means of glucose molecules in the bloodstream.
Consequently, blood glucose concentration is indicative of recent carbohydrate
metabolism, increasing in the absorptive state and decreasing in the post-absorptive
period (Beuchat & Chong 1998). Blood glucose concentration is typically maintained
within a relatively narrow range by the hormones, insulin and glucagon. Even during
prolonged starvation, homeostasis is maintained by the conversion of glycogen, fat
stores and cellular protein to glucose, before changing from glucose to alternative fuels
in extreme fasts (Stryer 1995, Randall et al. 1997).

Although blood glucose levels are influenced by dietary composition, the correlation
between them is said to be weak given the various pathways leading to glucose
formation, depending on nutritional status (Beuchat & Chong 1998). Nonetheless,
despite homeostatic regulation of blood glucose, it is likely to exhibit greater temporal
and individual variation in species that undergo periodic or prolonged fasts (Work
1996). One such species is the Short-tailed Shearwater. Parents alternate short chickfeeding intervals, during which the young gains weight and parents lose weight, with
much longer intervals linked to Antarctic foraging, during which the reverse is true. At
such times the nestling may remain unfed for up to two weeks, continually losing
weight as it subsists on stored body fat (Weimerskirch & Cherel 1998, Klomp &
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Schultz, 2000, Schultz & Klomp 2000a). Blood glucose concentrations in this species
were found to be higher than in fasting/feeding cycles of others (Davey et al. 2002);
however, this was not unexpected in one that may exploit patchily dispersed food
resources. In keeping with this, blood glucose concentrations in adult and nestling
Flesh-footed Shearwaters, at successive stages of the breeding cycle, were examined in
order to relate variability in this parameter to others such as body condition, body mass
and observed patterns of food delivery.

8.2 Methods
Where body masses of adult shearwaters were examined separately from blood glucose
concentrations, data were divided into blocks identified by month, but these did not
necessarily correspond exactly with the six key-periods relative to blood glucose.
Using multiple backward stepwise regression, the relationship between body mass and
head length, beak length, beak depth, tarsus length and wing length was determined in
as large a data set as possible, encompassing all four years. As described in Chapter 7,
significant predictors were then used to estimate body mass from the observed skeletal
measurement in each individual in question. The body condition index was calculated
by dividing the observed body mass by the estimated body mass (Krebs & Singleton
1993).
Various methods for obtaining blood samples from birds have been described (Utter et
al. 1971, Arctander 1988, Hoysak & Weatherhead 1991). When conducted carefully,
blood sampling is not known to be harmful to birds, which may in part, be because
birds do not exhibit acidosis. Thus, they do not go into shock when blood is withdrawn
and are relatively resilient to blood loss (Sturkie 1986). The American Ornithologists
Union (1988) recommended that no more than 10-20% of blood volume be removed
(1.5-2.5% body mass), but as a general rule, 1% of body mass is considered a safe
blood volume to sample (Evans 1987, Arctander 1988).
From late 2002, during laying and incubation, through to the departure of young in
2003, blood glucose concentration was measured in adults during capture/recapture
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sessions, and weekly in chicks during daily weighing sessions, using the approach
adopted by Davey et al. (2002). Blood glucose measurements were made using an
Accu-Chek® Active blood glucose monitor. A small puncture was made manually in a
vein of the foot webbing, using a lancet from an Accu-Chek® Softclix® lancing device.
A drop of blood was applied to a test strip and inserted into the monitor, which gave a
reading of blood glucose to the nearest 0.1mM (mmolL-1).
Blood glucose concentration was measured in adults captured at random, during key
stages of the breeding cycle. Thirty-two adults were sampled over thirteen nights
during the laying/early-incubation period, between 24 November and 6 December
2002. Thirty-seven adults were sampled over seventeen nights around hatching,
between 20 January and 5 February 2003. Finally, seven adults were sampled over
seven nights towards the middle of the nestling period, between 6 March and 12 March
2003. Similarly, blood glucose concentration was measured in the group of chicks
subject to daily weighing, throughout the nestling period, following weekly
morphometric measurements. For comparison of chick blood glucose concentrations
with those of adults at the same key stages, nineteen blood samples were taken soon
after hatching, on 4 February 2003. Eighteen samples were taken towards the middle of
the nestling period (on 7 March) and thirty-six samples were taken after the middle of
the nestling period, on 10 April and 17 April. Additionally, to investigate blood
glucose concentration in nestlings near fledging, sixteen and thirteen blood samples
were taken from the same group of chicks on 24 April and 1 May 2003, respectively.
Blood glucose concentrations were regressed upon body mass, separately for adults and
chicks, to establish whether underlying correlations existed. Following Davey et al.
(2002), where blood glucose did not vary as a function of body mass, variation in
glucose concentration among breeding stages was analysed using one-way analysis of
variance (ANOVA), with Tukey’s HSD post hoc multiple comparisons. Where
correlations of blood glucose and body mass existed, variation between breeding stages
was examined by analysis of covariance (ANCOVA), with body mass as a covariate.
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8.3 Results
8.3.1 Parental body condition
Because mean body masses of adult Flesh-footed Shearwaters varied significantly,
body condition indices based on skeletal measurements, as well as body mass, were
calculated for individual adults following the methods of Krebs & Singleton (1993). A
multiple backward stepwise regression was used to determine which skeletal
components, if any, were significant predictors of body mass. The regression (with all
data transformed to log10) determined that head length, beak length, beak depth and
tarsus length were not significant predictors of body mass. Consequently, these were
progressively eliminated from the analysis. The remaining independent variable (wing
length) was significant (Figure 8.1), producing a significant final regression (F1, 280 =
12.157, r2 = 0.042, p = 0.001) and the following equation:
LOGMASS = 1.005 (SE ± 0.288) * LOGWING + 0.274 (SE ± 0.722)
The body condition index was calculated by dividing the observed body mass obtained
by weighing each individual, by the body mass estimated using the above equation,
with the assumption that the average individual has a body condition index (BCI) of 1.0
(Krebs & Singleton 1993). Not surprisingly, there was a highly significant correlation
of BCI with body mass (F1, 118 = 2484.856, r2 = 0.954, p = <0.001, Figure 8.1). In
common with adult body masses, BCIs of adults differed significantly over the course
of the season (Table 8.1). Whilst BCI exhibited a marginally significant fall from
October, around the time of courtship, to November, prior to the pre-laying exodus
(Tukey’s HSD, p = 0.046), both BCI and body mass rose significantly between
November and February, around hatching and early chick provisioning (Tukey’s HSD,
p = 0.020 and p = <0.001, Figure 8.2). An analysis of covariance, with log10 mass as
the covariate, still determined a highly significant relationship between these variables,
but no individual or interactive influence upon BCI by blood glucose concentration, or
by month.
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Figure 8.1. The relationship between body condition index and body mass in adult
Flesh-footed Shearwaters (N = 120) during the 2002/2003 breeding season on Woody
Island. The regression line follows the equation:
Body condition index = body mass + 0.851 (± 0.003)

162

Table 8.1. Mean (± SE) monthly body masses and body condition indices (BCIs) of adult
Flesh-footed Shearwaters during the 2002/2003 breeding season on Woody Island.

Stage of
breeding cycle
1: Courtship
(October 2002)
2: Pre-exodus
(November 2002)
3: Incubation
(December 2002)
4: Incubation
(January 2003)
5: Hatching/brooding
(February 2003)
6: Chick provisioning
(March 2003)
ANOVA
Significance

Mass (g ± SE)
Range (g)
632.2 ± 5.1
515-750
608.3 ± 6.1
510-755
631.2 ± 19.2
560-760
661.3 ± 13.9
560-775
661.6 ± 9.8
565-790
608.6 ± 29.6
515-760
F5, 213 = 5.918,
p = <0.001

Sample
size
90
60
12
19
31
7

BCI (± SE)
Range
1.005 ± 0.002
0.98-1.03
0.996 ± 0.002
0.97-1.03
0.999 ± 0.005
0.99-1.02
1.006 ± 0.003
0.99-1.04
1.008 ± 0.004
0.98-1.04
0.995 ± 0.003
0.98-1.00
F5, 114 = 3.537,
p = 0.005

Sample
size
32
47
6
14
16
5

Figure 8.2. Changes in body mass and body condition index (mean ± SE) of adult Fleshfooted Shearwaters during the 2002/2003 breeding season. Stages of the breeding cycle
are as detailed in Table 8.1.
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8.3.2 Blood glucose concentration in adults and nestlings
Adult body masses ranged from 515g to 775g, and the regression determined that blood
glucose concentration did not vary as a function of body mass in adults. The overall
mean blood glucose concentration equalled 11.2mM in adults and a one-way analysis of
variance (ANOVA) determined that this did not vary significantly over the three keystages sampled. Blood glucose concentrations between adults and nestlings differed
significantly shortly after hatching, but not later, during the mid-nestling period (Table
8.2, Figure 8.3). Nestling body masses ranged from 125g to 1125g over the intervals
sampled and, it came as no surprise that the means varied significantly (ANOVA, F4 98
= 209.198, p = <0.001). Nestling blood glucose concentration also varied significantly
(Table 8.2); however, the initial regression determined that blood glucose concentration
was strongly correlated with body mass (F1, 159 = 47.132, r 2 = 0.229, p = <0.001). An
analysis of covariance (ANCOVA), with log10 body-mass as a covariate, determined no
significant influence upon blood glucose concentration by sampling period, but
simultaneously was unable to detect any significance of body mass.
Davey et al. (2002) reported a significant increase in blood glucose between the end of
burrow excavation and laying (the interval incorporating the pre-laying exodus), with
little subsequent variation until after hatching. However, once chick provisioning had
commenced, a significant decrease in blood glucose followed, lasting until around the
mid-nestling period (ibid.). Overall, adult blood glucose concentrations in Flesh-footed
Shearwaters followed a similar pattern to those recorded in Short-tailed Shearwaters
between the laying and mid-nestling periods, except that the values were considerably
lower and the decrease was non-significant in Flesh-footed Shearwaters. The
fluctuation in body masses of adult Flesh-footed Shearwaters over the 2003 season also
showed similarities to Short-tailed Shearwaters (Lill & Baldwin 1983), although the
latter exhibited very low weights in October, prior to their pre-laying exodus. Adult
body masses of Flesh-footed Shearwaters differed significantly over the course of the
season (Table 8.1) because values were significantly lower on average, in November
than in January (Tukey’s HSD, p = 0.002) or in February (Tukey’s HSD, p = <0.001).
Interestingly, the subsequent decrease from February to March was not significant.
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Table 8.2. Blood glucose concentrations, of adult and nestling Flesh-footed Shearwaters,
during six key-stages of the breeding cycle.

1: Laying/early-incubation: 24 November-6 December 2002.
2: Hatching: 20 January-5 February 2003.
3: Pre mid-nestling period: 6-12 March 2003.
4: Post mid-nestling period: 10-17 April 2003.
5: Late nestling period: 24 April 2003.
6: Close to fledging: 1 May 2003.

Stage of
breeding cycle
1: Laying/earlyincubation
2: Hatching
3: Pre midnestling
4: Post midnestling
5: Late nestling
period
6: Close to
fledging
Significance
Mean (± SE)
Range

Blood glucose concentration (mM)
Adults
Chicks
Mean (± SE)
N=
Mean (± SE)
N=
Range
Range
11.1 ± 0.4
32
8.1-15.3
11.4 ± 0.4
37
8.18 ± 0.3
19
4.9-17.3
6.1-10.3
10.3 ± 0.9
7
9.3 ± 0.2
18
7.0-13.6
7.8-11.3
9.5 ± 0.2
36
6.8-12.0
9.2 ± 0.3
16
7.3-10.5
8.9 ± 0.2
13
6.1-12.0
F2, 73 = 0.690, p = 0.505
F4, 97 = 4.645, p = 0.002
11.2 ± 0.2
76
9.1 ± 0.1
102
4.9-17.3
6.1-12.0
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t54 = 5.934,
p = <0.001
t6.879 = -1.161,
p = 0.284

12.0
11.5

Blood glucose (mM)

11.0
10.5
10.0
9.5
9.0
8.5
chicks
8.0
7.5

adults
1

2

3

4

5

6

Stage of breeding cycle

Figure 8.3. Mean (± SE) blood glucose concentrations (mM) of adult and nestling
Flesh-footed Shearwaters during different stages of the 2002/2003 breeding season.
Stages of the breeding cycle are as detailed in Table 8.2.
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8.4 Discussion
In some texts there is an underlying assumption that ‘condition’ is a measure of some
particular attribute in an individual. For example, those of better condition may have
higher reproductive or lower mortality rates, or are better able to cope with
environmental stresses, starvation or temperature extremes (e.g. Brochu et al. 1988).
Alternatively, indices of condition may be calculated to provide a datum upon which to
base the general health of individuals within a population. These must first determine
body mass, which is then divided by some coefficient of body size (e.g. Hails & Turner
1985). However, some doubt has been cast on the use of such ratios to scale data that
vary allometrically with body size (Packard & Boardman 1988).

A more accurate size correction may be obtained using the regression of total body
mass (of a population) on the size of an individual component to give an estimated
body mass of that individual (Krebs & Singleton 1993). Using this methodology, these
authors found it disturbing that calculated BCIs for feral mice did not correlate at all
with the fat content of their subsequent carcasses. They suggested that either levels of
body fat may not be a good measure of body condition, or that variables such as
stomach contents influenced observed body masses to the degree that they were too
unreliable for BCI calculations. They went on to test the latter hypothesis by repeatedly
calculating BCIs in individuals at frequent intervals, over short periods, with the
assumption that they should not change from day to day. Krebs & Singleton concluded
that body condition indices in mice varied unacceptably, mostly as a result of large dayto-day variation in body masses, but also due to measurement error through one
observer consistently measuring longer lengths than another.

There was no such inter-observer bias in the present study. However, BCIs were highly
correlated with body masses. This may be an indication that BCIs calculated from
skeletal measurements and observed body masses may be better suited to K-selected
animals such as procellariiform seabirds, than to small mammals with high metabolic
turnover (Krebs & Singleton 1993). Repeated calculation of BCIs in individual adult
shearwaters at frequent intervals, over short periods (ibid.), as well as subsequent
analysis of their carcasses would further contribute to this debate.
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Davey et al. (2002) measured blood glucose concentrations in Short-tailed Shearwaters
Puffinus tenuirostris in the field, by placing a drop of blood on a Glucostix® Reagent
Strip and analysing it with an Ames GX Glucometer®, designed for self-monitoring of
human blood glucose. To improve accuracy, they laboratory-calibrated the output with
a spectrophotometric, enzymatic glucose assay, and adjusted the whole blood glucose
levels measured in the field, by a correction factor of 1.77 to obtain plasma glucose
concentrations. It is assumed that the Accu-Chek® Active blood glucose monitor used
in the present study is a comparable instrument, complying with the same quality
control standards that encompass blood glucose monitoring equipment for diabetics.
Davey et al. (2002) quoted a mean corrected plasma glucose concentration of around
25mM in a combined sample of adult and immature Short-tailed Shearwaters. This is a
considerably higher mean value than that measured in the present study, even when
adjusted by the same correction factor (corrected mean for adult Flesh-footed
Shearwaters = 19.8mM). Furthermore, these authors suggested their calculated plasma
glucose concentration might have even been underestimated given that plasma
constituted about 51% of the birds’ blood volume (ibid.). Of 37 taxonomically diverse
species sampled by Beuchat & Chong (1998), only one had a higher mean
concentration of plasma glucose than that of the Short-tailed Shearwaters sampled by
Davey et al. (2002). Work (1996) quoted mean plasma glucose levels in seven
procellariiforms between 6.9mM in Laysan Albatrosses Phoebastria immutabilis and
18.2mM for Dark-rumped Petrels Pterodroma phaeopygia. These results demonstrated
a range of values across the order, but did not suggest a phylogenetic influence (Harvey
& Pagel 1991).
Davey et al. (op. cit.) considered other factors that might conceivably contribute to the
high concentrations observed in Short-tailed Shearwaters. Metabolic fluctuations
associated with the energetic costs of breeding were discounted because there were no
significant differences in blood glucose levels in breeding adults and immature birds
over periods in which both were sampled. Although post-feeding blood glucose levels
are typically elevated in birds and mammals (Stryer 1995), those in Chinstrap Penguins
Pygoscelis antarctica were found not to vary significantly over the duration of an
enforced fast when ambient light intensity was constant (Ferrer et al. 1994). Instead,
fluctuations in blood glucose corresponded more to varying light levels, an observation
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also made in other diurnal birds and, lower levels have been observed during daylight
hours in nocturnal birds (Twiest & Smith 1970, Garcia-Rodriguez et al. 1987).
Although Antarctic animals experience nearly continuous summer daylight, Cockrem
(1990) proposed that even under those conditions some degree of circadian rhythmicity
would still be maintained in order to coordinate certain physiological and behavioural
activities. Ferrer et al. (1994) agreed that variation in the light intensity cycle, even in
the Antarctic summer, was sufficient to influence circadian rhythmicity in penguin
blood glucose, so it probably exhibited more pronounced fluctuations under more
defined light-dark cycles.
In common with Davey et al. (2002), adult shearwaters were sampled during the
present study, in the first few hours after dusk, as they returned to their colony.
Consequently, any bias due to circadian rhythmicity should have been negligible
because of consistency in the timing of sampling. Similarly, any stress-induced
hyperglycaemia due to handling should not have influenced the values recorded relative
to published values, because the latter would have been subject to similar effects (ibid.).
Blood glucose concentrations in all birds are influenced by diet to some degree and, not
surprisingly, nectarivorous species on sugar-rich diets have exceptionally high levels
(Beuchat & Chong 1998). Nicholson (2002) reported on the diet of Wedge-tailed
Shearwaters Puffinus pacificus at two locations off the coast of north Western
Australia, where cephalopods and fish were represented at percentage ratios of 48:52
and 69:31 respectively. Work (1996) quoted a mean plasma glucose concentration of
13.7mM for this species.

Montague et al. (1986) studied the diet of the Short-tailed Shearwater over two
consecutive seasons and found that; overall, fish comprised 46% of the diet,
cephalopods 9% and crustaceans the remaining 45%. Although fish prey occurred in
over 60% of samples during chick rearing, these were virtually absent before January.
Conversely, crustaceans occurred in up to 100% of samples prior to egg-laying (ibid.).
This reflected a high abundance of krill during October to December in Bass Strait,
followed by a late-summer abundance of post-larval anchovies (Blackburn 1950, 1980)
in the top 30m of water where Short-tailed Shearwaters feed (Skira 1979, Morgan
1982). A logical conclusion might have been that the significant decrease in blood
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glucose during chick rearing was linked to the switch in prey. However, the overall
diet of the Short-tailed Shearwater did not reflect the comparatively high blood glucose
concentrations recorded by Davey et al. (2002); this they attributed to recent feeding
history. Furthermore, the dietary shift did not explain the difference in blood glucose
because both major prey items were similar in having a very low-carbohydrate content
(Davis et al. 1989, Green & Brothers 1989). The specific diet of the Flesh-footed
Shearwater in Western Australia is unknown, although from a few opportunistic
samples of stomach contents and, anecdotal accounts from commercial fishers, the
species is thought to exploit the pilchard Sardinops sagax. Indeed, the increased
breeding success of Flesh-footed Shearwaters on Woody Island from 2002 to 2003
(Chapter 4) may be indicative of the recovery of pilchard stocks following mass
mortalities in the area during 1995 and 1999 (Gaughan et al. 2000). Clearly, an
investigation into the diet of the Flesh-footed Shearwater is needed to address these
issues and to complement the present study.

Davey et al. (2002) reported a significant increase in blood glucose concentration from
the end of burrow excavation (late October) to laying. Thereafter, little variation
occurred until a significant decrease between hatching and the mid-nestling period.
The lower values at the end of the energetically demanding burrow preparation period
were due to poor foraging conditions locally, when adults undertook daily excursions
from the colony in search of food. During this time they depleted their fat stores and
lost body mass. However, they had regained condition by the time they returned from
their pre-laying exodus. Later, in the nestling period, adults again lost body condition
and exhibited lower glucose levels because most of their food load was passed on to
their young (ibid.). Although blood glucose concentration in adult Short-tailed
Shearwaters did not vary as a function of body mass (Davey et al. 2002), the variation
is in line with Lill & Baldwin (1983), even though the latter reported that body mass in
adults did not change significantly prior to the pre-laying exodus. However, body mass
was significantly greater upon the birds’ return and continued to increase significantly
over the incubation period, peaking around hatching. There followed a significant
decrease over the nestling period to a level similar to that immediately after egg laying.
Adult body masses then stabilised during the latter period of nestling growth, remaining
at these levels until they deserted the colony (ibid.).
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Lill & Baldwin (1983) and Davey et al. (2002) both reported that body condition in
adult Short-tailed Shearwaters decreased later in the nestling period, probably due to
passing the bulk of their food to their young. Despite the relatively high levels of blood
glucose, Davey et al. (2002) attributed the significant, but small, magnitude of the
changes to recent feeding history. In the present study, sampling did not commence
until around the time of egg-laying. Consequently, ignoring the initial significant
increase observed in Short-tailed Shearwaters, the fluctuation in blood glucose
concentration in adult Flesh-footed Shearwaters followed a similar pattern, except that
the decrease between hatching and mid-nestling was not significant. Fluctuations in
adult body mass also resembled those in Short-tailed Shearwaters, but to a lesser
degree, in decreasing after hatching and during chick provisioning.

The more pronounced variation in blood glucose and body mass parameters in Shorttailed Shearwaters probably reflects their recent feeding history as proposed by Davey
et al. (2002). This in turn, may reflect their extreme foraging strategy (Weimerskirch &
Cherel 1998, Klomp & Schultz, 2000), in which parents feed their chick daily whilst
foraging locally, before embarking on extended Antarctic forays to regain their own
body condition. The more stable fluctuations observed in Flesh-footed Shearwaters is
parallel to their more regular pattern of chick provisioning (Chapters 6 and 7), and
suggests a less variable foraging strategy. Blood glucose concentrations in nestling
Flesh-footed Shearwaters fluctuated as a function of their body mass; another way of
investigating this relationship might be to perform sampling on young of similar
species that undergo periodic fasts, such as the Short-tailed Shearwater.
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Chapter 9
The nestling period
Influence of astronomical, climatic and oceanographic
factors on parental visitation.
9.1 Introduction
In general, the day to day behaviour of pelagic seabirds is poorly known, due
predominantly to the difficulties associated with studying them at sea. Most knowledge
about seabirds has been derived from data collected at the colony when the birds return
to breed. For example, inferences relating to life-history traits in procellariiform
seabirds, such as the single-egg clutch, deferred breeding, and extended periods of prenatal development, have been made by studying post-natal characteristics, such as the
patterns of visitation by parents to provide food for their young (Hamer et al. 1997,
2000). Although these are largely consequences of species-specific foraging strategies,
they may also reflect fluctuations in food resources and foraging success resulting from
variation in astronomical, climatic and oceanographic conditions (Lack 1968, Ashmole
1971). Several procellariiform species have been reported to be less numerous at
breeding colonies on clear, moonlit nights than on overcast or otherwise dark nights
(Warham 1960, Harris 1974, Imber 1975, Watanuki 1986). Others have been shown to
exhibit different behaviour in arriving at their nests later on moonlit nights (Storey &
Grimmer 1986, Klomp & Furness 1992). These observations have been interpreted as a
response to increased risks of predation and / or disturbance, together with limited or
generally ineffective means of defence. Indeed, gulls and skuas heavily exploit many
petrel species at their colonies (Corkhill 1973, Watanuki 1986, Furness 1987).
However, contrary to these findings, Manuwal (1974) observed fewer birds on very
dark nights. Similarly, Storey & Grimmer (1986) observed that, although burrow
activity remained high on darker nights, the incidence of aerial vocalisation and
courting behaviour on the ground was very much reduced and comparable to activity
levels on the brightest nights. Corkhill (1973) suggested that gulls predated Manx
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Shearwaters more intensively on moonlit nights because visibility was better, but that
predation was higher on very dark nights than on nights of intermediate illumination
because shearwaters were more disoriented in dark conditions, when they more often
landed near gull nests by accident. Harris (1969) discussed two similarly sized species
of storm petrel with very different habits that nested on the Galapagos Islands; one was
nocturnal and the other diurnal. Similar behaviour has been reported in Cory’s
Shearwater Calonectris diomedea borealis breeding at two Atlantic colonies, one
nocturnal and the other diurnal (Hamer & Read 1987, Klomp & Furness 1992), whilst
McNeil et al. (1993) emphasised that some species maintained nocturnal nest
attendance even in the absence of predation. Such observations suggest that predator
avoidance is not a universal explanation for the avoidance of bright moonlight.
Alternatively, colony visitation and chick provisioning may be influenced by the effect
of ambient light conditions on prey availability close to the sea’s surface (Imber 1975).
Bioluminescence and diel vertical migration in some cephalopod species found in the
regurgitates of certain procellariiforms, have supported the argument that these birds
fed at night, supposedly because such prey were only visible and accessible near the
surface at this time (Imber 1973, Clarke et al. 1981, Weimerskirch & Wilson 1992).
This proposition implies that overall food delivery would be lower on moonlit nights
because prey are less available, whereas the anti-predator hypothesis predicts that the
proportion of nests visited would be lower, despite the size of the feeds being no
smaller (Klomp & Furness 1992).
Large-scale climatic impacts upon seabirds have undoubtedly helped shape their
demography and other life-history characteristics; the most severe cases, such as those
associated with El Niño - Southern Oscillation events, often resulting in mass
mortalities (Schreiber 2002). This world-wide rebalancing of the earth’s heat load,
responsible for extreme weather patterns, is discussed later in the chapter. Oceanic
seabirds such as shearwaters, particularly those that forage in the Southern Ocean,
encounter the full of gamut of weather conditions at sea. However, data on the ways in
which birds are affected directly are scarce. Weather may have significant impacts on
the ability of seabirds to forage, due to factors such as precipitation, and the direction
and velocity of wind affecting flight, the clarity/turbidity of water affecting their ability
to identify and capture prey, as well as larger scale effects upon prey behaviour and
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distribution (Dunn 1973, Taylor 1983, Sagar & Sagar 1989, Finney et al. 1999). Like
most aspects of seabird biology, information concerning the effects of weather upon
breeding seabirds is gleaned at the colony when parents return to feed their young.
Warham (1960) considered that, as well as moonlight, the general state of the weather
preceding the night in question, may have some effect on the numbers of adult
shearwaters that come ashore. However, from his study of Short-tailed Shearwaters, he
found no obvious correlation between rainfall, or wind strength and direction, and
nightly burrow visitation. In this section, overnight nest attendance by parent Fleshfooted Shearwaters is examined in relation to these same climatic variables at time-lag
intervals of up to seven days.
The Walker circulation is a major circulation cell moving air zonally between the
eastern and western sides of the Pacific Ocean. Its atmospheric motion is closely
related to the oceanic circulation that drives the surface waters of the South Pacific
westward with the south-east trade winds, causing upwellings of cold, nutrient-rich
water along the western coast of South America (Sturman & Tapper 1996). The term
El Niño originated to mark occasions when the south-east trade winds abated,
upwellings ceased, and the end of the local fishing season off the coasts of Ecuador and
Peru was imminent due to the appearance of a warm south-flowing current (Philander
1983). Although this weak countercurrent usually displaces the cold, north-flowing
Humboldt Current only temporarily over the months of December to March,
occasionally it strengthens and persists for a year or more (Schreiber & Schreiber
1984).

Prolonged El Niño events severely reduce upwelling-dependent primary productivity in
this region, which has led to devastating crashes in seabird populations along the South
American coast (Barber & Chavez 1983, Hays 1986, Guerra et al. 1988). This is,
however, only a local manifestation of a large-scale phenomenon involving the global
atmosphere, whose influence extends well beyond the tropical Pacific region.
Reproductive failures in Central Pacific seabird populations have occurred
simultaneously (Schreiber & Schreiber 1983, 1984, Cruz & Cruz 1990, Ribic et al.
1992) when anomalously warm surface waters cover not only the coastal zone of South
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America, but also most of the eastern equatorial Pacific Ocean, in response to
atmospheric forcing by the Southern Oscillation.

Fluctuations in the intensity of the Walker circulation result in the phenomenon known
as Southern Oscillation (SO), and the Southern Oscillation Index (SOI), derived from
the pressure difference between Tahiti and Darwin, is a measure of the strength of the
Walker circulation (Sturman & Tapper 1996). A high SOI is characterised by a strong,
subtropical high-pressure cell over the south-eastern Pacific and low pressure over
Indonesia. When the SOI is low, the cell weakens and the surface-pressure difference
between the two areas decreases. Phases of SO when the pressure difference is
anomalously low (the SOI is negative) and sea surface temperatures are high, are
viewed as independent events referred to as El Niño - Southern Oscillation (ENSO)
events (Philander 1983, Sturman & Tapper 1996).

As well as transporting additional heat into the eastern equatorial Pacific, ENSO events
also interrupt the dynamic balance of heat exchange between ocean and atmosphere and
between different parts of the ocean. An increase in sea-surface temperature (SST) is
typically accompanied by a rising sea level, and a deepening of the surface mixed layer
and thermocline (Cane 1983). In regions were upwelling is weak or non-existent, it is
these two latter variables that influence the primary and secondary productivity in
pelagic waters by determining the replenishment of nutrients originating from deeper
waters (Lévy et al. 1998). Likely consequences are the spatial redistribution and/or a
decline in seabird prey species which, in coincidence with seasonal dependence upon
local proliferations of prey during migratory movements, may adversely affect adult
survival and success the following reproductive event. Indeed, Lyver et al. (1999)
found that decreases in chick production and, consequently, the traditional harvest of
them, predicted the intensity of ENSO and SST anomalies in the following 12 months.

Off the coast of Western Australia, upwelling is much less pronounced than along the
coasts of Southern Hemisphere continents such as South America and South Africa. In
contrast, instead of a north-flowing cold, nutrient-rich current, Western Australian
coastal waters are characterised by a southerly stream of warm water. Accordingly,
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marine productivity is lower and seabird populations are much smaller (Serventy et al.
1971). The Leeuwin Current is unusual in that it flows southward into the prevailing
wind, carrying warm tropical water down the coast of Western Australia to the south
west, then eastward, possibly as far as Tasmania. It flows principally, but not
exclusively, in autumn and winter and probably influences the coastal climate, also
acting as a conduit to bring tropical marine fauna and flora to southern Australia
(Cresswell 1990).

The timing, strength and characteristics of the Leeuwin Current vary seasonally, as well
as from year to year, and distributions of breeding and non-breeding seabirds are
influenced by its presence. The Leeuwin Current also influences the timing and success
of breeding in seabirds. For instance, in a year of strong current flow, Little Penguins
Eudyptula minor breeding near Perth, carried less food, were in poorer condition and
laid eggs much later than in a year of weaker flow (Wooller et al. 1991). The
behaviour of the Leeuwin Current is also strongly influenced by ENSO events, and its
sensitivity to the phenomenon is known to be responsible for variations in recruitment
in Western Australian fisheries, and for the spatial distribution of many fish species.
For example, during the 1996/1997 ENSO, there was almost complete breeding failure
in seabirds off the mid-west coast of Australia due to a collapse in pelagic seabird
fisheries (Dunlop 2001).

9.2 Methods
Frequent weighing trials conducted during February and March 2000 both coincided
with a full moon rising shortly after sunset, and setting around sunrise the following
day. During both these full-moon events, the weather was clear, with only occasional
patches of cloud. Thus, on these dates, and on the nights leading up to, and following
the full moon, there was bright moonlight over the colony all night. In contrast, the
2002 frequent weighing trials commenced on, or close to, the date of the new moon.
Consequently, the colony was in complete darkness during these nights. Moon-phase
data were obtained online (Geoscience Australia 2003). The proportions of burrows
visited on three nights around the full moon, in both February and March 2000, and on
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three nights around the new moon in both February and March 2002, were compared to
examine any influence of ambient light upon parental visitation. Additionally, to
examine whether moonlight increased the tendency of parents to visit their nests later
(Storey & Grimmer 1986, Klomp & Furness 1992), the proportions of feeds delivered
before and after midnight were compared for the two periods. In addition, addressing
Imber’s (1975) hypothesis that feeds would be smaller on moonlit nights, food delivery
to nestlings during the two periods was also compared.
Daily rainfall and three-hourly wind observations, for each day from 1 February to 30
April, in each of the years 2000, 2002 and 2003, were supplied by the Bureau of
Meteorology. Because the Esperance Meteorological Office is located some 20km
from Woody Island, data may not have necessarily reflected local conditions. In order
to correlate wind variables with daily scores of barricade knock-downs, and because
three-hourly observations often exhibited considerable variation over the course of a
24-hour period, wind data were analysed in terms of both mean and maximum speed (in
knots) recorded in each 24-hour period from midnight, as well as the mean angle of the
wind.

Whilst wind speed variables are self-explanatory, mean angle is somewhat more
difficult to define. Firstly, the distinction must be made between wind direction and
wind angle: the latter refers to the vector of the wind (the direction in which it is going)
whereas wind direction may be confused with the direction from which it is coming
(e.g. a ‘southerly’ comes from the south). Secondly, to calculate mean wind angle it
was necessary to transform vectors in degrees, to radians, for calculation as polar
coordinates, before re-transformation to allow presentation of data relative to degrees
(Zar 1999). The Axum 5.0B Package for Windows™ (MathSoft 1996) was used for
this purpose, whilst time-lag correlations were performed using the SPSS Advanced
Statistical Package for Windows™ (Norusis 1994). Time-lag cross correlations were
used to detect daily changes (transform difference = 1) in nest visitation as a result of
changes in wind conditions at lag intervals of up to seven days (i.e. whether daily
changes in wind conditions influenced daily changes in the proportion of nests visited
up to seven days in advance, and vice versa). Significance was determined if the cross
correlation function exceeded the confidence limits (± 2SE from zero).
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Sea surface temperatures (SSTs) were obtained online from oceanographic analysis
charts (AODC 2003) showing sea surface isotherms of the Leeuwin Current. The
charts display weekly satellite radiometer measurements and show colour-coded
temperature scales at 1°C graduations. Isotherms are colour-matched against the scale
and are, therefore, subject to the individual observer’s interpretation. The charts
extended only as far as 37° 00’S and 120° 00’E, whereas Woody Island is situated at
33o 58´S, 122o 01´E. However, two degrees of longitude was considered negligible
considering the global magnitude of the ENSO phenomenon and the extent of the
Leeuwin Current. Flesh-footed Shearwaters have regularly been observed foraging at
sea, mostly inshore of the slope of the Continental Shelf, 70-80km south of Woody
Island (Totterdell, pers. comm. 2003). Further, given that a chick is fed on average,
every 1.3 nights and often receives two meals per night (Chapter 6), it is unlikely that
adults regularly travel very long distances in search of food. Consequently, SST data to
37°S (90-100km south of Woody Island) are likely to be representative of the Fleshfooted Shearwater’s foraging range.

Weekly SSTs at four positions (34° 00’S, 35° 00’S, 36° 00’S and 37° 00’S at 120°
00’E), were aggregated into groups representing each month, from before hatching to
the time when most chicks had fledged (January to April inclusive), in each of three
chick-rearing seasons (2000, 2001 and 2002). Mean monthly SSTs in each category
were compared using a one-way analysis of variance (ANOVA). SST data were not
available for 2003. Daily SO indices were sourced from archived data sets (QDPI
2004) for the dates in each year that corresponded to the weekly SST measurements.
For this particular analysis, SSTs on each of these dates were averaged between the
four latitudes. The means and their respective SOIs were aggregated over January to
April for each year, and examined by linear regression to determine whether SOI was a
significant predictor of SST.
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9.3 Results
9.3.1 Moonlight
Table 9.1 shows the dates of full moon during the times that nestlings were in burrows
in 2000, 2002 and 2003. Shown are the times of sunrise and sunset, and moonrise and
moonset on those dates (corrected for local time), as well as sunrise the following day
(Geoscience Australia 2003). Also shown are the periods of darkness during which the
moon had risen, followed by the cloud cover present during those periods. For
example, heavy cloud cover may negate any potential effect of moonlight upon adult
attendance at the colony. The proportion of burrows visited on three nights, up to and
including full moon in February, and on three nights immediately preceding full moon
in March 2000, was compared with that on three nights following the new moon in
February, and three nights including the new moon in March 2002. On both occasions,
the nights of full moon coincided with negligible cloud cover, and the moon rose
shortly after sunset and set about the time of sunrise the following day. Thus, there was
bright moonlight over the colony all night.

The proportion of burrows visited on nights with continuous bright moonlight did not
differ significantly from the proportion of burrows visited on nights of complete
darkness (Pearson Chi-square, χ21 = 2.145, p = 0.143). Similarly, the proportions of
chicks fed before and after midnight did not differ significantly between nights of full
moon and nights of new moon (Pearson Chi-square, χ21 = 1.981, p = 0.159). On
average, overnight feeds (CSUMs) were of significantly greater mass on moonlit nights
than on dark nights (t119 = 3.473, p = 0.001), whilst CSUMs were significantly larger
during full moons than new moons during both February and March in both years
(t48.568 = 3.293, p = 0.002 and t61 = 2.162, p = 0.035 respectively). The proportions of
nests visited and chicks fed after midnight, as well as the mean masses of food
delivered during both full and new moons, were as follows:

Moon phase
(ambient light)
Full (bright)
New (none)

Proportion of
nests entered
0.71
0.62

Proportion of chicks
fed after midnight
0.77
0.56
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Mean CSUM
(g ± SE)
105.1 ± 10.6
55.6 ± 9.2

Table 9.1. Dates of full moon during the 2000, 2002 and 2003 chick seasons, the times of sunrise/sunset and moonrise/moonset on those dates, as well as
sunrise the following day (Geoscience Australia 2003). Moonlight period refers to the period of darkness (hours and minutes) during which the moon is
risen, followed by the range in cloud cover (octas) over that period (Esperance Meteorological Office). 1 octa = clear, 8 octas = 100% overcast.
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Date
Full moon
20/2/2000
20/3/2000
19/4/2000
27/2/2002
28/3/2002
27/4/2002
16/2/2003
18/3/2003
16/4/2003

Time
Sunrise
0531
0555
0618
0538
0601
0623
0528
0553
0615

Sunset
1840
1804
1725
1832
1753
1716
1844
1807
1729

Moonrise
1918
1826
1804
0939
0937
1045
0845
0952
0949

Moonset
0545
0537
0626
2308
2212
2154
2258
2237
2138

Sunrise
0532
0556
0618
0539
0602
0624
0529
0554
0616

Moonlight period
(hrs : min)
10 : 14
11 : 11
12 : 14
4 : 36
4 : 19
4 : 38
4 : 14
4 : 30
4 : 09

Cloud cover
(octas)
1-1
2-7
1-5
6-7
6-6
6-7
8-8
3-3
0-1

Observations at colony
Clear
Clearing, then becoming overcast
Intermittent cloud, mostly clear
Overcast / drizzle
Overcast
Thunderstorm
Heavy rain
Intermittent cloud
Clear

9.3.2 Wind and rainfall
Time series plots suggested some correlation between high wind speed and low nest
visitation (e.g. Day-102, 2003 - Figure 9.1). Overall, however, no significant cross
correlations, neither positive nor negative, were determined in any year, between daily
changes in mean or maximum wind speed with the daily change in proportion of nests
entered, at any lag interval, from zero to seven days (Figure 9.2). In contrast, a
significant correlation between nest visitation and rainfall was determined in 2000.
Two significant rainfall events occurred during 2000 when, on 28 February, 70.2mm of
rain fell in 24 hours, followed by another 70.6mm in 48 hours two weeks later, from the
aftermath of Tropical Cyclone Steve (Figure 9.1, Table 9.2). Interestingly, nest
visitation was 100%, 85% and 100% respectively on those three dates. The correlation
was, not surprisingly, positive at zero, but no further correlations existed at positive or
negative lag intervals of one to seven days (Figure 9.3).

No significant correlation was determined between overnight nest entry and mean wind
angle (Figure 9.3). Polar plots of nests visited in relation to the maximum speed and
mean angle of the wind on the preceding day, indicate no correlation between either
higher or lower wind speeds (large and small circles), and the proportions of nests
visited (Figure 9.4). Similarly, there was no correlation between mean wind angle and
the proportion of nests visited or, with wind speed in any year. It was expected that, if
significant correlations existed in relation to mean angle, circles would be concentrated
in the outer radii (indicating higher proportions of visitation) in favoured wind
conditions and, vice versa, in less-favourable conditions. Furthermore, if any
significant interactive relationships existed between wind angle and wind speed, the
circles would be expected to vary in size with their placement upon polar coordinates,
in relation to favoured wind conditions. This was not the case in any year. The higher
concentration of circles in the northerly quarter (315°-45°), exemplified in a global
polar plot encompassing all three years (Figure 9.4), agrees with the normal pattern of
prevailing south-easterly summer winds, punctuated with south-westerly changes
(Chapter 3).
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Figure 9.1. Time series plots showing the proportion (multiplied by a factor of 10) of nests
entered overnight (lower, bold line), in relation to maximum and mean wind speeds, in 2000,
2002 and 2003. The broken vertical lines on the top two figures denote significant rainfall
events during 2000.

182

Figure 9.2. Time-lag cross correlations (± 7days) of daily changes in maximum and
mean wind speeds, with daily changes in the proportion of nests entered overnight.
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Table 9.2. Monthly and cumulative totals of rainfall (mm) and rain days for 2000, 2001, 2002 and 2003, as well as averages for the period
1969 - 1993. Monthly totals above the monthly average for this period are shown in bold type (Esperance Meteorological Office).
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Year Month
Totals
2000 Days
Since
1 Jan
Totals
2001 Days
Since
1 Jan
Totals
2002 Days
Since
1 Jan
Totals
2003 Days
Since
1 Jan

Jan Feb
Mar
Apr May
Jun
Jul
Aug
95.0 80.2 111.8 42.4 69.2 65.2 68.8 64.8
11
5
9
9
9
8
18
18
95.0 175.2 287.0 329.4 398.6 463.8 532.6 597.4
11
16
25
34
43
51
69
87
7.0
23.0 46.8 12.0
77.2 57.0 104.4 120.8
8
8
8
4
15
13
17
16
23.0 69.8 81.8 88.8 166.0 223.0 327.4 448.2
8
16
24
28
43
56
73
89
4.2
6.4
14.0 50.4 17.4 51.4 86.4 68.6
7
6
7
15
9
15
10
7
4.2 10.6 24.6 75.0 92.4 143.8 230.2 298.8
7
13
20
35
44
59
69
76
6.8 27.4
6.4
65.6 66.2 116.2 171.0 76.8
4
9
7
11
11
15
19
19
6.8 34.2 40.6 106.2 172.4 288.6 459.6 536.4
4
13
20
31
42
57
76
95

Totals 21.9
Days
6
Since 21.9
1 Jan
6

27.4
6
49.3
11

30.6
8
79.9
19

Sep
26.6
12
624.0
99
111.6
15
559.8
104
54.4
14
353.2
90
122.4
14
658.8
109

Oct
10.6
9
634.6
108
37.2
14
597.0
118
42.6
9
395.8
99
48.6
17
707.4
126

Nov
13.8
8
648.4
116
52.6
11
649.6
129
22.0
5
417.8
104
35.0
11
742.4
137

Dec
11.8
8
660.2
124
43.8
10
693.4
139
30.4
10
448.2
114
6.6
4
749.0
141

2000
Totals
660.2
124
2001
Totals
693.4
139
2002
Totals
448.2
114
2003
Totals
749.0
141

Averages for the period 1969 - 1993
43.4 76.0 82.1 97.6 83.7 56.5 48.9 34.8 17.3 Yearly
11
14
16
17
17
14
12
10
7
Totals
123.3 199.3 281.4 379.0 462.7 519.2 568.1 602.9 620.2 620.2
29
43
60
77
94
108
120
130
136
136

Figure 9.3. Time-lag cross correlations (± 7days) of daily changes in rainfall and mean wind
angle, with daily changes in the proportion of nests entered overnight.
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Figure 9.4. Polar plots of the nightly proportion of nests entered during 2000, 2002, and 2003,
and a global plot incorporating all three years, in relation to mean wind angle and maximum
wind speed. Proportions are defined by radial lines from the centre (zero), mean angle
(direction of wind movement) is relative to degrees (0°-360°), and wind speed is classified in
four groups identified by open circles of increasing size.
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9.3.3 Sea surface temperature
Mean monthly SSTs did not vary significantly between January and April during any
year, at any of the latitudes sampled. Nevertheless, at each of the four latitudes, there
was a highly significant decrease in the mean January to April SST over the three years,
even though the greatest difference recorded at any latitude was only 1.5°C (Table 9.3).
SSTs in each year changed significantly with each 1° increment of latitude from 34°S
to 37°S and, with one minor exception, became progressively cooler with increasing
distance from the coast (Figure 9.5). This pattern, however, was not apparent after
including the averaged January to April SST for Esperance (33° 51’S, 121° 54’E),
based on an historic data set of temperatures measured within a 1° radius of the Port
(AODC 2003). This 1° radius, therefore, effectively covered latitude 34°S at 121°
54’E, and extended west to 33° 51’S, 120° 54’E. The historic average SST over
January to April for the Port of Esperance did not differ significantly from SSTs
measured at 34°S, 120°E during 2000, 2001 or 2002. During the two earlier years,
SSTs were, nonetheless, warmer at 34°S, whilst the opposite was true during 2002
(Figure 9.5). Small, but significant, variations resulted in highly significant differences
in SST with latitude in each year (ANOVA, 2000: F4, 59 = 14.160, p = <0.001, 2001: F4,
67

= 12.470, p = <0.001, 2002: F4, 71 = 31.797, p = <0.001). However, the greatest

individual variability was apparent in 2002, during which SSTs were generally cooler
overall (Table 9.4).

Figure 9.6 shows monthly fluctuations in the SOI from 1980 to 2003 (QDPI 2004). A
falling SOI is apparent during 2001 which, by early in 2002, was consistently negative,
reaching its nadir in mid-2002 before climbing again in late 2003. However, at no time
did the SOI plummet to the extremely low values recorded during the significant ENSO
events of 1982/83, 1987/88, 1991 to 1994 and 1996/97 (Schreiber 2002). SOI was not
a significant predictor of SST during January to April 2002, the year which exhibited
the most pronounced negative index (F1, 15 = 0.834, r2 = 0.053, p = 0.376). Nor was
there a significant relationship in 2000, the year during which the SOI was most
positive (F1, 13 = 1.479, r2 = 0.102, p = 0.245). Nonetheless, a relationship did exist
between SOI and SST during 2001, when the SOI fluctuated between positive and
negative (F1, 15 = 6.781, r2 = 0.311, p = 0.020 Figure 9.7).
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Table 9.3. Mean (± SE) January to April sea-surface temperatures (SST) during,
and between, three chick-rearing seasons, at increasing degrees of latitude.

Latitude and Longitude
(degrees and minutes)
34° 00’S, 120° 00’E

35° 00’S, 120° 00’E

36° 00’S, 120° 00’E

37° 00’S, 120° 00’E

Jan - Apr
of the year
2000
2001
2002
Significance
2000
2001
2002
Significance
2000
2001
2002
Significance
2000
2001
2002
Significance

188

Mean SST (± SE)
20.5 ± 0.2
20.2 ± 0.2
19.1 ± 0.1
K-W, χ22 = 22.868, p = <0.001
20.2 ± 0.2
19.8 ± 0.2
19.2 ± 0.1
ANOVA, F2, 47 = 9.594, p = <0.001
19.4 ± 0.2
18.9 ± 0.2
18.3 ± 0.1
ANOVA, F2, 47 = 7.928, p = 0.001
18.8 ± 0.1
18.1 ± 0.3
17.3 ± 0.2
ANOVA, F2, 47 = 10.730, p = 0.001

22.0
21.5

SST (degrees Celcius)

21.0
20.5
20.0
19.5
19.0
18.5
18.0
17.5
17.0
16.5
16.0
34.00

35.00

36.00

37.00

Latitude (degrees South)

Figure 9.5. Mean (± SE) January to April sea-surface temperatures (SST) at increasing
degrees of latitude for three chick-rearing seasons 2000 (■), 2001 (□) and 2002 (♦).
The horizontal line represents the historic mean SSTs for the Port of Esperance,
averaged over the same months.
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Table 9.4. Tukey’s HSD multiple comparisons of significant differences in mean January
to April SSTs measured at four latitudes (34° 00’S to 37° 00’S) at longitude 120°E, and the
averaged historic mean for those months for the Port of Esperance (33° 51’S, 121° 54’E).

Year
2000

2001

2002

Latitude
Mean SST (°C)
34°S - 36°S
20.5 - 19.4
34°S - 37°S
20.5 - 18.8
35°S - 37°S
20.2 - 18.8
33° 51’S - 37°S
19.7 - 18.1
34°S - 36°S
20.2 - 18.9
34°S - 37°S
20.2 - 18.1
33° 51’S - 36°S
19.7 - 18.3
33° 51’S - 37°S
19.7 - 17.3
34°S - 36°S
19.1 - 18.3
34°S - 37°S
19.1 - 17.3
35°S - 36°S
19.2 - 18.3
35°S - 37°S
19.2 - 17.3
35°S - 37°S
18.3 - 17.3

Difference
(°C)
1.1
1.7
1.4
1.6
1.3
2.1
1.4
2.4
0.8
1.8
0.9
1.9
1.0

190

Significance
of difference
p = 0.001
p = <0.001
p = <0.001
p = 0.026
p = 0.002
p = <0.001
p = 0.001
p = <0.001
p = 0.003
p = <0.001
p = 0.001
p = <0.001
p = <0.001

40
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Figure 9.6. Monthly changes in the Southern Oscillation Index (SOI) from 1980 to 2003 (QDPI 2004).

Figure 9.7. Linear regressions of Southern Oscillation Indices (SOI) upon sea surface
temperatures (SST) for the months of January to April in 2000, 2001 and 2002. The
significant regression of 2001 follows the equation: SST = -0.0342 * SOI + 19.481
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9.4 Discussion
As emphasised in Chapter 4, on Woody Island there was no direct evidence of
predation upon Flesh-footed Shearwater eggs or nestlings by Ship Rats or Cuvier’s
Skinks. Although these animals undoubtedly prey upon smaller terrestrial birds, it is
likely that only a newly hatched shearwater chick would be vulnerable (Brooke 2004).
Ravens occasionally dug well-grown chicks from burrows (Johnstone et al. 1990, pers.
obs.) and, would probably be capable of taking adult shearwaters, despite their size.
However, there was no evidence of nocturnal activity by ravens; nor were there
numerous carcasses to indicate raven predation, as is the case for adult Great-winged
Petrels Pterodroma macroptera on other south coast islands (pers. obs.). The only gull
breeding on the island of sufficient size to threaten a shearwater is the Pacific Gull
Larus pacificus. In common with sea eagles, and the smaller raptors that might
opportunistically take adults or fledglings, these gulls are diurnal and present only in
very small numbers. The Barn Owl Tyto alba is the only known nocturnal predatory
bird to inhabit the island, but is probably too small to threaten a shearwater. Indeed, the
examination of middens at one roost revealed no evidence of shearwater predation,
despite numerous remains of rats and some smaller birds. Woody Island is thus
virtually predator-free as far as Flesh-footed Shearwaters are concerned.

Accordingly, it was not surprising to find no evidence of moonlight avoidance
behaviour, even on nights of continuous, bright moonlight. The proportion of burrows
visited on such nights did not differ significantly from the proportion visited on nights
of total darkness. This lack of sensitivity to moonlight is congruent with little evidence
of predation upon shearwaters. Consequently, any further comparisons with nights of
intermediate illumination (Corkhill 1973) were not considered necessary. Nor did the
presence of bright moonlight have any influence upon the hour of the night at which
adults returned. Storey & Grimmer (1986) found that, despite the risk of predation,
Manx Shearwaters still attended their colony on bright nights, but that they arrived
later. Klomp & Furness (1992) observed similar behaviour in Cory’s Shearwaters.
Flesh-footed Shearwaters arrived at the Woody Island colonies shortly after dusk and
continued to do so throughout the night. During both periods examined, a greater
proportion of birds arrived after, rather than before, midnight. Although a greater
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proportion arrived later in bright conditions, the difference was not significant between
full moon and new moon. This further supports the argument of a negligible risk of
predation. Nonetheless, Flesh-footed Shearwaters were still strictly nocturnal at the
Woody Island breeding colonies.

Gould (1967) observed Wedge-tailed Shearwaters foraging at night and Harper (1972)
found that Thin-billed Prions Pachyptila belcheri fed mainly at night, on vertically
migrating prey. Similarly, the Great-winged (or Grey-faced) Petrel takes 80% or more
of its prey at night, about 90% of this prey consisting of bioluminescent cephalopods
(Imber 1973, 1975). Klomp & Furness (1992) found that, whilst Cory’s Shearwater
chicks were fed mainly on fish, they also received cephalopods. Furthermore, meals
were significantly smaller on nights of full moon, suggesting that this species may
forage nocturnally, and with greater success on dark nights, due to a greater availability
of prey (ibid.). Food delivery to Flesh-footed Shearwater chicks also differed between
nights of full moon and new moon, by a highly significant margin. However, in
contrast to the findings of Klomp & Furness (op. cit.), feeds averaged 47% larger on
bright, moonlit nights.

Thus, although a greater proportion of birds returned after midnight, which may suggest
they forage at night, it is unlikely that Flesh-footed Shearwaters exploited vertically
migrating prey during the periods of sampling. The most likely explanation of the
difference in feed masses, between the full moon sampling period in 2000 and the new
moon period in 2002, is more global. The 2002 season was a very poor year in terms of
overall breeding success, in comparison to the subsequent season in 2003 (Chapter 4).
Moreover, judging by the daily body masses attained by nestlings over the successive
years of this study, 2000 was probably also a more successful breeding year than 2002.
Nevertheless, this does not explain the strictly nocturnal habits of Flesh-footed
Shearwaters at the breeding colonies. One tenable explanation may be that nocturnality
in this species is an evolutionary response to predation, but because the relatively few
potential predators frequenting Woody Island (e.g. raptors, ravens, large gulls) are all
strictly diurnal in their habits, moonlight intensity is irrelevant.
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Oceanic seabirds have evolved to operate most efficiently in the environment upon
which they depend for their food. For example, long-distance foragers such as the great
albatrosses (Diomedea spp.) soar effortlessly in, and rely on, heavy winds to fully
exploit their given mode of flight (Tickell & Gibson 1968). Given the not-dissimilar
flap-gliding flight of shearwaters (Pennycuick 1987), it was not surprising that higher
wind speeds did not result in lower proportions of nest attendance. Although on the
day when both the greatest mean and maximum wind speeds (23 and 30 knots)
coincided with the lowest recorded burrow entry rate (11%), no significant correlation
was determined overall. It had been expected that calm weather would result in fewer
birds coming ashore, but this was not the case. Although completely calm days were
rare, the lowest mean wind speeds recorded (5-6 knots) coincided with nest visitation
rates of 65-80%.

As discussed previously, in Chapter 4, aspect was not a significant determinant of
colony location; this was rather, governed by the depth of the soil. The lack of
correlation between nest visitation and mean wind angle is congruent with these
observations. The north-easterly aspect of Colony C is evidence that colonised areas
are not necessarily selected in relation to the seasonal prevailing wind. Moreover, the
term ‘mean wind angle’ is itself somewhat arbitrary. By definition, it represents the
calculated mean of eight three-hourly observations, which may vary considerably over
the course of a 24-hour period. Each, however, is of equal importance because
temporal wind conditions whilst adults forage at sea are likely to have a greater
influence upon their foraging success than the immediate conditions at nightfall and,
consequently, whether or not they subsequently return to the colony. The high
concentration of nest visits that coincided with winds from the south-easterly to southwesterly quarter are likely to be an artifact of the prevailing southeasterly winds during
the summer months, which are punctuated by south-westerly changes.

The rain-bearing depression that was the aftermath of Tropical Cyclone Steve dropped
70.6mm of rain on Esperance during 11 and 12 March 2000. Although official threehourly observations indicated that wind-speed peaked at only 22 knots at Esperance
during this 48-hour period (Esperance Meteorological Office), horizontal rain at Woody
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Island was testament to much stronger winds. This exemplifies the enormity of
variation in local conditions between a weather station located 5km inland, and an
offshore island some 20km distant. This rainfall event followed 70.2mm on 28
February, only two weeks earlier. The cumulative effects of these events resulted in
saturation of the soil and, consequently, some instances of burrow flooding. Although
the run-off was substantial, this could not have accounted for the high proportion of
barricade knock-downs on each of these dates, as only a small number of burrows in
low-lying ground were flooded.

The rainfall during this event was such that some of these burrows were completely
filled with water. In one instance, the soaked nestling had evacuated the burrow and
was exposed to the weather at its entrance. Even after emptying the burrow with a cup,
within 30 minutes it had refilled with water percolating through the saturated soil. In an
attempt to save the nestling and, as an experiment, the burrow was drained by digging
an irrigation ditch down-slope. Once drainage had subsided, the trench was partially
filled with stones upon which flat pieces of granite were laid, followed by a back-fill of
soil. The drain allowed water to leach away and provided a natural soil-covered
approach to the burrow, whilst also permitting the continuation of barricade monitoring.
This operation also permitted a small test of the suggestion by Warham (1990) that
post-migration shearwaters return to their colonies by way of imprinting, but locate
their individual burrows using visual cues. If this is the case, then the parents of this
nestling should not have recognised their nest, because rebuilding the burrow
necessitated the removal of a large amount of surrounding vegetation. What had
previously been an inconspicuous hole in the ground resembled something of a
construction site with a soil wall to divert run-off, and a new access tunnel complete
with removable nest cover. Despite this, the nestling was fed on the following night
and subsequently survived to fledge.

When the SOI is negative, it is normally associated with El Niño conditions of rising
sea levels and sea-surface temperatures across the eastern-central Pacific. However,
because ENSO is part of a complex ocean-atmosphere relationship on a much larger
scale, its influence extends well beyond the tropical Pacific alone (Sturman & Tapper
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1996). Whilst extreme events such as the 1982/83 ENSO resulted in high mortality and
reproductive failure in seabird populations over the Pacific region (Barber & Chavez
1983, Schreiber & Schreiber 1984, Hays 1986, Guerra et al. 1988, Cruz & Cruz 1990),
its consequences were much more widespread. For example, the severe droughts
experienced in Australia during this event, undoubtedly contributed to the Ash
Wednesday bush fires in Victoria during February 1983 (Sturman & Tapper 1996).
Several recent studies have correlated variations in SST with fluctuations in population
size, chick provisioning and breeding success in seabirds. These have generally
emphasised the negative effects of increased SSTs upon the demographic processes of
both temperate (Guinet et al. 1998, Kitaysky & Golubova 2000, Hedd et al. 2002,
Durant et al. 2003, Jenouvrier et al. 2003) and tropical species (Smithers et al. 2003).
However, Inchausti et al. (2003) described different demographic responses to SST
anomalies depending on where different species foraged. Those species that foraged in
Antarctic waters, south of the Polar Front were negatively affected by warm SST
anomalies, whilst the breeding success of others that foraged in sub-tropical waters,
north of the Polar Front, was enhanced by episodes of warm SST (ibid.).

Indeed, Wooller et al. (1991) reported negative demographic responses in Little
Penguins to a strong Leeuwin Current and warmer SSTs inshore, south of 32°S where
they foraged, which paralleled a decline in commercial catches of baitfish (ibid.). In
contrast, the ENSO of 1996/97 resulted in almost complete breeding failure in several
tropical seabird species north of 30°S at the Houtman Abrolhos Islands, off the coast of
mid-Western Australia. Long-term monitoring of colonies there, and on the North
West Shelf, suggests that seabird fisheries decline during El Niño conditions when the
Leeuwin Current is weak (Dunlop 2001). Although elevated SSTs are typical of El
Niño conditions across the Pacific, an ENSO-related weakening of the Leeuwin Current
appears to have the opposite effect in southwestern Australian waters. The resulting
decreases in SST affect sub-tropical and tropical-foraging species negatively, favouring
those that breed and forage in more temperate seas, in line with Inchausti et al. (2003).
A decreasing SOI, coinciding with cooler SSTs off Esperance between 2000 and 2002,
suggests a weakening of the Leeuwin Current, possibly in response to mild ENSO
conditions. Despite this scenario being predictive of a successful reproductive season,
the opposite was true for the Flesh-footed Shearwaters breeding on Woody Island
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during 2002 (Chapter 4). Wooller et al. (2003b) analysed more than 53 years of data at
one Short-tailed Shearwater colony, and found no strong relationship between the SOI
and breeding success. However, Newall (1982) described significant changes in SST in
the north-west Pacific up to one year preceding SOI anomalies. If, for example, such
advanced precursors altered seasonal blooms of prey in the Northern Hemisphere, then
one response by a migratory species might be a decrease in fecundity and survival
during the subsequent reproductive event (e.g. Lyver et al. 1999).
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Chapter 10
The nestling period
Chick growth: skeletal development, mass
accumulation, mass recession and fledging.
“I remember vividly a young Wandering Albatross at Marion Island which, one evening,
marched deliberately up a small hill. On reaching the top, the bird looked down a nasty cliff.
It looked out to sea and to the western horizon. It flapped its wings diffidently as if hoping that
they would not generate sufficient lift for its flight. This was not the case, so it folded them
while summoning a little more courage. Then it spread its three-metre wings, took a deep
breath and, perhaps aware that it was being scrutinised, leapt off the edge. There was no
problem. The novice levelled off above the sea and, very literally, flew off into the sunset.”
(Michael Brooke 2004)

10.1 Introduction
The specific effects of investigator disturbance on nesting birds have received limited
attention, but the presence of humans at seabird colonies typically results in surfacenesting species forsaking their nests, leaving eggs and young vulnerable to factors such
as predation and temperature extremes (Götmark 1992, Dunlop 1996). However,
burrowing species too are vulnerable, particularly to anthropogenic activities such as
land clearing, burning and trampling, as well as removal of adults, eggs or young from
their burrows. The latter may be permanent, as in the cases of harvesting, vandalism
and sacrificial forms of research, or may only be temporary, as in more ethically
acceptable forms of research (Saffer et al. 2000a). Nonetheless, Payne & Prince (1979)
considered that even temporary disturbance, such as handling and weighing chicks,
might have adverse effects. For example, patterns of provisioning may be altered due
to the possibility of a parent arriving at the nest during a weighing session and, upon
finding the researcher present, fly off, depriving the chick of its meal. Further, Zach
(1988) warned that subtle stress from disturbance and handling is difficult to detect and
may confound interpretation of treatment effects.
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Hamer (1994), Hamer & Hill (1993, 1997) and Saffer et al. (2000a) found no evidence
of adverse effects upon the growth of chicks in three shearwater species as a result of
frequent handling. However, Warham (1990) cautioned that certain species,
particularly the larger members of the genus Puffinus, such as the Flesh-footed
Shearwater, might be less tolerant of disturbance than others. Like most aspects
concerning the Flesh-footed Shearwater, this has not previously been investigated.
Nonetheless, during the present study, adults did not appear unduly disturbed by the
presence of the researcher, on many occasions observing from nearby their chick being
weighed. Sometimes, even the careful removal of chicks from burrows occupied by
adults elicited little obvious response from their parents (Hamer 1994, Hamer & Hill
1993, 1997).
Occasionally, however, parent shearwaters reacted violently. Consequently, this
practice was avoided. In instances when adults were present, occupied nests were
revisited at the end of a weighing session and, if at that time the adult still remained,
chick weighing at that nest was omitted for that particular session. The present study
involved two different regimes of investigator handling - one in which a sample of
chicks was handled once daily; the other, involved a separate sample of chicks that was
handled once daily, as well as three-hourly during monthly frequent weighing trials
(Chapter 6). It was expected that, if human disturbance affected the growth of chicks,
those subject to greater levels of disturbance would be more greatly affected (Saffer et
al. 2000a).
Although patterns of growth among animals represent a variety of evolutionary and
ecological adaptations, the biological significance of differences in growth patterns
between closely related species remains controversial (Ricklefs 1968a, O’Connor
1984). Nonetheless, patterns of growth in birds form an important component of their
life-histories and, accordingly, the study and comparison of inter-specific growthpatterns in seabirds provides an additional approach in attempting to understand their
ecology (Ricklefs 1979, Ricketts & Prince 1981, Starck & Ricklefs 1998, Huin &
Prince 2000). In particular, the protracted development of procellariiform nestlings
(Warham 1990) allows for frequent measurement of growth parameters during the long
period between hatching and fledging.
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Analysis of nestling growth has been achieved by fitting different types of equations to
growth curves. Although Zach (1988) considered that growth-curve analysis was not
always appropriate and, that alternatives, such as simple observed-growth statistics,
were more effective indicators, equations allow key parameters of growth to be
extracted in an objective and reliable manner, whereas raw data can be highly variable
(Huin & Prince 2000). Nestling growth generally follows a sigmoidal curve, in which a
slow initial increase is followed by a period of rapid growth to a point of inflection,
before levelling-off to an asymptotic value. Curves depicting nestling growth, based on
repeated measurements, have been published for several procellariids (Ricklefs 1968a,
Ricketts & Prince 1981, Weidinger 1997, Huin & Prince 2000, Saffer et al. 2000b).
These typically show changes in mass, or in linear morphometric indices such as the
length of head, beak, tarsus and wing.
The form, magnitude, and rate of nestling growth has most commonly been described
using equations belonging to the family of sigmoid curves described by Richards
(1959), in particular the logistic, Gompertz, and von Bertalanffy curves. The logistic
curve, which is symmetrical, has been used widely for fitting curves to mass data. It
assumes a point of inflection when 50% of the asymptotic weight has been achieved,
and can be used to calculate a constant for comparing growth rates. The Gompertz
curve assumes an inflection point of 37% asymptotic weight, and is thus asymmetrical.
The asymmetry of the Gompertz curve is best suited to those species that exhibit an
early acceleration of growth. Similarly, the von Bertalanffy curve is asymmetrical,
assuming an inflection point of 30% asymptotic weight, but is more appropriate for
depicting rapid early growth followed by a protracted completion phase (Ricklefs
1968a).
Whilst all three models have been used to compare growth in nestling procellariiforms,
the logistic and Gompertz models have been found to be the most appropriate (Saffer et
al. 2000b, and others cited therein). Weidinger (1997) found that the logistic curve
fitted the growth of Cape Petrel Daption capense chicks marginally better than the
Gompertz curve, as it consistently explained higher proportions of variability and
provided estimates closer to the observed asymptotic values. Conversely, the von
Bertalanffy model considerably overestimated asymptotic values and was therefore
inappropriate for nestling growth data sets (ibid.). Although each of these models has
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been used effectively to describe the growth patterns of nestlings as they gained mass,
they are less suited to describing the period of mass recession prior to fledging that is
characteristic of procellariiform seabirds (Ricklefs 1968b, Warham 1990). Huin &
Prince (2000) presented a further equation capable of incorporating this later period of
development when nestlings, after exceeding the mass of their parents, subsequently
lose mass until the time they fledge. However, if meaningful comparisons are to be
made with other studies, it is preferable that the same growth model be applied. Both
Weidinger (1997) and Saffer et al. (2000b) considered that the overall growth pattern of
selected parameters was best described by the logistic equation. Accordingly, this
model was applied in the present study to relate the growth rates of six morphometric
variables in Flesh-footed Shearwater nestlings, to their provisioning regime and to their
burrow environment.
Nestling obesity and the various hypotheses pertaining to the phenomenon among
procellariiform seabirds have been discussed already, in both Chapter 1 and Chapter 6.
The traditional explanations focus on the role that the exaggerated body mass attained
by a chick plays, in one way or another, as a form of insurance against acute starvation.
These explanations typically, have concentrated on the period in nestling development
up to the attainment of peak mass, after which any stored reserves are presumably
metabolised by the chick, allowing it to fledge, possibly at some optimal mass. Reid et
al. (2000) emphasised that in Grey-headed Mollymawk Thalassarche chrysostoma
chicks, substantial deposition of body fat did not commence until late in development,
culminating in a peak body mass after some two-thirds of the nestling period had
elapsed. Accordingly, they argued that if accumulated fat was indeed a form of
insurance against variable provisioning by two experienced parents, then this insurance
should be equally, or more, valuable to very young chicks, as well as to recently
fledged young.
A portable energy reserve may be particularly beneficial to a newly independent chick
as it acquires the foraging skills necessary to its subsequent survival (Perrins et al.
1973). This posed the question “why insure a chick against starvation during one part
of its growth, only to surrender this insurance prior to fledging when it may be of even
greater value?” (Reid et al. 2000). These authors also noted that lipid accumulation
reached its zenith coincident with the period of maximum flight feather development.
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They reasoned that, in order for a nestling to make the rapid transition from a sedentary
nest-existence to foraging at sea independently, a fully developed contingent of flight
feathers was essential.
Murphy et al. (1990) reported that feathers are as high as 95% in protein - particularly
sulphur amino acids, and that feather development probably represents the most intense
period of protein synthesis during nestling growth. The formation of keratin requires a
particular amino acid balance (rich in cysteine and methionine) which cannot be
sourced from lipid, as this lacks nitrogen (ibid.). Coincidentally, there is some evidence
that seabirds mobilise protein as a metabolic substrate in times of extreme nutritional
stress (Groscolas & Cherel 1992, Cherel et al. 1993). It is therefore feasible that,
towards fledging, if normal lipid reserves were low or exhausted, a severely
undernourished chick may, as a last resort, metabolise its own protein as an energy
source. Such diversion of protein allocation during this critical period may affect the
synthesis of amino acids required for feather growth, potentially resulting in regions of
poor feather quality (Murphy et al. 1988, Brodin 1993). Accumulated lipids would,
therefore, provide a buffer to ensure that protein synthesis was directed solely towards
feather growth if a chick endured an extreme fast late in the nestling period (Reid et al.
2000).
However, if this feather-quality insurance hypothesis is correct and nestlings retain
substantial lipid deposits up-to, or after, the time they fledge, whilst simultaneously
developing their flight musculature, an alternative explanation for pre-fledging mass
recession is necessary. Reid et al. (2000) further proposed that pre-fledging mass loss
produces a chick of optimal wing-loading for the amount of surplus fat retained after
sustaining feather growth to ensure the development of the highest quality flight
feathers. The mass loss may be achieved by a combination of reduced parental
provisioning, increased energy expenditure on behalf of the chick (eg. vigorous wing
exercise prior to fledging) and increased excretion; particularly of water from the body
tissues as these attain functional maturity (Ricklefs et al. 1994). The fat retained may
then represent a post-fledging energy reserve that acts as insurance during the initial
foraging attempts by the fledgling in a novel environment (Reid et al. 2000, but see
Perrins et al. 1973 and Phillips & Hamer 1999).
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Although, during the present study, chicks nearing fledging were observed to exercise
their wings outside their burrows by night, which undoubtedly increased energy
expenditure; only during one year did overall food delivery decrease significantly
during the weeks following peak mass. By contrast, during another year, feeding
frequency actually increased during this period, even though chicks lost significant
body mass (Chapter 7). Thus, in accord with the model proposed by Reid et al. (2000),
if lipid reserves are retained late in the nestling period, an explanation is sought for the
mass recession evident in Flesh-footed Shearwater chicks close to fledging.
Another group of birds, the swifts (Family Apodidae) are long-lived aerial-feeding
insectivores that spend the majority of their lives on the wing. In common with
procellariiform seabirds, although to a lesser extent, the young of this group attain body
masses in excess of that at which they fledge (Lack & Lack 1951, Lack 1968).
Interestingly, as Reid et al. (2000) proposed for Grey-headed Mollymawks, prefledging mass recession in nestling swifts, as well as in swallows (Family
Hirundinidae) has been associated with water loss, as a result of the integument drying
out, rather than depletion of fat reserves (Ricklefs 1967, 1968b, Lack 1968, Martins
1997). Reid et al. (2000) examined mass loss from the integument in the latter stages
of nestling development and found similarities, not only with other procellariiforms
(Ricklefs et al. 1980), but also with Common Swifts Apus apus (Martins 1997).
Thus, if the feather quality insurance hypothesis is correct and lipid continues to be
deposited until late in the nestling period (Reid et al. 2000), then water loss may be a
plausible explanation for the pronounced pre-fledging mass recession observed among
procellariiforms generally (Warham 1990). To investigate this proposal, samples of
Flesh-footed Shearwater chicks were sacrificed at three key stages of the nestling
period; at about the time of peak mass, approximately one month before peak mass, and
around fledging, approximately one month after peak mass.
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10.2 Methods
To investigate whether frequent handling had any adverse impact upon nestling growth,
accumulation of body mass was examined in two groups of chicks; those handled every
three-hours during frequent weighing trials and otherwise weighed once daily, and
those weighed only once daily over the duration of the nestling period. Mean daily
mass differences were compared between each subset of chicks, from soon after
hatching, up to and including the date of mean peak mass in 2000, 2002 and 2003.
Additionally, mean daily mass differences were compared between each subset after the
date of mean peak mass in 2000, 2001, 2002, and 2003.
As described in Chapter 3, nestlings were weighed daily (with occasional breaks) from
soon after hatching until fledging in 2000, 2002 and 2003. These data were used to
examine individual variation in body masses of the nestlings during their development.
In addition, measurements of head length, beak length, beak depth, tarsus length, and
wing length were taken weekly (Chapter 3). A logistic growth equation was fitted to
these data using the non-linear regression procedure of the SPSS advanced statistical
package for WindowsTM (Norusis 1994). The procedure produced a least squares fit to
the data using an iterative algorithm in accordance with the following equation, where
A is the asymptotic size (g/mm), K is the instantaneous rate of growth (g/mm day -1)
and T is the point of inflection (days from 1 January):
size (g/mm) = A / [1 + exp(-K T )]
Convergence was determined if the relative reduction between sums of squares was less
than 10-8 on successive iterations. The suitability of the curves generated by the
equation was assessed by the coefficient of determination and by visual inspection of
the curve when plotted through the data. The coefficient of determination (r 2) is an
estimate of the proportion of the variance of the dependent variable accounted for by
regression, the magnitude of which gauges the fit of the curve to the data. To examine
patterns of growth in different parameters between years, curves were re-assessed by
fitting common values of both K and A (allowing for separate estimates of T )
(Weidinger 1997). If, in either case, the regression was non-significant between the
reduced model and the full model, with separate values of K and A, then similar growth
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rates and asymptotes respectively were assumed between years for the parameter in
question.
To examine lipid deposition and water loss in relation to mass accumulation and prefledging mass recession, three samples of chicks were collected for purposes of carcass
analysis at three key stages of the nestling period during 2004. The chicks were
collected in accordance with a Licence to Take Fauna, issued by the Department of
Conservation and Land Management (CALM) under Regulation 15 of the Wildlife
Conservation Act 1950 and, an Authority to Perform Operations or Experiments on
Animals, under the Prevention of Cruelty to Animals Act, 1920. Because of
insufficient numbers of accessible individuals at the Woody Island study site, the chicks
sacrificed were collected from an alternative site on the south coast of Western
Australia. The alternative site, Shelter Island (commonly known as Muttonbird Island),
is located approximately 500km from Woody Island, to the west of Albany at Port
Hughes (35° 05’S, 117° 69’E). The island is approximately 10ha in area and with an
elevation of 30m, separated from the mainland by only a narrow channel, but appeared
to hold a good population of shearwaters despite its relative accessibility. During 2004,
five chicks were taken early in March whilst still accumulating body mass, another five
chicks were taken early in April around the time of their peak mass, and a further five
chicks were taken early in May, prior to fledging, following the mass recession period.
Each chick was weighed, then euthanased by intraperitoneal injection using
approximately 1ml of Lethobarb™ barbiturate anaesthetic. The contents of the
stomach were removed immediately, and preserved in a 70:30 ethanol/water solution
for subsequent laboratory analysis. The carcasses were then double-wrapped in plastic,
sealed in zip-lock bags and later frozen. In the laboratory, the frozen carcasses were
thawed at room temperature, then dismembered into separate components following the
methods of Meathrel (1991) and Reid et al. (2000). The lower-legs were removed
(including the tarsometatarsus), as were the outer-wings (including the radius and ulna).
The skin was then removed from the carcass with down/feathers attached. The layer of
sub-dermal fat was scraped from the skin, to which was added the fat deposits from
around the cloaca and the viscera, as well as any other localised deposits. This
produced a total wet mass of fat, which is highly correlated with total body lipid
(Walters et al. 1994).
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The remaining integument (skin with down/feathers) was retained which, with the
exception of the lower-leg and outer-wing bones, represented non-mobile protein
(Meathrel 1991). Apart from the alimentary tract (oesophagus, proventriculus, gizzard,
intestine and colon), which was retained separately, the internal organs were removed
and combined as one sample. Any remaining contents of the alimentary tract were
removed and preserved in 70:30 ethanol/water. Next, the major sources of mobile
protein (flight and leg muscles) were excised from the remaining carcass, leaving only
the skeleton and connective tissue. This produced six samples of individual
components per chick, the wet mass of which was recorded for each. The samples were
then oven-dried at 60°C to constant mass, over a period of approximately one week.
Each sample was weighed twice daily over this period until no further mass loss was
observed, thereby enabling the water content of each component to be calculated, and
comparisons made between the three samples.

10.3 Results
10.3.1

Consequences of handling nestlings frequently

Mean daily mass changes, up to and including the date of mean peak body mass in
2000, 2002 and 2003, did not differ significantly between the two groups of chicks; one
weighed only once daily throughout the nestling period, and the other weighed not only
once daily, but also three-hourly during frequent weighing trials. Similarly, mean daily
mass changes from peak mass until fledging did not differ significantly between the
two groups in 2000, 2001, 2002 or 2003 (Table 10.1). Although mean daily body
masses were generally lower in the groups of chicks handled more frequently (Figure
10.1), these values were not significantly different on the date of mean peak body mass
in any year (Table 10.2). There was, therefore, no evidence, at this level of analysis,
that frequent handling had any influence upon the attainment of body mass in nestlings
up to the date of peak mass, nor during mass recession after this date. Overall, daily
mass changes up to and including the date of mean peak body mass, as well as those
after that date, did not differ significantly between the total chicks sampled in each year
(Table 10.1).
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Table 10.1. Mean (± SE) daily mass changes, up to and including the date of mean peak
mass (upper table), and after peak mass (lower table) in nestlings weighed three-hourly
during frequent weighing trials (Group 1), and in nestlings weighed only once daily
(Group 2). The same values are given for the combined sample of chicks in each year.

Daily mass changes up to, and including mean peak mass
Year
Group
Mean (g ± SE)
Significance
2000
1
14.8 ± 3.3
t-test, t722 = 0.749,
2
11.0 ± 4.0
p = 0.454
All chicks
13.2 ± 2.5
2002
1
8.7 ± 3.2
t-test, t948 = -0.384,
2
10.5 ± 3.3
p = 0.701
All chicks
10.2 ± 2.3
2003
1
15.5 ± 4.4
t-test, t579 = -0.399,
2
18.1 ± 4.6
p = 0.690
All chicks
16.8 ± 3.2
2
All years
All chicks
12.9 ± 1.5
K-W, χ 2 = 1.940,
p = 0.379
Year
2000
2001
2002
2003
All years

Daily mass changes after mean peak mass
Group
Mean (g ± SE)
Significance
1
-6.7 ± 3.6
t-test, t639 = -0.333,
2
-4.9 ± 4.0
p = 0.739
All chicks
-5.9 ± 2.7
1
-14.1 ± 6.2
t-test, t237 = -0.190,
2
-15.9 ± 6.8
p = 0.850
All chicks
-15.0 ± 4.6
1
-8.1 ± 6.1
t-test, t210 = 0.132,
2
-9.3 ± 6.2
p = 0.895
All chicks
-9.6 ± 4.4
1
-7.8 ± 3.9
t-test, t400 = -0.393,
2
-5.5 ± 4.1
p = 0.695
All chicks
-6.5 ± 2.9
2
All chicks
-8.1 ± 1.7
K-W, χ 3 = 2.946,
p = 0.400
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Figure 10.1. Mean (± SE) body masses of nestlings handled every three-hours during frequent
weighing trials, as well as weighed once daily (■), and those of nestlings weighed only once
daily (○) over the duration of the nestling period in 2000, 2002 and 2003, as well as during
the late nestling period in 2001.
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Table 10.2. Mean (± SE) body masses attained by nestlings weighed three-hourly during
frequent weighing trials, as well as once daily in between trials (Group 1), those weighed
only once daily over the duration of the study (Group 2) and, the combined sample of
both groups, on the date of mean peak mass in each year.

Year

Group

Sample
size

Mean (g ± SE)
{Range (g)}

2000

1

11

2

9

All

20

1

10

2

10

All

20

1

10

2

9

All

19

1

9

2

9

All

18

765.4 ± 31.4
{610 - 910}
759.4 ± 53.1
{535 - 1005}
762.7 ± 28.6
{535 - 1005}
802.5 ± 25.4
{720 - 935}
890.5 ± 37.7
{655 - 1025}
846.5 ± 24.3
{655 - 1025}
691.0 ± 51.4
{525 - 1050}
741.7 ± 42.6
{575 - 910}
715.0 ± 33.3
{525 - 1050}
858.9 ± 30.8
{730 - 1005}
871.7 ± 37.1
{725 - 1010}
865.3 ± 23.4
{725 - 1010}

2001

2002

2003
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Significance
Date of mean peak mass
(Days from 1 January)
t-test
t18 = 0.102, p = 0.920
17 March 2000
(77)
t-test
t18 = -1.934, p = 0.069
1 April 2001
(92)
t-test
t17 = -0.749, p = 0.464
28 March 2002
(87)
t-test
t16 = -0.265, p = 0.795
2 April 2003
(92)

10.3.2

Body masses and linear skeletal dimensions of adults

Body masses and linear skeletal components were measured in adult Flesh-footed
Shearwaters, captured at random, during each of the four years, using the methods
described in Chapter 3. Whilst body masses can be highly variable due to recent
feeding history, an analysis of variance determined that, although marginal, mean adult
body mass did not differ significantly between years (Table 10.3). Consequently, the
overall mean value for all years is considered to be representative of adult body mass.
Although mean measurements of head length bordered on significance between years,
these differed by a range of only 1.7mm (Table 10.3) and post hoc comparisons
revealed no individual significance between any two years. By contrast, mean beak
length differed by a highly significant margin between years. However, post hoc
multiple comparisons determined that the overall significance stemmed from the
difference between 2001 and 2003 only (Tukey’s HSD, p = 0.003) and, despite the
degree of significance, mean beak lengths between these years differed by a factor of
only 1.5mm (Table 10.3).

Log-transformation of data could not correct for highly significant inequality of
variances in mean beak depth measurements between years (Levene Statistic, p =
<0.001). Consequently, in this instance, non-parametric testing was employed, which
did not assume homogeneity of variances or a normal distribution (Kinnear & Gray
2000). A Kruskal-Wallis test subsequently revealed no significant difference in mean
beak depths between years. However, the reverse was true of both mean tarsus length
and mean wing length (Table 10.3). Post hoc multiple comparisons detected no
individual significance in mean tarsus lengths between any two years, but wing lengths
in 2003 were significantly greater on average, than in both 2000 and 2001 (Tukey’s
HSD, p = 0.039 and p = 0.003). Primary feathers are, however, subject to the most
wear, the tips often broken and edges abraded (Warham 1996). Moreover, mean wing
lengths differed overall, by a range of only 5.8mm. Thus, the mean values over all
years in each of these parameters are considered to be representative lengths of skeletal
components for adult Flesh-footed Shearwaters breeding at Woody Island (Table 10.3).
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10.3.3

Development of skeletal components in nestlings

Because skeletal measurements were made only weekly, data were combined for
skeletal growth parameters in each year, thereby producing global mean growth
variables for each parameter. The fit of the curves generated by each global model, and
the coefficients of determination (r 2) calculated by the non-linear regression procedure,
were used to identify which growth parameter the logistic equation described most
appropriately. The model predicted that, in each year, the instantaneous rate of tarsal
development was faster than any other parameter (Table 10.4). Additionally,
coefficients of determination were high, indicating that the logistic equation provided
reliable simulations of tarsal growth. The model predicted rapid initial growth and
asymptotes of 100-101% mean adult tarsus length (Tables 10.3 and 10.4), 95% of
which were attained by about mid-March (around Day-70) in each year, followed by
continued, but decreasing, increments of growth thereafter (Figure 10.2).

A reduced model with a common K-value (assuming the same instantaneous rate of
growth for tarsus length in each year) differed from the full model, with separate values
of K, by a highly significant margin (F2 = 8.496, p = <0.001). By contrast, the reduced
model, with a common asymptote, and the full model, with separate A-values
(assuming the same asymptotic length in each year), did not (F2 = 0.977, p = 0.377).
This is not surprising, given not only the similarity in the asymptotes predicted in each
year (Table 10.4), but also the convergence at the asymptotes of the three curves
generated by the model, when superimposed (Figure 10.3). Additionally, the
significance between the full and reduced models regarding the instantaneous rate of
growth could be demonstrated by superimposing the curves. Considering the high
values of r 2 for tarsus length in each year, which emphasise the efficacy of the model
in describing growth in this parameter, Figure 10.3 indicates that tarsal growth was
somewhat retarded in 2002.

The measurement of head length incorporates that of beak length and both parameters
showed an identical or very similar instantaneous rate of growth, as well as a similar
point of inflection during each year (Table 10.4, Figures 10.4 and 10.5). Coefficients of
determination were relatively high for both parameters; nonetheless, the logistic model
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provided a marginally better fit to head length data and predicted asymptotes 99-101%
of mean adult head length, compared with 97-98% mean adult beak length (Table 10.3).
A reduced model for head length, with a common instantaneous rate of growth, did not
differ significantly from the full model with separate K-values for each year (F2 =
2.602, p = 0.075). Similarly, a reduced model, with a common A-value, did not differ
significantly from the full model, with separate head length asymptotes for each year
(F2 = 1.481, p = 0.228). Thus, even though superimposition of the curves generated by
the model suggests that, in common with tarsus length, head length in 2002 reached a
lower asymptotic length and developed at a slower rate (Figure 10.6), in these instances
there was no significant difference between years.

In common with head length, a reduced model with a common asymptotic beak length
did not differ significantly from the full model, with separate A-values (F2 = 0.644, p =
0.525). This emphasises the similarity in predicted asymptotic beak lengths between
the three years (Table 10.4). Initially, this was not surprising, given that beak length is
a component of head length. However, the opposite was true of the reduced model,
with a common K-value for beak length. In common with tarsus length, the reduced
model in this instance differed from the full model by a high degree of significance (F2
= 6.031, p = 0.002) and, similarly, instantaneous rates of growth for beak length were,
on average, lowest in 2002 and highest in 2003. This contrasts the lack of significance
between the full model and the common-K reduced model for head length. In the latter,
a lower instantaneous growth rate was predicted for 2002, but in the other years the Kvalue did not differ. Thus, in contrast to tarsus length, the significance regarding beak
length stems from more rapid development during 2003, rather than retarded beak
growth during 2002. This was demonstrated by superimposing the three curves
generated by the logistic model for each year (Figure 10.7).

The model determined a very early point of inflection for beak depth in each year,
indicating that the most significant changes occurred in very young chicks.
Coefficients of determination were lowest for beak depth (Table 10.4), confirming that
development of this parameter was most poorly described by the logistic equation.
Overall, the model provided a relatively poor description of beak depth, whose
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coordinates exhibited considerable variation when plotted in relation to the predicted
curves (Figure 10.8). The model predicted asymptotic beak depths around 92-95% of
mean adult beak depth (Table 10.3), but despite rapid early growth these were not
attained prior to fledging in any year. Reduced models with common K- and A-values
for beak depth did not vary significantly from the respective full models, with separate
values for each year (F2 = 1.305, p = 0.272 and F2 = 1.870, p = 0.155). Therefore,
despite considerable variation in the observed coordinates during each year, and
although the logistic equation provided a relatively poor description of beak depth
development, there was little variation in the predicted growth of this parameter
between years. The differences evident in the magnitude of the predicted curves
(Figure 10.9) are more likely to be due to inherent variation in this parameter rather
than any irregularity in the logistic model’s predictions, but may also reflect some
inconsistency in the measuring technique, particularly between 2000 and the
subsequent years.

The initial growth of the wing was slow, being followed by a gradual acceleration to a
point of inflection much later in the nestling period than any other parameter. In
comparison to other parameters, the logistic equation best described the development of
the wing. In each year, the coefficient of determination was highest for wing growth
(Table 10.4), which followed the well-defined sigmoidal curve typical of the logistic
model (Figure 10.10). However, in no year was a definite asymptote for wing length
reached, suggesting continued wing growth after fledging. The mean wing
measurements of chicks near fledging, taken on the final measuring session in each
season (26 April 2001, and 1 May 2000, 2002 and 2003), did not differ significantly
between years (Kruskal-Wallis, χ23 = 6.828, p = 0.078, mean wing length = 306.4 ±
2.3mm, N = 47). The overall mean wing length of these near-fledglings subsequently
differed from mean adult wing length (Table 10.3) by a highly significant margin
(Mann-Whitney, U = 1627.000, p = <0.001), but was shorter by only 4.3%, whereas the
predicted asymptotes overestimated mean adult wing length by up to 18.5% (Tables
10.3 and 10.4).
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A reduced model for wing length with a common K-value did not differ significantly
from the full model, with separate K-values (F2 = 1.956, p = 0.142). This indicated
that, on average, the rate of wing growth was similar in each year, despite the
apparently retarded growth in 2002, when the curves were superimposed (Figure
10.11). Conversely, the difference between the reduced model, with a common
asymptote, and the full model, with separate A-values, was marginally significant (F2 =
3.260, p = 0.039). However, given that predicted post-fledging asymptotes for wing
length could not be measured and, that they were overestimated in comparison with
measured adult wing lengths, the marginal significance between the predicted values
may be discounted, to conclude that there was little difference in inter-annual wing
growth.

10.3.4

Accumulation of body mass in nestlings

Although weekly linear skeletal measurements of individual chicks were combined to
produce global growth curves of each parameter in each cohort, daily chick weighing
provided data sets of such resolution that it was considered worthwhile to fit the logistic
equation to body mass data at an individual level. The fitted model exhibited
considerable variation among individuals in each year examined, but generally the
equation described the accumulation of body mass well, with global coefficients of
variation ranging from 0.60 to 0.92. The daily growth estimates calculated by the
logistic equation were demonstrated by fitting the curves generated by the model to the
observed daily growth data of the 20 nestlings weighed daily in 2000 (Figure 10.12).
The scope of the coefficients of determination (Table 10.5), used to gauge the fit of the
curves to the data, is exemplified in nestlings ID48 and ID99 (referred to here by their
Burrow ID number). These individuals exhibited the highest and lowest calculated r 2
respectively, and the magnitude of variation in their daily growth data, in relation to the
predicted curves, is illustrated by the first two graphs shown in Figure 10.12. However,
considerable daily variation was evident among all nestlings, which, despite often
receiving large amounts of food at an average interval of 1.4 nights (Chapter 7), lost
weight rapidly between feeds.
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Table 10.3. Mean (± SE) body masses and morphometric skeletal measurements of
adult Flesh-footed Shearwaters, captured at random, during four consecutive years.

Year
216

N=
19
13
142
219

2000
2001
2002
2003
Test statistic
Significance
Total
393
(Range)

Mass (g)
Mean (± SE)
609.2 ± 15.4
621.1 ± 13.9
616.2 ± 4.9
631.5 ± 3.7
F3, 389 = 2.585
p = 0.053
624.6 ± 2.9
(495-820)

Head length (mm)
N=
Mean (± SE)
19
96.7 ± 0.8
13
95.6 ± 0.7
71
95.0 ± 0.3
152
96.0 ± 0.2
F3, 251 = 2.711
p = 0.046
255
95.7 ± 0.2
(84.9-102.0)

Beak length (mm)
N=
Mean (± SE)
19
42.4 ± 0.3
13
41.7 ± 0.4
71
42.7 ± 0.2
152
43.2 ± 0.1
F3, 251 = 6.128
p = <0.001
255
42.9 ± 0.1
(39.2-47.1)

Beak depth (mm)
N=
Mean (± SE)
19
17.0 ± 0.1
13
16.0 ± 0.6
71
16.5 ± 0.2
152
16.9 ± <0.1
χ2 3 = 4.997
p = 0.172
255
16.8 ± 0.1
(10.3-19.0)

Tarsus length (mm)
N=
Mean (± SE)
19
54.7 ± 0.3
13
55.6 ± 0.4
71
54.9 ± 0.1
151
55.3 ± 0.1
F3, 250 = 2.954
p = 0.033
254
55.2 ± 0.1
(50.8-58.4)

Wing length (mm)
N=
Mean (± SE)
14
316.6 ± 1.6
13
315.1 ± 1.7
70
319.5 ± 0.7
120
320.9 ± 0.5
F3, 213 = 5.831
p = 0.001
217
319.8 ± 0.4
(303-338)

Table 10.4. Global mean (± SE) skeletal growth parameters of nestlings weighed during 2000,
2002 and 2003 calculated using the logistic growth equation. A refers to linear dimension (mm)
at the asymptote, K refers to the instantaneous rate of growth (mm day -1) and T refers to the
time (days elapsed from 1 January) taken to reach the point of inflection. The coefficient of
determination (r 2) is an estimate of the proportion of the variance of the dependent variable
accounted for by regression, the magnitude of which gauges the fit of the curve to the data.
The p-value, which tested the fit of the model in producing a significant reduction in the
variance of the parameter in question, indicated a highly significant fit ( p = <0.001) in
the case of each parameter in each year.

Parameter

Year

Head length

2000
2002
2003
2000
2002
2003
2000
2002
2003
2000
2002
2003
2000
2002
2003

Beak length
Beak depth
Tarsus length
Wing length

Sample
size
20
19
18
20
19
18
20
19
18
20
19
18
20
19
18

A = mm
(± SE)

K = mm day -1
(± SE)

96.08 ± 0.52
94.86 ± 0.77
96.28 ± 0.53
41.73 ± 0.31
42.21 ± 0.40
42.14 ± 0.25
16.03 ± 0.12
15.82 ± 0.14
15.46 ± 0.21
55.33 ± 0.22
55.53 ± 0.35
55.82 ± 0.24
351.94 ± 6.14
349.90 ± 9.97
378.98 ± 9.77

0.05 ± 0.01
0.04 ± 0.01
0.05 ± 0.01
0.05 ± 0.01
0.04 ± 0.01
0.06 ± 0.01
0.04 ± 0.01
0.04 ± 0.01
0.03 ± 0.01
0.08 ± 0.01
0.07 ± 0.01
0.09 ± 0.01
0.05 ± 0.01
0.05 ± 0.01
0.04 ± 0.01
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T = days
(± SE) from
1 January
27.27 ± 0.51
26.83 ± 0.72
28.60 ± 0.60
28.74 ± 0.66
29.89 ± 0.73
31.65 ± 0.59
13.86 ± 1.59
14.97 ± 1.53
10.19 ± 2.69
31.42 ± 0.38
32.54 ± 0.52
33.00 ± 0.45
81.32 ± 0.92
84.89 ± 1.53
84.98 ± 1.45

r2=
0.95
0.92
0.95
0.91
0.90
0.94
0.84
0.85
0.81
0.94
0.91
0.93
0.98
0.97
0.98

Figure 10.2. Global growth curves calculated using the logistic equation and fitted to
observed weekly tarsus length measurements of 20, 19 and 18 nestlings monitored
during 2000, 2002 and 2003 respectively.
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Figure 10.3. Development of tarsus length as predicted by the logistic
growth equation in 2000, 2002 and 2003.
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Figure 10.4. Global growth curves calculated using the logistic equation and fitted to
observed weekly head length measurements of 20, 19 and 18 nestlings monitored
during 2000, 2002 and 2003 respectively.
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Figure 10.5. Global growth curves calculated using the logistic equation and fitted to
observed weekly beak length measurements of 20, 19 and 18 nestlings monitored
during 2000, 2002 and 2003 respectively.
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Figure 10.6. Development of head length as predicted by the logistic
growth equation in 2000, 2002 and 2003.
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Figure 10.7. Development of beak length as predicted by the logistic
growth equation in 2000, 2002 and 2003.
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Figure 10.8. Global growth curves calculated using the logistic equation and fitted to
observed weekly beak depth measurements of 20, 19 and 18 nestlings monitored
during 2000, 2002 and 2003 respectively.
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Figure 10.9. Development of beak depth as predicted by the logistic
growth equation in 2000, 2002 and 2003.
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Figure 10.10. Global growth curves calculated using the logistic equation and fitted to
observed weekly wing length measurements of 20, 19 and 18 nestlings monitored
during 2000, 2002 and 2003 respectively.
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Figure 10.11. Development of wing length as predicted by the logistic
growth equation in 2000, 2002 and 2003.
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Table 10.5. Predicted mean (± SE) body mass growth variables of the 20 nestlings weighed
daily during 2000. A refers to body mass (g) at the asymptote, K refers to the instantaneous
growth rate (g day -1) and T refers to the time (days elapsed from 1 January 2000) taken to
reach the point of inflection. The r 2 is defined in the legend to Table 10.4. The p-value,
which tested the fit of the model in producing a significant reduction in the variance of
the parameter in question, indicated a highly significant fit ( p = <0.001) in each case.

Burrow
ID

A=g
(± SE)

K = g day -1
(± SE)

48
99
20
47
46
132
134
133
550
98
71
15
127
33
101
35
7
146
68
42

746.65 ± 16.59
550.46 ± 13.92
686.72 ± 12.55
793.06 ± 16.88
649.93 ± 12.52
846.53 ± 15.10
702.70 ± 15.29
752.77 ± 15.05
611.47 ± 11.52
704.09 ± 17.28
735.24 ± 15.32
710.20 ± 16.58
760.34 ± 15.32
650.54 ± 14.48
707.05 ± 14.98
639.33 ± 11.24
735.34 ± 13.65
677.80 ± 17.05
587.57 ± 10.72
687.31 ± 10.73

0.09 ± 0.01
0.23 ± 0.05
0.11 ± 0.02
0.11 ± 0.02
0.15 ± 0.03
0.18 ± 0.03
0.11 ± 0.02
0.10 ± 0.01
0.14 ± 0.02
0.09 ± 0.01
0.10 ± 0.01
0.09 ± 0.01
0.09 ± 0.01
0.09 ± 0.01
0.09 ± 0.01
0.12 ± 0.01
0.13 ± 0.01
0.12 ± 0.02
0.09 ± 0.01
0.08 ± 0.01
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T = days
(± SE) from
1 January
47.11 ± 0.99
40.33 ± 1.01
39.98 ± 1.74
41.88 ± 1.55
39.50 ± 1.01
43.81 ± 0.88
48.92 ± 1.23
47.28 ± 1.22
42.15 ± 0.97
44.98 ± 1.40
45.62 ± 1.17
49.94 ± 1.33
53.39 ± 1.15
43.53 ± 1.19
45.83 ± 1.22
49.31 ± 1.00
46.90 ± 1.00
45.72 ± 1.06
47.93 ± 1.10
54.27 ± 0.97

r2=
0.94
0.60
0.62
0.64
0.71
0.74
0.78
0.79
0.83
0.83
0.84
0.86
0.86
0.87
0.87
0.88
0.88
0.88
0.89
0.90

Figure 10.12. Growth curves calculated using the logistic equation and fitted to
observed body mass data of 20 individual nestlings in days from 1 January 2000.
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Similarly, in both 2002 and 2003, the goodness-of-fit of the plotted curves correlated
well with the scope of the calculated coefficients of determination. For example, visual
inspection of the curves revealed that, in 2002, the predicted model provided a
relatively poor fit to the growth data of ID568, for which the r 2 value was low (Table
10.6). By contrast, ID550 and ID101 both exhibited high coefficients of determination
and, in both cases, inspection of the curves revealed that the observed values deviated
least from the fitted model (illustrated here by the first three graphs in Figure 10.13). In
2003, the highest coefficient of determination, and the best fit of the curve to daily
weighing data was evident in ID86 (Table 10.7, Figure 10.14). However, this nestling
later succumbed to predation by a raven, which to some degree may have biased the
goodness-of-fit through omission of the final stages of its growth prior to mass
recession. Nonetheless, ID71 maintained a relatively high r 2 whilst exhibiting the
fluctuations typical of rapid mass accumulation due to regular feeding, punctuated by
equally rapid mass loss during short, intermittent fasts. Although a similar pattern of
feeding was evident in, for example, ID555, the coefficient of variation was low for this
individual and the observed pattern of mass accumulation was highly irregular in
relation to the fitted curve (Table 10.7, the first three graphs in Figure 10.14).

Although chicks gained up to 330g, and lost as much as 215g in a 24-hour interval
(Table 10.1), daily mass changes were, on average, positive up to the date of mean peak
body mass, and negative thereafter, in each of the three seasons examined. The
observed patterns of mean daily mass change did not differ significantly between years,
neither prior to, nor following, the respective dates of peak mass (Table 10.1).
Moreover, in each year, they corresponded with the daily accumulation of mean body
mass up to that date, and the subsequent recession in daily mean body mass thereafter
(Figure 10.15). No real asymptote exists for mass owing to pre-fledging decline, but
the estimated curves fitted well to individual nestling body mass over the period of
mass accumulation. Overall, mean annual coefficients of variation for body mass were
relatively high and did not differ significantly between years (χ22 = 3.219, p = 0.200,
mean r 2 = 0.82, N = 57).
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Table 10.6. Predicted mean (± SE) body mass growth variables of the 19 nestlings weighed
daily during 2002. A refers to body mass (g) at the asymptote, K refers to the instantaneous
growth rate (g day -1) and T refers to the time (days elapsed from 1 January 2000) taken to
reach the point of inflection. The r 2 is defined in the legend to Table 10.4. The p-value,
which tested the fit of the model in producing a significant reduction in the variance of the
parameter in question, indicated a highly significant fit ( p = <0.001) in each case.

Burrow
ID

A=g
(± SE)

K = g day -1
(± SE)

550
101
568
561
71
68
111
563
581
592
130
150
132
153
35
134
585
75
77

606.19 ± 12.52
699.38 ± 13.07
442.66 ± 18.75
504.83 ± 19.62
541.38 ± 17.05
693.70 ± 22.55
865.59 ± 25.07
576.48 ± 17.18
682.76 ± 19.33
647.93 ± 19.96
637.59 ± 19.87
615.11 ± 22.56
756.06 ± 17.53
568.14 ± 16.50
586.75 ± 12.85
658.94 ± 16.64
661.35 ± 15.77
700.53 ± 17.76
640.16 ± 13.63

0.09 ± 0.01
0.09 ± 0.01
0.11 ± 0.03
0.13 ± 0.02
0.09 ± 0.01
0.11 ± 0.02
0.10 ± 0.01
0.10 ± 0.01
0.12 ± 0.02
0.07 ± 0.01
0.09 ± 0.01
0.08 ± 0.01
0.12 ± 0.02
0.10 ± 0.01
0.13 ± 0.02
0.12 ± 0.01
0.09 ± 0.01
0.10 ± 0.01
0.13 ± 0.02
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T = days
(± SE) from
1 January
54.11 ± 1.08
46.540 ± 0.99
46.76 ± 2.06
56.08 ± 1.83
47.49 ± 1.67
49.23 ± 1.56
45.82 ± 1.50
43.69 ± 1.40
45.66 ± 1.35
44.74 ± 1.72
41.47 ± 1.44
44.83 ± 1.64
44.85 ± 1.08
42.39 ± 1.14
44.85 ± 0.97
44.01 ± 1.08
45.47 ± 1.25
51.20 ± 1.33
48.11 ± 0.98

r2=
0.92
0.92
0.61
0.76
0.79
0.81
0.81
0.82
0.82
0.82
0.83
0.86
0.86
0.87
0.88
0.88
0.88
0.88
0.89

Figure 10.13. Growth curves calculated using the logistic equation and fitted to
observed body mass data of 19 individual nestlings in days from 1 January 2002.
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Table 10.7. Predicted mean (± SE) body mass growth variables of the 18 nestlings weighed
daily during 2003. A refers to body mass (g) at the asymptote, K refers to the instantaneous
growth rate (g day -1) and T refers to the time (days elapsed from 1 January 2000) taken to
reach the point of inflection. The r 2 is defined in the legend to Table 10.4. The p-value,
which tested the fit of the model in producing a significant reduction in the variance of
the parameter in question, indicated a highly significant fit ( p = <0.001) in each case.

Burrow
ID

A=g
(± SE)

K = g day -1
(± SE)

86
71
555
13
77
124
132
134
42
592
127
195
552
568
150
85
587
589

905.81 ± 73.78
860.12 ± 28.16
770.99 ± 22.85
829.59 ± 40.37
737.31 ± 16.64
862.08 ± 26.61
882.39 ± 23.32
752.69 ± 14.89
869.60 ± 21.52
790.68 ± 20.05
857.40 ± 24.34
1024.42 ± 29.41
812.03 ± 25.98
789.43 ± 21.72
922.84 ± 36.49
750.54 ± 18.02
742.15 ± 17.46
815.88 ± 23.38

0.05 ± 0.01
0.06 ± 0.01
0.08 ± 0.02
0.06 ± 0.01
0.11 ± 0.02
0.07 ± 0.01
0.07 ± 0.01
0.10 ± 0.02
0.08 ± 0.01
0.08 ± 0.01
0.07 ± 0.01
0.07 ± 0.01
0.08 ± 0.01
0.07 ± 0.01
0.06 ± 0.01
0.07 ± 0.01
0.07 ± 0.01
0.07 ± 0.01
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T = days
(± SE) from
1 January
59.80 ± 4.11
54.31 ± 2.00
40.42 ± 1.87
48.59 ± 3.02
37.57 ± 1.39
44.77 ± 1.90
42.71 ± 1.68
39.89 ± 1.18
44.29 ± 1.53
41.38 ± 1.50
44.28 ± 1.79
54.04 ± 1.79
51.63 ± 1.95
46.68 ± 1.72
46.97 ± 2.15
46.09 ± 1.50
45.87 ± 1.47
52.14 ± 1.78

r2=
0.92
0.88
0.71
0.72
0.74
0.78
0.79
0.80
0.80
0.80
0.81
0.81
0.82
0.82
0.83
0.85
0.86
0.86

Figure 10.14. Growth curves calculated using the logistic equation and fitted to
observed body mass data of 18 individual nestlings in days from 1 January 2003.
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Figure 10.15. Mean (± SE) daily body masses of 20 nestlings during
2000, 19 nestlings during 2002 and 18 nestlings during 2003.
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10.3.5

Mass recession and fledging

Because nestlings did not all attain their maximum individual body mass on the same
date, the mean, on the day of peak mass (Table 10.2, Figure 10.15), was in each year,
considerably lower than the mean of the maximum body masses attained by
individuals. Mean individual peak masses exhibited highly significant variation
between years; the highest was recorded in 2003 and the lowest in 2002 (Figures 10.12
to 10.14, Table 10.8). This parameter was significantly higher in 2003 than both 2000
and 2002 (Tukey’s HSD, p = 0.001 and p = <0.001), whilst in 2002 it was significantly
lower than in 2001 (Tukey’s HSD, p = 0.043). Mean nestling peak masses equalled
141%, 148%, 135% and 160% mean adult body mass (Tables 10.8 and 10.3) in 2000,
2001, 2002 and 2003 respectively.
Mean final masses, recorded the day before departure for chicks known to have
fledged, also exhibited highly significant variation between years (Table 10.8). These
followed an identical pattern to mean individual maxima in being significantly higher in
2003 than in both 2000 and 2002 (Tukey’s HSD, p = 0.001 and p = <0.001). Again,
final mass was significantly lower in 2002 (Table 10.8), than in 2001 (Tukey’s HSD, p
= <0.001). Because there appeared to be a correlation between peak mass and final
mass, these parameters were examined using analysis of covariance (ANCOVA). The
relationship was analysed with final mass as the dependent variable, peak mass as a
covariate and year as a fixed factor. Additionally, the mass recession period (days from
peak mass to departure) was included as a second covariate to determine whether this
parameter influenced final mass, and whether any such influence varied inter-annually.
The ANCOVA identified a significant relationship between peak mass and final mass.
However, there was no significant interaction with year, emphasising the significance
of peak mass as a determinant of final mass irrespective of inter-annual effects due to
some seasons being more conducive to rearing young than others. Mass recession
period, by contrast, did not influence final mass individually, although a significant
seasonal interactive influence was evident (Table 10.9). To determine whether peak
mass had influenced the subsequent period of mass recession, a similar ANCOVA was
performed, with peak mass as a covariate, year as a fixed factor and mass recession
period as the dependent variable. This analysis determined no significant effects of
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Table 10.8. Mean (± SE) and range of maximum body masses attained by individual chicks,
and masses at the final weighing of the season (both shown in descending order of mass).

Year
2003
2001
2000
2002
Test statistic
Significance
All years

Maximum individual body mass
Sample
Mean (g ± SE)
% mean
size
Range (g)
adult mass
18
1000.3 ± 18.6
160
900-1235
144-198
20
927.5 ± 18.6
148
805-1050
129-168
20
882.0 ± 20.0
141
710-1040
114-166
18
845.5 ± 28.3
135
705-1145
113-183
ANOVA, F 3, 72 = 9.180
p = <0.001
76
913.3 ± 12.4
146
705-1235
113-198
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Mass at final weighing
Sample
Mean (g ± SE)
size
Range (g)
16
621.9 ± 8.4
580-675
15
596.3 ± 13.3
520-705
19
547.1 ± 12.4
395-630
12
495 ± 23.5
290-590
ANOVA, F 3, 58 = 14.046
p = <0.001
62
568.2 ± 9.1
290-705

peak mass upon mass recession period; neither individually, nor interactively in concert
with year (Table 10.9). A regression of the peak masses attained by all chicks known to
have fledged in all years, upon their subsequent final body masses, confirmed that peak
mass was a highly significant determinant of final mass (F1, 60 = 34.518, p = <0.001).
However, despite the significance of this relationship, considerable variability was
evident when the coordinates were plotted in relation to the regression line. To
examine whether this variability stemmed from the regression predicting higher final
masses or correspondingly greater mass losses, peak and final masses were arranged in
ascending order of peak mass (Figure 10.16) divided into 50g intervals as follows:

Peak mass
interval
1
2
3
4
5
6

Range (g)
≤ 800
801 - 850
851 - 900
901 - 950
951 - 1000
>1000

A one-way analysis of variance (ANOVA) determined that mean peak mass separated
by peak mass interval (PMI) differed by a highly significant margin, with subsequent
multiple comparisons revealing highly significant differences between each respective
interval (Tukey’s HSD, all p = <0.001). However, exploratory analyses detected severe
inequality of variances which log-transformation of the data was unable to correct.
Non-parametric testing was, therefore, employed, which subsequently confirmed that
mean peak mass differed by a high degree of significance with regard to PMI (KruskalWallis, χ25 = 59.144, p = <0.001). A similar ANOVA determined that mean final mass
separated by PMI also differed by a highly significant margin (F5, 56 = 8.111, p =
<0.001), but in this instance basic testing assumptions were not violated. Although the
ANOVA was highly significant, post hoc multiple range tests determined that, where
PMI-1 differed from each of the other intervals by a highly significant margin, there
was no individual significance between any other intervals (Table 10.10).
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Thus, despite there being pronounced individual significance in mean peak mass
between each of the six intervals, with the exception of PMI-1, no further significance
between intervals was evident. Nestlings that attained increasingly heavier peak masses
greater than 800g, therefore, lost proportionally more mass (30-40%) to fledge at
similar weights. The proportion of mass lost between peak mass and fledging in this
group did not differ significantly from those that attained peak masses less than 800g
(Mann-Whitney, U = 221.0, p = 0.727, Figure 10.17). Consequently, nestlings in the
latter group fledged underweight, below this hypothetical range. Such a range may
coincide with the final body masses observed within intervals PMI-2 to PMI-6 (455705g), the mean of which (584.9 ± 7.4g, N = 53) is equivalent to approximately 94%
mean adult body mass (Table 10.3).
The desertion period is the time that a nestling remains in its nest following its final
meal while its parents have departed the colony for the final time that year to
commence their post-breeding migration (Brooke 1990). In order to establish this, the
date of the nestling’s final meal, as well as the date of its departure from the nest must
be known. Similarly, to establish the number of days elapsed before a nestling attains
its peak mass, the total period over which it has been fed by its parents and the total
number of days it spends in the nest, dates of hatching must also be known. As detailed
in Chapter 5, dates of hatching were established only during the 2002 and 2003 seasons.
However, even during those years, hatching dates were not necessarily known for all
the chicks that subsequently became subjects of investigation; some were not
discovered until after they had been left alone by day. Similarly, the exact date of
departure from the nest, and the date of final meal prior to departure could not be
established when they coincided with periodic absences of the researcher.
Consequently, the number of chicks for which all of these dates were known was small.
Nonetheless, the mean date on which these individuals hatched did not differ
significantly between 2002 and 2003; hatching taking place over a period of
approximately two weeks between 16 and 29 January (Table 10.11).
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Table 10.9. Analyses of covariance (ANCOVA) of the individual and interactive influences of
peak mass, year and mass recession period (days elapsed from peak mass to fledging) upon
final mass, as well as peak mass and year upon mass recession period. In both analyses, year
was a fixed factor and peak mass was a covariate. Where final mass was the dependent
variable, mass recession period was a covariate.

Dependent Variable: Final mass
Source of Variation
Intercept
Year
Peak mass
Mass recession period
Year* Peak mass
Year * Mass recession period
Error
Total

df
1
3
1
1
3
3
50
62

F
17.341
1.169
10.862
2.067
0.153
5.052
-

p=
<0.001
0.331
0.002
0.157
0.927
0.004
-

Dependent Variable: Mass recession period
Source of Variation
df
F
p=
Intercept
1
0.999
0.322
Year
3
0.809
0.494
Peak mass
1
0.521
0.474
Year* Peak mass
3
0.815
0.491
Error
54
Total
62
-
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Figure 10.16. Upper: The relationship between peak body mass and
subsequent final mass just prior to fledging for the 62 nestlings known
to have fledged. The regression line follows the equation:
Final mass = peak mass * 0.451 (± 0.077) + 157.769 (± 70.271).
Lower: The peak and final body masses arranged in ascending
order of peak mass, and separated by Peak Mass Interval.
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Table 10.10. The significance ( p = ) of Tukey’s HSD multiple comparisons between
mean (± SE) final body masses separated by Peak Mass Interval (PMI).

PMI
Final mass
(g) ± SE
1
470.00
± 28.81
2
574.37
± 26.73
3
551.82
± 12.34
4
575.83
± 14.84
5
601.87
± 13.36

2
574.37
± 26.73

3
551.82
± 12.34

4
575.83
± 14.84

5
601.87
± 13.36

6
615.00
± 11.61

0.005

0.025

0.001

<0.001

<0.001

-

0.955

1.000

0.926

0.592

-

-

0.911

0.413

0.079

-

-

-

0.914

0.502

-

-

-

-

0.995
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Figure 10.17. Mean (± SE) peak and final body masses of all nestlings known to
have fledged (upper graph), and the proportion of peak mass lost to attain final
mass (lower graph), in relation to Peak Mass Interval (PMI).
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Neither the age at which peak mass was attained, nor the duration of the mass recession
period (the time elapsed from a nestling’s peak mass to its final departure) differed
significantly between nestlings hatched on the six earliest, and six latest dates of
hatching (t21 = -1.365, p = 0.187 and t22 = 2.067, p = 0.051); used here, to examine the
effects of hatching asynchrony. Although the lack of significance was marginal in the
latter instance, earlier-hatched chicks, therefore, did not undergo a more protracted
period of mass accumulation, whilst later-hatched chicks did not compensate with a
more compressed mass accumulation so that peak mass was synchronous. Rather,
attainment of peak mass was markedly asynchronous, more so than hatching; taking
place over a period of 37 days (Table 10.11).
Separate linear regressions determined that, neither the age at which peak mass was
attained, nor the total number of days spent in the nest, had any significant influence
upon the magnitude of peak mass or final mass respectively (F1, 22 = 0.067, p = 0.799
and F1, 22 = 0.509, p = 0.483). Between 2002 and 2003, there was no significant
difference in the number of days elapsed from hatching to peak mass, from hatching to
final meal, or from hatching to departure (Table 10.11). By contrast, the period of mass
recession differed significantly between all four years. However, the analysis of
variance was significant only because this interval was of significantly shorter duration
in 2001 than in other years. By removing that year from the data, the ANOVA was no
longer significant, and changed the mean mass recession period by a margin of only
three days. Similarly, the time elapsed from the last meal received to departure from
the nest, differed significantly, overall, between all four years (Table 10.11). This
period was not significantly different between 2000 and 2003 (t23 = 1.017, p = 0.320),
nor between 2001 and 2002 (t9 = 1.878, p = 0.093); the means of the two combined
samples differed by a margin of 2.2 days.
Although sample sizes were small, a broad consistency emerged. Nestlings were fed
over an average period of 101 days. A peak mass of up to 160% mean adult mass was
attained after an average interval of 66 days in the nest, followed by a mass recession
period of approximately 32 days. During the final stage of mass recession, nestlings
remained in the nest for either1.2- or 3.4-day average intervals, after receiving their
final meal. Ignoring the significance between these two intervals, nestlings remained in
their burrows unfed for a period of only two days before departing to commence their
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life at sea. Because nestlings were fed, on average, once every 1.4 nights, but
occasionally underwent fasts of up to 12 days (Chapter 7), there was no demonstrable
desertion period, even though some nestlings remained unfed in the nest for up to five
days (Table 10.11).
By multiplying food delivery estimates over the mean number of days that nestlings
were fed in the nest (Nicholson 2002), it was possible to estimate the approximate total
amount of food required to fledge a nestling. Flesh-footed Shearwaters delivered food
to their young at an average rate of 0.73 meals per night (including nights when no food
was delivered) and the mean CSUM estimates for the 2002 and 2003 nestling periods
(Chapter 7) did not differ significantly (t-test assuming unequal variances, t2013.151 =
-1.594, p = 0.111). Pooling these estimates and taking the average, during 2002 and
2003 a nestling received 59.2g (± 1.4) of food per night. Over 100 nights of
provisioning at the nest, this equates to a total of 5.92kg of food delivered by Fleshfooted Shearwater parents to raise their single nestling to fledging.
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Table 10.11. Mean (± SE) intervals in days, from known dates of hatching in 2002 and 2003, to known dates of peak mass, final meal and,
departure of the colony. Also shown are mean intervals in days (± SE) from known dates of peak mass to departure of the colony, and from
known dates of final meal to departure of the colony in all four years. Test significance is derived from either two independent-samples
t-tests, or from one-way analyses of variance (ANOVA).
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Year
2000
2001
2002
2003
Test
significance
All years
(Range)
Difference

Hatch date
(days from 1
January)
21.5 ± 1.2
23.0 ± 0.7
t22 = -1.150,
p = 0.263
22.3 ± 0.6
(16-29)
13 days

Days (± SE)
hatching to
peak mass
65.5 ± 3.2
66.8 ± 2.3
t22 = -0.333,
p = 0.742
66.2 ± 1.9
(52-89)
37 days

N=
10
14
24
-

Days (± SE)
hatching to
final meal
101.0 ± 1.5
98.0 ± 0.6
t13 = 1.742,
p = 0.105
99.6 ± 0.9
(95-107)
12 days

Days (± SE)
hatching to
departure
102.6 ± 1.4
99.4 ± 0.6
t13 = 1.971,
p = 0.070
101.1 ± 0.9
(97-109)
12 days

N=
8
7
15
-

Days (± SE)
peak mass to
departure
30.1 ± 3.0
36.4 ± 3.3
30.1 ± 2.3
F2, 44 = 1.324,
p = 0.276
31.7 ± 1.7
(10-53)
43 days

N=
19
12
16
47
-

Days (± SE)
final meal to
departure
1.3 ± 0.2
3.8 ± 0.3
3.0 ± 0.3
1.0 ± 0.0
F3, 32 = 28.427,
p = <0.001
1.9 ± 0.2
(1-5)
4 days

N=
19
6
5
6
36
-

10.3.6

Carcass analysis of sacrificed nestlings

The experimental processing of the carcasses yielded the following data for each
nestling component (and, therefore, the whole nestling): (a) wet mass - net fresh mass
of corpse at death (less stomach contents), and net fresh mass of components at
dissection; (b) dry mass - mass of components after drying to constant mass; (c) water
content - the difference between wet and dry masses. Analysis of the individuals
sacrificed revealed that water, as a percentage of fresh body mass decreased from
March, through April to May (Table 10.12). The non-significant fall in body water
during mass accumulation was contrasted by a more pronounced decline during mass
recession which was significant (Tukey’s HSD, p = 0.006), and accounted for the
significant outcome, overall, of the ANOVA. The mass of the integument (skin with
down/feathers), as a percentage of total wet body mass, was closely related to overall
body water content. Integument mass exhibited a similar non-significant fall during
mass accumulation, followed by a significant decline during mass recession (Tukey’s
HSD, p = 0.014), which again accounted for a significant ANOVA (Table 10.12).
During mass accumulation, the skeleton (including skull and connective tissue) showed
a non-significant decrease in percentage of total wet body mass, followed by a
significant increase after peak mass (Tukey’s HSD, p = 0.020), which again produced a
significant ANOVA overall (Table 10.12). As expected, the percentage of body fat
increased significantly during mass accumulation (Tukey’s HSD, p = 0.006) and,
although the ANOVA was significant overall (Table 10.12), the decrease in percentage
body fat during mass recession was not. The slight increase in the percentage of the
body that was muscle between March and April was not significant, unlike the highly
significant increase in muscle mass from April to May (Tukey’s HSD, p = <0.001); this
accounted for the significant ANOVA overall (Table 10.12). As a percentage of total
wet body mass, the major organs decreased non-significantly between both March and
April, and between April and May, even though the ANOVA was significant overall
(Table 10.12). Despite a highly significant ANOVA, the digestive tract (with contents
removed) exhibited marked similarities to the organs, both in the percentages in relation
to body mass between March, April and May, and in the magnitude of the respective
decreases between the three months, even though, in this instance, both were significant
(Tukey’s HSD, p = 0.042 and p = 0.012, Figure 10.18).
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In line with their percentages of total body mass, the absolute wet masses of body
components all differed significantly between March, April and May (Table 10.12).
During the March to April period of mass accumulation, the wet masses of both muscle
and body fat increased significantly (Tukey’s HSD, p = 0.014 and p = 0.001), by over
40% and almost 50% respectively. The integument and skeleton also increased in
mass, but not significantly, whilst the digestive tract and the remaining organs exhibited
negligible change (Figure 10.19). In comparison, during the April to May period of
mass recession, muscle mass continued to increase significantly (Tukey’s HSD, p =
0.003), by over 38%, whereas body fat decreased by about 20% (Tukey’s HSD, p =
0.036). Similarly, the integument, digestive tract and organs all decreased in mass by
significant margins (Tukey’s HSD, p = 0.009, p = 0.002 and p = 0.015), declining by
almost 20%, about 39% and over 41% respectively. In contrast, the skeleton continued
to increase in mass, although not significantly, despite the marginal significance of the
ANOVA (Table 10.12, Figure 10.19).
After oven-drying body components to constant mass, it was possible to determine the
percentage of water in each component, at each of the three stages of the nestling
period. Water, as a percentage of the total body fat, differed by a highly significant
margin between the three key stages (Table 10.12). The increase, to almost 140%, from
March to April was highly significant (Tukey’s HSD, p = <0.001) and preceded a
markedly significant decrease in water content between April and May, of almost 48%
(Tukey’s HSD, p = 0.002). By contrast, the percentage of muscle that consisted of
water decreased only slightly between March and April, then underwent a further,
marginally significant, decline between April and May (Tukey’s HSD, p = 0.044). The
overall significance of the ANOVA for muscle water content (Table 10.12) was due to
the difference between March and May.
Although the ANOVA was highly significant with regard to the integument (Table
10.12), this was due wholly to a 30% drop in water content during mass recession, itself
highly significant (Tukey’s HSD, p = <0.001), whereas there was little detectable
difference during mass accumulation. The digestive tract and organs exhibited no
significant change in water content, whilst the skeleton followed a pattern similar to the
integument, resulting in a highly significant ANOVA (Table 10.12). However,
exploratory testing for homogeneity of variances revealed that basic assumptions had
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been violated, which could not be corrected by log-transformation of the data. A nonparametric test confirmed the significance of the ANOVA, but could not make further
comparisons. Nonetheless, the percentage water content of the skeleton fell by about
5% between March and April, compared with a 15% decline between April and May.
Following the removal of water by drying to constant mass, only the skeleton and the
muscle remained significantly different in terms of absolute dry mass between March,
April and May (Table 10.12). Dry mass of fat exhibited only a 15% increase between
March and April, then no further change, whilst dry integument mass rose by 16%
between these months and changed little thereafter. Dry masses of both the digestive
tract and organs increased, and then decreased, non-significantly from March to April
and then to May. Whilst the 57% increase in dry muscle mass from March to April was
only marginally significant (Tukey’s HSD, p = 0.048), the subsequent escalation was of
greater significance (Tukey’s HSD, p = 0.003), with dry muscle mass increasing by a
further 61% during the period of overall mass recession. Similarly, the dry skeleton
exhibited significant increases in mass during both periods (Tukey’s HSD, p = 0.013
and p = 0.001), which closely resembled the equivalent rise in dry muscle mass (Figure
10.19). The dry components, as percentages of total dry body mass at each stage of the
nestling period, are shown in Figure 10.18, in relation to the corresponding percentage
of water removed by drying.
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Table 10.12. Statistics and significance of tests of changes in body component parameters between three key stages of the nestling period in 2004:
March (during mass accumulation), April (around peak mass) and May (after mass recession). Tests were performed using multivariate analyses
of variance (ANOVA) with multiple range tests, unless significant inequality of variances could not be corrected by log-transformation of data.
In only one such instance (water % of skeleton), a non-parametric Kruskal-Wallis test was employed instead.
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Wet component % of
total wet body mass
Absolute wet mass (g)
of component
Water % of component
Water loss (g) wet to
constant dry mass
Constant dry
mass (g)
Dry component % of
total dry body mass
Constant dry
mass (g)

Fat
F2, 11 = 8.021
p = 0.007
F2, 11 = 13.344
p = 0.001
F2, 10 = 20.495
p = <0.001
F2, 10 = 34.651
p = <0.001
F2, 10 = 1.667
p = 0.237
F2, 8 = 3.582
p = 0.077
F2, 10 = 1.667
p = 0.237

Muscle
F2, 11 = 34.325
p = <0.001
F2, 11 = 28.252
p = <0.001
F2, 11 = 8.852
p = 0.005
F2, 11 = 24.640
p = <0.001
F2, 11 = 24.167
p = <0.001
F2, 8 = 21.257
p = 0.001
F2, 11 = 24.167
p = <0.001

Integument
F2, 11 = 12.715
p = 0.001
F2, 11 = 7.126
p = 0.010
F2, 11 = 32.053
p = <0.001
F2, 11 = 22.561
p = <0.001
F2, 11 = 3.280
p = 0.076
F2, 8 = 8.531
p = 0.010
F2, 11 = 3.280
p = 0.076

Digestive tract
F2, 11 = 18.973
p = <0.001
F2, 11 = 13.144
p = 0.001
F2, 11 = 1.703
p = 0.227
F2, 11 = 9.299
p = 0.004
F2, 11 = 1.321
p = 0.306
F2, 8 = 4.930
p = 0.040
F2, 11 = 1.321
p = 0.306

Organs
F2, 11 = 7.626
p = 0.008
F2, 11 = 7.890
p = 0.007
F2, 10 = 2.565
p = 0.126
F2, 10 = 8.853
p = 0.006
F2, 10 = 1.988
p = 0.188
F2, 8 = 4.289
p = 0.054
F2, 10 = 1.988
p = 0.188

Skeleton
F2, 11 = 5.900
p =0.018
F2, 11 = 4.089
p = 0.047
2
χ 2 = 11.571
p = 0.003
F2, 11 = 1.097
p = 0.368
F2, 11 = 33.656
p = <0.001
F2, 8 = 108.739
p = <0.001
F2, 11 = 33.656
p = <0.001

Water
F2, 9 = 18.330
p = 0.001
-

Figure 10.18. Body components (prior to drying) of nestling shearwaters during
March, April and May 2003, as percentages of total wet body mass (less stomach
contents) (upper chart), and dried body components as percentages of dry body mass,
shown here with the total percentages of body water removed by drying (lower chart).
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Figure 10.19. Absolute masses of wet (upper graph) and dry (middle graph)
body components of nestlings, as well as the water content of body
components (lower graph) during March, April and May 2003.
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10.4 Discussion
Susceptibility of nestling growth to investigator disturbance is well documented for
some groups of seabirds (e.g. Gaston 1985), but among procellariiforms has received
little detailed attention. Nonetheless, examination of chick provisioning in three
shearwater species, using methodology similar to the present study, has shown no
evidence of adverse effects upon the growth of chicks as a result of frequent handling
(Hamer 1994, Hamer & Hill 1993, 1997, Saffer et al. 2000a). Hunter (1984) also found
that control chicks were not significantly larger and heavier than measured ones in the
Southern Giant Petrel Macronectes giganteus. Similar observations were made during
the present study, in which daily mass changes and mean daily body masses did not
differ significantly between Flesh-footed Shearwater nestlings subject to the intense
frequent weighing program, and those handled only once daily.
The order in which skeletal components reached their asymptotic size was similar to
other studies of petrels (Ricklefs 1968a, Weidinger 1997, Saffer et al. 2000b), in which
the legs and feet exhibited the most rapid development. The legs typically reach
asymptotic values by the time the nestling has spent 55-70% of its time in the nest
(Warham 1990), a factor that may be related to the development of semi-altricial young
(Visser 2002) in a burrow environment. Well-developed legs and feet would enable a
chick to excavate itself from a collapsed burrow and, from observations at the colony,
even small nestlings were capable of digging at the soil and larger ones were able to
move rapidly over it. Although sufficient mobility to evade predators was not a
necessity at Woody Island, the muscularity of the legs of shearwater nestlings may aid
in thermoregulation by allowing them to move about in their burrows and generate
body heat (Saffer et al. 2000b). Ricklefs et al. (1980) found that the legs of Leach’s
Storm-petrel Oceanodroma leucorhoa chicks, together with their pectoral muscles,
played a major role in heat production. Rapid tarsal development in nestling Fleshfooted Shearwaters was, therefore, not unexpected and consistent with other studies of
pelagic seabirds that come ashore to breed (Weidinger 1997, Mahoney & Threlfall
1981, Klaassen et al. 1989).
Compared with tarsal development, growth of the beak was slow, typically reaching its
asymptotic length after 60-90% of the nestling period (Warham 1990). Nestling
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shearwaters are fed in the nest and probably do not require a fully developed beak until
they leave the burrow and forage for themselves. The measurement of head length
incorporated beak length, so that the instantaneous rate of growth and the time taken to
reach the point of inflection were similar for both parameters. Beak depth exhibited an
early point of inflection but, in contrast to the observations of Saffer et al. (2000b) for
Short-tailed Shearwaters, the curves generated by the model did not achieve the
predicted asymptotes before the young birds departed the colony. The logistic model
generally provided a poor fit to the beak depth data, which exhibited considerable
variation when, plotted around the prediction curves. However, Bull et al. (2004)
found that beak measurements were typically more variable than those of the tarsus and
wing, with beak depth, in particular, exhibiting the greatest phenotypic variation among
the Puffinus shearwaters.
Bull et al. (2004) also claimed that, out of 18 Puffinus species studied, 11 were sexually
dimorphic in size, with the Flesh-footed Shearwater among them. Furthermore, among
those species in which significant sexual dimorphism was identified, the differences
were expressed only in beak depths, with beaks always deeper in males (ibid.). Beak
characteristics have been correlated with survival and reproduction (Grant 1985, Smith
1990) and, because the beak is used in conflicts, as well as for feeding, the depth of the
beak may be an important factor in determining its snapping power. Accordingly, it has
been proposed that males with deeper beaks would have a greater ability than females
to handle larger and stronger prey (Ashmole 1968, Koffijberg & van Eerden 1995), an
advantage also applicable to competition for a mate or a burrow. The beak would,
therefore, be more prone to selection for sexual dimorphism and, consequently, exhibit
greater phenotypic variation than wings and legs. The latter, used solely for
locomotion, would be more likely to attain one optimal dimension in relation to body
size (Agnew & Kerry 1995).
In comparison to other parameters, wing growth tended to an asymptote late in nestling
life. This is not surprising given that burrow-dwelling chicks cannot exercise their
wings until nocturnal explorations commence late in the nestling period (Saffer et al.
2000b). Although wing growth may be less sensitive to short-term nutritional
deficiencies than, for example, body mass (Ricklefs & White 1975), the wings of
fledglings often do not reach adult length prior to their first flight (Warham 1990). This
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was the case in the present study, in which the measured wing lengths of chicks near
fledging were significantly shorter than those of adults, even though predicted
asymptotes were consistently overestimated by up to 18.5%.
In summary, the growth curves generated by the logistic model fitted the data relatively
well. The best estimates of asymptotic length (means of each parameter pooled over
the three years and compared with mean adult size) were obtained for head length and
tarsus length. Mean adult measurements differed from the model’s predictions of
asymptotic length for these parameters by less than 1% in each case. Predicted
asymptotes of beak length and beak depth were underestimated in comparison with
mean adult measurements, but by margins of only 2% and 6% respectively. Wing
length was the only skeletal parameter to be markedly overestimated in relation to
measurements in adults. This contrasts with the observations of Weidinger (1997), who
found that the best estimate of asymptote was obtained for wing length, while
asymptotes for tarsus and beak lengths were overestimated by up to 12%.

According to the logistic growth constant K (the instantaneous rate of growth), body
mass developed most rapidly, followed by tarsus length. However, if the speed of
development is expressed as the time elapsed to attain 90% adult size (Weidinger
1997), then these parameters developed at a similar rate; both achieved this value
around Day-60. In comparison, head length and beak length attained 90% mean adult
size between Day-70 and Day-80, allowing for variation between years. The wings
were consistently the last parameter to reach this size (Day-110 to Day-117). Beak
depth, despite its early point of inflection, did not reach 90% mean adult size before
Day-79, at the earliest and, during one year, not until Day-118, around the time of
fledging.

Assuming that beak length is incorporated with head length, the parameters most useful
in describing nestling development, as determined by the logistic equation, were the
head, tarsus and wing. Even if beak depth is an indicator of sexual size-dimorphism in
shearwaters (Bull et al. 2004), the model could not well describe growth in beak depth,
due to its variable nature. Disregarding the predicted asymptotes, wing growth was
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best described by the logistic equation; however, feathers are more prone to damage
and loss than structural parameters (Warham 1996). Thus, the low variability of head
and tarsus lengths (Bull et al. 2004), and their high coefficients of determination,
support their suitability as descriptors of nestling growth in Flesh-footed Shearwaters
using the logistic growth model.

Procellariiform nestlings are typically fed by one parent, in the absence of the other,
and sometimes undergo prolonged fasts between feeds (Warham 1990). One extreme
example of this is the provisioning strategy of the Short-tailed Shearwater, in which
parents alternate local foraging, during which they provision their chick regularly, with
long-distance excursions to Antarctic waters where they forage for themselves. During
these Antarctic excursions the chick may remain unfed for two weeks or more,
continually losing weight as it subsists on stored energy reserves (Weimerskirch 1998,
Weimerskirch & Cherel 1998, Nicholls et al. 1998, Schultz & Klomp 2000a, 2000b).
The saw-tooth pattern of mass fluctuations documented by Saffer et al. (2000b) is
characteristic of such a ‘feast and famine’ mode of food delivery, in which Short-tailed
Shearwater nestlings were fed relatively large meals over periods of a few days,
followed by indeterminate intervals during which they received no food.
Rarely, Flesh-footed Shearwater nestlings remained unfed for intervals of nearly two
weeks. However, on average, most individuals received a meal almost nightly.
Nonetheless, nestlings still exhibited considerable fluctuations in mass over a 24-hour
period. Consequently, in common with the young of species that regularly undergo
prolonged fasts, body mass did not increase monotonically. In general, body mass was
overestimated by the model, probably because this parameter is inherently more
variable than linear dimensions due to the digestive state of the stomach contents
which, may comprise a large proportion of the recorded weight (Warham 1990).
Moreover, asymptotic growth curves, such as those predicted by the logistic equation,
cannot incorporate or describe the mass recession period characteristic of
procellariiform seabirds (Huin & Prince 2000). Thus, the results were not surprising
even though, as Weidinger (1997) observed, the model described the mass
accumulation phase relatively well.
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In contrast to the debate concerning nestling obesity, few hypotheses have specifically
addressed the subsequent mass recession prior to fledging. Generally, the assumption is
that nestlings are over-provisioned by their parents and are then deserted, or visited less
frequently, whilst they remain in the nest and decline to an optimal fledging mass. In
determining an optimal fledging mass, one hypothesis suggests that losing mass, and
thus lowering wing-loading, is necessary for flight or diving following nest departure
(Ricklefs 1968b, Martins 1997, Reid et al.2000). An alternative explanation, the
flexible-time hypothesis, suggests that delaying fledging after parents have ceased
provisioning, allows the nestling to select the most advantageous moment at which to
fledge. This might be a dark night, for example (Harfenist & Ydenberg 1995), or when
many other nestlings are also departing (Daan & Tinbergen 1979). The point at which
mass recession begins in procellariiform nestlings differs between individuals, but is
usually reached after 60-80% of the nestling period has elapsed (Warham 1990).
During the present study, among chicks whose hatching dates were known, this interval
ranged from 52 to 89 days, but an average nestling attained its peak mass about 66 days
after hatching (65% of the nestling period).

A common observation among seabirds is that later-hatched nestlings generally fledge
lighter (Harris 1982, Gaston et al. 1983, Ydenberg et al. 1995). The study by Morbey
et al. (1999) revealed that later-hatched Cassin’s Auklet Ptychoramphus aleuticus
chicks reached their peak mass earlier in the nestling period, whereas early-hatched
nestlings attained peak mass later and had a shorter duration of mass recession. Thus,
the timing of peak mass was relatively constant. However, nestlings in both categories
fledged at about the same age and body mass. Weidinger (1997) made similar
observations in Cape Petrel Daption capense nestlings, and both studies concluded that
mass at fledging was highly correlated with peak mass, such that nestlings with heavier
peak masses lost more mass than those with lighter peak masses. Although sample
sizes were small, the present study was not entirely congruent with these findings. In
the Flesh-footed Shearwater, periods of both mass accumulation and mass recession did
not alter to conform to any fixed interval of peak mass. Although hatching was spread
over a two-week period, individuals attained of peak mass over a period of some 37
days. Nonetheless, such pronounced variation in the commencement of mass recession
influenced neither the peak mass attained, nor the subsequent final mass at fledging. In
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common with both Cassin’s Auklets and Cape Petrels, the total number of days spent in
the nest by Flesh-footed Shearwater nestlings was similar, irrespective of their hatching
date. Moreover, body masses near departure were significantly influenced by the peak
masses they had attained some 30 days earlier.

Although individual peak masses differed significantly, during mass recession nestlings
lost between 30% and 40% of their body mass, depending on the peak mass attained
(heavier nestlings losing more mass), and subsequently fledged at similar masses (9298% mean adult mass), as predicted by the wing-loading hypothesis. The exception
was if the peak mass attained was only 800g or less. Individuals in this low peak mass
category lost a proportion of body mass (38%) similar to heavier chicks, but fledged
correspondingly lighter, at body masses significantly lower than those of fledglings in
better condition. This suggests that during mass recession, nestlings lose a relatively
constant proportion of their body mass, irrespective of peak mass. If nestlings are liable
to lose a given proportion of body mass, then parents may hedge their bets by overfeeding their nestling when foraging is favourable, to ensure that it still arrives at its
optimal fledging mass should foraging conditions suddenly become unfavourable.
Hence, the nestling is likely to become obese in accord with the insurance hypothesis of
Ricklefs & Shew (1994). Moreover, those individuals that failed to attain peak masses
that exceeded 800g were disadvantaged, presumably due to poor parenting or poor
health, and would be less likely to survive.

As expected, both as absolute wet mass and as a percentage of total wet body mass, the
amount of body fat present in Flesh-footed Shearwater chicks increased significantly
from March to April. However, given that chicks were already at least four to six
weeks old at the time of sampling in March, these observations agreed with Reid et al.
(2000), in that considerable deposition of body fat did not occur until the second half of
nestling growth, close to the attainment of peak mass. These authors considered this
timing of substantial lipid acquisition to be a point of particular relevance, because it
gave little support to the majority of the hypotheses addressing nestling obesity.
Assuming that dietary composition is constant and, as observed in the present study,
that food delivery increases, on average, from hatching through to peak mass, the
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potential to divert incoming energy into fat stores (to be used as insurance against
variable provisioning) is, therefore, present throughout chick growth, particularly when
chicks are small and have relatively small energy demands. Therefore, in respect of the
traditional ‘insurance’ hypotheses, body fat would be expected to increase
proportionately with body size, but would also accumulate at a steady rate between
hatching and peak mass, rather than more rapidly near peak mass.

An alternative possibility is that lipid accumulation is not a developmental strategy at
all, but rather a developmental constraint imposed by forced over-ingestion of energy as
a by-product of some other limiting nutrient; the body fat would then act as an energy
sink (Ricklefs 1979, Ricklefs et al. 1980, Taylor & Konarzewski 1992). Thomas et al.
(1993) suggested that nestling oilbirds (Steatornithidae) were faced with an energy
surplus during at least part of their growth period, and that this was determined by
nitrogen requirements in relation to their frugivorous diet. These authors found that
lipid deposition corresponded, both qualitatively and quantitatively, with a predicted
pattern of daily nitrogen accretion for the first half of nestling growth. However, as this
slowed during the second half of development, chicks continued to accumulate fat at a
rate far exceeding that predicted on the basis of nitrogen-controlled intake (ibid.).

Nevertheless, as observed by Reid et al. (2000) and, in the present study; it was at the
stage of marked lipid deposition that nestlings began rapidly to develop feathers.
Feathers are high in sulphur-based amino acid proteins and the formation of keratin
requires a particular balance of these (Murphy et al. 1990). This led Thomas et al.
(1993) to further suggest that requirements for specific sulphur amino acids may
supersede nitrogen as the major determinant of food intake later in nestling growth (see
also Ricklefs 1979, Murphy & King 1982, Murphy 1984). This proposal is congruent
with the feather-quality insurance hypothesis of Reid et al. (2000), which proposes that
increased deposition of fat is timed to coincide with the peak of flight feather
development. Because feather growth represents an intense period of protein synthesis,
metabolism of muscle protein during any period of starvation (Groscolas & Cherel
1992, Cherel et al. 1993) could seriously impair a nestling’s future chances of survival.
Such a diversion of protein during a critical period of feather growth may affect the
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synthesis of essential amino acids, potentially compromising the quality of flight
feathers crucial to a nestling’s sudden transition from a sedentary life in the nest, to one
of foraging independently at sea. Accumulated lipids would, therefore, provide a buffer
to ensure that protein synthesis was directed solely towards feather growth if a chick
had to endure an extreme fast late in the nestling period (Reid et al. 2000).

The first priority of metabolism during starvation is to provide sufficient glucose to the
brain and other tissues that are absolutely dependent upon it for fuel. However,
precursors of glucose are not abundant. Only a limited amount can be converted
directly from triacylglycerols, and the only other potential source of glucose is amino
acids derived from the breakdown of proteins. Muscle protein is the largest potential
source of amino acids during starvation and, since the survival of most birds depends
on their ability to move rapidly, this in turn depends on developing and maintaining a
large muscle mass (Stryer 1995). Similarly, in keeping with the feather-quality
insurance hypothesis (Reid et al. 2000), a fully developed complement of flight feathers
would be of little use to a fledgling shearwater without the musculature to operate them
efficiently. Thus, the second priority of metabolism during starvation is to preserve
protein. This is accomplished by changing the fuel used from glucose to fatty acids and
ketone bodies. The dominant metabolic processes are the mobilisation of
triacylglycerols in adipose tissue (fat) and gluconeogenesis by the liver. Like muscle,
which shifts almost entirely from glucose to fatty acids for fuel, the liver obtains energy
for its own needs by oxidising fatty acids released from adipose tissue (Stryer 1995).

During prolonged starvation, ketone bodies become the major fuel of the brain, as well
as the heart. The effective conversion of fatty acids into ketone bodies by the liver, and
their use by the brain, markedly diminishes the need for glucose. Hence, muscle is at
less risk of being degraded than in the initial stages of starvation. Migratory terrestrial
birds provide a striking illustration of the biological value of triacylglycerols. Longrange migrants accumulate substantial fat deposits from which glucose is efficiently
mobilised during their long flight over water. However, once about two-thirds of their
fat store has been consumed, there is a rapid transformation to the use of fatty acids and
ketone bodies as fuels, which effectively circumvents any degradation of muscle
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protein. Thus, the role of accumulated body fat is two-fold. Even in instances of
severe starvation, a reserve of fat is retained as a source of alternative fuel, whilst
simultaneously preserving muscle protein. Moreover, the duration of any later period
of starvation that is lethal, is determined mainly by the size of the triacylglycerol depot
(Stryer 1995).

Ostensibly, this does not support the notion that muscle protein is metabolised during
starvation. Nonetheless, Cherel et al. (1993) described three phases of starvation in
King Penguins Aptenodytes patagonicus, of which, during the second (the protein
conservation phase), 93% of the energy produced was derived from the oxidation of fat
stores; body protein accounting for the remainder. During the third phase (extreme
starvation), protein utilisation accounted for 32% of the total energy expenditure, rising
as high as 56% in the final days of incubation fasting, due primarily to wasting of the
pectoral muscles. However, even at this advanced stage of starvation, the shift in fuel
metabolism was not a direct consequence of total lipid depletion because 22% of the
initial fat content still remained, even when proteins were no longer being spared
(ibid.).

Thus, even slight metabolism of protein in any second phase of starvation during a
critical period of feather growth might affect the synthesis of essential amino acids,
potentially compromising the quality of flight feathers (Murphy et al. 1988, Brodin
1993). Fat deposits in some species of aerial insectivore presumably buffer against
intermittent food shortages due to bad weather (Ricklefs 1967, O’Connor 1977, Martins
1997). Such buffering would be of particular importance in preventing fret-bars in the
flight feathers of aerial foraging species, and maintenance of feather growth at the
expense of body mass was demonstrated by Newton (1968). Lack (1968) suggested
that accumulated body fat would be advantageous to fledglings should their first
foraging attempts be a period of trial-and-error and, that this was of particular relevance
to seabirds with specialised foraging techniques. In May, during the present study, a
nestling weighing less than 57% of the mean body mass of others in its cohort (and
consequently excluded from the analysis), still retained 5.4% fat as well as 17.7%
muscle, whilst the healthy young birds consisted of 17.5% and 19.6% fat and muscle
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respectively. Although the underweight nestling was fully feathered, a specific
investigation would be needed to assess the quality of its flight feathers or determine
the phase of starvation. Nonetheless, the pelagic foraging of the Flesh-footed
Shearwater and, the timing of mass accumulation and feather growth in the nestlings
agrees well with the feather-quality insurance hypothesis proposed by Reid et al.
(2000).

In accordance with chick growth overall, skeletal and muscular development increased
from March to April, then again from April to May. Both skeleton and muscles
exhibited a significant increase in their mass as percentages of total body mass by May.
However, muscle was the only parameter to continue to increase significantly in mass
during the latter phase of nestling growth, presumably in preparation of fledging. In
contrast to its absolute mass, the water content of muscle declined gradually over the
duration of the nestling period, with only a marginally significant decrease during mass
recession. Not surprisingly, dry muscle mass increased inversely with the decline in
water content and, exhibited an overall significant increase as a percentage of total dry
body mass between each key stage of chick growth. The organs and digestive tract
both decreased over the duration of the nestling period in their respective percentages
of total body mass, but only for the latter was the decrease significant. However, both
decreased significantly in absolute mass between April and May, although neither
showed a significant change in water content. Perhaps as a consequence, neither the
absolute dry mass, nor the percentage of either component of dry body mass, exhibited
any further significant differences.

Although nestlings accumulated significant amounts of body fat during the period of
mass accumulation between March and April, only as a percentage of body fat was
water content also observed to increase significantly during this period. During mass
accumulation, the water content of all other body components either decreased or
exhibited little change. Thus, as they attain peak mass, nestlings accumulate not only
body fat, but also water, because their fat becomes wetter during that period. In
contrast, between April and May, both the absolute wet mass of fat and the percentage
of fat that consisted of water declined significantly, so that water, as a percentage of
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total wet body mass, also exhibited an overall significant decrease during mass
recession. Water was such a constituent of body fat in April that, after drying the
components to constant mass, neither absolute dry masses of fat, nor dry fat as a
percentage of total dry body mass, differed significantly from March through to May.
The significant increase, then decrease, in the water content of body fat that preceded
and then followed the time of peak mass, may be of particular relevance to a nestling
towards the end of its time in the nest; particularly as it begins to develop feathers.
Indeed, Cherel et al. (1993) found that the water content of both sub-dermal fat and the
integument increased in pre-moulting penguins. Moreover, moulting in birds is
generally associated with increased total body water, the extra water being localised in
the developing feather follicles (Groscolas 1978, Dolnik & Gavrilov 1979).

Other groups of birds in which nestling obesity is prevalent, albeit generally to a lesser
extent than in procellariiforms, include the swifts (Apodidae), some auks (Alcidae),
some penguins (Sphenisciformes), swallows (Hirundinidae) and oilbirds (Ricklefs
1967, O’Connor 1977, Martins 1997, Taylor & Konarzewski 1989, Thomas et al. 1993,
Cherel et al. 1994). Additionally, the association of nestling obesity with the extent of
post-fledging care is exemplified in some members of the Sulidae (gannets and
boobies). Some species of booby continue to provision their young after they have left
the nest and peak nestling masses in these rarely exceed 110% adult mass. However, in
common with procellariiforms, gannet fledglings are not fed after attaining
independence and, similarly, may attain peak masses up to 140% those of their parents
(Nelson 1978). Further to this, in both the Northern Gannet Morus bassanus and Cape
Gannet M. capensis, the subsequent mass recession was attributed mainly or entirely to
water loss (Ricklefs 1968b, Montevecchi et al. 1984, Navarro 1992).

In addition to lipid metabolism, both Wilson’s Storm-petrel Oceanites oceanicus (Obst
& Nagy 1993) and oilbird nestlings (Thomas et al. 1993) were found to lose substantial
body water during mass recession, whilst Phillips & Hamer (1999) attributed prefledging mass recession entirely to water loss in the fulmar Fulmarus glacialis.
Similarly, loss of body water was identified as the primary cause of mass recession in
swallows (Ricklefs 1967, 1968b), swifts (Lack & Lack 1951, Lack 1968, Martins 1997)
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and martins (O’Connor 1977), predominantly associated with the drying-out of the
integument. In contrast to body fat, neither the absolute mass of the integument, the
integument as a percentage of total body mass, nor the water content of the integument
differed significantly from March to April during the present study. However, by May,
each of these three measures had exhibited a significant decline following peak mass.
Consequently, water loss from the integument, as well as from body fat, were the main
contributors to the significant decrease in the percentage of total body water observed
during the mass recession period.

Similarly, in common with dry fat, neither the absolute dry mass of the integument, nor
the dry integument as a percentage of total dry body mass differed significantly from
March through to May. Thus, as proposed by Reid et al. (2000), pre-fledging mass
recession produced a young bird of optimal fledging mass, a process achieved primarily
by eliminating water from the body tissues rather than by metabolism of fat. The fact
that dry masses of fat did not change between April and May, suggests that nestlings
retained a store of metabolic fuel until and, probably after, fledging. Such an energy
reserve may be an important source of glucose to buffer against acute starvation in a
newly independent chick as it acquires the foraging skills necessary to its subsequent
survival (Perrins et al. 1973). However, a percentage of body fat is likely to be retained
throughout adulthood as a source of triacylglycerols able to be mobilised in times of
chronic nutritional stress. A similar analysis of the body composition of adult Fleshfooted Shearwaters would contribute to this debate.
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Chapter 11
General discussion
The evolution of nestling obesity.
Shearwaters share a distinctive set of life-history characteristics with other members of
the Order Procellariiformes. They are long-lived, and delay their first breeding attempt
for several years. Thereafter, the annual rate of reproduction is low, with only a single
egg being laid per reproductive event, although a shearwater may breed on many
occasions during its lifetime. Development of the embryo is slow, as is the post-natal
growth of the nestling which, during its time in the nest, may attain a peak body mass
up to 50% greater than that of its parents, before declining in mass prior to fledging
(Warham 1990). Current explanations for this rise, and subsequent fall, in mass are
several. The phenomenon has engendered much debate – the conundrum being that if
nestlings are overfed, why do they not simply develop faster, and leave the nest earlier,
rather than prolong their existence in what is usually a predator-prone environment,
with the added burden of obesity (Brooke 2004)?
The traditional explanation, originally proposed by Lack (1968), was that nestling
obesity represented an accumulation of adipose tissue as insurance against starvation if
feeds were infrequent. The body fat ensured the survival of the nestling during
prolonged fasts resulting from seasonal, climatic, or oceanographic factors, or
otherwise poor foraging conditions experienced by parents at sea. Although highly
plausible, this explanation has lost, rather than gained, support in recent years, as more
data have become available. Evidence to date suggests that the quantities of fat
accumulated by shearwater chicks far exceed those required to tide them over an
occasional missed feed (Ricklefs et al. 1985, Hamer & Hill 1993, Bolton 1995a,
Lorentsen 1996, Hamer & Thompson 1997, Nicholson et al. 1998, Hamer et al. 2000,
Schultz & Klomp 2000b). Hamer (2001) considered that, for Lack’s hypothesis to be
supported, chicks would need to experience intervals of 10 days or more between feeds,
whereas many species are now known to endure fasts of no greater length than two to
four days – intervals far too short to explain the magnitude of accumulated lipid.
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A more recent variation of Lack’s hypothesis suggested that obesity occurs as a result
of the nestling receiving large, infrequent meals, independently from each parent so that
routine overfeeding arises because provisioning is uncoordinated (Ricklefs & Shew
1994). Under this scenario, each parent provides with a meal, partial insurance against
acute undernourishment due to stochastic fluctuations, such as unsuccessful foraging by
its partner. The overall rate of food delivery is thereby elevated above that which
would result in starvation of the nestling if, due to unforeseen circumstances,
provisioning failed. Lipid accumulation then insures against ongoing natural
inconsistencies in foraging by individual parents, rather than the possibility of a sudden
slump in overall food resources or feeding conditions that would have more widespread
consequences for an entire colony (Ricklefs & Shew 1994). This hypothesis generated
the prediction that, since nestling obesity arose because of variable provisioning at an
individual level, lipid accumulation would be greater in species that exhibited more
pronounced variation in provisioning (Hamer et al. 2000).
Although the Ricklefs & Shew model has been widely touted as an alternative to Lack
(1968), Gaston (2001) drew attention to the fact that Lack was not necessarily
considering only colony-level effects and, furthermore, his hypothesis implied that
nestling obesity may be related to the interval that nestlings endured between
successive feeds. Therefore, in Gaston’s view, the Ricklefs & Shew hypothesis
represented a refinement of Lack’s idea, rather than an alternative to it. Hamer et al.
(2000) tested the prediction using three Puffinus species, the Little, Manx and Shorttailed Shearwaters; congeners known to exhibit very different foraging and chick
provisioning strategies (Hamer 1994, Hamer & Hill 1997, Weimerskirch & Cherel
1998). Intervals between successive feeds, delivered to individual chicks, were found
to range from one to three nights (mean = 1.0), one to four nights (mean = 1.2) and one
to thirteen nights (mean = 2.9) in these species respectively, which reflected the
corresponding peaks in nestling mass as percentages of adult mass (110%, 134% and
144%, Hamer et al. 2000).
In the current study, data has been presented for an additional congener, the Fleshfooted Shearwater; the nestlings of which attained mean peak body masses between
135% and 160% of mean adult mass over four successive breeding seasons (average
over four years 146%; the heaviest individual 198%). Following the Hamer et al.
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(2000) interpretation of Ricklefs & Shew (1994), one would, therefore, expect greater
variation in provisioning, with longer intervals, than observed in the Short-tailed
Shearwater, an Antarctic-foraging species whose nestling receives a feed, on average,
every third night, but may remain unfed for intervals of up to thirteen nights (ibid.).
This was not the case. The mean interval between successive feeds delivered to Fleshfooted Shearwater nestlings was 1.4 nights, which is not consistent with the notion that
the magnitude of obesity is a function of mean feed interval. However, some nestlings
occasionally endured much longer fasts of up to twelve nights, yet still survived to
fledge. Although such protracted fasts were rare, as stressed by Hamer (2001),
shearwaters are long-lived, and poor feeding conditions, producing longer intervals
between feeds than normal need only arise occasionally for lipid accumulation among
nestlings to be favoured. This author emphasised that one of the aims of the study by
Hamer et al. (2000) was to encourage further collection of data that might reveal rare
occurrences of longer-than-normal intervals in species that usually feed their nestlings
more frequently. This is precisely what the present study has achieved.
Life-history theory predicts that parental effort is regulated so that the costs and
benefits of current reproduction are balanced to maximise lifetime reproductive success
(Stearns 1992, Roff 1992). The very concept of reproductive effort implies that longlived animals, such as pelagic seabirds, should accept few risks when investing in their
offspring. Consequently, predictions about optimal levels of parental care are based on
the assumption that parents are free to adjust expenditure in their offspring in their own
interest (Williams 1966, Goodman 1974, Clutton-Brock 1991). Parents must, therefore,
balance the allocation of energy between reproduction and self maintenance. Even a
minor reduction in adult survival may have pronounced impacts on lifetime
reproductive success (Wooller et al. 1992), especially in long-lived seabirds whose low
reproductive rate may be limited by the ability of parents to deliver food to their single
offspring (Lack 1968, Ricklefs 1983). Therefore, patterns of nestling provisioning
should reflect a flexible investment strategy; a trade-off between the needs of both
parents and offspring (Tveraa et al. 1998), rather than a fixed level of investment in
which parents provide food according to an intrinsic rhythm, independent of their
nestling’s requirements (Ricklefs & Shew 1994).
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Some procellariiforms employ a novel foraging and food delivery strategy in which
individual parents either alternate or mix long foraging trips over pelagic waters with
short foraging trips over more coastal waters (Chaurand & Weimerskirch 1994,
Weimerskirch et al. 1994). Such a strategy is exemplified by the Sooty and Short-tailed
Shearwaters, which breed at the southern limit of the distribution of Puffinus species,
allowing them to exploit rich Antarctic food resources (Weimerskirch 1998,
Weimerskirch & Cherel 1998, Klomp & Schultz 2000, Schultz & Klomp 2000a).
In this way, parents in good body condition allocate resources to their offspring by
provisioning at short regular intervals, before their own energy reserves deplete to a
threshold body mass, below which further investment is too costly. The parents then
embark on extended Antarctic foraging expeditions to replenish their reserves, during
which, their nestling fasts. Booth et al. (2000a) described a similar strategy of long and
short foraging trips in a more sedentary species, the Little Shearwater, in which parents
cooperatively alternated 7-day long trips with nightly chick provisioning before
changing over. Nestlings, therefore, continued to be fed nightly, whilst their parents
avoided incurring an energy debt through frequent provisioning. These authors drew
attention to several aspects of chick rearing in this species that were not compatible
with the proposal that nestling obesity is an adaptation, either to an unreliable food
supply, or to stochastic foraging by individual parents.
The ability of Little Shearwaters to coordinate foraging, and the high frequency at
which they were able to feed their young, suggested that the food supply, or at least the
parents’ ability to supply food, was steady and predictable. Had this not been the case,
it would have been unlikely that parents could coordinate their foraging shifts, because
neither would be able to feed the chick every night for a complete shift (Booth et al.
2000a). An earlier study of the same species (Hamer 1994) made no suggestion of
cooperative provisioning between parents, although 95% of chicks were fed each night,
with no significant daily variation in feeding rate. Such a pattern is difficult to
reconcile with unpredictable food resources or stochastic provisioning. Additionally,
meal sizes and feeding frequency were independent of nestling body size and body
condition (body mass corrected for body size) in Little Shearwaters, suggesting that the
rate of food supply was not adjusted according to the nutritional requirements of
nestlings (ibid.).
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Similarly, there was no evidence that Flesh-footed Shearwater parents adjusted food
delivery according to their nestling’s body condition. Rather than chicks of lower body
condition receiving an increased food supply, during one year, recipients of doublemeals had higher body condition indices; possibly a reflection of the quality or
experience of their parents. The regularity, with which nestlings were fed twice
nightly, during each of four consecutive years, indicated that Flesh-footed Shearwater
parents do not coordinate their foraging trips, nor do nestlings regularly undergo
intermittent extended fasts, as do the nestlings of Short-tailed Shearwaters. Both of
these observations suggest that it is not necessary for Flesh-footed Shearwater parents
to a make any substantial trade-offs in allocating energy expenditure between
reproduction and self maintenance. Moreover, in common with the Little Shearwater,
the frequency of food delivery is consistent with a steady and predictable food supply; a
situation not compatible with the exaggerated obesity prevalent in the nestlings.
Nonetheless, mass-mortalities of prey species have occurred off the southern coast of
Western Australia in recent years (Gaughan et al. 2000). Similar crashes elsewhere
have resulted in adverse impacts upon survival and breeding, and seen seabirds switch
to less-preferred prey (Bunce & Norman 2000, Dann et al. 2000). Reiterating Hamer
(2001), in long-lived seabirds such as shearwaters, poor feeding conditions that result in
longer intervals than normal between feeds may have to arise only occasionally for
nestling obesity to persist. The question remains as to whether such extreme obesity is
compatible with the low probability of such an event occurring (Lack 1968, Ashmole
1971), when less pronounced obesity prevails in species whose nestlings regularly
undergo periods of starvation (Hamer et al. 2000).
The adult desertion hypothesis argues that obesity in nestlings has evolved as an energy
store to fuel their metabolism in the period leading up to fledging, allowing adults to
depart the colony and commence their post-breeding migration before their nestling
fledges (Brooke 1990). In keeping with this, the order of mass accumulation in
nestlings shown by Hamer et al. (2000) correlated well with the post-breeding
movements of the three species studied. The Short-tailed Shearwater, an extreme transequatorial migrant, exhibited the most exaggerated nestling obesity. Desertion periods
of 14, 8.5 and 8-11 days were quoted for Short-tailed, Manx and Little Shearwaters
respectively, although the latter does not make pronounced migratory movements
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(Glauert 1946, Harris 1966, Serventy et al. 1971, Lill & Baldwin 1983, Brooke 1990,
Booth et al. 2000b). The Sooty Shearwater, another notable migrant, conforms less
well to this protocol. After attaining only 115% adult body mass, the nestling Sooty
Shearwater is abandoned some 12 days before it leaves the nest as, like the Short-tailed
Shearwater, its parents depart to the Northern Hemisphere (Richdale 1963, Warham et
al. 1982). In marked contrast, after becoming substantially heavier in terms of parental
mass (up to 160%), the Flesh-footed Shearwater nestling leaves its nest only two days,
on average, after receiving its final meal. Although possible migratory movements of
the Flesh-footed Shearwater are unconfirmed, those breeding in Western Australia are,
nonetheless, thought to cross the equator; but to travel only as far north as the Tropic of
Cancer (Bailey 1966).
Fledging is the time the nestling leaves its nest permanently to commence its first flight,
with the assumption that the colony is actually departed at that time. However, an
assumed fledging date may not necessarily reflect the date on which the fledgling
reached the ocean. Some may alight closer to the coast and delay final departure,
especially if they failed to get away before dawn on their first attempt. Such leavers
may take refuge in burrows at lower altitude and await the onset of darkness before
making a new attempt (Warham 1990). However, in practice, the fledging date is taken
as the time at which the full grown nestling was last recorded at the nest (loc. cit.) and,
for the above reasons; true ages at departure may be underestimated. Nonetheless, the
Woody Island colonies are all located in close proximity to the sea, and delayed
departure due to prolonged over-land migration towards the coast was considered
unlikely. The contrasts in the ecology of these closely-related species lend little support
to the adult desertion hypothesis as an explanation for nestling obesity. The relatively
low peak masses attained by nestling Sooty Shearwaters do not correspond with the
considerable desertion period and the subsequent migration demonstrated by their
parents, whilst the opposite is true for the Flesh-footed Shearwater. The nestling of the
mainly sedentary Wedge-tailed Shearwater is fed until it fledges, after attaining 130140% the mass of its parents (Pettit et al. 1984, Nicholson et al. 1998). These
observations suggest a strong relationship between parental desertion and the extent of
post-breeding migration, but one in which the level of mass accumulation plays at most
a minor role.
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Nonetheless, even in migratory species the desertion period may be highly variable; for
instance, one to 23 days in the Manx Shearwater (Brooke 1990). In order to establish
that true desertion occurs, it must be shown that the parents do not visit the nest after
the nestling has departed. This is difficult to demonstrate without the aid of automated
monitoring equipment. Simply fencing burrow entrances with barricades is of little
value, as they are displaced during the nocturnal activities of the nestling. Conversely,
continued barricade monitoring of vacated burrows may give false indications of
parental visits due to entry by other nestlings, or other animals. Moreover, there is no
direct evidence that transient species desert their nestlings specifically in order to
commence their migration. Warham (1990) suggested that some of the variability
might relate to parental experience and foraging efficiency. An individual stressed by
provisioning an offspring may, at the end of the season, switch to self-feeding in
readiness to migrate, leaving its nestling to fend for itself; a more experienced parent, in
better condition, might not need to do that.
The thermoregulatory role of sub-dermal lipid deposits, as suggested by Lack (1968),
has not been investigated thoroughly. As a phenomenon, nestling obesity appears
equally as prevalent in tropical shearwaters, as in those that breed in the sub-Antarctic
(Warham 1990). Furthermore, fat as a source of insulation is more applicable in
aquatic systems where water, having a high thermal conductivity, is the surrounding
medium (Hart & Irving 1959). In losing heat to the air, fat itself has too high a thermal
conductivity to establish the temperature gradient required to substantially impede heat
flow from the body core to the environment (Thomas et al. 1993). Even in hibernating
mammals, neither the presence nor the distribution of subcutaneous fat layers affects
heat loss (Webb & Schnabel 1983). Thus, one could conclude that fat would not be an
insulative advantage in the relatively stable microclimate of a burrow (Warham 1990),
especially for young whose well-developed legs enable them to move and generate
body heat at an early age. Moreover, in common with the observations of Reid et al.
(2000), mass accumulation continued for a considerable period beyond the age when
chicks became thermally competent (1-2 days), peaking well after the commencement
of feather growth, some 60-70 days later.
The suggestion that nestling obesity is a developmental constraint, rather than a
strategy, and that lipid accumulates as a by-product of energy-rich, but nutrient-poor,
274

food (Ricklefs 1979, Ricklefs et al. 1980, Taylor & Konarzewski 1992), is generally
not well accepted. Nonetheless, Thomas et al. (1993) found that lipid deposition in
nestling Oilbirds Steatornis caripensis corresponded with increased daily nitrogen
requirements, at least during the first half of their growth. However, during the second
half of development, as nitrogen demands eased, nestlings continued to accumulate fat
at an even greater rate. Rather than dismiss this line of inquiry, these authors proposed
that the demand for nitrogen may have been superseded by some other limiting trace
element, such as the sulphur-based amino acids critical to feather growth (Murphy &
King 1982, Murphy 1984).
Where mammals, for example, may be able more efficiently to regulate energy
expenditure through vigorous activity, and so avoid excessive fat storage (Thomas
1984), nestling birds would be less able to do this without increasing the risk of
mortality. Consequently, shearwater nestlings, on an oil-rich diet, may be predisposed
to lipid accumulation if protein, or some other dietary requirement, forced their
continued over-ingestion of energy. On the other hand, the thought that substantial
reserves of fat are deposited early in the growth period, when energetic requirements
are low, to offset higher metabolic costs later (Ricklefs 1990), is less sustainable.
Feather development represents an intense period of protein synthesis, and hence of
metabolic expenditure (Murphy 1984), yet body mass continued to increase, rather than
decrease, well beyond the stage that feather growth had begun. Indeed, weekly indices
of feather growth indicated that, during both 2002 and 2003, each member of both
cohorts was about 50% feathered on the date of mean peak body mass in each year.
This too seems compatible with the findings of Reid et al. (2000), who noted that fat
accumulation reached its peak in Grey-headed Mollymawks around the time of
maximum flight feather development; this occurred after some two-thirds of the
nestling period had elapsed. This observation became the foundation of their featherquality insurance hypothesis. These authors questioned that if lipid was deposited as
insurance against periodic fasts, then why provide the insurance during only one phase
of growth when it may be of equal or even greater value at a critical time, such as prior
to fledging, when chicks have in fact lost mass? Reid et al. concluded that the peak in
lipid accumulation coincident with maximum feather growth was indeed a form of
insurance, but against a compromise in flight feather quality should chicks encounter
275

extreme starvation late in the nestling period and protein synthesis be diverted from
feather growth to glucose production (Groscolas 1978, Robin et al. 1988, Groscolas &
Cherel 1992, Cherel et al. 1993).
The idea that the amount of mass lost after the peak is related to an optimal mass at
which to fledge, possibly associated with wing-loading (Ricklefs 1968b, Martins 1997,
Reid et al.2000), is supported by the present study. The majority of nestlings fledged
within a range of similar body masses, despite their previous peak masses differing
greatly. Indeed, the proportion of mass lost was positively correlated with the level of
peak mass attained, but varied within a 30-40% margin, so that nestlings fledged at 9298% of mean adult body mass. One group of individuals was an interesting exception
to this generalisation. Rather than losing a smaller decrement of mass to attain optimal
mass at fledging, nestlings representing the lowest peak mass interval lost a proportion
of mass similar to other nestlings (38%), so that they fledged at a significantly lower
mass than the remainder. This divided the fledglings into two distinct groups – those
more likely to succeed and those less likely to thrive. It follows that nestling obesity
may arise if shearwater parents provision their nestling in anticipation of the
forthcoming loss of a given proportion of its body mass. Accordingly, inexperienced or
less-successful foragers probably failed to elevate the body masses of their offspring to
a level that permitted a subsequent decline to optimal fledging mass, thereby giving rise
to the group of fledglings least likely to succeed. Given the philopatric tendencies of
shearwaters, re-captures of banded individuals, in years to come, might test this
proposition.
Overall, the timing of mass accumulation and flight feather growth agrees with the
feather-quality insurance hypothesis of Reid et al. (2000). However, a carcass analysis
of sacrificed chicks revealed that even though body fat, as a percentage of fresh-carcass
mass, increased significantly between March and April, the subsequent decrease, from
April to May, was not significant. Thus, fat reserves were not consumed appreciably,
either during or after the period of maximum feather growth. Further, whereas absolute
masses of wet body fat increased by a highly significant margin between March and
April, then decreased significantly, from April to May, dry masses of fat were found to
have risen only slightly between March and April, and changed little thereafter. This
was not really surprising, considering that the water content both of overall fresh body
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mass, and of body fat, increased significantly during the mass accumulation phase, then
decreased significantly during mass recession.
Such an increase, then decrease, in body water is congruent with both feather growth
and mass recession. Moulting and re-growth of feathers is generally associated with
increased body water, particularly in the sub-dermal fat and integument, the water
concentrating in the region of the developing feather follicles (Groscolas 1978, Dolnik
& Gavrilov 1979, Cherel et al. 1993). Similarly, pre-fledging mass recession has been
attributed to loss of body water, predominantly from the integument, in procellariiforms
and other seabirds (Montevecchi et al. 1984, Navarro 1992, Obst & Nagy 1993, Phillips
& Hamer 1999), as well as in several terrestrial species (Ricklefs 1967, O’Connor 1977,
Thomas et al. 1993, Martins 1997). In line with this, the water content of the
integument remained stable between March and April but, in common with body fat,
and indeed the entire carcass, decreased significantly between April and May. Thus, as
Reid et al. (2000) proposed for Grey-headed Mollymawks, pre-fledging mass recession
in Flesh-footed Shearwaters is primarily due to water loss, at least partially from the
integument, rather than depletion of fat reserves. However, the 30% loss of water from
the integument between April and May was surpassed by a decrease in water of almost
48% from the fat itself. Furthermore, the increase in water content of the body fat that
preceded this loss was even more remarkable. The percentage of fat that was water
increased by almost 140% from March to April, demonstrating that body water is an
important function of not only mass recession, but also mass accumulation.
Removing water from the equation revealed that dry fat increased in mass only slightly
during the earlier phase, then exhibited no subsequent decrease and, as a percentage of
the total dry body mass, actually increased from April to May. What Reid et al. (2000)
referred to as fat accumulation in Grey-headed Mollymawks was paralleled, in this
study, more specifically by water accumulation, particularly the water content of the
fat. The mechanisms of water accumulation in body fat are unclear. Nonetheless, in
contrast to the traditional hypotheses regarding nestling obesity, rather than consuming
the bulk of its fat stores during mass recession and departing from the colony with
depleted reserves, the young bird becomes independent with a substantial reserve of
metabolic fuel (represented here as dry fat), even though it has lost appreciable body
mass.
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Such a portable energy store would be particularly beneficial to a newly independent
fledgling during its first trial-and-error attempts at foraging for itself (Lack 1968,
Perrins et al. 1973, Phillips & Hamer 1999). Alternatively, a triacylglycerol depot is
likely to be retained, even by adults, as a source of alternative metabolic fuels should a
period of extreme nutritional stress be encountered. Warham (1990) commented that
starved nestlings had a permanent layer of fat that persisted even in such an advanced
state of starvation that protein was no longer being preserved (see Cherel et al. 1993
and Stryer 1995). The presence of a fat reserve comprising over 5% the fresh carcass
mass of one stunted and underweight Flesh-footed Shearwater nestling, during the
present study, extends this observation. Regardless, the end result of mass recession is
generally a fit young bird ready for flight, usually at an optimal fledging mass. This
outcome is achieved primarily by eliminating water from the body tissues, rather than
by metabolism of fat.
Revisiting the traditional hypothesis of Lack (1968), obesity in nestlings arises through
parents opportunistically exploiting, during favourable foraging conditions, food
resources that at other times may be patchy and unpredictable. Does this mean then
that nestlings would not become obese if the food supply was steady and predictable?
The pattern of food delivery to Flesh-footed Shearwater nestlings is generally
suggestive of a reliable food supply, yet the magnitude of obesity recorded during this
study was higher than in most, if not all, other Puffinus shearwaters. Alternatively,
following Ricklefs & Shew (1994), storms at sea, variable oceanographic conditions or
factors that otherwise affect the ability of parents to forage can be discounted, because
meal sizes and intervals between meals fluctuate naturally by chance. The foraging
success of individual shearwaters is stochastic; therefore, two experienced parents may
be able to raise an offspring successfully when others fail.
Whilst astronomical, climatic and oceanographic effects were negligible during this
study, both the sizes of overnight feeds and the frequency at which meals were
delivered exhibited significant variation between equivalent weeks during each year.
With regard to these, 2000 appeared to be an exceptionally good year, despite a crash in
probable fish prey the year previous (Gaughan et al. 2000). The reverse was true of
2003, although during this season one individual nestling attained a peak equivalent to
198% of mean adult mass. Equally, during what could be regarded as an intermediate
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year in terms of food delivery (2002), another individual fledged at less than 50% of
mean adult mass. Nonetheless, these were extreme cases, and overall breeding success
was almost 14% lower in 2002 than 2003.
Knowledge of where seabirds forage is limited and, consequently, the extent to which
the density of their food varies is probably insufficiently known to make robust
predictions about relative stochasticity, let alone how it affects different species and
populations. Gaston (2001) considered that, while it may be possible to distinguish
theoretically between Lack’s hypothesis and the Ricklefs & Shew model, it would be
difficult to apportion their relative importance among the Procellariiformes, owing to
the enormity of nestling obesity as a phenomenon. It is unlikely, therefore, that these
schools of thought are mutually exclusive. Both stochastic and environmental factors,
as well as others, may be involved and nestling obesity has probably evolved as a result
of several overlapping processes, any one of which may be far too simplistic an
explanation. In view of a seemingly reliable food supply which appears not to force
Flesh-footed Shearwaters into significant trade-offs between chick rearing and self
maintenance, it is tenable that, rather than insuring their nestling against the possibility
of an imminent fast or their own variable foraging, parents over-feed it to ensure
attainment of its optimal fledging mass following mass recession. This re-poses the
question as to why in the first instance, they become so fat that they are forced
subsequently to lose mass. The alternative is, if nestlings do not accumulate a sufficient
amount of body mass (above a certain threshold), they will lose a given proportion of
mass regardless, and fledge underweight, possibly leading to reduced survival.
This study has shown that nestling obesity, particularly the attainment of peak mass, is
more a function of body water than metabolisable fat. A considerable body of literature
has linked both accretion and loss of water with feather growth (Ricklefs 1967,
O’Connor 1977, Groscolas 1978, Dolnik & Gavrilov 1979, Montevecchi et al. 1984,
Navarro 1992, Obst & Nagy 1993, Cherel et al. 1993, Thomas et al. 1993, Martins
1997, Phillips & Hamer 1999). It seems likely, therefore, that nestlings are over-fed to
ensure a sufficient reservoir of water, as well as fat, in line with the feather-quality
insurance hypothesis (Reid et al.2000), and that body fat, particularly sub-dermal fat, is
the most efficient and proximate reservoir of water to aid feather growth.
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Appendix 1. Historic mean climatic data for Esperance, Western Australia, for 24 years (1968-1992)
(Esperance Meteorological Office).
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Daily Maximum Temp. (°C)
Daily Minimum Temp. (°C)
Terrestrial Minimum Temp. (°C)
Temp. 0900hrs (°C)
Temp. 1500hrs (°C)
Days over 40°C
Days over 35°C
Days over 30°C
Total Rainfall (mm)
Total Cumulative Rainfall (mm)
Total Rain Days
Total Cumulative Rain Days
Total Evaporation (mm)
Strong Wind (22-33kts) (days)
Gale (34kts or more) (days)
Mean Cloud Cover 0900hrs (Octas)
Mean Cloud Cover 1500hrs (Octas)
Number of Cloudy Days
Number of Clear Days
Total Sunshine (hrs)
Humidity 0900hrs (%)
Humidity 1500hrs (%)
MSL Pressure 0900hrs (hPa)
MSL Pressure 1500hrs (hPa)
Fog Observed (days)
Mist / Haze Observed (days)
Hail Observed (days)
Thunder Heard (days)

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

26.2
15.5
14.7
21.5
23.1
0.9
2.9
6.7
13.2
13.2
6.0
6.0
240.0
5.4
0.0
4.6
3.5
6.6
6.5
146.9
57.0
56.0
1015.7
1013.8
0.0
18.6
0.0
1.8

26.4
15.9
15.2
21.5
23.3
0.6
2.6
6.2
25.3
38.5
6.0
12.0
203.9
5.8
0.1
4.8
3.7
6.3
5.3
155.3
60.0
57.0
1017.0
1014.8
0.2
17.4
0.0
1.3

25.2
14.9
14.1
20.2
22.5
0.1
1.6
5.8
28.0
66.5
8.0
20.0
177.3
3.7
0.1
5.0
4.0
7.4
4.7
149.1
64.0
57.0
1019.1
1016.7
0.3
18.5
0.0
1.5

23.1
13.1
12.3
17.9
21.1
0.0
0.5
3.0
47.3
113.8
11.0
31.0
121.0
3.0
0.1
4.9
4.7
9.7
4.7
154.0
69.0
56.0
1020.1
1017.8
0.8
13.0
0.1
1.9

20.3
10.8
9.8
14.7
18.7
0.0
0.0
0.3
80.7
194.5
15.0
46.0
88.9
4.6
0.3
4.8
5.0
9.4
3.9
133.6
74.0
58.0
1019.8
1017.7
0.8
9.3
0.1
1.3

17.9
9.0
7.9
12.2
16.5
0.0
0.0
0.0
80.4
274.9
16.0
62.0
66.2
5.9
0.3
4.7
5.0
8.4
3.7
129.2
78.0
60.0
1019.7
1017.7
0.7
5.6
0.4
0.4

17.1
8.2
6.9
11.4
15.8
0.0
0.0
0.0
98.3
373.2
18.0
80.0
72.0
6.9
0.6
4.6
4.8
7.3
4.7
128.9
77.0
59.0
1019.8
1017.9
0.2
6.8
0.6
1.0

17.7
8.5
7.3
12.3
16.2
0.0
0.0
0.0
84.8
458.0
17.0
97.0
90.9
7.0
0.4
4.6
4.7
8.3
4.2
130.5
74.0
56.0
1019.7
1017.7
0.3
8.0
0.7
0.7

19.4
9.4
8.3
14.7
17.4
0.0
0.0
0.7
55.2
513.2
14.0
111.0
113.8
5.7
0.5
4.4
4.2
6.3
5.4
152.3
68.0
57.0
1019.0
1016.9
0.5
12.9
0.6
1.4

21.2
10.7
9.6
16.8
18.5
0.1
0.3
2.1
50.5
563.7
12.0
123.0
158.3
6.9
0.4
4.9
4.2
7.4
5.0
150.0
61.0
56.0
1017.9
1015.8
0.4
16.7
0.4
1.7

23.0
12.7
11.7
18.6
20.0
0.3
1.3
3.4
39.1
602.8
10.0
133.0
190.5
7.0
0.3
5.1
4.1
8.4
4.3
150.3
59.0
57.0
1016.6
1014.6
0.2
17.7
0.2
2.8

24.7
14.4
13.5
20.5
21.6
0.5
1.8
4.9
16.4
619.2
6.0
139.0
229.4
6.3
0.1
4.7
3.7
6.4
6.0
133.6
57.0
57.0
1015.9
1014.0
0.1
19.1
0.0
2.2

Year’s
Average
21.9
11.9
10.9
16.9
19.6
2.5
11.0
33.1
619.2
139.0
1752.2
68.2
3.2
4.8
4.3
91.9
58.4
1713.7
67
57.0
1018.4
1016.3
4.5
163.6
3.1
18.0

Appendix 2. Historic climatic extremes for 41 years (1962-2002) at Esperance, Western Australia (Esperance Meteorological Office).
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Extreme Element

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Highest Temperature (°C)
Date
Lowest Daily Maximum (°C)
Date
Lowest Temperature (°C)
Date
Highest Daily Minimum (°C)
Date
Lowest Daily Terrestrial (°C)
Date
Highest Monthly Rainfall (mm)
Year
Lowest Monthly Rainfall (mm)
Year
Highest Cumulative Rainfall (mm)
Year
Lowest Cumulative Rainfall (mm)
Year
Highest Daily Rainfall (mm)
Date
Maximum Wind Gust (kts)
Direction
Date

44.7
22/1/90
16.8
5/1/99
8.3
3/1/87
23.6
3/1/97
5.6
12/1/71
223.8
1999
0.0
1998
223.8
1999
0.0
1998
106.6
7/1/99
56
N
18/1/75

46.7
1/2/91
18.2
5/2/73
8.0
13/2/80
26.6
5/2/75
6.9
18/2/86
80.3
1970
0.4
1988
266.2
1999
1.2
1998
70.4
17/2/70
64
NW
6/2/83

42.5
3/3/77
16.7
23/3/01
7.4
27/3/91
25.4
2/3/98
5.3
27/3/91
100.8
1992
0.6
1980
323.8
1999
10.6
1998
61.8
13/3/85
64
WSW
15/3/84

40.1
4/4/78
12.7
21/4/70
5.7
21/4/70
21.4
5/4/78
4.2
14/4/85
154.9
1970
3.3
1999
327.0
1999
23.2
1994
61.0
12/4/96
57
WSW
9/4/85

34.5
11/5/83
9.3
25/5/77
2.9
28/5/72
20.1
2/5/02
-0.1
23/5/71
186.0
1971
17.4
2002
376.8
1999
72.0
1994
51.3
23/5/71
82
WNW
28/5/83

26.3
1/6/83
10.7
30/6/78
2.2
21/6/74
17.2
3/6/02
0.2
24/7/98
161.4
1989
32.6
1986
471.4
1999
130.0
1991
61.0
14/6/89
61
NNW
18/6/83

27.6
31/7/69
9.6
26/7/98
1.4
10/7/97
15.0
24/7/73
-0.7
10/7/97
192.5
1972
23.2
1977
564.6
1999
196.8
1991
45.6
21/7/84
73
SW
20/7/79

29.4
31/8/72
11.2
12/8/81
2.5
15/8/70
16.8
12/8/83
0.2
15/8/70
145.4
1984
38.8
1983
681.2
1999
267.8
1994
40.2
27/9/02
72
W
19/8/81

34.4
30/9/83
11.7
22/9/98
2.7
25/9/71
17.2
22/9/87
1.2
25/9/71
119.3
1973
15.6
1981
751.0
1999
305.0
1994
39.0
7/9/01
60
WSW
20/9/78

40.9
31/10/88
13.9
2/10/81
3.6
14/10/70
19.2
18/10/91
2.2
14/10/70
117.0
1982
9.8
1997
770.9
1971
358.6
1991
77.4
4/10/82
64
N
20/10/74

42.1
21/11/82
12.4
19/11/92
4.9
20/11/92
24.4
24/11/78
3.1
1/11/94
88.0
1991
1.0
1990
858.2
1971
397.4
1994
41.4
13/11/83
67
NNW
26/11/00

44.4
11/12/77
15.8
1/12/83
6.6
7/12/96
23.0
26/12/79
4.9
1/12/73
55.4
1980
0.8
1972
867.6
1971
404.2
1994
24.0
1/12/80
56
SW
5/12/85

Year
Date
46.7
1/2/91
9.3
25/5/77
1.4
10/7/97
26.6
5/2/75
-0.7
10/7/97
223.8
1/1/99
0.0
1998
867.6
1971
404.2
1994
106.6
7/1/99
82
WNW
28/5/93

Appendix 3. Woody Island vegetation list compiled by Mrs. Coral Turley of the
Esperance Wildflower Society, from a collection made during March 2002. Some
common names were sourced from Powell (1990) and Rippey & Rowland (1995).
Acacia conniana (broad-foliaged variety of A. acuminata) Jam Wattle
Acacia heteroclita
Acacia myrtifolia Myrtle Wattle
Agonis marginata
Allocasuarina trichodon
Allocasuarina huegliana Rock Sheoak, Sighing Sheoak
Andersonia sprengelioides
Anthocercis viscosa Sticky Tail-flower
Astartia fascicularis
Boronia crassifolia
Bossiaea dentata
Callitris tuberculata (formerly C. preissii ssp. verrucosa) Rottnest Cypress
Calocephalus brownii
Calothamnus quadrifidus One-sided Bottlebrush
Carpobrotus virescens Pigface
Cheilanthes austrotenuifolia Rock Fern
Dichondra repens Kidney-weed
Disphyma sp.
Dodonaea ceratocarpa Hop-bush
Enchylaena tomentosa
Eucalyptus conferruminata Bald Island Marlock
Eucalyptus cornuta Yate
Eucalyptus incrassata Ridge-fruited Mallee
Eucalyptus utilis (formerly E. platypus ssp. heterophylla) Coastal Moort
Eucalyptus sp. (E. cornuta / E. incrassata hybrid)
Eutaxia obovata
Frankenia tetrapetala Four-petalled Frankenia
Gastrolobium bilobum Heart-leaf Poison
Gonocarpus scordioides
Hakea clavata Coastal Hakea
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Hakea drupacea Sweet-scented Hakea
Hibbertia ulicifolia
Isolepis nodosa Knotted Club-rush
Leucopogon apiculatus Beard Heath
Leucopogon obovatus Beard Heath
Leucopogon revolutus Beard Heath
Leucopogon rotundifolius Beard Heath
Lobelia alata Angled Lobelia
Lomandra rigida
Melaleuca elliptica Granite Bottlebrush
Melaleuca lanceolata Moonah, Rottnest Island Teatree
Melaleuca viminea Mohan
Muehlenbeckia adpressa Climbing Lignum
Myoporum insulare Blueberry-tree, Boobiala
Olearia axillaris Coastal Daisy
Opercularia hispidula Hispid Stinkweed
Paraserianthes lophantha (formerly Albizia lophantha) Cape Wattle
Pelargonium australe Wild Geranium
Pimelea clavata
Pimelea ferruginea Rice-flower
Platysace compressa Tapeworm-bush
Rhagodia baccata Seaberry Saltbush
Senecio lautus Coastal Groundsel
Scaevola aemula Hand-flower
Sporobolus virginicus Maritime Couch
Spyridium globulosum Basket-bush
Stylidium adnata
Stypandra glauca Blind-grass (actually a lily)
Templetonia retusa Cockies’ Tongues, Templetonia
Tetragonia implexicoma Bower Spinach
Trymalium floribundum
Westringia dampieri

320

Appendix 4. List of birds sighted on Woody Island during this study. Sub-species are
included for Western races where applicable. C = commonly sighted (most days, but
seasonally variable), O = occasionally sighted, R = rarely sighted (less than five
occasions).
C Accipiter fasciatus Brown Goshawk
R Actitis hypoleucos Common Sandpiper
R Anthochaera carunculata Red Wattlebird
R Anthus novaeseelandiae bilbali Richard’s Pipit
R Apus pacificus Fork-tailed Swift
R Cacomantis flabelliformis Fan-tailed Cuckoo
R Cereopsis novaehollandiae grisea Cape Barren Goose
C Corvus coronoides perplexus Australian Raven
C Coturnix ypsilophora australis Brown Quail
R Egretta sacra Eastern Reef Egret
C Eudyptula minor novaehollandiae Little Penguin
O Falco cenchroides Nankeen Kestrel
R Falco longipennis Australian Hobby
C Haematopus longirostris Sooty Oystercatcher
C Haliaeetus leucogaster White-bellied Sea Eagle
C Hirundo neoxena carteri Welcome Swallow
C Larus novaehollandiae Silver Gull
C Larus pacificus georgii Pacific Gull
C Lichenostomus virescens virescens Singing Honeyeater
O Morus serrator Australasian Gannet
C Neophema petrophila petrophila Rock Parrot
C Pachycephala pectoralis Golden Whistler
R Pardalotus punctatus punctatus Spotted Pardalote
R Pelagodroma marina White-faced Storm Petrel
O Phalacrocorax carbo Great Cormorant
C Phalacrocorax fuscescens Black-faced Cormorant
C Phaps elegans occidentalis Brush Bronzewing
C Phylidonyris novaehollandiae longirostris New Holland Honeyeater
O Porzana tabuensis Spotless Crake
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O Pterodroma macroptera albani Great-winged Petrel
C Puffinus carneipes carneipes Flesh-footed Shearwater
C Stagonopleura oculata Red-eared Firetail Finch
O Sterna bergii Crested Tern
O Sterna caspia Caspian Tern
C Todiramphus sanctus Sacred Kingfisher
R Tyto alba Barn Owl
C Zosterops lateralis chloronotus Silvereye
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