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What's that on the television then?- Looks like a penguin. - No, no, no, I didn't 

mean what's on the television set, I meant what programme. - Oh. (pause) It's 

been a long time there, now, has it? -It's funny that penguin being there innit? 

What's it doing there?- Standing. - I can see that!- If it lays an egg, it will fall 

down the back of the television set. -We'll have to watch that. Unless it's a male. 

- Ooh, I never thought of that. - Yes, looks fairly butch. - Per'aps it's from 

next door. - Penguins don't come from next door, they come from the Antarctic. 

- Burma. - Why did you say Burma? - I panicked. - Oh. (pause) Perhaps it's 

from the zoo. - Which zoo? - How should I know which zoo? I'm not Doctor 

bloody Bernowski. - How does Doctor Bernowski know which zoo it came 

from? - He knows everything. - Oooh, I wouldn't like that, that'd take all the 

mystery out of life. (pause) Anyway, if it came from the zoo, it would have 

'property of the zoo' stamped on it. - No it wouldn't. They don't stamp animals 

'property of the zoo~ You can't stamp a huge lion. - They stamp them when 

they're small. - What happens when they moult?- Lions don't moult. -No, but 

penguins do. There, I've run rings around you logically. - Oh, intercourse the 

penguin! - (TV announcer) It's just gone 8 o'clock and time for the penguin 

on top of your television set to explode. (the penguin explodes) - How did 

he know that was going to happen?! - It was an inspired guess. And now ... 

Monty Pythons Flying Circus - 22 - 24 November 1970 



Abstract 

ABSTRACT 

Seabirds have become adapted for foraging in an oceanic environment that can be highly 

dynamic. Oceanographic processes determine the spatial distribution of seabird prey, while 

seasonality often has a temporal influence on prey availability. In penguins, these factors are 

reflected in the different species' foraging strategies. Penguins can broadly be categorized 

as inshore foragers that live in subtropical to temperate regions and profit from a stable food 

supply throughout the year close to their breeding sites, and offshore foragers that breed in a 

pelagic environment at higher latitudes where oceanographic processes and seasonality create 

much more dynamic, temporally limited prey situations. In this light, offshore foragers can 

be expected to be much more flexible in their foraging behaviour so as to quickly respond to 

changes in a dynamic marine environment, while inshore foragers are more likely to exhibit 

predictable foraging patterns. I examined the foraging ecology of two New Zealand penguin 

species - the offshore foraging Snares penguin Eudyptes robustus and the inshore foraging 

Yellow-eyed penguin Megadyptes antipodes and how their foraging strategies reflect an 

adaptation to the marine environment they exploit. 

Diet composition ofbreeding Snares penguins (incubation and early chick-guard) was 

determined using the water-offloading method. Before the chicks hatched, the penguins 

generally brought little food back from their long foraging trips. During chick-guard, the 

stomach contents comprised mainly of crustaceans (~55%), fish (~24%) and cephalopods 

(~21 %). However, the presence at times of many fish otoliths and squid beaks suggests that 

the latter two prey classes may play an even more important role in the adults' diet than the 

simple percentages based on mass suggest. The penguins' nesting routines were strongly 

synchronised between the years and correlated with the onset of the spring planktonic bloom. 

Using GPS data loggers and dive recorders I found that during the incubation phase, male 

penguins that performed long (ea. 2 week) foraging trips exhibited a strong affinity to forage 

in the Subtropical Front some 200 km east of the Snares. At that stage (late mid-October) 

the front feah1red elevated chlorophyll a concentrations, a pattern that can be observed every 

year. Thus, it seems that the front represents a reliable and predictable source of food for the 
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male penguins. After the males returned, the female penguins also performed long foraging 

trips ( <1 week) but never reached the front, primarily because they had to time their return to 

the hatching of th~ir c:hic:ks. A ft~r the chicks harl hatcherl, the female Snares penguins were 

the sole providers of food. At this stage, the penguins performed short foraging trips (1-3 

days) and foraged halfway between the Snares and Stewart Island (ea. 70-90 km north of the 

Snares), where nutrient-rich coastal waters flow eastwards to form the Southland Current. 

The penguins concentrated their diving effort in these waters, underlining the importance 
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of the warm coastal waters as a food source for breeding Snares penguins. However, diving 

behaviour between 2003 and 2004 differed with penguins searching for prey at greater depths 

in the latter year. This underlines the Snares penguins' behavioural flexibility in response to a 

changing marine environment. 

The Yellow-eyed penguins as typical inshore foragers showed very consistent foraging 

patterns at all stages. GPS logger deployments on penguins at Oamaru revealed that the 

birds foraged almost exclusively at the seafloor and targeted specific areas that featured 

reefs or epibenthic communities. As a result, the penguins' at-sea movements appeared 

conservative and at times almost stereotypic. Nevertheless, a comparison ofYellow-eyed 

penguins breeding on the adjacent Codfish and Stewart islands revealed a degree of plasticity 

in the species' foraging behaviour. Birds from Codfish Island extended their foraging ranges 

considerably and switched from primarily bottom to mid-water foraging during the post-guard 

stage of breeding. It seems likely that this switch is a result of enhanced feeding conditions 

(e.g. increased prey abundance/quality) in an area further away from the island, but the time 

required to get there renders this strategy not viable when chicks are small and need to be 

guarded and fed on a daily basis. As such, the change of behaviour represents a traditional 

pattern rather than a dynamic response to a sudden change in the marine environment. In 

comparison, penguins from Stewart Island showed consistent foraging patterns during all 

stages of breeding. Given the high levels of chick starvation on Stewart Island, the lack of 

plasticity in foraging behaviour is surprising and might indicate that Yellow-eyed penguins 

find it difficult to react quickly to a sub-optimal food situation. 



Abstract 

Overall, it seems that Yellow-eyed penguins show a specialisation for a consistent benthic 

environment and, thus, lack the behavioural flexibility apparent in Snares penguins, which 

find their food in a changing pelagic marine environment. 
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I. Penguin foraging behaviour and the marine environment 

CHAPTER 1 

GENERAL INTRODUCTION: 

FORAGING BEHAVIOUR OF PENGUINS AND THE 

INFLUENCE OF THE MARINE ENVIRONMENT 

1 
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1.1 Foraging strategies in penguins 

Penguins (Spheniscidae) are widely distributed in the cool~r wr1t~rs of the southern ocean 

and are present on almost every Antarctic and Subantarctic island (Stonehouse 1975). They 

constitute the majority of the avian biomass in the sub-polar and polar regions of the southern 

hemisphere and as such are chief consumers of the food resources in the Southern Ocean 

(Prevost 1981, Croxall & Lishman 1987). Given the crucial role the penguins play in the 

marine ecosystem, it is not surprising that they represent one of the most studied southern 

seabird family (e.g. Williams 1995). 

However, until the early 1980's most of the research focused on those aspects of the penguins' 

biology that could be studied on land, such as breeding biology, behaviour and physiology 

(e.g. Murphy 1936, Richdale 1951, Stonehouse 1975). This was primarily due to the logistic 

difficulties involved in collecting at-sea data on birds that spend most of their time in the 

water submerged (Wilson 1995). As a result, information about the penguins' marine ecology 

was limited to what could be deduced, for example, from the food they brought ashore (e.g. 

Warham 1975, Croxall & Prince 1980) or the time the penguins stayed away from the nest 

(Wilson 1995). It was the development of miniaturised devices to record swimming speed and 

dive depths in the early 1980s that made it possible to get a deeper insight into the penguins' 

foraging ecology (Kooyman 2004, Wilson 2004). 

Penguins can be broadly categorised into inshore and offshore foragers. Inshore foragers 

are generally resident at their breeding sites throughout the year and undertake only short 

foraging trips to sea. Offshore foragers, on the other hand, perform longer foraging trips 

-particularly during the courtship and incubation period - and migrate away from their 

breeding sites outside the breeding season (Croxall & Davis 1999). Whether a penguin species 

adopts an inshore or offshore foraging strategy relates to the latitude at which it breeds. 

Penguins living in polar and subpolar regions (e.g. crested penguins Eudyptes spp.) generally 

employ an offshore foraging strategy and are absent from their breeding sites when oceanic 

productivity is low in winter (Davis & Renner 2003). Conversely, penguin species breeding 

at lower latitudes (e.g. Humboldt penguins Spheniscus humboldti) benefit from a year-round 
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food availability at the breeding sites that is less influenced by seasonality. However, the 

latitudinal distribution of inshore and offshore foraging strategy is not clear cut and fixed 

within a species. This is especially true when factors other than seasonality have an influence 

on the availability of penguin prey. If prey is scarce at a certain location, a species which 

elsewhere exhibits an inshore foraging strategy might display patterns that resemble those of 

typical offshore foragers (see "Little Penguins" in Davis & Renner 2003, pp. 75-79). 

1.2 Influence of the marine environment 

3 

Incidence of light is the key factor that determines the seasonal variation in productivity of 

the oceans from the temperate to Polar Regions. However, while light delivers the energy 

required to stimulate photosynthesis, nutrients and trace elements transported in the oceans 

represent the building blocks for the accumulation of phytoplankton biomass which forms the 

base of the oceanic food web (Mann & Lazier 2006). Without nutrients, primary production is 

limited (e.g. Boyd et al. 1999). The availability and distribution of nutrients depends largely 

on physical processes in the marine environment such as currents. This is especially relevant 

for the open ocean where there is no nutrient influx from continental landmasses (Murphy et 

al. 2001). 

Almost a century ago, it was realized that the distribution of penguins correlates with the 

presence of cool, oceanic currents that feature high oceanic productivity (Boubier 1919). 

Murphy (1936) noted that certain current systems such as the Humboldt or Falkland current 

systems west and east of South America, lead to upwelling of bottom waters. This process 

transports nutrients from the deeper reaches of the ocean towards the surface, where it 

fuels primary production and the availability of prey for seabirds. The interplay of oceanic 

processes and seabird distribution was further refined with advances in technologies to 

monitor oceanographic variables. From the 1980s onward, seabird ecologists started to 

understand the influence of oceanic fronts (i.e. areas where water masses with different 

properties like temperature or salinity meet) on seabird prey and ultimately the distribution 

of seabirds (Hunt Jr & Schneider 1987). In this light, it is not surprising that in some penguin 
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species, foraging was found to be directed towards frontal systems (e.g. king penguins, 

Charrassin & Bost 2001; royal penguins, Hull et al. 1997). Nevertheless, we are only 

beginning to understand how foraging and, tied to that, the breeding behaviour of penguins is 

influenced by processes in the marine environment. 

1.3 Foraging ecology of New Zealand penguins 

The New Zealand region represents a unique area to investigate how distribution, foraging 

and breeding behaviour of penguins are interwoven with the oceanic ecosystem. Six different 

penguin species breed in New Zealand territorial waters, two of which show all the hallmarks 

of inshore foragers (Little penguin Eudyptula minor and the Yellow-eyed penguin Megadyptes 

antipodes), while the remaining species are all typical offshore foragers (Snares penguins 

Eudyptes robustus, Fiordland penguins E. pachyrhynchus, Erect-crested penguins E. sclateri 

and Rockhopper penguins E. chrysocome). With the exception of the Little penguin, all of 

the New Zealand penguin species, breed along the southern coast lines of the South Island, 

on Stewart Island and on New Zealand's Subantarctic Islands (Williams 1995), in regions, 

therefore, that are dominated by important oceanographic features - namely the Subtropical 

Front and the Subantarctic Front (Heath 1981). These features are likely to have a substantial 

influence on the penguins' marine ecology. Considering that penguin populations rise and fall 

with the prey availability of the marine environment they are exploiting (e.g. Cunningham 

& Moors 1994), a basic understanding of their foraging ecology is vital to assess their 

population status and subsequently conservation measures. 

Although penguin research has a long tradition in New Zealand (Warham et al. 1986), only 

a few studies have focused on the penguins' foraging biology. Seddon & van Heezik (1990) 

examined the maximum diving depths ofYellow-eyed penguins, which was followed by 

a more extensive study ofYellow-eyed penguin foraging ranges by Moore et al. (1995). 

Foraging ranges and diving behaviour of Little penguins were studied for one season by 

Mattem (2001) and most recently some information about the foraging ranges ofRockhopper 

penguins was published by Sagar et al. (2005). Most of these studies provided descriptive 
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accounts that shed some light on basic facets of the penguins' at-sea behaviour. Yet, the 

underlying factors determining the penguins' behaviour, i.e. the role of marine processes, 

were only briefly, if at all, considered. Certainly, the main reason for this shortcoming was the 

technological limitations of the methods employed; limitations that have now been overcome 

with the recent development of GPS based data loggers. 

1.4 Snares vs. Yellow-eyed penguin foraging -Aims of the thesis 

Considering that there are few data on the foraging behaviour in New Zealand penguins, 

I set out to study the at-sea ecology of two New Zealand penguin species, the offshore 

foraging Snares penguin, Eudyptes robustus, and the inshore foraging Yellow-eyed penguin, 

Megadyptes antipodes. The two species not only employ different foraging strategies but live 

in contrasting habitats. Snares penguins breed on the offshore Snares archipelago south of 

New Zealand, while the Yellow-eyed penguins studied in the course of this thesis inhabit the 

coastal regions of the New Zealand mainland and Stewart Island. 

Little is known about Snares penguins and the only comprehensive published account dates 

back to the early 1970s (Warharn 1974). Nevertheless, the life history traits summarized in 

Warharn's paper allow predictions about the Snares penguins' offshore foraging strategy. 

Snares penguins are absent from the Snares Islands outside the breeding period. Migration 

outside the breeding period is a hallmark of offshore foraging penguins and primarily sterns 

from seasonal availability of prey in the marine environment (Croxall & Davis 1999). 

Seasonality has the greatest effect at high trophic levels (Mann & Lazier 2006) and it can be 

predicted that breeding Snares penguins target primarily planktonic prey. If so, the penguins' 

foraging ecology must be greatly influenced by the oceanography around the Snares. The 

Subtropical Front, which arches around the South and East of the island, represents a 

dominant feature where nutrients accumulate and that supports elevated levels of primary 

production (Heath 1981, Murphy et al. 2001) and as such might be targeted by the penguins. 

Whether the front might be a viable destination for chick rearing penguins is questionable, 

though, as Warharn (1974) reports that the penguins are absent from the nest for relatively 



I. Penguin foraging behaviour and the marine environment 6 

short periods of time which makes it unlikely that the birds have enough time to travel the 

200 km towards the front. Hence, the increasing oceanic productivity around the Snares must 

provide the penguins with adequate food resources during the later stages of breeding. 

In contrast to Snares penguins, Yellow-eyed penguins are resident at their breeding locations 

throughout the year (Seddon & Darby 1990) and as such apparently unaffected by seasonality. 

Not surprisingly their main prey has repeatedly been found to comprise primarily ofbenthic 

fish species (van Heezik 1988, Moore & Wakelin 1997) and, thus, exploit trophic levels that 

are considerably lower than what can be suspected for Snares penguins. Furthermore, their 

preference for benthic prey suggests that the Yellow-eyed penguins' foraging patterns might 

be de-coupled from broad-scale oceanographic processes as the distribution ofbenthic fish 

species is less affected by currents. Support for this prediction comes from a VHF telemetry 

study which showed that penguins retained individual foraging sites that they revisited 

at different times ofthe breeding season and in different years (Moore et al1995). If this 

information is considered in the light of the primarily benthic foraging, it can be predicted that 

the Yellow-eyed penguins' foraging behaviour is likely to be more influenced by the benthic 

environment- or more precisely local benthic features - than any other oceanographic 

feature. 

The study of foraging behaviour in penguins requires the aid of sophisticated technology 

(Kooyman 2004). Such technology was used to either determine foraging movements using 

transmitting devices (i.e. VHF or satellite telemetry) or to record behaviour by fitting data 

loggers to the birds (e.g. to record dive depths) (e.g. Mattem 2001). Only in the past five 

years new devices became available - GPS data loggers - that not only record spatial and 

behavioural information at the same time, but also are small and robust enough to be deployed 

on penguins (Wilson 2004). The GPS technology differs fundamentally from the traditional 

methods of telemetry, so this thesis starts off with a detailed description of the functionality 

and the underlying technology of the GPS data loggers I used during the course of the 

research (Chapter 2). 
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For an interpretation of penguin foraging data, it is essential to have at least a basic 

knowledge about the species' prey composition. While the diet ofYellow-eyed penguins 
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has been studied in great detail in the past (van Heezik 1988, Moore & Wakelin 1997), our 

knowledge of the diet of Snares penguins is sketchy at best (Marchant & Higgins 1990, 

Cooper et al. 1990). Therefore, I examined the diet composition of the penguins during the 

incubation and early guard-stages of the breeding season 2002 (Chapter 3). This was followed 

by deployments of GPS loggers and time-depth recorders (TDR) in the seasons 2003 and 

2004 to examine foraging behaviour. In 2003, the research focussed on the relationship of 

seasonal changes (i.e. primary production) in the marine environment to the Snares penguins' 

foraging and nesting patterns during incubation. I examined how at-sea movements relate 

to oceanographic features within range of the penguins (Chapter 4). The following year, the 

emphasis was on the foraging behaviour of the female penguins that provide food for the 

chicks while the males guard the nest (Warham 1974). At this stage, the females' foraging 

ranges are constrained by their offspring's demand for food (e.g. Davis & Renner 2003), 

which means that oceanographic features important during incubation are beyond reach 

for the females. Nevertheless, I found that oceanographic variables influenced the foraging 

patterns of the females (Chapter 5). 

With the aid of the GPS data loggers I studied the foraging patterns ofYellow-eyed penguins 

from Oamaru in great spatial detail and tried to assess to which degree the birds might have 

adapted to a spatially conservative, target-oriented foraging strategy (Chapter 6). To assess 

how fixed such patterns are within the species, I studied the foraging behaviour ofYellow

eyed penguins from Stewart and Codfish Island (Chapter 7). Penguins from these locations 

show marked differences in reproductive success which seems to be related to differences 

in prey availability despite the proximity ofboth locations. I used the results from these 

deployments to assess the plasticity of the penguins' foraging behaviour in the light of 

apparently differing food situation at both locations. 
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1.5 Thesis outline 

Each chapter forms the framework for a scientific paper and either has been, or will be, 

submitted for publication in peer-review journals. Hence, there might be repetition of 

information in a number of chapters. 
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CHAPTER 2, How to get the most (or anything) out ofGPS loggers: a case study with Snares 

penguins, represents a methods paper that provides detailed insight into the methodology and 

the underlying technology of the new GPS data loggers that were essential for the study of 

Snares and Yellow-eyed penguins' foraging behaviour. 

CHAPTER 3, The diet of breeding Snares penguins Eudyptes robustus, provides information 

indispensable for the interpretation of any foraging data- the general prey composition of 

Snares penguins. I discuss the findings in light of what is known from other crested penguin 

species with special regard to the New Zealand Rockhopper penguins which are believed to 

be in substantial decline because of changes in prey availability (Thompson & Sagar 2002). 

CHAPTER 4, Influence of Oceanography and Seasonality on Foraging Behaviour and 

Nesting Patterns ofSnares Penguins Eudyptes robustus, examines the synchrony of nesting 

patterns in Snares penguins and how these might be a result of improving foraging conditions 

due to seasonal changes in the marine environment. The chapter highlights the relationship 

of the penguins' at-sea movements during the incubation period, the presence of an 

oceanographic front and the occurrence of patches ofhigh oceanic productivity. 

CHAPTER 5, Foraging ranges and spatial distribution of dive activity in female Snares 

penguins Eudyptes robustus, describes the foraging behaviour of female Snares penguins 

during the chick-guard stage, when foraging ranges are greatly limited because the chicks 

need to be fed frequently. The geographic distribution of the females' diving activity is 

examined with special regard to the marine environment and provides data that underpins the 

importance ofNew Zealand coastal waters for the penguins' foraging direction. 

CHAPTER 6, Conservative foraging routes and exclusive bottom feeding behaviour in the 



1. Penguin foraging behaviour and the marine environment 9 

Yellow-eyed penguin Megadyptes antipodes, gives new detailed insights into the foraging 

behaviour ofYellow-eyed penguins. The chapter provides the first quantitative and qualitative 

analysis of the primarily benthic foraging behaviour ofYcllow-cycd penguins. It describes 

how the birds follow conservative and almost stereotypic foraging routes and shows that 

conservative foraging is facilitated by navigating along bottom features during benthic dives. 

CHAPTER 7, Plasticity in foraging behaviour of Yellow-eyed penguins Megadyptes antipodes 

from neighbouring breeding locations, Stewart and Codfish Islands, New Zealand, examines 

the foraging behaviour of Yellow-eyed penguins breeding at adjacent breeding sites and 

underlines the plasticity of foraging behaviour within a penguin species that is apparent even 

at neighbouring locations. The findings are discussed with reference to the differences in 

breeding success and penguin numbers at both sites. 

CHAPTER 8, General discussion, provides a summary of the chapters, draws general 

conclusions with regard to the difference and similarities in foraging patterns of Snares and 

Yellow-eyed penguins and provides some recommendations for future research. 

APPENDIX, Conference abstracts, lists titles and abstracts of conference presentations 

presented during the course of this PhD. 



2. How to get the most out of GPS loggers 

CHAPTER2 

HOW TO GET THE MOST (OR ANYTHING) OUT OF GPS 

LOGGERS: A CASE STUDY WITH SNARES PENGUINS* 

* Paper presented at the second international symposium on the remote biological monitoring of 
animals 'Bio-logging II', June 2005, University of St. Andrews, Scotland 
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2. How to get the most out ofGPS loggers 

2.1 Introduction 

The study of seabird foraging is a challenging endeavour. As most seabird species are wide

ranging, fast-moving and live in logistically relatively inaccessible areas, researchers have 

to rely on information gathered by sophisticated and often expensive electronic aids. These 

can generally be categorized as transmitting devices and data loggers. VHF and satellite 

transmitters are primarily used to determine movement patterns (e.g. Weavers 1992, Culik 
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et al. 2000). Data loggers are the key element to measure behaviour (e.g. diving activity and 

depths; Schiavini and Rey 2004), physiological parameters (e.g. heart and respiration rate, 

meal size, etc.; Wilson et al. 2003, Wilson 2004) and physical parameters of the environment 

(e.g. temperature; Charrassin et al. 2004). Until recently, studies tackling spatial movements 

and behaviour at the same time had to use both methods either by combining transmitters 

with data loggers (e.g. Hennicke 2001) or by deploying transmitters and loggers separately on 

representative samples of a population (e.g. Mattern 2001 ). The development of data loggers 

that are capable of determining geographic position via Global Positioning System satellites 

(GPS) marked a successful amalgamation ofboth methodologies. 

GPS loggers should not be confused with satellite transmitters. Satellite transmitters- often 

referred to as platform terminal transmitters or PTTs - emit signals to satellites which 

triangulate the transmitters' geographic position; the data is then provided (against payment) 

by the Argos System (Argos CLS, Toulouse, France, Wilson et al. 2002). In contrast, a GPS 

logger comprises a receiving unit that itself uses signals transmitted from GPS satellites to 

triangulate its position (Wilson 2004). GPS data are stored in an internal memory and can be 

downloaded after recovery of the device and no major costs arise. In addition to the GPS unit, 

the devices may carry the usual array of environmental sensors such as pressure transducers 

or temperature sensors. 

In wildlife research, GPS technology has been used for a number of years now, primarily on 

large terrestrial animals such as wolf Canis lupus (Merrill and Mech 2000) and moose A lees 

alces (Edenius 1997). With advancing technology the devices got smaller and lighter so that 
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they could be fitted on birds like albatross (e.g. Weimerskirch 2002) and pigeon (e.g. von 

Hiinerbein et al. 2000, Lipp et al. 2004). Most recently, GPS data loggers became available 

that were not only robust enough to be deployed on marine vertebrates but also sufficiently 

compact to be fitted to penguins (Wilson 2004). However, the use of GPS loggers on diving 

animals poses some challenges to the technology that are of less concern when used on 

terrestrial animals or flying birds. 
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GPS signals are transmitted from satellites as radio waves and as such do not penetrate water 

(Kaplan 1996). As a consequence, there is no GPS reception under water. This means that 

when data loggers are deployed on penguins - or any diving animal- the GPS functionality 

is limited to surface periods. Furthermore, position acquisition of the GPS unit is not 

instantaneous but requires a certain amount of time ("time-to-fix"). The time-to-fix depends 

on several factors and may range from a few seconds to several minutes. On penguins it is 

obviously desirable to keep the time-to-fix at a minimum to ensure that a position can be 

determined before the animal dives again. Finally, the energy requirements of continuously 

operating GPS units greatly limit the operation time of GPS loggers (Ryan et al. 2004). 

Although the battery lifetime of GPS loggers can be considerably extended by programming 

the device to regularly switch-off, such duty-cycling increases the time-to-fix (G. Peters, 

personal communication). In order to maximise the data outcome of GPS logger deployments 

it is therefore essential to consider these issues in the context of the expected foraging 

behaviour (e.g. foraging trip length, dive frequency, surface time). 

Here, we give a brief overview of the underlying principle of GPS technology, summarise 

our experience using GPS data loggers on Snares penguins Eudyptes robustus and discuss 

behavioural and, thus, species related issues of this new technology. 
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2.2 Methods 

2.2.1 Study site and species 

We studied the foraging behaviour of Snares penguins using GPS loggers during three 

consecutive seasons between 2002 and 2004. The Snares penguin breeds only on the Snares 

(S48°01 ', E166°36'), a small subantarctic island group covering a total land area ofless than 

3.6 km2 approximately 120 km south ofNew Zealand's South Island (Fig. 2.1). Information 

about the Snares penguin's foraging ecology was virtually non-existent A reason for this 

was that the technology to determine at-sea movements was either unsuitable or lacked the 

accuracy needed. VHF-telemetry was not an option as there are no adequate vantage points 

for receiving stations on the Snares and the small size of the island would have increased 

triangulation errors to an unacceptable degree (see Zimmerman and Powell1995). Satellite 

telemetry with its infrequent fixes and poor accuracy (Wilson et al. 2002) would have been 

only reasonable to deploy when the penguins were leaving on longer foraging trips, i.e. during 

the over-wintering period or the incubation stage of breeding. 

Field work was carried out between October and November of each year covering the late 

incubation and the chick-guard stages of breeding. Our main study site was colony A3, with 

ea. 1200 pairs one of the largest colonies on the Snares' main island. The penguin colony is 

located on a large clearing in otherwise dense forest (mostly tree daisy Olearia lyalli), and 

connected to the coast by a penguin path that runs under dense forest cover for some 500 m 

before emerging at Station Cove (Fig. 2.1 ). 

2.2.2 GPS loggers and deployment 

In 2002, we used prototype GPS loggers from Sirtrack (Sirtrack Ltd., Havelock North, 

New Zealand). However, after successful trials on land, none of the devices collected any 

GPS data when deployed on eight penguins. As a consequence, we used GPS-TDlog data 

loggers (earth& OCEAN Technologies, Kiel, Germany) in the following years 2003 and 
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2004. The design of the GPS-TDlog is described in detail by Ryan et al. (2004) so that 

only a brief summary of its features will be given here. The GPS-TDlog (dimensions: 

L100xW48xH24 mm, mass: ea. 70 g) comprises a GPS receiver as well as high precision 

depth (resolution: ~0.1 m) and temperature (resolution: ~0.005 K) sensors. GPS and sensor 

data are stored in non-volatile 2Mb Flash memory at programmable intervals. GPS data 

consist of a timestamp, geographic coordinates (lat/lon), corresponding HDOP (horizontal 

dilution of precision, a measure ofGPS accuracy, see Dessault et al. 2001) and horizontal 

speed over ground between fixes. Only fixes with HDOP <12 are stored which translates to 
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a position error <20 m for most position fixes (Ryan et al. 2004). The device is powered by a 

CR123A lithium photo battery and enclosed in a streamlined aramide fibre/epoxy-composite 

housing with an 0-ring-sealed cap that allows easy battery exchange and data retrieval. 

In 2003, we deployed GPS-TDlogs on four males and two females leaving on long trips 

during incubation. During chick guard, when only the female penguins forage (Warham 

1974), a total of eight birds were fitted with GPS-loggers. In the following season 2004, two 

females were equipped during incubation (no males were deployed due to late start of field 

work). During chick guard that year, 16 females were fitted with loggers. 

In 2003, nine birds were fitted with loggers in the colony, but this practise was found to be 

detrimental due to GPS limitations (see discussion) as well as aggressive reactions of the 

equipped birds' mates towards the device. The remaining three logger deployments in 2003 

and, with the exception of the two incubating birds, all deployments in 2004 occurred in 

Station Cove where we could ensure optimal GPS reception shortly before the birds launched. 

For that, we marked females in the colony with a small spot of water soluble stock dye 

sprayed on their breast. After marking birds the penguin traffic coming out of the forest at 

Station Cove was observed and marked birds were captured for logger deployment on their 

way to the sea. For device recovery, penguins were either re-captured shortly after landing in 

Station Cove or if encountered on the nest during daily monitoring in the colony. 

The entire handling procedure lasted on average 13 minutes. To minimize stress, the penguins' 

heads were covered with a dark cloth hood. All devices were attached to the penguins' lower 
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back using black TESA-tape (TESA tape, No. 4651, Baiersdorf AG, Hamburg, Germany) 

following Wilson et al. (1997). When attached, the devices were entirely covered with 6-7 

overlapping strips of tape leaving only the device's posterior sealing cap with the sensors free. 

During incubation, loggers were deployed for the duration of one trip. During chick guard, the 

loggers were recovered after 48 to 76 hours during which some birds performed two foraging 

trips. Some birds avoided recapture for up to six days. 

2.2.3 GPS basics and logger setup 

An important factor before the deployment of GPS loggers is the programming of the GPS 

unit. For this, one needs to be familiar with some of the basic terms and underlying principles 

of the Global Positioning System. 

GPS data are constantly transmitted as radio waves from satellites in earth's orbit. Each 

satellite transmits precise time according to its internal clock as well as information about 

its exact orbit, the "ephemeris data". For the successful triangulation of a position fix, the 

logger's GPS receiver needs valid ephemeris data from at least three satellites that are in view 

(Kaplan 1996). Environmental features, such as topography or vegetation block reception 

from some satellites and, thus, reduce the number of satellites in view to calculate a position 

fix. While continuously operating GPS loggers follow the changes of the satellite constellation 

and update ephemeris data in real-time, GPS loggers that operate intermittently have to 

reconfirm the satellite data after waking up. During a logger's sleep phase known satellites 

(i.e. satellites for which valid ephemeris data is stored in the logger's memory) might have 

moved behind obstacles or the horizon, while new satellites have come into view. Depending 

on how many known satellites are still in view after a logger wakes up, it might be necessary 

to download GPS data from new satellites before a position can be determined. The validity 

of ephemeris data after a sleep period is referred to as "GPS mode". In "hot mode", the 

logger has valid data for at least four satellites currently in view, which allows the devices to 

quickly determine its position (for GPS-TDlog between 6-22 s, earth&OCEAN Technologies) 

while at the same time download ephemeris data from new satellites. In "warm mode" the 
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logger needs to download ephemeris data from new satellites first before a position can be 

determined. Since GPS data is transmitted at low data rates, it takes at least 30 s to download 

a whole ephemeris data set from a satellite (Zogg 2002). Any signal disruption (e.g. short 

dive) increases the download time. Consequently, once fallen back into "warm mode", the 

time-to-fix of a logger is prolonged considerably. Deploying loggers that sample continuously 

reduces the risk of the device falling back into warm mode, but comes at the cost of greatly 

reduced battery lifetime (for GPS-TDlogs ea. 12 hours; Ryan et al. 2004). 

For long trips (7-14 days, i.e. during incubation, mid- to late October), GPS loggers were 

set to record environmental (i.e. sensor) data at 5 s intervals. The GPS unit was programmed 

to wake-up every 20 min (intermittent mode) during periods of inactivity, but to operate in 

pressure controlled mode ("upon resurfacing") during periods of dive activity. The pressure 

control overrides the programmed sampling intervals and switches the device on after 

every dive. In hindsight, it would have been better to de-activate the pressure control as this 

operation mode reduced the battery lifetime so that it was unlikely to obtain data for entire 

foraging trips. However, at this stage we had no experience with the GPS loggers and opted 

for a setting that would be most likely to yield GPS data. 

For short trips (1-3 days, i.e. during chick-guard, from early November), we used a 1 s sensor 

interval while the GPS unit was set to 2 min intervals with activated pressure control. In 

one case, a GPS logger was programmed to operate in the energy-consuming continuous 

mode, where the GPS unit was never switched off and positions were stored every 1 s. When 

deployed in the colony, GPS loggers were set to start sampling at 4 am the next morning. All 

devices deployed in Station Cove, were started before the penguins were captured to ensure 

that the GPS unit had successfully determined its position by the time the penguins left the 

island. 

2.2.4 Data analysis 

Dive data were analysed with custom written software in Matlab 6.5 (Release 13, Mathworks, 

Inc., Natick, MA, USA). Dive analysis encompassed identification of dive events and 
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calculation ofbasic dive parameters for every dive (e.g. duration, max depth, surface interval 

between dives). Dive events were only accepted if depths> 1 m were registered to compensate 

for erratic pressure fluctuations when the birds were at the surface. Mean±SD are given for 

normally distributed data otherwise median and range were used as summarizing figure. 

2.3 Results 

2.3.1 Data outcome and battery life 

Table 2.1 gives an overview of the deployments in both years and the respective data 

outcome. Of eight deployments of GPS-TDlogs on Snares penguins in the incubation stage 

of breeding (four males in 2003, and two females in each 2003 and 2004), three deployments 

resulted in GPS and sensor data for the first 2-3 days of the foraging trips. The battery life 

during these deployments ranged between 3 and 5 days. However, in all three cases the 

programmed logger start-up did not coincide with the birds' departure from the island. The 

penguins left only between 26 h to 60 h (median: 26 h) after the devices started recording, 

which encompassed 28-55% of the loggers' total operating time before the loggers were 

exhausted. One male did not leave its nest at all and the device was recovered five days after 

the programmed logger start. Deployments of GPS-TDlogs on two incubating females in 

each 2003 and 2004 were unsuccessful. One female failed to return from her long foraging 

trip, two devices were recovered waterlogged and irreparably damaged and one device 

malfunctioned due to damage to its circuit board. 

In both years, we fitted GPS loggers to 24 females with chicks that left on a total of 27 short 

foraging trips (Table 2.1 ). In 2003, eight females fitted with loggers left on a total of 11 

foraging trips. Complete sets of GPS and sensor data were recorded for five trips performed 

by five different birds. The six remaining trips performed by three individuals yielded only 

sensor data. On these three birds, the GPS units recorded only position fixes when the 

penguins were on the nest; one of the units was programmed to store GPS fixes continuously. 

Overall the battery life that year ranged between 12.3 h (for the continuously logging device) 
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and 64.9 h. 

In 2004, 16 females fitted with GPS loggers performed a total of 17 foraging trips. 

Unfortunately one device malfunctioned, so data are available for 16 trips. Of these, GPS and 

sensor data were obtained for 14 trips, two penguins returned with sensor data only which 

was due to a malfunction of the loggers' GPS units. On five trips the batteries were exhausted 

before the birds had returned to the island, but the data recorded still covered substantial parts 

of the trips (Table 2.1). The overall battery lifetime ranged between 26-64 h (median 43.3 h). 

2.3.2 GPS performance and dive behaviour 

The likelihood of a GPS fix acquisition was related to the time a penguin spent at the surface 

between dives. Generally, if a penguin spent less than 20 s at the surface, the loggers were 

unable to determine and store a position fix (Fig. 2.2a). With increasing surface time, the 

occurrence and, thus, likelihood of a GPS fix acquisition increased, and surface times of 

45 s or longer generally had a chance of fix acquisition of 50% or more. However, when 

the penguins were active (i.e. during the day between 5 am-1 0 pm) only 7% of all observed 

surface intervals (n = 28922) were 45 s or longer whereas the majority (55%) was shorter 

than 20 s (Fig. 2.2b ). The frequency of occurrence of longer surface intervals, varied between 

birds. This is reflected in their individual median surface times that range between 11-35 s 

(average median surface time: 18±6 s, n = 19 birds). The surface interval itselfwas related 

to individual dive behaviour. Penguins that mainly performed short and shallow dives also 

exhibited shorter surface intervals (Pearson correlation- surface time vs. dive time: r = 0.600, 

p = 0.018; surface time vs. dive depth:. r = 0.627, p = 0.012). Therefore, it is not surprising 

that the number of GPS fixes varied greatly between deployments. Overall the number of 

fixes recorded during single foraging trips ranged from 23 to 816 fixes. With regard to total 

trip length this corresponds to a hourly fix rate 1.4 fixes*h- 1 to 12.1 fixes*h-1 (mean: 7.2±3.2 

fixes*h- 1) • However, this fix rate did not reflect the true temporal distribution of GPS fixes 

over the course of a foraging trip. During all deployments, the maximum time interval 

between two successive daytime GPS fixes ranged from 0.3 h to 13.8 h (median: 6.2 h). In the 

worst case GPS fixes were stored only at night (Fig. 2.3, top graph). 
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2.4 Discussion 

GPS-loggers are a huge advance for tracking penguins. This technology does not require 

the laborious efforts of VHF telemetry and delivers position fixes of foraging seabirds with 

an accuracy far superior to that of satellite telemetry (Wilson 2004). Nevertheless, this 

new technology still has its limitations. Especially the short battery life and varying GPS 

performance can reduce data outcome and quality, particularly when used on diving animals. 

These limitations are largely rooted in the principle technology of the Global Positioning 

System. In the case of the Snares penguin the loggers' performance depended to a great 

extent on dive behaviour. In order to make the most of GPS logger deployments it is therefore 

necessary to identify and attempt to mitigate the effects of site and species-specific factors that 

contribute to a deterioration of GPS performance. 

2.4.1 Deployment location and disadvantages of programmed start 

Fitting loggers in the penguin colony had several disadvantages. Particularly during the 

incubation stage, it was difficult to accurately predict the penguins' departure time. As a 

result some of the loggers started operating more than a day before the penguins actually 

left the island and, thus, valuable battery time was lost on land. One deployment even failed 

completely as the penguin did not leave its nest for more than a week after the logger started 

operating. This illustrates the disadvantages of a programmed logger start. 

Apart from delayed departures, deploying loggers in the colony had other disadvantages. 

Of five colony deployments on females in 2003, only two resulted in at-sea GPS data, while 

the other three only produced position fixes at the nest sites. During both of the successful 

deployments, the loggers stored a fix shortly before the penguin entered the water and were, 

thus, in "hot mode" (see Methods). That three loggers failed to obtain GPS fixes at sea 

indicates a poor GPS performance which was likely to be the result of the loggers' GPS units 

being in the detrimental "warm mode" when the penguins left the island. This, in turn, was 

probably a result of the location of the logger deployments. In the colony the surrounding 
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topography and vegetation limited GPS reception. Furthermore, the penguins' behaviour 

and incubating postures at the nest further might have contributed to limitations of GPS 

performance. Standing upright and/or facing the back towards the partner can result in a 

detrimental alignment of the GPS antenna which also reduces GPS reception. This situation 

often occurred when the mates changed incubation duties and the penguin with logger did 

not leave the colony afterwards. During the 45 min walk through the forest between colony 

and sea (see Fig. 2.1 ), GPS reception was practically non-existent because of signal shielding 

forest canopy and the vertical alignment of the GPS antenna on a walking penguin. The 

negative effects of colony deployments were largely mitigated by equipping birds shortly 

before they left the island. The three Station Cove deployments in 2003 all returned at-sea 

GPS data. In 2004, when all chick-guard deployments happened in Station Cove only two 

deployments did not return at-sea GPS data due to a logger malfunction. 

Logger deployment shortly before a penguin left on a foraging trip had two major advantages. 

Firstly, it took the guesswork out of programmed logger starts and effectively reduced logging 

time "lost" on land. Secondly, starting the logger when the penguin was about to leave the 

island allowed us to check via computer that the loggers were in "hot mode" before the 

devices were fitted. Thus, the GPS units were able to acquire position fixes in the shortest time 

possible when the penguins launched on their trips. 

2.4.2 GPS performance at sea 

The GPS functionality is limited to the periods a penguin spends at the surface. To ensure a 

position is determined before the animal dives again, a short time-to-fix is imperative. If a 

device fails repeatedly to update its satellite data and acquire a fix during successive surface 

intervals, the likelihood of known satellites moving out of range and the GPS unit falling back 

into "warm mode" increases. Once this has happened, a longer period of undisrupted GPS 

reception is required in order to update the satellite data. 

According to the GPS-TDlog manual, loggers with intermittent setup are estimated to require 

between 6 sand 22 s to acquire a fix in "hot mode". However, these values derive from 



2. How to get the most out of GPS loggers 21 

tests on land and as such could not take into account erratic surfacing patterns of foraging 

penguins. Frequently, the Snares penguins performed short and shallow dives over long 

periods (Fig. 2.3, top graph) which meant that surface breaks between dives were often too 

short for successful GPS fix acquisition. Penguins that dived deeper exhibited longer surface 

intervals and, thus, their GPS unit had a higher chance to successfully determine a position 

before the next dive. Depending on the proportion of shorter surface intervals during a trip, 

the performance of the GPS logger varied between deployments. 

Besides the length of surface intervals other factors further influence GPS performance at sea. 

Figure 2.4 shows frequency distributions of surface interval lengths of two male penguins 

during incubation 2003. Although male T32 (lower graph) showed longer surface intervals 

between dives, the number of surface intervals that resulted in GPS fixes was considerably 

lower than what was observed in male Tl3 (top graph). As a result over the course of2.4 d 

only 127 GPS fixes were recorded for T32, whereas the logger on Tl3 stored a total of 478 

GPS fixes during 2.6 d of operation. The reason for such different GPS performance is most 

likely to be a result of several factors. Firstly, surface intervals determined from dive data do 

not necessarily mean that a penguin is resting. As dive events were only accepted when the 

sensor detected depths of one meter or more, immediate sub-surface dives (<1 m) were not 

considered during analysis and were part of a surface interval. Other surface behaviour of 

penguins such as bathing or preening often involves rolling or dipping which means that the 

device is frequently submerged which greatly affects GPS reception. Even resting penguins 

might tilt their body when at the surface (Healy et al. 2004) so that the GPS antenna might 

be in a suboptimal alignment even though the penguin is inactive. Other non-behavioural 

factors also might have contributed to lower GPS performance. The adhesive tape we used 

to attach the devices tends to become soggy in sea water over time. Particularly in the area 

of the GPS antenna, the moist tape can act as barrier for GPS signals (G. Peters, personal 

communication). Other factors, such as temporary satellite constellation or wave height, 

further affect GPS performance at sea. 
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2.4.3 How to get the most out of GPS loggers 

On diving animals, it is necessary to make sure that a GPS device is in the best possible 

condition when its bearer goes to sea. While the ways of achieving this might be different 

from location to location, there are basic rules of thumb that can be followed. 
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The programmed logger start-up should only be used when the departure time is predictable to 

avoid unnecessary waste of battery time on land and to ensure that the logger is able to store 

a position fix before the animal enters the water. In this light, the location of the deployment 

should be considered prior to the logger attachment to ensure that the GPS unit has the best 

possible reception between deployment site and sea. 

The device should be attached so that the internal GPS antenna's alignment allows the best 

possible view of the sky when the animal is at sea. Furthermore, any additional coverage of 

a device's antenna (i.e. tape, glue etc.) should be kept at a minimum to avoid unnecessary 

shielding of the GPS signal. 

The loggers should be programmed according to the expected foraging activity. In order to 

cover longer time periods (> 3 d), a time-based duty cycling routine is the key to extending 

battery life to the expected trip duration. In this case, intervals between logger activation 

should not be too long to reduce the risk of the logger falling back into "warm mode". For 

male Snares penguins on long trips, for example, a 15-20 minute duty-cycled, non-pressure 

controlled GPS unit would probably have covered entire two week foraging trips. For short 

trips (i.e. deployment period <3 d) pressure-based duty cycling of the device's GPS unit is 

the preferable option as this ensures best GPS performance and greatly minimizes the risk 

of"warm mode". With activated pressure control, any time-based GPS duty cycling is only 

in effect when the animal is inactive and the GPS performance is least affected by diving 

behaviour. It is therefore recommended to use low timed-based sampling rates (15-30 min) for 

the GPS unit when pressure control is activated. 



Table 2.1. Overview of GPS logger deployments and data outcome on Snares penguins in the breeding seasons 2003 and 2004. Trip duration and battery life 

are given as Median (range). For logger setup see Methods (2.3). Data sets either comprised GPS & sensor data or sensor data only when the GPS unit failed to 

store position fixes at sea. Depending on trip duration and/or state of the battery upon departure, some data sets were incomplete, i.e. covered only a proportion 

of the entire foraging trip. 

Data outcome 

GPS & sensor only sensor 

Breeding stage Year sex No. of No. of Trip duration Battety life complete incomplete complete incomplete 

deployments trips (h) (h) trips trips trips trips 
(coverage) (coverage) 

Incubation a 2003 male 4 3 244.8 93.4 0 3 
(189.9-367.2) (83.1-109.2) (17%-27%) 

Chick-guard 2003 female 8 11 29.3 30.8 5 0 3 3 
(11.9-39 .5) (12.3-64.9) (36%-51%) 

2004 female 16 16b 31.6 43.3 10 4 1 1 
(13.1-72. 7) (26.1-64.3) (77%-86%) (43%) 

atwo females were eqmpped 111 each 2003 and 2004 but the loggers were lost or damaged 6one pengums performed two tnps, one devtce malfunctiOned 
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Figure 2.1. Overview ofNew Zealand and the Snares. Inset detail map shows the location of the 

study colony A3 (grey area) and the path (black line) connecting the colony with the penguins' 

departure point from the island in Station Cove. Strong grained area represents dense tree daisy forest 
(no GPS reception), light grained area indicate coastal fringe without forest cover. 



2. How to get the most out ofGPS loggers 

20 
,-..., 

~ 
r- n = 28922 r-

r-
'-' 

Q) 
0 15 ~ 
Q) 
;..... ,....-

~ '·' 0 
0 
0 10 
~ r-

0 
:>... 
0 
~ 

.---
Q) 5 ~ r-

eT 
Q) 
;..... 

r=-
~"""""' 

~ 

0 nnnr:~ 
5 10 15 20 25 30 35 40 45 50 55 60 65> 

Surface interval ( s) 

r:rJ 70 ........ 
clj 

1:: 60 Q) ,-..., 
--+-J ~ ~ 

•........! '-' 
Q) r:rJ 50 
0 Q) 

c.S ~ 
;..... ~ 40 ~ 
r:rJ V1 
~ ~ 
0 d 30 
~ ...c: 0 --+-J 

•........! •........! 

~ ~ 20 
0 
0.. 
0 10 ;..... 
~ 

0 
5 10 15 20 25 30 35 40 45 50 55 60 65> 

Surface interval ( s) 

Figure 2.2. Frequency of surface intervals (i.e. time spent at the surface between dives) and 

proportion of surface intervals with at least one GPS fix in Snares penguins. Graphs were compiled 

from pooled daytime data (5 am-10 pm) recorded with GPS loggers on three male and 19 female 

penguins during incubation and chick-guard 2003 and 2004. 
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Figure 2.3. GPS performance as a result of diving behaviour during short trips performed by two 

female Snares penguins. Top map gives example of a deployment with poor GPS data quality, bottom 

map shows a trip with good quality GPS data. Position fixes acquired are night (2200-0500 hrs) are 

indicated by filled markers, hollow markers represent daytime fixes (0500-2200 hrs). Arrows give 

travel direction. Inset graphs represent hourly means of surface interval between dives (top), dive 

depth (middle) and distribution of GPS fixes (bottom) over the course of the respective foraging trip. 

Filled bars indicate night time hours. 
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Figure 2.4. Frequencies of surface intervals without (grey bars) and with GPS fixes (black bars) in 

two male Snares penguins on foraging trips during incubation 2003. Total number of surface intervals 

analysed were n = 1228 for top graph and n = 1146 for bottom graph. 



3. Diet of breeding Snares penguins 

CHAPTER3 

THE DIET OF BREEDING SNARES PENGUINS 

EUDYPTES ROBUSTUS 
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3.1 Introduction 

The Snares penguin Eudyptes robustus breeds only on the subantarctic Snares island group 

some 200 km south ofNew Zealand's South island. The species is one of the four crested 

penguin species occurring in New Zealand waters and like all eudyptids is considered 
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a typical offshore forager (Croxall & Davis 1999, Davis & Renner 2003). Although the 

species' general biology has been described by Stonehouse (1971) and Warham (1974), little 

information on the Snares penguins' ecology has emerged in the past three decades. Yet the 

fact that the Snares penguin population seems to be thriving makes the ecology of this species 

particularly interesting as it might help to understand the underlying factors determining the 

success or failure of other subantarctic penguin populations where declines have been the 

norm (Ellis 2005). 

The number of Rockhopper penguins breeding on Camp bell Island are believed to have 

declined by more than 90% in the last five decades, possibly due to sea surface temperature

related changes in prey availability (Cunningham & Moors 1994, Thompson & Sagar 2002). 

In contrast to this, the Snares penguin population is considered stable (Williams 1995, Amey 

et al. 2001) and numbers, in fact, appear to have increased between the 1960 and 1980s 

(Warham et al. 1986). This suggests that ifthere have been any changes in abundance ofthe 

Snares penguins' principle prey, these changes either have had no effect on the penguins or 

might have even improved the penguins' situation. 

The baseline information necessary to investigate the apparent success of the Snares penguins 

and to compare their ecology with other less successful crested penguin species, is the 

composition the Snares penguins' diet. From accidental spillages at meal times Warham 

(1974) deduced that cephalopods and crustaceans were the most important food components. 

During dissection of dead Snares penguin chicks, it was found that the chicks' food comprised 

primarily of crustaceans, but also included some squid while fish seemed to play a minor 

role (Cooper et al. 1990). However, due to their gross methodologies, neither of these 
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studies allowed for a more detailed analysis of the Snares penguins' prey composition or a 

determination of the importance of its main prey species. 

In order to provide some baseline information on the Snares penguins' diet, the stomach 

contents of adult penguins returning from foraging trips were examined in detail during the 

late incubation and early chick-guard stage of the breeding season 2002/03. 

3.2 Methods 

3.2.1 Stomach sampling 
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Stomach contents were collected at the main penguin landing site in Station Cove, North East 

Island, the Snares (S48°09', E166°36'), during late afternoon (1500-1800 hours) between 21 

October 2002 and 8 November 2002. Breeding status of arriving birds could not be assessed 

but penguins that did not loiter on shore after landing were chosen under the assumption 

that they were more likely to be parents hurrying to feed chicks, whereas non-breeders were 

unlikely to be as hurried. Suitable individuals were selected from groups of penguins heading 

towards the pathways leading into the forest and to the colonies. A total of24 adult Snares 

penguins were captured with a butterfly net shortly after landing. 

After capture, bill measurements were taken to determine sex morphometrically following 

Warham (1974) and then the bird was weighed in a cloth bag, so as to assess body condition. 

The birds were relieved of their stomach contents by water-o:ffloading (Wilson 1984). Birds 

were flushed until clear water indicated complete retrieval of stomach contents. No bird was 

flushed more than three times; recovery breaks between flushes ranged between one and three 

minutes. The entire stomach sampling process (i.e. from capture to release) lasted between 14 

and 20 minutes. 

Between 21 and 24 October, nine male penguins were sampled. Judging from their body girth 

and mass (mean weight: 3.9±0.2 kg, n=9) the penguins were returning from long foraging 

trips. The birds had very few identifiable items in their stomachs, which did not allow any 
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generalisations to be made about the males' diet composition or determination of prey 

quantities. As a result, further sampling of males returning from the long incubation-period 

foraging trips was deemed unjustifiable. Between 02 and 08 November, when chicks had 

hatched in most nests, stomach samples were collected from 15 female penguins. Only males 

heavier than 3.5 kg (mean weight: 3.9±0.2 kg, n = 9) and females weighing more than 2.5 kg 

(mean weight: 2.7±0.1 kg, n = 15) were considered suitable for sampling. 

3.2.2 Sample processing and analysis 

Following Ridoux (1994), each sample was divided into the "food load" (fresh fraction e.g. 

entire specimens, flesh remains of fish and squid) and "accumulated material" or hard-part 

remains (i.e. squid beaks, fish otoliths). The food load represents the nourishing component 

of food transferred to the chicks (i.e. the chicks' diet), while accumulated material provides 

additional information on fish and squid and hints at prey species that might be more relevant 

to the adult penguins. 

The food load was sorted for prey class, namely: crustaceans, cephalopods and fish. After 

sorting, water was decanted from the subsamples before the material was transferred onto 

filter paper to extract further excess liquid. Filter papers were replaced if saturated, until 

water ceased to permeate from the material into the paper. The wet weight of each subsample 

was determined to the nearest 0.1 g using an electronic bench scale, before the material was 

transferred into storage containers with 99% ethanol until further analysis. Subsamples of the 

food load were sorted for identifiable taxa and components that were beyond identification. 

Prey taxa were identified using published keys (Crustaceans, Kirkwood 1982; Cephalopods, 

Roper et al. 1969 and Lu & Ickeringill2002; Fish, Paulin et al. 1989). Identified prey taxa 

were separated from the subsample and weighed after removal of excess liquid. Entire 

specimens of a given taxon were measured to determine standard body length according to 

Ridoux (1994) and individual wet weight. 

Crustaceans (krill) represented a considerable portion of most samples and the number of 

individual krill in a sample was large. As a consequence, a random crustacean subsample 
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( ~ 3-4 g, ea. 100-150 individuals) was separated from the drained material and identified in 

detail. Wet weight for individual crustaceans was <0.1 g, lower than the resolution of the 

bench scale. 

Accumulated material provided additional information on cephalopod and fish species 
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that were taken by the penguins but not necessarily present or identifiable in the food load. 

Otoliths were identified using Hecht (1987) and Lalas (1983), differentiated for taxon and 

sorted into pairs to determine number of individual prey items. For one fish species allometric 

equations were available in the literature (red cod, Fea et al. 1999). To determine standard fish 

length and weight using this equation, red cod otoliths dimensions were measured digitally. 

For that high resolution photos of otolith pairs were taken together with a calibration ruler 

and then analysed in custom written digital-dimensioning software that determines maximal 

length and width of each otolith to the nearest 0.01 mm (L.-G. Ellenberg and T. Mattern, 

unpublished data). Using the software had the advantage that all otoliths of a sample could 

be measured simultaneously in a standardized way which reduced workload and chance of 

measuring errors. Squid beaks were identified, sorted and measurements required for size 

and weight estimations were made following Lu & Ickeringill (2002). Average weights and 

lengths are given as mean±standard deviation unless indicated otherwise. 

3.3 Results 

3.3.1 Food load volume and importance of prey classes 

The nine males returning from long-term trips all returned with little material in their 

stomachs. One penguin regurgitated nothing but bile. The food load masses of the other eight 

birds averaged at 20.9±20.1 g. The pooled weight of these samples amounted to 188.5 g only 

60 g ofwhich represented identifiable material (Table 3.1). Three samples contained some 

crustaceans in different states of digestion that contributed only 0.6 g (<1 %) to the pooled wet 

weight. Fleshy remains of cephalopod were present in five vomits (5.4 g or 9% of pooled food 
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loads). Fish remains were found in five males and made up the largest part of the identifiable 

food load (55.2 g or 92%). 

Two females flushed on 2 November 2002 (i.e. during the chick guard stage) had only 

digested and unidentifiable material in their stomachs which suggests that they were not 

returning to feed chicks. Food load masses obtained from the remaining 13 females averaged 

82.4±46.3 g (Table 3.1). Crustaceans were present in all13 food loads, and cephalopod and 

fish remains were found in 12 of these. For the females, crustaceans were the most important 

prey class (30 1.2 g or 55% of pooled food loads) followed by fish (131.4 g or 24%) and squid 

(115.0 g or 21%, Table 3.1). One sample contained two small salps. 

3.3.2 Number of species 

From food loads and accumulated material, a total of 24 different species from 23 families 

were identified (Table 3.2). Nyctiphanes australis was by far the most frequently occurring 

crustacean species and was present in 13 of the 15 sampled females. Equally dominant in the 

cephalopod class was arrow squid Nototodarus sloani which was present as either identifiable 

fresh remains (1 sample) or beaks (17 samples) in the 24 samples. Other cephalopods species 

that frequently occurred were warty squid Morotheutis ingens (beaks in 7 samples) and violet 

squid Histioteuthis atlantica (beaks in 5 samples). The most frequently occurring fish species 

was the benthic long-snouted pipefish Leptonotus norae which was present in the food load of 

six males and seven females but also was found in the accumulated materials of an additional 

three females. The pelagic redbait Emmelichthys nitidus was present as an intact specimen in 

the food load of one female but was also found in the accumulated material of another seven 

females. Red cod Pseudophycis bacchus was only found in the accumulated materials of one 

male and six females, while Lanternfish Electrona sp. was only present in the fresh fraction of 

six samples. 

3.3.3 Importance of species in food load 

Figure 3.1 summarises the importance of the different prey species in the identifiable 
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portion of the pooled food loads. In the males, pipefish L. norae seems to be the dominant 

prey. However, this is primarily due to the fact that one male had a total of74 pipefish in 
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its stomach - most of which were fully intact indicating that the bird ingested them shortly 

before coming ashore-, and contributed 46.9 g ofthe 51.2 g ofpipefish remains in the pooled 

food loads. 

In the females, N. austral is contributed the largest portion of the identifiable material in the 

stomach samples (301 g or 54.9% of 547.6 g of pooled food loads) and was found in 13 

females. Redbait constituted 38.9 g (7.1 %) to the identifiable food load. However, this was 

the wet weight of one single intact specimen from one female which represented the only 

fresh, identifiable remains of redbait found in all samples. Pipefish contributed considerably 

less to the fresh fraction of the samples (18.1 g or 3.3%) but was present in seven females. 

Identifiable remains of squid were scarce with arrow squid and Brachioteuthis sp. only 

representing 1.9% (10.6 g) ofthe food load (Fig. 3.1). However, wet weight ofunidentifiable 

squid remains that were found in nine females added up to 57.3 g or 10.5% of the pooled food 

loads. Similarly, unidentified fish remains recovered from 10 different females weighed in at 

40.3 g (7.4%). 

3.3.4 Importance of species in accumulated material 

The accumulated materials from all24 samples are dominated by two species (Fig. 3.2). 

Overall, 498 otolith pairs or singles without counterpart were extracted from all samples; 118 

of these were too eroded to be identified. Otolith pairs of red cod amounted to a total of 228 

individuals in seven different samples and number of otolith pairs per sample ranged from 2 

to 135 individuals (median: 19 individuals). Overall, red cod otoliths represented 60% of all 

identified otolith pairs. Although pipefish otoliths were not as numerous as red cod, redbait or 

thornfish ear bones, they were nevertheless present ~in six birds, three of which did not feature 

fresh pipefish in their food loads (Fig. 3.2). 

A total of 617 individual squid beaks were isolated from 18 of the 24 stomach samples. 

Similar to red cod, arrow squid beaks were the most numerous hard-part remains (Fig. 3.2). 
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A total of 293 arrow squid beaks were extracted which represented 64.8% of all identifiable 

squid beaks. 164 beaks (26.6% of all beaks) were too eroded for identification. 

3.3.5 Size of prey species 
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Measured and estimated sizes and weights of the principal prey items are listed in Table 3.3. 

The mean mantle lengths of squid indicated that primarily juvenile stages were being taken 

by Snares penguins. The estimated sizes of red cod (mean standard length: 33.4±12.3 mm) 

represented the pelagic small larval and post-larval stages of this species. The sizes 

determined for redbait, thomfish and pipefish also indicated that primarily juvenile stages of 

these species were targeted by the penguins. 

3.4 Discussion 

3.4.1 Food composition and importance of prey species 

The main component of food brought ashore by Snares penguins was a single species of krill, 

Nyctiphanes australis. This is consistent with what had been suggested by Warham (1974) and 

the overview given in Cooper et al. (1990). Considering the dominance of this species in the 

Snares penguins' diet, the biomass of N. austral is occurring in the waters around the Snares 

must be considerable. Dense swarms of this species are indeed a common occurrence even 

close inshore to the island and Snares penguins are not the only seabirds that benefit from 

krill swarms (Fenwick 1978). N. australis is an important food component of several seabird 

species breeding on the Snares such as sooty shearwater Puffinus griseus (Cruz et al. 2001) 

or red-billed gulls Larus novaehollandiea (Jillett 2003). At the Snares it has been observed 

that different seabird species prey simultaneously on single Nyctiphanes swarms that are 

transported to the surface by upwelling turbulences over submerged rocks and reefs around 

the Snares (Fenwick 1978). This phenomenon, however, raises the question whether penguins 

only benefit from tight euphausids assemblages close inshore or whether the planktonic 

crustaceans are also targeted when the penguins forage further away from the island. Krill 
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is generally digested more quickly than bigger prey items such as squid and fish (Jackson & 

Ryan 1986) and, therefore, it seems likely that the large amounts of N. austral is found in the 

food loads were taken closer to the island. The intake of large amounts ofkrill shortly before 

landing will mask any evidence ofkrill intake further offshore (e.g. more digested material). 

However, in an offshore environment zooplankton consumes a substantial portion of the 

primary production and as such represents a fundamental element in the food web (e.g. Walsh 

& McRoy 1986, Bradford-Grieve et al. 2003). The abundance and distribution ofzooplankton 

is strongly influenced by and often associated with permanent hydrographical features (e.g. 

fronts), so that there is a correlation between such features and the foraging behaviour of top

level predators like seabirds (e.g. Hunt 1990, Schneider 1990). Considering that the Snares 

are in fact located in the productive subtropical convergence zone and in the vicinity of the 

Subtropical Front (Murphy et al. 2001), makes it likely that the offshore foraging behaviour of 

Snares penguins is indeed oriented towards zooplankton assemblages and associated fish and 

squid species. 

In comparison to crustaceans, squid and fish seem to play only a minor role for the nutrition 

the chicks and comprised a relatively small portion in the food loads (21% and 24% of 

total identifiable wet weight, Table 1 ). In some samples, squid beaks were numerous and 

represented 78 individuals in one case which might indicate that squid is a more important 

food for the adults. Squid beaks may remain intact in seabird stomachs for up to 30-50 days, 

(Fumess et al. 1984, Jackson & Ryan 1986) which makes it difficult to quantify a penguin's 

squid intake per foraging trip and, thus, to assess of importance of cepha1opods in the Snares 

penguins diet. In terms of species composition, clearly the most important cepha1opod in 

the Snares penguins' diet is the southern arrow squid Nototodarus sloani. This cephalopod 

is particularly numerous in the area of the subtropical convergence (Smith et al. 1987) and, 

therefore, can be assumed to be abundant in waters around the Snares. It is targeted by a wide 

range of pelagic vertebrates (e.g. penguins, van Heezik 1990a; albatross, James & Stahl 2000; 

fur seals, Harcourt et al. 2002) and is also an important species for commercial fisheries. 

Apart from areas off the east coast ofNew Zealand's South Island and around the subantarctic 

Auckland Island shelf, squid fisheries are active along the subtropical convergence zone 
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(Smith et al. 1987, NAB IS 2006). This suggests that there is some potential for interactions 

between this fishery and Snares penguins. 
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Like squid, fish also comprised a relatively low portion of the food loads and, thus, represents 

a minor component in the food for the chicks. In seabirds, small fishes like pilchards or 

lantern fishes are fully digested within a day or less (Fumess et al1984, Jackson & Ryan 

1986). Fish taken by Snares penguins generally are post-larval juveniles that are small 

(Table 3.3) and it can be assumed that digestion rates similar to those reported for other 

seabirds apply for penguins too. Considering that the female Snares penguins during chick

guard on average stay at sea for 30-40 hours (Chapter 4), fish prey caught during the first 

half of the trip is likely to be mostly digested by the time the penguins return to the island 

and, hence, only evident in the accumulated materials. Judging from the presence of at times 

large quantities of intact otoliths in the samples, fish seems to play a more important part for 

the adults during chick-guard. The most commonly found otoliths in the food loads were 

red cod and redbait. Redbait is a planktivorous mid-water species common in New Zealand 

waters (Paulin et al. 1989) and as such likely to be associated with prey patches that Snares 

penguins might exploit when targeting euphausiids. Although red cod is primarily a bottom 

dwelling species, its larval and juvenile stages are pelagic and occur in open waters over the 

continental shelf (Habib 1973). Commonly found in the fresh fraction ofthe samples were 

long-snouted pipefish and thomfish which were sometimes recovered in an intact or little 

digested state suggesting that the penguins must have taken them only shortly before landing. 

Both species are typical benthic fish that primarily occur on rocky habitat (Paulin et al. 1989) 

and, therefore, must have been taken along the Snares coast. 

3.4.2 Stomach content weights 

The food loads recovered from the Snares penguins (mean weight: males- 20.9±20.1 g; 

females- 82.4±46.3 g) was relatively low when compared to what has been reported for 

the closely related Fiordland penguins Eudyptes pachyrhynchus during the post guard stage 

(mean weights: 348±330 g, van Heezik 1989). However, the stage of breeding has a great 
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influence on size of food load in Rockhopper and Royal penguins breeding on Macquarie 

Island (Hindell 1988a, Hindell 1988b ), with food mass brought to the chicks being highest 

during the late chick-guard and the early post-guard stages of breeding. During this study, 

samples were mostly taken during early chick-guard (peak hatching period 2002: 27 October 

-3 November; see Chapter 4) and the weight of the food loads are comparable to weight 

ranges given for stomach contents ofRockhopper penguins at the same stage (Hindell1988a). 

At this stage, chicks are still small and require lower quantities of food than later on which 

allows female Snares penguins to invest primarily in the replenishment of own body reserves 

used up during the long fast of the incubation period. 

3.4.3 Comparison with other crested penguins in New Zealand 

The Snares penguin is one of four crested penguin species in New Zealand. Like the 

Rockhopper penguin Eudyptes chrysocome and the Erect-crested penguin E. sclateri, the 

Snares penguin breeds only on offshore islands in New Zealand's subantarctic (Davis & 

Renner 2003). The Fiordland penguin, on the other hand, breeds along the New Zealand 

mainland and Stewart Island but is nevertheless considered an offshore forager (Croxall 

& Davis 1999). Detailed studies on diet composition have so far only been conducted in 

Fiordland penguins (van Heezik 1989, van Heezik 1990a). 

The main prey species reported for Fiordland penguins are remarkably similar to what has 

been found in this study, although the importance of the prey classes differs (van Heezik 

1989). Cephalopods (mainly N. sloani and M ingens) made up most of the Fiordland 

penguins diet (85% of the reconstituted food mass), followed by crustaceans (13%, primarily 

N. australis) and fish (2%). However, it should be noted that the prey class proportions 

derived primarily from size estimations from accumulated material (i.e. squid beaks and 

otoliths) rather than the fresh fraction, so that the importance of cephalopods might be 

exaggerated (van Heezik 1989). Just as in Snares penguins, the sizes of the Fiordland 

penguins' cephalopod and fish prey also represented primarily juvenile and larval stages 

which might suggest association of penguin prey with zooplankton occurrences. 
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There is no information about the food of Erect-crested penguins other than that the penguins 

feed on crustaceans and cephalopods (Marchant & Higgins 1990). Rockhopper penguins 

breeding on New Zealand's Campbell Island seem to have a surprisingly different diet than 

the predominantly planktivorous Snares penguins and crested penguins in general (see Cooper 

et al. 1990). According to information given in Merchant & Higgins (1990), Rockhopper 

penguins from Campbell Island predominantly foraged for fish (91% of all prey items), while 

the number of crustaceans (~8%) and cephalopods (~2%) were low. It has been argued that 

this "unusual" preference for fish is probably a result of a dietary shift due to changes in 

the marine environment (Cunningham & Moors 1994). However, stable isotope analysis of 

Rockhopper penguin feathers found no evidence for a diet change and instead showed that an 

overall reduction of the penguin's prey led to massive declines ofRockhopper penguins on 

Campbell Island in the last 50 years (Thompson & Sagar 2002). 

The Campbell Island Rockhopper penguins' preference for fish stands in contrast with the 

Snares penguins' preference for krill. However, these dietary differences reflect the disparity 

of the marine environments each species forage in. Camp bell Island lies centrally in cool, 

subantarctic waters that are known to be iron-limited and, thus, show low phytoplankton 

production (Boyd et al. 1999) which also limits the biomass of zooplankton, particularly 

grazing species such as krill (e.g. Ward et al. 2005). As a result of this, Rockhopper penguins 

are part of a long food web and fish seem to be the most available penguin prey at Camp bell 

Island (Bradford-Grieve et al. 2003). Fish stocks are greatly affected by sea surface 

temperatures with increasing temperatures often resulting in population declines (e.g. Noto 

and Yasuda 1999, Kawasaki 2002). In the light of increasing sea surface temperatures around 

Campbell Island (Cunningham and Moors 1990), a decimation oflocal fish populations and 

connected to that Rockhopper penguins seem likely. 

Contrasting this, the Snares are located in warm and nutrient-rich waters north of the 

Subtropical Front that feature high phytoplankton concentrations (Murphy et al. 2001) and, 

thus, support high zooplankton biomass which is directly available to top-level predators like 

seabirds (Jillett 2003). The high abundance of crustacean swarms and associated fish and 

squid even within close range of the Snares underlines this fact (Fenwick 1978). Therefore, it 
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seems likely that the secret to the Snares penguins' success is to a large degree a result of the 

location of the species breeding place. Therefore, it seems likely that the secret to the Snares 

penguins' success is rooted in oceanic productivity that is considerably higher in Tasman Sea 

waters when compared to the subantarctic waters around Campbell Island. 
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Table 3.1. Frequency of occurrence of different prey classes in stomach samples, food 
loads and weight proportion of prey classes on food loads of nine male (incubation, 21-24 

October 2002) and 15 female Snares penguins (early chick-guard, 04-08 November 2002). 

Frequency of occurrence (n) 
Crustaceans 
Cephalopods 
Salps 
Fish 

Mean food load (g) 
range 

Pooled food load (g) 

Identifiable portion of pooled food load (g) 

Proportion in identifiable food load 

Crustaceans 

Cephalopods 

Salps 

Fish 

Males 

N=9 

3 
8 

6 

20.9±20.1 
0-56.8 

188.5 

60.0 

<1% 

9% 

92% 

Females 

N= 15 

13 
12 
1 

12 

82.4±46.3 
17.4- 163.0 

1235.5 

547.6 

55% 

21% 

<1% 

24% 
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Table 3.2. Frequency of occurrence of prey species of Snares penguins during late incubation and early chick-guard (21 October- 08 November 2002). 
~ 

Species are grouped in main prey classes and ordered according to frequency. Occurrence of species was determined from fresh (all prey classes) and tJ 
"'· "' 

accumulated material ( cephalopod beaks and :fish otoliths) in a total of 24 stomach samples, three of these contained only digested and unidentifiable material. "' 
~ 

1::>--

Prey Class Species Family Males Females Total ~ 
"' 

Common name (N= 9) (N = 15) (N = 24) ~ 
~ 

n % n % n % ~ 
Crustaceans "' ..., 

Nyctiphanes australis Euphausiacea 2 22.2 13 86.7 15 62.5 ~ 
~ 

Euphausia sp. Euphausiacea 1 11.1 2 13.3 3 12.5 "' 
unidentifiable Decapoda 1 11.1 1 6.7 2 8.3 ~ 

l>:: 
"'· ;:l 

Cephalopods 
I '-> 

AtTow squid Nototodarus sloani Ommastrephidae 8 88.9 10 66.7 18 75.0 
Warty squid Morotheutis ingens Onychoteuthidae 2 22.2 5 33.3 7 29.2 
Violet squid Histioteuthis atlantica Histioteuthidae 1 11.1 4 26.7 5 20.8 
Pelagic octopus ?Ocythoe tuberculata Ocythoidae 2 22.2 2 13.3 4 16.7 

Brachioteuthis sp. Brachioteuthidae - - 3 20.0 3 12.5 
?Enoploteuthis galaxias Enop loteuthidae - - 1 6.7 1 4.2 
Mastigotheutis sp. Mastigoteuthidae - - 1 6.7 1 4.2 
Taonius sp. Cranchidae - - 1 6.7 1 4.2 

Salps 
unidenti:fiab le Salpidae - - 1 6.7 1 4.2 

Fish 
Long-snouted pipe:fish Leptonotus norae Syngnathidae 6 66.7 9 60.0 15 62.5 
Redbait Emmelichthys nitidus Emmelichthyidae - - 8 53.3 8 33.3 
Red cod Pseudophycis bacchus Moridae 1 11.1 6 40.0 7 29.2 
Lantem:fish Electrona sp. Myctophidae 1 11.1 5 33.3 6 25.0 
Thom:fish Bovichtus psychorolutes Bovichthyidae 1 11.1 4 26.7 5 20.8 

Blue warehou Sariolella brama Centrolophidae - - 3 20.0 3 12.5 

Rock :fish Acanthoclinus sp. Acanthoclinidae - - 1 6.7 1 4.2 

Silverside Argentina elongata Argentinidae 1 11.1 - - 1 4.2 

Conger eel Conger sp. Congridae - - 1 6.7 1 4.2 

Opal:fish Hemerocietes pauciradiatus Percophidae - - 1 6.7 1 4.2 

Blue moki Latridopsis ciliaris Latrididae - - 1 6.7 1 4.2 
Hoki Macruronus novaezelandiae Merlucciidae - - 1 6.7 1 4.2 

..J:>.. 
N 



Table 3.3. Measured and estimated sizes and weights of principal prey species of Snares penguins (N = 24). 

Crustaceans 

Nyctiphanes austrafisF 

Cephalopods 

Anow squiduHL,b 

Warty squidUHL 

Violet squidUHL 

Fish 

Red cod0 L 

RedbaitF,c 

ThomfishF 

Long-snouted pipefishF 

Measurements Measured/ estimated --Measured/ estimated 
(mm) body length (mm) body mass (g) 

n mean±sd range mean±sd range mean±sd range 

250• 

100• 

49 

25 

228 

1 

16 

68 

2.3±1.6 

2.8±1.5 

7.0±2.4 

2.4±0.5 

0.6-10.8 

0.6-6.1 

2.8-10.6 

1.7-6.7 

12.9±2.6 8-20 <0.1 

53.2±19.1 32.6-157.6 no adequate equation 

no adequate equation 

46.4±18.7 13.5-81.1 

33.4±12.3 19.6-152.9 

169.0 

36.3±1.3 34.0-38.0 

93.4±21.9 50-135 

31.5±23.6 2.7-90.3 

0.6±2.9 

38.9 

0.4±0.2 

0.4±0.1 

0.2-32.6 

0.2-0.6 

0.3-0.9 

a random sub sample from pooled items b equation for Nototodarus gouldi c no otoliths equation available, one fresh specimen 

UHLupper hood length oL Otolith length, size estimation from allometric equation F intact specimen 

~ 

tJ 
""· ~ 
~ 

<:::~'-

~ 
"' ~ 
~ 
~ 
~ 

~ 
~ 
"' ~ 
~ 
""· ;::s 
'-> 

>+>-
\.,),.) 
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Figure 3.1. Composition of prey species in pooled food loads (i.e. fresh fraction of stomach 
samples) from male (N = 9) and females (N = 15) Snares penguins during late incubation and early 
chick-guard 2002. Total mass of pooled food loads pooled was 188.5 g for males and 1235.5 g for 
females. Material too digested to allow identification of at least prey class was excluded from graph 
compilation. 
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Figure 3.2. Composition of accumulated prey items (i.e. otoliths/squid beaks) recovered from Snares 
penguin stomachs (N = 24) during late incubation and early chick-guard 2002. 
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CHAPTER4 

INFLUENCE OF OCEANOGRAPHY AND SEASONALITY 

ON FORAGING BEHAVIOUR AND NESTING PATTERNS OF 

SNARES PENGUINS EUDYPTES ROBUSTUS DURING THE 

INCUBATION STAGE 
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4.1 Introduction 

The distribution of life in the world's oceans is a product of dynamic physical processes. 

Currents and oceanographic features such as fronts play the most important part in the 

distribution of nutrients and, linked to that, primary production (Chang & Gall1998). 

Phytoplankton is an essential determinant of the abundance of zooplankton and, therefore, 

higher trophic levels of the food web (Bradford-Grieve et al. 2003). Besides oceanographical 

factors, seasonality strongly influences primary production, which is particularly important at 

higher latitudes. Primary production, e.g. accumulation of phytoplankton biomass, depends on 

solar energy, which is reduced during the winter months and, as a result, leads to fluctuations 

of the phytoplankton concentration with the seasons (e.g. Murphy et al. 2001). Phytoplankton 

is the basis of the marine food web so that the seasonality affecting the primary production is 

bound to have an effect on the consumers at higher trophic levels. 

Penguins are important consumers in the marine environment (Croxall & Lishman 1987). The 

foraging ecology of penguins often reflects the environmental conditions that determine the 

abundance and distribution of food. This is, for example, particularly apparent in primarily 

planktivorous species like most crested penguins (Eudyptes spp.). The annual breeding cycles 

of most crested penguins are highly synchronised and coincide with the seasonal increase in 

food availability and day length (Williams 1995). At the same time, the distribution of the 

penguins' prey is often linked to the presence of oceanic fronts, making these an attractive, 

spatially predictable source of food for penguins (e.g. Hull et al. 1997, Tremblay & Cherel 

2003). 

The Snares penguin Eudyptes robustus is endemic to the small Snares island group some 

200 km south of the New Zealand mainland. As with other crested penguins, the timing of 

breeding is similar between years (Warham 1975, Williams 1995). The nesting patterns of 

Snares penguins are well structured and predictable, especially during the incubation stage. 

Egg-laying in late September is followed by a two week period during which both partners 

stay at the nest. In mid-October, the breeding males leave the island (the 'exodus') for a long 

(ea. 2 weeks, Warham 1974) foraging trip. Upon the males' return in late October, the 
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females leave the nest to forage and return after about one week at sea, when chicks hatch 

in early November. The key events associated with incubation seem to occur over relatively 

short timeframes (e.g. all eggs hatch within a five day period; Warham 1974), which is 

indicative of a high level of synchrony. While the synchrony might be enhanced by social 

interactions (e.g. Fishman & Stone 2006), environmental factors such as food supply are 

likely to play an equal if not more important role (Davis & Renner 2003). 
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The incubation stage (September-November) coincides with the onset of the spring bloom 

ofphytoplankton in New Zealand waters (Murphy et al. 2001). One of the main components 

of the Snares penguins' diet is the euphausiid Nyctiphanes australis (see Chapter 3) which 

feeds predominantly on phytoplankton (Ritz et al. 1990) and, thus, provides a direct link 

between the Snares penguins' foraging and marine primary production. However, during the 

incubation stage (late September & early October), the spring bloom is just beginning so that 

oceanic productivity closer to the Snares is still low (Murphy et al. 2001). Accordingly it is 

predicted that the penguins have to forage further away in marine areas where the bloom is 

already advanced. One such area and an important oceanographic feature in relative proximity 

of the Snares is the Subtropical Front (STF). At the front, warm, saline subtropical Central 

Tasman Waters (CTW) and cool, less saline subantarctic waters (SAW) converge (Heath 

1985, see Fig. 4.1). Such convergence zones create mixing processes that have been found to 

accumulate planktonic prey of seabirds (Schneider 1990). 

The purpose of this study was to examine the interactions between Snares penguins and the 

oceanic environment and their influence on nesting patterns. For this I examined the penguins' 

foraging ranges and diving behaviour with GPS dive loggers, and at the same time recorded 

nest attendance patterns. I made the following predictions: (1) the synchrony in the departure 

of male penguins in mid-October correlates with the onset of the spring phytoplankton 

bloom, (2) the male penguins travel east towards the Subtropical Front where phytoplankton 

concentrations can be expected to be highest at the time, and (3) before the chicks hatch the 

female penguins benefit from the advanced spring bloom which facilitates shorter foraging 

trip times and, hence, foraging ranges. 
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4.2 Methods 

4.2.1 Timing of field work and study site 

Nest attendance patterns and foraging behaviour of incubating Snares penguins were studied 

during the breeding seasons 2002 (no foraging data, see Chapter 2), 2003 and 2004 on the 

main island of the Snares group, North-East Island. All observations and logger deployments 

occurred in the second-largest Snares penguin colony (A3) that comprises about 1200 

breeding pairs (Amey et al. 2001 ). This colony was chosen not only for ease of accessibility 

but also because some basic information on nest attendance patterns for the same colony was 

available in Warham (1974). 

In 2002 and 2003, the research team arrived on the Snares on 6 October and 9 October, 

respectively, which permitted timing the onset and end of the exodus ofbreeding males in 

colony A3. In 2004, field work commenced on 17 October, after males had already left the 

island. Duration of expeditions ranged from five weeks in 2002 to six weeks in 2003 and 

2004. 

4.2.2 Nest attendance patterns 

To determine nest attendance patterns, observation plots in colony A3 were established. In 

2002, data were obtained for one plot comprising 42 nests, while in the following two years, 

three observation plots were established in different areas of the colony encompassing 40 

to 60 nests per plot. In total, 154 nests were monitored in 2003, and 166 nests in 2004. For 

complete nest attendance pattern analysis only nest that successfully hatched chicks were 

considered (2002: 28 nests, 2003: 126 nests; 2004: 109 nests). Each observation plot was 

assigned to a single observer who conducted two- to six-hour long observations every day 

(usually between 1100 and 1700 hours). During observations, nest status and sex of attending 

adults were recorded. Additionally, nest relief times ofbreeding adults as well as other 

behavioural activities in the plot were noted. Marking penguins was not permitted so that 
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identification of adults had to be achieved by passive means only. Male Snares penguins have 

a markedly heavier bill than females (Warham 1974) so that the sex of each mate in a pair 

could be determined visually when both partners were together at the nest. Individual features, 

such as melanisms or black splotches on a penguin's breast, overall body condition or scars 

were also used to identify birds. The return of a male to its nest after foraging was easy to spot 

as males were considerably fatter than the incubating females and soon produced numerous 

scat marks radiating from the nest bowl. Females generally return during daylight hours, and 

especially after their long incubation stage foraging trips generally spend the rest of the day 

at several hours on their nests- even if their eggs had not yet hatched (Warham 1974, own 

observations). Thus, the likelihood of females returning and departing during the absence of 

the observer was minimal. 

4.2.3 GPS loggers and Time Depth Recorders (TDR) 

Foraging and diving behaviour were studied in 2003 and 2004, using two types of data 

loggers. GPS data loggers (GPS-TDlog, earth&OCEAN Technologies, Kiel, Germany; 

dimensions: L100xW48xH24 mm, mass: ~70 g) record information of the penguins' at-sea 

movements and dive behaviour. The devices contain a GPS receiving unit that determines 

accurate geographical position (position error <10 m) from signals from orbiting satellites 

of the Global Positioning System (U.S. Department of Defence, USA) (see Chapter 2). The 

device also contains environmental sensors that recorded dive depth (resolution: ~0.1 m) 

and ambient water temperature (resolution: ~0.005°K). However, during all deployments, 

the temperature sensors failed and recorded no data. GPS and sensor data were stored with a 

precise date and timestamp in the device's internal non-volatile flash memory and had to be 

downloaded to a computer after device recovery. The loggers' sampling regime was freely 

programmable and was set up to record a GPS position after each dive, and to store sensor 

readings at 5 s intervals. Since acquisition of a GPS fix takes between 25 and 30 seconds (see 

Chapter 2), no position could be recorded when a penguin stayed at the surface for shorter 

intervals between dives. 
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Time Depth Recorders or TDRs (MK9, Wildlife Computers, Redmond, WA, USA; 

dimensions: L67xW17xH17mm, mass: ~30 g) were used to study diving behaviour too. 
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The TDRs contain a pressure transducer to determine dive depth (resolution: 0.5 m) and a 

temperature sensor (resolution: 0.05°C). The TDRs are also freely programmable and were set 

up to record dive depth and temperature at 5 s intervals, similar to the GPS logger sampling 

regime. Additionally, the device features a wet/dry sensor that triggered the TDR to sample 

only when wet (i.e. during dives) and stopped sampling, while still keeping track of the time, 

when dry (i.e. at the surface). This greatly reduced battery consumption and allowed data to 

be recorded for complete long-term foraging trips. 

The devices were attached with adhesive tape (Tesa-tape method, Wilson et al. 1997) to the 

penguins' lower backs to reduce drag (Bannasch et al. 1994). All loggers were deployed at 

colony A3. The penguins were captured at the nest while their mates were incubating; the 

birds were then carefully transferred out of the nesting area. Before logger deployment, the 

penguins were weighed to the nearest 50 gin a cloth bag using spring balances. During the 

attachment procedure the penguin's head was covered with a cloth hood to reduce stress. After 

successful attachment, the penguin was carried back into the colony and released 5 m from 

its nest site. The entire handling time (i.e. capture, measurements, deployment and release) 

ranged between 12 to 18 minutes. All loggers were recovered after the penguins' long-term 

foraging trips. Birds were recaptured either at the penguins' main landing site, which is 

located next to the research huts in Station Cove, or when the birds returned to their nest in 

the colony. 

In 2003, four males were equipped with GPS loggers and three males with TDRs before 

they left on long-term trips. The number of deployments was limited by the number of 

devices available for the study. This meant that the devices had to be recovered and data 

downloaded before they could be re-deployed on females. Three of the males returned too 

late for re-deployment, so that only four females could be fitted with two GPS and two TDRs, 

respectively, before they left on long trips. Both GPS logger deployments on females failed 

- one bird returned with a water logged device while the other female did not return to the 

colony. In 2004, an attempt was made to collect additional GPS logger data on two females 
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before the chicks had hatched, but both deployments failed again, this time due to malfunction 

of one device and water logging of the other. 

4.2.4 Oceanographic data 

The foraging tracks of penguins were analysed with regard to sea surface temperatures 

(SST, °C) to help identify water masses, and chlorophyll a concentration (ChlA, mg/m3
) as 

a measure of primary production. Both parameters were assessed from satellite ocean colour 

data recorded by NASA's Moderate-resolution Imaging Spectroradiometer (MODIS/Aqua) 

programme (http://oceancolor.gscf.nasa.gov). Depending on the satellite's data coverage, 

which is affected by cloud cover, either weekly (8-day) or monthly data sets were used. 

The data are available as Level-3 Standard Mapped Image (SMI) that give average ChlA 

concentration and SST in global, equal-area cells with spatial resolutions of 4x4 km (Barbini 

et al. 2005). Water masses were identifiable from SST gradients, with warmer Central Tasman 

Water (CTW) having temperatures > 10° C, the Subtropical Front (STF) ranging between 9° 

and 10° while cool Subantarctic Waters (SAW) were <9° C. 

4.2.5 Data analysis 

All analysis of GPS, dive and MODIS data was done with custom written software 

(T. Mattem, unpublished data). GPS data were used to linearly extrapolate the penguins' 

foraging tracks from all recorded fixes, to calculate travel distance as the sum of linear 

distances between consecutive GPS fixes, and to determine the furthest linear distance 

between a position fix and the island. The tracks were then analysed with regard to 

oceanographic parameters that occurred along a penguin's extrapolated travel route by 

determining the relative time a penguin spent within a cell of the MODIS SMI. That way, 

daily averages of ChlA concentration and, in the case of birds equipped with GPS loggers, 

SST of the sea areas visited, were determined for each bird. The TDRs' temperature readings 

at the surface fluctuated depending on the weather situation (e.g. sunshine resulted in higher 

temperature readings), so that sea surface temperature was determined from temperature data 
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recorded during each dive at depths between 5 and 10 m. The TDR temperature readings 

served as indicator for watermass. 
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From dive data, basic parameters were determined such as dive time, dive depth and duration 

of post-dive interval the penguins spent at the surface. Three different dive phases were 

distinguishable: the descent, the bottom phase and the ascent (Wilson 1995). The start of the 

bottom phase was defined as the time when the penguin's descent rate (i.e. vertical velocity) 

became less than 0.2 rnls after a continuous descent. Accordingly, the end of the bottom phase 

was marked by an increase in vertical velocity >0.2 rnls followed by a continuous ascent to 

the surface. The time between start and end of the bottom phase was defined the bottom time. 

Descent and ascent rates were calculated from the depth change and transit time during the 

ascent or descent phase. 

Each dive was analysed with regard to the depth reached during the preceding dive. 

Consecutive dives reaching similar depths were defined as repeated maximum depth (RMD) 

dives. Similarity of depths was accepted when a dive's maximum depth was within 10% 

of the previous dive's maximum depth (following Tremblay & Cherel2000). Under the 

assumption that after a penguin that has located a prey patch at a specific depth it returns to 

a similar depth during consecutive dives (i.e. dive bout, cf. Wilson 1995), RMD dives are 

more likely to represent feeding rather than searching behaviour. During the analysis of the 

dive data it was found that Snares penguins often performed travelling dives, i.e. dives with a 

u-shaped profile without any significant vertical undulations while at the same time covering 

large distances in a short time. On such dives the birds sometimes reached depths of up to 

20m. To filter out travelling behaviour, only dives deeper than 20 m were included in the 

RMD analysis. 

Additionally, diving efficiency (bottom time/[ dive time+ post-dive interval]; Ydenberg & 

Clark 1989) and diving effort (dive time/[ dive time +post-dive interval]) were calculated 

for each dive. Dive events could only be identified when the penguins dived deeper than 

3 m. Furthermore, only dives lasting 20 s or more (i.e. with a minimum of four data points) 

were accepted for analysis. This was because the pressure transducer in the TDRs showed 
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considerable fluctuations close to the surface. For comparative reasons, GPS logger data were 

treated similarly, although surface fluctuations did not occur. 

All statistical analysis was carried out in Minitab 14 (Minitab Inc, State College, PA, USA). 

Data were tested for normality using the Kolmogorov-Smirnov test. Comparisons were made 

using two-tailed t-test and one-way ANOVA followed by Tukey's post-hoc comparison. 

Comparisons between groups ofbirds (e.g. males vs. females) were made using individual 

means for each bird to avoid pseudo replication. Statistical significance was accepted at the 

a < 0.05 level. Averages are given as mean± standard deviation unless indicated otherwise. 

4.3 Results 

4.3.1 Nest attendance patterns and foraging trip durations 

The departure of breeding males on their long post-laying foraging trip was a highly 

synchronous event. The exodus was heralded in colony A3 by the departure of the first 

individuals on 11 October 2002 and 10 October 2003, respectively (Fig. 4.2). In both years, 

the vast majority ofbreeding males left the colony within a four day time window (11-15 

October) that was identical in both years. Quite possibly, the exodus in 2004 occurred in a 

similar time frame as -with one exception - no breeding males were present in the colony 

by the time nest monitoring started on 17 October, and return dates of males that year were 

similar to those of 2002 and 2003. The foraging trip lengths determined from nest attendance 

observations in 2002 (mean trip length: 11± 2 d, range: 8-17 d; n = 29) and 2003 (11±2 d, 

range: 6-21 d, n = 126) did not differ (t
152 

= 0.819; p = 0.414). The return of the males was 

somewhat less synchronized than departure. Nevertheless, 75% of the males arrived back at 

their nests within four days between 22 and 26 October in all three seasons (Fig. 4.2). 

The departure of the females was closely related to the return of their mates (Fig. 4.2). 

Usually a female would leave the nest shortly after her mate's return unless the male arrived 
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back in the colony in the late afternoon. In this case, females generally departed early the 

next morning. Median departure dates of females ranged between 24 and 25 October in all 

three years. Foraging trip durations of the females varied between years. Mean trip durations 

were comparable in 2002 (5.5±2.1 d, range: 1-9 d) and 2003 (6.1±2.4 d, range: 1-11 d) but 

were significantly longer in 2004 (8.2±2.7 d, range: 1-16 d; ANOVA with Tukey's post-hoc: 

F
1

,
2 
= 23 .98, p < 0.001 ). Despite these differences, the return of the females coincided with 

egg hatching in all years (Fig. 4.2). Median return and hatching date in 2002 and 2003 was 30 

October. In 2004, the median date of return was 01 November, the median hatch date was a 

day later (02 November). 

4.3.2 At-sea movements 

The deployments of four GPS loggers on male Snares penguins on long-term trips during 

incubation in 2003 resulted in GPS/dive data sets for three of them; the fourth male did not 

leave its nest for five days and the device was recovered without any at-sea data. The three 

other birds left the island between the 15 and 16 October, respectively (Table 4.1 ). The data 

recorded before the loggers' batteries were exhausted encompassed ea. three days (mean 

operation time: 2.2±0.2 d). This relates to one-third to one-fifth of the complete trip durations 

(mean trip duration: 12.0±4.4 d). During the loggers' operation time, the penguins foraged 

an average 158.2± 59.7 km away from the Snares and covered distances of up to 226.3 km 

(Table 4.1). All three penguins travelled due east from the island (Fig. 4.3 map). Two of the 

birds crossed into the deeper waters beyond the shelf edge of the Snares Rise in the evening of 

their second day at sea. The third male changed its easterly course while still in the shallower 

waters (<200 m). The horizontal speeds of all three birds decreased while dive depth increased 

as the trip duration progressed and was lowest during the last day of logger operation (Fig. 

4.3a&c). During their third day at sea, two birds foraged in waters of the subtropical front 

(STF, sea surface water temperature < 1 0°C, Fig. 4.3b, compare with Fig. 4.4 map) that 

featured relatively high productivity (ChlA concentration ~0.3 mg/m3
, Fig. 4.3d). The third 

penguin's course change also coincided with a patch of high primary production similar to 

the conditions at the front but was still some 80 km short of the cooler waters of the STF 
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(Fig. 4.3 map, b&d). 

The deployments of three time depth recorders (TDR) on male Snares penguins produced 

sensor data for complete foraging trips. The three birds all left on the same day (14.1 0.2003) 

and stayed at sea for 8.8 to 13.4 days (mean trip duration: 11.3±2.5 d). While the TDRs did 

not record any spatial information, the temperature data give some indications about the birds' 

general movements at sea. All three penguins foraged in waters > 1 ooc during their first two 

to three days at sea (Fig. 4.4, top graph). The temperature profiles of two birds then dropped 

markedly to surface temperatures of< 1 0°C indicating that the birds entered the cooler waters 

of the STF to the east or south of the Snares (Fig. 4.4 map). Both penguins stayed at the front 

for most of their time at sea (6.1 of 11.1 days and 4.3 of 8.8 days, respectively) and returned 

to the island within three days after leaving the cooler water. The third male equipped with a 

TDR foraged for 13.4 days and stayed in waters> 10°C all the time. Nevertheless, during its 

first few days at sea the bird foraged in cool waters (1 0-11 °C) which shows that it must have 

got close to the front (compare Fig. 4.4, top graph, light grey line, with Fig. 4.4 map). 

After the return of the three males, two of the TDRs were re-deployed on incubating females 

leaving on long foraging trips. Both females left their nests on the 26 and 27 October, 

respectively. They both foraged for 4.1 days, a period considerably shorter than that of 

the males. During their entire time at sea both females stayed in waters > 11 °C (Fig. 4.4, 

middle graph). Considering the distribution of the isotherms compiled from satellite sea 

surface temperature data, the females must have foraged north to north-east of the Snares 

(Fig. 4.4 map). 

4.3.3 Diving behaviour 

Although diving behaviour varied amongst individuals, we found no differences when data 

were tested with regard to device type. Basic dive parameters did not differ significantly 

(t-test of means during first three days at sea; max depth: GPS- 45.0±11.0 m, n = 3, TDR 

- 51.7±4.7 m, n = 3, t
5
= -0.39, p = 0.725; dive time: 108.1±18.6 s vs. 125.3±9.7 s, t

5
= -1.42, 

p = 0.251; diving efficiency: 0.27±0.04 vs. 0.26±0.0 1, t
5 

= 0.80, p = 0.508; diving effort: 
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0.77±0.01 vs. 0.755±0.01, t
5

= 1.91, p = 0.151). Therefore, dive data of all six males were 

deemed comparable regardless of device type. 

The diving behaviour of males reflected the gradual change from travelling to foraging 

behaviour during the first three days at sea, regardless ofthe birds' destinations (Fig. 4.3c). 

Most dive parameters differed significantly between the first and third day at sea (Table 
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4.2). Higher transit rates to greater depths combined with a significantly longer bottom time 

resulted in slightly higher diving efficiency during the third day at sea, which further indicates 

a shift from travelling to prey searching/feeding behaviour. At the same time, diving effort 

and efficiency remained similar which indicates no significant changes in energy expenditure 

between the days. 

The daily means of dive parameters determined for three males with TDRs over the entire 

duration of their foraging trips showed strong correlations with the sea surface temperature. 

The duration of a dive cycle (i.e. dive time, bottom phase and post-dive interval) was shorter 

in warmer CTW (Figs 4.5a, c, e). The birds dived deeper at the front (SST <1 0°C, Fig. 4.5b ), 

showed a higher frequency ofRMD dives (Fig. 4.5 d) but an overall lower diving effort (Fig. 

4.5f). The frequencies of dive depths show a marked bimodality for the two penguins foraging 

at the STF (Fig. 4.6 left graph, grey bars). 23% of all dives were less than 20 m deep. Half of 

the dives at the STF were deeper than 85 m. Although the birds showed similar bimodal depth 

frequencies when foraging in CTW, 30% of the dives were shallower than 20 m and only 26% 

were deeper than 85 m (Fig. 4.6left graph, black bars). The dive depths were much more 

evenly distributed along the entire depth spectrum in the male that remained in CTW during 

its entire foraging trip (Fig. 4.6 middle graph). 

In contrast, the two females showed a strong preference for dives in the upper 20 m (54% of 

all dives) (Fig. 4.6, right graph). Consequently, dive behaviour of the females differed from 

that of males (Table 4.3). Dive times of females were significantly shorter than those of in 

males and same was true for bottom times. With the exception of descent and ascend rates that 

were similar, most other dive parameters also differed considerably between sexes. Although 

statistical significance could not always be confirmed, presumably as a consequence of small 
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sample sizes, the differences between the sexes nevertheless represent an obvious trend (Table 

4.3). 

4.4 Discussion 

In all three years, Snares penguins exhibited nest attendance patterns that were highly 

synchronized. The synchrony of some key events of breeding -primarily the timing of male 

exodus and, to a lesser extent, the return of the males and departure of the females - was also 

remarkably similar between the years. This interannual synchrony suggests that breeding 

patterns are strongly influenced by day length which in turn also determines the onset of the 

phytoplankton spring bloom (Murphy 2001) and, thus, the availability of the penguins' prey. 

4.4.1 Synchronous departure of the males 

During the first two years, the male exodus ranged around the same median date (13 October). 

The departure of the males was highly synchronous and the colony was practically devoid 

of breeding males within 5 days. The timing of the exodus also was consistent with historic 

records. Warham (1974) reported that in colony A3 the departure of the males "was almost 

completed by 15 October 1972". Nest attendance patterns and the date of return of males in 

2004 suggest that the exodus most likely occurred around the same date as in the previous 

years (Fig. 4.2). Furthermore, the synchrony of the male exodus does not seem to be restricted 

to birds from the same colony as other colonies nearby were also observed to empty out at 

the same time with a concomitant increase in numbers of males departing from Station Cove 

landing. 

The highly synchronous departure of the males has also been reported in Erect-crested 

penguins (Eudyptes sclateri). Davis and Renner (2003) found that the male Erect-crested 

penguins left the colony within a three day period independently of their egg-laying dates, and 

suggest that the synchrony of the males' exodus might minimize the probability of aggressive 

assaults on lone females that could result in nest failure. While social interactions indeed 
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are believed to facilitate breeding synchrony in seabirds (e.g. Fetterolf & Dunham 1985, 

Waas 1988, Waas et al. 2000), social stimuli might elucidate intra-colonial synchrony but do 

not explain why the males' exodus seems to occur around a specific day of the month (13 

October) each year. 

The inter-annual- and perhaps inter-colonial- synchrony of the departure of incubating male 

Snares penguins correlates strongly with date, which suggests photoperiod as the primary 

trigger for the well-timed exodus. Birds are photosensitive and day length is known to induce 

hormonal and subsequently behavioural responses (Nicholls et al. 1988). For penguin species 

living in temperate and polar regions, photosensitivity facilitates the synchronisation of 

reproduction with seasonal changes in the environment (Cockrem 1995), most importantly 

food availability within range of the breeding location (Williams 1995). 

4.4.2 Foraging of male penguins and influence of oceanography 

A likely explanation for the synchronisation of male Snares penguins' departure with 

photoperiod is the onset of the phytoplankton spring bloom in the waters around the Snares in 

October each year (see detailed description in Murphy et al. 2001). Increased phytoplankton 

biomass often correlate with high zooplankton abundance (Krell et al. 2005) which 

subsequently makes phytoplankton-rich areas at sea particularly interesting for planktivorous 

top level predators like whales and seabirds (Bradford-Grieve et al. 2003). Considering that 

crested penguins feed predominantly on planktonic crustaceans (i.e. euphausiids Williams 

1995, Davis & Renner 2003, see Chapter 3) a relationship between chlorophyll a (ChlA) 

concentration (as a measure of phytoplankton abundance) and foraging behaviour seems 

likely (e.g. Tremblay & Cherel2003). 

Due to subtle interactions of factors limiting primary production in New Zealand's 

subantarctic, phytoplankton biomass is not evenly distributed in the waters around the Snares 

(Murphy et al. 2001). Apart from localised occurrences of high ChlA concentrations (Banse & 

English 1997), the Subtropical Front (STF, Fig. 4.4) represents a sea region with probably the 

most predictable primary production within range of the Snares. The STF is known to feature 
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elevated ChlA concentrations throughout the year (Murphy et al. 2001 ), which was also the 

case during the period of this study (Fig. 4.3). Such properties render the STF a reliable food 

source for seabirds in general (compare the "Snares Islands hotspot" in Waugh et al. 2002) 

and are likely to make the front a tempting destination for male Snares penguins too. 

Indeed, the front was the supposed destination of four of the six males equipped with 

data loggers. The GPS data recorded on one male that did not reach the front, shows that 

the bird nevertheless travelled towards the front until it reached a patch of elevated ChlA 

concentration. Similarly, the temperature readings of one TDR bird that did not enter 

waters <10°C suggest that it must have foraged close to the front before orienting back into 

warmer Central Tasman Water (CTW, Fig. 4.3). Supporting this, all birds' dive behaviour 

during the first days at sea reflects primarily travelling behaviour. Dive times and depths 

increased considerably in all birds between the first and the third day at sea (Table 4.2) and 

indicate a gradual shift from shallower travelling dives to deeper dives consistent with prey 

searching behaviour. This suggests significant benefits in terms of finding food must accrue 

to those penguins that travel to the STF. This suggests that the chance of finding prey at the 

STF justifies the effort required to travel there. Conversely, it implies that the likelihood of 

encountering productive areas within CTW- and, thus, closer to the Snares - was probably 

considerably lower than at the STF. In this light, it is interesting that two of the males with 

GPS loggers apparently "ignored" an area of high productivity that was of obvious interest for 

the third male (Fig. 4.3). A possible explanation for this might be that the first two penguins 

passed through this area almost 48 hours earlier than the third male and it is conceivable that 

a more favourable prey situation developed in the time between the transit of the first two 

penguins and the arrival of the third bird. 

The diving behaviour of the male penguins equipped with TDRs was a function of the sea 

surface temperature (Fig. 4.5). The penguins dived deeper and longer at the STF than when 

they were in CTW. In the cooler waters of the front, a majority of dives occurred in dive bouts 

during which the birds returned to similar depths of previous dives (RMD dive frequency 

>60% at the front, Fig. 4.5). As a result, the frequencies of dive depths observed in two males 
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foraging at the STF are distinctly bimodal (Fig. 4.6). More than 50% of all dives recorded at 

the front were deeper than 85 m, suggesting a primary exploitation of prey patches at greater 

depths. Another, less pronounced peak is apparent in the upper 20 m (~30% of all dives, Fig. 

4.6) which can be attributed to travelling behaviour and shallow prey searching/feeding. 

The bimodality is most likely a result of the downwelling mechanisms that are in play at 

the STF which transport nutrients and plankton to greater depths (Nodder & Gall1998). 

This downward transport at the front is restricted by a vertical temperature gradient which 

is strongest at depths between 100 and 200m (Morris et al. 2001). Hence, the temperature 

gradients produce a horizontal as well a vertical barrier at the front which, therefore, acts as 

catchment for the penguins' planktonic prey. 

The bimodality in depth frequencies was apparent, although less pronounced, when both 

penguins foraged in warmer waters (Fig. 4.6). It is possible that the frequency of dives to 

depths >65 m stem from diving activity close to and, therefore, still influenced by the front. In 

contrast to this, the male that foraged in CTW only, showed a much greater diversity of dive 

depths (Fig. 4.6). Unlike the birds that foraged in the STF, the penguin did not concentrate its 

foraging efforts at any particular depth classes but utilised the entire water column to forage. 

In CTW, the occurrence of productive patches is less defined than at the front and depends 

largely on interactions of such factors as local nutrient availability and wind influence 

(Murphy et al. 2001). 

Although there are apparent differences in dive behaviour of males visiting the STF and males 

that remain in CTW, the data do not allow conclusions with regard to the success of either 

foraging strategies. The TDR-equipped bird foraging in the CTW stayed considerably longer 

at sea than the birds that foraged at the STF (13.4 vs. 8.8 and 11.1 days). Conversely, the 

penguin with GPS logger that apparently did not reach the STF returned earlier than the other 

two GPS birds (7.9 vs. 10.2 and 15.3 days, Table 4.1). 

The timing of the males' return was overall still remarkably similar between all three years 

and appears to be independent ofhatching (Fig. 4.2). However, when compared to the 

synchrony of the exodus, the males' timing of return varied considerably more between 
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individuals, quite possibly as a result of different foraging success (Davis & Renner 2003). In 

this light, it can be assumed that body condition is the most important factor to influence the 

males' decision to return to the colony. 

4.4.3 Foraging of female penguins 

In comparison to the males, the females face a different situation when they leave for their 

long-term foraging trips. Probably most importantly, the females' time at sea is limited by the 

need to return to the nest around the time of hatching to feed their chicks (Davis & Renner 

2003). Considering that the females' average foraging trip durations ranged between 5-6 days 

in the first two seasons, travelling to the STF to forage is an unlikely strategy. Accordingly, 

the temperature profiles of two females fitted with TDRs in 2003 show that the penguins 

foraged solely in warmer CTW to the north or north-east of the Snares (Fig. 4.4). Temporally 

detailed ChlA data is not available for the second half of October 2003 because of cloud cover 

during the satellite passes. So, it is not possible to directly relate the estimated female foraging 

area to oceanic productivity. However, considering that the ChlA concentration around the 

Snares tends to increase rapidly from October on each year (Murphy et al. 2001 ), it is possible 

that the females benefited from accelerated productivity closer to the islands. 

Overall, the two females fitted with TDRs showed higher diving activity and performed 

considerably shallower dives than males (Table 4.3, Figure 6). A penguin's chance to 

encounter prey patches increases with distance travelled (Wilson & Wilson 1990). Given the 

time frame to forage, a combination of travelling and prey searching behaviour appears to be 

a viable strategy for the females. This is also supported by the fact that the females exhibited 

a much lower proportion of RMD dives, indicating that dive bouts targeting prey patches 

at ce1iain depths must have been brief and interspersed by shallower travelling episodes 

(Table 4.3). 

In 2004, the foraging situation for the females was somewhat different. While the males' 

return dates were similar to the previous years, the chicks hatched about two days later 

(Fig. 4.2) and the females could stay at sea for longer. The fact, the foraging trips were 

indeed significantly longer indicates that the females nest attendance patterns and, thus, time 
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available for foraging is linked to egg status. This, in turn, makes it likely that other factors 

such as hormonal mechanisms (e.g. Davis & Renner 2003, Massaro 2004) play a more 

important role for the females' return dates and hence foraging trip length than daylength and, 

consequently, oceanography. 
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Table 4.1. Basic foraging parameters of three male Snares penguins equipped with GPS loggers 
on long-term foraging trips during incubation in 2003. Due to limited battery life of GPS devices, 
maximum distance from island and distance travelled relate to the time of logger operation rather than 
entire foraging trips. Considering the much longer duration of the trips, it is likely that at least distance 
travelled represents a gross underestimation of the true distance covered by the penguins on their trips. 

Bird ID T13 T14 T32 

Date of departure 15.10.2003 16.10.2003 15.10.2003 

Logger operation time (days) 2.9 2.7 3.1 

Total trip duration (days) 15.3 7.9 10.2 

Maximum distance from island (km) 215.2 96.1 163.3 

Distance travelled (km) 226.3 132.5 187.9 

Table 4.2. Dive parameters of male Snares penguins (n = 6) equipped with GPS dive loggers and 
TDRs performing long-term foraging trips during incubation in 2003. Comparison of data was only 
possible for the first three days at sea because of the GPS dive loggers' limited battery life. All values 
are given as daily means that derived from individual daily mean values for each bird. Asterisks 
highlight significant differences between days; superscript letters indicate relationship of differences, 
i.e. values without common letter differ significantly. 

AN OVA 

Day 1 Day2 Day3 F p 

Number of dives 270±130 a 261±26 a 339±132 a 0.96 0.406 

Descend rate (m/s) 0.7±0.1 a 0.8±0.2 a,b 1.1±0.1 b 11.82 0.001 * 

Max depth (m) 34.4±7.0 a 48.4±15.0 a,b 63.8±9.7 b 10.59 0.001 * 

Bottom time (s) 27. 9±2.6 a 34.3±5.6 a 48.3±7.6 b 20.55 <0.001 * 

Ascend rate (m/s) 0.7±0.1 a 0.8±0.1 a,b 0.9±0.1b 4.33 0.033* 

Dive time ( s) 95.6±10.5 a 115.4±24.3 a,b 140.8±14.3 b 10.20 0.002* 

Post-dive interval (s) 26.4±5.0 a 34.4±10.6 a,b 40.5±5.7 b 5.29 0.018* 

Diving efficiencyo 0.25±0.02a 0.27±0.04a 0.27±0.02a 0.81 0.463 

Diving effort00 0.77±0.03a 0.75±0.03a 0.77±0.03 a 0.50 0.615 
0 Diving efficiency= bottom time/ (dive time+post-dive interval) 
00 Diving effort= dive time/ (dive time+post-dive interval) 
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Table 4.3. Comparison of dive behaviour of male Snares penguins (n = 3) and female Snares 
penguins (n = 2) equipped with TDRs on long-term foraging trips during incubation 2003. All 
values are given as mean±sd that derived from individual means of each bird. Bold figures indicate 
significant difference. 

t-test 

males females !3 p 

Trip length (days) 11.3±2.5 4.1±0 6.82 0.021 

Daily dive activity ( dives*day-1) 259±75.5 499±4.24 -7.55 0.001 

Hourly dive activity (dives*h-1) 17.2±4.6 34.3±3.0 -5.99 0.027 

Descent rate (m/s) 0.8±0.2 0.9±0.2 -0.48 0.714 

Max depth (m) 54.7±9.8 26.4±10.1 -3.11 0.090 

Bottom time ( s) 41.0±4.5 18.6±4.7 -5.31 0.034 

Ascent rate (m/s) 0.9±0.1 0.8±0.1 -0.65 0.582 

Dive time (s) 125.4±20.43 65.9±15.7 -8.68 <0.001 

Post-dive interval (s) 31.6±5.4 20.1±3.8 -2.81 0.107 

RMD dives0 (%of all dives) 75.5±6.6 43.4±5.4 6.90 0.020 

Diving effort00 0.74±0.02 0.78±0.01 -2.32 0.259 

Diving efficiency000 0.23±0.01 0.28±0.01 -10.02 0.063 

0 Repeated Maximum Depth dive = dives that return to the maximum depth±1 0% of the preceding dive 
00 Diving effort= divetime/ (divetime+post-dive interval) 
000 Diving efficiency= bottom time/ (divetime+post-dive interval) 
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SAW 

Figure 4.1. Overview of the Snares, bathymetry and oceanography south ofNew Zealand's South 

Island. Course of the Subtropical Front and flow paths of and warm (red) surface currents in Central 

Tasman Water (CTW) and cold (blue) surface currents in Subantarctic Water (SAW) cunents adapted 

from Carter et al. ( 1998). Dashed lines indicate 500, 1000 and 2000 m depth contours. 
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Figure 4.2. Interannual synchrony in departure and arrival dates of adult Snares penguins during 
incubation, and hatching dates in three consecutive breeding seasons, 2002-2004. Boxplot derives 
from nest monitoring data collected each year between 10 October-15 November in one colony 
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(A3) on the Snares Islands. Only data from nests that successfully hatched at least one egg were 
included. Medians are given as vertical lines, boxes enclose first and third quartile of sample, whiskers 
encompass 95% of sample, dots indicate outliers. Sample sizes in all years are given in top right 
corner of figure. 
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C) 

Figure 4.3. Partial foraging tracks of three male Snares penguins on long-term foraging trips during 

incubation in 2003. Map shows the penguins ' at-sea movements in relation to weekly average 
chlorophyll a (ChlA) concentration at the time (16-23 October 2003, from MODIS/Aqua data). 

Isolines/shading represent ChlA concentration (mg/m3
) at 0.05 mg/m3 intervals. No ChlA data were 

available for white areas (cloud coverage). Dashed line indicates 200 m depth contour. Perpendicular 

lines intersecting foraging tracks and adjacent numbers give position at midnight and according date 
change. Line plots (A-D) summarise mean travelling speed and mean maximum dive depth (±standard 

error, left column), and mean sea surface temperature and mean ChlA concentration (determined from 
satellite data; ±standard deviation, right column) along the penguins' tracks. 
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Figure 4.4. Ambient water temperatures (between 5-10 m depth) recorded by Time-Depth Recorders 

(TDR) on three male and two female Snares penguins undergoing long-term foraging trips during 

incubation; and mean sea surface temperatures for October 2003 as determined from MODIS/Aqua 
satellite data (ocean color). Temperature was sampled at 5 s (males) and 2 s (females) intervals, 

hourly means were used to compile graphs. Grey bars in top graphs and grey area in temperature map 

highlight sea surface temperatures between 9-l0°C and represent the subtropical front (STF). Dashed 

line indicates the 200 m depth contour. Note: monthly means used to compile map were skewed 

towards cooler temperatures measured in the first half of October; satellite data for the 'warmer' 

second half of the month (i.e. deployment period) was patchy. 
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Figure 4.5. Correlations of dive parameters determined for male Snares penguins (n = 3) with TDRs 
on long foraging trips during the incubation stage in 2003. Graphs were compiled using daily means 
of dive parameters and sea surface temperature of the respective foraging trips (durations: 10, 12 and 
14 days). Significance was tested using Pearson's correlation. 



Frequency (%) Frequency (%) Frequency (%) 

14 12 10 8 6 4 2 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18 

5 
I . I I I I I I I I I !I .. L .... L.J I I I I I I I I I I I I I I 5 5 I I I I I I I I I I I I I I I I I I I 

20 20 20 
,.-... 
s 35 

'--' 
STF ~ CTW ~ 35 35 

,..!:1 50 ...... 50 50 
0.. 

65 ~ 65 65 
"d 
~ 80 80 80 
> ........ 

95 Q 95 95 

110 110 110 

125 n = 2851 dives ] n = 3730 dives f 125 n = 1270 dives 125l n = 5240 dives 

males (N = 2) male (N = 1) females (N = 2) 
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5.1 Introduction 

During the breeding season, foraging ranges of seabirds are limited because the birds must 

return to their nest sites regularly to attend to nesting duties (Gaston 2004). While this is 

particularly true for the flightless penguins, there is still a considerable plasticity in foraging 

strategies and ranges during the breeding season between different penguin species (e.g. 

Wilson 1995, Davis & Renner 2003). Penguins have been broadly categorised as inshore and 

offshore foraging species (Croxall & Davis 1999). During the chick guard stage of breeding 

when chicks have to be fed frequently, inshore foragers such as Yellow-eyed penguins 

Megadyptes antipodes or Little penguins Eudyptula minor tend to leave the nest in the 

morning and return to feed the chicks in the afternoon of evening (e.g. Darby & Seddon 1990, 

Numata et al. 2004). During the same stage, it is not unusual for offshore foragers like crested 

penguins (Eudyptes spp.) to stay at sea for two days or more (Williams 1995). The main 

determinant of whether a penguin species adopts an inshore or offshore foraging strategy is 

food; or more specifically, the distribution and temporal availability of a species' main prey 

in the vicinity ofthe breeding location (Croxall & Davis 1999). This, in turn, is largely a 

function of the prevailing environmental conditions at the breeding location (Davis & Renner 

2003). 

While the temporal prey availability for offshore foraging penguins is largely determined 

by the seasonal nature of the environment (Williams 1995), the distribution of prey for 

penguins, and sea birds in general, is often a result of physical oceanic processes (Hunt Jr. 

1990). This is particularly so for penguin species breeding in isolated oceanic environment 

like the subantarctic islands. Here, hydrographical features like fronts often represent areas 

where nutrients and prey are accumulated by currents and, thus, provide enhanced foraging 

conditions (Schneider 1990). It has been found that offshore foraging penguin species 

target such areas to search for prey during the breeding season (e.g. Royal and Rockhopper 

penguins, Hull et al. 1997, King penguins, Charrassin & Bost 2001 ). As a result, the foraging 

ranges of the penguins vary according to the distance of their breeding site from areas of 

enhanced prey availability. 
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The Snares penguin Eudyptes robustus is endemic to the small Snares island group some 200 

km south of New Zealand's South Island. Like other offshore foraging penguin species, the 

foraging behaviour of Snares penguins is influenced by the presence of an oceanic front, the 

Subtropical Front, which is located ea. 200 km east of the islands (Heath 1981; see Fig 4.1, 

Chapter 4). During the incubation period, male Snares penguins perform long foraging trips 

(> 10 days) during which they target the productive waters of the front. However, as the males 

need two days to reach the front, the time to travel there renders this destination unsuitable for 

the Snares penguins after the chicks have hatched and must be fed regularly. This is especially 

so for foraging females as for the first three to four weeks following hatching they are the sole 

providers of food while the males remain at their nests to guard the chicks (Warham 1974). 

I studied the foraging behaviour of female Snares penguins during the chick-guard stage using 

GPS data loggers and time depth recorders (TDR). The combination of geographical tracking 

and simultaneous monitoring of dive behaviour and ambient water temperature allowed us ' 

to analyse and interpret the penguins' behaviour in the context of the marine environment in 

which it occurred. 

5.2 Methods 

I studied the foraging ranges and dive activity of female Snares penguins during the chick 

guard stage (November, Warham 1974) in the breeding seasons 2003 and 2004. The work was 

carried out with female penguins breeding in one of the largest penguin colonies (A3, ~ 1200 

pairs, Amey et al. 2001) on North-East Island (see Fig. 2.1, Chapter 2). 

5.2.1 Data loggers 

Foraging and diving behaviour was primarily studied with GPS data loggers (GPS-TDlog, 

earth&OCEAN Technologies, Kiel, Germany; dimensions: L100xW48xH24 mm, mass: 

~70 g). These devices record information of the penguins' at-sea movements and dive 

behaviour. The device complises a GPS receiving unit that determines accurate geographical 
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position (position error <10 m) from signals from orbiting satellites of the Global Positioning 

System (U.S. Department of Defence, USA). The device also contains high precision 

environmental sensors that record dive depth (resolution: ~0.1 m) and ambient water 

temperature (resolution: ~0.005°K). Data are stored with a timestamp in an internal non

volatile flash memory and must be downloaded to a computer after the device is recovered 

from the penguin. The logger's sampling regime is freely programmable and was setup to 

record a GPS position after each dive ("upon resurfacing"), and store depth and temperature 

readings at 1 s intervals. As the acquisition of a GPS fix takes between 25 and 30 seconds, 

no position could be recorded if penguins stayed at the surface for shorter intervals between 

dives (see Chapter 2). 

In 2003, time depth recorders or TDRs (MK9, Wildlife Computers, Redmond, WA, USA; 

dimensions: L67xW17xH17 mm, mass: ~30 g) were also deployed to test whether the larger 

GPS loggers had a significant impact on the females diving behaviour. The TDRs store dive 

depth (resolution: 0.5 m) and temperature (resolution: 0.05°C). The devices were setup to 

record dive depth and temperature at 1 s intervals similar to the GPS logger sampling regime. 

The devices feature a wet/dry sensor which was activated so that sampling only occurred 

when the logger was submerged. 

Devices were attached with adhesive tape (Tesa-tape method, Wilson et al. 1997) to the 

penguins' lower backs to reduce drag (Bannasch et al. 1994). In 2003, loggers were deployed 

at first on birds in the colony. Females were captured at the nest while attending their 

incubating mate, transferred out of the nesting area to be fitted with a device and than released 

again about 5 m from the nest. However, several of the females suffered from aggressive 

responses of their mates directed at the attached device. This problem was circumvented by 

deploying loggers at Station Cove (see Fig. 2.1, Chapter 2) just before the penguins entered 

the sea. To do that, females from the observation area in colony A3 were marked at the nest 

with a small dab of water soluble paint on their chest. The marked birds were then intercepted 

at Station Cove when they emerged from the forest en route to the water. Before a logger was 

fitted, penguins were weighed with spring balances to the nearest 50 g. Only females heavier 

than 2300 g (GPS logger mass <3% ofbody weight) were deemed fit for deployment. During 
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the entire deployment procedure the penguins' heads were covered with a cloth hood to 

reduce stress. The handling time (i.e. capture, measurements, deployment and release) ranged 

between 12 to 18 minutes. 

In 2003, eight females were equipped with GPS loggers and an additional eight females were 

fitted with TDRs. In 2004, GPS loggers were deployed on a total16 females. Due to the 

limited battery life of the GPS loggers (see Chapter 2), the devices were generally recovered 

after one short-term foraging trip (1-2 days). The birds fitted with TDRs performed between 

one and three foraging trips before recovery. After deployment, the penguins' landing area 

at Station Cove was kept under constant surveillance in order to intercept the logger birds 

on their way back to the colony. If a bird was missed, it was recaptured in the colony. After 

logger detachment the birds were again weighed and then released. The device recovery took 

about 2-4 minutes. 

5.2.2 General data analysis 

I performed analysis of GPS and dive data was performed with custom-made software (T. 

Mattem, unpublished data). The original GPS data were used to determine basic foraging 

parameters for each recorded foraging trip, i.e. horizontal speed, travel distance and furthest 

distance from island. Before further spatial analysis was performed, dive data were analysed 

as follows. 

Dive events were identified when the loggers pressure transducers registered depth > 1 m 

(GPS loggers) or >3 m for the TDRs, which stemmed from the inaccuracy of the latter devices 

at shallow depths. Dives generally consisted of three different phases, namely descent, 

bottom and ascent phases. End of descent and start of ascent were defined as the moments 

when a penguin's rate of descent was <0.2 m/sand ascent was >0.2 m/s. Further parameters 

determined for each dive were maximum dive depth, post-dive interval (i.e. the time spent 

at the surface after the current dive), diving effort (dive time/[ dive time+post-dive interval]), 

diving efficiency (bottom time/[ dive time+post-dive interval]; Y denberg & Clark 1989). 

Furthermore, the current dive's depth was examined with regard to the depth reached during 
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the preceding dive. If the current maximum depth fell within ±10% of the previous maximum 

depth (cfTremblay & Cherel2000), the dive was defined to be a Repeated Maximum Depth 

(RMD) dive. A high proportion ofRMD dives during a foraging trip can be considered 

an indicator for a penguin exploiting distinct prey patches at certain depths, whereas low 

proportions of RMD dives suggest higher search effort at various depths. 

5.2.3 Spatial analysis of dive parameters 

I analysed the diving behaviour of penguins fitted with GPS loggers with regard to the at-sea 

movements of each bird. GPS data were interpolated linearly so that a geographic position 

could be assigned to the temporal mid-point of each diving event. If more than one dive 

occurred between two consecutive GPS fixes, the dives were considered to have occurred 

along the estimated linear path between both fixes. This means that with increasing temporal 

distance between consecutive fixes, the estimated locations of dives between the fixes became 

increasingly inaccurate. Nevertheless, the linear connection between two fixes was considered 

an acceptable approximation when the time between fixes was <6 h. As a result, data sets that 

did not feature GPS positions during the day (see Chapter 2) were excluded from the spatial 

analysis. 

Spatial analysis of the dive data was conducted by superimposing an equal area grid (cell 

size: 0.04°x0.04° longitude/latitude, ea. 4x2 km) over the general sea regions utilised by 

all penguins in both years. Using the extrapolated dive data for each bird, mean values of 

horizontal speed and dive parameters (number of dives, dive time, bottom time, dive depth, 

proportion of RMD dives) were calculated for each grid cell a penguin passed through during 

its foraging trip. For grid cells that were visited by more than one bird, the individual mean 

values determined for these birds were averaged so that each grid cell comprised one average 

value for each dive parameter. Using the geographic centre point of grid cells and their 

corresponding mean value, contour graphs were generated via kriging interpolation (Fortin & 

Dale 2005) to describe the spatial distribution of dive behaviour. 

All statistical analyses were carried out in Minitab 14 (Minitab Inc, State College, PA, 
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USA). Details of statistical tests employed to compare data are given in the text or table and 

figure captions. Averages are given as mean±standard deviation unless indicated otherwise. 

Statistical significance was accepted at the a<0.05 level. 

5.3 Results 

78 

The eight deployments of GPS loggers on females during chick-guard 2003 yielded complete 

sets of GPS and dive data for a total of five foraging trips performed by five different birds, 

complete dive data but no GPS for two foraging trips (two birds), and one GPS logger 

deployment resulted in only partial dive data being retrieved and was, therefore, excluded 

from analysis. All of the TDR deployments were successful and dive data for a total of 18, 

foraging tips were recorded. During the deployment period, three females performed three 

foraging trips each, four birds made two trips and one bird was recaptured after one trip. In 

2004, 16 deployments of GPS loggers resulted in GPS and dive data for 14 trips made by 13 

birds; the GPS data from one of these birds featured only night time fixes and were excluded 

from the spatial analysis. One deployment yielded only dive data. Two birds returned with 

incomplete or no dive data and were subsequently excluded from analysis. 

5.3.1 Influence of device size on foraging behaviour 

In 2003, foraging behaviour was monitored with GPS loggers and TDRs that were ea. 30% 

of the size of the GPS loggers. Despite the considerable size differences, no significant 

differences were apparent in dive parameters. Trip durations were similar for five birds fitted 

with GPS loggers (mean duration: 28.9±6.5 h) compared to TDR birds (mean duration: 

25.8±9.9 h; two-railed t-test: t
10 

= 0.73, p = 0.477). The same was true for other diving 

parameters (GPS vs. TDR- dive time: 55.4±13.1 s vs. 57.9±8.5 s, t
10 

= 0.44, p = 0.669; 

bottom time: 18.6±3.7 s vs. 17.6±3.2 s, t
10

= 0.56, p = 0.585; post-dive interval: 27.5±12.9 vs. 

31.9±12.3 s, t
10 

= 0.68, p = 0.511; diving effort: 0.68±0.07 vs. 0.65±0.08, t
10 

= 0.86, p = 0.405; 

diving efficiency: 0.24±0.06 vs. 0.20±0.02, t
10

= 1.68, p = 0.136; dive depth: 16.0±4.6 m 

vs. 19.7±3.0 m, t
10

= 1.83, p = 0.097; proportion ofRMD dives: 34.2±7.2% vs. 33.8±4.8%, 
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t
10 

= 0.12, p = 0.909). Therefore, dive parameters were considered independent from device 

size and data from GPS loggers and TDR were pooled for further analysis. 

5.3.2 At-sea movements 
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In 2003, four of the three birds that returned with GPS data foraged north to north-east of the 

Snares (Fig. 5.1). One bird foraged north-west and spent the night and the first five hours of 

the following day in very deep waters (>2000 m) beyond the shelf edge. In the following year 

the foraging patterns of chick-guarding females were similar to that observed in 2003. Again, 

the majority of the penguins foraged north to north-east of the Snares while only two birds 

travelled north-west. However, neither of those birds reached waters >500 m (Fig. 5.1). The 

similarity of the at-sea movements was also reflected in the basic foraging parameters that did 

not reveal any statistically significant differences between the two years (Table 5.1). 

5.3.3 Spatial distribution of diving performance 

Only a small number of penguins returned with viable GPS data in 2003 and the overlap 

of the individual penguins' foraging tracks was low. Of the 119 distinct 0.04x0.04° grid 

cells visited by the penguins, only 24 cells (~20%) featured more than one bird (Fig 5.2). 

Consequently, the spatial analysis of diving behaviour in 2003 primarily reflects individual 

patterns. In the following year, penguin positions were recorded in 191 different grid cells, 

106 of which (~56%) were visited by more than one bird (Fig. 5.2). The higher degree of 

overlap of foraging trips by different birds provided a better spatial coverage of dive data so 

that the resulting spatial interpolation provides a more general picture beyond the individual 

patterns. Nevertheless, similar patterns in the spatial distribution of diving performance were 

apparent in both years (Fig. 5.3a-d). 

In both years, the horizontal speeds of penguins were highest within a radius of25-50 km 

from the island which indicates that the penguins exhibited predominantly travelling 

behaviour closer to the island (Fig. 5.3a). This is underlined by the fact that the same sea areas 

feature only short average dive times and relatively shallow ( <20 m) average dive depths 
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(Fig. 5.3b&c). The proportion ofRMD dives was also low closer to the island. Under the 

assumption that travelling penguins dive to similar depths, the low RMD proportion shows 

that travelling episodes were interspersed with deeper dives that presumably functioned as 

prey search behaviour. The main prey searching and feeding activity, however, occurred at 

distances >50 km. Beyond that distance, average dive depths were considerably deeper for 

penguins foraging north-east of the Snares; the few birds that travelled north-west, performed 

deeper dives between 25 and 50 km from the island. Greater dive depths generally involved 

high proportions of RMD dives which further suggest that feeding is a major component of 

the birds' diving activity further away from the island. The areas of increased foraging activity 

coincided with the presence of warmer surface waters (Fig. 5.4). 

5.3.4 Differences in diving behaviour between the years 

While the at-sea movements and the spatial distribution of the diving performance were 

similar between 2003 and 2004, the comparison of diving parameters revealed considerable 

differences. In 2003, the birds showed with an average 40.6±6.8 dives*h-' against 

28.5±10.2 dives*h-' in 2004 a significantly higher dive activity (Table 5.1). This difference is 

a result of the significantly greater mean dive depth observed in 2004 that ranged around 30 m 

whereas in 2003 the mean dive depth was less than 20 m. Corresponding to the deeper dives, 

dive times and diving effort also differed significantly between both years, which also applied 

to the bottom times that were longer 2004. Frequencies of dive depths reveal a bimodal 

pattern in 2004 that was not apparent in 2003 (Fig. 5.5). The relationship between dive time 

and bottom time was similar in both years, i.e. bottom time made up ea. 30% of the entire 

dive time and ea. 20% of the entire duration of dive and post-dive interval in both years. As a 

result the penguins' diving efficiency did not differ between 2003 and 2004 (Table 5.1 ). The 

frequency of RMD dives in both years was comparable and suggests that the proportion of 

travelling/searching behaviour and exploitation of prey patches at certain depths was similar 

in both years. 
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5.4 Discussion 

The foraging behaviour of female Snares penguins showed similarities but also some 

differences between the two years. The foraging ranges and the spatial distribution of the 

diving behaviour were comparable while the diving behaviour differed significantly. In 2004, 

the females showed to greater mean dive depths than in the previous year. It seems unlikely 

that these differences were associated with the attachment of the devices. 

5.4.1 Logger impact on foraging behaviour 

Externally attached instruments alter the streamlined shape of penguins, cause additional drag 

and therefore have the potential to negatively affect the diving performance and consequently 

energy expenditure of penguins (Culik & Wilson 1991). However, depending upon the size 

of the device - or more precisely the size if its frontal area- penguins are able to compensate 

for the additional drag (Bannasch et al. 1994). The GPS loggers used during this study were 

relatively large (frontal area: ea. 4.8% of a Snares penguin's cross-sectional area) when 

compared to the TDR deployed in 2003 (ea. 2.4%). However, the diving behaviour recorded 

in 2003 with both device types did not reveal any obvious differences. Although samples sizes 

were small this indicates that instrumented Snares penguins managed similarly to compensate 

for drag caused by the devices, regardless of the size differences. 

5.4.2 Foraging ranges of female Snares penguins 

The female Snares penguins tended to forage primarily in an area between 50 and 100 km 

north to north-east of the Snares. In this area the birds stayed over the continental shelf and 

only rarely ventured for short periods into the deeper waters of the Solander Trough in the 

west. The few birds that foraged west to north-west of the Snares, also remained in waters 

<500 m for most of their time at sea; only in 2003 one female spent some time in very deep 

water (Fig. 5.1). The shelfwest ofthe Snares is relatively narrow and consequently the birds 

performed shorter trips and had shorter foraging ranges than birds travelling north. However, 
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the predominance of the northerly courses taken by the birds suggests that the sea areas half

way between the Snares and Stewart Island must have been considerably more attractive for 

the birds despite the greater distance from the Snares. 

5.4.3 Comparisons with other crested penguins 

Several studies of crested penguins have revealed that there are considerable location

dependent differences in foraging ranges and behaviour, which are generally believed to 

reflect local differences in the marine environment (e.g. Tremblay & Cherel 2003, Schiavini 

& Raya Rey 2004). For example, chick-guarding female Rockhopper penguins Eudyptes 

chrysocome from Macquarie Island forage on average longer (ca.7 days, Hull1999) than do 

conspecifics breeding on New Zealand's Antipodes Island (ea. 0.4 days Sagar et al. 2005), 

which also implies there will be differences in their foraging ranges. This shows that a direct 

comparison of foraging patterns is of only limited value and it is more useful to consider the 

crested penguins' foraging behaviour in the context of their local marine environment. 

The foraging movements of Rockhopper penguins from Macquarie Island are associated with 

the presence of the Subantarctic Front (Hull 1999), where hydro graphical processes are likely 

to provide a predictable and enhanced food situation for seabirds in an oceanic environment 

(Hunt Jr 1990). Although it is not mentioned by the authors, foraging tracks of Rockhopper 

penguins from the Antipodes Islands presented in Sagar et al. (2005) suggest a strong 

influence of the Subantarctic Front at that location too ( cf tracks with the location of the front 

given in Heath 1985). While male Snares penguins during incubation also forage in waters 

of a productive oceanic front (the Subtropical Front, see Chapter 4), the location of the front 

some 200 km east of the Snares lies beyond the foraging ranges determined for the female 

penguins. Instead, the females remained in warm subtropical waters over the shelf north of the 

Snares (Fig. 5.1). 
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5.4.4 Influence of the oceanic environment 

Tremblay & Cherel (2003) found that Rockhopper penguins breeding on Amsterdam Island 

in the Indian Ocean north of the Subtropical Front foraged harder and with less success than 

conspecifics further south. Their higher foraging effort correlated with the low productivity of 

the subtropical waters, which resulted in low zooplankton biomass and, hence, low abundance 

of penguin prey. Oceanic primary production depends greatly on the availability of nutrients 

which often represent limiting factors in open ocean areas (Falkwoski et al. 1998). Such a 

situation seems to prevail in the subtropical waters around Amsterdam Island (e.g. Zentara & 

Kamykowski 1981, Sieracki et al. 1993). 

Although chick-rearing female Snares penguins also forage exclusively in subtropical waters, 

the oceanographic situation they face is different. Around New Zealand, subtropical water 

masses feature higher primary production than subantarctic waters (Chang & Gall1998). The 

reduced productivity in the subantarctic probably stems from a limitation of iron which is an 

essential element for plankton growth (Boyd et al. 2000). In the waters around New Zealand, 

iron limitation is not evident, probably due to nutrient influx from the landmasses (Boyd 

et al. 1999). The sea area utilised by the female Snares penguins is strongly affected by a 

strong surface current (Tasman current) that transports warmer, coastal waters from the South 

Island's west coast around the south of Stewart Island towards the east, where it then becomes 

the Southland current (Heath 1981; see Fig. 4.1, Chapter 4). As a result, the sea areas around 

the Snares feature considerably higher phytoplankton concentrations than the subantarctic 

regions south of the Subtropical Front to the east and the south of the islands (Murphy et al. 

2001). High phytoplankton biomass is beneficial for the abundance ofmacrozooplankton 

(Bradford-Grieve et al. 2003), which, in turn, comprises the bulk of the Snares penguins diet 

(see Chapter 2). 

The influence of the warm current reflects clearly in the temperature data recorded with GPS 

loggers on the penguins in 2004 (Fig. 5.4). Sea surface temperatures closer to the Snares were 

cooler <11 °C), whereas towards the north and beyond the 50 km radius, the water was up 

to 2°C warmer. Hence, female Snares penguins profit from the proximity of their breeding 
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colony to the New Zealand mainland and the transport of coastal waters towards the Snares. 

The importance of the warm coastal waters on the foraging behaviour of the penguins is 

underlined by the spatial distribution of the penguins' dive activity which was location 

dependent. Closer to the island and, thus, in cool waters, travelling dominated their behaviour, 

while prey searching and feeding seemed to occur predominantly in the warmer water 

between 50 and 100 km north-east of the island (Fig. 5.3a-d). The concentration of foraging 

effort to this area could also be influenced by hydrographical processes where the Tasman 

current meets the Snares shelf (see Fig. 4.1, Chapter 4). The steep bathymetrical gradient 

north of the Snares is likely to affect the eastward flow of the current by causing turbulence 

which, in turn, plays an important role in the vertical and horizontal distribution of plankton 

(Jillett 2003) possibly contributing to a prey distribution beneficial for the penguins. 

5.4.5 Different diving behaviour between years 

In 2004, the penguins dived significantly deeper and, as a consequence, considerably longer 

than the year before (Tab le 5.1). While this was also reflected in an increased diving effort, 

the diving efficiency was similar in both years. Given the fact that the penguins exhibited 

comparable frequencies of dive bouts during which they returned to specific depths 

-presumably to exploit prey patches (RMD dives) - it seems reasonable to assume that the 

penguins were equally successful in terms of finding prey in both years. 

Penguins generally react to deteriorating prey situations in two ways: either by extending their 

foraging range to increase their chances of encountering prey patches (e.g. Wilson & Wilson 

1990) or by increasing their diving effort to search greater volumes of the water column 

(e.g. Mattern 2001). Evidently, the foraging ranges of the female Snares penguins give no 

indication for differences in prey distribution in both years. Furthermore, the frequencies of 

dive depths in 2004 show a distinct bimodality (Fig. 5.5). Either the penguins performed dives 

<30 m deep (like they did in 2003) or they reached depths between 60-80m. This contrasts 

with, for instance, the foraging behaviour of Little penguins in the face of food shortage. In 

this species, prey scarcity leads to increased vertical searching behaviour during which the 

birds cover all depth classes evenly (Mattern 2001). The bimodality ofthe Snares penguins' 
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dive depths, therefore, suggests that deep dives were aimed at specific depths -possibly to 

exploit prey patches associated with the thermocline (e.g. Gallager et al. 2004) -rather than 

randomly searching for prey across the entire available depth spectrum. Hence, the differences 

in dive behaviour between the two years seem to be more a result of differing vertical 

distribution of prey than of disparate prey availability. 
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Table 5.1. Comparison of foraging and dive parameters of females Snares penguins during the chick
guard stage in 2003 and 2004. Foraging parameters derived from data recorded with GPS loggers, 
diving parameters were determined from data collected with GPS loggers and TDRs, the latter 
deployed in 2003 only (see Methods for details). All values are given as mean±SD and were tested 
for normality (Kolmogorov-Smimov) before statistical comparison. Test results printed bold indicate 
significant differences. 

two-tailed t-test 

2003 2004 t p 

Foraging parameters 

Number ofbirds 5 14 

Travel distance (km) 114.6±23.3 127.5±39.9 -0.81 0.434 

Max. distance from island (km) 71.9±16.2 76.6±22.9 -0.47 0.649 

Trip duration (h) 31.7±4.9 36.9±11.4 -1.29 0.221 

Horizontal travel speed (km/h) 3.6±0.3 3.5±0.7 0.35 0.735 

Diving parameters 

Number of birds 13 15 

Dives* h·1 40.6±6.8 28.5±10.2 3.22 0.005 

Dive time ( s) 56.8±10.6 79.8±16.1 4.51 <0.001 

Bottom time (s) 18.0±3.3 23.8±5.0 3.67 0.001 

Post-dive interval (s) 29.8±12.3 30.0±8.2 0.04 0.965 

Diving effort0 0.66±0.07 0.78±0.02 5.88 <0.001 

Diving efficiencyoo 0.21±0.05 0.22±0.03 0.32 0.753 

Max depth (m) 18.0±4.2 28.9±8.3 4.42 <0.001 

RMD dives (% of all dives )000 34±6 38±8 1.77 0.090 

0 Diving effort = divetime/ ( divetime+post-dive interval) 
00 Diving efficiency= bottom time/ (divetime+post-dive interval) 
000 Repeated Maximum Depth dive= dives that return to the maximum depth±10% of the preceding dive 
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2003 

2004 

Figure 5.1. Distribution of at-sea GPS fixes and extrapolated foraging tracks of females Snares 
penguins foraging during chick-guard 2003 (n = 5 birds) and 2004 (n = 14 birds). Position markers 
coloured grey represent GPS data excluded from analysis (only night time fixes, no dive data). Depth 

is given as 100 m (dashed) and 500 m (solid) contours. 
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2003 

Number of birds (n) 

2004 

0 25 50 km 

Figure 5.2. Total number of occurrences of different Snares penguins per 0.04x0.04° (longitude/ 
latitude; ea. 4x2 km) grid cell during chick-guard stage of the breeding seasons 2003 (n = 5 birds) and 
2004 (n = 14 birds). 
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Figure 5.3a. Spatial distribution of dive behaviour- mean horizontal speed. 
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Figure 5.3b. Spatial distribution of dive behaviour- mean dive time. 
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Figure 5.3c. Spatial distribution of dive behaviour- mean maximum depth. 
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Figure 5.3d. Spatial distribution of dive behaviour- proportion of repeated maximum depth (RMD) 
dives 
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Figure 5.4. Sea surface temperature in November 2004 determined from sensor data of females Snares 
penguins fitted with GPS loggers. Temperature readings between 5 and 10 m depth were considered 
to minimise influence of solar radiation on sensor readings when the penguins were at the surface. 
Contours were compiled from mean temperature values calculated for grid cells used for spatial dive 
analysis (see Fig. 5.2). 
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6. Conservative foraging routes and bottom feeding in Yellow-eyed penguins 

6.1 Introduction 

Foraging in pelagic seabirds often occurs over wide ranges. This is a consequence of a 

variable marine environment. The pelagic food chain relies mainly on the presence of 

nutrients in the upper layer of the water column that fuel primary production (Murphy et al. 

2001). The distribution of nutrients and, hence, phytoplankton and zooplankton at sea depends 

mainly on oceanographic parameters such as currents, temperature and mixing (Jillett 2003). 

The result is a patchy distribution of productivity and ultimately sea bird prey. In response to 

this seabirds often need to travel long distances in order to find food. 

Penguins are a distinct group of seabirds. Despite their flightlessness, penguins are able to 

cover great distances at sea (see Wilson 1995). Penguins are generally considered pelagic 

foragers (i.e. Stonehouse 1975, Williams 1995) and as such have to deal with the variability 

of the marine environment. As a result, penguins are generally very flexible and able to adjust 

their foraging behaviour to the given prey situation, for example by travelling further afield 

(Davis & Renner 2003). 

The Yellow-eyed penguin Megadyptes antipodes is endemic to New Zealand and breeds along 

the South Island's south-eastern coastline, on Stewart Island and on the subantarctic Auckland 

and Campbell Islands (Davis & Renner 2003, see Fig. 6.1). On the mainland penguins benefit 

from year-round oceanic productivity that allows them to stay close to their breeding areas 

throughout the year (Darby & Seddon 1990). During the incubation phase, the penguins are 

rarely at sea for longer than two days (Seddon 1989) and after chicks have hatched the birds 

leave their nests for only 10-15 hours at a time (Edge 1996). Accordingly, a telemetry study 

found that breeding Yellow-eyed penguins foraged within an average 16 km radius from their 

colonies (Moore et al. 1995, Moore 1999). 

Interestingly, Moore (1999) reported furthermore that the penguins retained similar foraging 

patterns on different trips even between years and seemed to concentrate their foraging to 

individual centres of activity. However, the author focused only on the general distribution of 

Yellow-eyed penguins at sea; individual patterns were reported briefly but not discussed. Yet, 
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the consistency of these patterns (as reported in Moore et al. 1995) and the apparently well

defined centres of activity in some birds (see Figs. 8 & 9 in Moore 1999) warrants a more 

detailed consideration of individual data in an ecological context. In retrospect, Moore's data 

suggests a target-oriented foraging strategy in Yellow-eyed penguins that lacks the variability 

of at-sea movements commonly observed in penguins that find their prey in a pelagic 

environment (Wilson 1995). 

The prey ofYellow-eyed penguins comprises primarily ofbenthic fish species (van Heezik 

1990b, Moore & Wakelin 1997). Consistent with this, it has been reported that diving at 

or close to the seafloor is an important component in the Yellow-eyed penguins' foraging 

behaviour (Seddon & van Heezik 1990b, Moore et al. 1995). In comparison to pelagic 

prey, the distribution ofbenthic species is less influenced by hydrodynamic processes (e.g. 

currents), and more related to seafloor substrates and other bottom features such as reefs 

(Mutch 1983, Jiang 2002). A feeding strategy that primarily targets benthic species would, 

thus, depend mainly on the local benthic environment rather than oceanographic parameters 

that usually dictate foraging behaviour in pelagic seabirds. Consequently, the interpretation 

ofYellow-eyed penguin foraging might require a considerably different approach to what is 

known about other penguin species. 

To test whether the Yellow-eyed penguins diving behaviour reflects a primarily bottom 

foraging strategy which facilitates target-oriented movement patterns I studied their diving 

behaviour and at-sea movements with GPS dive loggers. These devices record dive depth 

and geographic position at programmed intervals and provide spatial accuracy and sensory 

precision (see Wilson 2004, Ryan et al. 2004) that can be used for a fine-scaled analysis of 

foraging behaviour with regard to the benthic environment. Additionally, smaller time-depth 

recorders were deployed that record dive data only. My aims were to: a) examine in detail 

at-sea movements and dive behaviour of individual penguins, b) determine the degree of 

consistency of foraging tracks within individuals as well as between paired and unrelated 

individuals, and c) analyse the observed patterns with regard to the marine environment 

utilised by the penguins, with an emphasis on seafloor features and properties. 
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6.2 Methods 

Field work was carried out in two consecutive seasons 2003/04 and 2004/05 at the Bushy 

Beach Scenic Reserve, Oamaru, New Zealand (Fig. 6.1). Here, Yellow-eyed penguins 

breed under dense vegetation on the slope bordering the beach. Bushy Beach represents 

one of the smaller Yellow-eyed penguin colonies on the mainland (1995-2004 average: 7 

nests; D. Houston, unpublished data) and was chosen for this study primarily because of its 

accessibility and the availability of observers to monitor the nests. All penguins at Bushy 

Beach are banded and nests are monitored several times during the breeding season. 

6.2.1 GPS loggers and dive recorders 

98 

In both years I used GPS-dive loggers (GPS-TDlog, earth&OCEAN Technology, Kiel, 

Germany) to record the penguins' at-sea movements and dive behaviour. The GPS-TDlog 

(dimensions: L100xW48xH24 mm, mass: ea. 70 g) contains a GPS receiving unit that 

determines its geographical position through an array of global positioning satellites. The 

interval of position fix acquisition is freely programmable but GPS reception is inhibited 

when the device is submerged and, thus, only available when the penguin is at the sea surface 

(i.e. between dives). For the GPS unit to successfully determine a position fix, a penguin 

needs to stay at the surface for at least 20 s (see Chapter 2). GPS data stored in the memory 

consist of a timestamp, latitude, longitude, HDOP (a measure for fix accuracy) and horizontal 

travelling speed. Position fixes are highly accurate with an average error of <1 0 m for 60% of 

all fixes and <20 m for 90% all fixes (Ryan et al. 2004). Additionally, the GPS-TDlog features 

a precision pressure transducer (resolution: ~0.1 m) to determine dive depth. The sensor was 

programmed to record dive depth at 1 s intervals, while the GPS unit was duty cycled using 

the pressure control function when the penguins were underwater (i.e. the GPS receiver was 

switched off during dives). During periods of inactivity (i.e. when the penguins were not 

diving; e.g. when resting at the surface or on land) GPS data were recorded at 2 min intervals. 

With this setup, battery life was limited to 3-4 days. 

In addition to the GPS loggers, I used Time-Depth Recorders (Wildlife Computers MK9, 
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Redmond, WA, USA). The TDRs are capable of recording dive depth and temperature over 

time, but no spatial information is recorded. Furthermore, in comparison to the GPS-TDlog, 

the MK9's sensor resolution is considerably cruder (depth: 0.5 m). However, the MK9 is only 

about half the size of the GPS-TDlog (dimensions: L67xW17xH17mm, mass: ea. 30 g) and 

battery life is not a limiting factor. As a consequence, I was able to deploy the TDRs over a 

longer period (7 -10 days). 

In the 2003/04 season, I fitted four Yellow-eyed penguins (two males, two females) with 

GPS loggers, and a further three birds (all males) with TDRs. All birds were guarding chicks. 

Deployments occurred between 12 December 2003 and 11 January 2004. The following 

season, 2004/05, only two nests were still active when field work started. I fitted both 

adults from each nest (i.e. four birds) with GPS loggers; no TDRs were deployed. Logger 

deployments that year occurred between 12 and 22 December 2004. GPS loggers were 

deployed for 3-4 days while TDRs were removed after 7-10 days. 

6.2.2 Logger deployment procedures 

All penguins were fitted with the loggers at their nest sites. For deployment, the nest was 

carefully approached by one person and the adult penguin captured, usually with bare hands. 

Directly after capture the bird's weight was determined to the nearest 50 g using a cloth bag 

and spring balances to get an indication of fitness; penguins weighing less than 4500 g were 

considered unfit for deployment. Head and foot length were measured with callipers to 

determine sex. During the device attachment the birds' head was covered with a cloth hood 

to minimize stress. The devices (i.e. GPS loggers and TDRs) were attached with industrial 

adhesive cloth tape (following Wilson et al. 1997) to the penguins' lower back. The entire 

deployment procedure (i.e. capture, measurements, logger attachment, and release) took 

about 15 minutes. For device recovery, the birds were intercepted on their way to the nest 

to avoid unnecessary disturbance of the chicks and the guarding adult at the nest. After 

the deployment, the tape was easily peeled offwithout causing any damage the penguins' 

plumage. Device recovery usually took less than 5 minutes. 
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On land, the weight of a GPS-TDlog accounted for an average 1.4±0.1% of the equipped 

penguins' body mass (mean: 5171±351 g, range: 4600-5600 g, N = 12); the smaller TDR 

accounted for only 0.6±0.04%. According to the manufacturers, both device types are 

neutrally buoyant in water (i.e. weight ~0 g) so that the additional weight can be assumed 
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to have no effect on diving penguins. More important in diving animals, however, is that 

additional drag increases with device size (Bannasch et al1994). The GPS-TDlog's frontal

area accounts for approximately 2.0% of a Yellow-eyed penguin's cross-sectional area, while 

the corresponding frontal-area of a TDR was about 1.4%. GPS-TDlogs feature a streamlined 

Kevlar-housing which reduces drag; to the TDRs I attached streamlined nose-cones to 

enhance their hydrodynamics. 

6.2.3 Data analysis 

All data were processed with custom written software (T. Mattem, unpublished data). 

Positional data obtained from GPS logger deployments were used to plot foraging tracks 

of the penguins. Trip length (i.e. distance travelled) was calculated by summing the linear 

distances between consecutive position fixes of every trip. Dividing trip length and trip 

duration gave the mean horizontal speed. It should be noted that the horizontal speed does 

not represent a penguin's actual swimming speed as this speed calculation does not include 

the bird's vertical movements, nor any horizontal deviations from the linear distance between 

two fixes. The position fix with the furthest distance from a penguin's nest site was used to 

determine the maximum foraging distance for each trip. 

From sensor data several dive parameters were determined, namely: onset and end of a dive 

event, dive time (duration of the dive), duration of descent, bottom time (i.e. time spent 

at depths between 95% and 100% of maximum depth), ascent duration, and surface time 

(i.e. time spent at the surface between consecutive dives). Due to the TDRs' depth sensor 

inaccuracy in the upper 3 m of the water column, dive events could only be accepted when 

depths >3 m were reached. To maintain comparativeness of the data, GPS-TDlog data was 

treated the same way although the depth sensors on those devices were accurate at depths 

shallower than 3 m. Separate foraging trips were easily distinguished as all penguins spent 
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at least five hours on land before leaving for another trip. Exact foraging trip duration was 

determined by calculating the time difference between the onset of the first dive and the end 

of the last dive of every trip. 

Combining GPS and dive data (i.e. spatial extrapolation of dive data along the foraging track) 

allowed us to generate quasi-3D plots to facilitate analysis of dive profiles with regard to 

environmental features of the visited sea area (e.g. bathymetry). However, one has to bear in 

mind, that this does not give an exact three dimensional representation of a penguin's at-sea 

movements as positions between fixes were linearly extrapolated. 

All statistical analysis was carried out in Minitab 14 (Minitab Inc, State College, PA, USA). 

Data were tested for normality using the Kolmogorov-Smirnov test. Comparisons were made 

using two-tailed t-test and one-way ANOVA. Significance was accepted at the a<0.05 level. 

6.3 Results 

Table 6.1 gives an overview ofthe outcome oflogger deployments on Yellow-eyed penguins 

in both seasons. In the 2003/04 breeding season, the four GPS logger deployments (two 

females, two males) at Bushy Beach resulted in GPS data for a total of seven foraging 

trips (Fig. 6.2a). Complete sets of dive data were obtained for six of these trips. The three 

TDR deployments on three males yielded dive data for the entire deployment periods and 

encompassed a total of 17 foraging trips, where two birds made five foraging trips and one 

bird seven trips. In the following season, 2004/05, four deployments ofGPS loggers on four 

adults from two nests resulted in GPS and dive data for five complete foraging trips (Fig. 

6.2b). 

6.3.1 Trip duration and foraging ranges 

In 2003/04, two general types of foraging trips were apparent in all penguins whether GPS or 

TDRs were deployed: one-day trips and evening trips (Table 6.1). During one-day trips, the 

birds left their nests in the morning (generally between 5:00 hrs and 7:00 hrs) and returned 
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after an average 11.5±2.6 hours (range: 9.1 -15.5 hrs) in the evening of the same day. One 

male penguin spent the night at sea and returned after 22.4 hours. On evening trips, the 

penguins left in the afternoon or early evening (between 15:00 hrs and 18:00 hrs) and foraged 

for a mean 4.0±0.9 hours (range: 3.1-5.0 hrs) before returning to their nests shortly before 

nightfall. Evening trips were observed only in males. In the 2004/05 season, only one-day 

trips were recorded (mean duration: 12.9±1.2 hours, range: 11.5- 14.2 hrs), although evening 

trips could have occurred outside of the deployment period. There was little variation in trip 

durations of one-day trips in both seasons (Table 6.1 ). Furthermore, the pooled one-day trip 

GPS data from both seasons did not reveal any obvious differences between sexes in mean 

foraging ranges (females: 17.8±1.5 km, n = 2; males: 18.6±1.0 km, n = 3), travel distance 

(females: 46.6±2.3 km; males: 46.4±4.0 km) or swimming speeds (females: 3.5±0.3 km/h, 

males: 3.7±0.1 km/h). 

Depending upon the trip type, foraging ranges, distance travelled and mean horizontal speed 

varied greatly. On evening trips, penguins foraged between 6.2±0.8 km away from the coast 

and covered distances of an average 15.9±1.2 km, while swimming an average 4.9±0.7 km/h. 

This was considerably faster than the 3.5 and 3.7 km/hI determined for penguins on one-day 

trips in 2003/04 and 2004/05, respectively. 

6.3.2 Patterns of at-sea movements 

The foraging tracks that were reconstructed from GPS data, showed that one-day foraging 

trips can generally be broken down into three stages: a) the outgoing travelling stage during 

which the birds maintain a relatively directional course away from the coast, b) the mid-day 

activity period, which was often marked by frequent course changes, and c) the incoming 

travelling stage, during which the birds again assumed a directional course back towards 

their colony (Fig. 6.3). In some instances, the mid-day activity occurred in well defined 

areas in which the birds remained for up to three hours, before travelling back towards the 

land (Fig. 6.2c). The mean duration of the stages was similar for outgoing and mid-day 

but significantly shorter for the incoming stage (Table 6.2). During the mid-day stage the 

penguins covered the shortest distances and showed the lowest travelling speeds. During 
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the two travelling stages I found no differences in the distances covered (outgoing: 17 .5±3 .4 

km; incoming: 15.9±3.2 km; t
8 

= -0.8, p = 0.45), but travel speeds (outgoing: 3.8±0.4 km/h; 

incoming: 4.9±0.3 kmlh; t
8 

= 5.18, p < 0.01) were significantly higher when the penguins 

returned to the colony suggesting much more travel-oriented behaviour. 

Penguins with GPS loggers that performed more than one trip during the deployment foraged 

along similar routes during the different trips and tended to visit the same areas during their 

mid-day activity. Further, similarities of foraging patterns were apparent between different 

birds and between the seasons (Fig. 6.2a-d). Birds of a pair foraged in the same general areas 

(Fig. 6.2b ). Some tracks revealed remarkable consistencies within individuals but also across 

different birds. On two consecutive one-day trips in 2003, for example, the female penguin 

16900 (Fig. 6.2a&c, red line) travelled along a similar route and concentrated its mid-day 

activity to a small area approximately 20 km offshore. Strikingly, another almost identical 

foraging track to the same area was determined in 2004 for an umelated male (14355, Fig. 

6.2b&c, blue line). 

Other remarkable similarities were apparent in the tracks of the three evening trips that 

were recorded with GPS loggers in 2003/04 (Fig. 6.2d). Here, one male (14355, blue line) 

performed two evening trips on consecutive days. While travelling back towards the coast 

the penguin followed the same route on both days, with parts of the track being virtually 

congruent to another, which suggests a high degree of navigational specificity. At a distinct 

location some 4 km offshore, it markedly changed its course towards its breeding colony. A 

similar course change at the same location was also found in another male on an evening trip 

a week earlier. During a seafloor survey with scuba gear I found that the location of the course 

changes coincides with the existence of a small (2 m x 50 m) limestone reef protruding ea. 0.5 

m from the otherwise featureless sand bottom and it seems likely that this feature represented 

a navigational cue for both birds. 
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6.3.3 Diving behaviour 

After analysis of dive data recorded with GPS loggers and TDRs, dive parameters were 

compared with regard to device type but no significant differences were found (GPS vs. TDR; 

events*h-': 22±3 vs. 22±2, t
7 

= -0.14, p = 0.895; dive time: 112.5±13.1 s vs. 117.5±4.4 s, 

t
7 

= -0.84, p = 0.895; max depth: 24.6±2.5 m vs. 25.7±0.2 m, t
7 

= -1.13, p = 0.308; bottom 

time: 66.8±10.6 s vs. 68.2±4.1 s, t
7 

= -0.28, p = 0.785; post-dive interval: 54.5±9.4 s vs. 

46.3±8.1 s, t
7 

= 1.35, p = 0.247). Therefore, TDR and GPS data from 2003/04 were pooled 

according to trip type. Dive behaviour recorded during evening trips differed greatly from 

one-day trips (Table 6.1). On one-day trips, however, the penguins' at-sea behaviour showed 

little to no variation between seasons 2003/04 and 2004/05; none of the variation in foraging 

and diving parameters proved to be significant. 

On one-day trips, the penguins' dive behaviour reflected the three foraging stages (Fig. 6.3). 

Diving parameters differed significantly between the three phases of the foraging trips (Table 

6.2). Dive frequencies increased over the three stages. Accordingly, the duration of dives 

during the three stages decreased from the first to the last stage. Bottom times were shortest 

when the birds travelled back towards the coast. This was due to the increased frequency 

of non-bottom dives during the incoming stage (Fig. 6.4). Non-bottom dives were usually 

shallow (<10 m) with low ascent (0.4±0.1 m/s, calculated from individual means, n = 6) and 

descent rates (0.3±0.1 m/s). This implies shallow dive angles so that the duration of descent 

and ascent is prolonged, which effectively reduced the amount of bottom time. 

Dive parameters of evening trips differed from the longer one-day trips. Overall, the dive 

frequency of birds performing the short evening trips was significantly higher than what was 

observed during one-day trips (Table 6.1 ). The maximum depth was lower, which was to be 

expected given the much shorter foraging range during evening trips did not permit the birds 

to reach deeper waters further offshore. Despite shallower dive depths, dive times and bottom 

times were significantly shorter during evening trips. Furthermore, dive distances on evening 

and one-day trips determined for penguins with GPS loggers were similar (Table 6.1 ). 
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6.4 Discussion 

6.4.1 Foraging ranges and trip types 

The foraging ranges, travel distances and trip durations I determined lay within range of what 

has been reported before in Yellow-eyed penguins (Moore 1999). According to data in Moore 

et al. (1995), evening trips were also observed during their radio telemetry study, although the 

authors did not distinguish between trip types which might have biased their figures towards 

shorter foraging ranges. 

The benthic environment closer to the shore and within range of penguins on evening trips 

( <7 km from the shore) differs considerably from the mid-shelf areas that the penguins visited 

during one-day trips (12 to 20 km from the coast). The inshore ranges off Bushy Beach are 

characterized by a largely uniform sandy bottom that is interspersed by an array of short and 

shallow, coast-parallel limestone reefs. Shingle patches in the vicinity ofthese reefs were 

found to be attractive for bottom dwelling fish species such as blue cod, Parapercis colias 

(Graeme Loh, unpublished data), a species that reportedly occurs frequently in the diet of 

Yellow-eyed penguins that forage close to the coast (Moore & Wakelin 1997). 

The mid-shelf areas coincide with the productive Southland Current that transports subtropical 

water northwards along the coast (Jillett 2003). The Southland Current is characterised 

by high productivity (Jillet 1976) and is an important foraging area for numerous pelagic 

seabird species (e.g. O'Driscoll et al. 1998, Waugh et al. 2002, Spencer and Darby 2003). 

The sea:floor in the areas visited by the Yellow-eyed penguins reflected this productivity. It is 

densely colonised with horse mussels, Atrina zelanidca, (G. Loh, unpublished data) which 

provide substrate for settlement of sponges and soft corals and, thus, considerably enhance the 

biodiversity of an area (Cummings et al. 1998). This in turn is likely to provide Yellow-eyed 

penguins with a wider range of prey species and perhaps food ofhigher nutritional quality 

than found further inshore (van Heezik 1990b). 

Interestingly, Moore et al. (1995) found that evening trips were only observed during chick 
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guard stage whereas in the post-guard stage of chick rearing only one-day trips occurred. 

Accordingly, it can be assumed that evening trips do not provide enough food to meet the 

growing food demands of the chicks in post-guard (Williams 1995, Davis & Renner 2003). 

6.4.2 Consistency of foraging patterns 
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Foraging tracks compiled from GPS data revealed some remarkably consistent foraging 

patterns. Yellow-eyed penguins that performed two foraging trips during the deployment of 

GPS loggers all showed a high level of stereotypy in their at-sea movements. Regardless of 

trip type (i.e. one-day trip or evening trip) birds revisited locations on consecutive trips, in 

some cases travelling similar routes to and from these locations and, in the case of the bird 

performing two evening trips (Fig. 6.2d, blue line), even travelling along congruent paths 

on both trips. This extends the information in Moore (1999), who found that Yellow-eyed 

penguins from the Otago Peninsula retained foraging ranges and travel directions between 

foraging trips but also between years. 

Moore (1999) raised the question whether such habitual foraging patterns reflected the birds 

favouring particular areas or were a result of similar headings the birds take to sea each 

day. Considering the concentration of position fixes in particular areas that I observed in 

individuals on consecutive trips, these show that penguins deliberately re-visit certain areas. 

Presumably, the attraction of these areas is related to prey occurrence and abundance. The fact 

that different, unrelated birds shared the same centre of activity in different years (Fig. 6.2c, 

red line) suggests that the attractiveness of such locations is not temporary but persistent. 

Another interesting fact is that paired birds exhibited similarities in their foraging directions 

and at-sea movements. It could be hypothesised that these similarities are a result of shared 

experience, for example through cooperative foraging episodes prior to breeding. Cooperative 

foraging has been recorded in at least two penguin species, namely Rockhopper penguins, 

Eudyptes chrycosome jilholi, (Tremblay & Cherel 1999) and Little penguins, Eudyptula 

minor, (T. Mattern, unpublished data). On the other hand, deployments ofGPS loggers on 

Yellow-eyed penguin pairs at the Otago Peninsula in December 2004 did not reveal any 
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obvious similarities of at-sea movements in paired birds (Mattern et al., unpublished data). 

Overall, the stereotypic routes used by individuals on different foraging trips and the 

consistency of movement patterns between individuals and years suggest that Yellow-
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eyed penguins target areas that feature a predictable abundance of prey items. It is unlikely 

that such a foraging strategy would be viable if these prey species were exposed to the 

hydrodynamic influence of currents in the middle and top layers of the water column (Wilson 

1991). The Yellow-eyed penguins' preference for demersal, bottom-dwelling prey species 

facilitates a strategy of learned and retained foraging patterns. 

6.4.3 Exclusive bottom feeders 

Several studies concluded that bottom feeding behaviour is an important component of the 

Yellow-eyed penguins' foraging strategy (van Heezik 1988, Seddon & van Heezik 1990b, 

Moore et al. 1995, Moore & Wakelin 1997). My data suggest that bottom foraging is more 

than just a component. The proportion ofbottom dives particularly on one-day trips (~87% 

of all dives) shows that the Yellow-eyed penguins from Bushy Beach feed predominantly, if 

not exclusively, at the bottom. Non-bottom dives occurred mainly during the very early stages 

and during the last three hours of the trips (Fig. 6.4) and as such primarily represent travelling 

dives, during which the birds cover larger distances. In some individuals, non-bottom dives 

were rare at all stages of the foraging trip (Fig. 6.3). But despite bottom diving behaviour 

during the return, these birds covered the distances to their colony considerably faster than 

when they headed offshore in the morning, indicating a directional orientation of their dives 

consistent with them being primarily for travelling. 

Moore et al. (1995) used dive recorders to determine dive depths ofYellow-eyed penguins 

from the Otago Peninsula and from a second location further south (Catlins, see Fig. 6.1). The 

continental shelf at both locations is considerably deeper. Nevertheless, these Yellow-eyed 

penguins performed mainly bottom dives even though they were foraging in water depths 

ranging from 80-120 m in the Catlins. Moore et al. (1995) also stated that they observed 

mid-water dives sometimes occurring for long bouts and diet studies found that the penguins 
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occasionally took non-demersal prey species (van Heezik 1990b, Moore & Wakelin 1997). 

However, from the dive data I recorded, it appears that mid-water feeding in Yellow-eyed 

penguins is the exception rather than the rule - at least at Oamaru. 
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Bottom foraging is limited to penguin species that at least occasionally search for prey in 

shallow coastal waters (Wilson 1991 ). Bottom foraging has been reported for Rockhopper 

penguins (Tremblay & Cherel2000), Gentoo penguins, Pygoscelis papua, (Robinson and 

Hindell 1996), Chinstrap penguins, Pygoscelis antarctica, (Takahashi et al. 2003) and 

Emperor penguins, Aptenodytes fosteri, (Robertson et al. 1994). However, none of these 

appear to have developed an exclusive bottom feeding strategy as I observed in Yellow-eyed 

penguins. With the exception of the Gentoo penguins, these species are considered offshore 

feeders (Croxall & Davis 1999) and as such generally forage for pelagic prey in deep waters 

(Davis & Renner 2003). Accordingly, bottom foraging in these other species apparently 

represents a localized behavioural adaptation to the specific environment (e.g. Robertson et al. 

1994, Tremblay & Cherel2000). 

While benthic prey taken by the inshore foraging Gentoo penguin in its northern range, 

pelagic prey such as krill forms the major part of this species' diet further south (Claussen 

& Piitz 2002, Claussen & Piitz 2003, Davis & Renner 2003). The latitudinal differentiation 

is believed to be primarily a function of seasonality in high latitudes while food availability 

is more consistent year-round in lower latitudes (Croxall & Davis 1999). The Yellow-eyed 

penguins' southern distributional limit (i.e. the subantarctic Campbell and Auckland Islands, 

see Fig. 6.1) is further north than the Gentoo penguins' range. The influence of seasonality 

is likely to have less impact on the abundance of inshore prey around the Camp bell and 

Auckland Islands than in the areas frequented by Gentoo penguins and, as such, might allow 

Yellow-eyed penguins to employ a bottom feeding strategy at these locations as well. This 

would also explain, why the Yellow-eyed penguin is absent from other subantarctic islands 

within its latitudinal range that have little continental shelf, such as the Antipodes and Snares 

Islands (Smith 1987). 
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6.4.4 Diving behaviour during different trip stages 

In the light of their almost exclusive bottom foraging behaviour, the Yellow-eyed penguins 

exhibited surprisingly low overall descent and ascent rates. If all dives during a trip are 

considered, the penguins spent almost two-thirds of their dive time transiting between surface 

and bottom (Table 6.1). Theoretically, in order to maximise bottom time and consequently 

feeding time, bottom foragers should attempt to keep the time spent in transit at a minimum 

(Wilson & Wilson 1988, Tremblay & Cherel2000). As a consequence, descent and ascent 

rates should be high rather than low. The ascent and descent rates I determined for entire trips 

appear surprisingly inefficient (Table 6.1). However, median descent (1.4 m/s) and ascent 

rates (1.2 m/s) were significantly higher during mid-day activity indicating a higher foraging 

effort at the penguins' trip destinations (Table 6.2). In this stage, transit rates were comparable 

with what has been reported for Rockhopper penguins during benthic dives (E. chrysocome 

filholi- descent rate: ~ 1.6 m/s, ascent rate: ~ 1.3 m/s; Tremblay & Cherel 2000). In other 

words, Yellow-eyed penguins performed the most efficient bottom dives after they arrived in 

the presumably productive feeding areas that were further offshore. 

The question remains why the Yellow-eyed penguins' diving behaviour was inefficient 

according to the principle of minimised transit times (Wilson & Wilson 1988). However, 

this principle only applies under the assumption that the primary aim of every bottom dive 

is to forage for food. The long descent durations during the Yellow-eyed penguins' outgoing 

and incoming stages implies shallower descent and ascent angles so that the penguins cover 

horizontal distances while transiting to the bottom. Thus, bottom dives during outgoing and 

incoming possibly serve two purposes - to travel and search for prey at the same time. 

Interestingly, dive parameters during both travelling stages also differ (Table 6.2). Overall 

it appears as if the penguins were more likely to exhibit 'real' travelling behaviour when 

returning to the colony: the frequency of non-bottom dives increased markedly (Fig. 6.4), 

dive and bottom times were shorter and horizontal travelling speed was higher (Table 6.2). 

This can be interpreted as higher search effort while travelling away from the coast, whereas 

during the incoming stage the emphasis of dives lies with travelling- even if these dives still 
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go down to the bottom. 

Considering the prevalence ofbottom dives during all stages of the trip and the consistency of 

foraging routes, it is likely that bottom dives are also utilised by the penguins for the purpose 

of navigation. 

6.4.5 Navigation by bottom features? 

The occurrence of reefs or similar bottom features triggers behavioural responses in Yellow

eyed penguins such as course changes (Fig. 6.2d). In one case a penguin even followed 

exactly the same course on separate trips (Fig. 6.2d, blue line). This implies a high level of 

fine-scaled navigation skill. 

Little is known about navigation in penguins or seabirds in general. Although olfactory 

(Verheyden & Jouventin 1994, Nevitt 2000) and magnetic orientation (Benhamou et al. 

2003a) have been considered, it is currently believed that seabirds rely largely on visible cues 

(e.g. sun/star compass, wave patterns) for navigation (Mouritsen et al. 2003, Benhamou et 

al. 2003b ). While the apparent scarcity of visual cues in the offshore oceanic environment 

suggest additional, non-visual means of route finding, species that forage in coastal waters 

presumably can use the skyline of landmasses to take their bearings. 

In the case of bottom-diving Yellow-eyed penguins, the sea:floor provides additional features 

for navigation. The sea:floor off Bushy Beach has a heterogenic appearance consisting of 

areas of silica sand and shingle patches that are interspersed by shallow limestone reefs with 

adjacent gravel fields (G. Loh, unpublished data). Substrate changes and, related to that, 

localised abundance of prominent flora such as bull kelp certainly represent underwater 

landmarks available for orientation. Orientation by landmarks has recently been proved 

to be an important component in the route finding abilities of homing pigeons (Lipp et al. 

2004, Biro et al. 2004). Homing pigeons use stereotyped but individual routes over familiar 

landscapes and it has been suggested that the birds might utilize memorized landscape maps 

for navigation (Meade et al. 2005). The fact that Yellow-eyed penguins remain resident in 

their breeding location throughout the year (Darby & Seddon 1990) and, thus, forage in the 
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same sea areas for years would allow for the development of navigation skills comparable to 

those described for homing pigeons. 

6.5 Conclusions 

The foraging strategy employed by Yellow-eyed penguins from Oamaru is quite unusual 

for a member of the Sphenisciformes, a family which is often described as being pelagic 

(e.g. Williams 1995). Stereotypic foraging patterns and exclusive bottom feeding seem 

to contradict this notion. Yet the penguins' diving abilities allow them to exploit a marine 

environment that is too deep and, thus, largely inaccessible for typical coastal bottom feeding 

seabird species (e.g. cormorants and shags, Phalacrocoracids, Wilson 1991). In essence, 

Yellow-eyed penguins exhibit a foraging strategy of a coastal seabird in an environment that 

is generally utilised by pelagic seabirds. 

Stereotypic foraging over the course of years and exclusive bottom foraging suggest a high 

level of specialisation and requires a high degree of stability and predictability in the marine 

environment. Ultimately, however, it raises the question whether Yellow-eyed penguins are 

able to adjust their behaviour to compensate for perturbation in the marine environment as 

efficiently as other pelagic seabirds. 
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Table 6.1. Foraging and diving behaviour ofYellow-eyed penguins recorded at Bushy Beach in 

the breeding seasons of2003/04 and 2004/05. All foraging and diving parameters are given as 

means±SD that derived from individual means if the birds performed more than one foraging trip 

during logger deployment. Max depth is the mean value of the single deepest dive recorded for each 

bird. Differences in dive parameters determined for short-term and one-day trips in 2003/04 were 

statistically compared using Student's t-test. Values printed bold highlight significant differences. 

Similar comparisons were also conducted for one-day trip data recorded in both seasons, but 

differences proved non significant for any of the parameters and test results were, thus, omitted from 

the table. 

2003/04 2004/05 

evening one-day t8 p one-day 

General parameters 

No ofbirds 5 5 4 

Total no of trips 11 11 5 

Mean trip duration (h) 4.0±0.9 11.5±2.6 6.15 <0.01 12.9±1.2 

Foraging parameters (only GPS) 

No ofbirds 2 2 4 

Max. range (km) 6.2±0.8 17.5±2.5 18.2±1.1 

Distance travelled (km) 15.9±1.2 47.5±1.8 46.0±3.0 

Horizontal speed (km/h) 4.9±0.7 3.5±0.3 3.7±0.2 

Dive distance (m) 161.1±18.3 166.6±4.9 162.9±37.9 

Diving parameters (all birds) 

Dives per trip 108±15 246±39 7.26 <0.01 286±66 

% bottom dives 71.6±6.7 86.6±6.7 0.28 0.79 91.5±2.1 

Dive frequency (dives/h) 27.2±2.5 21.6±1.8 -3.96 <0.01 22.2±3.2 

Surface time (s) 45.1±7.7 52.1±9.9 1.42 0.19 51.2±10.3 

Dive time ( s) 85.7±5.8 115.4±9.7 6.37 <0.01 112.6±13.5 

Mean depth (m) 15.8±1.5 25.2±1.7 9.61 <0.01 24.5±2.7 

Max depth (m) 28.1±6.3 41.1±2.9 9.55 <0.01 38.4±8.2 

Descent duration (s) 17.3±2.1 21.7±1.7 3.72 <0.01 20.4±3.2 

Bottom time (s) 47.1±2.9 66.6±8.7 4.75 <0.01 68.1±9.8 
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Table 6.2. Foraging and diving behaviour ofYellow-eyed penguins during different stages of one-day 

foraging trips recorded in 2003/04 and 2004/05. Pooled data from both seasons (N = 5 penguins). Trip 

stages are defined as seaward movement (outgoing), activity at foraging destination (mid-day) and 

shoreward movement (incoming); see Results for details. Statistical comparison was done using one

way ANOVA. Values printed bold highlight significant differences. 

Foraging trip stage AN OVA 

outgoing mid-day mcommg F212 p 

Distance covered (km) 17.6±3.4 12.3±7.6 15.9±3.2 1.36 0.29 

Duration (h) 4.7±1.2 4.7±2.5 3.3±0.7 1.25 0.32 

Travel speed (km/h) 3.8±0.4 2.5±0.7 4.9±0.3 32.71 <0.01 

Dive frequency (dives/h) 18.6±3.1 21.4±3.3 30.1±5.5 10.65 <0.01 

Dive distance (m) 191.8±25.3 141.5±28.4 172.3±34.0 3.80 0.06 

Surface time (s) 76.7±25.9 53.4±13.9 31.4±7.3 8.38 <0.01 

Dive time (s) 124.7±9.9 117.2±14.9 91.8±19.2 6.45 0.01 

Bottom time (s) 81.8±13.9 99.4±58.1 69.1±20.1 0.87 0.44 

Dive depth (m) 22.3±3.2 35.2±9.0 18.6±4.8 10.87 <0.01 

Descent rate (m/s) 0.9±0.1 1.4±0.2 0.8±0.2 14.35 <0.01 

Ascent rate (m/s) 0.8±0.1 1.2±0.2 0.6±0.2 19.14 <0.01 
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Figure 6.1. The breeding range ofYellow-eyed penguins, Megadyptes antipodes. Main breeding areas 
are coloured dark grey. The mainland sites with highest nest densities - Otago Peninsula and Catlins 
- are indicated by arrows. In main graph, solid lines indicates the 100 m depth contour, 500 m contour 
is shown as dashed line. Inset provides an overview of the study site, Bushy Beach, Oamaru. Here, 
depth contours are given as 10 m isolines. 
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Figure 6.2. Foraging tracks ofYellow-eyed penguins in the breeding seasons 2003/04 (A) and 2004/05 
(B). All graphs feature 10 m depth contours as grey dotted lines . Track colours reflect individual 
penguins; tracks recorded for the same individual on separate days are given as solid (first trip) and 
dashed (second trip) lines. Graph C gives a detailed view of the movement patterns oftwo different 
birds in different seasons with identical centres of foraging activity (red lines- 16900, 2003/04; blue 
line- 14355, 2004/05). Graph D shows three evening trips (duration <4 h) performed by two unrelated 
birds in December 2003. Anow indicates the location where both birds markedly changed their 
swimming course towards the colony, and marks the approximate location of a 50 m long limestone 
reef at the sea floor. 
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Figure 6.3. The anatomy of a Yellow-eyed penguin's one-day foraging trip (bird id: 14355, trip date: 
20. 12. 2004, blue line Fig 6.2b&c). Top graph gives a quasi-3D illustration of the foraging trip (see 
Methods for details). Dotted lines represent 10 m depth contours. Middle graph shows the according 
dive profile, where the majority of dives represent bottom dives so that the overall dive pattern reflects 
the seafloor's depth profile. Black bars alongside track in top graph and above middle graph labelled 
a-c indicate sections of the dive profile that are given in detail in the bottom graph. All three sections 
encompass 22 minutes of diving activity during a) outgoing stage, b) mid-day activity and c) during 
incoming stage. Note the differences in dive duration at similar depths between a) and c). 
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Figure 6.4. Frequency of non-bottom dives during evening and one-day foraging trips performed by 
Yellow-eyed penguins from Bushy Beach, Oamaru. Trip length is given as relative measure(% of total 
trip length), data is pooled in 5% segments. Average trip lengths± standard deviation is given at the 
top of graph. 
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7 Plasticity in foraging behaviour ofYellow-eyed penguins 

7.1 Introduction 

In comparison to flying seabirds, penguins face considerable limitations in their foraging 

ranges. This is especially true during the breeding season, when nesting routines call for 
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a regular return to the nest site, either to take over incubation of eggs or to feed the chicks 

(Davis & Renner 2003). Two general foraging strategies can be distinguished in penguins. 

Offshore foragers generally find their food in a pelagic environment, tend to travel greater 

distances and stay longer at sea, particularly during the incubation phase. Inshore foragers 

usually forage in the neritic or near-shore parts of the ocean, stay closer to their breeding sites 

and generally return to their nest sites more frequently (Croxall & Davis 1999). Although 

penguin species can be distinguished as either typical inshore or offshore foragers, the 

strategy employed is not fixed within a species. The foraging behaviour ultimately depends on 

the food availability within reach of their breeding sites (Williams & Rothery 1990). If prey is 

scarce penguins have been known to extend their foraging ranges to enhance their chance of 

encountering prey. Under these circumstances, inshore foragers may exhibit offshore foraging 

patterns (Davis & Renner 2003). 

For instance, Little penguins Eudyptula minor show all the hallmarks of an inshore foraging 

species: during the breeding season they perform short foraging trips and stay within a 20 km 

radius from their breeding sites (Weavers 1992, Mattern 2001). Yet, in some areas variable 

and sub-optimal prey conditions can force Little penguins to increase their diving effort 

(Mattern 2001) or to forage further away and stay absent from their nest for several days 

(Numata et al. 2000) and, thus, adopt a strategy usually attributed to offshore foragers. 

The Yellow-eyed penguin Megadyptes antipodes is another typical inshore forager that 

usually forages within 30 km of its breeding location (Moore 1999). Moreover, Yellow-eyed 

penguins seem to be conservative foragers that not only stay within a given range but also 

travel along certain individual routes and search for food at distinct locations at sea. Such 

stereotypic foraging patterns are not limited to individuals or certain times but are apparent 

between different birds and can be observed in different years (Chapter 6). These patterns 

are facilitated by the Yellow-eyed penguins' predominant bottom foraging behaviour, during 



7. Plasticity in foraging behaviour ofYellow-eyed penguins 120 

which the birds use benthic features such as reefs for navigation and exploit certain localities 

at sea that feature diverse epibenthic communities (Chapter 6). In this light, it is perhaps not 

surprising that the diet ofYellow-eyed penguins comprises demersal fish species that are 

available year-round (van Heezik 1990b, Moore & Wakelin 1997). Overall, the Yellow-eyed 

penguins' conservative foraging patterns suggest specialisation to a marine environment that 

not only offers a stable supply of food but also a spatially predictable distribution of prey. 

This, in turn, raises the question whether such a specialisation could have compromised the 

species' behavioural flexibility to compensate for adverse prey availability at their accustomed 

feeding sites. 

Yellow-eyed penguins breeding on adjacent Stewart and Codfish Island offer a good 

opportunity to study the plasticity of the species' foraging behaviour. Along the north-eastern 

coastline of Stewart Island, the Yellow-eyed penguins' breeding outcome each year is poor 

(0.4-0.7 chicks fledged per nest in seasons 2003-2005) and chick mortality is high, primarily 

due to starvation (King 2006). In contrast, conspecifics from neighbouring Codfish Island 

show a considerably higher breeding success (1.0-1.2 chicks fledged per nest) with chick 

starvation apparently having a minor impact on reproductive success (King 2006). As chick 

starvation if often an indicator of insufficient prey supply (Darby & Seddon 1990, Numata 

et al. 2004), it seems reasonable to assume that the penguins from Stewart Island might be 

having to cope with a sub-optimal prey situation. If the penguins try to compensate for such 

a situation, this might be reflected in their foraging behaviour, especially when compared 

to Codfi-sh Island birds: in response to a poorer food supply Stewart Island birds could 

potentially exhibit extended foraging ranges and/or higher diving effort (Davis & Renner 

2003). To investigate whether such tendencies were apparent, we studied the foraging ranges 

and diving behaviour ofYellow-eyed penguins from both locations using GPS dive loggers. 
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7.2 Methods 

We studied the foraging behaviour of breeding Yellow-eyed penguins during the post-

guard stage of the breeding season 2004/05 (henceforth referred to as "post-guard stage 

2004", Stewart Island only), the chick-guard (Stewart and Codfish Islands) and post-guard 

stages (Codfish Island only) of 2005/06. Both locations are part of an ongoing monitoring 

programme ofYellow-eyed penguin breeding success to assess the impact of cat predation on 

penguin numbers (Blair 2004). 

7.2.1 Study sites 

On Stewart Island, field work was conducted between 7-21 January 2005 (post-guard season 

2004) and 15 November- 2 December 2005 (chick-guard season 2005) at two sites: Golden 

Beach (46°48'S, 168°01 'E) and Rollers Beach (46°46'S, 167°59'E, Fig. 7.1). The number 

of breeding pairs at both sites is limited compared to other breeding areas on the mainland or 

adjacent islands. In both seasons, a total of six Yellow-eyed penguin nests at Golden Beach 

and seven nests at Rollers Beach were found (King 2005). Apart from the low numbers, poor 

access to some nests also limited logger deployments on Stewart Island. 

Fieldwork on Codfish Island was conducted between 7-28 December 2005 (late chick-guard 

and early post-guard). The main breeding site ofYellow-eyed penguins on Codfish Island 

is the greater Sealers Bay area (46°45'S, 167°38'E, Fig. 7.1). Here, nest numbers (27 nests; 

Mattem & Ellenberg, unpublished data) and accessibility made logger deployments easier. 

7.2.2 Data loggers 

We studied the foraging behaviour of adult breeding penguins with GPS dive loggers 

(earth&OCEAN GPS-TDlog; dimensions: L100xW48xH24 mm, mass: ea. 70 g) that contain 

a GPS receiving unit to determine geographical position (accuracy: ±10 m for most fixes, 

see Ryan et al. 2004) as well as a high-precision depth (resolution: ~0.1 m) and temperature 

sensors (resolution: ~0.005°C). The loggers were programmed to store a GPS position after 
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each dive ("upon resurfacing") and continuously record depth and temperature data at 1 s 

intervals. Battery life of the GPS loggers was limited to 3-4 days and, accordingly, devices 

were recovered within 4 days after deployment. 
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For deployment, penguins were captured at their nests. The entire handling procedure 

involved weighing the bird to the nearest 50 g using a spring balance, measuring head and 

foot length to determine sex (following Setiawan et al. 2004), and logger attachment. The 

instruments were attached with industrial adhesive cloth tape ("TESA" -tape method, Wilson 

et al. 1997) to the penguins' lower back to minimize drag. The total handling time (i.e. from 

capture to release of the bird) ranged from 10 to 12 minutes. For device recovery, penguins 

were either recaptured at their nest sites or intercepted en route to their nests. Handling time 

for the recovery procedure ranged between 4-5 minutes. 

During the post-guard stage 2004 (i.e. January 2005), three adult penguins (2 males, 1 female) 

from different Golden Beach nests were fitted with GPS loggers. During the early chick-guard 

stage 2005 (i.e. November 2005), loggers were deployed on five adult penguins breeding at 

Golden Beach (2 males, 1 female) and Rollers Beach (2 females). On Codfish Island, a total 

of 10 birds were handled for logger deployments, but only nine of these actually were fitted 

with a device (5 males, 4 females); the tenth bird (female) was found to be too light (<4.5 kg) 

and was released after weighing. All nine successful deployments were made between 7 and 

23 December 2005; the last three occurring during the early post-guard stage. 

7 .2.3 Data analysis 

GPS data recorded during foraging trips were used to calculate travel distance (sum oflinear 

distances between consecutive GPS fixes), foraging range (distance between nest site and 

position fix furthest away), and mean horizontal travelling speed. 

Dive data were analysed with custom-made software (T. Mattem, unpublished data). Dive 

events were accepted when the birds reached depths >0.5 m. Each dive event was analysed 

with regard to the duration of descending, bottom and ascending phases. Start and end of the 

bottom phase was defined when the penguins' vertical speed became <0.2 m/s after linear 



7 Plasticity in foraging behaviour ofYellow-eyed penguins 123 

descend from and >0.2 m/s before linear ascend to the surface. Additional dive parameters 

calculated were dive time, bottom time and post-dive interval. From these values, diving 

effort (dive time/[ dive time+post-dive interval]) and diving efficiency (bottom time/[ dive 

time+post-dive interval]) were calculated. The shape of the dive profile was used to determine 

whether dives were benthic dives or mid-water dives. Benthic dives typically have a trapezoid 

shape (i.e. steady descend followed by a bottom phase with small vertical amplitude followed 

by steady ascent) and usually occur in series of dives with uniform maximum depth that lack 

deeper dives (see Chapter 6). 

For comparisons, dive data from each site were pooled. If more than one foraging trip was 

recorded for a penguin, means of its dive parameters were used. Due to the small sample 

size, data were not separated with regard to sex. Besides comparing foraging parameters 

between Stewart and Codfish Island, other site-specific comparisons were made with 

regard to differences between the chick-guard and post-guard stages. Averages are given as 

mean±standard deviation and statistical comparisons were performed using Student's two

tailed t-test after testing for normality (Kolmogorov-Smirnov test). Statistical significance was 

accepted at the a<0.05 level. 

7.3 Results 

During post-guard stage 2004, three Stewart Island birds performed a total of six foraging 

trips. One ofthese bird made two short foraging trips (duration: 6.6 and 4.7 hours) on a 

single day, the data of which were combined and treated as a single one-day trip for ease 

of comparative analysis. Due to GPS malfunction, another bird returned dive data only. 

During chick-guard stage 2005 a total of nine foraging trips were recorded for four Yellow

eyed penguins from Stewart Island. One bird undertook two consecutive foraging trips that 

revealed aberrant foraging and diving patterns when compared to the other penguins (see 

below). To avoid an undue bias, this bird's foraging data were treated separately and not 

included in the comparison between the sites. 
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On Codfish Island, six chick-guarding penguins performed a total of 13 foraging trips. The 

three deployments of GPS loggers in post-guard stage on Codfish Island penguins yielded 

GPS and dive data for one foraging trip per bird. 

7.3.1 Foraging patterns 
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Areas utilised by foraging penguins from Stewart Island did not overlap with those of Codfish 

Island birds (Fig. 7.1 ). The Stewart Island birds generally remained in shallow water ( <20 m) 

within 8 km from the coast. The penguins either foraged by taking a northerly course parallel 

to the coast, swam due north or stayed in an area west to north-west of their breeding area 

(Fig. 7.1 detail). The foraging tracks of Stew art Island birds- particularly of birds following 

the coast or travelling due north- showed a considerable degree of overlap. Similarities 

were particularly apparent in tracks of individuals performing multiple trips, but were also 

noticeable amongst different birds. Similarity of tracks was, furthermore, independent of 

stage ofbreeding, i.e. post-guard birds foraged in the same general areas as chick-guarding 

penguins (cfblack and grey tracks, Fig. 7.1 detail). 

In contrast, tracks of Codfish Island birds appear much more dispersed. The penguins ranged 

up to 22 km offshore into Foveaux Strait. While chick-guarding penguins primarily foraged 

in deeper waters (40-60 m) between the northern Stewart Island coast and central Foveaux 

Strait, all three post-guard penguins crossed the Strait and foraged in shallow waters ( <25 m) 

ofTe Waewae Bay (Fig. 7.1). 

7.3.2 Foraging parameters- Stewart Island vs. Codfish Island 

Table 7.1 gives a comparison of foraging and diving parameters of Yellow-eyed penguins 

from Stewart and Codfish Island. During chick-guard stage, Stewart Island birds performed 

significantly shorter foraging trips than birds from Codfish Island. These differences are 

reflected in foraging ranges, distances travelled and travelling speeds, with Stewart Island 

birds staying much closer to their breeding sites and covering shorter distances at lower 

horizontal speeds than penguins from Codfish Island. Nevertheless, one of the first penguins 
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from Codfish Island fitted with a GPS logger in early December (i.e. mid-chick-guard stage) 

performed one foraging trip during which it foraged not further than 6 km away from the 

island and returned after seven hours at sea, exhibiting a foraging pattern similar to penguins 

from Stewart Island. However, during its next trip the bird stayed at sea for longer (ea. 22 h) 

and ranged further away from the island (ea. 27.5 km) which is similar to what was observed 

in the other Codfish Island birds. 

Other differences between Stewart Island and Codfish Island birds are apparent during the 

post-guard stage (Table 7.1). Three penguins from Codfish Island performed long over-night 

trips during which all of them crossed Foveaux Strait and foraged in Te Waewae Bay some 55 

km away (Fig. 7.1). In contrast, post-guard penguins from Stewart Island returned to their nest 

sites in the evening and exhibited significantly shorter foraging ranges and travel distances 

(Table 7.1). 

7.3.3 Foraging parameters- chick-guard vs. post-guard 

A comparison of foraging parameters with regard to the breeding stages at each site reveals 

that on Stewart Island post-guard penguins forage significantly longer than during chick

guard (see Table 7.1; chick-guard vs. post-guard: t
5
= -4.18, p = 0.025) while foraging 

ranges (t
5
= -0.09, p = 0.941), travel distance (t

5
= -2.05, p=0.289) and travel speeds (1

5
=0.19, 

p=0.877) are similar. Some aspects of the penguins' diving behaviour also differed between 

both stages, suggesting that penguins invest more energy into diving during post-guard stage. 

The proportion ofbenthic dives was significantly higher (t
5
= -6.37, p = 0.024) and dive 

times were much longer (t5
= -30.47, p < 0.001) during the post guard stage. At this stage, 

the penguins also descended considerably faster (t
5
= -3.96, p = 0.029) which also reflects in 

longer bottom times. 

On Codfish Island, foraging and diving parameters also varied between the chick-guard and 

post-guard stages, but in a different manner. Unlike conspecifics from Stewart Island, all 

three post-guard birds from Codfish Island exhibited significantly longer foraging ranges (see 

Table 7.1; chick-guard vs. post-guard: t
8
= -7.67, p = 0.005) and travel distances (t

8
= -4.66, 
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p = 0.043) when compared to chick-guard penguins. Trip duration differed greatly although 

no statistical significance was detected (t
8 

= -3.80, p = 0.063) due to the small sample size and 

considerable variation in the three post-guard birds (trip duration range: 31.8 h- 55.1 h). The 

diving behaviour also differed between both stages. Overall, during post-guard stage penguins 

performed significantly shallower dives (t
8 
= -4.62, p = 0.004) and exhibited considerably 

lower descend (t
8 
= -3.94, p = 0.008) and ascend rates (t

8 
= -4.28, p = 0.008). The bottom times 

were much shorter during post-guard but again not significantly so (t
8 

= 2.67, p = 0.056). 

Nevertheless, this difference should be considered as strong trend. This is underlined by the 

fact that the diving efficiency (i.e. the relative duration of the bottom phase with regard to 

the duration of the entire diving cycle) was significantly lower during post-guard (t
8 

= 3.17, 

p = 0.019), and suggests a reduced energy expenditure in diving when compared to the chick

guard stage. 

7 .3.4 Aberrant foraging behaviour 

One male penguin from Golden Beach, Stewart Island undertook two foraging trips on 

consecutive days. During both these trips the penguin foraged not only very close to its 

breeding site (max distance from colony: 2.3±0 km, total trip distance: 11.4±1.8 km) but 

also very close inshore (see Fig. 7.1 detail). It spent most time of its 5.1 and 6.0 hours long 

trips foraging between 20 and 50 m away from Murray Beach in waters less than 8 m deep. 

Consequently, its diving behaviour also differed greatly from what was observed in the 

other penguins. On both trips, the bird exhibited very short dive times (35.3±21.4 sand 

26.0±19.4 s) and post-dive intervals (15.4±18.4 sand 16.5±21.2 s). Its maximum dive depths 

did not exceed 8 m on both trips and its average dive depth was 1.8±1.3 m and 1.5±1.4 m, 

respectively. Due to the shallowness of the dives and the highly erratic vertical amplitude 

of the dive profiles a detailed dive analysis was difficult. As a result, and because there is 

no detailed bathymetry data available for the Murray Beach surf zone, it is not possible to 

determine whether the bird performed benthic dives. 
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7 .3.5 Adult weights 

On Stewart Island, the females tended to be lighter than males although the difference 

was not significant (mean weights, females: 5500±565 g, n = 4; males: 6050±327 g, n = 4; 

t
7
= 1.42, p > 0.1). The same was true on Codfish Island (females: 4875±247 g, n = 4; 
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males: 5014±336 g, n = 5; t
8 

= 1.89; p > 0.1), but sample sizes were small. Between sites, 

however, the weight differences were significant with the adult penguins from Stewart Island 

(mean weight: 5830±473 g, n = 8 birds) being considerably heavier than the penguins from 

Codfish Island (mean weight: 4983±31 0 g, n = 9; t
16 

= -4.07, p < 0.001 ). 

7.4 Discussion 

The deployment of GPS loggers on Yellow-eyed penguins from Stewart and Codfish Islands 

revealed some marked differences in the foraging behaviour at both sites. However, in 

contrast to the prediction of longer foraging ranges in response to a supposedly adverse prey 

situation at Stewart Island, it was the penguins from Codfish Island that showed greater 

foraging ranges. 

7 .4.1 Relationship of foraging ranges and benthic habitat 

Chick-guarding penguins from Codfish Island travelled far greater distances than Stewart 

Island birds. It is possible this was to some degree a result of the timing of the logger 

deployments. Particularly during the first weeks after hatching, the chicks need to be fed 

frequently which limits the foraging ranges of penguins (Williams & Rothery 1990). Logger 

deployments on Stewart Island occurred when chicks were between one and three weeks old, 

while on Codfish Island chick ages ranged from three to six weeks so that chick age might 

have had an influence on foraging ranges. One of the first penguins from Codfish Island fitted 

with GPS logger performed a short-range, half-day trip and, thus, showed patterns similar to 

those observed on Stewart Island. However, as Yellow-eyed penguins are primarily bottom 

foragers, it is necessary to put their at-sea movements into context with the benthic ecosystem 



7. Plasticity in foraging behaviour ofYellow-eyed penguins 

within their home range. When the benthic habitat north of Codfish Island is considered, it 

appears likely that short range trips are an exception rather than the rule. 
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The seafloor in a radius of ea 15 km north of Codfish Island comprises a homogeneous 

mixture of medium and fine sand substrate (Cullen & Gibb 1965). Such substrate generally 

offers poor habitat for epibenthic communities (but see Cummings 2001) and, therefore, 

is unlikely to feature adequate prey for bottom feeding Yellow-eyed penguins. However, 

beyond the 15 km radius, i.e. in the regions north of Stewart Island and towards central 

Foveaux Strait, the bottom predominantly consists of cobbles and pebbles (Cullen & Gibb 

1965). Such seafloor provides substrate for diverse epibenthic communities that, in turn, 

offer good feeding conditions for fish species such as blue cod (e.g. Cranfield 2001). It was 

these areas that the majority ofYellow-eyed penguins visited on their foraging trips during 

the chick-guard stage (Fig. 7.1). This fits well with foraging behaviour observed in Yellow

eyed penguins on the mainland that also foraged preferentially in areas that feature diverse 

epibenthic communities rather than homogenous sand substrate (Chapter 6). Furthermore, 

a diet study ofYellow-eyed penguins from Codfish Island found that blue cod and opalfish 

dominated the prey of penguins during the incubation stage (van Heezik 1990a). The fact that 

these fish usually occur in areas that provide more shelter and prey than sandy bottom (Mutch 

1983) suggests that at this stage penguins also prefer to forage beyond the 15 km radius. 

The benthic setup is considerably different along the north-east coast of Stewart Island, where 

the penguins foraged in similar areas regardless of the stage ofbreeding. Beyond the surf 

zone, the seafloor consists primarily of granule and coarse sand that also support a diverse 

epibenthic fauna (Cullen & Gibb 1965). The area is known to feature biogenic reefs formed 

by bryozoans and attached oyster beds and, therefore, represent excellent habitat for larger 

demersal fish species (Cranfield et al. 1999). Thus, unlike conspecifics from Codfish Island, 

the Stewart Island birds do not have to venture far away from their breeding sites to find a 

benthic habitat that should offer enhanced feeding conditions. Given that the foraging ranges 

of penguins from Stewart Island were similar during chick-guard and post-guard, the feeding 

conditions within close range would in the face of it seem to be adequate for the penguins at 

either stage of the breeding season. 
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This, on the other hand, appears to be different on Codfish Island. Here, the long trips 

observed in the three penguins during post-guard suggest that distant Te Waewae Bay 

apparently offers better foraging conditions than the benthic habitat north of Stewart Island. 

Unlike the central Foveaux Strait, Te Waewae Bay is dominated by homogeneous sandy 

bottom similar to the area north of Codfish Island that the penguins tend to give a miss when 

foraging during the chick-guard stage (Cullen & Gibb 1965). However, unlike chick-guarding 

penguins, the post-guard birds showed a much lower proportion ofbenthic dives (Table 7.1), 

which means that their diving behaviour became detached from the benthic environment in Te 

Waewae Bay. Instead of searching for demersal prey, the penguins must have targeted mid

water species. 

Although Yellow-eyed penguins on the mainland have been found to primarily feed on 

demersal fish species (e.g. van Heezik 1988, Moore & Wakelin 1997), they are also known 

to prey on mid-water species such as slender sprat if available, a species that is believed to 

be of higher nutritional value than demersal fishes (van Heezik 1990b). It is possible that 

the penguins travel to Te Waewae Bay because it offers higher quality food than the benthic 

communities closer to the Codfish Island. However, only a detailed study of the penguins' 

diet can reveal whether food quality is the primary factor that induces a switch in foraging 

behaviour in Yellow-eyed penguins from Codfish Island. 

7.4.2 Temporal or traditional plasticity of foraging behaviour? 

The Yellow-eyed penguins from Codfish Island revealed a high level of plasticity on their 

foraging behaviour. Firstly, during the chick-guard stage the Codfish Island penguins forage 

in wide, largely indiscrete areas. This stands in contrast to what was observed in Yellow-eyed 

penguins breeding at Oamaru, that exhibited conservative and target-oriented foraging routes 

(Chapter 6). The behaviour observed at Oamaru is likely to reflect a specialisation to exploit 

a heterogeneous benthic habitat, where bottom features (e.g. reefs) and horse mussel fields 

represent spatially distinct areas with enhanced availability of penguin prey. A comparable 

benthic heterogeneity is not given within the near parts of the home range of the Codfish 

Island penguins (Cullen & Gibb 1965), which presumably results in a less concentrated 
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distribution of prey and, thus, explains the greater dispersal ofbirds. 

More strikingly, though, was that the Codfish Island birds travelling to Te Waewae Bay 

substantially changed their diving behaviour from benthic to mid-water foraging. This 

underlines a level of flexibility in diving behaviour that has, thus far, only been reported for 

offshore foraging Rockhopper penguins that might employ a bottom feeding strategy if this 

offers enhanced foraging success (Tremblay & Cherel2000). Yet, like most crested penguin 

species, Rockhopper penguins have adapted to primarily forage in a pelagic environment, 

where dynamic processes have great impact on the spatial distribution and temporal 

availability of prey (Hunt Jr 1990, Wilson et al. 2005). Under such circumstances, flexible 

adaptation of behaviour to at times abrupt changes in the marine environment is imperative 

(Chapter 4, Chapter 5). 

However, it is questionable that the Yellow-eyed penguins' longer foraging ranges and switch 

from benthic to mid-water foraging represent a dynamic reaction to a sudden, temporal 

change in the marine environment. That chick-guarding penguins from Codfish Island 

showed significantly longer bottom times despite the fact that they foraged at greater depths 

(Table 7.1 ), suggests that they worked harder to find food at this stage. Although these 

difference might in part be due to travelling behaviour in post-guard birds (i.e. shallow dives 

to make distance; Wilson 1995), it nevertheless indicates a sub-optimal prey situation north of 

Stewart Island, at least when compared toTe Waewae Bay. Yet, all chick-guarding penguins 

stayed in this area. 

Hence, it seems more likely that the longer foraging ranges during post-guard are, on one 

hand, the result of the chicks' growing demand for food (Williams & Rothery 1990) and, on 

the other hand, possible because of the chicks' tolerance to stay unguarded at the nest (Davis 

& Renner 2003). During post-guard stage both adults forage at the same time and equally 

contribute to the chick provisioning, so that the responsibility for finding the chicks' next meal 

does not rest on one of the adults alone (Darby & Seddon 1990). The shared feeding duties 

allow for longer foraging trips (Wilson 1995) so that travelling to distant Te Waewae Bay 

might only be feasible for the penguins during the post-guard stage. Therefore, short foraging 
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ranges and higher diving efficiency during chick guard stage are a result of the need for a 

timely return to the nest, while long foraging ranges during post-guard reflect utilisation of 

more distant, more beneficial feeding grounds. Thus, the foraging behaviour observed during 

this study probably reflects more traditional foraging patterns that can be expected to be 

apparent in other seasons too. 

7.4.3 The Stewart Island paradox: short ranges, heavy adults and chick starvation 

Despite the apparently sub-optimal food situation, the Yellow-eyed penguins from Stewart 

Island revealed a lack of plasticity in their foraging behaviour. Their foraging ranges were 

short, did not vary between chick guard and post-guard stages and foraging patterns indicated 

some stereotypy in individuals and overlap of tracks between birds (Fig. 7.1) which all 

suggest conservative and target oriented foraging behaviour similar to what is known from 

Oamaru (Chapter 6). Merely the higher proportion ofbenthic dives, the longer bottom times 

and longer trip durations during post-guard stage indicate an increased foraging effort when 

the chicks are older. However, particularly puzzling is the fact that there is no apparent 

behavioural reaction of chick-guarding Yellow-eyed penguins in response to high chick 

mortality due to starvation (King 2006). 

If scarcity of Yellow-eyed penguin prey persists along the north-east coast of Stewart Island, 

the penguins from Golden and Rollers Beach would not have to travel much further than 

Codfish Island birds to reach the areas north of Stewart Island that seem to provide adequate 

food for chicks on Codfish Island (Fig. 7.1). Yet, the Stewart Island birds stayed close to their 

breeding sites- perhaps because they don't know other areas to forage in? 

The significantly higher adult weights determined on Stewart Island is another puzzling 

fact. The penguins from Codfish Island were on average almost a kilogram lighter than 

their Stewart Island counterparts. In Little penguins, it has been found that adult body 

mass decreases during the course of the breeding season (Numata et al. 2004). However, in 

Yellow-eyed penguins, chick rearing adults usually gain weight and only during 'poor food' 

years some loss of adult body mass can be observed (Edge et al. 1999). Thus, it seems very 
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unlikely that the weight differences between Codfish and Stewart Island can be attributed to 

the different timing of fieldwork. Under the assumption, however, that food limitation reflects 

in low adult body mass this means that it was the Codfish Island birds that faced sub-optimal 

feeding conditions. This in turn, would be underpinned by the greater plasticity in foraging 

behaviour of chick-guarding Codfish Island birds. 

The situation is paradoxical: the foraging behaviour and weights of adults suggest a higher 

foraging success on Stewart Island, yet the high rate of starvation suggests that chicks did 

not receive enough food. It could be that the starvation incidents on Stewart Island might 

be a result of diseases that remain undetected. Conversely, however, it could also be that 

malnutrition facilitated the few cases where disease was found to be the cause of death (King 

2006). So the question remains: how can malnutrition of chicks be a problem when adults 

seemingly find enough food? Could it be related to prey quality rather than quantity? 

In this light, a detailed study of the diet composition ofYellow-eyed penguin from Stewart 

Island is essential to reveal further information as to how the considerable differences in 

plasticity of foraging behaviour between both sites might be related to prey. 



Table 7.1. Overview ofbasic foraging and diving parameters ofYellow-eyed penguins from Stewart Island and Codfish Island during chick-guard 2005 

I~ and post-guard 2004 (Stewart Island only) and 2005 (Codfish Island only). 
~ ...., .... 

Chick-guard Post-guard I ~· 
~· 

'N, 

;:s 

Stewart Is. Codfish Is. Stewart Is. Codfish Is. ~ 
2005 2005 t p 2004 2005 t p ~ 

o;i, 

No ofbirds 3t 6 3 3 ~ 
~ 

Foraging parameters (mean+sd) ~ 
~ 

Trip duration (h) 10.0±0.8 17.1±2.4 6.66 0.001 12.5±0.7 43.0±11.7 4.52 0.046 <:: 
/;)· 
:;: 

Foraging range (km) 11.4±2.7 24.3±4.8 5.14 0.002 11.7±4.8° 55.4±6.2 8.90 0.012 "! 

~ 
Distance travelled (km) 29.5±1.0 66.9±9.5 9.49 <0.001 37.0±5.1 ° 139.9±26.3 6.60 0.022 ~ 

Travelling speed (km h-1) 3.1±0.1 4.0±0.7 3.11 0.026 3.1±0.4° 3.5±0.5 1.07 0.395 
~ 
~ 
1 

~ 

Diving parameters ~ 
"'<::;. 

Number of dives per trip 233±12 351±77 3.68 0.014 246±39 890±330 3.36 0.078 
~ 

~ 
Proportion ofbenthic dives(%) 75.0±3.7 63.4±14.7 88.6±0.6 33.8±20.5 -4.62 0.044 

:;: 

-1.81 0.121 
'N, 

;:s ...., 

Dive activity (dives h-1) 23.4±2.0 20.7±1.9 -1.25 0.259 19.7±2.6 21.5±3.1 0.74 0.511 

Mean dive depth (m) 27.3±1.9 36.2±6.5 3.09 0.021 29.8±1.7 22.8±2.0 -4.61 0.019 

Max dive depth (m) 47.6±7.3 63.4±2.7 3.61 0.069 43.4::::6.4 62.7±4.9 4.14 0.026 

Descend rate (m s-1) 1.04±0.06 1.05±0.16 0.19 0.853 1.23±0.01 0.76±0.07 -9.37 0.003 

Ascend rate (m s-1) 0.91±0.08 0.97±0.15 0.70 0.512 1.03±0.06 0.70±0.02 -9.31 0.011 

Bottom time (s) 65.2±2.3 68.4±9.2 0.79 0.460 77.6±5.9 51.5±8.8 -4.28 0.023 

Dive time (s) 103.6±0.5 114.9±19.5 1.42 0.215 120.2±0.8 95.6±14.2 -3.00 0.096 

Post-dive interval (s) 31.1±6.7 34.0±5.2 0.66 0.557 35.0±6.5 30.0±5.2 -1.04 0.377 

Diving effort 0.77±0.04 0.77±0.02 0.07 0.952 0.77±0.03 0.76±0.02 -0.47 0.671 

t Data obtained from a fourth penguin was excluded from comparison because of highly irregular foraging behaviour (see text) 

18 0 Mean derives from two birds only, the third bird returned with no GPS data (only dive data recorded) 
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Te Waewae 
South Island 

0 2.5 5km 

Rollers Beach 

Figure 7.1. Overview if study areas and foraging tracks ofYellow-eyed penguins reconstructed from 
GPS data recorded during chick-guard (black lines) and post-guard (grey lines). Arrow in Stewart 
Island detail points at tracks by one penguin exhibiting unusual foraging behaviour (see text). 
Bathymetry is given as 20 m depth contours. 
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CHAPTERS 

GENERAL DISCUSSION 



8. General discussion 

8.1 Summary 

There are considerable differences in the foraging ecology ofthe offshore foraging Snares 

penguins and the inshore foraging Yellow-eyed penguins of the New Zealand mainland. 

Nevertheless, both species depend on the same fundamental factors in the marine 

environment. 
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Snares penguins are primarily planktivorous with krill being the most important food source 

adults bring back for their chicks (Chapter 3). This is contrasted with the predominantly 

piscivorous diet ofYellow-eyed penguins (van Heezik 1988, Moore & Wakelin 1997). As a 

consequence, the two penguin species occupy different trophic levels, with Snares penguins 

being at the end of a short food chain (i.e. phytoplankton- krill- penguins), and Yellow-eyed 

penguins acting as top-level predator in a long benthic food web (e.g. Bradford-Grieve et al. 

2003). 

The trophic differences are ultimately reflected in the contrasting foraging strategies ofboth 

species. Snares penguins find their prey in a much more variable pelagic environment (e.g. 

Hunt 1990). Their foraging behaviour is greatly affected by season (Cockrem 1995) and 

marine features such as the Subtropical Front (Schneider 1990, Jillett 2003)(Chapter 4). 

Yellow-eyed penguins, on the other hand, forage primarily on or near the seafloor (Chapter 

6) and focus on benthic fish species that are known to be abundant throughout the year 

(Mutch 1983, Jiang 2002). Considering that the distribution of such prey is less influenced 

by dynamic factors like currents or fronts and is more related to the presence of epibenthic 

communities and seafloor features (e.g. Cummings et al. 1998) a target-oriented foraging 

strategy in Yellow-eyed penguins can be expected (Chapter 6). 

In this light, it makes sense that Yellow-eyed penguins tend to forage at distinct locations 

when at sea, as data published by Moore (1999) had indicated, and as I showed in detail 

during my studies (Chapter 6). The fact that penguins revisit certain locations on consecutive 

trips and between years shows that such locations are oflong-term interest for the penguins. 

Thus, in a geographical sense, target-oriented foraging seems to facilitate the development 



8. General discussion 137 

of almost stereotypic foraging routes in individuals, even to the extent, that the penguins 

are apparently able to use permanent bottom features (e.g. reefs) for navigation (Chapter 6). 

This is a hitherto unknown facet of penguins that are often- and, in the case ofYellow-eyed 

penguins, falsely- described as "pelagic" and, thus, open-water birds (e.g. Stonehouse 1975, 

Williams 1995). 

This description, however, fits Snares penguins well. Especially during the incubation period, 

the male Snares penguins ventured far away from the islands and foraged in the pelagic 

waters of the Subtropical Front (Chapter 4). The overall tendency of males to travel due east 

towards the front, could also be labelled "target-oriented" but in a much broader sense than in 

Yellow-eyed penguins. That only four out of six instrumented male Snares penguins actually 

reached the front, underlines the plasticity of the Snares penguins' foraging behaviour. If 

the opportunity arises, the penguins end their travel towards the front and forage in warmer 

waters closer to the island (Chapter 4). Plasticity is also apparent in the foraging patterns of 

the female Snares penguins after the chicks have hatched (Chapter 5). Although the home 

range of the females is relatively well defined by bathymetry and sea surface temperatures 

-i.e. foraging over the continental shelf in the warmer waters north to north-east of the Snares 

- the large variation in foraging ranges and trip times of the females underpins the flexibility 

ofbehaviour apparent in offshore foraging penguin species (e.g. Tremblay & Cherel2003, 

Green et al. 2005, Wilson et al. 2005, Wienecke & Robertson 2006). 

When different breeding locations are considered, the foraging patterns in Yellow-eyed 

penguins also show some variability. While the foraging ranges ofYellow-eyed penguins 

along the Otago coast seem to be similar (Chapter 6), this was not the case further south. 

Yellow-eyed penguins from Stewart and Codfish Island exhibited significant differences in 

their foraging ranges, with Stewart Island birds foraging within much more confined ranges 

than conspecifics on neighbouring Codfish Island (Chapter 7). The extended ranges of Codfish 

Island birds during post-guard stand out especially when compared to Stewart Island. It is 

likely that the differences between both sites are primarily rooted in the different properties of 

the benthic ecosystem in the penguins' home ranges, but the question remains whether these 
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patterns represent a reaction to temporal changes in prey availability/distribution or are a 

"traditional" difference in foraging behaviour (i.e. longer trips during post-guard because the 

chicks tolerate longer absence of parents; Chapter 7). At any rate, foraging patterns observed 

in Yellow-eyed penguins remain spatially conservative, especially when compared to Snares 

pen gums. 

Despite the obvious behavioural differences, however, both the foraging of Snares penguins 

and Yellow-eyed penguins is connected through a fundamental oceanic factor fuelling the 

productivity in the marine habitat of both species: the Tasman/Southland current. This current 

transports nutrient rich waters around the South ofNew Zealand's South Island and up along 

the Otago Coast (Jillett 2003). Both the neritic region South of Stewart Island, where female 

Snares penguins forage during chick-guard (Chapter 5), and the South Island's coastal zone 

exploited by the Yellow-eyed penguins (Chapters 6 & 7) owe their high productivity to the 

influx of nutrients from the central Tasman Sea. 

8.2 Conclusions 

The comparison of the foraging ecology of Snares and Yellow-eyed penguins reveals some of 

the ecological patterns outlined by Croxall & Davis (1999). The fact that Snares penguins are 

a migratory species that is only present at its breeding location during the spring and summer 

months - a hallmark of offshore foragers - is obviously a result of the strongly increased 

oceanic productivity at that time (Murphy et al. 2001). During both the incubation and the 

early chick-guard stage the Snares penguins' foraging patterns correlated with increased 

chlorophyll a concentrations (Chapters 4 & 5) and the fact that a phytoplankton grazing 

crustacean comprised the penguins' main prey (Chapter 3) further highlights the direct link of 

penguin foraging and oceanic productivity. The Yellow-eyed penguins, on the other hand, are 

at the end of a much longer, primarily benthic food web that seems to be largely de-coupled 

from seasonally varying oceanographic parameters that dominate the Snares penguins' 

breeding and foraging ecology (Chapters 6 & 7). 
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Croxall & Davis (1999) emphasise the latitudinal differentiations between inshore foraging 

penguin species (subtropical to temperate regions) and offshore foraging species (temperate 

to Polar Regions). In the temperate regions like New Zealand, however, this differentiation is 

far from clear cut with inshore and offshore foraging species occupying similar latitudes. Here 

the most important factor that determines which foraging strategy is employed by a penguin 

species is the oceanic environment a species exploits. And the comparison of the at-sea 

ecology of the offshore foraging Snares penguins and inshore foraging Yellow-eyed penguins 

gives a perfect example of this fact. 

8.3 Future directions 

1. My research on foraging behaviour of Snares penguins raised many new questions 

about their foraging (e.g. how does foraging behaviour change during creching? 

Where do the later breeders from the Western Chain forage and how does that relate 

to the marine environment?). However, I believe there is an urgent need for broad 

baseline research in this species. Probably the most important task in the future 

- sooner rather than later- is to gain basic information about the species' population 

dynamics, particularly in the context of changes in the marine environment. Most 

crested penguin species world-wide are experiencing serious declines, which also 

applies to some New Zealand populations (Ellis 2005). The Snares penguin, on the 

other hand, seems to be thriving (Amey et al. 2001). This makes the species a perfect 

case study for the biology of a "healthy" population of crested penguins and would 

most likely help a great deal in the interpretation of negative population developments 

elsewhere. Without proper baseline information prior to a decline, all attempts to 

investigate its reasons ultimately result in a good deal of speculation (cf. Cunningham 

& Moors 1994 and Thompson & Sagar 2002). In this light, it seems unfortunate 

that the research on Snares penguins is generally discouraged by the Department of 

Conservation, primarily because the species is not (yet?) endangered. 
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2. On the New Zealand mainland, the population ofYellow-eyed penguins has been 

monitored for several decades now. The at times considerable annual fluctuations 
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in the breeding population have repeatedly stirred speculation about reasons for an 

apparent decline ofYellow-eyed penguins. Interestingly, the at-sea biology of the 

species, thus far, has hardly ever been considered in this context. It would certainly 

pay to start monitoring the foraging ecology (foraging success, diving effort) of 

Yellow-eyed penguins on a more regular basis. Considering that there are indications 

for interactions between coastal fisheries- especially bottom-trawls and dredging 

-and penguins (e.g. Mattem 2005), an investigation ofYellow-eyed penguin foraging 

ranges and fisheries' activities would be equally worthwhile so as to be able to 

compare historic population fluctuations in relation to annual fishing activities and 

effort. 
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FORAGING BEHAVIOUR OF SNARES CRESTED PENGUINS- A MATTER OF ROLE 

ALLOCATION DURING BREEDING 

Thomas Mattem1
, David Houston2 and Lloyd Davis1 

1 Department of Zoology, University ofOtago, Dunedin, New Zealand, t.mattern@eudyptes.net 
2 Department of Conservation, Oamaru, New Zealand 

The offshore feeding Snares Crested penguin Eudyptes robustus is endemic to the subantarctic 

Snares Islands some 200 km south ofNew Zealand's South Island. During breeding, Snares 

penguins exhibit a distinct gender depended role allocation. After laying both mates stay at the 

nest for two weeks before the male leaves on a two week foraging trip, after which the female 

leaves to forage for four to nine days. The return of the female coincides with chick hatching. 

Until creching, only the female performs short term trips and feeds the chicks while the male 

guards nest and offspring. During the breeding seasons 2002 and 2003 we examined foraging 

behaviour of male and female Snares Crested penguins using time-depth recorders (TDRs) 

to record dive depths and GPS-dive loggers that recorded depth and a bird's position. During 

the 3-day battery life of the GPS devices, three equipped males swam due east of the islands, 

moved up to 216 km away from the islands and dived on average 320 times per day (max 

depth: 101 m). On three other males, TDRs recorded dive depths for entire foraging trips (10-

14 d, 294 dives day-1, max depth: 120.5 m); data indicate increased dive activities during the 

second half of the trips. No GPS data was recovered for females on long-term trips, but trip 

lengths suggests shorter ranges than determined for males. TDR data of two females on long

term trips (duration: 5 d) indicate higher foraging effort (612 dives day·1, max depth: 107 m). 

During chick guard, females performed short term trips on which they foraged 40 to 60 km 

north-east to north-west from the islands, feeding in the productive waters of the Subtropical 

Front. These trips either lasted overnight (1086 dives trip-1, max depth: 99 m) or were 

daylight trips only ( 640 dives trip-1, max depth: 82 m). Because of incubation routines, male 

and female Snares penguins exhibit different foraging strategies. While foraging in males is 

primarily a matter of self-sustenance, females additionally face the responsibility of finding 

food for the offspring. As a consequence, chick survival depends mainly on the females' 

foraging success. 
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Snares crested penguins are aggressive birds. While aggression during the early breeding 

season are often a result of competition for nest sites and mates (e.g. male-male fights) other 

forms of aggression observed during later stages of breeding are not as easy to comprehend 

(e.g. random attacks on incubating females). Although the majority of agonistic behaviour 

occurs in the colonies (intra-colonial aggression) there are also regular cases of extra-colonial 

aggression that can be described as "beach bullying" or "forest ambushing". After clutch 

completion, the number of aggressive events is low as long as the majority of male penguins 

are still present at their nests. After most of the males have left their incubating partners to 

forage, the number of attacks directed towards single females increases markedly. During 

such attacks, single males or pairs attack an incubating female with at times severe pecks 

and flipper beating - often for no obvious reasons. The incubating females generally do not 

fight back but assume a defensive position to protect their clutch. Although attacks often 

have no severe consequences some assaults result in egg loss or nest abandonment. With the 

return of the males, the rate of aggression recedes in the colonies. Instead single aggressive 

birds are now increasingly observable at the penguin landing and along the forest paths to 

the colonies randomly attacking returning females. During the breeding season 2003 we 

recorded aggressive behaviour in a Snares large penguin colony of approximately 1200 nest. 

The data show, that an equal number of attacks were staged by breeding and non-breeding 

birds. However, the severity and duration of the attacks were higher if the aggressor was 

a non-breeder. Furthermore, breeders often conducted short attacks to steal nest material, 

whereas attacks by non-breeders had generally no visible outcome. In most cases, the attacked 

females often got off lightly with loss of nest material at the worst. Nevertheless we found 

that assaults contribute significantly to egg loss. The lack of obvious gain for the aggressor 

makes it hard to explain attacks from an ecological viewpoint. In any case, such patterns of 

aggression have consequences for the Snares penguins' general breeding behaviour. 
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HOW TO GET THE MOST (OR ANYTHING) OUT OF GPS LOGGERS: A CASE STUDY 

WITH SNARES PENGUINS 

Thomas Mattem1
, Katrin Ludynia2

, LloydS. Davis1, Stefan Garthe2, Dave Houston3 

1 Department of Zoology, University of Otago, Dunedin, New Zealand 
2 Research and Technology Centre Westcoast, Christian-Albrechts-University at Kiel, Germany 
3 Department of Conservation, Dunedin, New Zealand 

The Snares penguin (Eudyptes robustus) breeds only on the Snares Islands, a small 

archipelago about 200 km south ofNew Zealand's South Island. Despite its relative closeness 

to the mainland, working on the Snares represents a logistic challenge. The Snares are 

managed as minimum impact islands, which not only limits timing and length of visits 

but also restricts movements on site. Between 2002 and 2004 we examined the foraging 

behaviour (foraging range and diving behaviour) of Snares Crested penguins during the late 

incubation and chick-guard stages. Due to the temporal and spatial limitations on the Snares, 

most of the conventional methods to track penguins (i.e. VHF or satellite telemetry) were 

inadequate for the proposed research. Instead we relied on newly developed GPS loggers 

(Earth&Ocean GPS-TDlog) which record geographic position and dive depth/temperature at 

set intervals. Data quality (i.e. number and temporal distribution of fixes during deployment) 

depended largely on programming of loggers as well as timing and location of deployment. 

During the work we identified three key issues that have to be considered during deployments 

of GPS loggers on penguins: (1) reception of GPS devices after power-on, (2) finding 

adequate GPS logging intervals and (3) limited battery life. Using data recorded on Snares 

penguins we show the varying degrees of programming-dependent data quality and show how 

the effect of these issues can be minimized. 
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WARM-WATER PENGUINS- WHY ARE SNARES PENGUINS (EUDYPTES ROBUSTUS) 

DOING BETTER THAN OTHER CRESTED PENGUIN SPECIES? 

Thomas Mattem1, Katrin Ludynia2, Dave Houston3, LloydS. Davis1 

1 Department of Zoology, University of Otago, Dunedin, New Zealand 
2 Research and Technology Centre Westcoast, Christian-Albrechts-University at Kiel, Germany 
3 Department of Conservation, Dunedin, New Zealand 

Unlike other New Zealand crested penguins, the population of the Snares penguin (Eudyptes 

robustus) seems to flourish. Its population lies in the order of30.000 breeding pairs and is 

believed to be stable. In contrast, other New Zealand crested penguin species are believed to 

have declined in the past due to changes in the marine environment. This raises the question 

why any such changes did not have an obvious effect on the Snares penguin. Between 2002 

and 2004 we studied the foraging behaviour of Snares penguins during the crucial stages 

of the breeding season (i.e. late incubation and chick guard stage). We used new GPS dive 

loggers that record geographic position, dive depth and ambient temperature at set intervals 

as well as conventional dive loggers. During incubation, males left on long-term trips (mean 

duration: 11 days) on which they performed deep dives of up to 120 m (mean max depth: 

55 m). Upon return of the males, the females left on shorter foraging trips (mean duration: 

6 days), that were marked by shallower diving (mean max depth: 26 m). After the chicks 

had hatched only the females foraged. With few exceptions, all females foraged over the 

continental shelf north-east of the island (maximum foraging radius: 70 km) during which 

they made many shallow dives (mean max depth: 19 m). Foraging movements were linked 

to the appearance of phytoplankton blooms which indicate high productivity. We conclude 

that the success of the Snares penguin is rooted in the location of the Snares -west of the 

subtropical front which acts as a trap for warm and productive surface water coming from the 

Tasman Sea. 
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In November and December 2004, a bacterial infection caused high Yellow-eyed penguin 

chick mortality along the Otago coast. In order to examine whether sea-based factors (e.g. 

prey scarcity) might have contributed to the disease, the foraging behaviour of adult penguins 

was studied using GPS dive loggers. Loggers were fitted to penguins from three different 

sites: the Boulder Beach complex and Penguin Place on the Otago peninsula, and at Bushy 

Beach, Oamaru. Although basic foraging parameters did not differ from what was known 

from previous studies, most of the penguins from the Boulder Beach complex exhibited 

unusual linear foraging patterns that were probably a result of interactions with fisheries. On 

their trips, the penguins spent up to 94% of their foraging time swimming along straight lines 

for up to 9.6km (mean 3.3km). These lines were not only parallel to the coast but also parallel 

to each other. Astoundingly, the penguins navigated along the lines with extreme accuracy, 

having a mean horizontal deviation from an ideal straight line course of 3 7m. In order to 

maintain such accurate navigation in open water, the penguins need cues. Considering the 

scale of the lines and the accuracy of navigation, it seems unlikely that the birds used natural 

features but rather man-made cues. These could be fishing vessels but it seems more likely 

that dredge marks from bottom trawls are used as linear guides. It is unclear whether the 

penguins commonly employ such foraging strategies or if these were a product of unusual 

circumstances. 




