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Quintessential Antarctica: Auster emperor penguin colony in mid-winter, showing milky~blue grounded 
ice bergs, pink twilight skies and 11,000 male emperor penguins (and a few 
distracted individuals) huddling for shared warmth. 
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ODE TO AN EMPEROR 

(originally to a mouse) 

I'm truly sorry man's dominion 

has broken nature's social union 

An' justifies the ill opinion 

which makes thee startle 

At me, thy poor earth-born companion 

An' fellow mortal 

- Robbie Burns (1785) 
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ABSTRACf 

1. The foraging ecology of emperor penguins was examined at two colonies on the 

Mawson Coast of Antarctica during the winter, spring and summer of 1988. The 

study sought to quantify the penguin's reproductive performances and chick 

mortality schedules, chick diet composition, energy intake and food consumption of 

adults and chicks, and adult hunting performance during the period of chick care. 

2. Several techniques commonly used for conducting ecological research on 

penguins were modified for use on emperors. These included techniques for: 

capture and restraint, measuring body masses, marking individuals for 

identification, sampling stomach contents, preventing liquid radio-isotopes from 

freezing in sub zero temperatures, handling adults during incubation and brooding, 

withdrawing blood samples and attaching dive recorders. The techniques are of 

particular relevance to field research conducted during the Antarctic winter. 

3. The population size and breeding success of emperor penguins at the Auster and 

Taylor Glacier colonies was estimated from winter photographs of incubating males 

and collections of abandoned eggs and dead chicks. At Auster a total of 10,963 

pairs produced about 6,350 fledglings for a breeding success of 58%. At Taylor 

Glacier about 2,900 pairs raised 1,774 fledglings for a breeding success of 61 %. 

Fledglings left Taylor Glacier over a period of 33 days at a mean mass of 10.56 kg. 

4. A validation study was conducted on the tritiated water (HTO) and sodium-22 

(22Na) turnover methods as estimators of dietary water and sodium intake by free

ranging emperor penguins. Penguins assimilated 76.2% and 81.8% of available 

energy in squid and fish diets, respectively. Both isotopes had equilibrated with 

body water and exchangeable sodium pools by 2 h after intramuscular injection. 

The tritium method yielded reliable results after blood isotope levels had declined 

by 35%. On average the tritium method underestimated water intake by 2.9%, with 

a range of -10.3% to +11.1%. The 22Na method underestimated Na intake on 

average by 15.9% with the errors among individuals ranging from -37.2% to -1.8%. 

Discrepancies with 22Na turnover were significantly greater with the squid diet 

than the fish diet. The results confirm the reliability of the tritium method as an 

estimator of food consumption by free-living emperor penguins (provided sea water 

and fresh water ingestion is known) and support the adoption of the 22Na method 
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to derive an approximation of sea water intake by tritiated emperor penguin chicks, 

and by tritiated adults on foraging trips of short duration. 

5. The diet composition of emperor penguin chicks was examined at Auster and 

Taylor Glacier colonies by water-offloading adults serially between hatching in mid

winter and fledging in mid-summer. Chicks at both colonies consumed a similar 

suite of prey species. Crustaceans occurred in 82% of stomach samples at Auster 

and 87% of stomachs at Taylor Glacier and were heavily digested; their 

contribution to food mass could not be quantified. Fish, primarily bentho-pelagic 

species, accounted for 52% by number and 55% by mass of chick diet at Auster 

and squid formed the remainder. At Taylor Glacier the corresponding values were 

27% by number and 31% by mass of fish and 73% by number and 69% by mass of 

squid. Of the 33 species or taxa identified the fish Trematomus eulepidotus and the 

squid Psychroteuthis glacialis and Alluroteuthis antarcticus accounted for 64% and 

74% of the diets by mass at Auster and Taylor Glacier respectively. The sizes of 

fish varied temporally but not in a linear manner from winter to summer. Adult 

penguins captured fish ranging from 60 nun (Pleuragramma antarcticum) to 250 nun 

(T. eulepidotus) in length and squid (P. glacialis) from 19 nun to 280 mm mantle 

length. The length-frequency distribution of P. glacialis showed seasonal variation 

with the size of squid increasing from winter to summer. The energy density of 

chick diet mix increased significantly prior to fledging. 

6. The energy requirements and food consumption of emperor penguin chicks during 

their 150-day development was studied at Auster and Taylor Glacier colonies by 

means of doubly labelled water (3H2180)-derived estimates of field metabolism 

and measurement of tissue energy accumulation during growth. Growth rates to 

asymptotic mass ranged from 19 g.d-1 for brooded chicks to 74 g.d-1 for chicks 

mid-way through their development. Tritiated water derived feeding rates ranged 

from 199 g.kg-1 d-1 for brooded chicks to 44 g.kg-1.d-1 for pre-departure fledglings, 

which were fed a sub-maintenance ration following attainment of asymptotic mass. 

Mass-specific field metabolic rates declined from 583 kJ.kg-1.d -1 for chicks 

weighing about 1 kg to 323 kJ.kg-1.d-1 for chicks near to asymptotic mass (c 12 kg). 

Field metabolism scaled on body mass was best described by FM = 0.446 MO.91 (r2 

= 0.74; n = 32), where FM is field metabolism (MJ.d-1) and M is chick mass (kg). 

The relationship was statistically indistinguishable from tritiated water-derived 

estimates of FM for chicks fed a ration suitable for maintenance (growth excluded) 

only. An 'average' chick expended a total of 444 MJ metabolized energy during 

development, which consisted of 125 MJ accumulated in new tissue and 319 MJ 
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expended for maintenance. Food intake to satisfy total metabolized energy was 84 

kg, which represents the amount of food required to produce an emperor penguin 

chick from hatching to independence. Based on this estimate and knowledge of 

chick diet composition, chicks at Auster and Taylor Glacier colonies consumed an 

estimated 648 tonnes and 290 tonnes of food, respectively, during the 1988 

breeding season. 

7. The food and energy requirements of adult emperor penguins parenting chicks 

were examined at Auster (about 11,000 pairs) and Taylor Glacier (about 2,900 

pairs) colonies during the winter, spring and summer of 1988. Tritiated water

derived estimates of adult food consumption trebled during the five-month period 

of chick care. For birds at sea, estimates ranged from 89 g.kg-1.d -1 (2.3 kg.d-1) in 

winter when chicks were < 5 % of adult mass, to 259 g.kg-1.d-1 (6.3 kg.d-1) in 

summer, when chicks represented 40 - 50% of adult mass. These food consumption 

rates were equivalent to the acquisition of 440 kJ.kg-1 d-1 (11.4 MJ.d-1) and 1,380 

kJ.kg-1.d-1 (33.4 MJ.d-1) metabolizable energy in winter and summer respectively. 

Chick provisioning was not accompanied by a major increase in food consumption 

by adults. Adults assimilated 85-92% of their daily food intake themselves and 

retained the remainder for the chick. The food ration of chicks for the three seasons 

(648 tonnes at Auster) constituted only about 6% of the total food intake by the 

adults during the same period. In spite of this, adults appeared to be operating 

near their maximum food gathering capacity when raising chicks. Adults consumed 

an estimated 482 kg of food (including the ration for the chick), which amounts to 

about 10,615 tonnes and 2,800 tonnes of fish and squid consumed by the breeding 

populations at Auster and Taylor Glacier, respectively. 

8. The diving performance of adult emperor penguins was examined in winter, 

early spring, late spring and summer. These seasons coincided with the brood, 

creche, mid-growth and pre-fledging stages of chick development, respectively. The 

distribution in the water column of modal depths did not appear to be affected by 

season. Mean maximum dive depth (53-66 metres) was similar for all four seasons, 

as was mean maximum dive duration (2.8-4.1 minutes). Maximum depths and 

durations of individuals in the four groups ranged from 130-460 metres and from 

6.2-22.0 minutes, respectively. Diving was restricted to daylight and twilight, and 

dive rate increased as day length increased, from 64.1 ± 26.9 dives/ day in winter to 

131 dives/day in summer (one individual). Deep dives occurred at any time of the 

day, not only during periods of peak light intensity. The large proportion of 

ben tho-pelagic prey in the emperors' diet, combined with knowledge of their dive 
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patterns, suggests the emperors' hunted prey in the meso-pelagic region of the water 

column, including on the sea bottom of the continental shelf. The penguins' prey 

composition, prey habitat, marine topography, seasonal changes in the fast-ice and 

the birds' diving performances are used to make some basic estimates of the 

foraging locations and prey capture rates of emperor penguins. 
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CHAPTER 1: INTRODUCTION 

With the purpose of setting the stage for the chapters that follow, this section 

includes a brief description of the emperor penguin yearly cycle, a summary of the 

present state of knowledge on emperor penguin biology (so the current work can be 

placed in historical and biological perspective) and the overall aims of the study 

and structure of the thesis. A systematic review of the literature has not been 

included in this introduction because the literature on penguins in general, and 

emperor penguins in particular, has been cited extensively in the appropriate 

sections of the thesis and to review it again would be unnecessarily repetitive. For 

this reason the themes of previous studies, rather than the details of their findings, 

are mentioned below. 

The breeding cycle of emperor penguins is only briefly described, because various 

aspects of the cycle (but not the entire cycle) central to each chapter are summarised 

in the appropriate sections of the chapters that follow. However, compared to other 

bird species the annual cycle of emperors is extraordinary, and for the work that 

follows to be placed in context with respect to the range of activities exhibited by 

emperors during the course of the year, a description of the penguins' annual 

calendar is included below. 

Understanding of the annual cycle of emperor penguins relies mostly on 

observations of birds at the Pointe Geologie colony (66°40'5; 1400 01'E) as reported 

by Prevost (1961), Mougin (1966) and Le Maho (1977). The breeding cycle lasts nine 

months, but extends to a full year when adult pre- and post- breeding maintenance 

requirements are included. The breeding period is inextricably linked to the annual 

setting and breaking out of the fast sea-ice on which the penguins establish their 

colonies, and this places time limits on the extent of the various stages in the annual 

cycle. For simplicity the cycle can be divided into the summer maintenance period, 

the autumn pre-nuptial period, the winter incubation period and the chick rearing 

period. 

For birds that bred successfully the previous year, the summer maintenance period 

begins in late December or early January with a 30 day stint at sea when adults re

build their energy reserves in preparation for the moult. Following the moult, 

which lasts about 20 days, the birds fatten again at sea in preparation for the pre-



2 

nuptial and incubation fast. Because of their differing roles in the breeding cycle 

the males accumulate greater amounts of fat than females, and their mass may 

exceed 40 kg when breeding commences. Adults assemble at their colony sites in 

late March for a six week pre-nuptial period (courtship, pair formation and mating) 

which culminates in egg laying (mid May) and departure of the females for the ice 

edge. The exodus of the females signals the commencement of the winter 

incubation fast for the male emperors, which incubate the egg on their feet and live 

off their fat reserves for a further 65 days. Shortly after hatching, in mid-July, the 

chick rearing period commences. The females return from the winter at sea and 

assume brooding duties from the males, which depart the colony for about 20 days 

to forage for their own maintenance and to deliver food to the chick. By alternating 

between colony and ocean, the male and female share the brooding duties until the 

chick reaches about 50 days of age, by which time it is thermally self-sufficient and 

can be left in a creche on the sea ice. For the next 100 days both parents conduct a 

shuttle service between colony and ice edge foraging for their own maintenance 

and ferrying food to their chick. The chick rearing period ends with the departure 

of fledglings for the ice edge in mid-December. Adults then fatten at sea in 

preparation for moulting, and the cycle begins all over. 

Knowledge of the biology of emperor penguins extends to all the main disciplines 

in the biological sciences: distribution and abundance, natural history, population 

biology, ethology, physiology and ecology. Scientific investigation into the biology 

of emperor penguins commenced in 1902 when Edward Wilson visited the Cape 

Crozier colony (77°31'S; 169°23'E) and described for the first time many of the 

features that characterise the penguins' breeding cycle and behaviour (see Wilson 

1907). This pioneering study doubtless put emperor penguins on the avian map as 

being worthy of further scientific investigation, but four decades elapsed before the 

next substantial work, that by Stonehouse (1953) on breeding behaviour and chick 

development, was published on emperors. Presumably the isolated location of 

most emperor colonies on the Antarctic coast and the lack of permanent 

overwintering stations hindered the development of systematic study of the 

penguins biology. This changed in the early 1950s when France established a 

permanent overwintering station at Dumont D'Urville, ostensibly to study the 

emperors at the Pointe Geologie colony, which was conveniently situated only 

about 1 km from the station. 

Compared to other birds emperor penguins are extraordinary; they are the most 

cold adapted bird species (Jouventin 1971) and some of their behavioural and 
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physiological characteristics are either unique or developed in the extreme. Some of 

the attributes that typify the species are the four-month pre-nuptial and incubation 

fast (unparalleled among birds), the capacity to breed in the Antarctic winter and 

spring, social thermoregulation by huddling, year-round residence in the extreme 

high latitudes, the breeding pattern adapted to the timing of the annual flux of the 

sea-ice, and the absence of fixed territories as a key element in the penguins' social 

organisation. These characteristics emphasise a highly specialised social structure 

and a physiology adapted to energy sparing in the face of extreme cold. It is not 

surprising, therefore, that the work that unfolded at Pointe Geologie (and at other 

colonies later on) reflected an interest by researchers in the behavioural and 

physiological attributes of emperor penguins that enabled them to raise young in 

the severe cold of the Antarctic winter and spring. 

From the early 1950s research focussed on assessments of the penguins' breeding 

habits and ecology (e.g. Prevost 1961, 1963; Mougin 1966; Isenmann 1971), and 

factors affecting adult and chick mortality (prevost 1958). Much of what is 

currently known about the events in the penguins' yearly calendar and the 

consequences of chick rearing in winter sterns from these early investigations. This 

work was followed by detailed examination of the eco-ethology of emperor 

penguins during the breeding cycle (e.g. Isenmann 1971, Isenmann and Jouventin 

1970; Jouventin, Guillotin and Cornet 1979; Jouventin 1971, 1982) and further 

investigation into the factors affecting adult and chick survival (Jouventin 1975; 

Todd 1980). Studies of the social behaviour of emperors were particularly thorough 

and systematic, and as a consequence knowledge of emperor penguin ethology 

(and its ecological consequences) is one of the most well developed fields of 

emperor penguin research. Another well developed field of research concerns the 

metabolic and thermoregulatory aspects of emperor penguin physiology, 

particularly the physiology of energy use during the penguins' extensive pre

breeding and incubation fast (see reviews by Le Maho 1977, Jouventin 1982 and 

Groscolas 1992). These physiological studies were also particularly thorough, and 

would rank among the most advanced in the field of cold-ocean seabird science. 

Allied to these behavioural and physiological studies have been investigations into 

the penguins' distribution and abundance, conservation status and breeding 

habitats. Outstanding among these is the early work by Budd (1961, 1962), who 

described the breeding habitats and abundances of emperors breeding along the 

Mawson Coast, the work by Kooyman and Mullins (1990), Kooyman et al. (1990) 

and Kooyman (1993) for emperor penguins breeding on the western flank of the 
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1,0." St;~l, ~llld thl! long-term popul<ltion work at the Pointe Geologie colony 

(,;ullllll~lri,;ed injouvl!ntin and Weimerskirch 1990). A recent summary (Woehler 

lYY3) ((llbt.cs illlthl! availilble inform<ltion on the distribution and abundance of 

<.:Illperur penguins, ancllists about 200,000 pairs residing in about 42 colonies. 

Thl! Hnal fidels of investigation of note concern work on emperor penguin diet 

composition and diving behaviour and physiology. Studies of the penguins' diet 

composition are patchy, being restricted to birds at only three colonies (see 

l\obl!rtson dill. 1994) and span less than half of the five-month period of chick care 

(the period of time when ad ults are most tractable with respect to dietary 

examination). The reasons for this are probably logistical, reflecting the remoteness 

of most emperor penguin colonies from permanent Antarctic stations. Work on the 

diving performances of emperor penguins dates back to the early 1970s (e.g. 

Kooyman et Ill. 1971), but progress in this field of research has been hindered to 

some extent by the large size of the instruments used to collect data. This has 

changed in recent years with the development of electronic microprocessors that are 

ideally suited to the large size of emperor penguins. To date however, except for 

the physiological study by Kooyman et al. (1992a) and numerous reviews (e.g. 

Kooyman [1975; 1989], Kooyman and Davis [1987] and Kooyman and Ponganis 

[1990], little work has been done on the diving performance of emperor penguins 

and it would be fair to say that this area of investigation is still in its infancy (this 

situation is likely to change in the near future as several studies on emperor 

penguin diving behaviour are currently underway). 

The summary above emphasises the attention paid in previous research to studies 

on the nature of the emperor penguin's breeding cycle, numbers, distribution and 

breeding habitats, social behaviour, and the physiology of thermoregulation and 

fasting during reproduction. Conspicuous by its absence from this list is a 

systematic examination of the penguins' foraging ecology. Studies of this nature are 

particularly relevant in current times because of the potential effects on the 

emperors of commercial exploitation of marine resources in their foraging waters. 

Emperor penguins are important top predators in the pack-ice zone of the Southern 

Ocean and consume large quantities of prey species that are also harvested for 

commercial purposes (e.g. Kailola et al. 1993 and references therein). For 

commercial fisheries are to be managed for sustainability over the long term a 

comprehensive understanding of the dynamics of the marine system will be 

required, including the foraging and reproductive performances of the main top 

predators. Without this understanding the impact on emperors of natural 
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fluctuation in the marine system cannot be determined, nor can the likely impact of 

existing or potential commercial fisheries exploitation be assessed. 

This thesis examines the foraging ecology of emperor penguins breeding at the 

Auster and Taylor Glacier colonies on the Mawson Coast of Antarctica. The 

Mawson Coast is a stronghold for emperor penguins and affords relatively easy 

access to colonies during the main stages of the birds breeding cycle. Data were 

gathered over a 14 month unbroken period during 1988 and early 1989. Due to the 

intractability of the birds during summer, when their sea-ice colonies break up and 

disappear, the study began when the sea-ice formed in early May 1988 and ended in 

mid January the following year, by which time most of the chicks had fledged. This 

period spanned the late courtship, egg laying, winter incubation and the entire 

chick production phases of the penguins' yearly cycle. It is the latter stage in the 

cycle that forms the main focus of this study. 

The aims of the study were to determine: 1) the population size and reproductive 

success of emperor penguins breeding at Auster and Taylor Glacier, 2) the energy 

assimilation efficiency of emperors digesting separate diets of fish and squid, 3) the 

size and direction of the error associated with isotope dilution estimates of food and 

energy intake by emperors, 4) the species composition and energy density of the 

chicks' diet from hatching to independence, 5) the food and energy consumption of 

chicks, 6) the food and energy use of adults for self maintenance and chick 

production and, 7) the diving performances of adults during the five-month period 

of chick care. 

The chapters in the thesis are presented in sequence according to the relevance of 

the findings of each chapter to the theme addressed in the ensuing chapter. 

Chapter 2 describes many of the the methods used during the course of the study. 

Because of the nature of the field work, emperor penguin behaviour and the 

environment, some of the techniques commonly applied to seabirds required 

modification for use with emperors and some facets of the work were streamlined 

by the development of entirely new techniques. Chapter 3 determines the number 

of breeding couples at Auster and Taylor Glacier colonies, their respective 

reproductive performances and the mortality patterns of chicks that perished 

during the course of the year. This chapter provides information essential to the 

ecological interpretations made in subsequent chapters, particularly Chapters 6 and 

7, which address the food and energy requirements of the populations during the 

breeding season. 
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Chapter 4 describes experiments pertaining to the energetics studies that follow in 

later chapters. The purpose of these experiments was to minimise the use of text

book values and assumptions in the calculation of the penguins' energy utilisation. 

The experiments determined the energy assimilation efficiency of emperor 

penguins digesting separate diets of fish and squid and quantified the error 

associated with isotope dilution derived estimates of food consumption by the 

penguins. This information enabled isotopically-derived estimates of field 

metabolism to be converted into determinations of chick food consumption 

(Chapter 6), and estimates of food consumption to be converted into assessments of 

adults' energy expenditure at sea (Chapter 7). 

Chapter 5 examines the overall prey species composition, seasonal trends in the 

species array and energy density of the diet of emperor penguin chicks during their 

development. This work is a fundamental component of the penguins' foraging 

ecology and underpins the energetics work on emperors and the assessment of prey 

consumption rates at the population level. Chapter 6 focuses on the ecological 

energetics of emperor penguin chicks during their five-month development period. 

It examines the chicks' food and energy consumption, body composition changes 

and energy budget during growth. Chapter 7 was conducted simultaneously'with 

Chapter 6 and addresses the food consumption rates and energy metabolism by 

adults for self maintenance and chick production. 

Chapter 8 examines aspects of the diving performance of adults hunting prey for 

self maintenance and to sustain their chick. The work in this chapter is closely 

linked with the results of Chapter 7, since most of the adults studied in the latter 

chapter were also fitted with dive recorders. In order to maximise the integration of 

the work in the various chapters, the data presented in Chapter 8 does not dwell on 

the peculiarities of emperor penguin diving activity for the sake of developing 

understanding on this aspect of their behaviour. Rather, it focuses on those aspects 

of the emperors' diving performances that have ecological relevance to the work 

presented in earlier chapters. 

Finally, the thesis concludes by summarising the main findings of the study and by 

suggesting fertile areas for future research on emperor penguins. 
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1.1 Thesis presentation 

Part of this thesis has been prepared as separate papers and this has inevitably led 

to a certain amount of repetition in the Methods sections of some chapters. 

Chapters 2, 3, 4 and 5 have been published previously and are presented minus 

their abstracts and reference lists, which have been incorporated into the abstract 

and reference list for the whole thesis. Where co-authors were involve in a 

published chapter they are credited, along with the particulars of the journal, as 

footnotes on the title page of each chapter. In all such chapters I was the senior 

author having been responsible for the data collection in the field, the analysis of 

the data and the preparation of the manuscripts. 
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CHAPTER 2: SOME FIELD TECHNIQUES FOR ECOLOGICAL RESEARCH 

ON EMPEROR PENGUINS1 

2.1 INTRODUCTION 

The emperor penguin Aptenodytes forsteri is by far the largest and mos t powerful 

seabird. Adults stand as tall as 115 cm and weigh up to 40 kg at the beginning 

of the reproductive cycle (Prevost 1961). They breed through the Antarctic 

winter under the most severe weather conditions experienced by any bird, with 

ambient temperatures as low as - 35°C and even - 60°C when wind-chill is 

considered. Because of the harshness of the Antarctic winter the emperor 

penguin is probably the most difficult species of penguin to study, for the 

conditions they experience must also be experienced by the people studying 

them. 

Many of the field techniques considered to be standard in ecological research for 

other species of penguin involve an added degree of difficulty, particularly for 

the inexperienced researcher, when applied during winter. The practical nuances 

of research methodologies are rarely reported in the seabird literature, yet they 

may have an important bearing on the outcome of field research on emperor 

penguins and may even limit the scope of the research at the experimental design 

stage. 

The purpose of this paper is to describe methods adopted during a 

comprehensive study of the feeding ecology of emperor penguins. The study 

sought information about the birds' diet composition (by stomach flushing), food 

and energy consumption (by isotope turnover) and foraging parameters (by 

attachment of time-depth recorders and radio transmitters) during 1988 at the 

Auster (67°23'5; 64°02'E) and Taylor Glacier (67°28'5; 600 53'E) colonies near 

Australia's Mawson station (67°36' 5; 62°53' E). The methods described are 

intended to minimise any stress experienced by emperor penguins when handled, 

reduce personnel requirements in the field and increase the efficiency by which 

research questions can be answered. The difficult task of counting emperor 

1Published in Marine Ornithology, 19: 91-101, (1991) 



9 

penguins, an important part of ecological research on this species, will be 

considered in a later paper. 

2.2 DESCRIPTION OF TECHNIQUES 

2.2.1 Catching and restraining emperor penguins 

A total of 572 adults and 443 chicks were caught for various reasons during the 

study. To minimise disturbance to the colony, whenever possible individual 

adults were caught several hundred metres to seaward of the colony as they 

travelled to or from the ice edge. Adults and chicks were caught on all surfaces 

normally experienced during the annual flux of the sea-ice: polished sea-ice 

(stripped bare of snow by wind), rafted sea-ice, sea-ice covered by hard-packed 

snow and sea-ice covered by deep snow. On all surfaces apart from the latter 

emperor penguins were caught by one person with little difficulty, even on 

polished sea-ice without the use of crampons. On deep snow however, 

tobogganing emperor penguins can outpace a person, and on this surface birds 

were usually caught by two people. 

Individual adults were caught by tackling them rugby-style (taking care not to 

land on the bird) as they tobogganed on the sea-ice. Most penguins were caught 

after pursuits of less than about 20 metres; longer chases were abandoned for 

fear of unduly stressing the birds. An alternative and perhaps less stressful 

method of capture would be to immobilise the penguin in the standing position 

with a "shepherds crook" attached to a 2 metre long handle (G. Kooyman 

personal communication). Once stationary the penguin can be approached by 

the researcher and physically restrained. 

When many adults were required they were caught by herding them into an 

enclosure made from sections of a portable sheep yard (McShane, Australia) 

which is self supporting when erected, light in mass, and collapsible. These 

features meant that an enclosure of almost any shape (including circular, which 

allowed the birds to move unimpeded by comers) or size could be quickly and 

easily built. The yard consisted of numerous detachable panels, each of two 

hinged 186 cm x 96 cm sections weighing 23 kg. Since emperor penguins are 

inclined to follow one another when moving on the sea-ice two or three people 

could shepherd groups of 20 or so birds into the yard at once. Creche-stage 

chicks were caught by assembying sections of the sheep yard around them as 
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they huddled on the sea-ice. Single chicks were caught with a long handled (3 

metre) butterfly net. 

Following their capture, the penguins were restrained for experimental purposes 

in a heavy duty cone-shaped canvas bag (Fig. 2.1). Adults less than about 30 kg 

were restrained in a bag 80 cm in length and 18 cm and 50 cm in diameter at the 

narrow and wide ends respectively. The bag for pre-incubation males and 

moulting birds, which were fatter than adults feeding chicks, exceeded these 

measurements by 2 cm and 5 cm at the narrow and wide ends respectively. 

Each bag was slightly oversized so if necessary it could be folded over the 

restrained bird's head to cover its eyes, which tended to subdue it. The ends of 

the bag were reinforced by rope sewn into the canvas and metal eyelets were 

placed around the wide end as attachment points for weighing scales. Chicks up 

to about 1 kg (c. 2 weeks of age) were handled in a calico bag; those between 1 kg 

and 3 kg were restrained in bags as for adults, but 50 cm in length and 12 cm 

and 30 cm in diameter at the narrow and wide ends respectively. 

2.2.2 Weighing emperor penguins 

Emperor penguins can be weighed by suspending them from a scale by hand, 

from a scale under a tripod (Klages 1988), or by standing them on a platform 

balance (Le Maho et al. 1976). Because of their height and mass emperor 

penguins are difficult to suspend and the procedure usually requires more than 

one person. The one-person weighing system (Fig. 2.1) consists of a 1.5 m long 

metal bar placed over the operator's shoulder and joined by a rope to a foot 

plate anchored to the sea-ice by the weight of the operator. The penguin is slung 

from weighing scales positioned in front of the operator as shown in the figure. 

The technique was particularly useful when the body masses of large numbers of 

penguins were required (eg. mass of arrival or departure). 

To reduce stress on the birds during handling it is important to restrain emperor 

Penguins in postures that are natural to them, either upright on their feet or prone 

on their ventral surface. Penguins restrained on their backs struggled more 

vigorously than those held in the postures above, and this could be expected to 

have increased the trauma experienced by the birds. 



Fig. 2.1 A one-person weighing system for emperor penguins. 
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2.2.3 Marking emperor penguins for identification 

For identification purposes adults were marked with a numbered aluminium 

flipper band, and the feathers on their ventral surface (above the snow line when 

they tobogganed on the sea-ice) was sprayed red with 'Super Enamel' paint 

(Dulux Australia Ltd.) . During the colder months the paint froze moments after 

application but even so residues of it were still evident, as a pink flush through 

the plumage, up to 60 d later when the penguins had completed at least two 

foraging trips at sea. The frozen paint was ignored by the birds and presumably 

had little effect on the insulation properties of their feathers. However, in 

summer the paint did not freeze on application and the birds attempted to preen 

it from their feathers. Therefore this type of marker is probably useful only in 

temperatures low enough to ensure the paint freezes quickly when applied. 

Nyanzol-D (Belmar Inc., Massachusetts, USA) might be a more suitable marker, 

though more difficult to use than aerosol paint, since it reputedly does not affect 

feather structure and lasts several months on foraging emperor penguins (G.L. 

Kooyman pers. comm.). 

The flipper bands used were designed especially for use on emperor penguins 

and were suitably loose on adults during the incubation and chick feeding stages 

of the reproductive cycle, but scarcely fitted around the swollen flippers of 

moulting adults. Since bands of the correct size would be too large for non

moulting penguins conventional flipper bands should not be used as a permanent 

marker for emperor penguins. Flipper bands could probably be used as 

temporary markers on foraging birds provided they can be removed well before 

the moult cycle commences. Note, however, that the chances of recapturing 

banded birds late in the chick-rearing period will be low, because emperor 

penguins attending large chicks spend most of their time at sea feeding and visit 

the colony to feed their chick for a few hours only. Furthermore, they may not 

return to the colony at predictable time intervals, especially if they were 

traumatized by capture and handling during the experimental procedure. 

In studies where it is necessary to temporarily band moulting penguins the bands 

should be designed to accommodate the bandable portion of an emperor 

penguin's flipper of these dimensions (mean values, s.d. in parentheses, n = 4): 

circumference 134 (4.8) rnm, width 56.2 (2.8) mm, thickness at leading edge 22.3 

(2.8) mm and thickness at trailing edge 15.9 (2.6) mm. These measurements were 
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of flippers where the swelling appeared to have peaked, and a comfortable band 

should exceed these dimensions by at least 2 mm. 

The flippers of experimental chicks were marked for temporary identification 

with Velcro hook and loop nylon fasteners (Linkron Pty. Ltd., Australia). These 

are available in a range of bright colours that are easily observed in the colony, 

are adjustable to accommodate flipper growth and can be numbered with a felt 

tipped pen. 

2.2.4 Procuring stomach contents 

During this study 153 adult emperor penguins were stomach flushed for an 

analysis of diet composition using the water flushing technique of Wilson (1984). 

To flush their stomachs I used a manually operated Handy Pump (Marshall 

Electronics Inc., USA), although any pump capable of pumping water would 

probably suffice (see Wilson 1984). The seawater was heated to c. 20°C in a 

bucket with a high pressure gas burner and during the colder months of the year 

the pump was kept in the bucket throughout the operation to prevent the water 

in it from freezing. Water was pumped into the penguin's stomach through a 10 

mm diameter (7 mm internal) Tylon (Imamura Rubber Co., Ltd., Japan) tube 

which was extended 90 cm from bill tip to stomach. PVC plastic tubing was too 

brittle in the cold and silicone tubing was too soft. 

With the water flushing technique it is especially important not to overfill the 

penguin's stomach. Of the 153 adults stomach flushed four died (a further three 

were distressed to the extent that the procedure was abandoned and the birds 

released) from ruptured stomachs due to overfilling. An excessive quantity of 

water was introduced because the food mass (and, in the case of subsequent 

flushings, food and unregurgitated water), and therefore the volume remaining to 

capacity, was not properly considered. The mass of food in an emperor 

penguin's stomach not only varies seasonally but between birds within a season 

(Robertson et al. 1994), which makes it difficult to rely on results of previous 

sampling to estimate the free space in a penguin's stomach. In spite of this, the 

bird's life will not be jeopardised if the food mass is manipulated through the 

wall of the abdomen (to gain an appreciation of stomach fill) before each 

episode of stomach flushing, and if the volume of water introduced is 

conservative. Filling birds until overflowing (eg. Offredo & Ridoux 1986, Klages 

1989, and initial birds sampled here) leaves no margin for error should the 



13 

penguin resist the urge to regurgitate. In this event the only warning the bird's 

stomach may be reaching capacity and may rupture is the back pressure felt in 

the pump, which may be minimal and would require an alert operator to detect. 

The risk to the penguin might be reduced by restraining it in the horizontal 

position, thereby reducing the pressure head of water in its stomach. 

As a general guide the female returning to the colony at the commencement of 

chick feeding in July with a mean wet food mass of 1027 g (n=24 birds) in their 

stomachs were flushed with up to 51 of water, and in December adults that were 

returning with a mean of 2174 g (n=12) of food in their stomachs to feed chicks 

two weeks prior to fledging were given up to 3.51 of water. These estimates are 

conservative, since they are based on the largest food mass for each period, not 

on the mean food masses shown above. 

A penguin inverter (Fig. 2.2) was developed to reduce operator effort and stress 

on the birds during stomach flushing operations. The inverter is a metal frame 

supporting a cradle shaped to accommodate an emperor penguin (ie. wide at the 

base, narrow at the top). The cradle is lined with a mattress of sponge rubber 

embedded in canvas (which prevents the bird from destroying the sponge with 

its feet) attached to the cradle by cable ties to protect the bird and supported on 
o 

either side by a stub axle around which it can pivot through 180 . A locking 

device on the side nearest the operator locks the cradle in either upright, 

horizontal or inverted positions. The uprights are joined by a foot plate which 

prevents the bird from falling out of the cradle when in the upright position. (In 

practice emperors rarel y stood on this, preferring instead to cling by their toes to 

the bottom rung of the cradle). The penguin is held in the cradle by four webbing 

straps which pass over the bird's back from one side of the cradle to the other, 

and fastened by Velcro. The vertical positions of both foot plate and cradle in 

the frame can be adjusted to suit the operator, and the cradle and uprights can 

be removed for transporting. 

To operate the inverter an emperor penguin, restrained in a bag, is placed in the 

cradle locked in the horizontal position. The cradle is then pivoted into the 

upright position and the stomach of the bird filled with warm water adopting 

the normal procedure for the water flushing technique. When enough water has 

been administered the tube is removed and in a single movement the bird is 

rotated through 150
0 

over a bucket. With both hands the operator holds the 

bird's bill open, extends the neck and massages with a finger the sphincter inside 
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Fig. 2.2 The penguin inverter showing an emperor penguin in the upright and inverted 
positions. Lettering shows points for adjustment or detachment (A), foot plate (8), stomach 
pump (C) and cradle locking device (0). 
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the bird's throat to allow free passage of the stomach contents. A t the same time 

a second operator, usually the person pumping the water, applies pressure to the 

bird's stomach (upside down at this stage) through the open end of the bag. The 

penguin then disgorges its stomach contents into the bucket. 

The advantage of the inverter over more conventional methods is that it supports 

the bird's mass, is less tiring for the operator and completely immobilises the 

penguin, thereby eliminating the time spent restraining the bird. This halves the 

time spent flushing the stomach, reduces the trauma experienced by the bird and 

requires only two people instead of three. The inverter would be most suitable 

for use on emperor penguins, because of their size and strength, but could be 

used effectively on king penguins A. patagonicus, which are also large and 

difficult to restrain. In addition the inverter can be used to restrain birds during 

the attachment of dive recorders and other devices to the their plumage, and 

with minor modification to the cradle to allow access to a flipper could be used 

to restrain birds while blood samples are taken. 

2.2.5 Keeping radio-isotopes liquid in sub zero temperatures 

Tritiated water (3H20), sodium-22 (22Na) and Oxygen-18 are used commonly 

on seabirds to estimate their rate of food and energy consumption (Green & 

Gales 1990). Water is used as a carrier for these isotopes and they are usually 

transported in the field in glass bottles shielded by tin or lead. When used in 

Antarctica, where ambient temperatures in winter often fall below -30°C, liquid 

isotopes must be treated with special care to prevent them from freezing, which 

could lead to breakage of the glass containers and contamination of the 

surrounding environment. 

The isotopes were prevented from freezing by housing them in a heated wooden 

box. The 50-cm square box was made of 12-mm marine plywood and lined with 

10-cm of polystyrene foam. The bottles were contained in a 20-cm square core in 

the centre of the box and this area was encircled by 20 m of Auto Trace 

(Chemelex, USA) self-limiting heater strip (thermal rating 24 W 1m) which was 

connected to a portable generator. Heating the central core for just 20 minutes 

° per day maintained the isotopes above 5 C. An 8-kg brass disc, which could be 

heated on a camping stove, was embedded in the polystyrene under the isotopes 

in case the generator failed. 
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Inside the box the isotopes were shielded in pots made from 15 kg of lead (which 

themselves retained heat) with a central core large enough to hold a 100-ml glass 

bottle of sterile water commonly used to dilute isotopes to working strength. The 

25-mm thick walls of these lead pots cut the emission strength of 22Na, an 

emitter of gamma radiation, by a factor of twenty. 

2.2.6 Handling incubating adults 

Incubating males were injected with tritiated water, weighed and blood samples 

and body masses taken serially after release to estimate their rate of mass and 

fat loss during the incubation fast. Initially six males were weighed in the 

inverted position and restrained on their backs to draw blood samples from the 

ventral surface of the flipper. This procedure caused all the birds to struggle 

violently and lose their egg; three birds stepped on their egg during restraint while 

three birds retained their egg but were distressed by handling to the point that 

they abandoned it on release. 

Egg loss, and presumably the stress experienced, was reduced by handling the 

penguins in the upright position. The bag was placed over the bird and tied off 

beneath it, taking care not to displace the egg from the penguin's feet. The bird 

was then weighed by attaching the scales to the top of the bag. Of 10 birds 

handled in this way eight retained their egg; the remaining two birds 

overbalanced during handling which caused them to spread their legs and lose 

their egg. An alternative method would be to weigh incubating males on a 

platform balance (Jarman 1973, Le Maho et al. 1976), which would eliminate the 

need to lift them from the ground. Whichever technique is used, egg loss can 

probably be reduced if the penguins to be weighed are selected by subjective 

appraisal of their temperament, as discussed below for emperor penguins 

brooding small chicks. 

Regarding eggs abandoned during handling, male emperor penguins would rarely 

retrieve an egg if it was simply placed on the sea-ice a few metres in front of 

them. Of six birds that abandoned their egg when handled, five retrieved their 

egg when it was rolled across the sea-ice between their feet. This prompted the 

bird to scoop the egg onto its feet and into its brood pouch with its bilL Egg 

rolling was carried out inside the enclosure (so adults could not mingle with 

others in the colony) on smooth sea-ice with the person rolling the egg prone so 
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the receiving birds attention would be focused more on the egg than on the 

person rolling it. 

2.2.7 Handling adults brooding chicks 

To estimate food and energy consumption of brood-stage chicks with 

isotopically labelled water, chicks were taken from their parent's brood pouches 

on three occasions (ie. for isotope in jection and to collect two subsequent blood 

samples). However, removing chicks distressed the brooding adults and they 

would not recover their chick on release. In July and August abandoned chicks 

died from exposure in a few minutes. 

Subsequently, brooding adults were selected from the colony by subjective 

appraisal of their temperament while herding them into the enclosure, and by 

their reaction once in the yard; only birds that appeared to be "good parents" 

were selected. Typically these birds were in good body condition, shuffled 

slowly over the sea-ice even when prompted to move more quickly, paid 

repeated attention to their chick by bowing toward it and vocalizing, reacted 

aggressively to the person shepherding them and were not obviously distressed 

by being locked in the yard. Once in the yard adults were restrained in the 

standing position with the bag over their upper bodies while the chick was 

removed from their feet. Of 17 adults selected in this way 15 endured three 

bouts of chick removal and replacement, and appeared to feed their chick 

normally throughout the eight-day duration of the experiment. Note, however, 

that this selection procedure may bias toward older, more experienced breeders 

and may yield results that do not necessarily representthe chick-feeding 

behaviour of the adult population (see below). 

As a precautionary note, emperor penguins are particularly sensitive to 

disturbance during the incubation (when the male carries the egg on its feet and 

huddles with other males to conserve body heat) and chick brooding stages of 

the reproductive cycle. Males should not be disturbed during incubation. 

Disturbance will cause huddling birds to separate and release entrapped heat, 

and cause eggs to be lost if the birds are prompted to walk too quickly away 

from the source of the disturbance. During brooding, which extends for about 

two months from hatching, adults accidentally frightened into walking too 

quickly may spill their chick onto the sea-ice where it may freeze to death or be 

captured by a nonbreeding bird. These chicks are usually abandoned and die 
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(Jouventin 1975). Special care should be exercised by researchers and 

expeditioners when visiting emperor penguin colonies during these two stages of 

the reproductive cycle. 

2.2.8 Collecting blood samples 

As for other species of penguin, blood samples from emperor penguins are 

usually drawn from veins beneath the ventral surface of the flipper (Groscolas, et 

al. 1975, Le Maho et al. 1977) or from vessels in the foot (G. 1. Kooyman pers. 

conun.). Blood vessels in the foot, however, are hidden beneath a thick layer of 

skin, are constricted in winter and must be found by association with external 

features of the foot; these features must be learnt beforehand by dissecting the 

foot of a dead penguin. Thus the efficacy of this technique will depend largely 

on the experience of the researcher. On the other hand the blood vessels beneath 

the ventral surface of the flipper are prominent, even in extremely cold weather. 

The flippers of several dead emperor penguins were skinned to examine the 

position of arteries and veins (Fig. 2.3; see also Trawa 1970). Externally, the 

brachial artery at the proximal end of the flipper appears as one large vessel, but 

is in fact an anastomosis of that artery. Attempts to place a needle in the lumen 

of one of these blood vessels failed because the vessels are narrow and mobile, 

and the needle usually rolled off their walls into the spaces between them. The 

easiest vessels to draw blood from in adults were the radial vein and marginal 

vein (Fig. 2.3). This is best done inside a hut or some other shelter by two 

people, one holding the penguin upright with a bag covering the head and torso, 

and the other drawing blood. 

Emperor penguin chicks up to about four months of age were more difficult to 

bleed than adults because their blood vessels were unobtrusive, even when the 

down was removed. Blood samples from chicks were drawn from either the 

radial artery or radial vein, which lie in intimate association in the groove 

between the radius and ulna. Due to the closeness of these vessels the artery 

was occasionally punctured, but this did not seem to adversely affect the chick. 

Approaching the vein with the needle at a slightly oblique angle minimized the 

chances of the needle rolling off the wall of the vein. 



SA 

Fig. 2.3 Simplified version of the main blood vessels in the ventral surface of an 
emf€ror penguin's right flipper. Stippled areas show the radius (R), ulna (U) and 
humerus (H). Vessels shown are an anastomoses of the brachial artery (SA), radial 
artery (RA), radial vein (RV) and the marginal vein (:tvfV). The circles indicate 
preferred sites for drawing blood samples. 
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2.2.9 Attaching di ve recorders to foraging birds 

Adhesives (Heath 1987, Gales et al. 1990), tape (Wilson & Wilson 1989), Velcro 

(Heath 1987) and worm-drive hose clamps (Kooyman et al. 1982, Lishman & 

Croxall 1983) have replaced harnesses (Wilson & Bain 1984) as the preferred 

methods for attaching dive recorders to the feathers of penguins foraging at sea 

because they impose less of a hindrance when the birds are diving. However, the 

reliability of these attachment methods could vary with the species of penguin 

and the environment in which it forages. In this study dive recorders were 

attached with both adhesive and clamps because other methods of attachment 

may not have withstood the rigours of the emperor penguin foraging regime (ie. 

extended periods at sea, dives in excess of 400 m and swimming among pack 

ice). 

To test the bonding strength of adhesives in temperatures below those normally 

required for optimal curing, dummy dive recorders were attached to the feathers 

of a dead emperor penguin and frozen. The adhesives used were cyanoacrylates 

(Loctite 401, 405 and 'Supaglue'), two-part epoxy resin (5-minute and 24-hour 

Araldite) and latex-based adhesive ('Kwik grip' and 'Bostik'). Adhesives were 

allowed to cure for three minutes (an approximation of the curing time in the 

field) at 5°C before being frozen to -30°C for two hours. 

The devices attached with the cyanoacrylates and epoxy resins were more 

difficult to remove from the feathers than those attached with the latex-based 

adhesives. The difference between the cyanoacrylates and epoxy adhesives was 

minor; overall however, Loctite 401, described by its manufacturer as a surface

independent, ultra-fast instant adhesive, achieved a slightly stronger bond than 

the others, and was chosen for subsequent use in the field. 

Dive recorders were attached to the feathers 15 cm above the tail with four light 

weight (7 g) worm-drive hose clamps (one on each corner of the device) and 

Loctite 401 adhesive. To locate the birds on their return to the colony a small 

radio transmitter was glued to the feathers between the shoulders and an area of 

the bird's plumage was painted as described above. Of 57 dive recorders 

deployed on penguins between July and December, 31 birds returned to feed 

their chicks, each with devices firmly in place even though some penguins spent 

up to 65 d at sea and dived below 400 m. 
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The remaining experimental penguins presumably abandoned the colony as no 

marked penguins were found without dive recorders despite intensive searching 

nearly every day of the sampling period. The abandonment rate (devices lost as 

a percentage of the number deployed) increased through the chick growing 

period, and ranged from 0% (n=lO) in July (males, post-hatching), 20% (n=10) in 

early September, 44% (n=18) in mid October and 89% (n=19) for birds captured 

during the first two days of December. This trend does not follow the pattern of 

chick mortality (Robertson 1992 ) so the experimental birds being released from 

parental duties cannot explain why many adults carrying devices abandoned 

their chicks. Presumably the failure of these birds to return to the colony reflects, 

at least in part, their reaction to the trauma of capture, handling and attachment 

of devices (see also Wilson et al. 1989, Gales et al. 1990). 

One way of minimising the effect of this problem would be to select for foraging 

behaviour studies the least timid birds, for these are usually the easiest on which 

to conduct experiments (Le Maho et al. 1977). Typically, instead tobogganing 

away when approached by people these individuals remain upright and vocalize 

vigorously during attempts to capture them. However, where estimates of 

ecological parameters are to be extended to the population, a random method of 

selection would be necessary, and the importance of this must be weighed 

against the risk of investing expensive devices in birds that may be distressed by 

handling to the point where they abandon the colony on release. 
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CHAPTER 3: POPULATION SIZE AND BREEDING SUCCESS OF EMPEROR 

PENGUINS AT AUSTER AND TAYLOR GLACIER COLONIES, MAWSON 

COAST, ANTARCTICA1 

3.1 INTRODUCTION 

Against a background of commercial fishing in the Southern Ocean and increasing 

human activities on the Antarctic continent, annual estimates of the size of breeding 

populations of seabirds are especially important to conservation, because seabirds 

are useful indicators of environmental change (Convention for the Conservation of 

Antarctic Marine Living Resources 1985). Population estimates are also an 

important component of ecological studies that seek to assess the impact of top 

predators on the marine resources of the Southern Ocean. The utility of population 

estimates can be increased considerably if breeding success also is taken into 

account, since the ability of breeding birds to produce offspring can provide a 

useful measure of the effect of natural fluctuations in the marine environment, the 

magnitude of which must be understood before the effect of human activities can be 

appreciated. 

For the emperor penguin Aptenodytes jorsteri, however, there are practical difficulties 

in estimating the sizes of breeding populations because the birds breed in the severe 

cold of the Antarctic winter (when daylight at most colonies is limited to a few 

hours of twilight), and because nearly all of the 40 known colonies of emperor 

penguins are remote from Antarctic stations and logistically difficult to reach. With 

the exception of the Pointe Geologie Archipelago colony, where the penguins have 

been counted annually from 1952 (Jouventin and Weimerskirch 1990), and the 

Taylor Glacier and Fold Island colonies (Budd 1962), population estimates of 

emperor penguins have either lacked the rigour necessary to yield reliable figures, or 

they have been conducted on chicks and attendant adults late in the breeding cycle 

when the number of adults does not reflect the size of the winter breeding 

population and when egg loss and chick mortality cannot be accurately determined. 

It is most useful to census emperor penguins during winter when the male incubates 

alone at the colony, and in summer a few days before fledglings leave the colony for 

1 Published in The Emu, 92: 65-71, (1992) 
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open water. With this in mind the purpose of this paper is to report the results of a 

census of emperor penguins at the Auster and Taylor Glacier colonies near 

Australia's Mawson station (67°36'5; 62°53'E, Fig. 3.1) during the winter and early 

surruner of 1988, the estimates being an essential part of a study of the foraging 

ecology of emperor penguins at these colonies (see Robertson 1990). Long-term 

population trends, using results presented here and those from previous visits by 

members of the Australian National Antarctic Research Expeditions to Auster and 

Taylor Glacier, will be considered in a later paper. 

3.2 STUDY COLONIES AND METHODS 

3.2.1 Auster colony 

Auster colony lies 55 km east of Mawson and 15 km offshore on fast sea-ice among 

a closely packed assemblage of grounded ice bergs. The ice bergs at Auster are a 

permanent landmark, although the nature of the landscape surrounding the colony 

changes from year to year as individual bergs roll and ablate and when the sea-ice 

around them breaks out in summer. In 1988 the bergs formed a chain 3.3 kIn in 

length and about 1 km deep that lay across the prevailing south-easterly winds. In 

this way they acted as islands do at other Emperor Penguin colonies, holding the 

sea-ice from breaking out during the breeding season. Emperor Penguins generally 

breed to windward of the bergs, the sea-ice forming there early in the season due to 

the stabilising effect of the bergs on the surrounding sea. In 1988 the Emperor 

Penguins began courting on old, berg-fast sea-ice in a narrow embayment between 

two massive bergs; before laying they had moved to windward of this area onto 

newly formed sea-ice. The sea-ice around Auster is particularly reliable, as it is 

along much of the Mawson Coast, and usually does not break-out in SUIIuner before 

January or February. 

3.2.2 Taylor Glacier colony 

Taylor Glacier Emperor Penguin colony is situated 95 km west of Mawson on a low 

rocky headland of the Antarctic continent and is one of only two Emperor Penguin 

colonies located wholly on land; for this reason it has been declared the first 

Specially Protected Area under the Antarctic Treaty Protected Area System. The 

breeding site consists of a north-facing amphitheatre formed by the tongue of Taylor 

Glacier to the west and rocky hills to the south and east. The penguins breed on 

either the surface of a frozen melt lake at the northern side of the headland, or more 
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commonly, in a saucer shaped depression of rock and gravel to the south. Both 

areas are level and for most of the breeding season are covered with compressed 

snow on which the birds huddle during winter during incubation. 

3.2.3 Counting emperor penguins 

To estimate the population size and breeding success (fledglings raised per breeding 

pair) of the Emperor Penguins at Auster and Taylor Glacier it was necessary to 

cOlmt the number of males incubating (each male representing a breeding pair) 

during winter and the number of fledglings before they left their colonies during 

summer. Counting incubating males at Auster during winter is a notoriously 

difficult task, not least because of the short day length, the severe cold, the sheer 

number of birds and the lack of prominences at the colony from which the birds 

could be viewed safely. Of six counting methods employed at Auster during the 

winter of 1988 none was completely satisfactory (G. Robertson unpublished data). 

Therefore the number of incubating males was estimated by a count-back of 

abandoned eggs and dead chicks collected on 80% of the days between the start of 

laying in May and 21 November, about three weeks before the first fledglings left 

the colony for open water. The results of the count-back were added to the number 

of chicks counted from photographs made from a helicopter on the same day in 

November. The chicks were counted on colour enlargements of 35 mm 

transparencies taken at an oblique line of sight 350 m from the chicks. The colony 

was overflown again on 14 January 1989 to estimate the number of chicks that had 

perished since the collection of corpses finished and to photograph the remaining 

chicks for counting purposes. 

The colony at Taylor Glacier could only be visited infrequently. However, in 

contrast to the difficulties experienced at Auster during winter, the birds at Taylor 

Glacier were eminently suitable for counting as they could be viewed, and 

photographed, from a small hill overlooking the colony. From this hill the 

incubating males, assembled in a single tightly-packed huddle, were photographed 

on 13 July 1988 from 60 m at a line of sight 65° to the horizontal (Fig. 3.2). The 

monochromatic 35 mm images were tightly framed with a telephoto lens to 

maximise the size of individual penguins on the film. Print enlargements were 

abutted and the adults counted by viewing them through a magnifying fluorescent 

lamp. 
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Fig. 3.2 Section of the Taylor Glacier emperor penguin colony showing incubating males huddling 
to thermoregulate on 13 July 1988. 



23 

Chicks at Taylor Glacier were photographed for counting on 14 December 1988, 

only hours before the first fledglings left the colony for open water. Fledglings were 

also counted daily as they departed Taylor Glacier until 13 January 1989, by which 

time only a small fraction of the total number of chicks remained. 

The photography was repeated at Taylor Glacier during the winter (4 July) and 

summer (23 November) of 1989, and in the winter (26 June) of 1990 using a 

procedure identical to that in 1988. 

3.3 RESULTS 

3.3.1 Population size 

At Auster the count-back of abandoned eggs and chick corpses collected between 

laying and 21 November yielded 397 eggs (3.6% of the total laid) and 2154 chicks, 

representing the reproductive effort of 2551 breeding pairs. The aerial photographs 

taken on 21 November revealed 8412 surviving chicks in 10 sub-colonies spread 

over a 2 km area. Adding the two estimates gives a breeding population at Auster 

during the 1988 season of 10963 pairs. 

The number of non-incubating Emperor Penguins in attendance at Auster during 

winter was estimated by subtraction. Photographs taken from a purpose-built 

tower revealed at least 12440 birds at Auster on 13 June. This figure is probably an 

underestimate because some birds were difficult to see on the photographs and 

others were probably missed altogether. Nonetheless this figure will serve, along 

with the results of the count-back, to estimate the minimum number of non-egg 

carriers at Auster mid-way through the incubation period. At least 1450 birds (ie. 

12440-10963), or about 12% of the total number at the colony, were not incubating 

(ie. they were either females, failed breeders or non-breeding birds). 

It was not possible to determine the number of Emperor Penguins at Taylor Glacier 

actually carrying eggs during winter by a count-back of eggs and dead chicks 

because the colony was visited too infrequently to conduct a thorough collection, 

and collections made later in the year would have been incomplete. Abandoned 

eggs and dead chicks were probably buried beneath blizzard-driven snow 

throughout the year and would not have been found until the snow began melting in 

December. By then, however, the melting snow formed a pool about 40 m long and 

1 m deep that covered the main part of the area occupied by the birds during winter 
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and spring. Many eggs and chicks could have been lost in this pool or buried in the 

mud surrounding it. 

The photographs of the Emperor Penguins at Taylor Glacier revealed 3215 adults in 

attendance on 13 July and 2028 surviving chicks on 14 December. The figure for 

adults is the total number of birds at the colony, not the egg-carriers. Assuming the 

non-egg carriers were 10% of the total, this figure being similar to that for Auster 

and in keeping with previous ANARE estimates for the number of non-incubating 

birds at Taylor Glacier during winter (summarised in Budd 1962), then of the 3215 

birds at the colony on 13 July about 2900 were incubating males and another 300 

were unemployed. 

The photographs taken at Taylor Glacier during the winters of 1989 and 1990 

revealed 3032 and 3330 birds respectively in attendance. The number for 1989 is 

almost certainly an underestimate since the quality of the photographs was not 

quite as good as in 1988 and 1990, and some of the birds were difficult to isolate. 

Assuming 10% of the birds were not carrying eggs then the breeding populations for 

1989 and 1990 would be at least 2700 and about 3000 pairs respectively. These 

estimates are within 7% and 3% respectively of the figure for 1988 and suggest the 

breeding population was fairly stable among these years. 

3.3.2 Breeding success 

At Auster 10963 breeding pairs raised 8412 chicks to 21 November, a breeding 

success to the 4-month stage (of the 5-month chick growing period) of 77%. The 

aerial photographs taken 54 days later on 14 January 1989 showed that 1714 

chicks were still standing on the sea-ice about 2 km to seaward of the original 

colony site. Helicopter transects of this area and of the original colony site revealed 

an estimated 350 corpses of chicks that had died since the collections finished on 

21 November 1988. If the remaining chicks actually survived then the 10963 

breeding pairs of Emperor Penguins would have produced about 8060 fledglings (ie. 

8412-350), a breeding success of about 73%; if they perished then about 6350 

chicks would have fledged (ie. 8060-1714) and the breeding success for the year 

would be about 58%. 

At Taylor Glacier about 2900 breeding pairs raised 2028 fledglings, a success rate 

to the commencement of the fledging period of 70%. During the month-long fledging 

period a further 187 chicks perished while still at the colony and on 15 January 
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1989, when the colony was briefly re-visited, there were 67 chicks, in a moribund 

condition. Assuming these chicks died then the number of fledglings produced 

would be reduced by 254 (ie. 187+67) to 1774. Thus 2900 breeding pairs would 

have raised 1774 fledglings, a breeding success of 61 % and similar to that at Auster 

(58%) for the same stage of the breeding cycle. 

On 23 November 1989 there were 2255 chicks at Taylor Glacier, a breeding success 

of 83% to the 4-month stage of the chick growing period. This estimate is probably 

exaggerated to some degree due to the presumed underestimation of the number of 

eggs laid in the winter of that year. In spite of this uncertainty the number of chicks 

has been estimated accurately, and is higher than for 1988, even allowing for the 

fact that the chicks were counted three weeks earlier in 1989. 

3.3.3 Pattern of chick mortality 

It was not possible to monitor the mortality of chicks at Taylor Glacier due to the 

limited amount of time spent there early in the chick growing period. At Auster in 

1988 abandoned eggs were collected between May and mid-October, whereas dead 

chicks were found in the colony in all months from hatching, and were tallied as 

follows: 25 in July; 570 in August; 696 in September; 678 in October and 185 for the 

first three weeks of November. The totals for July and August represent a crude 

approximation of the pattern of chick mortality because many chicks were 

doubtless concealed beneath huddling birds, particularly in July, and adults were 

not disturbed simply to collect them. The figures for September, October and the 

first three weeks of November - 32%, 32% and 9% respectively of total chick 

mortality - are a reasonably accurate estimate of the death rate during these months 

because by September the colony was beginning to spread out and corpses were 

more easily found. 

3.3.4 Chronology of fledging 

The fledging period starts when the first chicks leave the colony and ends when all 

the young have left. Fledglings began leaving Taylor Glacier on 14 December 1988 

and continued leaving for 33 days until at least 15 January 1989, when only 67 

(3.3%) of the original 2028 chicks remained. These remaining chicks were in a 

moribund condition and almost certainly would have died, either at the colony or 

nearby on the sea-ice. 
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Of the 2028 chicks 1644 (81%) were observed leaving, 130 (6.4%) left without being 

observed and 254 (12.5%) died at the colony (including the 67 emaciated chicks 

presumed to have died). Departures peaked on 3 January 1989, 20 days after the 

first chicks left (Fig. 3.3). Before departing the fledglings assembled in groups 

ranging in size from 1-55 birds on a patch of unmelted snow to seaward of the main 

colony site. They marched out of the colony during the day when the weather was 

warmest and when the katabatic wind, which blew constantly during the night, had 

subsided. Nearly all chicks were in down when they left except on their ventral 

surfaces and patches of their backs and flippers; beneath the down their feathers 

appeared to be fully formed. Some chicks seemed apprehensive about leaving and 

often the last few of a departing group would turn back and assemble with the next 

group preparing to leave. These chicks were usually less developed than other 

chicks and the date of their departure may have been advanced somewhat by the 

calling and outbound movements of the more developed chicks. 

Of the 254 emaciated chicks that died at Taylor Glacier during the fledging period 

many were attacked before death by Antarctic skuas Catharacta maccormicki. 

Situated on land the colony at Taylor Glacier provided ample breeding sites for the 

skuas and seven pairs nested within 200 metres of the emperor chicks. Usually the 

skuas worked in pairs attacking the eyes then the rectum, the only areas of soft 

tissue where a skua could penetrate the body of a fully feathered penguin chick. 

Often both eyes were plucked from a chick while it was still standing; once prone 

and unable to offer serious resistance the skuas entered the body cavity through the 

rectum. The skuas only attacked seriously malnourished chicks and would not 

have affected overall chick survival. 

The mean mass of 118 chicks caught at random as they left the colony was 10.56 kg 

(s.d. 2.48; range: 4.67-16.7 kg). Twenty of these chicks caught within five days of 

the start of fledging averaged 12.55 kg (s.d. 1.9; range: 9.1-16.7 kg) whereas 20 

caught during the last seven days of fledging averaged 8.3 kg (s.d. 2.1; range: 4.67-

11.3 kg); the difference was statistically significant (ANOV A: F1,39 = 44.6, 

P<O.OOl). In general the heaviest chicks left the colony during the first two weeks or 

so of the fledging period and after this mean body mass began declining (Fig. 3.4). 

The mean mass of 20 chicks that died from starvation at the colony near the end of 

the fledging period was 4.18 kg (s.d. 0.55 kg; range: 2.85-5.3 kg). 
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3,4 DISCUSSION 

The count-back estimation of the size of the breeding population at Auster will be 

accurate only if all the abandoned eggs and dead chicks were found and if those 

counted were victims of the 1988 breeding season, and not of a previous year 

accumulated Lmder snow and uncovered by ablation throughout the year. Eggs and 

chicks that had fallen down tide cracks were counted, but it is possible some were 

buried beneath blizzard-driven snow and were missed. It is doubtful however that 

many eggs and chicks would have been lost in this way because the Mawson region 

experiences a low incidence of snow (Bromwich 1988) and strong katabatic winds 

(Streten 1990) which quickly ablate snow from the sea-ice. Further, the colony was 

located to windward of the ice bergs where wind-driven snow tended not to 

accumulate. A large scale (1:100,000) satellite photograph taken on 13 March 1988 

of the coast between Mawson and Auster revealed that the ice bergs of Auster were 

surrounded by open water, with new sea-ice (grease-ice) forming to windward of 

the bergs, indicating that the sea-ice had completely broken out the previous 

summer. Thus the eggs and chicks collected during 1988 were from birds breeding 

during that year. 

The estimates of breeding success for the birds at Auster and Taylor Glacier, 

although made to the same stage of the breeding cycle, are based on the number of 

chicks that left the colony sites, not on the number that reached the ice edge. When 

fledging commenced at Taylor Glacier on 14 December the ice edge was about 61 

km from the colony whereas at Auster on the same day about 58 km of fast ice 

separated the chicks and open water (estimated from satellite images of the 

Mawson Coast). One month later these distances had reduced to about 27 km and 

24 km at Taylor Glacier and Auster respectively. These distances seem formidable 

for healthy chicks, and particularly for the emaciated ones, considering their 

walking speed (slower than an adult) and the problems attendant with navigating 

over the sea-ice for the first time. Judging by the malnourished condition of many of 

the chicks that left Taylor Glacier during the last half of the fledging period 

substantial mortality between the colony and the ice edge would be expected. 

The breeding success (58%) estimated for the Emperor Penguins at Auster assumes 

the 1714 chicks stranded on the sea-ice about 2 km to seaward of their nuptial site 

on 14 January actually died. At that time of year the fledglings at Taylor Glacier, 

which were of similar age as those at Auster (see below), had been abandoned by 
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their parents and nearly all had left the colony. I tis doubtful if many of the 1714 

chicks would have survived the journey from Auster to the ice edge (about 24 km) 

let alone had the strength to hunt once in the pack ice. Nonetheless it is impossible 

to be certain about the fate of these stragglers, particularly of the small number of 

stronger looking ones, and for this reason the breeding success of the emperor 

penguins at Auster should be considered a minimum estimate. 

The departure rate of fledglings from Taylor Glacier, where 1774 chicks left in one 

month in 1988, is in marked contrast to the fledging event in 1986 at the Cape 

Washington colony (in the Ross Sea) where 19000 chicks left in just 10 days 

(Kooyman et aI1990). Because of the paucity of knowledge about the fledging 

process for Emperor Penguins the different rates of departure of chicks at these two 

colonies warrants examination. 

One reason for the difference could be that the chicks at Cape Washington in 1986 

were relatively better fed and more evenly developed towards the end of the 

feeding cycle than those at Taylor Glacier during 1988. Despite the absence of 

relevant data, this would seem a plausible explanation, if only because of the 

distance the adults from Taylor Glacier had to walk from open water to feed late

stage chicks (more than 27 kmcompared to a few kilometres at Cape Washington), 

and the decline in body weights of fledglings leaving during the last 10 days or so of 

the fledging period (see Fig 3.4). 

Another reason for the different departure rates could lie in the chicks' behaviour 

relative to the proximity of the colonies to the ice edge. Emperor Penguins are 

habitual followers of one another, a behaviour manifestly linked to their lack of 

territoriality and their requirement to huddle together during the colder months for 

shared warmth. When leaving Taylor Glacier the chicks appeared to generate a 

certain amount of euphoria by their movements and vocalising, behaviours which 

seemed to attract other chicks to join them, thereby creating a 'pied-piper effect' as 

described by Kooyman et al (1990) for the chicks leaving Cape Washington in 1986. 

At Cape Washington the ice edge was only a few kilometres from the colony and 

chicks assembled at the ice edge were in sight of others at the colony (G.L. 

Kooyman, pers. comm.), and their presence and behaviour may have continued to 

act as a stimulus for many birds to leave the colony in a short space of time. At 

Taylor Glacier, however, the ice edge was not visible from the colony, nor could 

departing chicks be seen once they had walked about 300 m from the main colony 

site, as they were then hidden from view by a rocky ridge skirting to seaward of the 
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amphitheatre. Thus the nature of the landscape and the extent of the sea-ice may 

have contributed to the more gradual departure of the fledglings observed leaving 

Taylor Glacier. 

When the fledglings left Taylor Glacier they headed in a N-NE direction towards a 

polynya about 62 km from the colony (Robertson 1990). This polynya appears to 

be a permanent feature of the Mawson Coast. Its presence and location were noted 

by an ANARE sledging party when the emperor colony was discovered in October 

1954, it was noted again in 1959 (Budd 1962), and it shows clearly on small scale 

(1:10000 000) satellite images made monthly during 1988 of the Mawson Coast. 

The presence of the polynya near the Taylor Glacier colony was betrayed 

throughout 1988 by the appearance on the horizon of a 'water sky' - clouds that 

reflected the blue colour of the ocean beneath them. Presumably the adult birds 

knew from experience how to navigate to thepolynya, but it is a mystery how the 

fledglings could have known the shortest distance to the ice edge. Many fledglings, 

once out of the amphitheatre and onto the sea-ice, appeared to follow outbound 

adults which, early in the fledging period, were moving in reasonable numbers too 

and from the direction of the polynya. However, during the last two weeks of the 

fledging period nearly all the chicks had been abandoned and there were few adults 

to follow from the colony; nonetheless the chicks still chose the same route as the 

earlier ones. It is possible these la te-stage chicks, and perhaps even the earlier ones, 

based the direction of their departure from the colony on the posi tion above the 

horizon of a water sky. 

Rarely in studies of Emperor Penguins does the opportunity arise where features of 

two colonies can be compared in a single breeding season, a necessary procedure if 

the confounding effect of time on the interpretation of results is to be eliminated. 

Two features worth considering are the timing of the breeding cycles and the 

similarity in the breeding success of Emperor Penguins at Auster and Taylor Glacier. 

The breeding cycles of the birds at Auster and Taylor Glacier appeared 

synchronous even though the land-based birds were not affected by the annual flux 

of the sea-ice. Given that Emperor Penguins incubate for 62-64 days (Prevost and 

Mougin 1970), that the first hatchlings were heard calling from beneath huddling 

males at Taylor Glacier on 14 July suggested mid-Mayas the onset of laying at that 

colony; the first eggs laid at Auster were observed on 15 May. The body masses 

and culmen lengths of 100 chicks caught at random at both colonies in mid

September showed that chicks from Auster were significantly heavier (Auster: 1.9 
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kg, s.d. 0.52; Taylor Glacier: 1.75 kg, s.d. 0.52, ANOVA: Fl,199 = 5.99, P<0.05) 

and had longer bills (Auster: 23.4 rnm, s.d. 1.8; Taylor Glacier: 21.98 mm, s.d. 1.88, 

ANOVA: F1199 = 29.7, P<O.OOI). However, due to the distance (150 km) , 

between the two colonies and a 5-day blizzard the measurements at Auster were 

taken up to 8 days after those at Taylor Glacier which, in relation to the median age 

of the chicks (about 60 days), amounted to a 13% disparity in timing; since emperor 

chicks grow rapidly this could account for most of the difference between the 

estimates. Considering the conformity of dates for laying and hatching it would 

seem that if a difference did exist in the breeding chronology of the birds at these 

colonies it would only be slight. 

The Emperor Penguins at Auster and Taylor Glacier raised a similar proportion of 

fledglings to departure age. To interpret the significance of this would require 

knowledge of a range of ecological and demographic factors that affect annual chick 

production at both colonies. However, considering there is no indication of drastic 

population changes at either colony in the 30 years they have been visited it is 

probably reasonable to assume the colonies' demographic make-up may have less 

bearing on chick production than local differences in the birds' foraging regimes, the 

extent of the sea-ice, or the weather. While the relative importance of these factors 

in influencing breeding success is not understood for either colony the similarity in 

breeding success suggests their combined effects on the birds at Auster and Taylor 

Glacier tended to average out during the 1988 breeding season. A fuller 

understanding of the significance of this finding will depend on more thorough 

knowledge of the role these factors play in influencing breeding success at these 

colonies and how these effects vary in time. 
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CHAPTER 4: THE EFFICACY OF THE TRITlA TED WATER AND 22N A 

TURNOVER METHODS IN ESTlMA TlNG FOOD AND ENERGY INTAKE BY 

EMPEROR PENGUINS 1 

4.1 INTRODUCTION 

Ihe pre-eminent role of penguins as consumers of prey in Antarctic and 

subAntarctic regions is well established in the seabird literature (eg., Mougin and 

Prevost 1980; Croxall, Ricketts, and Prince 1984). In these regions penguins are 

estimated to account for about 80% of bird biomass and in one sector (45°E to 

1600 E) of the high Antarctic the figure is even higher, with crude population 

estimates suggesting adelie (Pygoscelis adeliae) and emperor penguins (Aptenodytes 

forsteri) combined might account for up to 97% of bird biomass (estimated from 

Woehler 1990). From the standpoint of harvesting and management of commercial 

fishing activities in the Southern Ocean it follows therefore that the annual food and 

energy requirements of penguin populations are one of the most important concerns 

seabird ecologists can address. 

Various bioenergetic models (reviewed by Wiens 1984; Nagy 1989) can be used to 

estimate penguin feeding and energetic rates while at sea. Doubly labelled water 

(DLW), which uses isotopes of oxygen and hydrogen to measure water flux and 

carbon dioxide production (Lifson and McClintock 1966; Nagy 1980) is a reliable 

and widely used method of estimating penguin feeding rates and impact on marine 

resources (eg., Nagy, Siegfried, and Wilson 1984; Davis, Croxall, and O'Connell 

1989; Gales and Green 1990; Kooyman et al. 1992). However, the high cost of 

oxygen-18, the large (20-40 kg) mass of emperor penguins and the extended 

duration (about 20 d) of their foraging cycles preclude the use of DLW on this 

species of penguin. An alternative and less expensive method involves the 

measurement of tritiated water (HIO) dilution rates (Nagy and Costa 1980) either 

alone (eg., Kooyman et al. 1982; Davis, Kooyman, and Croxall 1983) or in 

conjunction with sodium-22 (22Na) (Green, Brothers, and Gales 1988) if sea water 

intake is significant. Although the tritium method is prone to several sources of 

error (Nagy and Costa 1980) it has been the subject of relatively few validation 

1 Published with Keith Newgrain as junior co-author in Physiological Zoology, 
65(5):933-95l. (1992) 
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studies, and only one with seabirds, the 1 kg little blue penguin (Eudyptula minor) 

(Gales 1989). 

In energetics studies it is important to know the nature and extent of the errors 

involved so that ecological interpretations and fisheries management decisions can 

be made with confidence. With these points in mind the purpose of this paper is to 

evaluate for emperor penguins 1) the rate of HTO and 22N a equilibration with 

body water and exchangeable Na pools, 2) the magnitude and direction of the 

errors associated with HTO and 22Na turnover when used to estimate dietary 

water and Na intake, and 3) their energy assimilation efficiency when fed diets of 

squid and fish. 

4.2 MATERIAL AND METHODS 

4.2.1 General 

Experiments were conducted at field camps in Antarctica on penguins from the 

Auster and Taylor Glacier colonies which lie 55 km east and 95 km west of 

Australia's Mawson station (67°36'5; 62°53'E), respectively. The penguins were 

housed individually in open topped 1 m2 padded, plastic lined pens constructed 

on the sea-ice near the colony, and were supported by a wire mesh floor through 

which their droppings could pass into collecting trays. A Polar Pyramid tent was 

erected over the pens to protect the birds from the weather and to keep out drifting 

snow, a source of free water. 

The experimental penguins were fasted for 24 h and then given separate injections 

of HTO and 22Na. Blood samples (l.8 mL) were taken serially during equilibration 

and isotope turnover periods as described below. Twenty four hours later the 

penguins were force fed a specific diet of squid or fish. The species of squid and 

fish used were similar in body composition to the species of these prey types 

thought to occur in the natural diet of emperor penguins. In May 1988 four 

penguins from Auster were fed up to 3 kg of whole arrow squid (Nototodarus gouldi) 

daily for 3-7 d. The experiment was repeated on three more penguins from Auster 

but pilchards (Sardinops neopilchardis) were substituted for the squid diet. After 3 d 

of hand feeding the latter penguins regurgitated portions of fish so the experiment 

was concluded and the birds released. Consequently data from these penguins 

were used only to derive isotope equilibration rates. 
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To complete the experiment on the fish diet two penguins were captured from the 

Taylor Glacier colony in December 1988. The birds were husbanded and isotopes 

administered as before, and force fed daily meals of whole Australian salmon 

(Arripis trutta) shipped frozen from Tasmania. After 2 d these birds also 

regurgitated portions of the fish. To overcome this problem the penguins' daily food 

intake was reduced to 1-2 kg and a measured amount of fresh water was 

administered with each meal. A sample of the water administered was analyzed 

for NaCl content, which was found to be negligible. To increase the sample size for 

the equilibration part of the experiment four additional penguins, which brought the 

total number to 13, were injected with isotopes and bled serially for 24 h after 

injection. All hand fed penguins presumably had little or no food in their stomachs 

at the beginning of the trials; in May the birds were captured returning to sea to 

commence feeding after fasting at the colony for several weeks, while the December 

birds were captured having fed late-stage chicks. 

4.2.2 Energy assimilation efficiency 

The urine and feces excreted by the penguins fed squid and fish were collected and 

frozen for analysis of energy content. The feces from each penguin and samples of 

the squid and fish used in the trials were oven dried at 60°C to constant mass, 

pulverized, compressed into pellets, weighed and combusted in duplicate in a 

ballistic bomb calorimeter to determine energy content. Energy assimilation 

efficiency (EAE) was calculated after Kendeigh (1949): 

EAE = 100 x (GEI-GEO)/GEI, 

where GEl is gross energy intake and GEO is gross energy output. 

4.2.3 Isotope administration and blood sampling 

The time taken for isotopes to equilibrate with the birds' body water and 

exchangeable sodium pools was examined during the early post-injection phase of 

the experiments. All penguins in the trials were injected with 1.0-1.6 mL of HTO 

containing 10 mCi (370 MBq) - 16 mCi (592 MBq), and 1.0-3.0 mL hypotonic 

22NaCI containing lO/lCi (370 kBq]) - 30/lCi (1110 kBq). After 7 d the two 

penguins on the salmon diet (but not those fed squid) were given a further injection 

of HTO (10 mCi [370 MBq]) and 22Na (20 /lCi [740 kBq]) and an equilibration 

blood sample taken 4 h later. Isotopes were injected deep into the pectoral muscle 

and blood samples drawn from the radial vein. To determine the isotope 
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equilibration period blood samples were collected from birds on the squid and 

pilchard diets 1, 2, 4, 8, 12, and 24-h after injection. The penguins on the salmon 

diet and the four additional penguins injected for equilibration data only were bled 

at 1, 2, 4, and 8-h post injection. Blood samples were centrifuged in the field and 

the red cell and serum fractions separated and frozen until subsequent analysis in 

the laboratory. 

4.2.4 Isotope turnover rates 

The accuracy of the isotope turnover technique in estimating penguin feeding rates 

was evaluated by comparing the isotope-derived water and sodium intake to direct 

gravimetric measures of dietary water and sodium intake. The penguins were hand 

fed immediately after the last equilibration blood sample was taken. Turnover 

rates for birds on the squid diet were estimated from blood samples collected 24 h 

after their third meal (first turnover) as well as 24 h after their last meal (second 

turnover). For the two birds on the fish diet a blood sample was drawn after 7 d of 

hand feeding and a further sample taken 5 dafter re-injecting them with HTO and 

22Na. 

Water was extracted from the red cell fractions of the blood by vacuum sublimation 

(Vaughan and Boling 1961). Aliquots of 100 ~lL of extracted water were added to 

3 mL of scintillation cocktail (PCS, Amersham) and assayed for tritium activity in a 

Beckman LS 2800 liquid scintillation spectrometer to 1% accuracy. Serum samples 

(either 50, 100 or 200-~L) were bleached with concentrated hydrogen peroxide, 

oven-dried to remove residues of tritium, mixed with 3.0 mL PCS cocktail and 

assayed for 22Na activity by liquid scintillation spectrometry to 1% accuracy. 

Serum sodium concentrations were determined by atomic absorption 

spectrophotometry (Varian Techtron 1000). Initial body water and exchangeable 

sodium pool sizes were determined from blood isotope levels at equilibration and 

comparison with standard solutions containing 100 ~lL of each isotope diluted in 

distilled water (1:2000 for sodium; 1:5000 for tritium). 

The water content of the fresh squid and fish was determined by mass change after 

drying at 60°C to constant mass. The sodium contents of duplicate 1 gm 

subsamples of the dried fish and squid were determined by atomic absorption 

spectrophotometry after digesting the samples in 10 mL concentrated nitric acid 

and subsequent dilution in de-ionized water. Dietary lipids were determined by the 

mass change of dry sub samples before and after 18 h lipid extraction using carbon 
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tetrachloride as solvent in a Soxhlet apparatus. Subsamples were then ashed in a 

muffle furnace at 550°C. The mass difference between dry matter and the sum of 

ash and lipid was assumed to be protein. 

Isotope flux rates were calculated following Nagy and Costa (1980) for HTO and 

Green, Griffiths, and Newgrain (1985) for 22Na, assuming mass-specific pool sizes 

were constant and that changes in absolute pool sizes were linear over time. The 

biological half-life (T1/2) of the isotopes in the body was calculated using the 

equation of Nagy and Costa (1980). 

Each syringe volume used in the field was calibrated in the laboratory as described 

by Nagy (1983); subsequently the exact values were used in calculating the number 

of counts injected into the penguins. To examine the level of precision attained 

when injecting penguins with the same measure of diluted isotope, water was 

weighed in triplicate for each measured volume used in the field. 

Mean values are expressed as ± SD. 

4.3 RESULTS 

4.3.1 Energy assimilation efficiency 

The dry mass energy contents of the squid and fish averaged 22.79 ± 1.12 kJ / gm (il 

= 8) and 22.5 ± 1.53 kJ / gm (n = 7), respectively. The penguins food intake, 

excretory output, dry matter absorption and energy assimilation efficiencies (EAE) 

are shown in Table 4.1. The dry matter absorbed by the penguins was similar (c. 

60%) for both diets (t(2)4 = 0.32; P > 0.5). The penguins utilized 76.2% of the 

available energy in the squid diet and 81.8% of the energy in the fish diet; the 

different EAE's between diets was statistically significant (t(2)4 = 4.78; P < 0.01). 

4.3.2 Isotope equilibration rates 

The coefficient of variation for the replicated volume delivered in the syringes used 

in the field ranged between 0.002% and 0.8% indicating a satisfactory level of 

precision when experimental penguins were injected with the same measure of 

isotope. 



TABLE 4.1: Results of energy assImilation efficiency expenments for hand fed emperor pengums 

Food Intake Excret02: Ou~ut 
Emperor BMia Mass Wet Mass Dry Mass Energy Dry Mass Energy Energy DMAb EAEc 
Penguin (kg) Change Days (kg) (kg) (kJ) (kg) (kJ /g) (kJ) (%) (%) 

(%) 

Squid Diet 

EPI 24.0 +6.25 6 17.51 4.06 92565.5 1.67 13.273 22172.5 58.8 76.0 
EP2 23.5 +6.38 6 17.64 4.091 93272.3 1.688 13.869 23410.8 58.7 74.9 
EP3 25.5 +5.09 7 21.71 5.035 114794.9 2.Q27 13.415 27191.6 59.7 76.3 
EP4 30.2 +0.99 3 6.65 1.521 34677.8 0.538 14.286 7693.0 64.6 77.8 

Mean 25.8 +4.6 13.71 60.4 76.2 
±s.d. 3.0 2.5 0.46 2.8 12 

Fish Diet 

EP5 22.2 -1.8 12 15.081 5.391 121303.4 2.093 10.15 21241.9 612 82.48 
EP6 21.4 -0.47 12 15.198 5.294 119120.8 2.229 10.02 22338.6 57.9 8125 

Mean 21.8 -1.13 10.08 59.5 81.8 
± s.d. 0.3 0.9 0.09 2.3 0.9 

a Initial Body Mass 
b Dry Matter Absorbed 
c Energy Assimilation Efficiency 
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Counts from blood samples collected up to 24 h after injection were expressed as 

percentage of the counts from the 4 h blood sample for each penguin, 4 h post 

injection being an appropriate time following the 2 h taken for HTO to reach 

equilibrium with the body water pool in little blue penguins, but less than the 6 h 

after which body mass changes were shown to reduce the accuracy of estimated 

total body water (TBW) (Gales 1989). Tritium-labelled water equilibrated with the 

penguins body water pools in 2 h (1 h vs 2 h: paired t(2)12 = 2.39; P < 0.05; 2 h vs 

8 h: paired t(2)12 = 0.8; P > 0.2) and levels remained constant for at least 24 h (Fig. 

4.1). The specific activity of serum 22Na reached maximum concentrations in 2 h 

(1 h versus 2 h: paired t(2)10 = 4.18; P < 0.001) and levels remained relatively 

unchanged to 8 h post injection (2 h vs 8 h: paired t(2)12 = 0.35; P > 0.5), after 

which time mean values began to decline slightly. 

4.3.3 Water turnover and food intake 

Dietary water intake for the two diets was evaluated by combining measurements 

of free water content and estimates of metabolic water based on the average 

amount of fat and protein in each diet (Schmidt-Nielsen 1975). Metabolic water in 

the squid diet was estimated to be 0.1194 mLI g fresh mass which when added to 

the free water (0.768 ± 0.88 mLI g, n = 8) yielded a total available water content of 

0.8874 mLi g fresh mass. The corresponding values for the fish diet were 0.1993 

mLlg metabolic water and 0.6516 ± 2.5 mLlg (n = 7) free water, for a dietary 

water intake of 0.851 mLI g fresh mass of fish. 

The estimated total body water pool of the 13 tritiated penguins was 63.7 ± 4.5% 

(range 51 %-69%) of body mass. For the penguins on the squid diet the errors 

associated with estimates of water intake after the first turnover (-6.6% ± 2.6%) 

and second turnover (-9.4% ± 1.1%) were statistically indistinguishable (paired 

t(2)2 = 1.58; P > 0.1). At the end of the second turnover period of the squid trial 

water intake estimated by the tritium method averaged 9.4% ± 1.1 % lower than 

measured water intake, and this difference was statistically significant (paired 

t(2)2 = 7.77; P < 0.02). Statistical comparison of the errors with the fish trial is 

inappropriate due to the large variance of the mean estimate. Overall, the tritium 

method underestimated measured water intake by 2.5% ± 7.0% (Table 4.2). 
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Fig. 4.1 Equilibration trajectories for tritiated water (A) and 22Na (B) in 
13 emperor penguins following intramuscular injection and serial blood 
sampling for 24 h. Values are means ± sd expressed as percentage of 
activity 4 h after injection. 



TABLE 4.2: Evaluation of the accuracy of water intake as a measure of food intake estimated by comparing water influx by the turnover rate of tritiated water with measured dietary water 
intake by hand fed emperor penguins. 

Emperor BMi TBW Mass Proportionb 
Penguin (kg) (ml/kg) change Days Turnover" TBW consumed 

(%) (%) 

Squid Diet 

EPI 24.0 612.7 +0.8 3 First 42.1 
+6.2 6 Second 91.5 

EP2 235 608.3 +2.1 3 First 445 
+6.4 6 Second 94.8 

EP3 255 627.0 +6.6 3 First 43.7 
+5.0 7 Second 104.3 

EP4 30.2 511.6 +0.9 3 First 33.1 

Mean (1st turnover) 40.8 
± s.d. 5.3 

Mean (2nd turnover) 96.8 
±s.d. 6.6 

Fish Diet 

EP5 222 6375 +1.3 7 First 37.05 (16.8) 
225 637.6 -3.1 5 First 31.43 (13.4) 

EP6 21.4 674.4 +3.7 7 First 36.19 (11.6) 
222 661.7 -4.0 5 First 3158 (13.1) 

Mean 34.1 (13.7) 
± s.d . 2.9 (2.2) 

Overall mean (n = 8) 
±~.d 

a EP 5 and EP 6 were re-injected after seven days. 
b Bracketed values refer to proportion of TBW administered as free water with fish diet. 
t: Calculated from trItiated water flux usmg mean of initial and final body masses. 
d Calculated as preformed and metabolic water (see text for respective values). 

Change HTO HTO Water Influx 
activity Tl/2 (ml/kg day-I) 

(%) (d ays) 

35.9 91.73 
60.6 4.6 96.15 
36.1 95.14 
59.2 45 97.01 
39.3 99.14 
65.9 45 94.44 
28.9 59.16 

35.0 86.3 
4.4 18.3 

62.0 45 97.2 
3.7 0.06 12 

51.7 65 66.46 
395 64.27 
44.4 8.2 54.75 
40.2 68.08 

43.9 63.86 
5.6 5.7 

e Overall mean error calculated from sqUld diet 2nd turnovers, EP 41st turnover and each turnover period for fish diet. 

Total Water Intake 
Water Efflux EstimatedC Measuredd Errore 

(ml/kg day-I) (L) (L) (%) 

90.04 6.632 7.152 -7.3 
89.96 14.278 15538 -8.1 
90.87 6.778 7.347 -7.7 
90.74 14.115 15.653 -9.8 
85.65 7.837 8.071 -2.9 
89.98 17.286 19.268 -10.3 
57.47 5.386 5.9 -8.7 

81.0 6.658 7.117 -6.6 
15.8 1.0 0.9 2.6 

90.2 15.226 16.819 -9.4 
4.4 1.7 21 1.1 

65.25 10.397 9.355 +11.1 
68.32 7.117 7.817 -8.9 
51.22 8.354 8561 -2.4 
7356 7.403 7.987 -7.3 

65.1 8.317 8.43 -1.1 
9.1 1.5 0.69 8.6 

-2.5 
7.0 



TABLE 4.3: Evaluation of the accuracy of sodium intake as a measure of food intake estimated by comparing the tumover rate of 22Na with measured sodium intake by 
hand fed emperor penguins. 

Total Sodium Intake 
Emperor ES poola Tumoverb ES Pool Change "Na 22Na 22Na Influx "Na Efflux Estimated Measured Errorc 
Penguin (mmo1!kg) consumed activity T1/2 (mmo1!kg (mmol/kg (mmol) (mmol) (%) 

(%) (%) (days) da~ -1) da~ -1) 

Squid Diet 

EP1 35.9 First 116.8 54.3 10.08 9.98 728.8 1006.7 -27.6 
Second 253.8 82.6 2.4 10.81 10.44 1605.3 2186.9 -26.6 

EP2 35.7 First 123.3 62.0 11.52 11.26 820.8 1034.2 -20.6 
Second 262.7 85.3 22 11.3 11.1 1644.1 2203.2 -25.4 

EP3 37.7 First 117.9 51.0 10.66 9.85 842.7 1135.9 -25.8 
Second 281.6 79.9 3.1 9.31 9.04 1704.2 2712.0 -37.2 

EP4 29.4 First 93.6 50.9 6.75 6.65 614.6 830.8 -26.0 

Mean (1st turnover) 112.9 54.5 9.21 8.89 751.7 1001.9 -25.0 
±s.d. 13.2 5.2 1.86 1.85 103.8 126.8 3.0 

Mean (2nd turnover) 266.0 82.6 2.6 10.11 9.5 1651.2 2367.4 -29.7 
± s.d. 14.1 2.7 0.5 1.39 1.43 49.8 298.6 6.5 

Fish Diet 

EP5 40.6 First 92.7 58.9 5.4 5.16 5.08 807.3 835.7 -3.4 
44.5 First 70.7 45.9 5.47 5.75 605.8 708.6 -14.5 

EP6 40.7 First 94.9 59.5 5.3 5.26 5.05 802.6 827.2 -2.9 
44.2 First 74.3 52.5 6.58 6.95 715.6 729.1 -1.8 

Mean 83.1 54.2 5.62 5.7 732.8 775.1 -5.6 
±s.d. 12.4 6.4 0.65 0.8 94.6 65.6 5.9 

Overall mean (n = 8) -13.7 
±s.d. 15.5 

a Exchangeable sodium. 
b EP 5 and EP 6 were reinjected after 7 days. 

c Overall mean error calculated from squid diet 2nd turnovers, EP 41st turnover and each turnover period for fish feeders. 
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4.3.4 Sodium turnover and food intake 

The squid and fish fed to the penguins contained 124.9 ± 5.3 (n = 8) and 102.4 ± 

10.3 mmol Na/kg (n = 7) fresh mass, respectively. The mean exchangeable Na pool 

size for the 13 experimental penguins was 36.6 ± 3.0 mmol/kg (range: 29.4-44.6). 

With the squid diet the difference between estimated and measured Na intake after 

the first turnover period was statistically indistinguishable from that for the second 

turnover period (paired t(2)2 = 1.4; P > 0.2). There was a significant difference 

between estimated and measured Na intake for penguins on the squid diet (second 

turnover: paired t(2)2 = 4.9; r. < 0.05) but not for those on the fish diet (paired 

t(2)3 = 2.07; P > 0.1). When the data for both diets are pooled 22Na turnover 

underestimated measured Na intake by 13.7% ± 15.5% (Table 4.3), and this 

difference was statistically significant (paired t(2)6 = 2.25; P < 0.05). 

4.4 DISCUSSION 

The squid-fed penguins were in positive energy balance and this could be a source 

of error with this experiment. The penguins' increased mass could reflect energy 

deposited as lipid and protein, undigested squid in the penguins stomachs, or 

combinations of both. Quantities of undigested squid in the penguins' stomachs 

would tend to exaggerate the discrepancies between dietary and isotope-derived 

water and Na intake and lead to an underestimate of energy assimilation 

efficiencies. In mass-specific terms the penguins' daily intake of squid varied from 

7.3%-12.5% mass, an amount similar to that fed daily to little blue penguins (12.8% 

of mass) in a trial of similar duration (Gales 1989). In another feeding trial 

fattening post-moult emperor penguins consumed fish equalling 21 % of their bod y 

mass daily for 3 wk (R. Groscolas, personal communication), while in natural 

conditions daily food intake in fattening emperors may reach 30% by mass 

(estimated from Groscolas 1990). Since the emperor penguins on the squid diet 

were captured leaving the colony to fatten following their courtship fast, they were 

entering a period of their breeding cycle when they would have been capable of 

digesting food in considerably greater amounts than that administered in the trial. 

It therefore seems likely the penguins' mass increase represented conversion of food 

to body tissue, rather than residues of undigested squid in their stomachs. 

Knowledge of the assimilation efficiency of emperor penguins is essential for 

accurate conversion of food intake into the metabolic requirements of individuals. 
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The emperor penguins utilised 76.2% of the energy in the squid diet, 5% lower than 

the amount assimilated by king penguins (Aptenodytes patagonicus) fed squid (Loligo 

reynaudi) (Adams 1984) and 3.3% above the corresponding value for little blue 

penguins (Gales 1989) fed the same species of squid as the emperors. On the fish 

diet emperor penguins metabolized 81.8% of available energy compared to 70.5% 

for fish-fed little blue penguins (Gales 1989). In these studies the energy contents of 

the diets where penguins were fed the same food type, and the energy contents of 

the birds' feces on these diets, were almost identical. 

The variation in assimilation efficiencies for the three penguin species is not 

surprising given the range in energy assimilation efficiencies reported for birds 

(Castro, Stoyan, and Myers 1989 and studies cited therein). Assimilation 

efficiencies vary chiefly as a function of food type (Jackson 1986; Castro et al. 

1989), but also vary interspecifically (Adams 1984; Newgrain et al. in press), 

chronologically (Cooper 1977, 1978) and as a function of ambient temperature 

(Kendeigh 1949). The emperor penguins in this study were of breeding age, but the 

species of squid and fish they consumed were not part of their natural diet and 

were used because natural prey in sufficient quantities could not be obtained. The 

squid trial, out of necessity, was conducted inside a tent in still-air temperatures 

down to -20°C, about lOoC below the thermoneutral zone for emperor penguins (Le 

Maho, Delclitte, and Chatonnet 1976). From an ecological perspective the results 

obtained are probably more appropriate than had the experiment been conducted 

within the birds thermoneutral zone, because for most of the year foraging emperor 

penguins are exposed to wind chill temperatures that commonly reach -20°C and 

lower. Wind-chill temperatures during the fish trial ranged between _5° and -20°C. 

It is important to know the time taken for isotopes to become evenly distributed 

throughout the body because errors can result if initial blood samples are taken too 

soon after isotopes are administered (Nagy and Costa 1980). The time required 

varies with route of administration, metabolic rate, and mass of the animal (eg., 

Williams and Green 1982; Nagy and Costa 1980). Among birds of relatively large 

body mass HTO and 22Na equilibration rates have been determined for only three 

other species. Two hours were required for tritiated grey-headed albatrosses 

(Diomedea chrysostoma) (Costa and Prince 1987) and 6 h for emus (Dromaius 

novaehollandiae) injected with 22Na (Herd 1985). In little blue penguins HTO and 

22Na equilibrated in 2 h after intraperitoneal (IP) injection, and levels remained 

constant for 12 and 6 h, respectively, before declining (Gales 1989). With the 

emperor penguins in this study both isotopes equilibrated with body pools within 2 
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h of intramuscular (IM) injection and HTO remained at constant levels for at least 

24 h. There was considerable variation, however, in the rate of equilibration of 

22Na (Fig. 4.1) (see also Green and Dunsmore 1978). Such variation in 

equilibration rates may restrict the value of comparisons of exchangeable Na pool 

sizes among individuals and between species unless very large sample sizes are 

used. 

The conformity in equilibration rates for HTO and 22N a in both little blue and 

emperor penguins, the smallest and largest species of penguin, support the 

adoption of a 2-6 h equilibration period for penguins in general when injected IP or 

IM with these isotopes. In field experiments, however, equilibration blood samples 

are best taken 2 h post-injection to minimize the time penguins must be held in 

captivity and any stress they may experience during the experimental procedure. 

The mean TBW determined from HTO dilution space was 63.7% ± 4.5% of body 

mass. This figure is similar to the average for marine birds (60%, Mahoney and Jehl 

1984) and the mean value (63.5%) obtained by isotopic methods for adults of six 

other species of penguin (summarised in Green and Gales 1990), but 5.9% greater 

than the desiccated water content (57.8% ± 2.3%) of four female emperors, of 

similar body mass to those in this study, found freshly-dead at egg laying. This 

discrepancy in TBW between the two groups of emperor penguins is consistent with 

results from other studies which show HTO usually overestimates TBW by about 

5% (Holleman and Dieterich 1975; Green and Dunsmore 1978; Nagy and Costa 

1980 and studies cited therein). Similarly, in 20 emperor penguin chicks ranging in 

age from hatching to fledging tritiated water space exceeded values obtained by 

carcase desiccation by 5.2% ± 2.6% (Chapter 6). 

The tritium method underestimated actual water intake by 2.9% with a range of 

-10.3% to +11.1%. These values show good agreement with estimates for little blue 

penguins (-8.6% to + 13%; Gales 1989), chukar partridges (Alectoris chukar) (-8% to 

+6.4%) and sand partridges (Ammoperdix heyi) (-9.3% to +13.3%) (Degen et al. 

1981), the only other bird species for which the tritium method has been evaluated 

as a predictor of water intake. The results reported in this study indicate the 

tritium method is a reliable estimator of water turnover rates, and therefore rates of 

food and energy intake, in free-living emperor penguins provided sea water 

ingestion (see below) and snow (a source of fresh water) consumption rates are 

known. Doubly labelled water (H2 180) can be used in conjunction with 22Na to 
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provide an approximation of fresh water intake by penguins (Green and Gales 

1990). 

In conh·ast to the tritium method 22Na-derived estimates compared poorly with 

measured sodium intake. Overall, the turnover rate of 22Na averaged 13.7% lower 

than measured sodium intake with values among individuals ranging from -37.2% 

to -1.8%. In addition, the magnitude of the mean discrepancy, though consistent in 

direction, differed between diets, being considerably greater with squid (-29.7%) 

than fish (-5.6%). Despite this underestimation the coefficient of variation was 

acceptably low for the squid diet (22%) but not for the fish diet (105%). Similar 

discrepancies with the 22Na method have been reported for a variety of mammals 

(summarized in Gales 1989) and for birds including raptors (-26.1% to +30.7%; 

Newgrain et al. in press), emus (-39% to +37%; Herd 1985), blackbirds (Agelaius 

phoellicus) (-30% to -12%; Gauthier and Thomas 1990) and little blue penguins (-

14.7% to +4.2%; Gales 1989), which also exhibited larger mean errors with squid (-

11.5%) than fish (+ 1.5%) diets. 

The discrepancy with the 22Na method has been attributed to incomplete 

assimilation of dietary Na (Green 1978; Green and Dunsmore 1978; Gales 1989). In 

the emperor penguin experiments, even though dry matter absorption was the same 

for both diets (Table 4.1; see also Gales 1989), variation between squid and fish in 

the amount of non-digestible sodium would seem the logical explanation for the 

disparity in the discrepancies between diets. Presumably prey type influences 

dietary sodium uptake in the digestive process, the turnover rate of 22Na and 

therefore the accuracy of the method as a predictor of food intake. In this context it 

is noteworthy that emperor penguins seem to prey mostly on fish and krill 

Euphausia sp with squid forming only a minor component of the diet (Offredo and 

Ridoux 1986; Klages 1989; Gales et al. 1990). Thus the variable nature of the 

results would not necessarily preclude the use of 22Na in field measurements of Na 

intake by emperor penguins. Nothing is known about the assimilation rate of N a in 

krill and how this would affect the turnover rate of 22Na in emperor penguins. 

In marine birds the 22Na method is mainly used in conjunction with HTO to 

estimate seawater intake during foraging (eg., Green et al. 1988; Green and Brothers 

1989) because once sea water ingestion is known HTO-derived water flux rates can 

be corrected downwards to provide a more accurate estimate of food intake. The 

importance of partitioning sea water from dietary water in estimating emperor 

penguin feeding rates supports the adoption of the 22Na method as a predictor of 
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dietary Na intake in free-living individuals provided diet mix is known during the 

measurement period and that this is allowed for in the calculations. Due to the 

extended length of adult foraging excursions during chick rearing, diet composition 

of adults stomach lavaged at the colony may not necessarily reflect at-sea diet 

when foraging for maintenance. This point, combined with the short biological half

life of 22Na in marine birds (which dictates limits on the intersampling period) 

suggests the method is best suited for use in conjunction with HTO to derive an 

approximation of sea water intake by emperor penguin chicks during the growing 

period, and by adults on foraging trips limited to several days duration. 
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CHAPTER 5: DIET COMPOSITION OF EMPEROR PENGUIN CHICKS AT 

TWO MAWSON COAST COLONIES, ANTARCTICA1 

5.1 INTRODUCTION 

Understanding the trophic relationships in the high Antarctic marine system is of 

fundamental importance to Antarctic ecologists. Attaining this understanding 

depends not only upon knowledge of the energy transfer through the various 

components of the Antarctic food web but of the diet composition of its main 

consumers. Penguins, by virtue of their large mass and numerical significance, are 

the predominant avian consumers in the waters of the high Antarctic (Croxall, 

Ricketts and Prince 1984; Woehler 1993). Of the six species of penguin that breed 

south of the Antarctic Polar Front, the emperor penguin is the only species to raise 

chicks through the severe Antarctic winter and spring, a breeding regime that 

manifestly links the penguins' foraging habits to the fast sea-ice and pack-ice zones 

that flank Antarctica for most of the year. In spite of these unique breeding and 

foraging habits the diet of emperor penguins is poorly understood, principally 

because most of the 40 known breeding sites lie in remote regions of the Antarctic 

coast making extensive study of the birds' foraging ecology difficult to implement. 

As a result, knowledge of the penguin's diet is gained by studies at only three 

colonies: Pointe Geologie (1400 E, Offredo, Ridoux and Clarke 1985; Offredo and 

Ridoux 1986); Drescher Inlet (19°W, Klages 1989) and Amanda Bay (77°E, Gales et 

al. 1990). While these studies provided the first quantitative data on emperor 

penguin diet, sample sizes were generally modest and the sampling durations 

spanned less than half of the five month chick rearing period. 

This paper describes the diet composition of emperor penguin chicks during their 

entire rearing period at two previously unstudied colonies situated on the Mawson 

Coast (57 to 69°E). The Mawson Coast is important not only for the population 

density of emperor penguins (about 15% of the known breeding population on 

about 2% of the Antarctic coast) and variety of breeding sites (eg. Budd 1961) but 

for the accessibility of colonies during winter. 

1 Published with R. Williams, K. Green and L. Robertson as junior co-authors in Ibis, 
136:19-31. (1994) 
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5.2 METHODS 

5.2.1 Penguin colonies and breeding pattern 

The study was conducted in 1988 at Auster and Taylor Glacier colonies which lie, 

respectively, 55 km east and 95 km west of Australia's Mawson station (67°36'5; 

62°53'E) on the Antarctic coast. The physical characteristics of both colonies and 

the penguins' breeding performances have been described previously (Robertson 

1990, 1992). Briefly, at Auster the penguins gather annually to windward of an 

assemblage of ice bergs grounded 15 km seaward of the Antarctic continent, while 

at Taylor Glacier the colony forms on a rocky outcrop of the Antarctic continent. In 

the 1988 breeding season Auster supported 10,963 breeding pairs of emperors 

which raised 6350 chicks to fledging, and at Taylor Glacier a breeding population of 

2900 pairs produced 1774 chicks to departure age. 

The breeding chronology was similar at both colonies (Robertson 1992). Chick 

rearing commenced in mid-July (hatching) when the females returned to the colony 

from their two month winter absence at sea and assumed, from the male, chick 

brooding and feeding duties. Females brooded and fed chicks on demand for about 

three weeks, when the male returned to brood the chick. Continual attendance by 

one or other parent ended when chicks formed creches at about eight weeks of age; 

thereafter they were fed less regularly and their feeding pattern alternated between 

periods of gorging and fasting in keeping with the extended foraging cycle duration 

of adults and the large capacity of chicks' stomachs. Fledging commenced at both 

colonies in mid-December after a growing period lasting five months. 

5.2.2 Collecting stomach samples 

The study was located at Auster between July and late November, by which time 

most chicks were about four months of age. Decaying sea-ice near Auster 

prevented sampling during the last month of the chick growing period, so the 

program was transferred to the land-based colony at Taylor Glacier and continued 

until the chicks fledged . Samples were collected from both colonies mid-way 

through the chick growing period to examine inter-colony differences in diet. 

Chick diet composition was examined by stomach flushing a total of 153 adults 

returning to their colonies from foraging trips at sea. The frequency of sampling and 
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sample sizes in relation to chick age are shown in Table 5.1. These features of the 

sampling regime and the decision to avoid unladen adults (see below) were set for 

logistical and ethical reasons (meal deprivation may have been fatal to very young 

chicks), not by prior knowledge of statistical variance among sample components. 

The infrequent sampling during July and August is in keeping with the chick 

brooding stage when chicks are attended first by the female and then by the male 

until 7 or 8 weeks of age (Mougin 1966). Penguins were captured pseudorandomly 

to avoid flushing, and traumatising, those with little or no food in their stomachs 

(assessed visually by degree of abdominal extension); adults with apparently 

empty stomachs were assumed not to be parenting a chick. Although this 

introduced an element of subjectivity the method was applied consistently for all 

groups of birds and all penguins flushed were selected by the same person. Groups 

of inbound penguins deemed to be suitable were approached and a single penguin 

caught at random. Penguins were then weighed, and water-offloaded with heated 

(20°C) seawater using the technique of Wilson (1984) and a penguin inverter 

(Robertson in press). Birds were flushed between two and four times (but most 

corrunonly twice) until clear water, or almost clear water, was expelled. The extent 

of stomach emptying was also gauged by palpating the stomach through the 

abdominal wall. Handling time from capture to release usually did not exceed 20 

minutes. 

Irrunediately after the release of each penguin stomach samples were drained 

through three stacked sieves positioned in descending order of mesh size: 1.5 mm, 

1.0 mm and 0.5 mm. Samples were then left outdoors to freeze in ambient 

temperatures that ranged between -30°C and -5°C during the study, and returned to 

Australia for sorting and analysis. 

5.2.3 Determining sex of adults 

At Auster the sex of adults from which stomach samples were collected was 

recorded during July and August only: in July inbound penguins were assumed to be 

females and in late August inbound birds were assumed to be males. This 

distinction reflects the different roles (and associated movements between colony 

and ice edge) of males and females during chick brooding when one member of a 

couple broods the chick while the other gathers food at sea. After August it was 

not possible to assume the sex of inbound penguins because the movement of adults 

between Auster and the ice edge became more or less continuous. 



Table 5.1: Number of adults stomach flushed for each sampling date at Auster and Taylor 

Glacier colonies in relation to ages and masses of healthy chicks that hatched in mid July. 

The breeding chronologies for penguins at both colonies were similar. Fledging commenced at 

Taylor Glacier on 14 December when chicks reached 150 days of age and a mean mass of 

11.5 kg. Chicks of a range of ages were still at Taylor Glacier in late December. 

Colony July Aug. Sept. Sept. Oct. Oct. Oct. Nov. Nov. Dec. Dec. 
and 28 28 15 25 5 17 27 10 21 10 29 

chicks 

Auster 23 20 12 12 12 12 12 12 

Taylor 16 12 10 
Glacier 

Approx. <14 40 60 70 80 90 100 115 125 150 
chick age 

(days) 

Approx. <1 2 3 3.5 4 5 6 9 11 15 
Chick mass 

(kg) 
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5.2.4 Sorting stomach samples 

In the laboratory whole stomach contents were drained a second time through the 

sieves in an attempt to achieve uniform dryness. Samples were then spread out in a 

large flat-bottom tray for sorting and soft tissue scored following a qualitative 

index of digestion to examine the relationship between stage of digestion and time 

of sampling:-

Heavily digested - samples finely textured, dense mush (usually grey in colour) with 

occasional solid lumps of food and no prey component (fish, squid or crustacea) 

immediately recognisable; few or no fish bones or lumps of muscle; fish eyeballs 

opaque and eroded. 

Moderately digested - samples more fibrous and less dense (ie.lower mass for same 

volume of food) than above; bones and flesh of fish apparent; krill fragments 

identifiable as such if present. 

Lightly digested - samples fibrous, coarsely textured, usually pale in colour; fish 

and! or squid and! or krill soft parts evident; prey hard parts (fish opercula, jaws 

and vertebra) obvious; otoliths often visible in the food mass. 

The homogeneous appearance (due to the generally advanced state of digestion) of 

prey soft tissue from most penguins meant that samples could be sub-sampled with 

a reasonable level of assurance they would be representative of the whole. Stomach 

samples were mixed with a household fork and sub samples taken at random and 

combined to form a single 300 g sub sample for detailed analysis. These samples 

were irrigated vigorously with water and drained up to 15 times through the same 

sieves as used in the field to separate unidentifiable soft tissue from hard part 

remains. Otoliths, jaws and beaks were usually left behind in the tray and were 

collected. The highly digested condition of many of the samples meant that 

identification of prey items was based mainly on analyses of sagittal otoliths, squid 

lower beaks and crustacean fragments. Paralepidid fish were identified from jaws 

rather than otoliths, which were heavily eroded. Hard parts of squid and fishes 

were collected from the water bath and dried for identification and measurement. 

Crustaceans were highly digested. A small number of individuals was identified 

but none was measured. 
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The number of fish in each sample was estimated from either the number of otoliths 

or the number of jaw bones (whichever was greater) assuming that each fish 

contributed two otoliths and two jaw bones to each sample. For the fish 

TrematOnLllS eulepidotus, the most numerous otolith from either the left or right side 

was used; for other fish species otoliths were either symmetrical (eg. Pleuragramma 

alltarcticllm) or eroded, so the mean of the total number of otoliths was used. 

Composition of the diet was assessed using frequency of occurrence, percentage by 

number and percentage by mass as recommended by Hyslop (1980) and Duffy and 

Jackson (1986) to enable comparison with other dietary studies of emperor 

penguins and to allow for the biases peculiar to each method of analysis. 

5.2.5 Identifying fish remains 

Fish otoliths were examined under a microscope fitted with an eyepiece graticule 

(10 power magnification) calibrated with an objective micrometer. Since the 

digestive process affects identification and measurement of prey hard parts, 

otoliths were ranked according to the following subjective index of erosion:-

EI 1. Intact - otoliths as in fresh fish; usually excised from fish crania. 

EI 2. Little apparent erosion - identifiable to species level and suitable for 

measurement. 

EI3. Significant erosion - identification usually reliable but measurement not 

possible. 

EI 4. Extensive erosion - identification possible in most cases to Family level only. 

EI 5. Eroded - otoliths almost featureless; identification not possible at any 

taxonomic leveL 

Only relatively intact otoliths (ranks 1,2 and 3) could be positively identified to 

species level while higher ranked otoliths were identified to family level only. 

Lengths and widths of otoliths were used to estimate fish standard length and 

mass using the equations of Williams and McEldowney (1990). 
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5.2.6 Identifying cephalopod remains 

The number of cephalopods was estimated from the number of lower beaks in the 

samples; soft parts were used only to confirm identification. Beaks were either in 

the buccal mass or free in the food mix and were identified using Clarke (1986) and 

a reference collection of beaks held at the Australian Antarctic Division. Lower 

rostral lengths were measured to the nearest 0.1 mm under the microscope and 

dorsal mantle length and whole body wet weight estimated using the equations of 

Clarke (1986) and Rodhouse et al. (1990) for all species except Alluroteuthis 

antarctic us for which the equation of Green and Burton (1992) was used. 

5.2.7 Identifying crustacean remains 

Crustaceans were reduced by digestion to fragmented body parts which in many 

cases were identifiable to family level only. A small number of relatively undigested 

specimens were identified to generic and species level by reference to Kirkwood 

(1982) but none were intact enough to measure. 

5.2.8 Data treatment 

The advanced state of digestion of soft tissue in the samples meant that analysis of 

hard part remains (fish otoliths and jaw bones, and squid beaks) was the only 

feasible option in determining diet composition. This approach, however, is 

problematic and has the potential to lead to serious miscalculations regarding the 

actual composition of the diet (eg. Furness, Laugksch and Duffy, 1984; Gales 1988, 

van Heezick and Seddon 1989) principally because of differential retention times 

and erosion characteristics of different types and sizes of prey remnants in the 

stomach. To determine which hard parts to analyse and which to discard, the 

mean masses of food were estimated from hard parts showing various degrees of 

erosion and compared with the mass of food flushed from the stomachs of inbound 

adults. Diet mass was reconstructed from 1) intact otoliths, jaws and beaks 

(indices 1 and 2), 2) intact hard parts and eroded hard parts identifiable to species 

(indices 1-3) and, 3) both intact and eroded hard parts assuming the identity and 

mean mass of otoliths identified to family level were the same as the commonest 

prey species in each sampling period (indices 1-4). 
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The food masses estimated by these approaches and the mean mass of food 

flushed from adults differed overall (F3,40 = 5.9; P<0.005, Fig. 5.1). Approaches 2 

and 3 above overestimated actual mean food mass by 58% and 122% respectively 

(all groups P<O.OOl, Newman-Keuls multiple range test) whereas the masses 

estimated from intact otoliths and beaks were statistically inseparable from the 

masses of food collected from penguins. Hence for the purposes of identification 

and measurement only intact otoliths, jaws and beaks were considered. 

5.2.9 Determining food energy content 

To determine the energetic status of the chick diet mix, and seasonal changes 

between winter and summer, 50 g sub-samples were taken at random from each 

stomach sample, oven dried at 60°C to constant mass, pulverised, compressed into 

pellets, weighed and combusted in duplicate in a ballistic bomb calorimeter. 

5.3 RESULTS 

5.3.1 Stomach contents digestion and prey hard part erosion 

The stomach contents digestion index scores for soft tissue were fitted to a 

categorical model (Statistical Analysis Systems Institute Inc., 1988) using a log

linear ratio and maximum likelihood analysis of variance to examine the 

relationship between stomach sampling chronology and frequency of proportional 

digestion ranks. The analysis yielded a significant result (X220 = 41; P<0.005), 

indicating that digestion varied independently of stage in chick rearing and, by 

implication, adult foraging cycle duration, since the cycle time of adults tends to 

shorten towards the end of chick growth (Mougin, 1966; Offredo and Ridoux, 1986) 

(Fig. 5.2). Analysis of the otolith erosion index gave a similar finding, with stage of 

erosion being independent of sampling period (X220 = 116; P<O.OOl). Of the 2036 

otoliths found in the 300 g sub-samples, only 23% were sufficiently intact for 

identification and measurement. The relative proportion of intact otoliths was 

highest (33%) in the July samples and lowest (9%) in both the late September and 

late December samples (Fig. 5.2). Only 4% of squid beaks were considered eroded 

and not suitable for measurement. 



10 o Intact hard parts 

9 o Intact and eroded hard parts 

f.2l Intact, eroded and unknown component 

8 • Whole stomach sample 
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Fig. 5.1 Comparison of mean penguin stomach contents for each sampling 
period and mean mass of food items estimated from measurements of 1) intact 
hard parts, 2) intact and eroded hard parts of identifiable species or group 
using measurements of intact hard parts to estimate mass of eroded otoliths, 
and 3) hard parts from points 1 and 2 combined with unidentifiable otoliths 
assuming identity and mass of the most common species group in each 
sampling period or, if absent, from the closest sampling period in time. 
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5.3.2 Adult arrival mass and stomach content mass 

Adult arrival mass ranged between 21.5 and 32.9 kg during the study and varied 

significantly among sampling occasions (ANOVA: FlO,152 = 3.3; P<0.002; Fig. 

5.3). Auster females returning after their winter absence and penguins returning to 

the same colony on 21 November were significantly heavier than Auster males 

arriving after their first post-incubation foraging trip and Taylor Glacier birds on 15 

September (all groups P< 0.05, Newman-Keuls multiple range test); all other means 

were statistically indistinguishable. 

The mean wet mass of food delivered by adults was 1,898 ± 793 g (s.d.) (range: 

427-3909 g, n = 153), or an average of 7.5 ± 3.2 % of empty adult body mass 

(range: 1.3-15.5 %). As expected (eg. Duffy and Jackson 1986) mass of wet and 

dry stomach contents were highly correlated (f151 = 0.95; P<O.OOI). However, the 

relationship was imperfect and a more accurate examination of seasonal and 

colony related differences in food mass delivered by adults would be achieved by 

comparisons based on dry mass of food, which would eliminate residual water in 

food samples as a possible confounding influence on stomach sample mass. Mean 

food masses differed overall (ANOV A: FlO,152 = 5.98; P<O.OOI; Fig. 5.3), 

principally because post-winter females arrived at colonies with less food in their 

stomachs than all later birds (all groups P<0.025, Newman-Keuls multiple range 

test). Also, penguins flushed at Auster on 27 October yielded more food on 

average than birds in August (P<0.05). Differences between mean masses of food 

samples collected at both colonies in September, and between Auster on 21 

November and Taylor Glacier on 10 December, were not statistically significant. 

5.3.3 General diet composition 

A summary of the diet composition of 115 emperor penguin chicks at Auster and 

38 chicks at Taylor Glacier is shown in Table 5.2. A total of 6457 prey items 

representing 33 species or species groups were recovered from both colonies. 

Cephalopods in the diet samples were squid except for two octopods found in a 

single penguin at Taylor Glacier in September. Crustaceans occurred in 82% of 

samples at Auster and 87% at Taylor Glacier, and at the sample sorting stage 

(based on appearance of purged stomach contents) were considered the dominant 

component in 5% of stomachs. Crustaceans are the main prey of the fish species 

(eg. Williams 1985) and squid species (eg. Nemoto, Okiyama and Takahashi 1985) 
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Table 5.2: Summary of diet mix available to 115 chicks at Auster colony and 

38 chicks at Taylor Glacier colony during the 1988 chick rearing period. 

Figures in bold type refer to summaries for each prey component. Values in 

parentheses for number of prey items relate to eroded otoliths and beaks of 

species presumably consumed by adults foraging for maintenance; they have 

been included to preserve this element of the data for comparison with other 

studies (past and future) where partially digested hard parts might be 

assessed. Channichthyid jaws and otoliths, and eroded otoliths in the 

Chaenodraco/ Chionodraco group most probably belonged to Chaenodraco 

wi/soni, the commonest Channichthyid recorded. Unknown nototheniids 

were probably either P. antarcticum or T. eulepidotus. Paralepidid jaws were 

either Notolepis coatsi or Magnisudis sp. Otolith measurements of Notolepis 

coatsi, the commonest paralepidid, were used for estimating mass of this prey 

group. 



AUSTEfI COLONY TAYLOfI GLACIEfI COLONY 

Frequency Prey Items Number Mass Mass Frequency Prey Items Number Mass Mass 
of (0) 1%) (gm) ~') of (0) 1%) (gin) (%) 

occurrence occurrence 
('Yo) (%) 

FISH 

ARTEDIDRACOOIDAE (6) (6) 

EATHYDRACONIDAE 

~odraoo mawsorJ 1 7 02 847 04 
ymnodraco acuticeps 7 m ., r2) W '''''' 6JJ 5 2l (54) 1.1 3Il21 3.8 

CHANNlCHrHYIDAE 

Chaenodraoo wRsoni 3 (2) 21 (12) OS "" 1.3 m 3J (6) 1.5 ... 45 
Chioflodraco hamatus 1 4 <0.1 614 0.3 
Chionodraco 7[J.rsJ 1· 10 0.5 17T1 1.7 
Chaenodraca' hionod sp m (116) 
Pagetopis macropterus 2 16 04 l1Zl 05 3 7 03 "" 05 
pay:gpsis sp. (61 (561 IJ1 IW1 G1ann. otoliths (16 (225 
O1annictf1yid jaws .. 1.1 1344 0.6 " If 39 ... 4.9 

MYCTOPH[)AE 

Electrona antarctica (16) (252) (67) 

NQTOTHENIIDAE 

Pagothenia borchgre'linki 1 (51 2 (13l 0.1 1., <0.1 13 '" 1162
) 

1.7 ,,"4 2.8 
Pleuragramma antarcticum '" (2l $:I (1126 13D '''''' 52 3 t. 495) 62 1018 to 
Trematomus bemacchli 2 3J 0.7 2491 12 10 5 02 f<JJ DB 
T. eu/epidotus 3J (12) 'JJT (610) fa9 """ ~D 16 110 (107) on "'" a1 
T. hansoni 1 6 (I) <OJ 1:<6 06 
T. lepidolhinus 4 53 12 2nO 1.3 
T. loennbergi 3 44 1.0 3001 19 3 17 0.6 1~1 ,. 
Trematomus sp. (6) 

~ 
(596) 

Unknown nototheniid (43) 

PAlW.EPIDIDAE 

Notolepis ooatsi 1 (16) ~ ("") 03 2; <0.1 
Paralepidid jaws '" 721 17D 10116 46 184 "" 59 lID Il.6 

Unknown fish (14) (500] (10) 

TOTAL FISH T.l9 2216 51. 11 .... 553 "'. '"' '1' ~74S ",7 

CEPHALOP.OosA 

pFfuchrr1euthiS gla cialis • • 1576 "'6 :!7101' 12.9 " "'" ~.5 WI! "'.4 
AI uroteuthis antarcticus 2l (1) ." (14) 113 417., 19. 2l 175 811 45100 43.7 
KondakO'lia longimani 6 " t4 3126 15 3 12 0.6 474 05 
Gonatus sp 4 10 02 1565 07 
Moroteuthis ingens 5 21 OS "'" 1.7 
Histioteuthis sp 10 47 1.1 ''''' 63 6 51 23 2113 >1 
Chiroteuthis sp 1 1 <0.1 21 <0.1 
Mesonychoteuthis hamil/oni 5 3l 09 :<" 1.7 5 6 0.4 '" 05 
Unknown octopods 

, 1 2 <0.1 

TOTAL CEPHALOPODS 58.3 .., 462 ..... 4<7 $3 1587 ". """ ... 
CflUSTACEA 

, 
Euphausia sp '" 

, 2l 
E. superoa 16 , 16 , 
E. c~tal/orcphias 2 , 
Amp 'pods 3 , 3 

, 
Hyperiid 1 

, 5 , 
'trrmria macrocephala 3 , 3 , 

amanid 6 , 5 , 
Copepods 2 

, 3 
, , 

TOTAL CflUSTACEA B2 , .1!1 

Tot. "" 100 21(8); 100 2179 100 100:110 100 

AFami/y names for ceph~opods are PSy'chrcteulflidae (P. glacialisj, Neoteuthidae (.4. antarcticus), Onychoteuthidae (K. Iongmani; M ingens), Gonatidae 
kGonatus s~, 

igioteulfli ae (Histioteuthis sp), O1iroteulhidae (Chiroteuthis sp) arK! Cranchiidae (M hamil/oro), 
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shown in Table 5.2 but itis not known if they were the primary prey of penguins or 

prey of fish and squid secondarily ingested by penguins. In spite of this 

uncertainty the importance of crustaceans in chick diet, though almost certainly 

underestimated, was minor overall. Euphausia superba was the conunonest 

crustacean, occurring in at least 18% of penguin stomachs at Auster and at least 

16% of the adults at Taylor GlaCier. 

The fish T. eulepidotus and the squid P. glacialis and A. antarcticus were the 

dominant species, and when combined accounted for 64% and 74% of the diet by 

mass for penguins at Auster and Taylor Glacier respectively; all other species of 

fish and squid were of minor significance overall. Frequency of occurrence, 

composition,by numbers and composition by mass of the main components are 

shown by sampling period in Fig. SA. Fish, squid and crustaceans occurred in the 

diet throughout the entire chick growing period. On a proportional basis the 

number and mass of fish and squid tended to change seasonally with fish occurring 

more frequently in the colder months than squid. The species array varied 

temporally and the occurrence of some species in the diet was patchy (Fig. 5.5), 

5.3.4 Fish 

The most numerous fish species in the diets at both colonies combined were a 

paralepidid (30%, probably Notolepis coatsi, the commonest paralepidid found), T. 

eulepidotus (25%) and P. antarcticum (25%) which together comprised 80% of the 

fish corpponent by number. By mass T, eulepidotus predominated, comprising 50% 

of total fish for both colonies combin~d. Other ~ain fish species by mass were G, 

acuticeps (11%), P. antarcticum (8%) and paralepidids (8%). The abundance and 

mass of the main fish species varied temporally but no consistent seasonal pattern 

was evident. P. antarcticum constituted 60% by number (mass: 36%) of fish in 

stomachs of winter females, but thereafter the numerical importance of this species 

decreased. 

The length-class distributions of the three main fish species are shown in Fig. 5.6.' P. 

antarcticum showed a bimodal distribution with one peak at 100 nun (7 g) and 

another at 150 mm (25 g). The size of fish showed temporal variation (ANOY A: 

FlO,lS7 = 19.1; P<O.OOl) but no seasonal trend was evident. Mean fish length was 

greatest in July, August, 10 November and 29 December and least in the 15 

September and 10 December samples. The length-frequency distribution of T. 

eulepidatus peaked at ISO mm (lOS g) and varied in time (ANOY A: FS,167 = 3.6; 



Fig. 5.4 Frequency of occurrence, percent by number and percent by mass of main 
food components fed to emperor penguin chicks during 11 sampling bouts from 
hatchlng to fledging. Data for 15 September and 10 and 29 December from 
penguins at Taylor Glacier; all other samples for birds at Auster colony. 
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P<0.002) but not in a linear manner. The maximum length class of the paralepidids 

was 210 mm (6 gm for N. coatsi) and the mean length of fish taken varied 

temporally (ANOYA: F9,182 = 6.2; P<O.OOl); however there was no consistent 

trend in fish standard length from winter to summer. The erratic temporal variation 

in mean length recorded for these three fish species could be an artefact of the small 

sample sizes or, alternatively, it may reflect fish breeding patterns, changes in 

penguin hunting behaviour, or elements of all of these. 

5.3.5 Squid 

The squid P. gZaciaZis and A. antarcticus were the most numerous cephalopods in 

the diet, constituting 80% and 13% respectively of the number of cephalopods in 

chick diet at both colonies combined. In July and August penguins also consumed 

appreciable quantities of Histioteuthis sp but the occurrence of this species had 

declined by early summer. In terms of mass A. antarcticus was the main squid 

consumed, comprising 53% of the cephalopod component compared to 30% for P. 

gZaciaZis. The size-frequency distribution of A. antarcticus revealed 6 size classes 

(Fig. 5.7) and these differed temporally (ANOYA: F9,493 = 12.9; P<O.OOl). The 

smallest individuals were taken at Auster in October and the largest in September 

at Taylor Glacier (all groups P<O.OOl; Newman-Keuls multiple range test; groups 

<30 scores excluded). A total of 56% of all A. antarcticus individuals taken 

occurred on two occasions -15 September (Taylor Glacier) and 10 November 

(Auster). 

Four size classes of P. gZaciaZis were evident: 19 mm, 51 mm, 84 mm and 116 mm 

dorsal mantle lengths which correspond to squid weighing about 3 gm, 7 g, 17 g and 

35 g (Fig. 5.7). The largest individual taken weighed an estimated 460 g and the 

smallest less than 2 g. The size distri1:>ution of P. gZaciaZis also showed strong 

temporal variation (ANOYA: FlO,2888 = 114.8, P<O.OOl) with squid taken 

becoming consistently larger towards summer (all groups P<O.OOl, Newman-Keuls 

test; groups <30 sCQres excluded; Fig. 5.8). 

5.3.6 Diet differences between colonies 

An indication of dietary differences and similarities between colonies may be 

gained by comparing samples taken at both colonies in September (10 days apart) 

and at Auster on 21 November and Taylor Glacier on 10 December (19 days apart). 

Penguins at both colonies captured a similar suite of prey speqes. Auster penguins 
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in September fed chicks a fish-squid ratio of 3:1 by mass whereas the corresponding 

ratio for Taylor Glacier chicks was 1:3.5. This disparity was also evident in the 

November and December comparison with Auster chicks fed more fish than squid 

(2:1), which was the reverse of the component mix for the Taylor Glacier penguins 

(1:1.6). At a prey species level Auster birds in September fed chicks a greater 

proportion of P. antarcticum, T. eulepidotus and paralepidids and a lesser 

proportion of A. antarcticus and Histiotuethis sp than Taylor Glacier birds. In 

November and December T. eulepidotus occurred more frequently in the diet of 

Auster penguins whereas A. antarcticus dominated the diet of the Taylor Glacier 

penguins. 

5.3.7 Energy density of prey 

The energetic status of food delivered to chicks ranged between 19.5 and 32.6 kj/g 

and differed between sampling occasions (ANOVA: F10,152 = 16.5; P<O.OOl). 

Mean energy density was higher at Taylor Glacier in both December samples than 

samples taken in all other months (all groups P<O.OOl, Newman-Keuls multiple 

range test, Fig. 5.9); this is considered to reflect an increase in food energy density 

with the onset of summer rather than a colony difference in prey energy content. 

Also, chick food sampled at Auster on 10 November yielded significantly more 

energy than samples for July, August and 21 November (all groups P<0.05) though 

these differences were minor overall. The September food samples from both 

colonies were collected 10 days apart and were similar in energy content. 

5.3.8 Stones 

All samples contained small granitic stones (presumably collected from the sea bed 

or from the undersurface of ice bergs) which adults passed to chicks in regurgitated 

food from the chicks' first few meals. Eleven chicks that died from starvation at 

fledging contained an average of 187 gm (range: 52-323 gm) of stones in their 

stomachs, consisting of between 153 and 557 stones. The stones presumably playa 

role in the digestive processes of adults and chicks. 

• 
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5.4 DISCUSSION 

5.4.1 Caveats on the data 

To avoid unnecessary harassment, adults selected for water-offloading were not 

chosen if they appeared to have empty stomachs (they were presumed not to be 

attending chicks). If apparently unladen adults were in fact carrying small 

quantities of food then this approach would bias upward the food mass estimates 

and increase the overall abundance of items recorded. In this case food masses and 

prey abundance estimates, but presumably not the dietarypropoitions, would not 

be directly extendible to the population since the estimates may only reflect the diet 

of chicks parented by adults efficient at foraging. Although this would not affect 

the within-study comparisons (the adult selection method was adopted uniformly) 

the relevance of inter-study comparisons may be diminished somewhat where 

numerical data (eg. gut content masses, number of prey items) are assessed. 

Analysis of penguin diet from prey remnants is an indirect approach and may be 

subject to several sources of error. Therefore an appropriate principle of diet 

reconstruction is an assessment of the errors in the anatysis and consideration of 

the extent to which they may distort the results. Given the prevalence of both squid 

and fish in chick diet, the main concern in this study is the insufficient knowledge of 

the LRL-mass relationship for A. antarcticus, a large squid that occurred commonly 

in the diets of chicks a~ both colonies, and the differential digestion rates of beaks, 

otoliths and jaws in the stomachs of adults prior to chick feeding. There are no 

published beak length estimates for Alluroteuthis and the predictive equation used 

to estimate mass is based on measurements of only two beaks (Green and Burton in 

press). This introduces an element of doubt about the mass contribution for this 

species and the squid component in general, especially for chicks at Taylor Glacier 

where A. antarcticus was the dominant food item recorded. The abundance 

estimates for A. antarcticus, of course, will not be affected by this concern. 

Other investigators have examined prey remnant erosion rates and penguin gut 

retention times-by empirical and qualitative approaches (eg. Adams and Klages 

1987; Gales 1988). Briefly, squid is digested by penguins more slowly than fish 

(Wilson et al. 1985) and beaks are generally more resistant to digestion and take 

longer to be evacuated from penguin stomachs than otoliths (Furness et al. 1984; 

Gales 1988); consequently squid may be overestimated in penguin diet. In order to 
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minimise this bias only beaks and otoliths showing little or no wear were used in the 

quan?tative analysis (a conservative approach cf. studies by Klages 1989 and 

Gales et at. 1990 who included all but heavily eroded squid beaks in their analyses) 

and the relevance of this approach was confirmed by the food mass reconstruction 

alternatives shown in Fig, 5.1; these revealed overall conformity between food 

masses purged' from penguins and masses derived from intact prey remnants. 

However, when each sample bout is considered individually there was still 

substantial variation between actual and estimated food masses. (This 

discrepancy serves to highlight the inexact nature of diet reconstruction where l~rge 

volumes of semi-digested mush are portrayed by relatively small numbers of prey 

remnants which are prone to different erosion rates and residence times in the 

penguins'stomach). Bearing these concerns in mind, and the dearth of 

morphometric data for Alluroteuthis, it would be circufnspect, therefore, to conclude 

that the results are at best an approximation of the aCWaI composition of chick diet 

at these colonies. 

5.4.2 Differences between colonies 

The comparison of chick diets between colonies implies a greater dependency on 

squid than fish by the penguins at Taylor Glacier. Whether or not this difference is 

typical for these colonies is open to conjecture. Limiting an expansive 

interpretation are the small sample sizes relative to the degree of diet heterogeneity, 

the non-synchronous collection of samples and the within-colony variation in diet 

composition (eg. the three sample bouts in October at Auster, Fig. 5.4 and 5) . 
• 

Further study employing larger sample sizes and more synchronous sampling is 

needed to confirm or reject this finding. 

Also requiring further clarification is the similarity in energy density of food in the 

September samples at both colonies. The mid-study food energy densities for 

Auster and Taylor Glacier were approximately the same, even though squid 

dominated the· diet (78% by mass) at Taylor Glacier and contains appreciably less 

lipid, and energy, than fish (Croxall and Prince 1982 and references therein). 

Presumably seasonal variation in lipid content 9f the fish and squid species 

available to penguins explains this apparent anomaly. The increase in calorific 

value for the December samples at Taylor Glacier, where the mass of fish and squid 

was about equat probably reflects the increased incidence of female prey in 

breeding condition in the diet of penguins, 
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5.4.3 Characteristics of prey and penguin foraging 

Otoliths of Electrona antarctica, a common myctophid fish excluded by low 

temperature from the pelagic waters of the high Antarctic shelves (Hubold 1985), 

were heavily eroded and this species presumably was digested by adults at sea and 

not fed to chicks. Similarly, the paralepidids (N. coatsl?), another offshore species, 

may have be~ ingested by adults for maintenance. Both species occurred most 

commonly in the diet in spring when the fast sea-ice was most extensive and were 

probably taken outside the foraging range of emperor penguins gathering food for 

chicks. 

The fish component of the diet was dominated by Nothotheniids (principally T. 

eulepidotus P. antarcticum ) with Channichthyids and Bathydraconids being 'of 

secondary importance overall. The same taxa were also important at Taylor 

Glacier although the proportional contribution to mass differed slightly. 

Nothotheniids are the dominant demersal fish taxa in the Southern Ocean and are 

adapted to the environmental conditions of the high Antarctic shelf waters (DeWitt 

et al. 1990; Ekau 1990; Ekau and Gutt 1991). Most are bentho-pelagic, living on or 

near the ocean floor of the continental shelf and shelf edge where they exploit a 

diverse range of marine habitats. Similarly, the Channichthyids found in chick diet 

are primarily ben tho-pelagic species restricted to the continental shelf waters 

between 200-800 m depths (Iwami and Kock 1990). 

The distribution of No~otheniids in the iRa ter column varies depending on their age. 

Young fish of most species exploit surface and middle layers «135 m) whereas 

adult fish inhabit waters near the ocean floor to 400 m depth and below. The size

frequency distribution of T. eulepidotus suggests that emperor penguins captured 

only sub-adult and a few adult fish, either by deep dives to the ocean floor or by 

shallower dives when the fish moved up the water column to feed on E. superba 

(Williams and McEldowney 1990). The bi-modallength-frequency distribution of 

P. antarcticum (peaks at 100 and 150 mm standard length) was similar to that 

recorded by Klages (1989) for emperor penguins in the Weddell Sea and indicates 

that at least two cohorts were taken by the penguins: a small number of juvenile fish 

on foraging dives into the middle layers of the water column and a large number of 

adult fish by deep dives close to the ocean floor. P. borchgrevinki and G. acuticeps, 

both found in appreciable quantities at Taylor Glacier, range within the upper 50 m 

of the water column (Ekau 1991; Gon 1990) and would have been taken by 

penguins on shallow dives. 
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The squid component of chick diet was dominated at both colonies by A. antarcticus 

and P. glacialis. Information on the growth and reproduction of Antarctic squid is 

scarce (eg. Oark 1985) and much of what is known has been deduced from dietary 

studies of seabirds and other predators of squid. According to Offredo et al. 

(1985), P. glacial is breeds annually, reaches maturity at 3.2-4.2 mm LRL, hatches its 

young during the Antarctic winter and early spring and dies immediately after 

spawning. Assuming this is an accurate depiction of their breeding cycle the size

frequency distribution of P. glacialis (Figs. 5.6 and 5.7), which showed a linear 

increase with time, suggests emperor penguins preyed heavily upon immature 

rapidly growing squid and continued" to tak~ them throughout the entire chick 

growing period. Since immature individuals of otherwise deep-ocean squid are 

thought to occur in the upper layers of the water column (Nemoto et al. 1985; 

Rodhouse and Oarke 1986), emperor penguins would not need to dive deeply to 

encounter this component of their prey. 

Interpretation of the size-frequency data for A. antarcticus, the most important 

squid by mass in chick diet at both colonies, is made difficult by the dearth of 

published information on its growth and reproductive characteristics and its 

distribution in the water column. A range of beak sizes, including some from very 

large squid, were found in the stomachs of penguins on each sampling occasion, but 

it is not clear if these represent several year classes or the growth pattern of the 

immature squid as suspected for P. glacialis. Since A. antarcticus becomes 

positively boyant and floats to the surface after death (Lipinski and Jackson 1989) . 
the large individuals recorded in the diet may have been taken by penguins on 

relatively shallow dives. 

In conclusion, the data suggest that emperor penguins breeding at Auster and 

Taylor Glacier colonies forage in continental shelf waters employing a combination 

of deep dives in the proximity of the ocean floor to capture large fish (and possibly 

large squid), and dives into the middle and upper reaches of the water column to 

prey upon immature squid and fish. As the continental shelf extends about 100 km 

offshore and lies within the = 460 m maximum recorded diving depth for emperor 

penguins (G. Robertson, unpublished data), the Mawson Coast affords an extensive 

area over which the birds can forage. 
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5.4.4 Comparisons with other studies 

Studies at colonies where diet composition has been examined give a divergent 

picture of emperor penguin diet. At the Pointe Geologie (Offredo and Ridoux 1986) 

and Amanda Bay (Gales et al. 1990) colonies penguins foraged almost exclusively 

on fish (97% and 95% by mass respectively; nototheniids dominant at both 

colonies) and at the Dreschlet Inlet colony penguins consumed crustaceans (E. 

superba) and fish (P. antarcticum and N. coatsi) at a ratio of about 1.4:1 (Klages 

1989); at all colonies, squid contributed less than 10% by mass to the diet. In 

contrast, for the Mawson Coast penguins squid and nototheniid fish were similar in 

importance. Although these studies were conducted in different years, over 

different time spans and at different stages in chick growth (which makes inter

study comparison difficult), the results for the Mawson Coast penguins, when 

compared to results from other colonies, suggest substantial geographical variation 

in the prey component mix of emperor penguin diet. 
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CHAPTER 6: THE ECOLOGICAL ENERGETICS OF EMPEROR PENGUIN 

CHICKS DURING THEIR DEVELOPMENT 

6.1 INTRODUCTION 

In many respects the emperor penguin (Aptenodytes fosteri) is the quintessential 

Antarctic seabird. Of the 17 species of penguin that are recognised only the adelie 

(Pygoscelis adeliae) and emperor penguins breed in the extreme high Antarctic and 

only the emperor possesses the behavioural and physiological adaptations to raise 

young through the Antarctic winter and spring, when the birds must endure the 

most severe temperatures of any bird species. The emperor has evolved a breeding 

cycle inextricably linked to the annual setting and breaking out of the fast sea-ice on 

which it assembles to breed, a remarkable adaptation to the Antarctic environment. 

These features of the emperor penguin make it an important species for research, 

particularly in light of the increasing international concern over the dual effects of 

global atmospheric change on the sea-ice dynamics of the high Antarctic, and 

potential impact of commercial fisheries (Ichii 1990; Kailola et al. 1993) on the 

marine food chain. 

Emperor penguins breed in a narrow strip (64°-77°5) around the entire Antarctic 

coast except for the Antarctic Peninsula, where they are all but absent, and the 

Ross Sea, where colonies reach 77°5. About 200,000 pairs assemble annually to 

breed in about 40 colonies (Woehler 1993). Because penguins are important 

consumers of marine resources in Antarctic waters (Croxall 1984) they have been 

the focus of extensive research, much of which has been aimed at assessing their 

role in the marine system and their dependence on potentially harvestable 

resources. Although emperor penguins are a minor species in the numerical sense, a 

mass-specific comparison implies a significant turnover of marine resources, 

because in terms of biomass, the emperor population constitutes about half that of 

the adelie penguin when the total populations for both species are considered. On 

the Mawson Coast, which is a stronghold for emperor penguins, the biomasses of 

both species are similar (estimated from Woehler 1993). 

In order to assess the impact of commercial fisheries on penguin populations it is 

essential to understand the energy requirements of penguins during period of 

greatest demand. Chick rearing represents a substantial energetic investment by 

adults and would rank beside the pre-moult and pre-breeding fattening phases as 
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the periods of greatest demand for food and energy and greatest impact on marine 

resources. In spite of the energetic importance of chick rearing, to date there have 

been only five studies of the energy costs of raising penguin chicks. These include 

king penguins (A. patagonicus, Adams 1990), macaroni (Eudyptes chrysolophus) and 

rock hopper (E. chrysocome) penguins (Brown 1987), gentoo penguins (Pygoscelis 

papua; Robertson, Green and Newgrain 1988; Gales et al. 1993) and gentoo, adelie 

and chinstrap penguins (P. antarctica) (Culik 1994). 

This study is the first to examine the energetics of emperor penguin chicks during 

their five-month winter development phase. The study sought answers to the 

following questions about emperor chicks: 1) what is the pattern of energy 

accumulation during development, 2) how does energy expenditure scale on body 

mass during growth, 3) what is the total energy requirement of chicks from hatching 

to independence and, 4) based on (3) what is the food consumption of an emperor 

penguin chick and what are the chick population requirements. 

6.2 MElHODS 

6.2.1 Study colonies and environment 

The study was conducted at Auster and Taylor Glacier colonies, which lie, 

respectively, 55 km east and 95 km west of Australia's Mawson station. The 

habitat at both colonies has been described previously (Robertson 1990, 1992). 

Briefly, Auster colony lies on fast sea-ice among an assemblage of grounded ice

bergs 15 km offshore and Taylor Glacier colony is situated on the seaward edge of 

the Antarctic continent. In 1988 at Auster 10,963 breeding pairs produced 6,350 

fledglings (58% success) and at Taylor Glacier 2,900 pairs raised 1,774 chicks 

(61 %) to departure age. 

The weather in Antarctica plays a pivotal role in the success of field research on the 

winter-breeding emperor penguin and had a major effect on this study. The most 

notable feature of the Mawson weather is the persistently strong south-easterly 

katabatic wind, which averages 40 km.h-1 year-round (Streten 1990) and 

contributes 60% of the mean annual wind speed (Streten 1968). Snow cover in the 

Mawson region is relatively light because the catchment area of the wind system 

(inland on the polar plateau) is frequently exhausted of snow and snow that does 

deposit on the coast is usually quickly ablated (Bromwich 1988; Streten 1990). The 

weather at Mawson in 1988 was typical of the 30-year weather record described by 

Streten (1990). Between July and December, when the study occurred, ambient 
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temperatures ranged between -29.6°C and 5°C and the wind-chill equivalent 

temperatures reached -54°C and were often below -40°C. Blizzards occurred on 

12% of days, gale force winds (>63 km.hr-1) on a further 45% of days and wind

driven snow on a further 16% of days. The wind speeds at Auster colony, which 

lies offshore, were not recorded but they are generally less than those on the coast 

at Mawson. Taylor Glacier colony, which lies on the coast, probably received wind 

speeds similar to those at Mawson. Day length was limited only in July and 

August, which received on average 0.4 and 2.2 hours sunshine per day respectively. 

6.2.2 Salient features of the reproductive cycle 

The timing of events in the emperor penguin breeding cycle is dictated by the annual 

flux of the sea-ice. When the sea-ice forms in March emperor penguins on the 

Mawson Coast assemble at their colony sites for a pre-nuptial phase lasting until 

mid-May when egg laying commences. The single egg is incubated by the male for 

60-65 days until mid-July when the female returns from foraging at sea. After 

hatching the chick is brooded by the male (up to 10 days) then the female (about 20 

days) and again by the male, until it reaches 50-55 days of age when it is robust 

enough to be left by both parents in a creche. Parents then spend the next 100 days 

conducting a shuttle service between colony and ice edge gathering food for the 

chick and their own maintenance. The first fledglings leave the colony in mid

December at about 150 days of age. Chicks weigh 250-383 g at hatching and 1.8-

2.55 kg at creche formation (Prevost 1961) and fledge at 10-12 kg (Isenmann 1971), 

or 40-50% of adult mass. In 1988 the timing of events in the breeding cycles of 

penguins at Auster and Taylor Glacier were similar (Robertson 1992). The first eggs 

were seen at Auster on 15 May, the first chicks were heard chirping among huddling 

adults at Taylor Glacier on 14 July, chicks began forming creches at Auster 54 days 

later on 7 September, and the first fledglings left Taylor Glacier on 14 December, 

153 days after estimated time of hatching. At Taylor Glacier chicks fledged at a 

mean mass of 10.56 kg after reaching a peak mass of 18.8 kg. Fledging lasted 33 

days. 

6.2.3 Selecting experimental chicks 

It was originally intended to conduct the study on known-age chicks so that a 

growth curve could be constructed and age-specific food and energy intake could be 

determined. This approach would have required repeated capture, isotope 

administration and blood-letting of the same chicks and adjustment of their flipper 

bands (to accommodate growth) for the entire ISO-day growing period. Once in the 
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field it became clear that repeated disturbance would be detrimental to both adults 

and chicks, particularly during the brooding and creching stages of the breeding 

cycle when the temperatures were low and huddling was essential for 

thermoregulation (see Jarman 1973). In addition I was uncertain if a sample of wing 

banded chicks with no fixed territories among 10,000 others in the colony could be 

repeatedly found and recaptured for measurements. Failure to recapture them 

would have resulted in strangulation of the chicks' flippers as they outgrew the 

bands. 

Consequently up to 15 chicks were selected at each of six different stages of the 

cycle and injected with isotope with a new group being chosen at the end of each 

isotope integration period. Chicks were selected by eye using height and mass 

(measured on initial capture) to reflect age, with mass being the main determinant. 

Chicks were selected in 1 kg, 3 kg, 6 kg, 9 kg, 12 kg and 15 kg mass classes to 

achieve a temporal spread of masses, and presumably ages, throughout the entire 

growing period. The age of chicks up to asymptotic mass was estimated 

retrospectively by the relative chronological method of Ricklefs and White (1975). 

Bill length is considered to be a reliable indicator of agein penguins (van Heezik 

1990), so the changes in bill length during the 5-21 day measurement periods were 

used to construct a bill length-age relationship which was then used to estimate the 

ages of experimental chicks at initial capture and isotope injection. The age of the 1 

kg chicks, the starting point on the growth curve, was taken as the difference 

between time of hatching and the calendar day on which experiments commenced, 

and the age of chicks past asymptotic mass (12-15 kg) was estimated as the 

difference between the number of days from hatching to independence (153) and 

the number of days after isotope injection that chicks left the colony for the ice 

edge. The accuracy of the ageing method would have been improved if chicks had 

been sampled throughout the growth period since growth was unlikely to occur at a 

constant rate. The differences (5.02-8.48 mm) in mean bill length of chicks in the six 

mass classes were similar and these differences were significant overall (ANOV A: 

F5,88 = 417.3, P<0.0005) as were the differences in mean bill lengths of chicks in 

each consecutive pair of classes (P< 0.001 all groups, Newman-Keuls multiple range 

test). This suggests a reasonably linear spread of chick masses, and ages, 

throughout the chick growing period. In most cases chicks fell within 10% of the 

target masses and were some of the healthiest-looking chicks in the population (see 

Discussion). Chicks in the 1-9 kg classes were studied at Auster until late 

November when decaying sea-ice prevented safe access to the colony. The study 

was then transferred to the land-based colony at Taylor Glacier (12-15 kg classes) 

for the last month of chick development. 
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The 3 kg-IS kg chicks were independent of their parents when caught for 

experiments. The 1 kg chicks, however, were about 30 days old, were being 

brooded and would have died from exposure if abandoned by the adult during 

handling. Moreover, in severe weather brooding females formed huddles and it was 

not possible to recapture them without disturbing other penguins in the colony. 

Therefore work on the 1 kg chicks was conducted inside a circular enclosure 

constructed on the sea-ice near the colony. The enclosure, made from sections of a 

portable sheep yard, was 15 metres in diameter, 1 metre high and had a 3 metre 

diameter annex on the side nearest the colony. On windless days the colony spread 

out and this allowed single brooding females to be gently shepherded into the annex 

to the yard without disturbing other brooding adults. Only females with a strong 

bond to the chick and an aggressive temperament when being shepherded were 

chosen (Robertson 1991). Once in the annex a cone-shaped bag was placed over 

the female's head and a numbered Velcro® band was placed around a flipper. The 

chick was removed from her feet and sheltered in an oversnow vehicle 30 metres 

from the yard where it was weighed and injected with isotope. The chick was then 

either returned to the female's feet or placed on the sea-ice directly in front of her; 

upon removal of the bag from her head the female was free to retrieve the chick. 

The brooding female was then released into the main yard where she fed the chick 

on demand for the duration of the experiment. Total handling time with the chick 

usually did not exceed 3 minutes. Of 17 chicks and adults treated in this manner 

only 2 chicks were abandoned, and these occurred in the early stages when the 

female selection method was being established. 

6.2.4 Estimating water and sodium fluxes and field metabolic rates 

Tritiated water (HTO) is used to provide an indirect measure of water turnover and 

when used in combination with 180 (doubly labelled water, DLW) provides an 

indirect estimate of C02 production and field metabolic rate (Lifson and 

McClintock 1966; Nagy 1988). Of the available techniques DLW is considered to 

be the most accurate, giving errors in the order of ± 8% (Weathers, Stanback and 

Koenig 1990). In rapidly growing birds errors may attend the use of DLW due to 

the incorporation of isotope into non-exchangeable positions on newly synthesised 

tissue (Nagy 1980; Nagy and Costa 1980). However, the effect of this has not been 

quantified and for the purposes of this study is assumed to be minor. The 

simultaneous use of HTO and sodium-22 (22Na) refines water flux estimates by 

allowing seawater-derived water to be separated from water in the penguin diet. 

The underlying assumptions with the various isotope methods have been examined 
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by Nagy (1980), Nagy and Costa (1980), Costa (1987) and the errors associated 

with the use of HTO and 22Na when used on adult emperor penguins have been 

measured by Robertson and Newgrain (1992) and are assumed to be similar for 

chicks. 

The isotope sampling protocol is shown in Table 6.1. Chicks in the 3-15 kg classes 

were caught with a long-handled butterfly net and marked with a brightly-coloured, 

numbered Velcro® flipper band and weighed to the nearest 10 g with a spring scale. 

Chicks were then given an intramuscular injection of tritiated water of the various 

specific activities and injection volumes shown in the table. Doses were less than 

2.0% of the maximum non-injurious doses recommended by Nagy and Costa 

(1980). Eight chicks in each mass class, except the 15 kg group (which were close to 

fledging when injected), were also given 1-1.5 ml of highly enriched (98+% atoms 

excess) oxygen-18 water, and 15 chicks in the 6 kg class were given both HTO and 

22Na to estimate the quantity of seawater passed from adult to chick during 

feeding. To correct C02 production estimates for background 180 levels, blood 

samples were drawn from six uninjected 15 kg fledglings. The mean background 

level in blood from these chicks had a coefficient of variation of only 3.9%, and was 

subsequently used in the analyses for all the DLW-injected chicks. Only blood 

samples with 180 blood levels at least three-times background readings at recapture 

were used to derive estimates of C02 production and field metabolic rate. 

Following isotope injection all except the 1 kg chicks were held captive for 4 hours 

in a section of the sheep yard while the isotopes equilibrated with the body water 

and exchangeable sodium pools. A 2 ml blood sample was then drawn from the 

radial vein for an initial estimate of the respective pool sizes, and the chicks were 

released back into the colony. Chicks were recaptured and a blood sample taken at 

the end of the turnover periods shown in Table 6.1. Because of the high fractional 

turnover rate of 180 compared with that of HTO in absorptive chicks, blood 

samples were also drawn from the 6 kg, 9 kg and 12 kg chicks mid-way through the 

total release periods. The 15 kg chicks were recaptured only once, as they left the 

colony when fledging. The combined intrasample intervals for chicks of all mass 

classes was 88 days, or 55% of the total chick development phase. 

A 4-hour blood sample to estimate total body water (TBW) was not taken from the 

one kg chicks because stressing the adults for a second time would have increased 

the likelihood of them abandoning their chick. Furthermore, since day length in 

early August was short, it was not possible to husband individual adults in the 

annex of the enclosure for 4 hours and complete the injection phase of the 



Table 6.1: Sampling protocol for isotope tumoverexperiments on emperor penguin chicks at Auster and Taylor Glacier colonies. 

Chick aMean Mean bill bEstimated Chicks Start Colony ClsotoEes dlntrasample eprop. chick 
mass masses ± SD length± SD age sampled date HTO 0-18 22Na interval dev. period 
class (kg) (mm) (days) (n) (MBg) (gm) (kBg) (days) (%) 

1 kg 0.946 ± 0.168 20.27± 1.7 30 12 16 Aug. Auster 370 (0.8) 0.5 5-9 3.3-6 

3 kg 3.09 ± 0.25 25.44 ± 2.8 76 15 29 Sept. Auster 416 (0.9) 1.0 12 8 

6 kg 5.73 ± 0.6 30.62 ± 1.5 97 15 26 Oct. Auster 462 (1.0) 1.0 370 (1.0) 17 11 

9 kg 9.14 ± 0.6 38.41 ± 2.6 116 14 7Nov. Auster 462 (1.0) 1.5 15 10 

12 kg 12.11 ± 0.68 43.43 ± 1.9 136 (132) 16 4Dec. Taylor Glacier 555 (1.5) 1.5 14-21 9-14 

15 kg 14.85 ± 2.4 51.91 ± 1.3 146 (157) 16 12 Dec. TaylorGlacier 555 (1.5) 4-9 3-6 

aMass at injection. 

b Ages at commencement of experiments. These were estimated by constructing a scale of relative chronological age after Ricklefs and White (1975) 
for the 153 day period from the observed time of hatching (14 July) until the commencement of fledging (14 December). Ages of 12 kg and 15 kg chicks 
estimated as 153 days minus the mean time between isotope injection and departure of chicks from colony (12 kg = 17 days; 15 kg = 7 days). Ages of 
these chicks estimated by the relative chronological method shown in brackets. The 15 kg chicks were fledglings and were fasting as were half the 
12 kg chicks, having been deserted by their parents. 

cValues in parentheses refer to injection volumes in millilitres. 

dlntrasample intervals differ due to anticipated differences in isotope turnover rates and different success in recapturing chicks. 

epercent of time from hatching to fledging. 



64 

experiment within a realistic time frame. Therefore the initial pool size of these 

chicks was estimated using the single-sample method of Webster and Weathers 

(1989). At the end of the yarding and injection phase the female selection and 

chick handling techniques had been refined to a stage where 5 additional chicks 

were injected with isotope and removed from the adult's feet a second time for 

equilibration blood-letting. The mean body water fraction for these chicks was then 

used to derive initial total body water estimates of the non-equilibrated chicks. To 

estimate the number of counts per minute in blood of the non-equilibration chicks, 

the number of background-corrected counts injected was divided by the estimated 

mass-specific pool size for each chick. 

Blood samples were centrifuged in the field and the serum drawn off and stored in 

a separate vial. Both samples were allowed to freeze and were stored for later 

analysis. In Australia water was extracted from the red cell fraction of the blood 

by vacuum sublimation (Vaughan and Boling 1961). Aliqouts of 20 IJ.L of pure 

water were drawn off and mixed with 3 ml of scintillation cocktail (PCS, 

Amersham) and the tritium levels measured in a scintillation spectrometer 

(Beckman LS 2800) to 1% accuracy. The H2180 levels in 50 ~lL of extracted water 

were assayed by isotope ratio mass spectrometry (VG Isugas 9038) after Urey 

exchange with standard charges of C02 at 80°C for 12 hours. To determine 22N a 

activity in the serum of the 6 kg chicks, 200 IJ.L samples were bleached in 

concentrated hydrogen peroxide, oven dried to remove residues of tritium, mixed 

with 3 mL PCS solution and assayed by liquid scintillation spectrometry to 1 % 

accuracy. Serum sodium concentrations were determined by atomic absorption 

spectrophotometry (Varian Techtron 1000). Total body water (3-15 kg chicks) and 

exchangeable sodium pool size (6 kg chicks) were determined by comparing blood 

isotope levels at equilibration with standard solutions made from 100 ~lL of each 

isotope used in the field mixed with distilled water (1:2,000 for sodium; 1:5,000 for 

tritium). The initial body water fraction for the 1 kg chicks was estimated as 

previously described. 

Isotope flux rates were calculated from the decline in specific activity of isotope in 

serial blood samples using the equations of Nagy (1980, 1983), Nagy and Costa 

(1980) and Green, Griffiths and Newgrain (1985) assuming pool sizes changed in a 

linear manner with body mass during the isotope integration periods. Flux rates 

were corrected upwards in proportion to the amount of fish and squid in the diet 

available to chicks at the beginning of each isotope turnover period to account for 

the errors with the HTO and 22Na turnover methods. The errors were -9.4 and 

-2.5% for tritiated penguins fed separate diets of squid and fish, and -29.7 and 
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-13.7% for 22Na penguins fed the same diet sequence (Robertson and Newgrain 

1992). The correction factors also accounted for the degree by which tritiated water 

space overestimated initial TBW (see Appendix 6.1). Pool sizes for body water 

and exchangeable sodium were estimated at capture and volumes at recapture were 

calculated as the product of initial fractional pool size and body mass at recapture. 

To convert estimates of C02 production to estimates of field metabolic rates, and to 

convert isotope flux rates to estimates of food consumption, it is necessary to know 

the composition of the chicks' diet, the energy density of the diet, the water yield 

(free and metabolic) and chemical composition of the main prey species to evaluate 

the thermal equivalents of the diet. The diet mix available to chicks was 

determined by stomach-flushing 153 adults on 11 occasions between hatching and 

fledging as they returned from the sea to feed their chicks (Robertson et al. 1994). 

Six of these occasions coincided with the commencement of the isotope turnover 

periods of chicks in the six experimental classes. The diet available to the chicks 

varied seasonally, but was dominated by four species; the fishes Trematomus 

eulepidotus and Pleuragramma antarcticum, and the squids Alluroteuthis antarcticus 

and Psychroteuthis glacialis, which together contributed 41-95% (mean = 77%) by 

mass to chick diet on each of the 11 sampling occasions. Specimens of T. 

eulepidotus and P. antarcticum were caught on marine science cruises off the Mawson 

Coast, stored frozen and returned to Hobart for analysis. No squid were caught, so 

the squid Nototodarus gouldi, a local Tasmanian species, was analysed for car case 

composition instead of Antarctic species (Table 6.2). 

The water content of the fresh fish and squid was determined by desiccation at 

60°C to constant mass in a forced air oven. Dried fish and squid were pulverised in 

a Wiley mill and sodium content of duplicate 1-g sub samples determined by 

atomic absorption spectrophotometry following digestion in 10 ml concentrated 

nitric acid and subsequent dilution in deionised water. Lipid was extracted from 1 

g samples following immersion in an equal ratio of diethyl ether and petroleum 

ether. The fat-free residue was then combusted in a muffle furnace at 550°C and 

protein content derived by mass difference between the sum of fat and ash content. 

Textbook values (Schmidt-Nielsen 1975) were used to estimate metabolic water 

produced by the oxidation of lipid and protein, which was then added to the free 

water for a combined dietary water yield. This was calculated (proportional to the 

fat:protein ratio) for the diet available to chicks at the beginning of the six isotope 

turnover periods. Carbohydrate in prey was assumed to be negligible (e.g. Nagy, 

Siegfried and Wilson 1984). 



Table 6.2: Composition of the main prey species used in the analyses of isotope flux rates of emperor penguin chicks 

Prey type Fat Protein Water Sodium Ener~l::: densitl::: 
% fresh % fresh (%) mmol.kg-1 Total aMetabolizable 

fresh kJ.g-1 fresh kJ.g-1 fresh 

Fish 
Trematomus eulepidotus 6.17 18.35 72.9 69.97 6.414 5.246 

(n ~ 8) (± 1.45) (± 0.84) (± 0.93) (± 6.96) (± 0.82) 

Pleuragramma antarcticum 7.04 11.11 72.98 108.11 7.47 6.11 
(n ~ 5) (± 0.54) (±1.12) (± 1.17) (± 36.3) (±0.62) 

Squid 
Nototodarus gouldi 2.04 19.52 76.81 124.9 5.28 4.02 

(n ~ 8) (± 0.29) (± 0.58) (± 0.88) (± 5.3) (± 0.26 

aEnergy assimilation efficiencies used to derive metabolizable energy densities were 81.8% and 76.2% 
for fish and squid respectively (Robertson and Newgrain 1992) 
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The energy density of the main prey species (from live-caught fish), and the diet mix 

available to chicks (flushed from adult stomachs) at initial capture for each of the 

six mass classes was determined by combusting, in duplicate, pulverised samples in 

a ballistic bomb calorimeter (IKA C700) using benzoic acid as a standard. Water 

and sodium contents of the chick diet mix could not be determined because the 

adult stomachs were flushed with seawater. 

Field metabolic rates were converted from estimates of C02 production using the 

thermal equivalents shown in Table 6.3. These factors were calculated from the 

proportions of fat and protein in the reconstructed diet mix (see values in Tables 

6.2 and 6.3) at the beginning of the six turnover bouts, and assume fat and protein 
respectively yield 28.2 kJ.L-1 C02 and 27.5 kJ.L-1 C02 per gram of nutrient 

catabolized (Gessaman and Nagy 1988), and that both nutrients were catabolized 

by growing, absorptive chicks to the same extent. The energy density of the chick 

diet was converted to metabolizable energy using the assimilation efficiencies of 

81.8% and 76.2% determined for adult emperor penguins fed diets of fish and 

squid respectively (Robertson and Newgrain 1992). 

6.2.5 Determining body composition 

For animals in positive energy balance, such as growing chicks, DLW turnover 

measures only respired energy and takes no account of the energy accumulated as 

tissue during growth. To determine the total metabolizable energy needed to 

produce a fledgling the energy accumulated in the growing chick must be added to 

the estimate of field metabolic rate (FMR). The accumulation of energy, lipid and 

protein was estimated from the body composition of three chicks in each of the six 

mass classes following removal of their stomach contents. Chicks were selected in 

the same manner as described above and were killed with an intraperitoneal 

injection of barbiturate (Lethobarb) after being tritiated and blood-let to compare 

HTO-derived TBW and actual body water as determined by carcase desiccation. 

For this comparison stomach contents were considered to be part of the chick 

because HTO equilibrates with food in penguin stomachs (see Appendix 6.1). The 

chicks were also used to determine the efficacy of TBW as an index of body 

condition (fat depot size) in emperor penguin chicks (e.g. Groscolas, Schreiber and 

Morin 1991; Chappell et al. 1993). Four adult females (two relatively fat and two 

relatively thin) that died during egg laying were also collected for comparison with 

chick carcases. In Australia, the frozen adult car cases were sawn into 5 kg blocks, 

macerated in a Wolfking C250 Variant mincer, and a 1 kg sub sample desiccated in 

a forced air oven at 60°C to constant mass to determine water content. Chicks 



Table 6.3: Reconstructed composition of diet mix available to chicks of various mass classes, water, sodium and metabolizable energy 
contents of the diet, and the thermal equivalents used to convert units of C02 production to energy expenditure 

Chick Estimated. aAvailable diet mix 0Water ~ield Sodium cEnergz 
mass age T. e. P. a. Squid Free Metabolic Combined mmol.kg-1 Diet mix Metabolizable k).L-1 C0:2 
class (d) (%) (%) (%) m1 -1 .g ml.g-1 m1 -1 .g kJK1 fresh kJ.g-1 fresh 

1 kg 30 69.05 10.93 20.1 0.7375 0.14723 0.8847 6.14 4.95 27.66 
(20) 

3 kg 76 83.78 9.065 7.1 0.7314 0.15246 0.8839 6.45 5.24 27.67 
(12) 

6 kg 97 53.48 5.54 40.97 0.7449 0.14053 0.8855 94.581 6.15 4.89 27.64 
(12) 

9 kg 116 11.5 0 88.5 0.76362 0.12382 0.8874 5.92 4.55 27.58 
(12) 

12 kg 136 35.09 2.53 62.37 0.7533 0.13314 0.8864 6.79 5.32 27.61 
(12) 

15 kg 146 35.09 2.53 62.37 0.75474 0.13314 0.8788 6.79 5.32 27.61 
(12) 

aDiet mix reconstructed by water-offloading adults attending chicks prior to commencement of isotope turnover 
experiments (Robertson et al. 1994). T. e. and P. a. refer to the fish Trematomus eulepidotus and Pleuragramma antarcticum respectively 
bWater yield and sodium content determined from carcase analysis of fresh specimens of the main prey 
items in the reconstructed diet 

cDiet mix values refer to the energy density of food samples flushed from adult stomachs. Figures in brackets refer to number 
of adults stomach flushed. Metabolizable energy densities estimated from proportions of fish and squid in reconstructed diet mix 

and energy assimilation efficiencies from Robertson and Newgrain (1992) (Table 6.2). Thermal equivalents calculated from analysis 
of reconstructed diet composition (see Methods) 
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were treated in a similar manner except those less than 6 kg, which were dried 

whole and pulverised in a Wiley mill for sampling. 

Sub samples (20-50 gms) were subjected to 18 h lipid extraction in a Soxhlet 

apparatus using carbon tetrachloride as solvent. Fat-free sub samples were then 

ashed at 550°C in a muffle furnace. The mass difference between dry matter and 

the sum of ash and lipid was assumed to be protein. Carcase energy density was 

determined by pulverising 1 g sub samples of dried carcasses and combusting these 

samples in duplicate in a ballistic bomb calorimeter. 

6.2.6 Estimating food consumption and energy budget 

Food consumption was estimated in two ways (a) by dividing the corrected (see 

above) HTO fractional turnover rates by the dietary water yield (free + metabolic), 

and (b) by dividing the total amount of energy metabolizable by the chick by the 

energy density of the diet mix. The latter method is more complicated than the 

former, but allows the partitioning of energy in the chick and the construction of an 

energy budget. The total metabolizable energy measured to produce a chick from 

hatching to independence sums the costs of maintenance metabolism, biosynthesis, 

heat increment of feeding, thermoregulation, activity, and energy accumulated in 

tissue production (Blaxter 1989; Williams and Prints 1986). Of these costs, DLW

derived FMR estimates all except the energy cost of production, which must be 

determined by carcase analysis as described above. The total metabolizable energy 

can then be converted to food intake once food energy content and digestive 

efficiencies are known. Matching measurements of FMR and body composition 

made sequentially through growth can be used to elucidate how energy is 

partitioned by chicks during their development. 

Because of the disproportionate turnover rates of 180 and HTO (180 blood levels 

decline at a faster rate than HTO blood levels), and the errors associated with 

DL W once blood 180 levels approach background levels, results of both 

approaches were compared at the end of the isotope integration periods for the 1 

kg and 3 kg chicks, and mid-way through the total intra-sample intervals (after 

about 8 days) for chicks in the other groups. To compare mass-specific rates of 

food consumption between the six chick mass classes, and to estimate the chick 

food and energy requirements for the colony, the water turnover for the entire intra

sample period of each chick was used as the sample replicate, not each of the 2-4 

turnovers per chick. 
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To calculate the colony food and energy consumption for the entire chick 

production phase it is necessary to know the number of chicks hatched and fledged, 

the pattern of age-specific chick mortality, and the age (mass)-specific feeding rates 

through their development. At Auster the number of chicks hatched and fledglings 

produced, and the chick mortality schedule, was estimated by near-daily 

collections and counts of abandoned eggs and dead chicks which were added to the 

number of fledglings counted on aerial photographs taken shortly before the first 

chicks left the colony for the ice edge (Robertson 1992). At Taylor Glacier the 

equivalent estimates were made from photographs (males in winter) and a 

combination of photographs and ground counts to estimate the number of fledglings 

produced. The mortality schedule of chicks at Taylor Glacier could not be 

determined because too little time was spent there during the breeding season. 

6.2.7 Estimating seawater consumption 

Penguins consume appreciable quantities of seawater while foraging and this may 

exaggerate the estimates of water flux and feeding rate (Green, Brothers and Gales 

1988; Robertson, Green and Newgrain 1988; Gales and Green 1990). If the water 

(free + metabolic) and sodium content of the diet mix is known, and assuming 

seawater contains 470 mmo1.L -1 sodium, the volume of seawater consumed by 

foraging penguins can be estimated using sodium and water turnover rates and, 

accordingly, water turnovers can be corrected (see for example the iterative model 

of Green and Brothers 1989). To determine if adult emperor penguins consumed 

seawater, and if they passed seawater residues to chicks with regurgitated food, 

both HTO and 22Na was administered to 35 adults attending chicks of various 

ages, and to 15 six kg chicks, the latter being about half grown. Adults were given 

intramuscular injections of 1.85 GBq HTO and 2.4 MBq 22Na for foraging periods 

lasting 4-24 days. The sampling protocol and isotope doses for chicks is shown in 

Table 6.1. Thewater content of the main prey species (see below) was determined 

by mass change after desiccation to constant weight and the sodium content was 

determined by atomic absorption spectrophotometry after digestion in concentrated 

nitric acid and dilution in deionised water. To determine if the sodium content of 

chick diet mix differed from that of freshly caught prey items the stomach contents 

of 11 chicks of various ages that died at the colony with full stomachs were 

analysed for sodium content. 
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6.2.8 Estimating snow consumption 

The sea-ice around emperor penguin colonies is often covered with snow/ which is a 

source of free water. As with seawater consumption/ snow intake by penguins 

attempting to rehydrate may lead to overestimates of feeding rates based on water 

flux rates. Since it was not possible to humanely measure the snow intake rates of 

free ranging chicks/ an experiment was conducted on non-breeding adults to gain a 

crude measure (presence or absence) of snow consumption by penguins. This was 

determined by comparing the water flux rates of five adult penguins given access to 

snow with that of five adults deprived of snow, The snow-deprived group was 

maintained in a section of sheep yard situated on hard-packed/ guano

contaminated sea-ice while the snow-access group was yarded nearby on a clean 

layer of snow/and given about 1 m3 of clean snow daily for 14 days. Both groups 

of penguins were tritiated (185 MBq) at the beginning of the trial and blood samples 

drawn at the time of isotope equilibration and the end of the experiment. The 

blood samples were analysed in the laboratory and water turnovers calculated as 

for the chick blood samples. Due to repeated blizzards/ which dumped fresh snow 

in both yards and on one occasion blew one yard away/ the experiment was 

repeated three times between early October and December before reliable results 

were obtained. The experimetlt was complemented by near-daily observations of 

the incidence of snow consumption by chicks at Auster. 

6.3 RESULTS 

6.3.1 Recapture success 

Of the 171-kg chicks held in the yard/ only 9 remained at the end Of the 

measurement period/ the other 8 either escaping when the brooding adult shuffled 

over a snow bank that covered one section of the fence during a blizzard/ or by 

forcing their way through the 10 cm2 steel mesh sides of the yard/ presumably when 

the male returned to relieve the female of brooding duties. One of the 5 double

sample chicks also escaped through the sides of the yard during adult changeover. 

Of the 3-15 kg chicks all were fOlUld at the end of the free-ranging periods with the 

exception of one 6 kg chick which died. Of the 35 adults used to estimate seawater 

intake 21 returned to their colonies and were blood-let but only 6 of these yielded 

22Na blood concentrations sufficiently greater than backgrolUld levels to permit 

calculation of sodium turnover. 
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6.3.2 Seawater and snow consumption 

Sodium influx rates in the six adults and the 14 surviving 6 kg chicks varied in a 

linear manner with water influx rates, the functional relationships being: 

Adults: Na [mmol.kg-1.d-1] = - 7.3 + 0.18 H20 [ml.kg-1.d-1], r2 = 0.73, 

Chicks: Na [mmol.kg-1.d-1] = -1.4 + 0.05 H20 [ml.kg-1.d-1], r2 = 0.82, 

The mean sodium influx rates were 7.8 ± 3.8 mmol.kg-1.d-1 and 3.82 ± 2.01 

mmol.kg-1.d-1 for adults and chicks respectively (scores corrected upwards in 

accordance with Robertson and Newgrain 1992). There was no difference between 

means, given a constant water flux (ANOV A of multiple linear regressions: F 1,15 = 
4.04, P = 0.06); however the slopes of the regressions were significantly different 

(ANOVA: Fl,15 = 13.3, P = 0.002) suggesting that water (dietary + seawater) 

consumed by adults when foraging contained appreciably more sodium than the 

water in food regurgitated to chicks. This finding was confirmed by the results of a 

comparison of the sodium content in penguin chick stomach samples. The sodium 

content estimated from the reconstructed diet mix of adults attending the 6 kg 

chicks (94.6 mmol.kg-1, Table 6.3) was appreciably greater than sodium in the 

stomach contents of 111-12 kg chicks (33.9 mmol.kg-1) that died with full 

stomachs at Auster. Adults presumably absorbed sodium from the food mix (and 

thereby altered its chemical composition) before passing it to their chick. A reduced 

sodium intake would presumably reduce the chicks' thirst for free water. 

Seawater intake estimated for foraging adults ranged from 0-9.3 ml.kg-1.d-1 and 

averaged 2.36 ± 4.33 ml.kg-l.d-1, or 71 ml.d-1 for a 30 kg emperor. For the 6 kg 

chicks, estimated seawater intake averaged -13.1 ± 11.9 ml.kg-1.d-1 (range: -19.7 to 

27.3 ml.kg-1.d-1). Negative scores, of course, are not plausible and the mean 

seawater intake by 6 kg chicks, and chicks in all other mass classes, was assumed 

to be negligible. 

In the snow-consumption experiment, mean water influxes were greater for the four 

adults in the snow-access group (10.1 ± 3.5 ml.kg-l.d-1) than the five penguins in 

the snow-deprived group (6.64 ± 0.5 ml.kg-l.d-1) and these differences were 

significant (t = 2.4, df = 4, P<0.05). The 3.5 ml.kg-1 d-1 difference in these means 

is equivalent to about 100 ml.d-1 fresh water ingested by a fasting, sedentary, 30 kg 

adult emperor penguin. Chicks, however, were not fasting and presumably had 

their demand for water met by the water in food delivered by adults. Between 
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hatching and independence 85% of days were spent at either Auster or Taylor 

Glacier and snow consumption by chicks was observed on only two days, and only 

by several chicks on each occasion. As a result, water turnover rates were not 

corrected for snow injestion as this was assumed to be negligible. Further evidence 

of negligible snow intake will be presented below. 

6.3.3 Body composition 

Changes in the body composition of 23 healthy emperor penguin chicks is shown in 

Fig. 6.1 and Appendix 6.1, which also quantifies the discrepancy between tritiated 

water dilution space and total body water (TBW) during growth. Tritiated water 

overestimated TBW by 3.5-9.3%, with the average for all chicks being + 5.2% 

(Appendix 6.1). Tritiated water dilution space (% body water) was weakly related 

to body fat store, as shown by the equation: Body fat (%) = 37.4 - 0.35 (HTO %) 

(r2 = 0.47; Fl,16 = 14.0, P<O.OI). Total body water decreased from 80.6% of body 

mass at hatching to 59.2 % of mass at fledging, when chicks were about 150 days of 

age. In absolute terms TBW contributed a steady percentage to mass increase, as 

indicated by the equation: TBW (L) = 0.153 + 0.629 Mass (kg) (r2 = 0.98; Fl,21 = 

1839.8, P<0.0005). The water content of the four adults averaged 54.8%. 

Hatchlings contained small amounts of lipid and this had increased considerably 

by the time chicks reached 1 kg, after which age the proportion was relatively stable 

and remained high in fledglings. The fledglings were losing weight as they left the 

colony and presumably contained proportionally more lipid at asymptotic mass 

than indicated. Protein and ash content of the body rose steadily throughout 

growth and peaked in fledglings. Energy density of chicks increased from 4.18 kJ.g-

1 wet mass at hatching to 10.5 kJ.g-l at fledging, the increase mainly due to the 

increased lipid content and lower water content of the older chicks. Thus a 337 g 

hatchling contained 1.4 MJ and this increased to 126.3 MJ at fledging (12.03 kg), the 

difference (124.9 MJ) being the metabolizable energy accumulated in tissue during 

the 153 day development period. This amount of energy is indicative of well-fed 

fledglings as the birds used in the carcase analysis were 14% heavier than the 

average mass of randomly selected fledglings at Taylor Glacier. Total body energy, 

lipid and protein content accumulated as a linear function of penguin mass during 

growth (Fig. 6.2), the functional relationships being: 

Energy (chicks, MJ) = 9.24 Mass (kg), (SEb = 0.31; r2 = 0.98, n = 21) 

Energy (chicks + adults, MJ) = 11.57 Mass (kg), (SEb = 0.38; r2 = 0.98; n = 25) 

Lipid (chicks, g) = 130.55 Mass (kg), (SEb = 6.32; r2 = 0.95; n = 21) 
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Lipid (chicks + adults, g) = 170.1 Mass (kg), (SEb = 6.6; r2 = 0.96; n = 25) 

Protein (chicks, g) = 204.4 Mass (kg), (SEb = 4.6; 1'2 = 0.98; n = 21) 

Protein (chicks + adults, g) = 224.3 Mass (kg), (SEb = 3.7; r2 = 0.99; n = 21) 

In the regressions above the intercepts are forced through their origins to eliminate 

the prediction of negative values at the low end of the ranges. The model for energy 

accumulation in chicks predicts that for every 1 kg increase in body mass energy 

content rose by 9.2 MJ. 

6.3.4 Growth 

Daily mass increases up to asymptotic mass ranged from 19 g.d-1 for both the 1 kg 

and 9 kg chicks to a maximum of 74 g.d-1 for the 6 kg chicks (Table 6.4). During 

the period of mass recession, the mean daily rate of mass loss for chicks near 

asymptotic mass (about 136 days) was 0.7% and this increased to 1.64% during 

the last week before departure. In keeping with the highly episodic nature of the 

feeding regime of emperor chicks (chicks would have been fed large meals on few 

occasions during the measurement periods) rates of mass change were extremely 

variable. Bill growth rates were also variable. Mean rates of change varied from 

0.196 ± 0.08 mm.d-1 for creche age (3 kg) chicks to a maximum of 0.417 ± 0.1 

mm.d-1 for chicks mid-way through their development (6 kg). Thereafter bill 

growth slowed to 0.31 ± 0.15 mm.d-1 and 0.22 ± 0.12 mm.d-1 for the 9 kg and 12 

kg chicks respectively. Bill lengths of fledglings averaged 53.6 mm and were still 

growing at 0.3 ± 0.29 mm.d-1 as the chicks left the colony for the ice edge. 

6.3.5 Water influx, food intake and energy expenditure 

Total body water, as determined by HTO dilution space at injection, increased 

linearly with mass and the relationship is described by the equation: TBW (L) = 

0.323 + 0.601 Mass (kg), (r2 = 0.98; ANOV A: F1,83 = 5686.5; P<0.0005). The 

water flux rates for the 1 kg chicks measured by the single-sample method were 

statistically indistinguishable from flux rates for the double-sample chicks, so the 

data were pooled. Water flux, HTO-derived food intake and energy expenditure 

are summarised in Table 6.4. Mass-dependent estimates of water influx declined 

consistently as chick mass increased and this decline is reflected in the negative 

relationship between food intake and mass: Food intake (g.kg-1.d-1) = 148.4 - 7.5 

Mass (kg) (r2 = 0.38; ANOVA : F1,85 = 51.7; P<O.OOl). HTO-derived daily 

feeding rates ranged from the equivalent of 20% of chick mass for brooded chicks (1 

kg) to 4.4% for chicks fasting prior to independence. Feeding rates varied greatly as 



Table 6.4: Summary of mass change, isotope flux ra tes, feeding rates, CO2 production rates and energy expenditure by emperor penguin chicks at six stages 
in their developmen t 

Chick aMass change bWater influx bSodium cFood intake 
mass 

class Overall (g) Rate (g.d-I ) (ml.kg-I .d-I ) (mmol.kg-1 d-l ) (g.kg-1d-l ) 

(kg) 
Xw SO Xw SO Xw SO Xw SO Xw SO 

I 136.51 210.15 19.07 35.48 176 .1 76.8 199.0 86.9 

3 167.8 779.4 14.99 65 .64 89.9 26.0 101.7 29.5 

6 1374.6 1291.9 74.24 95.75 84.3 27.2 3.82 2.01 95.27 30.78 

9 287.85 1304.3 19.1 9 86.9 62.09 13.79 69.9 15.5 

12 -1500.0 1480.0 -90.44 122.2 56.98 14.22 64.3 16.05 

15 -1406.3 1510.7 -243.9 269.8 38.3 22.6 44.26 25.7 

aAll means and standard devia tions weighted accord ing to the length of the isotope integration per iods. 
b Corrected upwards to accommodate methodological errors (see Methods). 
CWater influx ra tes +- combined dietary water estima tes from Table 6.3 . 

C02 output dField metabolic 
rate 

(ml.g-1h-l ) (kj.kg-1d -l ) 

n Xw SO n Xw SO 

12 0.878 0.15 2 582.8 99.6 

15 0.663 0.194 8 439.6 128.8 

15 0.620 0.1 83 5 411.3 121.6 

14 0.575 0.176 7 380.6 116.3 

16 0.487 0. 097 10 322.7 64.3 

15 Not measured 203.4 133.6 

d Estimated from mean chic k bod y mass values fo r isotope integration periods in Table 6.1 and thermal equivalents for C02 production in Table 6.3 . In some 

cases in tegration periods for DLW-derived FMR's were calculated over shorter time spans than HTO-derived feeding rates (see Methods). FMR's for 15 kg 
chicks are tentative estimates (see tex t) derived fr om the product of mean food in take and metabolisable energy density of food ration in Table 6.3. 
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shown by the 25% to 58% range in the coefficients of variation of the means of the 

estimates for chicks in the six mass classes. This degree of variation reflects the 

episodic feeding regime of chicks at Auster and Taylor Glacier, which was 

presumably bought about by the 70-80 km distance parents repeatedly commuted 

to the ice edge to gather food, the distribution and abundance of prey in their 

foraging waters and their foraging efficiency. The 1 kg chicks were being brooded 

and were fed on demand by the attendant adults, and this is reflected in their high 

feeding rate proportional to their mass. Fledglings were fed a sub-maintenance 

ration (44 g.kg-1.d-1) after reaching asymptotic mass and lost mass rapidly (244 

g.d-1) in the last several days before departure. Their food intake indicates 

parental feeding duties did not end abruptly once asymptotic mass was reached. 

Mass-specific FMR's declined as chicks grew and showed large within-group 

variation which was presumably attributable to the variable feeding rates and the 

differences in thermoregulatory ability and parent-seeking activity of chicks in the 

colony. 

The scaling of water flux and food intake with chick mass (M, kg) for 55 HTO 

chicks up to near-asymptotic mass is presented in Fig. 6.3. The allometric (loge

loge) least-squares regressions, weighted for the length of the chick release periods, 

took the form: 

Water influx rate (ml.d-1) = 4.37 MO.9, 

(r2 = 0.7; SE(constant) = 0.15; SE(exponent) = 0.08) 

Food intake rate (g.d-1) = 4.5 MO.898, 

(r2 = 0.69; SE(constant) = 0.15; SE(exponent) = 0.08) 

The allometric relationship between energy expenditure (FMR) and chick mass (M, 

kg) (Fig. 6.3) was examined using the 32 OL W estimates of FMR, weighted 

according to the length of the isotope integration periods, for chicks ranging in mass 

from 1-12 kg, the latter being close to asymptotic mass. The relationship was 
examined using ordinary least-squares regression on loge-transformed data and the 

regression took the arithmetic form: 

Field metabolic rate (MJ.d-1) = 0.446 MO.91, 

(r2 = 0.74; SE(intercept) = 0.32; SE(exponent) = 0.14; P<0.005) 
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Since tritiated water flux can be converted to an indirect measure of FMR and 

growth, the simultaneous use ofHTO and DLW (which measures only FMR in 

growing chicks) enables a comparison to be made of the HTO-derived and DLW

derived estimates of FMR provided growth (mass increase) can be statistically 

removed from the HTO estimates. The method for this is shown in Appendix 6.2. 

In the absence of growth chicks would only receive a maintenance [m] ration of food 

which can be converted to an estimate of FMR using the metabolizable energy 

densities of the chick diet mix in Table 6.3. HTO [m]-FMR can then be compared 

with the estimate of DLW-FMR shown above. The least-squares regression 

weigh ted for the length of the isotope release periods for the 86 HTO chicks is: 

Field metabolic rate (HTO [m], MJ.d-1) = 0.48 MO.88, 

(r2 = 0.7S; SE(intercept) = 0.09.; SE(exponent) = 0.08; P< O.OOS), 

which is statistically indistinguishable from the estimate of FMR using DLW (the 

reduction in deviance from applying the parameter pair [0.48, 0.88] to the DLW 

data gives an increase in deviance of 1.S4, which is less than X2 O.OS, 2 = S.9). 

Although the two data sets are not completely independent, the relationship 

between DLW-FMR and HTO [mrFMR can be used to provide a general indication 

of snow consumption by chicks during the isotope integration periods, because a 

substantial intake of snow would skew the 1:1 relationship expected if snow intake 

was not minimal. The 32 DLW estimates, 16 of which were sub-sets of the 

matching HTO [m] estimates (due to the faster turnover rate of 180 compared to 

HTO in the large chicks) gave the following functional relationship: 

DLW-FMR (MJ.d-1) = -0.03 + 1.01 HTO [mrFMR (MJ.d-1), 

(r2 = 0.7S; SEa = 0.332; SEb = 0.10S, n = 32), which confirms the observation 

stated previously that chicks did not consume appreciable quantities of snow 

during the experiments. 

The trend in mass-independent FMR in relation to chick age is shown in Fig. 6.4. 

Energy expenditure of hatchlings (0.16S MJ.d-1) was not measured and was 

estimated from the FMR-mass equation. The post-hatching rise and subsequent 

decline in FMR noted for king penguin chicks (A. patagonicus) (Adams 1990; Barre 

1978) was not recorded in this study because the chicks were about 30 days of age 

when the DLW experiments began. However, absolute FMR is relatively low in the 



~ 

.-< , 
"1j 

~ 
OJ 

1ii 
H 
U 

"" 0 
{l 
~ 

OJ 

Ei 
"1j -OJ 
.~ 

pc, 

6 

5 

4 
10 

7 

1 3 

2 

8 

1 

_/ --
0 ' I 

0 10 20 30 40 5() 60 70 80 90 100 110 120 130 140 150 

Estimated age (days) 

Fig. 6.4 Estimated age-specific trend in field metabolism of 32 DLW-injected 
emperor penguin chicks for Auster and Taylor Glacier colonies. Numbers relate 
to sample sizes and bars indicate ± 1 SD. Dashed line from 0-30 days (1 kg) 
assumes hatchling metabolised 0.165 MJ/d, estimated from the field 
metabolism/mass equation in Fig. 6.3. Fledglings were not sampled and their 
metabolic rate is assumed to be the same as 136-day old chicks. 
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early stages of a chick's life and this is unlikely to have a significant effect on the 

overall estimate of FMR. The 15 fledglings, which were injected with HTO only, 

were being fed a sub-maintenance ration and were losing mass prior to leaving the 

colony (Table 6.4). The product of the HTO-derived feeding rate and the 

metabolisable energy density of the food ration for the fledglings indicated an 

energy expenditure of 203.4 ± 133.6 kJ.kg-1 d-1, or 2.87 ± 1.89 MJ.d- l . This 

estimate is 24% less than the DLW estimate for the 12 kg chicks (3.8 MJ.d-1) which 

were estimated to be only 10 days younger and were nearing the period in the cycle 

when adult attendance wanes. In king penguin chicks, long-term (several months) 

fasting induced a 42% reduction in their metabolic rate (Barre 1976) so a drop in 

metabolic rate of the fledglings would be expected once growth had ceased. 

However, the emperor fledglings were still being fed and were active in the colony 

as they prepared to leave for the ice edge. Because HTO turnover does not measure 

the energy cost of digestion and activity, and given the uncertainty over the food 

water content (used to convert water flux to food intake, see below) the error in 

estimating the FMR of the fledglings would probably be minimised if their FMR was 

assumed to be the same as the 12 kg DLW chicks. If this assumption is incorrect it 

would increase the total estimate of FMR for development by only 1.1%. 

The total metabolic energy expended for maintenance and growth was calculated 

by linear interpolation between measured values of FMR and then integrating these 

values over time (Fig. 6.4). Based on this integration chicks expended 319 MJ 

(76.4%) of energy on physiological processes and activity, and 124.9 MJ (23.6%) for 

deposition as new tissue. Adding the two gives a total of 444 MJ metabolizable 

energy to produce an emperor penguin chick from hatching to independence. 

The H TO estimate of food consumption was calculated by the same method as 

shown in Fig 6.4. Food intake of a hatchling (337 g, 67 g.d-1) was assumed to be 

the same in mass-specific terms as for the 1 kg chicks. By the HTO method, food 

intake between hatching and independence was estimated to be 70 kg. 

6.4 DISCUSSION 

6.4.1 Caveats and explanations 

Estimates of food and energy use by free-living animals derived by isotope turnover 

is a well developed science and the errors associated with the various methods 

have been the subject of extensive examination (see reviews by Nagy 1988; Nagy 

and Costa 1980; Gessaman and Nagy 1988; Gauthier and Thomas 1990). 
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However, each study has its own peculiarities and an assessment of the strengths 

and weaknesses of the current work is necessary if the findings are to be considered 

plausible. Water flux rates and field metabolic rates cannot be accurately 

converted to estimates of food consumption unless the diet composition, water and 

chemical composition of the diet, non-dietary water intake, energy density of the 

diet and energy conversion efficiencies of penguins are properly quantified as 

incorrect assumptions about any of these may yield misleading results. As an 

example, the energy density of chick diet (the denominator in the conversion of FMR 

to food consumption) determined from the diet reconstructed from energy densities 

of live caught prey (Table 6.2) for the six chick mass classes differed from the 

energy density of the actual diet mix available to chicks (Table 6.3) by + 3.3 to -

15.6%. Similarly, seawater intake by penguins may overestimate water flux rates 

by up to 13% (Green and Gales 1990 and references therein). In the current study 

these effects were minimised because the study spanned the entire chick growth 

phase and diet composition, energy conversion efficiencies, diet mix energy 

densities and the water and chemical composition of the diet were either known or 

estimated proportional to the known main prey items for each of the six isotope 

integration periods. In addition, seawater and snow intake by chicks were 

estimated experimentally and food intake based on HTO flux were subsequently 

corrected. The main concerns in this study pertain to the treatment of the 1 kg 

chicks, the derivation of dietary water yield, the stratified method of chick selection 

and the failure to include asymptotic mass in any of the chick mass classes. 

The 1 kg chicks were intractable and had to be held, with brooding parents, in an 

enclosure on the sea-ice and this may have imposed an unnatural fast on the chicks 

had the brooding parent depleted its food store while in the enclosure. The mean 

mass at injection of these chicks was 0.95 kg and with a mean feeding rate of 199 

g.kg-1.d-1 (Table 6.4) would have depleted the 1.61 kg mean stomach contents 

mass of inbound adults in August in about eight days. These chicks were confined 

for 5-9 days, which suggest that some, but not all, may have been forcibly fasted. 

A comparison of DLW-derived feeding rate (to satisfyFMR) and HTO-derived 

feeding rate (which satisfies FMR + growth) shows that the latter yielded a food 

intake 53% greater than the former, meaning that after maintenance metabolism was 

met a substantial amount of food was available for assimilation and synthesis as 

body tissue. This indicates that an induced fast, if experienced by some of the 

chicks, probably had only a minor effect overall on the estimates of food intake and 

growth. 
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The food fed to chicks may have contained less water than that determined from 

the fresh prey used in the reconstructed diet. Food in the stomach contents of 15 

chicks of a range of ages that died of unknown causes (but with full stomachs) at 

Auster contained 52 ± 11.5% water, 23% less than that in the reconstructed diet 

mix (75%, an average of free water values in Table 6.3) used to convert water flux 

to feeding rate. There are two possible explanations for this difference. Chicks 

may have absorbed some or all of the difference in water contents from the food 

before they perished or, alternatively, adults may have absorbed some water, along 

with sodium (see above), in the estimated 1-2 days it took them to reach the colony 

from the ice edge. Partial dehydration of food by adults would tend to concentrate 

the energy density of the food before delivery to the chick, reduce the weight of the 

prey mix and improve the economy of transportation (Ashmole 1971), but would 

reduce the chicks' dietary water intake. A reduction in chicks' water intake may not 

be a problem because requirements for water might be reduced in a cold 

environment, and because of the potential for chicks to balance their water needs by 

eating snow. The exact amount of water in the food fed to chicks is unknown, and 

because of this uncertainty the conversion of FMR combined with car case energy to 

food consumption is considered to be more reliable than the conversion of HTO 

water flux to an estimate of food consumption. 

Different chicks were chosen for each of the six mass classes and the ages of these 

chicks were estimated retrospectively using known times of hatching and fledging as 

reference points. This method assumes that all chicks hatched on the same day and 

a continuum of growth rates occurred among chicks in consecutive mass classes 

throughout the growth cycle. Neither would have been the case. Hatching extended 

over at least three weeks and chicks of the same mass in any class could have been 

either less than the estimated age but well fed, older than the estimated age but 

poorly fed or somewhere in between. The age estimating method of Ricklefs and 

White (1975), which was based on changes in bill length during the isotope 

integration periods for chicks in all six groups, was used to estimate the ages of 

chicks but included the mild assumption that the first chicks (1 kg) were 30 days of 

age (the number of days from hatching to the beginning of experiments) when the 

experiments began (Table 6.1). An error at the start would displace the growth 

curve and, depending on the direction of the displacement, either increase or 

decrease the estimate of FMR. The growth in bill lengths of chicks can be used to 

give an indication of the age of the 1 kg chicks. The mean bill length of 10 hatchlings 

was 16.9 mm and the bill length of the 1 kg chicks was 20.3 mm, a difference of 3.4 

mm. The bills of chicks at 60 days of age, as estimated from the growth curve, had 

increased by a further 3.0 mm. Assuming a relatively constant growth rate for 
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chicks at the brood stage, when growth is particularly slow (e.g. Mougin 1966), then 

30 days of age would seem a reasonable approximation for the age of the 1 kg 

chicks. Chicks at the Pointe Geologie colony (660 40'5; 1400 01'E) with an "average" 

growth rate reached 1 kg at about 35 days of age (Mougin 1966). 

While the stratified approach led to a non-random selection of chicks for the FMR 

and water turnover estimates it is important to assess the results by keeping in 

mind the large range of feeding and growth performances of chicks that occur in an 

emperor penguin colony. At the Pointe Geologie colony, the site of the only 

published account of growth in emperor penguin chicks, the mass of the largest 

chick after 126 days (when the study ended) exceeded that of the smallest chick of 

the same age by a factor of 2.7 (Mougin 1966). The growth rate and estimates of 

FMR of chicks at Auster and Taylor Glacier also varied greatly (Table 6.4 and Fig. 

6.4). The masses of fledglings sampled at random during their 33 day exodus from 

Taylor Glacier ranged from 4.67 kg to 16.7 kg and averaged 10.56 kg (Robertson 

1992). When selected for experiments chicks in all mass classes were not 

malnourished and obviously had been fed a ration suitable for maintenance and 

growth up until the time of capture and injection. While some chicks lost mass 

during the experimental periods growth, as indicated by changes in bill lengths, 

continued and overall the chicks' weight-for-age estimates were similar to those 

described by Mougin (1966) for average chicks in the Pointe Geologie colony. In this 

respect it seems likely that the feeding and metabolic data for chicks at Auster and 

Taylor Glacier approximated the performance of chicks provisioned by average, or 

possibly better than average, parents. 

For the analysis of body composition, hatchlings and 1 kg chicks were collected 

from the sea-ice having been abandoned by parents (they were not the victims of 

starvation). The 3-12 kg chicks were selected by the stratified method as described 

for the isotope turnover chicks and the fledglings were selected at random as they 

left Taylor Glacier for the ice edge. As it turned out the fledglings were 1.5 kg 

heavier on average than the mean mass of fledglings leaving Taylor Glacier at the 

end of the study and were similar to the mean mass (12.55 kg) of fledglings that left 

in the early part of the fledging period. These chicks were obviously better fed than 

average chicks in the colony. 

The final caveat concerns the failure to sample DLW chicks at asymptotic mass, the 

point at which parental effort for the chick reaches a peak. The energy use-time 

trend in Fig. 6.4 reaches a plateau at about 136 days when the mean mass of chicks 

at injection was 12.11 kg (Table 6.1) and declining at about 90 g.d-1 (Table 6.4). 
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Presumably asymptotic mass for this group of chicks would have been reached a 

few days earlier than indicated and at a mass greater than 12 kg. (If the 12 kg 

chicks continued to lose mass at the same daily rate for the remaining 17 days 

before fledging they would have fledged at 10.5 kg, the mean fledging mass for non

experimental chicks in the colony). The rate of mass loss recorded is an average 

and some chicks were gaining mass while others were losing mass. Because the 

mean daily mass loss was just 0.7% of initial mass it seems likely that the failure to 

measure absolute peak mass would cause only a small underestimate of total 

energy use and food consumption by chicks over their developmental period. 

6.4.2 Body composition 

Tritiated water dilution space overestimated TBW by 5.2%, which is in agreement 

with the results of other studies on birds and mammals (e.g. Nagy and Costa 1980; 

Groscolas, Schreiber and Morin 1991). The overestimate was consistent regardless 

of the stage of chick development, suggesting HTO is a useful indicator of TBW in 

growing emperor penguin chicks provided a sufficiently large number of individuals 

are used in the analysis (see the within-group variances in Appendix 6.1). 

However, the use of HTO dilution space as a predictor of the amount of body fat in 

chicks was not justified as the relationship left 54% of the variance in body fat 

unexplained by HTO dilution, presumably because the water content of the fat-free 

tissue in the chicks bodies kept changing as the chicks grew (e.g. Groscolas, 

Schreiber and Molin 1991). 

The water content component of chicks decreased from 80.6% at hatching to 59.2% 

at fledging and the decrease (21.4%) is similar to that for king penguins (29.4%; 

Adams 1990), gentoo and chinstrap penguins (both 20%; Myrcha and Kaminski 

1982), but differs from macaroni penguins (7.6%; Brown 1987), rockhopper 

penguins (7.6%; Brown 1987) and gentoo penguins (11.5%) recorded by Adams 

(1990). The percent water content of all species was similar at hatching (78.6% to 

85%) and the differences at independence can be ascribed to inter - and 

intraspecific differences in the maturation of skeletal muscle and other tissues 

during development (Ricklefs and White 1981). For emperor penguins the greatest 

decrease in % body water occurred in the early brood stage and at the age of 30 

days water content and energy density remained relatively constant. The energy 

density of emperor chicks at hatching (4.2 kJK 1) was identical to that for king 

penguins (Adams 1990) but was lower at independence (10.5 kJ.g-1 versus 14.7 

kJK 1); the difference is due to the lower water content of king penguin chicks at 

fledging. 
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The proportion of lipid in the body increased soon after hatching and remained 

relatively stable until fledging, averaging 11.6% of body mass. Chicks contained 

greater amounts of lipid proportional to their body masses than macaroni and 

rock hopper penguins (Brown 1987). The substantial fat store in emperor chicks 

would buffer them from starvation risks during the long fasts between feeds (e.g. 

Ricklefs 1983; Ricklefs and White 1981) which are the longestfor any penguin 

species during the period of intensive chick feeding by adults. The decrease in fat 

store of macaroni and rockhopper penguins near fledging was not evident in the 

emperor chicks, but this could reflect the fact that only three chicks were sampled. 

Alternatively, it could reflect a strategy by adults to provision fledglings with 

sufficient energy stores to maintain them during their long march to the ice edge, as 

occurs in male emperors faced with walking to the ice edge following their extensive 

pre-nuptial and incubation fast (Dewasmes et al. 1980; Groscolas 1990). The body 

mass of fledglings averaged 15 % fat store and even the thinnest chicks retained 

10.6% fat compared to 3.9% for macaroni penguins (Brown 1987). 

The size of the fat store is indicative of the potential fasting endurance of a 

fledgling when it begins its march for open water. The three full-term emperor 

chicks used in the body composition analysis at Taylor Glacier weighed between 

11.4 kg and 12.84 kg and carried between 1.21 kg and 2.29 kg of lipid. Assuming 

lipid yields 38 kJ.g-1 (Ricklefs 1974), that there is no growth during fasting, that 

nearly all metabolic energy is derived from fat (Robin et al. 1988; Groscolas, 

Schreiber and Morin 1991) and that the entire fat store can be metabolised (Le 

Maho, Robin and ChereI1988), the stored lipid would provide the fledglings, 

respectively, with a 45.9 MJ and 87 MJ energy store (i.e. 1.21 x 38 and 2.29 x 38). 

At fledging the ice edge at Taylor Glacier lay 61 km from the colony (Robertson 

1992) and the fledglings had to cover this distance before feeding. If the fledglings 

walked (as opposed to tobogganed) to the ice edge and if the energy cost of walking 

for the two fledglings is 5 J.kg-1.m-1 and 6.5 J.kg-1.m-1 (extrapolated from 

Dewasmes et al. 1980) they would expend 3.5 MJ and 5.1 MJ respectively in 

locomotion (i.e. 5 x 11.4 x 61). Assuming a maintenance metabolism of 3.8 MJ.d-1 

(Fig. 6.4) the stored lipid would maintain the fledglings (and insulate them against 

heat loss to Antarctic waters) for 11 days and 21 days respectively (i.e. 45.9 - 3.5 7-

3.8), which represents the amount of time available to the fledglings to find open 

water and develop effective foraging skills before depleting their energy reserves. A 

fledgling of average mass (10.56 kg) would have appreciably less time than these 

calculations indicate to find the ice edge before significant protein catabolism would 

be expected to commence. 
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6.4.3 Growth 

Chick growth (mass increase) varied during development and there was large 

variation among individuals within each mass class (Table 6.4). Chick growth 

adjustment is presumably a strategy to overcome the constraints on adults during 

the breeding cycle in provisioning their young (see Drent and Darm 1980; Ricklefs 

1983). Adult emperors gather food from waters that often lie great distances from 

the colony at a time of year when food is relatively scarce (Atkinson and Peck 

1988). Consequently, they may have difficulty satisfying their chick's food 

requirements as well as their own. This is evident by the high chick mortality at 

Auster and Taylor Glacier (c. 40 %, Robertson 1992) and by the low mass of chicks 

at fledging (40 - 50% of adult mass). In seabird species that raise more than one 

chick the energy balance between adult and young is achieved by reducing the size 

of the brood in times of food shortage, but in the single brood emperor penguin the 

only strategies open to parents are to slow the growth rate of the chick (by 

providing a sub-optimal food ration) and to compromise the mass of the chick at 

independence. While a variable growth rate would reduce the time constraint on 

adults, the overall cost of raising a chick would remain the same, as would the 

amount of food required to rear a chick. 

6.4.4 Energy expenditure 

Mass-specific FMR's for emperor chicks declined from 583 kJ.kg-1.d-1 at 1 kg (c. 30 

days old) to 323 kJ.kg-1.d-1 at 12 kg (c. 136 days old), which ranges between 3.4 

and 1.9 times the resting metabolic rate for a fasting adult (171 kJ.kg-1.d-1; 

calculated from Le Maho, Delclitte and Chatormet 1976). This trend in FMR's 

closely resembles the mass-specific metabolic rates for king penguin chicks of 

equivalent ages (Adams 1990), and indicates changes in the relationship between 

metabolism and mass with growth and the development of improved insulation as 

down and temperature regulation capacity develops (Barre 1978). Emperor 

penguin chicks can presumably control their own body temperatures by about 55 

days of age, when brooding ends. 

King penguin chicks are raised in a much less severe climate than emperor chicks 

and the comparable metabolic rates of emperors chicks are achieved by a brooding 

phase lasting about 30 days longer than for king penguin chicks (plus a subsequent 

creche stage). Presumably this extended brood phase is an adaptation to winter 

reproduction and a decline in primary production in the penguins' foraging waters, 
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and is accompanied by a depressed rate of growth and low energy requirements 

during the first one-third of chick development (see Adams 1990; Mougin 1966) 

because only one adult is free to gather food at sea. Mass-specific FMR continued 

to decline after the cessation of brooding but absolute FMR increased rapidly (see 

Fig. 6.4), and this reflects accelerated growth coincident with emancipation of both 

parents and protection in a creche from the weather. 

The metabolic rate of penguins is related to an exponent (slope) of body mass. 

Estimates include 0.704 for DLW-derived FMR (Nagy 1987), 0.74 for oxygen 

consumption of fasting sedentary birds (Croxall 1982) and 0.67 and 0.72, 

respectively, for inactive and active penguins (Green and Gales 1990). In chicks the 

exponent is closer to 1 (Culik et al. 1990; Weathers 1992) because chicks have higher 

metabolic rates per unit of body mass than adults (Blaxter 1989). For the DLW 

emperor penguin chicks the scaling exponent was 0.91, which is lower than the 

exponent (1.024) derived by oxygen consumption analysis for active adelie penguin 

chicks (Culik et al. 1990) and the exponent of resting chicks of all three Pygoscelid 

species of penguin (0.98; Culik 1994). The difference can be explained by the 

different measurement methods and the fact that Pygoscelid chicks are smaller than 

emperor penguin chicks and endure briefer fasts between meals. The allometric 

relationships relating water flux and feeding rate to body mass have exponents of 

0.9 and 0.898 respectively, and these are similar to the exponent (0.902) shown by 

Nagy and Peterson (1988) for 18 seabird species engaged in a variety of activities. 

The relationship between DLW[m] and HTO[m] suggests tritiated water has utility 

for energetics studies of penguins, and confirms the finding of Culik and Wilson 

(1992) who used deuterium-enriched water to estimate FMR in adult adelie 

penguins. To reiterate the premise behind this analysis, DLW -derived metabolism 

takes no account of the energy accumulated in tissue as the chick grows, whereas 

HTO feeding rate converted to metabolism (as shown above) includes energy 

accumulated through growth. By removing growth from the latter estimate the 

estimates of FMR by both approaches should balance. This is demonstrated by the 

intercept (-0.03) and slope (1.01) of the regression of DLW[m] on HTO[m]' 

Tritiated water costs a fraction of the price of oxygen-18 and when used alone can 

essentially yield the same answer as the more expensive DLW approach. Growth, 

of course, must be measured during the isotope release periods and factored out of 

the analyses, and the energy density of the food ration must be determined 

simultaneously with the isotope dilution work. For penguins that are in an 

energetically steady-state condition (ie. they are neither growing nor shrinking), such 

as adults feeding for maintenance, HTO[m] should be an accurate predictor of 
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actual FMR. In all cases the isotope integration periods should be long enough to 

allow turnover of most of the penguins' body water pool, otherwise errors will arise. 

Integration periods in this study ranged from 5-9 days for very small chicks to 21 

days for chicks near asymptotic mass. 

6.4.5 Energy budget 

A provisional energy budget was estimated for emperor chicks fol19wing the 

method of Ricklefs, White and Cullen (1980) and used by many other authors for 

seabirds. The calculations (Table 6.5) for the energy budget differ (rom the 

conventional approach because daily measurements of energy partitioning were not 

made and rates of change of particular body components and energy use cannot be 

accurately determi:ned. The calculations make no allusion to rates of change, and 

measure the energy accrued between consecutive time blocks that differed in 

accordance with the sampling method for the DLW and carcase composition 

chicks. The budget differs to some degree from budgets for other seabird species 

because metabolic estimates for the emperor chicks includes the cost of 

thermoregulation and activity, which are usually excluded from estimates based on 

chicks in respiratory chambers (e.g. Brown 1987; Adams 1990). Also, as noted 

previously, the calculations do not include asymptotic mass as the heaviest chicks 

(fledglings) were losing mass having peaked at a mass higher than indicated. For 

this reason the calculations indicate a substantial growth between 136 days and 

fledging; this is an artefact of the chick sampling method and should not be 

interpreted too literally. Prior to this, however, the calculations represent a 

reasonable approximation of energy partitioning in a developing emperor penguin 

chick. 

Accumulated lipid and protein converted to energy equivalents fell within 3% of the 

overall energy accumulated in tissue based on bomb calorimetry, which attests to 

the accuracy of the body component analysis and the constants of Ricklefs (1974) 

used in Table 6.5. The energy required for growth assumes a one-third production 

efficiency (Ricklefs 1974) which was added to the accumulated tissue energy to 

obtain the energy required for growth. The energy required for maintenance is the 

FMR, partitioned according to the consecutive data points in Fig. 6.4, and corrected 

for the estimated energy cost of biosynthesis according to Ricklefs (1974). The total 

amount of energy to produce a fledgling is the sum of growth and maintenance 

energy requirements over the entire chick-rearing period, which equalled 444 MJ. 



Table 6.5: CalculatIOns for a provisIonal energy budget for healthy emperor penguin chIcks based on DLW-denved field metabohsm and analysis of carcase 
composltion (see text for explanation). 

Mean Estimated aFM Lipid bLiPld Protein CProtem dTIssue erlSsue fEnergy gEnergy Energy 

mass age Gain energy Gain Gain energy Gam energy Gam energy Gam for for for 
growth 

growth mlenance and 
m'tenance 

(kg) (d) (MJ) (g) (g) (MJ) (MJ) (g) (g) (MJ) (MJ) (MJ) (MJ) (MJ) (MJ) (MJ) (MJ) (MJ) 

0.337 <5 12.8 0.486 47.7 0.954 1.44 1.41 

12.3 108.1 4.1 105.0 2.1 6.2 642 8.56 102 18.7 

0.881 30 120.9 4.594 152.7 3.05 7.64 7.83 

52.2 299.5 11.3 316.4 6.3 17.7 16.28 21.71 46.8 68.5 

2.75 76 420.4 15.97 469.1 9.38 25.3 24.11 

47.7 111.6 4.2 497.8 9.95 14.19 15.72 20.96 42.5 63.5 

5.413 97 532.0 20.21 966.9 19.33 39.55 39.84 

65.4 459.0 17.4 632.4 12.64 30.1 33.08 44.11 54.48 98.6 

8.47 116 991.0 37.65 1599.3 31.98 69.64 72.9 

76.3 225.3 8.56 411.7 8.23 16.79 14.23 18.97 716 90.5 

10.29 136 1216.3 46.2 2011.0 40.22 86.44 87.1 

65.1 584.1 22.19 696.3 13.93 36.1 39.15 52.21 52.2 104.4 

12.03 153 1800.4 68.41 2707.3 54.14 122.56 126.3 

aEnergy expenditure (field metabolism) estimated from the area under curve in Fig. 6.4. 
bEnergy equivalent of lipid = 38 kj.g-l (Ricklefs 1974). 

CEnergy equivalent of protein = 20 kj.g-l (Ricklefs 1974). 

dUpid energy + protein energy. 

eEnergy equivalent of carcases obtained by bomb calorimetry. 
fCarcase energy gain + 0.75 (production efficiency, Ricklefs 1974). 

gField metabolism - (carcase energy gain x 0.33 [cost of biosynthesis], Ricklefs 1974). 
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Fig. 6.5 Provisional energy budget for emperor penguin chicks 
from hatching to approximated asymptotic mass. Figures in 
brackets refer to mass changes during the measurement periods. 
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The energy budget constructed from these calculations is presented in Fig. 6.5. The 

budget partitions the energy expenditure in stages up to 8.47 kg as shown in Table 

6.5 but for the final stage the energy use is calculated for chicks between 8.47 kg 

and 12.03 kg. This treatment of the data ignores the pre-fledging stage in the chicks' 

development and assumes that the fledglings (12.03 kg) were roughly representative 

of chicks at or near asymptotic mass (even though they were about 17 days older 

than this). As stated previously 12 kg stage chicks losing mass at the rate shown in 

Table 6.4 would reach in 17 days the mean mass of non-experimental fledglings at 

Taylor Glacier, so using the fledglings to represent chicks at asymptotic mass may 

not be too unrealistic. Because of this, however, a prudent interpretation of the 

energy budget is warranted. 

The energy budget of emperor chicks shows an increased use of energy during 

development. The first two of the five stages coincided with brooding and the early 

creche stage when growth was relatively slow and chicks were given protection by 

parents from the environment. In the first stage about 60% of total energy was 

allocated to growth and the remainder to maintenance. In the second and third 

stages allocation of energy to growth (45%) and maintenance (55%) was similar for 

both stages. Chicks were too big to be brooded and entered a creche and their 

activity probably increased over these periods. At about half way through 

development (5.41 kg to 8.47 kg), by about October, chicks laid down lipid and 

protein and began a growth spurt (68% of total energy) which closely resembled the 

allocation of energy to growth in king penguin chicks during the first of their two 

growth phases (Adams 1990). For the final stage to approximated asymptotic 

mass chicks allocated about 68% of total energy to growth. 

6.4.6 Energy intake and food consumption 

The total metabolizable energy required to produce an emperor penguin chick from 

hatching to fledging was 444 MJ. A 12 kg fledgling is 1.4 kg heavier than the 

average fledging mass (10.56 kg) at Taylor Glacier, but at the rate of mass loss for 

the 12 kg chicks shown in Table 6.4 a 12 kg chick would leave the colony at a mass 

similar to the average for all chicks in the colony. Thus 12 kg would be indicative of 

the maximum amount of energy accumulated in a near to 'average' chick. The energy 

required to raise an emperor chick is 41 % less than the 757 MJ estimated by Adams 

(1990) to produce a king penguin chick to independence. The difference is 

explained by the 313-day growing period (twice that of an emperor chick) for king 

penguin chicks and the high cost of maintenance during the winter fast and 

subsequent re-building of body mass. 
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Proportionate to body mass, emperor penguin chicks required 43.4 MJ.kg-1 

metabolizable energy for development. King penguin chicks required 75 MJ.kg-1 

(Adams 1990), adelie and gentoo penguin chicks required 26 MJ.kg-1 and 37 MJ.kg-

1, respectively, (estimated from values in Culik 1994; Davis, Croxall and O'Connell 

1989; Kooyman et al. 1982), and macaroni and rockhopper penguin chicks required 

34 MJ.kg-1 and 39 MJ.kg-1, respectively, (Brown 1987). Leaving aside the king 

penguin, because of its extraordinary breeding cycle, most of the variation in mass

specific metabolizable energy could be explained by differences in growth rates 

between species, differences in energy expended in thermoregulation and differences 

in the foraging shift duration of attending adults. Because of the great distance 

between colony and ice edge emperor penguin chicks endure longer fasts between 

feeds and would be expected to expend more energy during the breeding cycle for 

self maintenance and growth. 

The mass of food required to rear a chick from hatching to independence can be 

estimated from the metabolizable energy intake, energy conversion efficiencies and 

the energy density of the food ration delivered by parents. The appropriate 

calculations are shown in Table 6.6 which examines the FMR for each group of 

DLW chicks (from Fig. 6.4) and the accumulated carcase energy of chicks 

representing these groups. The food requirements for maintenance and growth for 

each mass class can be estimated as the sum of the food for FMR and the food for 

tissue accumulation. The estimates for each stage are provisional because the 

carcase masses (and incremental changes) differ to some degree from the mass 

changes for the estimate of FMR. Assuming 12 kg represents peak energy 

accumulation in the tissues of a chick, the total amount of food to produce an 

average chick to fledging is 84 kg. The ratio of food consumed to mass change 

between hatching and independence for an emperor chick is 8.2:1. 

The food consumption estimated for an emperor chick is 2.8 times that for adelie 

and chinstrap penguin chicks (30-32 kg, Culik 1994), which seems reasonable given 

the lengths of the respective development phases, differences in diet (and energy 

densities) and differences in fledgling mass proportional to adult mass (about 80 % 

for adelie and chinstrap chicks versus about 40% for emperor chicks). Food 

consumption by an emperor chick is only 1.7 times the 50-56 kg estimated by Culik 

(1994) and Gales et al. (1993) for a gentoo penguin chick. The estimates for gentoos 

presumably reflects the extended pre-fledging period when chicks continue to be fed 

a maintenance ration long after asymptotic mass has been reached (Culik 1994 and 

references therein). 
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The total food consumption estimated from FMR and carcase energy accumulation 

is 20% greater than the food intake (70 kg) estimated from HTO turnover, which 

was unrealistically low for an emperor penguin chick. Part of the discrepancy is an 

artefact of the respective analyses. With the FMR/ carcase energy conversion to 

food intake the calculations in Table 6.6 indicate the final stage in chick 

development as asymptotic mass, whereas the HTO estimates include the actual 

fasting stage for pre-fledging chicks, when food intake declined rapidly. Therefore 

the last stage (136 days to 153 days) should not be included in the comparison. 

From hatching to about the 6 kg stage, when chicks were about 100 days of age, 

HTO estimated 32 kg food consumed compared to 28 kg for the FMR/ carcase 

energy method. For the subsequent two mass classes (9 kg and 12 kg) the 

respective estimates were 27 kg and 37 kg food for the HTO method. Overall, 

between hatching and asymptotic mass, HTO predicted 58.5 kg and FMR/ carcase 

energy 65.6 kg, a difference of 7.1 kg food consumed. Assuming the latter method 

is correct, HTO turnover underestimated food consumption by about 11 %. Given 

the extent of the errors with the respective methods (see reviews cited earlier) an 

error of this order is not unreasonable. As mentioned previously partial 

dehydration of food by adults before chick feeding may underlie this discrepency 

but the biological significance of this remains unclear. 

The estimate above of food consumption by emperor penguin chicks can be 

extended to the populations at Auster and Taylor Glacier colonies provided the 

following assumptions apply: 1) the feeding and growth performances of chicks at 

Auster and Taylor Glacier, and their mortality schedules proportional to the 

population sizes, were similar, 2) the feeding performance of surviving chicks was 

similar to that estimated for an average chick, and 3) that within a particular time 

span, that coincides with the isotope measurement periods in Table 6.6, death was 

instantaneous and that chicks consumed no food prior to death. This assumption 

is not as unrealistic as it may seem because the chicks died of starvation (as 

opposed to exposure) and a protracted period without food would be expected. 

The relevant numerical data are given in Robertson (1992) and this has been 

combined with food consumption estimates in Table 6.6 to give an estimate of total 

food consumption by chicks at Auster. Thus the total amount of food consumed by 

chicks at Auster and Taylor Glacier in the 1988 breeding season was about 648,000 

kg (Table 6.7) and 178,000 kg respectively. Based on the chicks' diet mix 

composition (Robertson et al. 1994) chicks at Auster, where most of the diet work 

was done, would have consumed about 358,000 kg of fish (mainly blunt scaly head 

Trematomus eulepidotus, Antarctic silverfish Pleuragramma antarcticum, Gymnodraco 



Table 6.6: Provisional estimate of food mass reqUlred to rear an emperor penguin chick from hatching 
to independence based on energy reqUlrement for fleld metabolism (A) and energy accumulated 
10 carcase (H) during development. 

A) Field r>.Ietabolism 

Energy 

/'-,·[ass aMean Estimated bMetabo- cMean Cross d Mean diet mix 
class mass age lized EAE intake 
(kg) (kg) ( d) (MJ) (%) (M)) 

Hatch __ l 0,337-0,843 1-30 12,3 80,7 15.24 

1-3 0,843-3,015 30-76 52.23 81.0 64.5 

3-6 3,015-6.11 77-97 47,67 80,4 59,3 

6-9 6,11-985 97-116 65,45 78.1 83,8 

9-12 9,85-11.77 116-136 76,3 77.5 98,4 

12-Fledg, 11.77-Fledg, 136-153 65,11 78,3 83.1 

Total 319,06 404,3 

aMasses averaged for the length of the isotope intergration periods, 
bEsttmated from the area under curve in Fig, 6.4. 

fresh mass 
(kJ.g-1) 

6.1 

6.3 

6.3 

6.0 

6.3 

6.8 

cMean energy assimilation efficiencies for consecutive mass classes shown in Table 6,3, 
dMean values for consecutive mass classes in Table 6,3, 

eCross mtake ~ energy density diet mix, 

B) Car~a5e Energy 

Energy 

Mass fMean Carcase Accumulated !SIncrement Mean diet hFood intake 
class mass fresh metabolized metabolized mix to satisfy 

mass fresh mass carcase energy 
accumulation 

(kg) (kg) (kJ.g-l) (M)) (M)) IkJ.g'I ) (kg) 

Hatchling 0.337 (3) 4.18 1.408 

1 0.881 (3) 8,89 7,832 6,424 6.1 1.1 

3 2.75 (3) 8,77 24.117 16,285 6.3 2.6 

6 5.413 (4) 7,36 39,839 15,722 6.3 2.5 

9 8.47 (3) 8,61 72,926 33,087 6.0 5.5 

12 10.29 (4) 8,47 87.156 14,23 6.3 2.3 

Fledgling 12.03 (3) 10,5 126,315 39,159 6.8 5.7 

Total 124,907 19,7 

fValues from empty carcase values in Appendix 6.1, 
replicates, 

Figures in parenthesis represent sample 

gObtained by subtracting accumulated energy values from those of the previous mass class, 

hMetabolised energy -+- energy density diet mix, 

epood in take 
to satisfy PM 

(kg) 

2.5 

10,2 

94 

13,9 

15,6 

12,2 

63,8 



Table 6.7: Provisional estimate of food consumption by emperor penguin chicks at Auster 
colony during their development 

Nominal aMortali tl:: schedule Food intake 

mass class Time span Perished Survived bper chick Total 
(kg) (d) (kg) (kg) 

Hatch - 1 0-30 310 10256 3.6 36,922 

1-3 30 -86 981 9275 12.8 118,720 

3-6 76 - 97 678 8597 11.9 102,304 

6-9 97 -116 185 8412 19.4 163,193 

9 - Fledg 116 - FJedg 2064 6348 35.8 227,258 

SUM 648,397 

aAfter Robertson (1992). 
bCompiled from Table 6.6. 
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acuticeps and Paralepidids) and about 290,000 kg of squid (mainly Alluroteuthis 

antarcticus, Psychroteuthis glacialis and Histeoteuthis sp.). These species frequent the 

continental shelf and shelf break regions of the Southern Ocean and would have 

been taken by adults on foraging trips up to at least 100 km from their respective 

colonies. 
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6.6 POSTSCRIPT 

A researcher's attitude to the ethical treatment of wild animals is implicit in the 

type of research conducted and experimental methods adopted. The results of 

published works may imply tacit approval of certain practices and other 

researchers may be influenced to follow these practices in their own research. It is 

important therefore to stress a change of heart over the decision to kill chicks for the 

body composition analysis. The reasons for this change are less important than the 

necessity to express to the reader that, in retrospect, killing 17 of the 20 chicks was 

not justifiable (Appendix 6.1 shows data for 23 chicks; the three hatchlings died of 

natural causes). These chicks were killed to examine, in mass specific terms, how 

the difference between HTOwater space and TEW changed during development, 

and to gain a general understanding of how energy was partitioned in a chick's 

body during growth. The data simply added refinement to a component of chick 

energetics and were not central to the main focus of the study. The remaining three 

chicks were fledglings and were taken to determine the total amount of energy 

invested by parents to produce a chick, which was subsequently converted into 

food mass, the main ecological question addressed in the study. Three was 

probably the minimum number of fledglings to yield a convincing estimate of the 

energy invested in a healthy young emperor penguin. It is hoped that the data in 

Appendix 6.1, and in the body composition analysis (section 6.3.3) and energy 

budget (section 6.4.5) will eliminate the need in future to take chick's lives for 

estimates of the accuracy of HTO as a determinant of TEW and estimates of energy 

allocation in a chick's body during development. 
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APPENDIX 6.1: Companson of total body water as predicted from tritiated water dilution space and body water content as 
measured b y drying the carcasses of emperor penguin chicks ranging in age from hatching t 0 fledging. 

Total Body Water 

8.Emperor bBill cChick dEstim. eWet mass Dry mass H2O fpredicted Measured &Error 
penguin # length mass ege sample sample content 

(~) (kg) (days) (g) (g) (%) ~rnI.kS-l1 (mLkg-l) (%) 

Hatchlings <5 
#1 0.388 (18) 388 74 80,95 No data 809,95 No data 
#2 0,3203 (9) 320.3 63.8 80,08 No data 800.8 No data 
#3 0,3307 (13) 330,7 64 80,65 No data 806.5 No data 
Me8.n 16,9 0,346 80.56 
s,d, 0,96 0,036 0.44 

lKg Stage 30 
W180 21.15 0,9627 (18) 962.7 292.1 69,66 713.4 696.59 +2.41 
W235 21.1 0,8554 (30) 855.4 280.5 67,21 708_67 672.08 +5.44 
Chick 4 20,9 0,915 (9) 915 318 65,24 670,93 652,45 +2,83 
Mean 21,06 0,911 67,37 +3.56 
s,d, 0.1 0,005 2,21 1,64 

3Kg Stage 76 
142 No data 2.7014 (49) 2701.4 887 67.16 696,64 671,61 +3.73 
143 No data 2.7978 (52) 2797,8 1001 64,22 674,99 642,22 +5,1 
144 No data 2,8831 (90) 2883.1 989.19 65,69 691.5 656,9 +5,27 
Mean 2.7941 65,69 +4.7 
s,d, 0.D9 1.47 0,84 

6Kg Stage 97 
321 31.4 5,95 (151) 1703.15 503 70.46 758,0 704,6 +7.58 
322 31,65 5,828 (222) 1680.66 522 68,94 721.7 689.4 +4,69 
323 37.7 5,602 (248) 1314.6 395 69,95 719,94 699.5 +2,92 
324 33.55 5.55 (255) 5550.0 1785 65.48 682.59 654,8 +4,2 
Mean 33.57 5.732 68.7 +4,84 
s,d, 2.9 0.188 2.2 1,96 

9Kg Stage 116 
303 38,8 8,35 (297) 8350.0 2496 70.1 766.7 701.0 +9,37 
304 37,9 9.1 (169) 1470,5 476 67,63 776.57 676.3 +12,69 
305 40,8 9.497 (253) 1624.5 509 68,67 727.5 686.7 +5,9 
Mean 39,1 8,982 68,8 +9,32 
s,d, 1.48 0.58 1.24 3.4 

12Kg Stage 136 
47 46,6 12,821 (259) 1671.19 568 66,01 680,29 660.1 +3,05 
48 43.5 11,953 (427) 1563.7 538 65.59 678,28 655,9 +3.41 
49 44,2 10,839 (406) 10839,0 3708.1 65.79 685.58 657,9 +4,2 
50 42,9 10,936 (544) 1524,24 510 66.54 725.7 665.4 +9.06 
Mean 44,3 11,64 65,9 +4,93 
s.d, 1.6 0,936 0.41 2.79 

15Kg Stage 153 
43 51.05 11,978 (312) 1489,8 574 61.47 645.35 614.79 +4.98 
45 50,0 13.124 (356) 1521.2 647 57.46 604.4 574,6 +5,18 
46 47,85 11.763 (237) 1534.37 635 58,61 603,33 586,1 +2,93 
Mmn 49,63 12,288 59,18 +4,36 
s,d, 1,63 0.73 2,06 1.24 

Overall mean +5,25 
(n=:20) s,d, 2,62 

aAlthough the body masses of the 12 Kg and 15 Kg chicks were similar, the former were large chicks whereas the latter 
had developed into fledglings and were caught leaving the colony for the ice edge, Hatchlings were collected freshly 
frozen in mid winter having being abandoned by adults; they were not tritiated. 
bBitI lengths of hatchlings recorded from 20 dead chicks collected at random at Auster. 
cSince tritiated water equilibrates with penguin stomach contents chick masses include food found in stomachs except 
gastronomic stones. Mean wet food masses were 6,8 g, 8,9 g, 70,9 g, 193 g,398 g, 1,129 g, and 0,0 g for the hatchlings, 
1 kg, 3 kg, 6 kg, 9 kg, 12 kg and 15 kg chicks respectively, Stone masses included in brackets, 
dEstimated relative chronological age from the observed time of hatching as described in Table 6.1, 

epor the hatchlings, 1Kg, 3 Kg chicks and chicks 324,303 an d 49 whole carcasses were dessicated' all other chicks were 
minced and sub sampled, Wet masses of su b sampled carcasses were corrected upwards by compa'rison with whole fresh 
car case masses taken in the field to account for moisture loss during the 11-15 month pericd the carcasses were stored deep 
frozen, 

fEstimated from tritium activity in blood samples drawn 4 hours after injection, 
gPredicted - measured + measured x 100, 
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APPENDIX 6.2: Estimating field metabolic rate from growth and food intake. 

Field metabolic rate (f) is usually expressed as a power function of mass, that is 

(Nagy 1987): 

f=amb (1) 

where m is the mass (kg) and a and b are constants. Where data on f and mare 

available, a and b can be estimated directly by log-log regression. However, a and b 

can still be estimated from data on food intake and growth even when direct 

estimates of f are lacking, if it is assumed that growth is proportional to food intake 

(in terms of net energy) and that the conversion of energy to mass is independent of 

age and size. Under these assumptions the growth rate g is given by: 

g = cf- amb (2) 

where g is the growth rate (kg. day -1), f is the feeding rate (MJ.day-1) and m is the 

animals mass (kg), and c is a constant (conversion efficiency of food intake 

expressed as net energy to body mass). The model assumes that growth is 

proportional to the difference between the energy intake and the field metabolic 

rate. Equation 2 has the property that if the energy intake is less than the field 

metabolic rate then the animal will lose weight (ie. exhibit a negative growth rate). 

Similarly, if energy intake exceeds the field metabolic rate the growth rate will be 

positive. Thus, in principle, estimates of growth and feeding allow the estimation 

of field metabolic rate through equation (2). 

In fitting the model to the data, the term subject to most random error is the feeding 

rate, so this is chosen as the dependent variable, with independent variables growth 

rate and mass. The growth rate and mass were estimated by weighing the birds. It 

is assumed that the feeding rate for animal i in period t is the product of the water 

turnover (estimated from tritiated water dilution) and the prey energy content, that 

is: 

fit = Wit d t (3) 
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where Wi/ is the water turnover for animal i in period I and dt is the net energy 

content of prey in period I (estimated from independent samples of stomach 

contents from adults before chick feeding). Rearranging equation (2) gives: 

fit = !. (gil + ami/b) 
c (4) 

where gil and mil are the growth rates and average mass, respectively, of bird i in 

period t. Assuming thatthe feeding rate has an approximately normal distribution, 

the parameters a, band c can be estimated by non-linear regression by minimising a 

weighted least squares residual function, which expressed as a log likelihood is: 

h (a,b,c; g, m) = ~ In [ Ii,t Wit (fit - .~ (git - aMitb)2] (5) 

where g and m are is the vectors of gil and mil, respectively, N is the total number 

of observations and Wi is a weight inversely proportional to the variance of the 

observed values of fil. If we assume that the feeding rate follows a Poisson process 

with feeding rate ~ (day-I), then the variance in feeding rate is equal to~. If the 

period over which the feeding rate is estimated is over n days, the estimate of 1.1. is 

given by 

with variance 

therefore, the relative weight to use in (5) is nil, the number of days used in 

estimating the feeding rate of bird i in period I. 

Asymptotic marginal confidence intervals for the parameters are estimated based 

on likelihood ratios using the procedure described in Cox and Hinkley (1974). The 

procedure involves forming a test statistic from the difference between the 

likelihood function at a given parameter value and the likelihood at the minimum. 

For a marginal confidence on one parameter interval the likelihood is calculated by 

re-minimising over the other P'lrameters. The test statistic has a critical value given 

by 0.5 X2x,1, where X2x,1) is the critical value from a X2 distribution with 1 degree 

of freedom at the x probability level. 
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CHAPTER 7: THE FORAGING ENERGETICS OF ADULT EMPEROR 

PENGUINS DURING CHICK REARING 

7.1 INTRODUCTION 

Quantitative assessments of the impact of seabirds on marine resources highlight 

the pre-eminent position of penguins among consumers of prey in Antarctic waters 

(e.g. Croxall, Ricketts and Prince 1984; Croxall 1984). The large body mass of 

penguins, relative to those of flying seabird species, and their diving mode of 

hunting enable penguins to exploit a wide range of marine habitats and to take prey 

species that are also the target of commercial fisheries (e.g. Ichii 1990; Kailola et al. 

1993). In order to assess the potential impact of commercial fisheries on Antarctic 

penguin populations it is important to understand not only the prey species 

complex taken by the birds but the food and energy required by penguins on an 

annual basis to maintain their populations. 

The period of chick care is an important stage in the reproductive cycle of penguins, 

and is accompanied by an increased demand on marine resources as adults must 

forage for their chick in addition to feeding to maintain themselves. The adelie 

(Pygoscelis adeliae) and emperor (Aptenodytes forsteri) penguins breed in the extreme 

high Antarctic and forage extensively in the waters of the pack ice zone that flanks 

the Antarctic continent. The food and energy consumption of adelie penguins 

during chick production has received considerable attention (Culik and Wilson 

1992; Nagy and Obst 1992; Chappell et al. 1993), but the food requirements of 

emperor penguins have not yet been measured. The food requirements of 

emperors are of particular interest because among penguins emperors are unique in 

their habit of raising young through the Antarctic winter and spring, when food is 

least plentiful (Ward 1989) and air temperatures most severe. 

There are three main objectives to this Chapter. First, to determine the food and 

energy intake rates of adult emperors throughout the entire chick rearing phase of 

their breeding cycle. Second, in considering food requirements of their chicks 

during their development (Chapter 6), to determine the additional cost to adults of 

raising young during winter. Third, to estimate the food and energy consumption 

of the breeding populations of emperor penguins at the Auster and Taylor Glacier 

colonies during the period of chick care. 
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7.2 METHODS 

7.2.1 General 

The chick rearing period for the winter breeding emperor penguin commences in 

mid July when chicks hatch on the feet of adult males, and ends about 155 days 

later in mid December when fledglings leave the colony for open water. Hatching 

marks the end of a four month pre-nuptial and incubation fast for the male, and the 

commencement of brooding duties for the female, following her two-month winter 

absence at sea. For the first 50 days of the chicks life adults share the brooding and 

feeding duties, until about September when the chick is left in a creche and both 

adults are free to cycle between colony and ice edge to forage for themselves and 

their offspring. Many emperor penguin colonies lie great distances from open 

water (Budd 1961; Jouventin 1975, Ancel et al. 1992) and after brooding ends chicks 

are fed large meals on relatively few occasions, as adults attempt to balance their 

own food and energy requirements with those of their chick. In general, after 

completion of brooding, when the most intensive feeding begins, about six foraging 

trips are made by each parent (Mougin 1966; Isenmann 1971). 

7.2.2 Colonies, timing and adult selection 

The study was conducted at Auster colony between July and late November 1988 

after which it was transferred to the land-based colony at Taylor Glacier (due to 

decaying sea-ice at Auster) for the last three weeks of the breeding cycle. Adult 

penguins were studied at three different periods which were intended to reflect 

temporal changes in the breeding cycle and contrasting demands on adults during 

the ISS-day chick development period (Table 7.1). Variation in these demands was 

expected to arise from changes in the amount of food required by adults for self 

maintenance, changes in food required by growing chicks, and changes in the 

distance between colony and the waters where adults foraged. For birds in the 

three study periods the winter males were especially important because the isotope 

integration period spanned their first foraging trip after completion of their four

month pre-nuptial and incubation fast. 

Penguins at both colonies were captured up to 1 km seaward of their colony to 

avoid selecting non-breeding adults which tended to reside close to the main mass 

of breeding birds. Adults used in the experiments were caught at random, except 



Table 7.1: Outline of the experimental approach for feeding rate estimates of adult emperor penguins attending 
growing chicks 

Sta~e in breedin~ czcle 
Season Sex Colony Sample Adults Chicks aDistance 

size to ice edge 
(km) 

Winter Males Auster 10 Post-winter Brooded, 70 (82) 
(July) fast (4 month) < 1 kg 

Spring Males and Auster 15 Intensive chick Independent, 60 (70) 
(October) females feeding mid -growth, 

< 6 kg 

Summer Males and Taylor 34 Intensive chick Pre-fledging, 61 (50) 
(December) females Glacier feeding < 15 kg 

aEstimated from satellite pictures of the Mawson Coast. Figures in brackets represent the equivalent distances 
at Auster or Taylor Glacier. 
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for the winter males, as they trekked back to sea having recently revisited the 

colony to feed their chick. With the winter males, only birds greater than 22.5 kg, 

the lower critical body mass for emperor penguins (Dewasmes et al. 1980; Groscolas 

1986; 1988), were used in the experiment. This approach would have avoided males 

in a potentially weakened body condition (see Isenmann and Jouventin 1970) and 

would be expected to maximise the recapture success of the experimental males. 

Because emperor penguins are sexually monomorphic the sex of adults must be 

deduced from vocalisations or from behaviours exhibited by the birds during the 

breeding cycle. The behaviour of males and females are diagnostic only until the 

early brood stage (July and August). In July the experimental birds were presumed 

to be males because they were leaving the colony en masse for the ice edge, were low 

in body mass and had soiled brood patches, having recently hatched their chick. 

The sex of the experimental penguins captured in October and December was 

unknown and presumably included both males and females. 

Upon initial capture the penguins were weighed and given a 1 mI injection of 1,850 

MBq tritiated water (HTO) into the pectoral muscle. Following injection the birds 

were marked with a temporary flipper band and restrained in a 15 m diameter 

enclosure on the sea-ice for 4 hours to allow the isotope to equilibrate with the 

penguins' body water pools. An initial blood sample (2 mIl was taken and the 

penguins released to continue their journey to the ice edge. Upon return to the 

colony the penguins were recaptured and a final blood sample taken. Six of the 

winter males were re-caught either brooding or guarding their chick (see below) 

and following withdrawal of blood samples these birds were allowed to re-unite 

with their chick inside the enclosure. At initial capture the 10 males caught in 

winter, the 15 birds caught in October and 19 of the 34 penguins caught in 

December were fitted with 200 g data loggers as part of another study. 

7.2.3 Determining dietary water and food energy density 

To convert estimates of water influx to estimates of food consumption and energy 

intake it is necessary to know the diet composition, its free and metabolic water 

content and its energy density during the isotope integration periods Table 7.2). 

The diet composition of adults was assumed to be the same as that available to 

chicks prior to chick feeding (Robertson et al. 1994). The diet was determined by 

water-offloading adults serially from July to December as they returned to the 

colony (along with the birds injected with isotope) to feed their chick. The chemical 



Table 7.2: Prey components, water yield and energy density of the reconstructed diet used in the energy and food 
con sum ption calculations. 

a Reconstructed diet 
Season Fish Squid 

(%) (%) 

Winter 79.9 20.1 

Spring 59.03 40.97 

Summer 37.63 62.37 

aAfter Robertson et al. (1994). 

Free 
(ml.g-1 ) 

0.737 

0.745 

0.753 

Water yield 

Metabolic 
(ml.g-1) 

0.147 

0.14 

0.1331 

Combined 
(ml.g-1 ) 

0.8847 

0.8855 

0.8864 

DFood energy (fresh) 
Gross Metabolizable 

(kJ.g-1) (kJ.g-1) 

6.14 4.95 
(20) 

6.15 4.89 
(12) 

6.79 5.32 
(12) 

bGross energy determined by bomb calorimetry of food samples collected from penguin stomachs. Figures in brackets refer 
to the number of penguins sampled. 
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composition of the main prey species (to derive an estimate of metabolic water) was 

determined from live caught fish (blunt scaly head Trematomus eulepidotus and 

Antarctic silver fish Pleuragramma antarcticum) and squid (Alluroteuthis antarcticus 

and Psychroteuthis glacialis), the dominant species in penguin stomach samples. The 

squid Nototodarus gouldi, a Tasmanian species, was analysed for water and chemical 

composition in place of Antarctic squid which proved impossible to catch. Water 

content of prey was determined by desiccation to constant mass at 60°C in a forced 

air oven. Lipid and protein contents of prey were determined to derive the water 

produced by metabolism of these components. Dried prey items were pulverised 

and lipid extracted from 1 g samples following immersion in a 1:1 ratio of diethyl 

ether and petroleum ether. The de-fatted residue was then combusted in a muffle 

furnace and protein content derived by mass difference between the sum of the 

lipid and ash contents. The oxidation of each gram of lipid and protein was 

assumed to yield 1.07 ml and 0.5 ml water respectively (Schmidt-Nielsen 1975). 

The energy density of the diet mix was determined from samples taken from the 

stomachs of adults; the stomach contents were dried, pulverised and combusted in 

a ballistic bomb calorimeter. The conversion of gross energy yield of the diet mix to 

metabolizable energy for each of the three groups of birds was achieved using the 

energy assimilation conversions of 81.8% and 76.2%, respectively, for fish and squid 

(Robertson and Newgrain 1992), and calculated in proportion to their contribution 

to the diet. 

7.2.4 Estimating water influx and feeding rate 

Blood samples were centrifuged and stored frozen for later analysis. In the 

laboratory water was extracted from the red cell fraction by vacuum sublimation in 

liquid nitrogen (Vaughan and Boling 1961). Aliquots containing 100 ~tL of this pure 

water were added to 3 ml of PCS scintillation cocktail and measured for tritium 

activity in a liquid scintillation spectrometer (Beckman LS 2800) to 1% accuracy. 

The total body water (TBW) of adults was determined by comparing blood isotope 

levels at equilibration with standard solutions made from 100 ~tL of solution used in 

the field diluted (1:5,000) in distilled water. 

Tritiated water turnover was determined from the decline in specific activity of 

isotope between the initial and recapture blood samples using equation 4 of Nagy 

and Costa (1980) which assumes that pool size remains constant proportion of 

penguin body mass during the isotope integration periods. HTO flux rates were 
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adjusted according to the type of prey in the diet of the three groups of penguins to 

account for the degree by which HTO water flux underestimated actual water flux 

(Robertson and Newgrain 1992). Food consumption for each group of penguins 

was estimated by dividing the corrected HTO-derived water flux by the combined 

(free + metabolic) water yield of the penguins' reconstructed diets. 

7.2.5 Correcting estimates of water influx 

As described for the chicks (Chapter 6), snow consumption and accidental seawater 

intake by adults when hunting may result in an overestimation of water fluxes and 

feeding rates (Green and Gales 1990). Snow consumption by adults was rarely 

observed at Auster and Taylor Glacier and this may have reflected the low 

deposition rate of snow typical of the Mawson Coast (Bromwich 1988; Stretton 

1990) and the resultant prevalence of guano-stained, polished sea-ice at both 

colonies. Snow consumption by penguins a way from the colonies is open to 

conjecture and for the purpose of the calculations it was assumed that snow 

consumption by adults on foraging trips was negligible (i.e. penguins' water 

requirements were wholly satisfied by free + metabolic water in prey). In order to 

account for accidental seawater consumption in the calculations 35 adults caught at 

various stages throughout the chick rearing season were given intramuscular 

injections of 2.4 MBq 22Na in addition to HTO and their seawater intake estimated 

using the iterative method of Green and Brothers (1989). This technique depends 

on knowledge of the water and sodium contents of the diet, water and sodium 

influxes of penguins and the sodium content of seawater. Serum (200 ~lL) was 

drawn from the blood samples, bleached with concentrated hydrogen peroxide (to 

de-colourise tritium residues), oven dried, mixed with 3 ml PCS cocktail and 

assayed for 22Na activity by liquid scintillation spectrophotometry. Serum sodium 

contents were determined by atomic absorption spectrophotometry. A standard 

solution containing 100 ~L of 22Na used in the field was mixed with 500 ml distilled 

water and counted with the blood samples to enable calculation of the penguins' 

exchangeable sodium pool sizes at isotope equilibration. Seawater was assumed to 

contain 470 mmol.L-1 sodium. 

Sodium content of the main prey species was determined by atomic absorption 

spectrophotometry after digesting 1 g samples in concentrated nitric acid and 

subsequent dilution in deionised water. Sodium influx rates were estimated using 

the method of Green, Griffiths and Newgrain (1985) assuming a linear relationship 

between pool size and body mass during the isotope integration periods. Flux rates 
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were corrected upwards, according to the prey types and proportion in the diet, to 

accommodate errors associated with the 22Na turnover method (Robertson and 

Newgrain 1992). 

7.3 RESULTS 

7.3.1 Recapture success 

Emperor penguins are non-territorial and marked penguins returning from sea at 

unpredictable times were difficult to intercept before reaching their partner and/or 

chick. Once in the colony retrieving them was a delicate matter if the bond between 

adult and chick was to be preserved. All 10 of the winter males returned to Auster 

and were re-captured and blood-let. One male was caught inbound on the sea-ice, 

six were caught in the colony either brooding or guarding their chick and three 

were caught roaming Auster, apparently searching for their partner. Of the six 

birds attending chicks five successfully rejoined their chick on release (and were 

subsequently observed feeding their chick) and the remaining adult abandoned its 

offspring. Of the 14 penguins injected in October, nine (64%) returned to Auster 

and were re-captured and blood-let. Five of these were reunited with their chick 

when caught, one was captured searching for its chick and two were caught 

standing alone in the colony, apparently chickless. Of the 34 December penguins 

only three (9%) returned to Taylor Glacier and were re-captured for the withdrawal 

of blood samples. 

7.3.2 Seawater consumption 

The exchangeable sodium pool sizes of the 35 penguins at initial capture averaged 

39.8 ± 4.7 mmol.kg-1 Only 21 of the adults injected with 22Na returned to their 

colonies and were recaptured and bled, and only six of these yielded 22Na blood 

levels sufficiently greater than background levels to calculate sodium fluxes. The 

mean sodium influx rate for the six penguins was 7.8 ± 3.8 mmol.kg-1.d-1. Seawater 

intake for these birds ranged from 0-9.3 ml.kg-1 d-1 and averaged 2.36 ± 4.33 ml.kg

l.d-1, which was deducted from the HTO-derived water influx estimates before 

converting them to estimates of food consumption. 
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7.3.3 Body masses, mass gains and cycle times 

The mean body masses at initial capture were 24.7 ± 1.4 kg, 23.2 ± 1.8 kg and 23.9 ± 

1.6 kg, respectively, for the 10 winter males, the 14 adults caught in October and the 

34 penguins sampled in December, respectively; these masses were statistically 

indistinguishable from one another (ANOV A: F2,59 = 2.8; P>O.l). The mass of the 

winter males resembled the mass when fasting males become motivated to 

commence feeding (24 kg, Robin, Groscolas and Le Maho 1987) and reflects the 

deliberate selection of birds substantially heavier than the lethally susceptible 

minimum body mass (~ 18 kg). By comparison the mean mass of 20 post

incubation males caught at random departing Auster was 22.2 ± 1.7 kg (i.e. 2.5 kg 

lighter). 

In each season penguins increased in mass while at sea. The winter males accrued 

2.9 ± 1.7 kg, the October birds 1.3 ± 1.2 kg and the December penguins 3.5 ± 1.0 kg. 

Except for the three December adults, which were captured prior to chick feeding 

(and therefore had full stomachs), the mass increases include unknown quantities of 

food in adults' stomachs because most adults were captured and weighed attending 

chicks. For this reason the mass increases during foraging bouts at sea by the 

winter and October birds would be underestimated by an unknown amount. By 

comparison with the mass change of the 10 winter males, 10 inbound males caught 

at random returning from their fast-breaking trip at sea weighed 27.3 ± 2.3 kg, 5.1 

kg heavier than the departing males mentioned above. These birds would be 

expected to contain an average of 1.6 ± 0.5 kg of food in their stomachs (G. 

G.Robertson, unpublished data) and the remainder (3.5 kg) would represent the 

accumulation of body tissue. 

Mean cycle times (foraging trip duration) for penguins in the three experimental 

groups were 27.7± 5.3 days, 23.0 ± 6.2 days and 17.7 ± 10.2 days for the July, October 

and December penguins respectively. One of the winter males was captured after 

49 days at sea, and was probably returning after completing its second foraging 

trip, having been missed earlier when it returned to relieve the female of chick 

brooding. The cycle time for this bird is not included in the comparison above. 
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7.3.4 Water influxes and feeding rates 

Estimates of TBW at injection ranged from 574.1 ml.kg-1 to 821.3 ml.kg-1 and 

averaged 688.7 ± 52.7 ml.kg-1 for the 57 penguins sampled. There was a weak but 

significant inverse relationship between TBW and body mass, lighter birds 

generally having higher mass-specific TBW pool sizes: (TBW [ml.kg-1] = 978.3 -

12.12 mass [kg]; r2 = 0.15; F1,55 = 9.6; P<O.Ol). Mass-specific pool sizes were 612.8 ± 

35.3 ml.kg-1, 692.1 ± 62.2 ml.kg-1 and 710.3 ± 25.7 ml.kg-1 for the winter males, 

October and December birds respectively. Analysis of variance performed on 

transformed (loge) data showed these differences to be statistically significant (F2,56 

= 27.1; P<0.0005) with TBW differing significantly for all comparisons (P<O.OOl; 

Newman-Keuls multiple range test) . Mean water influxes, estimated feeding rates 

and metabolizable energy intake for the three groups of penguins are shown in 

Table 7.3. Water influxes showed strong seasonal variation (ANOV A: F2,19 = 26.2; 

P<0.0005) with mass-specific rates increasing greatly as the chick rearing period 

progressed (all comparisons P<O.OOl; Newman-Keuls multiple range test). 

Because a significant portion of each foraging trip was spent commuting to and 

from the ice edge, the estimates in Table 7.3 include an adjustment according to the 

penguins' travelling speed and distance to open water to enable at-sea 

determinations of water, food and energy influxes. This ad justment is made to 

enable comparison between emperors and other species of penguin which generally 

reside close to the open ocean and potential foraging waters. Assuming fat was the 

primary metabolite of commuting emperors and that each gram of fat yielded 39.4 

kJ (Groscolas, Schreiber and Morin 1991) and 1.07 ml metabolic water (Schmidt

Nielsen 1975), the 20.2 MJ.d-1 expended in locomotion by the winter males 

(calculated from Fig. 4 in Dewasmes et al. 1980) would have required the oxidation 

of 1,488 g fat and the production of 1,592 ml metabolic water. This amount of water 

was subtracted from the water turnovers of the winter male's and the new value 

divided by the estimated at-sea time to determine water influx, feeding rate and 

metabolism at sea. A similar calculation was performed for the penguins in the 

other two groups. 



Table 7.3: Mean masses during release periods, foraging trip cycle time. estimated travelling time from colony - ice edge - colony, water influx, feeding 
rate and metabolizable energy consumption of adult emperor penguins for three stages during chick rearing. Water influx, feeding rate and energy intake 
estimates are adjusted according to the estimated total transit times to allow at-sea determination of these parameters (see text). 

Season Mean Mean aTransit bWater influx bFeeding rate D,CMetabolizable energy intake 
cycle 

mass time time Overall At sea Overall At sea Overall At sea 

(kg) (days) (days) (ml.kg- l d-1) (ml.kg-1.d-1) (g.kg-1.d-1) (g.kg-l d-1) (kJ.kg- l d-1) (kJ.kg- l d-1) 

Winter 26.0 ± 1.4 27.7 ± 5.3 2.9 72.8 ± 15.1 78.8 ± 16.3 82.2 ± 17.0 88.9 ± 18.3 406.9 ± 84.1 440.5 ± 91.0 
(July) 

Spring 24.6 ± 1.7 23.0 ± 6.2 2.5 127.9 ± 11.6 140.9 ± 12.7 144.5 ± 12.8 159.1 ± 14.1 706.6 ± 62.6 778.3± 69.1 
(Oct.) 

Summer 24.2 ± 1.3 17.7 ± 10.2 2.1 203.7 ± 76.7 228.3 ± 85.9 231.15 ± 87.4 259.l± 97.9 1,229.7 ± 465.0 1,378.5 ± 565.8 
(Dec.) 

aEstimated from distances between Auster colony and ice edge (Table 7.1) and assuming 2 km.h-1 travelling speed (Dewasmes et al. 1980; G. Robertson, personal 
observation). 

bMeans for water flux, feeding rate and energy intake weighted according to the length of the isotope integration periods. 

cFeeding rate x metabolizable energy density of diet in Table 7.2. 
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7.4 DISCUSSION 

7.4.1 Effects of experiments 

The abandonment rate of adults increased during the chick rearing period and the 

trend did not follow the pattern of chick deaths (Robertson 1992), implicating 

experimental effects as a likely factor. There is no evidence that the burden of 

transporting the data loggers affected the birds' fidelity to the colony. The 10 winter 

males carried devices and all returned to the colony, as did nine (60%) of the 15 

October penguins. Of the 34 penguins tritiated at Taylor Glacier in December, 19 

carried devices and only two (10.5%) returned compared with one (7%) from the 15 

penguins in the non-instrumented group. The trend in abandonment rate most 

likely reflects the gradual diminution in the tolerance of the adults to the trauma of 

capture and handling as the chick rearing season progressed (see Wilson et al. 1989). 

In December, when the greatest desertion occurred, adults were probably 

commencing their last, or second last, foraging excursion, their chicks were almost 

fully developed and the adults were approaching their pre-moult fattening session 

at sea. These factors, combined with the effects of experimental interference, may 

have taken ascendancy over the adults' desire to return to the colony and feed their 

chicks. The fact that nine of the October group and three of the December group 

returned to the colony when the remainder of their groups abandoned, probably 

reflects individual variation in the capacity of adults to tolerate the stress of capture 

and handling associated with the experiments. 

The experimental procedure may also have affected the penguins' foraging cycle 

durations. In adelie penguins attending creching chicks, back-mounted devices 

increased the time adults were away because of the extra work required for 

swimming, about 40% more than non-instrumented birds (Culik and Wilson 1991, 

1992). Penguins compensated by staying at sea longer to rest, and did not increase 

their daily field metabolic rate (FMR) because of the extra energetic cost of 

transporting devices (Culik and Wilson 1991, 1992). Drag while swimming is more 

a function of device frontal cross sectional area than mass (Culik, Bannasch and 

Wilson 1994) and the device used by Culik and Wilson (1991) was 1.4-2.1% of the 

cross-sectional area of an adelie penguin. This was less than the frontal area of the 

logger used in this study, which corresponded to 2.7% of the cross-sectional area 

(590 cm2) of a 24 kg emperor penguin. This logger would have caused substantial 

drag and protracted cycle times would be expected. 
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The effect on the emperors of transporting devices can be gauged by comparing 

results in this study with those at Auster in 1993 (the ice edge lay approximately the 

same distance from Auster in both years) when the attendance patterns of six 

female emperors were determined by radio tracking (VHF tag 0.64% of penguin 

frontal area; unpublished data courtesy of R. Kirkwood). The mean chick brooding 

period for female emperors in August, the reciprocal of the time males were away, 

lasted 18 days (range: 14-22),36% shorter than in 1988. The cycle times for the same 

penguins in October and December were 16 days (range: 12-20) and 13 days (range: 

11-15) respectively, which correspond to trips of 30% and 27% shorter duration than 

in 1988. These times differ by only 1-3 days from the foraging trip durations of 

emperors during the period of chick care at the Pointe Geologie colony (Prevost 

1961 cited in Mougin 1966). 

7.4.2 Tritium method and energy balance 

Tritiated water estimates of TEW water in adult penguins range from 55-65% for 

jackass (Spheniscus demersus) and macaroni penguins (Eudyptes chrysolophus) (Nagy, 

Siegfried and Wilson 1984; Davis, Croxall and O'Connell 1989) to 74% in gentoo 

(Robertson, Newgrain and Green 1987) and little blue penguins (Eudyptula minor) 

(Gales and Green 1990). The estimates vary depending on the method of 

measurement (e.g. Culik and Wilson 1992) and the body condition of the 

experimental birds, which changes during the breeding cycle. Estimates of mean 

TEW for the three groups of penguins in this study, which are probably 

overestimated by about 5% (Chapter 6), were 61% in winter, 69% in spring and 71% 

in summer. Since penguins in each group had similar body masses, and since TEW 

content varies as the inverse of body fat content (Hulbert and Grant 1982; Groscolas, 

Schreiber and Morin 1991) the trend in TEW indicates an increase in lean body 

tissue in penguins as the breeding season progressed. This means that the winter 

males were either dehydrated or that their fat store, even after their extensive fast, 

was proportionally larger than the fat store of adults foraging later in the year. 

HTO-derived feeding rates were converted into estimates of energy expenditure 

(Table 7.3), which is a measure of the penguins' FMR while foraging at sea. 

Determinations of FMR's in penguins are usually based on doubly-labelled water 

(3H2180 or 02180, DLW) estimates of C02 production (Nagy 1980; 1988; Green 

and Gales 1990), although either HTO turnover or deuterium-enriched water 

turnover has been used to estimate metabolism in adult king penguins (A. 
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patagonicus, Kooyman et al. 1982), adult gentoo (P, papua) and macaroni penguins 

(Davis, Kooyman and Croxall 1983), adult adelie penguins (P, adeliae) (Culik and 

Wilson 1992) and gentoo penguin adults and chicks (Robertson, Green and 

Newgrain 1987), As shown in Chapter 6 the tritium method will provide an 

accurate estimate of FMR provided the water flux calculations reflect water in prey 

and not snow or seawater intake, and provided the penguins are in energy balance 

during the experiments (body mass changes of ± 10% were considered acceptable), 

It is also important that the isotope integration periods be as long as is practicable, 

because the errors are likely to be increased if only a small portion of the penguins' 

body water pool is exchanged during the release periods, 

The water influxes of the adults at Auster and Taylor Glacier were corrected by 

subtracting seawater imbibed while feeding, and the mean cycle times ranged from 

18-28 days, long enough to dilute HTO blood levels to a fraction of the equilibration 

levels recorded at initial capture, However, the penguins increased in body mass 

during foraging trips and may not have been in energy balance if the mass increases 

represented tissue accumulation (to serve their metabolic requirements during their 

forthcoming chick brooding fast) rather than unassimilated food in their stomachs, 

The winter males accrued at least 2,9 kg on average while at sea, 1.3 kg more than 

the mean stomach contents mass of males returning to Auster at the same time from 

foraging (G. Robertson, unpublished data), The difference between these two 

figures amounts to a 5.3% accumulation of body tissue for these birds, 

The mean mass increase (1.6 kg) of the October penguins was 0,6 kg less than the 

mean stomach contents mass (2.2 kg) of adults returning to Auster at the same time 

of year. Even allowing for the fact that five of the nine adults were feeding chicks 

when caught (the other four birds had not commenced chick feeding), the empty 

body masses of these penguins could not have varied much while at sea, The 

October birds were therefore assumed to be in an energetic steady-state during the 

experiments, 

The three December penguins were re-captured prior to chick feeding and had full 

stomachs when bled, One bird caught leaving the colony 3 hours after arrival had 

offloaded 2,6 kg of food to its chick, but was still 2,1 kg (9.2%) heavier than its initial 

mass, The mean mass (2,7 kg) of the food load of adults returning to Taylor Glacier 

at the same time suggest that this penguin probably fed the chick its entire stomach 

contents, in which case its water turnover and mass increase during the release 

period would be indicative of a feeding regime for self maintenance and tissue 
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accumulation, presumably in preparation for the forthcoming moult fast, as well as 

to provision its chick. Assuming the other two birds had similar quantities of food 

in their stomachs, the mean empty body mass increase of these two birds would be 

only 0.3 kg, or 1.3% mere than initial mass. However, when values for the three 

December birds are combined the mean empty body mass increase was 0.9 kg, 

representing an empty body mass increase of only 3.9%. Thus the mass increases of 

the winter (5.3%) and December (3.9%) adults were small and would have had a 

minor effect on the accuracy of the conversion of feeding rates to estimates of 

energy expenditure. 

7.4.3 Feeding rates and energy expenditure 

Penguins usually breed within close proximity of the open ocean, which provides 

the potential for birds to commence feeding shortly after they leave their colonies. 

Most emperor penguin colonies (and many adelie penguin colonies) are separated 

from open water by an extensive sheet of fast-ice which the birds must traverse 

before feeding can commence. Therefore, in order to compare the food and energy 

intake by emperors with those of other species of penguin, the time emperors spent 

commuting to open water must be accounted for in the calculations. The transit 

times shown in Table 7.3 assume penguins traversed the fast ice without stopping 

(i.e. they had no rest or feeding stops), that they travelled day and night and in all 

weather conditions. Emperor penguins are capable of travelling in the dark (Ancel 

et al. 1992) but in blizzards birds in transit usually lie on the sea ice until the weather 

improves (G. Robertson, personal observations). At the Pointe Geologie colony 

(66.7° S, 140.0° E), satellite tracked winter males took 13-16 days to reach polynyas 

110-130 km from the colony partly because the birds fed from tide cracks in transit 

(Ancel et al. 1992). At Auster the winter males were released at night in a blizzard 

that lasted 12 hours and this would have slowed their progress to the ice edge. 

However, unlike at Pointe Geologie, Auster lay only 70 km from a large polynya 

which was contiguous with a belt of pack ice that extended over the continental 

shelf and out to sea. This would have given the birds a broad front of water to 

travel to within comparatively easy striking distance of Auster, and in contrast to 

Ancel et al. (1992), the penguins consistently headed in the direction of the polynya 

when departing from and returning to the colony (Robertson 1992). This 

commuting route was surveyed from a light aircraft in mid November and no 

substantial tide cracks or congregations of birds were found, so it seems likely that 

feeding en route may not have been an important factor in determining the time the 

penguins took to reach the ice edge. Even so it is impossible to be sure of the 
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penguins' transit times and for this reason the at-sea determinations of food 

consumption and energy intake are provisional. As mentioned previously mass

specific estimates of energy expenditure should not be affected by this uncertainty 

(Culik and Wilson 1992). 

Adult feeding rates almost trebled during the period of chick care, ranging from 89 

g.kg-1 d-1 in winter, when chicks weighed < 5% of adult mass, to 259 g.kg Id-1 in 

summer when chicks represented 40-50% of adult mass. These rates of food 

consumption are equivalent to the acquisition of 440-1,380 kJ.kg-1.d-1 metabolizable 

energy. This seasonal trend in food and energy intake paralleled seasonal changes 

in day length for adults to hunt by, availability of food resources (lower in winter, 

Atkinson and Peck 1988; Ward 1989), changes in the extent of the fast sea-ice (Table 

7.1), and increasing demands by growing chicks for food and energy (Chapter 6). 

Energy expended at sea by adults during the brood and late creche stages (c. 440-

778 kJ.kg-1.d-1) was less than DLW-predicted FMRs for adelie penguins at the 

comparable stages of chick care (1,150-1218 kJ.kg-1.d-1, Culik and Wilson 1992; 

1,455 kJ.kg-1 d-1, Nagy and Obst 1992), but similar to the FMR of king penguins 

brooding small chicks (864 kJ.kg-1 d-1, Kooymanet al. 1992b). Higher mass-specific 

FMRs for the smaller adelie penguin would be expected because metabolic rate 

varies as a function of body mass, and scales in penguins at less than unity (0.74, 

Croxall 1982). Proportionate to predicted basal metabolic rate (BMR, Lasiewski and 

Dawson 1967), energy expenditure by emperors for the brood and late creche stages 

(3.3-5.5 x BMR) was similar to that for both adelie penguins (5.4 x BMR, Nagy and 

Obst 1992; 3.4-3.6 x BMR, Chappell et al. 1993) and king penguins (4.6 x BMR, 

Kooyman et al. 1992b) for the corresponding stages in the reproductive cycle. In 

summer, when feeding big chicks, energy acquisition rates by the emperors were 

9.6 times predicted BMR. Food consumption rates of emperors in October 

corresponded to 16% of adult body mass, which is similar to the ratio of daily food 

intake to body mass (17%) in adult king penguins attending both small and large 

chicks (Kooyman et al. 1982; Kooyman et al. 1992b). 

The emphasis placed by adults on provisioning themselves compared to their chick 

can be assessed by comparing the total food intake of adults with the masses of 

unassimilated food in adults' stomachs delivered to the colony for the chick (G. 

Robertson, unpublished data). The winter males consumed about 2.3 kg.d-1 or 57.5 

kg in the 25 days they were assumed to be at sea, and ani y 1.6 kg (2.8%) of this 

would have been transported to Auster for the chick, the remainder being 

consumed for self maintenance and to build a reserve of energy to sustain them on 
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their forthcoming chick-brooding fast. In October adults consumed about 3.9 kg.d-

1 or 80 kg of food while at sea, and only about 2.2 kg (2.7%) of this would have been 

retained for the chick. The corresponding estimates for the December penguins 

were 6.3 kg.d-1, or about 98 kg while at sea, and 2.7 kg (2.7%) for the chick. 

Those estimates are tenuous because adults probably stayed at sea longer than 

expected. Isotope dilution estimates of chick feeding rates showed that chicks 

consumed about 0.182 kg.d-1, 0.546 kg.d-1 and 1.0 kg.d-1 during the brood (winter), 

spring and summer stages respectively (estimated from Chapter 6). Compared to 

the feeding rates by adults for the corresponding times shown above, each adult 

retained for the chick only 7.9 %, 14.0 % and 15.9 % of its average daily food intake 

during the three seasons examined. Thus adults would have assimilated 85-92 % of 

their daily food intake themselves, and could have satisfied their chick's food 

requirements in the equivalent of less than one day's hunting time. This indicates 

the adults' priorities on a foraging trip are to sa tisfy their own food requirements 

first and then to gather the extra food required for the chick. 

It is apparent that chick provisioning by the emperors was not accompanied by a 

substantial increase in food consumption above requirements for maintenance. 

Similar results have been reported in adelie penguins, which operate below their 

maximum capacity when raising chicks (Chappell et al. 1993), and in some other 

bird species (e.g. Weathers and Sullivan 1989). In light of this observation it is 

unclear how energetically demanding chick provisioning is for adults. Adults 

consume far greater amounts of food when fattening before the breeding season 

commences than when attending chicks. For example, as fuel for the pre-nuptial 

and incubation fast, adult males must accumulate about 850 MJ metabolized energy 

in body tissue (assuming a post-moulting mass of 24 kg, 40 kg at the onset of the 

breeding fast and 53 kJ.g-1 fat and protein deposited [Pullar and Webster 1977]), 

which is equivalent to about 125 kg of food (at 6.79 kJ.g-1, Table 7.2) above that 

required for maintenance. This is almost three times the amount of food each adult 

delivered to the colony to raise its chick (~42 kg, Chapter 6), and is gathered in 

about 80 % less time. However, adults fatten in summer when food resources are 

most plentiful, whereas chicks are raised during the winter, spring and early 

summer, when food is less abundant, yields less energy (Robertson et al. 1994) and 

may be more difficult to access. In this study in winter and spring adults appeared 

to have difficulty gathering the extra food they needed for the chick, even though 

the chick requirements were relatively small compared to their own. This is evident 

by the retarded growth of the chick during the first 50 days of life (partly due to the 
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chick's inability to thermoregulate), long and repeated fasts between meals (Chapter 

6), high incidence of starvation-related mortality (c. 40 % at both Auster and Taylor 

Glacier, Robertson 1992) and the low mass of fledglings (40-50 % of adult mass). 

This, and the fact that adults did not re-build their body masses (and reserves of 

energy) following the extensive winter fast, suggests that chick provisioning is a 

major energetic cost to adults and results in the adults compromising their chick's 

development to reduce the burden on themselves (see Drent and Daan 1980; 

Ricklefs 1983). Further study involving isotope dilution measurements of FMR and 

determinations of foraging proficiency (on a much finer scale than presented here), 

conducted simultaneously with studies of chick provisioning rates and prey 

availability, are required to determine the additional energetic cost of parenting and 

to place in perspective, in terms of time and energy utilisation, the period of chick 

care in the annual energetic cycle of emperor penguins. 

7.4.4 Population requirements 

The daily estimates of food consumption by adults for the three seasons examined 

can be used to calculate the total mass of food consumed by adults at Auster and 

Taylor Glacier while rearing chicks. The following assumptions are necessary: 

1) Adults did not increase their feeding rates to account for the extra energy cost of 

transporting dive recorders (Culik and Wilson 1991, 1992). 

2) Chick rearing commenced with the first foraging bout of the winter males (there 

are no data on the feeding rates of females in winter prior to their return to the 

colony to brood the chick). 

3) The foraging performances of males and females during relief from brooding was 

similar (this may not have been the case because the females were fatter at 

commencement of brooding and on subsequent trips to sea may have spent less 

time replenishing their energy reserves than the males). 

4) In the last 100 days of chick rearing, at the commencement of creche formation 

and when both adults were free to cycle between colony and ice edge, adults shared 

the feeding duties equally, made a total of six or seven feeding trips and spent nine 

days at the colony fasting (deduced from attendance patterns of adults at Auster in 

1993 [R. Kirkwood, unpublished datal, and Mougin 1966). 
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5) Adult feeding rates, cycle times and time spent fasting with the chick were 

similar for both colonies. This is probably unlikely because adults at Taylor Glacier 

spent an estimated 16 - 19 % more time trekking too and from the ice edge than 

adults at Auster. However, the consequences of this on adult feeding and chick 

provisioning performances is unclear and for this reason, as well as for simplicity in 

the calculations, equal travelling time is assumed. 

The relevant data are shown in Table 7.4. For convenience the three seasons were 

evenly divided and adult feeding rates were assumed to be constant within each 

season (Table 7.3). Also, feeding rates are based on the time spent away from the 

colony because this makes no assumptions about the time the penguins actually 

spent at sea (as opposed to commuting to and from the ice edge). During chick 

rearing each adult emperor consumed an estimated 482 kg of food, assimilated 

about 440 kg themselves and fed the remainder (about 42 kg, Chapter 6) to their 

chick. This amounts to an average daily food intake of 2.84 kg, or the equivalent of 

about 12 % of adult mass for each day during the 155 day chick rearing period. The 

chick ration represented only 9.5 % of adult maintenance requirements. Estimates 

for the breeding populations at Auster and Taylor Glacier were 10,615 tonnes and 

2,800 tonnes respectively, which includes food intended for chicks (648 and 178 

tonnes respectively, Chapter 6). Removing the chick ration leaves an adult 

maintenance requirement of 9,967 and 2,622 tonnes, respectively, for the breeding 

populations at Auster and Taylor Glacier during the five month period of chick 

care. Assuming the adults' diet mix was similar to that of the chicks (Robertson et 

al. 1994), adults at Auster would have consumed about 5,512 tonnes of fish 

(principally blunt scaly head, Antarctic silverfish, Gymnodraco acuticeps and 

Paralepidids) and about 4,455 tonnes of squid (Alluroteuthis antarcticus, 

Psychroteuthis glacialis and Histeoteuthis sp.) for self-maintenance. The 

corresponding estimates for adults at Taylor Glacier, where squid dominated the 

diet, would be about 805 tonnes of fish (Channichthyids, blunt scaly head and 

Pagothenia borchgrevinki) and about 1,817 tonnes of squid (Alluroteuthis antarcticus 

and Psychroteuthis glacialis). 

The significance of these prey consumption levels must be taken at face value, 

because there is no information on the size and productivity of the resource systems 

that supply these demands. However, some of the fish species taken by the 

emperors ha ve also been exploited periodically since 1985 by commercial fishing 

vessels operating over and adjacent to the continental shelf region of the Mawson 

Coast (Kailola et al. 1993 and references therein), including in the waters frequented 



Table 7.4: Provisional estimate of food consumption by ll,OOO breeding pairs of emperor penguins at Auster colony 
during the period of chick production in 1988. Foraging statistics pertain to one member of a breeding pair 
and food consumption estimates include the food ration intended for the chicks (see text). 

Poraging statistics 
Season Duration At colony aAway bRate 

( days) (days) (days) (kg.d-1) 

Winter 55 27.5 27.5 2.1 

Spring 50 5 45 3.6 

Summer 50 4 46 5.6 

SUM 

aTotal time spent away from the colony on foraging trips. 
bEstimated from Table 7.3. 

Food cons1.lrnEtion 
Per adult Per couple Population 

(kg) (kg) (Tonnes) 

58 ll8 1,298 

166 332 3,652 

258 515 5,665 

482 965 10,615 
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by the birds from Auster. Annual catches of up to 1,816 tonnes of Channichthyids, 

966 tonnes of Antarctic silverfish and 148 tonnes of blunt scaly head have been 

reported, and are not insubstantial when considering the birds' requirements. Were 

the fishery to develop further strict management protocols, supported by the 

appropriate scientific information, would need to be established to ensure potential 

harvest rates would not be detrimental to the emperor penguins breeding along the 

Mawson Coast. 
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CHAPTER 8: DIVING PERFORMANCE OF EMPEROR PENGUINS DURING 

CHICK REARING 

8.1 INTRODUCTION 

The emperor penguin (Aptenodytes forsteri) spends its entire annual cycle in the fast

ice and pack-ice zones of the high Antarctic. Chicks are raised through the 

Antarctic winter and spring and the summer months are devoted to self 

maintenance, particularly the building of body energy reserves required for the 

moult and the pre-nuptial and incubation fasts of the new breeding season. 

Breeding during winter places demands on emperors that are not experienced by 

any other species of Antarctic vertebrate. To breed successfully emperors must 

forage in waters laid en with pack-ice and seek prey that may be low in abundance 

and deep in the water column (e.g. Atkinson and Peck 1988; Ward 1989). Penguins 

are the most specialised of all birds for diving (Kooyman and Ponganis 1990) and 

emperors are capable of diving deeper and for longer periods than any other 

penguin species. Dives deeper than 200 metres (Kooyman and Ponganis 1990) and 

dive durations exceeding eight minutes (Kooyman 1989) are not exceptional. 

Indeed, emperor penguins have been recorded diving to ~ 480 metres (Ancel et al. 

1992) and remaining submerged for up to 18 minutes (Kooyman et al. 1971). 

Despite these impressive capabilities knowledge of emperor penguin diving 

behaviour stems from few sources, principally the early account of Kooyman et al. 

(1971), several reviews (e.g. Kooyman 1989; Kooyman and Davis 1987; Kooyman 

and Ponganis 1990) and the recent study by Kooyman et al. (1992a). Not 

surprisingly, the main focus of these studies has been on the physiological effects of 

diving in relation to dive depth, duration and swim velocity, and the effects of 

pressure on blood gas exchange. 

The physiology of diving is a specialised field of investigation and is beyond the 

scope of the work presented here. The objective in this chapter is to emphasise the 

ecological aspects of emperor penguin diving performance. The main topics to be 

addressed are the general diving characteristics and the diurnal and seasonal 

patterns in the emperors diving activity during the chick production phase of their 

annual cycle. An attempt is made to link the birds diet composition (Chapter 5) 
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and food and energy requirements (Chapters 6 and 7) with their diving behaviour to 

improve overall understanding of emperor penguin foraging ecology. 

8.2 METHODS 

8.2.1 Salient features of the breeding cycle 

Chick rearing for the winter breeding emperor penguin commences in mid-July and 

ends about five months later in mid-December. After hatching members of a couple 

take it in turns to brood the chick until the chick reaches about 50 days of age, when 

it is thermally self-sufficient and no longer requires full-time parental attendance. 

Adults then spend the next 100 days cycling between colony and open water 

gathering food for the chick and for their own maintenance. After the cessation of 

brooding duties, when the chicks' demand for food increases (Chapter 6), each 

adult makes up to eight foraging trips of several days to several weeks duration 

(Mougin 1966; Isenmann 1971). 

8.2.2 Experimental design and dive recorders 

Adult diving performance was examined during the winter, early spring, late spring 

and early summer of 1988. These four stages of the breeding cycle coincided with 

the brooding, early creche, mid-growth and pre-fledging stages of chick 

development, respectively. During this five-month period adults were expected to 

experience marked seasonal changes in their environment, and demand for food by 

the chick, that ma y have affected their foraging behaviour. These changes included 

variation in the distance between colony and foraging waters, density of pack ice 

where the birds foraged, area of the continental shelf covered by fast-ice and 

seasonal changes in the distribution and abundance of prey in the penguins foraging 

zones. 

The deployment schedule and sampling configuration of recorders used in the 

experiment is shown in Table 1. Adults were studied at Auster during the first 

three stages mentioned above, and at the land-based colony at Taylor Glacier 

during the last stage, the transfer between colonies being caused by decaying sea-ice 

around Auster which prevented safe access to the birds. Adults in the four groups 

were selected at random as they left the colony on feeding trips and each was 

assumed to be parenting a chick. Except for the birds caught in winter, which were 

males leaving the colony en masse after completing their four-month pre-nuptial and 



Table 8.1: Deployment schedule and sampling regime for time-depth recorder analysis of the diving performance 
of emperor penguins at Auster and Taylor Glacier colonies in 1988. 

Recorder deElo~ment 
Season Colony Sex Chick stage Sampling interval Number Date 

(seconds) 

Winter Auster M early brood 2,30 10 31 July 

Early spring Auster M+F early creche 2,10 10 6,7 Sept. 

Late spring Auster M+F mid growth 2,10 18 7 - 10 Oct. 

Summer Taylor Glacier M+F pre-fledging 2,10 19 1,2 Dec. 
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incubation fast, the sex of the penguins was not recorded and was assumed to 

include both males and females. Upon capture adults were weighed, marked with 

a temporary flipper band and fitted with resin-coated electronic time-depth 

recorders (Platypus Engineering, Hobart, Tasmania) containing either 64 or 32 

kilobytes of RAM. The recorders weighed ~ 200 g, measured depth to 500 metres 

with an accuracy of ± 5 metres and had a frontal area equivalent to 2.7% of the 590 

cm2 cross-sectional area of a 24 kg emperor. They were attached to the penguin's 

feathers with Loctite 401 adhesive and worm drive hose clamps fitted to bollards 

on each of the four corners of the devices (Robertson 1991). The recorders were 

positioned on the penguin's backs 10 cm above the base of the tail, and were 

programmed to sample time and depth at 2, 10 or 30 second intervals during dives. 

The dive thresholds, the depths at which the recorders were triggered to start or end 

recording, were set at six metres to minimise the recording of transit swimming to 

foraging waters. 

All penguins in the winter group, all but three penguins in the late spring group and 

all penguins in the summer deployment were injected with tritiated water as part of 

the energetics study described in Chapter 7. Tritiated water was not administered 

to penguins in the early spring group. 

8.2.3 Analysing dive records 

Dive records were analysed with custom made software from Platypus Engineering. 

Dives were displayed individually to determine their properties regarding depth, 

duration and general patterns in order to select the parameters to be analysed. All 

dives (> 6 m) were included in the analyses in case penguins foraged immediately 

beneath the fast-ice. In evaluating descent and ascent swim velocities, only dives> 

20 metres were analysed. 

The six 30 second recorders created some problems with the analysis due to their 

coarse sampling rate. Occasionally penguins ascended to shallow water then 

descended without surfacing. Presumably the birds surfaced and dived again in the 

inter-sampling period of the recorders. These dives were corrected using software 

programmed to record 10 metres as indicating the end of the dive; once ascending 

penguins reach this depth they were assumed to have surfaced. Although screening 

the data in this manner eliminated the 'multi-dip' dives, some shallow dives of < 30 

seconds duration rna y not have been recorded. Overall, however, these dives were 

minor in number and almost certainly would not have been important feeding dives. 
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Most dive records for individual penguins were multi-modal with respect to depth 

and duration and for this reason dive modes were analysed instead of means (i.e. 

the data were abnormally distributed). Time spent diving (see Table 8.2) was 

calculated as the proportion of the total time at sea the penguins spent diving (i.e. 

below 6 metres depth), and active time (,bottom time') refers to the ragged section 

of the dive profiles where the penguin appeared to be hunting/foraging. This was 

calculated as the dive duration minus the time for the descent and ascent. For the 

calculation of hourly diving rate (Fig. 8.3) only records for whole days were used to 

prevent biasing the frequency distributions toward portions of days (i.e. mornings 

or afternoons) in cases where dive records spanned only one or two days (see Table 

8.2). 

8.3 RESULTS 

8.3.1 Recapture success and data retrieval 

The recapture success of recorder-bearing penguins varied markedly as the breeding 

season progressed. AUlD winter penguins were re-captured, but only eight (80%) 

of the early spring, 10 (56%) of the late spring and two (11%) of the birds 

instrumented in early December returned to their colonies. The reasons a large 

number of penguins abandoned late in the season is the subject of speculation in 

Chapter 7, and most probably relate to the stress of capture and handling during 

the deployment of the instruments. 

The six devices used in winter with a 30 second sampling interval yielded few 

records per dive and for some measurements the data were too coarse for pooling 

with the 2 second and lD second records. Consequently, data from these six 

recorders were used in the summary of dive statistics and analysis of daily diving 

rates only, and not in the statistical comparison of between-group differences in 

dive parameters. Of the other recorders one of the winter devices failed to record 

data due to a blocked pressure transducer port and two devices from each of the 

spring groups failed to yield data due to problems with data storage. A total of 25 

penguins in the four groups of birds returned to the colonies with useful dive data. 
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8.3.2 Cycle times and mass gains 

It is likely the recorders lengthened the penguins' trip durations (see Culik and 

Wilson 1991; Chapter 7) so the cycle times of emperors are useful for between

group comparison only, assuming recorder effects were constant for the four 

seasons. Cycle durations tended to decreased as the chick rearing season 

progressed, averaging 30.1 ± 8.5, 23.2 ± 5.0, 23.2 ± 6.6 and 15.5 ± 13.4 days in 

winter, early spring, late spring and summer, respectively (Table 8.2). The trend, 

however, was not statistically significant (ANOV A: F3,21 = 2.7; P> 0.1), probably 

because of the small sample size, rather than an absence of seasonal variation in the 

cycle durations of adults. Mean mass gains at sea were at least 2.9 ± 1.7, 3.75 ± 

2.0,1.6 ± 1.3 and 2.9 ± 0.14 kg for penguins in the four groups, respectively. These 

masses represent minimum estimates of the real mass gains because adults were 

attending chicks when re-caught and would have offloaded unknown amounts of 

their stomach contents to chicks. However, it is clear from these estimates that 

adults did not substantially re-build their tissue energy reserves while at sea. 

8.3.3 Dive depth and duration 

Table 8.2 summarises the general dive statistics of the 25 instrumented penguins 

that were recaptured with useable dive data. A total of 15,140 dives> 6 metres 

were recorded. Dives were multi-modal in both depth and duration. Mean 

maximum depths for all penguins in the four groups were similar (53-66 metres) as 

were the mean maximum durations (2.8-4.1 minutes). For individual penguins 

maximum depths and durations ranged from 130-460 metres and 6.2-22.0 minutes, 

respectively. A nested ANOVA, with penguin nested within group, revealed no 

seasonal differences in either maximum depth or duration of dives (depth: F3,15 = 

0.74; P = 0.54; duration: F3,15 = 1.3; P = 0.3). Dive duration was strongly 

correlated with depth, which explained 71% of the variance in duration (all dives 

pooled); the functional relationship between duration and depth took the form: 

(loge) Minutes = -0.34 + 0.45 (loge) Metres (SEb = 0.003). Penguins making shallow 

dives (20-50 metres) descended at a slower rate on average (0.3 ± 0.2 m/sec., n = 
2,519) than penguins making deep (> 200 metres) dives (1.7 ± 0.2 m/sec., n = 211) 

(all 2 sec. and 10 sec. records pooled). During the ascent phase of dives penguins 

averaged 0.6 ± 0.3 m/sec. for dives to 20-50 metres depth and 1.4 ± 0.3 m/sec. for 

dives deeper than 200 metres. 



Table 8.2: Basic dive statistics for 25 emperor penguins during the chick attendance phase of 
their breeding cycle. Five recorders did not yield data and were omitted from the 
array. See footnotes and text for explanation of parameters. Continued overleaf. 

Season and 
penguin # 

Winter 

W219 

W193 

W093 

W024 

W045 

W169 

W141 

W205 

W075 
Mean 

Early Spring 

W221 

W02 

W188 

W164 

W213 

W134 
Mean 

Late Spring 

W162 

WI72 

W124 

W114 

W105 

W065 

W011 

W230 
Mean 

Summer 

W144 

W032 

Mass 

Initial End 
(kg) (kg) 

22.4 

25.6 

24.1 

24.8 

27.0 

25.4 

26.1 

23.2 

23.8 
24.7 

23.0 

22.8 

26.5 

25.8 

24.4 

22.1 
24.1 

25.5 

21.0 

23.1 

24.0 

24.8 

20.5 

23.2 

24.2 
25.1 

21.2 

23.5 

26.5 

31.0 

25.8 

27.8 

24.2 

30.8 

28.3 

25.0 

27.1 
27.4 

29.0 

25.2 

28.2 

29.2 

25.8 

28.0 
27.6 

28.2 

21.8 

22.0 

26.1 

26.8 

25.6 

24.0 

25.6 
25.0 

24.2 

26.3 

Cycle 
duration 

(days) 

22 

23 

32 

32 

29 

35 

27 

22 

49 
30.1 

32 

20 

22 

24 

24 

17 
23.2 

20 

30 

29 

25 

15 

25 

29 

13 
23.2 

25 

6 

Sampling 
interval 

(seconds) 

2 

2 

2 

30 

30 

30 

30 

30 

30 

2 

2 

2 

10 

10 

10 

2 

2 

2 

2 

10 

10 

10 

10 

2 

2 

aDive statistics 
Depth (metres) Duration (mins) 

Total 
dives 

(n) 

Mode(s) Max. Mode(s) Max. 

327 120 170 

105 50,175 320 

309 45 165 

966 90, 145 455 

777 75, 100 370 

1144 90, 150, 325 345 

1647 20 285 

976 30, 100, 135 430 

1681 35,115, 155 435 
371 

327 40, 75 230 

163 55,190 260 

206 55,95 300 

874 25,50, 150 275 

858 30, 120 290 

911 120, 155 205 

300 55,85 

333 30,55,80 

51 20 

305 40,120 

874 130,175 

995 25 

1002 160 

320 50,85, 115 

255 

325 

385 

130 

300 

385 

300 

460 

185 
333 

245 30, 105, 145 165 

234 30 165 

1.8,3.8 8.7 

3.0,4.2 22.0 

1.5,5.7 130 

5.5 13.5 

2.0,10.0 12.5 

3.5 15.5 

1.5 14.5 

1.5,3.5 13.5 

2.0,3.0 15.0 
14.3 

2.2,3.2,4.3 10.7 

2.2,5.0, 7.2 8.7 

1.7,2.7,3.7 9.2 

2.5,6.2 16.7 

1.3,2.3,3.5 11.5 

1.2,3.5,4.7 14.0 
13.4 

2.3,3.5,4.5 9.2 

1.8,3.0,4.2 9.0 

2.0,3.3 6.2 

1.5,2.8,4.5 10.2 

1.3,3.7,5.7 9.7 

2.5,5.3 9.3 

5.2,6.8,8.2 18.7 

2.7,3.8,5.8 7.5 
11.1 

1.8,5.2 7.2 

1.0,2.5,3.8 15.0 

aAll penguins, except some with 30 second recorders and a small number of others, had dives to modal 
depths and durations < 20 m and 0.8 minutes respectively. To simplify the presentation these dives have 
been excluded from the table. Penguin W075 also recorded dives to modal depths of 200, 346 and 385 metres. 
Values for the two summer penguins have not been averaged, because the estimates are too disparate. 



Table 2: (Cont'd) 

Season and 
penguin # 

Winter 

W219 

W193 

W093 

W024 

W045 

W169 

W141 

W205 

W075 
Mean 

Early Spring 

W221 

W02 

W188 

W164 

W213 

W134 
Mean 

Late Spring 

W162 

Wl72 

W124 

W114 

W105 

W065 

W011 

W230 
Mean 

Summer 

W144 

W032 

b,CDive statistics 

Dives/day Time Active 
diving time ------

-
x so 

91.3 5.7 

36.5 18.5 

52.3 38.6 

51.5 25.0 

55.6 27.3 

59.3 25.0 

64.4 21.5 

72.8 20.2 

57.5 22.1 
60.0 

114.5 23.5 

78.0 23.0 

* * 

110.0 24.0 

111.3 38.5 

125.6 29.7 
112.5 

* * 

69.3 39.5 

* * 

89.0 15.0 

97.0 16.3 

127.6 32.8 

103.9 25.8 

92.3 48.9 
128.9 

131.0 

54.8 

* 
35.9 

N 

3 

2 

4 

18 

11 

19 

25 

13 

29 

2 

2 

* 
7 

7 

7 

* 

3 

* 

2 

8 

7 

9 

3 

1 

4 

(%) 

19.9 

14.6 

10.6 

14.2 

13.0 

15.0 

12.6 

19.1 

16.7 
16.9, 
15.0 

26.1 

17.8 

* 
25.5 

26.0 

27.9 
25.7 

* 
15.5 

* 
21.0 

23.9 

23.4 

28.6 

23.1 
24.0 

32.2 

16.7 

(%) 

46.3 

47.4 

57.1 

30.7 

28.4 

29.2 

16.5 

29.2 

33.6 
51.3, 
27.7 

44.7 

37.7 

* 
38.5 

35.3 

45.4 
39.9 

* 

45.1 

* 

50.1 

45.9 

38.5 

35.3 

49.9 
41.8 

47.6 

74.1 

cMax. dep th preferences (metres, %) 

< 20 21-50 51-100 101-200 > 200 

34.9 9.5 15.6 

18.1 25.7 22.9 

50.5 29.8 12.9 

17.0 39.3 10.0 

20.3 40.2 16.7 

17.3 43.8 14.0 

16.4 60.0 19.6 

12.6 49.2 13.4 

10.1 40.3 15.6 
38.9, 22.1, 15.2 
14.9 46.0 

24.2 

33.1 

41.3 

23.6 

23.0 

24.6 
24.5 

25.7 

11.7 

16.0 

27.8 

22.0 

18.6 
22.1 

21.7 32.3 

37.5 27.6 

80.4 13.7 

32.8 31.1 

39.2 11.6 

53.8 35.5 

37.2 22.4 

25.6 18.8 
39.9 23.2 

24.1 

23.9 

11.0 

65.4 

31.5 

17.8 

21.8 

28.5 

23.9 

15.4 
22.9 

40.7 

21.9 

2.0 

10.2 

6.6 

9.6 

16.0 

13.4 
12.2 

33.1 

9.8 

40.1 

25.7 

6.8 

11.9 

13.4 

9.2 

2.6 

13.4 

10.4 
10.2 

16.8 

35.0 

18.9 

17.8 

27.3 

31.4 
25.6 

4.3 

7.5 

3.9 

24.6 

41.1 

0.9 

15.0 

42.2 
20.8 

31.8 

0.9 

o 
7.6 

o 
21.7 

9.3 

15.7 

1.5 

11.4 

23.7 
13.5 

1.8 

2.5 

1.9 

2.3 

3.8 

0.1 
2.1 

1.0 

5.4 

o 
1.3 

1.5 

0.2 

9.5 

o 
3.8 

o 
o 

bN = number of whole days recorded when penguins dived. Time diving refers to the proportion 
of time at sea penguins spent diving (as opposed to resting on the surface or diving shallower than 
6 m deep) and is calculated on whole days recorded. Active time is the ragged part of dive profiles 
where penguins appeared to be foraging. 
cCollapsed means (means of means) are weighted according to the number of days recorded when 
penguins dived. Two means are included for the winter estimates where pooling of 2 sec. (upper value) 
and 30 sec. records was considered inappropriate. 

*insufficient number of days recorded to aquire estimates. 
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There were many shallow dives « ~ 20 metres) with very brief bottom times. Deep 

dives typically took a 'flat-bottomed' or 'spiked' form as shown by the examples in 

Fig. 8.1. The bout of flat-bottomed dives shown in the figure lasted over one hour 

and consisted of serial dives lasting 4.35 ± 0.77 minutes on average and were 

spaced by surface intervals of 3.35 ± 1.3 minutes. Mean bottom time for these 

dives represented 52.8 ± 8.6% of the dive durations. The spike dives (by a different 

bird) shown in the figure to deeper water were of similar duration (4.74 ± 1.2 

minutes) to the flat-bottomed dives but averaged only 20.8 ± 7.54% bottom time. 

The interdive periods for these dives were also much shorter (1.58 ± 0.46 minutes) 

than for the flat-bottomed dives. 

Profiles of dives of exceptional depth and duration are shown in Fig. 8.2. Part A of 

the figure shows the deepest (~ 460 metres) dive recorded during the study. In this 

1O.0-minute dive penguin WOl1, from the late spring group, descended in 3.33 

minutes at a consistent rate to 400 metres, spent 2.66 (26.7% of di ve time) minutes 

below 400 metres depth and returned to the surface in 4.5 minutes. Based on these 

figures the descent and ascent swim speeds were 2.0 m/ sec. and 1.48 m/ sec., 

respectively. The preceding two dives, which also exceeded 400 metres, lasted 9.66 

minutes and 8.5 minutes, respectively, and were separated by 4.0 minutes spent on 

the surface. It is noteworthy that the dive was made at 18:18 hours local time, over 

four hours past solar noon (see Fig. 8.3) and thus not at a time of highest light 

penetration. Part B of the figure shows the profile of a 22 minute dive, the longest 

dive duration recorded for an emperor penguin. The dive was preceded by 2.8 

minutes surface time (following a 7.8 minute dive) and was followed by 3.0 minutes 

surface time. The penguin then dived for another 3.16 minutes. Apart from the 

descent and ascent the entire dive was spent below 35 metres. 

8.3.4 Daily dive rate 

There was strong seasonal variation in daily dive rate (Nested ANOVA: F3,18 = 

5.54; P = 0.007). The winter group (64.1 ± 26.9 dives/day on average) was 

significantly different from both the early spring (113.4 ± 33.5 dives/ day) and late 

spring groups (102 .1 ± 34.3 dives/day), which were statistically inseparable 

(P<O.Ol; Tukey multiple comparison test). The two summer birds showed 

markedly different daily dive rates: penguin W144 recorded 131 dives in a single 

day (which filled the recorders memory) while penguin W032 averaged 55 

dives/ day in four days. Daily diving time (time between first and last dives in the 

day) increased as day length increased, averaging 7.6 hours, 9.6 hours, 13.7 hours in 
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winter, early spring and late spring, respectively. The corresponding values for the 

two summer penguins were 17.8 hours (penguin W144; n = 1 day) and 9.3 hours 

(penguin W032; n = 4 days). Values for these two penguins differ because W144 

cycled in 25 days, made numerous deep dives (= 100 metres) and probably visited 

the ice edge, whereas W032 cycled in only 6 days and made numerous shallow 

dives of long duration consistent with foraging under the fast-ice; it probably dived 

through tide cracks and leads close to the colony. The different foraging patterns 

by these two birds can be seen by the vertical separation in dive depths in Fig. 8.4. 

8.3.5 Diurnal patterns 

There was marked seasonality in the hourly occurrence of dives within a day and 

the trend closely followed the increase in availability of ambient light from winter to 

summer (Fig. 8.3). In sununer, with continuous daylight, penguins dived at any hour 

of the day. Penguins tended to dive deeply in any hour, and not only during 

periods of peak light intensity (Fig. 8.4). A small number of dives occurred in total 

darkness, but these were generally to depths less than 50 metres. 

8.4 DISCUSSION 

The main features of the results to be discussed are the general dive patterns and 

the ecological aspects of the emperors' diving performances. 

8.4.1 Dive patterns 

There were consistent patterns to the various types of dives. Emperors usually 

descended at a constant rate to a particular depth, remained at or near that depth 

for a substantial portion of the dive, then ascended at a constant rate to the 

surface. Dives to the top = 50 metres of the water column were usually U-shaped 

(i.e. a shorter version of the dive in Fig. 8.2 B) with relatively slow descents and 

ascents and a ragged section where penguins were presumably foraging. These 

dives often included inconsistent rates of descent and ascent where penguins 

probably pursued prey in vertical and horizontal directions. Deep dives were 

usually V -shaped, due to faster descents and ascents times, and were either flat 

bottomed or ragged bottomed (Fig. 8.3). Penguins making flat-bottomed dives to a 

consistent depth were probably feeding on a level section of the continental shelf, 

and penguins making ragged-bottomed dives of inconsistent depth were probably 

feeding in either the meso-pelagic zone (and hunting prey vertically) or on the 
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Fig. 8.3 Frequency distribution by season of number of dives by emperor penguins as a 
function of time of day and day length. Time is local time (Mawson bastard time), which 
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number of penguins and number of dives respectively, and is based on full days sampled. 
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bottom in uneven topography (see Fig. 8.5). These deep dives, some of which 

exceeded 300 metres, would have been feeding dives requiring considerable 

expenditure of energy even to reach the foraging zone. For these very deep dives to 

be profitable, in terms of net energy gain, the prey would have to be large, relatively 

abundant and easily caught. Adult (large) forms of squid and fish, the main prey 

components of emperors (Robertson et al. 1994), generally reside in deep water 

while juvenile (small) forms generally migrating to near the surface (Nemoto et al. 

1985; Rodhouse and Clark 1985; Kock 1992). It is noteworthy that emperors rarely 

digressed on the descent and ascent phases of these deep dives, even though they 

may have passed through patches of potentially catchable prey in reaching their 

foraging depth. The significance of these deep dives is discussed further below. 

The 22 minute dive (Fig. 8.2), the longest dive recorded for an emperor penguin, is a 

remarkable exercise in endurance, because it exceeds the estimated aerobic dive 

limit (4.1 minutes; Kooyman and Davis 1987) by a factor of five. The dive, by a 

male from the winter group, occurred two days after the bird broke its four-month 

fast. Apparently the breath-holding capacity of emperor penguins is not seriously 

diminished by a prolonged period of not diving. The profile of the dive and the 

relatively shallow depth range (40-50 metres) suggest the penguin may have been 

foraging around the girth of an ice berg. An alternative, and perhaps more plausible 

explanation, is that the penguin became disoriented under the extensive fast-ice 

surrounding Auster in winter (see Fig. 8.5) and had difficulty locating an opening in 

the ice to surface. Disorientation has been reported previously for emperor 

penguins diving under the ice (Kooyman et al. 1971). 

8.4.2 Ecological considerations 

There were no apparent differences in depth preferences and durations or active 

time with season, but there were marked seasonal differences in number of hours of 

the day devoted to diving. Because most dives were diurnal, the time in a day 

devoted to diving, and therefore the daily dive rate, increased as day length 

increased from winter to summer. This suggests that within a dive, or bout of dives, 

the foraging intensity of the emperors was largely independent of season. About 

40% of chicks died of starvation during the breeding season (Robertson 1992), 

many others were malnourished and the mass of the fledglings averaged only about 

40% of adult mass (Chapters 6), suggesting a shortage of food as an important 

factor in the development rate and survival of chicks. The food adults had to 

aquire for the chick, which increased dramatically as the season progressed, was 
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apparently facilitated more by an increase in dive day length than by an increase in 

daily foraging intensity by adults. This lends support to the view expressed in 

Chapter 7 that adults were operating near their maximum capacity during the 

various stages of chick rearing. 

Most dives occurred in daylight or twilight and only a few dives occurred at night 

and only to shallow depths. Dives to about 200 metres, where diminished light 

levels could be expected to limit the penguins hunting proficiency, were made during 

all daylight hours and tended not to be clumped around periods of maximum light 

intensity. Dives deeper than 300 metres usually occurred around solar noon, when 

light transmission in the water would have peaked. The absence of night diving is 

significant because many prey species taken by emperors migrate to surface waters 

at night and nocturnal diving would avoid energetically expensive deep diving (e.g. 

Kooyman et al. 1992b). Diurnal diving by penguins is consistent with reliance on 

vision to locate prey (Wilson et al. 1989; Wilson et al. 1993) which would explain 

the absence of nocturnal diving by the emperors. 

The numerous modal depths shown in Table 8.2 suggest that in all seasons the 

emperors tracked prey widely in the meso-pelagic zone of the water column, 

including the sea bottom of the continental shelf (the depths also indicate the 

depths prey was located). The majority (70-84%) of dives were in the top 100 

metres and between 47% and 63% of dives were < 50 metres. This means that up 

to 30% of dives on average, and up to 42% for some individuals, exceeded 100 

metres and up to 24% (winter group) exceeded 200 metres. The importance of 

these deep dives in the diving repertoire of emperors can be appreciated by 

knowledge of the prey species consumed. The diet of emperors at Auster was 

dominated by the fish Trematomus eulepidotus (31% by mass) and the squids 

Alluroteuthis antarcticus (20%) and Psychroteuthis glacialis (13%) (Robertson et al. 

1994). Other fish (e.g. Paralepidids, Pleuragramma antarcticum, and Gymnodraco 

acuticeps) and squid (e.g. Histeoteuthis sp.) each contributed less than 7% to the diet 

overall. T. eulepidotus is a large, abundant fish in the benthic zone of the continental 

shelf (Dewitt, Heemstra and Gon 1990) and A. antarcticus is a large meso-pelagic 

squid of the open ocean or continental shelf region (Lu and Williams 1994). The 

commonest T. eulepidotus and A. antarcticus caught by emperors were 109 gms and 

104 gms, respectively, (Chapter 5, Figs. 5.6 and 5.7; length-mass conversions after 

Williams and McEldowney 1990; Lu and Williams 1994), which is equivalent to 

either 18 Paralepidids, 13 P. gZaciaZis or five P. antarcticum of the commonest sizes 

taken by penguins. 
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By considering the marine topography flanking Auster and Taylor Glacier, the 

seasonal flux of the fast-ice, seasonal changes in the birds' diet composition 

(Chapter 5, Figs. 5.5 and 5.8), seasonal changes in their food requirements (Chapter 

7), the habitat preferences of the main prey species (Dewitt, Heemstra and Gon 

1990; Ekau 1991) and assuming the penguins foraged in the general vicinity of their 

colonies (they were duty bound to return to their colonies to attend the chick) it is 

possible to make some basic estimates of the emperors' foraging locations and 

foraging efficiency. The bathymetry and changes in fast-ice extent from winter to 

summer are presented in Fig. 8.5. The salient features of this figure are the 100 km 

width of the continental shelf, the area of the shelf within the estimated maximum 

diving depth (~ 500 metres) of emperors, the complex topography of the ocean floor 

and the location of 'deeps' (500 metres +) near both colonies. The figure also 

reveals the location of polynyas flanking Auster and Taylor Glacier, the relationship 

between the polynyas and areas of deep water, the extent of the overlap in winter 

and spring between the outer edge of fast-ice and the shelf break, and how the sea

ice receded as the chick rearing season progressed. The collection of the dive 

records from emperors in the winter, late spring and summer groups roughly 

coincided in timing with the corresponding images of the sea-ice (Fig. 8.5). 

In winter, when the birds were attending brooded chicks, the only area of the 

continental shelf not covered by fast-ice exceeded 200 metres depth. To forage in 

water shallower than this would have entailed swimming horizontally, as well as 

vertically, under the fast-ice. The dominant prey species taken in winter were T. 

eulepidotus (40% by mass) and Paralepidids (10%). Paralepidids are an oceanic 

species and were probably taken north of the shelf in the pack-ice zone. The deep

dwelling T. eulepidotus was probably captured by emperors diving deeply on the 

outer edge of the continental shelf. This may explain the large number of dives> 

200 metres (Table 8.2) by the six winter males carrying the 30 sec. recorders. 

Food consumption by the winter males averaged 2.3 kg/ day (Chapter 7). If T. 

eulepidotus constituted 40% (920 gms) of food intake (see above) and each fish 

weighed 109 gms (Chapter 5, Fig 5.6) then nine fish would be required to satisfy the 

birds' daily intake of this species of fish. The winter penguins averaged 60 

dives/day of which 13.5% exceeded 200 metres (Table 8.2), the assumed depth of 

water over the continental shelf free of fast-ice. Therefore, about eight deep dives 

(i.e. 60 x 0.135) would have been made to catch the daily ration of nine T. 

eulepidotus, or about one fish/ deep dive. To satisfy the 230 gm (10%) daily intake 
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Fig. 8.5 (this page and opposite). Time series of satellite images showing the 
seasonal flux of the fast sea-ice and the location of polynyas flanking Auster (A) 
and Taylor Glacier (TG) emperor penguin colonies in 1988. Penguins at both 
colonies commuted in the direction of these polynyas to forage. Mawson station 
(M) is located on the coast between the two colonies. Also shown is the 
bathymetry of the continental shelf, the location of the shelf break, and the 
association between polynyas in the fast-ice and areas of deep water on the 
continental shelf (top left). The extent of the fast-ice, together with the 
bathymetry, indicate the three-dimensional extent of water potentially available to 
emperor penguins for foraging. Scales are approximately equal for all figures. 
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of Paralepidids penguins would have consumed 39 fish 0 f the commonest size 

taken by the birds (Chapter 5, Fig. 5.6). 

By late spring the emperors were attending mid-growth chicks and the fast-ice in 

the Auster polynya had receded southward to the Antarctic continent filling the 

polynya with pack-ice (Fig. 8.5) (the polynya at Tayor Glacier had expanded only 

slightly). The ice recession off Auster exposed an extensive area of the shelf 

including the deeps and large areas of relatively shallow water (0-200 metres; Fig. 

8.5) over which the birds could potentially forage. T. eulepidotus (31% by mass), T. 

loennbergi (18%; another deep water [> 300 metres] shelf species), and G. acuticeps 

(20%), a shallow water « 50 metres) species dominated the penguins' diet at 

Auster. Given the habitat preferences of these fish species, and since the vast 

majority of dives by penguins in late spring were made to < 100 metres beneath the 

surface (Table 8.2), the penguins presumably foraged extensively over shallow 

regions of the continental shelf at this time of year. 

The adults in the late spring group that were injected with tritiated water consumed 

3.9 kg/ day food for self maintenance and chick feeding (Chapter 7). Since T. 

eulepidotus and T. loennbergi are similar-sized fish (Dewitt, Heemstra and Gon 

1990) and assuming the size (mass) of both species was the same as the commonest 

T. eulepidotus caught by penguins (109 gms), then the Trematomus component (49%) 

of daily food intake would have been 1.911 kg or 18 fish/day. The late spring 

group of penguins averaged 129 dives/ day (Table 8.2) at a time when large areas of 

the continental shelf adjacent to Auster were free of fast-ice. Assuming the birds 

caught these fish over the shelf in 100-200 metres water depth then the 18 

Trematomus would have been caught in about 27 deep dives (i.e. 129 dives/day x 

0.21 [Table 8.2]) for a catch rate of about 0.5-1 fish/ dive on average. To satisfy 

their daily intake of 780 gms (i.e. 3.9 kg x 0.2) G. acuticeps would have required the 

capture of six fish/ day of the most common size (mass) taken by the birds during 

the study (149 gms; G. Robertson, unpublished data). 

The sea-ice image for 15 December (Fig. 8.5) was taken the day after the fledglings 

commenced marching out of Taylor Glacier for the ice edge. Auster was flanked by 

open water but most of the shelf off Taylor Glacier was still covered with fast-ice. 

The diet of birds at Taylor Glacier in summer was dominated by immature (7 gms) 

individuals of the squid P. glacialis (52% by mass), T. eulepidotus (13%) and the fish 

Pagothenia borchgrevinki (11 %). Since immature P. glacialis generally occur in the 

upper reaches of the water column and P. borchgrevinki occurs commonly beneath 
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the under surface of the sea-ice, this prey mix would have been gathered on 

relatively shallow « 100 metres) dives over the continental shelf. This assessment 

is supported by the diving performance of the two birds sampled in summer (Fig. 

8.4) . 

The diving performance of the two summer penguins are too disparate to combine, 

so for the purposes of comparison with the food consumption estimates given 

above the dive parameters for penguin W032 will be used. The penguins injected 

with tritiated water in summer consumed 6.3 kg/ day (Chapter 7), of which 3.3 kg 

(52%) may have been immature squid P. glacialis, assuming this surface-feeding 

penguin consumed the same prey mix as the birds used in the analysis of diet 

(Chapter 5). This amount of food represents the equivalent of 470 squid of the 

commonest size (7 gms) taken. Since this penguin averaged 55 dives/ day (to < 100 

metres) about 9 squid/ dive would have been taken to satisfy this component of the 

penguin's diet. 

The final feature revealed by the characteristics of the fast-ice and knowledge of the 

birds diet is the difference during the chick rearing season in the extent of open 

water flanking Auster and Taylor Glacier. If the distribution of benthic and other 

relatively deep water prey in the waters of the continental shelf and shelf break 

regions is as important as the descriptions above would suggest, then the extent of 

water free of fast-ice adjacent to Auster and Taylor Glacier may be one reason why 

the former colony supports 3.7 times more breeding pairs of emperors than the 

latter. During the study open water, or water laden with pack-ice, situated over the 

continental shelf was more extensive earlier in the season near Auster than near 

Taylor Glacier. Open water over the shelf in winter and spring east of Auster is a 

reasonably regular occurrence (deduced from satellite images of the Mawson 

Coast), and would afford the birds a greater area over which to forage than is the 

case at Taylor Glacier, where for most of the season the shelf is shielded by a layer 

of fast-ice (see Fig. 8.5). Further study of the penguins' foraging depths and 

locations, involving satellite telemetry of emperors from both colonies 

simultaneously, is needed to test this hypothesis. 
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CONCLUSIONS AND FUTURE RESEARCH 

In conclusion, the main findings of the study are highlighted and profitable lines of 

future inquiry regarding the foraging ecology of emperor penguins are suggested. 

The study sought to examine some of the main ecological parameters of emperor 

penguins that were feasible to measure during the chick production phase of the 

penguins' breeding cycle in 1988. About 11,000 pairs of emperor penguins 

reproduced at Auster colony, and about 2,900 pairs bred at Taylor Glacier colony. 

Couples at Auster raised 6,350 chicks for a breeding success of 58%, and at Taylor 

Glacier 1,774 fledglings were produced, giving a breeding success of 61 %. At 

Taylor Glacier the departure of fledglings for the ice edge commenced 153 days 

after the estimated time of hatching and extended over 33 days. Fledglings 

marched out of Taylor Glacier at a mean mass of 10.56 kg, but included chicks that 

ranged between 4.7 kg and 16.7 kg. When cycling to and from the ice edge adults 

trekked in the direction of persistent polynyas that flanked both colonies, as these 

afforded the shortest distance between colony and foraging waters. 

Captive adult emperor penguins assimilated 76.2% and 81.8% of the total energy in 

squid and fish diets, respectively. Tritiated water and 22Na took less than 2 hours 

to label the penguins' body water and sodium pools, following intramuscular 

injection. Tritiated water overestimated the total body water pool size of emperor 

penguin chicks by 5.2% (range: 3.5-9.3%). The tritium method underestimated 

adult water influx rates on average by 2.9% (range: -10.3% to 11.1%); the size of the 

discrepancy was similar for both fish and squid diets. As a result, the tritium 

method was shown to be a reliable estimator of food and energy intake by free

ranging emperor penguin provided non-dietary water intake is either negligible or 

accounted for in the calculations. The 22Na turnover method yielded estimates that 

averaged 15.9% lower than actual values based on known dietary sodium intake. 

Consequently, this method was deemed to have limited utility for use as a predictor 

of food intake by emperor penguins, but would be suitable for use, in conjunction 

with tritiated water, to derive an approximation of seawater intake by adults on 

foraging cycles of short duration. 
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Emperor penguin chicks at both colonies consumed a prey species complex 

consisting primarily of fish and squid; crustaceans occurred in the diet but were too 

heavily digested to properly quantify. Chicks consumed a diet mix dominated by 

bentho-pelagic prey species, principally the fish blunt scaly head (Trematomus 

eulepidotus) and related genera, and the squid Psychroteuthis glacialis and 

Alluroteuthis antarcticus. Benthic prey species were most likely captured by adults 

over the continental shelf, which extends for about 100 km off the Mawson Coast 

and contains extensive areas within the maximum diving depth of adults. Penguins 

captured fish up to 250 mm in length and squid up to 280 mm mantle length, 

although the squid taken were generally small. The age and size of squid captured 

by penguins increased linearly as the chick rearing season progressed, the trend 

presumably indicating the availability of rapidly growing young squid entering the 

squid population. Prior to fledging, adults fed chicks a more energy-dense diet mix 

than at earlier stages in the chicks' development. 

Emperor penguins are unique in raising chicks during the Antarctic winter, when 

food resources are most difficult to access. A low rate of food deli very by adults in 

the winter, and an incapacity by chicks to thermoregulate until about 50 days of 

age, resulted in delayed growth of chicks during the first one-third of their 

development, when growth averaged only 19 g.d-1. Growth rates increased 

thereafter and peaked mid-way through development, when chicks accrued an 

average of 74 g.d-1. Isotopically derived feeding rates declined in a linear manner 

with chick development, and ranged from 199 g.kg-1.d-1 for ~ 3D-day old chicks to 

44 g.kg-1.d-1 for pre-departure fledglings. The latter estimate represents a sub

maintenance ration of food and indicates that chick attendance by adults did not 

end abruptly when chicks reached asymptotic mass. Field metabolic rates ranged 

between 583 kJ.kg-1.d-1 for chicks weighing about 1 kg, to 323 kJ.kg-1.d-1 for chicks 

near to asymptotic mass (~12 kg). Field metabolism of growing chicks scaled on 

body mass at slightly less than unity (0.91). An average emperor penguin chick 

required 444 MJ metabolizable energy for its development, 28% of which was used 

in the accumulation of new tissue and 72% was expended for maintenance. This 

amount of expended energy required the consumption of about 84 kg of food, 

which represents the amount of food required to raise an average emperor penguin 

chick. Based on knowledge of the chick population size and mortality schedule 

during the breeding cycle, chicks at Auster and Taylor Glacier colonies would have 

consumed an estimated 648 tonnes and 290 tonnes of food, respectively, during 

their colony phase in 1988. 
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Adults attending chicks consumed 2.3 kg.d-1 in winter, when chicks were small, 

and 6.3 kg.d-1 in summer, when chicks weighed about half the mass of an adult. 

Adults consumed between 85% and 92% of their daily food intake for their own 

maintenance and fed the remainder to their chicks. Thus the ration for the chick 

population averaged only about 6% of the total consumption by their parents. 

Chick provisioning was therefore not accompanied by a major increase in food 

consumption by adults. Nonetheless, adults appeared to have difficulty gathering 

the extra food for the chick. Adult foraging efficiency (on a daily basis) may have 

been probably limited in winter and spring by a diminution in food availability, 

reduced daylight to hunt by, an extensive cover of fast-ice and pack-ice (which may 

limit access to foraging waters) and severe weather. Adults consumed an estimated 

482 kg of food (including the chick ration) during the five month period of chick 

care, which amounted to about 10,615 tonnes and 2,800 tonnes of food, respectively, 

for the breeding populations at Auster and Taylor Glacier colonies during 1988. 

Emperor penguins foraging for self maintenance and chick feeding hunted in a 

range of depths to a maximum of ~ 460 metres in the meso-pelagic and benthic 

regions of the water column. Dives were similar in modal depths and durations in 

all seasons. Most dives were within the top 100 metres of the water column. 

Penguins made feeding dives during the daylight and twilight hours of the day 

only. The number of hours of the day devoted to diving increased substantially 

from winter to summer, as day length increased. Consequently, the penguins made 

about twice as many dives per day in spring and summer than in winter. A 

significant proportion of benthic prey species in the diet suggests that the birds 

dived extensively over the continental shelf, large areas of which were within the 

penguins' maximum diving depth. 

The study provided a reasonably detailed picture of the foraging performance of 

emperor penguins during the chick production phase of their annual cycle. A 

strength of the study was that the breeding success, diet, food intake of adults and 

chicks, and diving behaviour of penguins were measured in concert and only a 

minimal amount of information had to be drawn from other studies to formulate 

and interpret the results. This approach maximised the degree to which themes in 

the various chapters were integrated and enhanced the cohesiveness and overall 

relevance of the work. In the wider ecological context, however, the study was 

limited by the fact that it was conducted mostly at one colony (either Auster or 
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Taylor Glacier, depending on the parameter measured) in a single breeding season. 

Because of this, extension of the results to other colonies and other years is not 

possible, since the biotic (eg. changes in the distribution and abundance of prey) 

and abiotic (eg. extent of the fast sea-ice) factors that affect the ecological 

performance of emperors can be expected to vary between years and colonies. 

It is difficult, if not impossible, to speculate realistically on the effects of human

induced change to the Antarctic marine system without prior knowledge of the 

magnitude of natural variation within the system and how this varies in time and 

space. With this in mind, the logical extension of the current study would be to 

quantify the variation in the foraging ecology of emperors at more than one colony 

over several years. This could be acheived by continued measurement of the 

parameters recorded in this thesis at Auster colony (a logistically feasibly colony to 

conduct overwintering studies) and concurrent study of at least some of these 

parameters at Taylor Glacier, in order to gain an appreciation of site-related 

differences in the penguins' foraging and breeding performances. Experiments of 3-

5 years duration would seem the minimum time span required to yield realistic 

results. 

The marine phase of the penguins' ecology requires further investigation. Topics 

for research include the foraging locations, diving behaviour and energetics of 

females during their winter period at sea, the foraging locations and diving 

performance of adults during chick rearing, and the foraging ranges and diving 

performances of fledglings (using satellite-uplinked depth recorders) during the 

early stages of their life at sea. This kind of research would expand existing 

knowledge of the emperor penguin's foraging ecology (which is limited to 

measurements taken during the chick rearing period only) to include the entire 

nine-month colon y phase of the penguins' annual cycle. Experiments designed to 

examine both interseasonal and interannual variation in the various parameters 

would, of course, yield results of wider application than results arising from single

season or single-year experiments. 

The final topic for future ecological research is probably the most important, 

because it concerns the potential impact of commercial fishing on emperor 

penguins during the adults' pre-moult and pre-breeding fattening phases. In mid

summer the fast-ice has either broken out or receded towards the Antarctic coast, 

exposing the continental shelf and shelf break regions where commercial fishing 
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fleets usually focus their efforts. The penguins' pre-moult and pre-breeding 

fattening phases are crucial stages in their annual cycle and competition from 

commercial fishing fleets working in the emperors' foraging waters may have 

potentially serious consequences for the birds. When fattening emperors probably 

consume greater amounts of food per day than at any other time of the year. 

Adults end each breeding season with minimal energy reserves and must aquire a 

large store of energy to complete the moulting fast (~ 20-30 days). After the moult, 

the penguins must accumulate sufficient fat to endure the extensive pre-nuptial 

(females and males) and incubation (males only) fasts. The fast for the male is 

remarkable for its length (4 months), and to endure it successfully males must 

arrive at the colony at the beginning of the new breeding season weighing about 40 

kg, about half of which constitutes a reserve of fat aquired during the previous 

summer. Even at medium-sized colonies like Auster (about 25,000 adults) intensive 

feeding by emperors to fatten would place substantial pressure on the local marine 

resources. 

The research required is largely an extension of the breeding season work presented 

in this thesis, and described further above, and would seek to examine, by 

simultaneous study, the diet, rates of food consumption, diving depths and 

foraging ranges of emperors in mid-summer. An essential part of this work would 

be to determine the degree of overlap between the emperors' foraging waters and 

the areas exploited by commercial fishing fleets, and to link quantitatively the food 

gathering performances of the penguins with the distribution and abundance of 

prey in the penguins' foraging waters. The results of this work, combined with that 

described above, would provide researchers and managers with a very detailed 

understanding of the role of emperor penguins in the marine environment and an 

appreciation of the plasticity in their breeding and foraging performances in the 

face of seasonal and annual fluctuations in prey availability, sea-ice conditions, and 

other factors that affect their livelihood. With the knowledge acquired the impact 

on the birds of current and potential commercial fishing levels, and other human

induced effects, could be predicted with much greater confidence than is currently 

possible. 
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