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" penguins swam within a foot of the bottom was only four or five foot that 

little embayment), travelling at a high rate of speed and resembling torpedoes going 

through the water ... one could observe their heads darting from time to time to the 

left and to the right, evidently picking out euphausians as they moved. In fact, 

their were jerking out and their beaks going just about asfast 

as a bam-yardfowlfeeds on grain thrown on the floor" 

Douglas Mawson 

Antarctic Explorer 

[cited in Zusi 1975] 
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Abstract 

Huyser, O.A.W. 
Bouvet0ya, South 

University 

2000. Diet and foraging behaviour of Macaroni and Chinstrap Penguins at 
Atlantic Ocean. Unpublished MSc (Cons Biol) thesis. Town, South 

Cape Town. 164 pp. with 3 

Bouvet0'ya (Bouvet 3°21 is an 
isolated island situated in the South Atlantic Ocean. 
Little biological research has been conducted at this 
globally important breeding site for seabirds. I aimed to 
1ID10rC'Ve our understanding of the ecology of 
two important consumers of marine resources breeding at 
Bouvet0'ya, Macaroni Eudyptes chrysolophus and 
rhin<,tn:l'" Pygoscelis antarctica Penguins. VISits 

De.celIlbel~- ... '·nn'''rv 1996/97 and 1998/99. I studied 
behaviour of these to 

a better understanding of resource use and variability at 
Bouveteya, to assess how extrinsic and intrinsic factors 
influence community in this depauperate 
community of marine predators, to determine the limits 
to foraging in a consumer of Antarctic krill 
Euphausia superba, and to satisfy long-term monitoring 
(and ultimately conservation) Macaroni 
Penguin diets were dominated by three prey in both 
years: the myctophid tish Kreffiichthys anderssoni, krill 
and another euphausiid Thysanoessa macrura. Seasonal 
effects were representation of K. 

krill and T. macrura occurred in diets from 
the first, second and tinal third of the cniICIC-re:ilnIU' 

period, respectively. Mean foraging depth of Macaroni 
Penguins in 1999 was 38.7 ± 27.7 m, but foraging was 
focused at two depth modes (5-15 m & 50-70 m; 
assessed with time-depth strongly su!~gestllig 
that euphausiids were eaten shallow dives, and 
fish deeper dives. Adult body condition 
explained a amount of variation in mean 

mass and number of prey. and was positively 
related to chick condition. Thus parents in better 
condition may be able to invest more in their nn",nr;n 

Female Macaroni adjusted their behaviour at 
sea to demands from the. chick by conducting shorter 

and diving deeper when chicks were small. This 
probably allowed them to return lipid-rich fish to the 
chick and limited their horizontal but may be 
a more foraging tban feeding on krill 
alone. Chinstrap ate mainly krill in both years, 
dived shallower (mean maximum depth 25.5 ± 17.9 m) 
than Macaroni Penguins, and spent a disproportionately 
greater amount of time at 20-35 m depths, a 
focus of feeding activity and hence krill presence. Both 

dived less and'to shallower depths at night, but 
conducted the deepest teeding dives at sunrise and 
sunset. This may result from rapid vertical migration of 
prey, which may cause of anti-predator 

behaviour. or from maxllIusmg 
short-term rates of prey intake in a rapidly changing light 

diving in Macaroni Penguins may be 
ultimately limited by light, but most day-time dives are 
not limited, probably because penguins have light 
levels at, or above which, prefer to forage, but can 

surpass if necessary. Four dive bout types were 
in Penguins; were distinguished by length, 
period since the last dive, bottom time, descending vertical 
velocity, and mean maximum depth. I bouts 
probably constituted unsuccessful 
Type II bouts to be terminated proximately by 
penguin satiation. and ultimately prey patch quality. 
Type III bouts appeared to occur after a long 
travelling phase at sea. Type IV bouts 
terminated by declining prey rates (resource 
depression), probably resulting from krill escape 
behaviour. Physiological limitation of diving did not 
appear to take place, which is inconsistent with the 
that 36.4 % of dives exceeded the Theoretical Aerobic Dive 

but suggests that Chinstrap possess 
compensating mechanisms that allow them to maximise the 
amount of serial time underwater over intervals. This 
accords with the finding that Chinstrap search a 
comparatively small volume of water for prey, have a 
compar'd.tively short fledging period. and accumulate 
energy rapidly for the brood at Bouveh"ya. Inter-bout 
intervals indicate that Chinstrap searched for prey 
at an average of ca. 320 m, but encountered prey at 
an averd.ge spacing of ca. 400 m. Thus penguins can serve 
as environmental monitors to gauge the dispersion and 
patch quality of a variable prey resource. This is 
important, because monitoring programmes that 
are concerned with of krill shortages on predator 
nertnrmam~t'! primarily use land-based measures to assess 
predator at sea. Increased investment in direct 
monitoring of behaviour at sea will enhance our 

of relationships. The th('ee 
n,. .. n'lf .... r" at Bouvet0ya (including Antarctic 
Arclocephalus gazella) are ecologically 

l>e~:le:~iUC;;U, with some niche overlap. Chinstrap Penguins 
are predominantly shallow-diving, inshore-feeding, kriU 

Macaroni Penguins shallow- and deep-diving, 
offshore, mixed krill and fish fur seals 
shallow-diving, krill These niches 
closely resemble those at other including those where 

numbers of sympatric occur. Interference 
and interactions on land between 

fur Stlals and indicates that intrinsic community 
interactions do influence community structure at Bouvet0ya 
(primarily demography), but there is little 
evidence that at sea (predation or competition) 
structure realised foraging niches. The 
segregation observed might be an outcome of adaptations 
by each species to conditions experienced in the centre of 
their respective ranges. Inferred environmental 
variability in marine resources did not exist during the 
study, but small differences in trip prey size 
distributions and show that, small-scale 
environmental differences did exist. 
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Introduction 

Introduction 

Most of our knowledge about the lives of land-based marine predators in the SOllthern Ocean 

comes from studies performed on land. a quick at reveals the vast 

""A~/a.U;)\", that is the Southern where many seals and seabirds spend the majority 

their time; not on land but at sea. Throughout region the few outposts of land are heavily 

utilised by seals and ,birds, chietly during the summer, when the comparatively 

lenient permits breeding. an outpost is Bouvet0ya (Bouvet fsland), the most 

isolated island in the world, situated in mid South Atlantic Ocean 1). 

The biological value Bouvet0ya is best appreciated in globally significant of 

1./ .. " .......... 111 ... seabirds (penguins and volant birds) and the island supports (Appendix 

But this has not always so. landings at the island were made to take seal and 

blubber. When the island was annexed in 1928, hope was that it could serve as a 

post for whaling expeditions to higher latitudes (Christensen 1935). With so little land in the 

South Atlantic, island received renewed attention in the 1950s and 60s its potential as 

a weather station, but, as with the earlier plans, this never materialised (Crawford 1982). 

The few biological expeditions that visited Bouvet0ya did not remain for long, until 1996/97 

and 1998/99 when two expeditions visited for approximately months each. The primary 

goal of expeditions was to conduct monitoring of important penguin and seal 

predator populations at the island conservation purposes; Isaksen et al. (1997a) review the 

circumstances fully. 

Bouvet0ya is a small island of volcanic origin, situated approximately 500 km south of the 
. . 

Anl:ar<=nc Polar Frontal Zone but north of Marginal Ice Zone (MIZ). The island is thus 

unusual (together with South Georgia) in that, while concentrations of 

Euphausia superba (hereafter krill) are not commonly found in the MIZ WLH'_'~'_ south, 

krill occurs the surrounding waters of the island (e.g. Fevolden 1980). bathymetry 

drops off rapidly around the island, and the extent shallow inshore waters is consequently 

small (Norsk Polarinstitutt 1981). Most of Bouvet0ya (93%) is permanently covered by 

(Orheim 1981), and pack from the Weddell is also present occasionally. The island is 

bounded by cliffs with narrow boulderine beaches on the north, west and south 
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'"'v ... "' .... and has a sloping ice leading down from Olavtoppen (780 m a.s.l.) to 

beaches on the east coast 1). The study site Bouvet0ya is situated at Nry0ysa, on the 

western side the island 1). Details on the biota, climate and breeding of 

penguins at BouveWya are provided Isaksen et (l997b) and Appendices B C. 

Nyr0ysa has an interesting history. It consists of a raised and unstable (Appendix C) rubble 

platform, bordered by large beaches at the southern and northern ends. Nymysa was "".""' ......... 

during the 1950s 1), and is a major focus of activity for seabird and Antarctic 

Arctocephalus gazella populations at the island. Nymysa now holds % or 

more of the entire BouveWya seal population (Bakken 1991; Isaksen et al. 1997b; 

Kirkman et in press), and numbers are currently highest ever recorded (Fig. 2). This 

is likely to at least partly attributable to availability of land where previously none 

accessible to existed. IS consistent with the post-exploitation 

recovery seen at other in the Southern Ocean (SCAR 1992; Boyd 1993; Hofmeyr 

et aL 1997). The extent of sealing at BouveWya is not known detail, but the 

harvest was probably substantial (Holdgate et 1968). A final factor possibly promoting 

increased numbers throughout the Southern Ocean the great of 

baleen whales, leading to availability of krill, the prey Fur 

(Laws 1984; Croxall et 1988; Jouventin & Weimerskirch 1990; 1992; Reid & 

Arnould 1996). 

Nymysa also holds large numbers of .., ............... 6 Macar~ni Eudyptes chrysolophus and Chinstrap 

Pygoscelis Penguins 1). Penguins outnumbered fur at Nymysa in 

early 1980s, but since then have substantially 2). Chinstrap Penguins 

fared the worse of the two species, and their long-term persistence at Nymysa must be in 

doubt. Some of these attributed to interference competition for 

and aggressive interactions fur seals (Synthesis; Appendix C; unpubL data). Much 

of the inland portion Nymysa is sparsely occupied by loafing fur seals, breeding Pintado 

Catharacta antarctica lonnbergi, thus it is Daption capense and Subantarctic 

that disputes for breeding between penguins and seals occur as frequently 

as they do. Evidence of declines at other penguin colonies on Bouvet0ya is circumstantial, 

and should with caution (Appendix A). 
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The visits to Nymysa enabled me to study the diet and foraging ecology Macaroni and 

Chinstrap Penguins, two important consumers of marine resources in the Southern Ocean 

(Croxall 1984; Croxall et al. 1984; Brown 1989). These species are the two most numerous 

penguins the Southern (Marchant & Higgins 1990; Woehler 1993: Ellis et al. 

1998). Macaroni Penguin numbers are both globally (Ellis et aI. 1998), and at 

Nyr0Ysa (Bakken 1991; Isaksen et al. 1997b; Appendix A; Fig. 2). Long-term monitoring 

from the South Georgia colonies suggest a halving of numbers since the late 1970s (Ellis et 

1998), and Macaroni Penguins thus warrant conservation attention (Bird Life International 

2000). 

Aspects of the diet and foraging ecology of both Macaroni and Chinstrap Penguins are 

reasonably well known from other sites in the Southern Ocean (reviewed in Williams 

but our knowledge from BouvetJCJya is poor. This needs to be redressed if we to 

understand the potential impacts of expanding commercial krill (mainly Euphausia superba) 

fisheries on their populations, their conservation status, and their role in local ecosystem 

processes. In my study I address this lack of knowledge about the and diving behaviour 

of the Macaroni Penguin at BouvetJCJya, and contrast foraging ecology with populations 

elsewhere, as well as that of the Chinstrap Penguin at BouvetJCJya. 

Penguins are one of the most well-studied of avian families, and occur across environmental 

gradients stretching from the fast-ice of the high Antarctic latitudes to equatorial South 

America (Williams 1995). They are thus unique among birds in both their marine 

capacity to tolerate environmental extremes. The family is distributed 

throughout the Southern Ocean, with some holding up to five sympatric 

(Wilson 1983; Woehler 1993). Penguins thus offer· excellent opportunities to study 

mechanisms permitting ecological of potential competitors. Such studies have 

focused on Antarctic communities (e.g. Volkman et al. 1980; 1985; Trivelpiece et 

aI. 1986; Wilson 1995), the sub-Antarctic communities at the Prince Islands 
., 

(Adams & Brown 1989) and the Islands (Ridoux et aI. 1988; Ridoux 1994). 

Bouvet0ya possesses a comparatively penguin community, with only two 

regularly breeding species (Bakken 1991; Appendix A). It is thus a relatively simple system 

x· 
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to 

extent to which 

............... ~ have been conducted, and is suitable assessing 

and intrinsic factors influence community organization. 

It widely that no community is truly discrete closed. In communities 

are systems with respect to flow of and species composition 

(Brown 1987). composition little over time in that are closed 

(e.g. tropical primates; & Van 1987), greatly in that are 

open (Brown 1987). With their high levels of biotic and physical flux across an arbitrarily­

defined boundary, islands and the surrounding marine environmelU are good 

exemplars open systems. Extrinsic (abiotic) factors are thought to be more important in 

determining community in systems (Brown 1987). Communities are also 

influenced by interactions the constituent Amongst others, intrinsic 

interactions can take form of competition for limiting resources (food, breeding 

or predation. 

The resource at Bouvewya is 11'""£1'''1" to be temporally variable, as is the case elsewhere 

in South Atlantic (Brierley et et al. 1999). and is suspected to originate 

from elsewhere (Fevo1den 1980). I thus to find variability in marine resources at 

Bouvet0ya over two year study 

the 

and that this would be reflected in the diets of the 

breeding component of the is also comparatively 

depauperate, ( expected that intrinsic at sea would be less important in structuring 

niches, and that physical variability in the prey component the 

community would be a dominant 

key questions I address therefore: 

1. What is the diet of breeding Macaroni and Chinstrap at Bouvet:0ya? 

How this vary seasonally inter-annually. and how this to our 

current understanding marine resource variability the Southern Ocean? 

3. How does diving behaviour of breeding penguins at Bouvetoya relate to their diet, 

and how is behaviour at-sea adjusted with increasing demands from the brood as the 

season progresses? 

xi 
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4. What are the realised niches penguins at J:SO!UVf~tm/a and how this COllnp:ar 

with studies conducted at comparatively sites? 

5. Are intrinsic interactions important determinants of these realised niches? 

6. What limits successful in a consumer of krill at Bouvetoya, and can 

foraging behaviour of this specialist yield useful information on prey abundance 

and dispersion? 

7. Finally, are conservation best served with current monitoring schemes, or are 

improvements, that greater account of the behaviour of predators at sea, 

Outline 

Chapter 1 : I present information on the diet of breeding Macaroni Penguins at Bouvet0ya, 

and discuss variation in diet composition, and how and sex differences 

account for this. I also compare diet with that of Macaroni Penguins elsewhere, 

consider whether intrinsic community interactions at sea (competition) influence the diet of 

breeding female Macaroni Penguins. 

Chapter 2: I link the most important findings of Chapter I with information on diving 

foraging behaviour of female Penguins, 

behaviour at sea when they are the sole provisioners of 

Chapter 3 : I discuss inter-annual variation in diet, 

consider how 

chick. 

adjust their 

rhythms and diving behaviour 

Chinstrap Penguins at Bouvewya. the niche occupied by Chinstrap Penguins 

with that occupied and that occupied by Macaroni Penguins at Bouvet0ya. 1 

also consider the evidence the realised niche Chinstrap Penguins being Ii mited 

competitive interactions with other consumers of krilL 

Chapter 4: I consider how foraging behaviour of Chinstrap Penguins, specialist 

consumers of krill, is limited by one of hypothesised krill ..... " ...... ,t"'" 

krill abundance density, penguin satiation, or physiological.u. >AU,,,,,,, .. ..,. I also show that 
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temporal patterns in penguin foraging activity yields information on prey distribution, 

can be a tool for monitoring programmes. 

5: I discuss shortcomings of the Monitoring Programme 

(CEMP), which seeks to understand the relationship between krill availability and 

of dependent land-based predators. I propose increased investment in the direct 

monitoring penguin behaviour at to better understand predator-prey relationships . 

The ....... ', ......... are written as stand-alone "'''''' ..... " and include Abstract and sections. 

to the ,.",,,,rI,,, .. the text None have been submitted for publication, yet. I also provide as an 

of three background 

contained in the 

that are frequently cited, but not widely available. are 

appendices. I am sole author of the a junior co-author on the 

second, and a senior co-author on the third. In the Synthesis I do not substantiate statements 

that are substantiated elsewhere in the thesis. 
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Abstract 

I studied the diet of breeding Macaroni Penguins Eudyptes chrysolophus at Bouveteya 

the breeding seasons of 1996/97 and 1998/99. I report the relationship between adult and 

chick body condition, and mass and abundance of prey returned to shore, as well as seasonal, 

inter-annual and inter-sexual variation in diet. Three prey taxa predominated in both 

myctophid Krefftichthys anderssoni, and the euphausiids Euphausia superba (krill)' 

Thysanoessa macrura. Overall, though, diets contained more prey taxa than at other 

south of the Antarctic Polar Frontal Zone, and were unlike the diet of Mac.u:oni Penguins 

in the western South Atlantic. Adult body condition explained a significant amount 

of variation in mean sample mass and number of prey, and was weakly positively related to 

chick condition. Thus parents in better condition may be able to invest more in their 

offspring. Samples were digested mean sample mass was in 1999 than 1997, 

although mean number of prey did not Penguins might thus have foraging closer 

to island in 1999, suggesting small-scale inter-annual variation in distribution of prey. In 

both years dominated diets by mass at the beginning of chick-rearing, but subsequently 

declined to equivalence with euphausiids. This decrease in fish representation is contrary to 

other penguin studies, possibly because lipid-rich pelagic myctophid resources suitable 

small chicks might be more readily available close to Bouvet.eya during summer than at other 

sites. In both seasons, above-average representation of anderssoni, E. superba and 

macrura in samples from first, second final third of the cmCK-·rea 

period, respectively. Inter-annual differences in diet species composition were 

sex had a weak effect, and seasonal effects were systematic and strong. The large ENSO 

event of 1997/98 might have been expected to influence prey abundance at the island in 1999, 

and has been implicated in Antarctic krill shortages elsewhere the western South Atlantic. 

Thus, the diet of an important predator indicates that while consistent small-scale 

environmental differences existed between 1997 and 1999 at Bouvet0ya, large-scale 

differences did n()t. .. 

2 
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Introduction 

Knowledge about the impact predators have upon resources is necessary to understand 

their role in local ecological processes, how this role differs from populations elsewhere, and 

ultimately conservation objectives. The Macaroni Penguin Eudyptes chrysolophus is the 

most numerous penguin species in the world (Woehler 1993), with a population of ca. 9-11.8 

million breedlngpairs (Woehler 1993; Ellis et al. 1998), distributed throughout the sub­

Antarctic and Antarctic regions (Marchant & 1990; Woehler ; Williams 1995). 

Macaroni Penguins are important consumers of euphausiid crustaceans and myctophid at 

many in the Southern Ocean (Marchant & Higgins 1990; Williams 1995; Hull 1999), 

and this is of some concern important prey SDe~:::les such as Antarctic krill Euphausia 

superba (hereafter krill) are attracting increasing attention from commercial (e.g. 

CCAMLR 1999). information has been presented before on the biology of Macaroni 

Penguins at Bouveteya (Cooper et al. 1984; Bakken 1991; Isaksen et al. 1997a; Mehlum et 

1998; Appendices B & C), an important predator species at this island (Bakken 

Appendix A). 

Inter-annual variation in the availability of seabird inferred from in 

predator diet at various throughout the Southern Ocean, most conspicuously at 

South Georgia (Boyd et 1994; Croxall et al. 1999). Here, and commonly in 

. region, involves variability the availability krill (e.g. Croxall et al. 1988; Priddle et 

1988; Boyd et Brierley et al. 1997,1999; et 1999; Reid et 1999). 

The oceanographic Nino-Southern Oscillation (ENSO) anomaly has been 

implicated in shortages krill, which tend to lag the anomaly by about one (Croxall et 

al. 1988; Priddle et al. 1988; SC-CAMLR 1998). Krill is a species in the Southern 

Ocean food (Everson 1984; Murphy et al. 1988; et al. 1997), and shortages can 

therefore reproduction and survival of predators (Boyd et al. 1994; Croxall et al. 

1988, 1999). Given this of variability in the region, I studied the diet of breeding· 

Macaroni Penguins at Bouveteya over two and was that the study straddled 

a year in which one of the largest ENSO events the occurred Monitor 

2000). 

3 
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I also expected that the seasonally-influenced changing availability of prey (sl11all~scale 

environmental change), coupled with demands from offspring, would 

cause changes in diet over the course the period. This could be by 

"" ...... ,..r" from adult quality, adults in poor physical condition possibly to satisfy 

fully the nutritional of offspring. Macaroni Penguins have a marked division 

in provisioning labour. During approximately the first three of the 

female provides for chick the male remains ashore brooding, or regaining 

body condition at sea during first post-fast (Williams 1995; Mehlum et 1998; 

unpubl. data). I expected that this might in conjunction with the dimorphism of 

this lead to in 

In this study, I (1) 

investigate the 

the diet of breeding Macaroni Penguins at Bouvewya, (2) 

between adult and chick condition, mass abundance of 

prey returned to shore, and discuss seasonal, inter-annual and inter-sexual patterns in 

Methods 

For details on Nymysa study and biota and climate Bouvet0ya, see the 

Introduction, Isaksen et (1997a,b), and Appendices B & 

. 
Diet sampling 

In 1997 and 1999 stomach contents were "" .. UL .............. from adult birds newly arrived ashore 

from foraging, and that had not yet their chick. Macaroni Penguins lay two eggs, but the 

first seldom hatches (Williams 1995; unpubl. data). In returning penguins (identified by 

their wet plumage, pinkish to the under-flippers and distended stomachs) were captured 

at walkways close to beach the colony. In penguins were captured at nest by 

hand or with a hoop-net. This enabled identification of the returning bird's chick, which was 

captured and a 3- or lO-kg spring balance before feeding occurred. Only 

penguins which had not rnr.,...,..," .. n,~,,"n feeding their were sampled. 

4 
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Stomach contents were collected using a modified water-offloading (Wilson 1984). 

In both years were collected by an operator, usually by two 

helpers. In 1997 birds were flushed once or twice, and in 1999 birds were tl ushed until the 

water was clean, which was mostly twice. For experienced operators this is usually sufficient 

to collect most, if not all, of the stomach contents (B.M. Dyer comm.; obs.). 

were sexed visually before stomach sampling, males having on average longer 

deeper bills than females (Marchant & Higgins 1990; Williams 1995; CCAMLR 1997). In 

1999, sex was confirmed by measuring bill depth at gonys bill length (CCAMLR 1997). 

All measures were made to the nearest O. 1 mm using Vernier v<UJlV"'J. 

kg) was also taken before stomach sampling using a lO-kg spring 

Adult mass (± 0.1 

and flipper length -

the perpendicular straight line distance from distal end the horizontally extended flipper 

to the point anterior to the point of attachment on the body - was recorded using a tape 

measure ( I mm). 

In both years stomach contents were collected after hatching had passed. Mean hatching 

date was 30 December 1996/97 (Isaksen et 1997a), and 31 December in 1998/99 

(Appendix C). Sampling commenced on 10 January 1997 and 1999, and took 

invariantly every five days, ending on 19 February, shortly before fledging commenced. 

Five samples were collected on each sample day providing a total of 45 samples season. 

All samples were collected between 18hOO and 21h20 (GMT + 1). 

Diet analysis 

All were ~ .. n''7''r\ and returned to South Africa for 

wet mass recorded (± 0.1 g) with an and drained, and 

Samples were thawed 

mass balance. The 

material was sorted into crustacean, fish and cephalopod (squid) components and each 

component weigh.ed separately. The state of digestion (SDig) of components (SDig = 1: 

fresh, 2: 3: digested) was recorded, with component portions 

searched for identifiable prey items, most of which were identifiable to level. Fish 

were otoliths using in Hecht (1987), Gon & Heemstra (1990), and 

at Marine and Coastal Management, Cape Town, and the Port Elizabeth 

, 5 
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Museum. Crustaceans were identified from the same reference collections. fish were 

only identifiable to genus level, owing to developmental immaturity or advanced state of 

digestion. Some amphipods and all squid were identified to order only. It was 

only possible to weigh the crustacean component; other taxa typically were too to 

separate out. 

The total numbers each occurring the sample were recorded, 

total or right otoliths (fish), or whole individuals or carapaces 

by counting 

. Otoliths 

were sorted, separated into left and right otoliths, and measured to the nearest 0.1 mm with a 

icros(:one and graticule not eroded by digestion. 

Ll'H .. "'." ........... analysis 

Dietary data are presented 10 two forms: standardised (%) frequency of occurrence 

(proportion samples that prey taxon was present), and whole wet mass. 

Reconstituted mass was not employed because digestion precluded accurate measurements of 

most amphipods and many fish otoliths. Also, the mean length dominant 

prey calculated from lengths of otoliths in good condition) did not change significantly 

with time over the season (regression ANOVAs; all p > 0.05). Therefore changes in 

numerical frequency can also be inb ........ , .... t~.rI as changes in mass. 

Adult body was calculated as first order principle component (PC 1) combining 

morphometric measurements bill length, bill depth (gonys), and flipper length. The of 

was first removed by regressing body mass against PCI, resulting residual taken to 

be an index of body condition (e.g. 1996). To test the influence of adult body 

condition on body condition (measured as mass corrected for age), the mean chick and 

adult condition (food provisioner only) day was calculated, and .... ." ............. 

for pairs of chicks and Most correlations were between 

females and their chick, since males do not the chick during the period (Williams 

1995). To do this I had to assume that all chicks on a sample day were same age. 

Although this was not the case, Macaroni Penguin hatching at Bouvetl2Jya is 

synchronous (Williams 1995; Isaksen et unpubL data) and no systematic 

6 
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should th"' .. "'t,n .. .,. exist. Sample sizes vary in these analyses because it was not always possible 

to capture and weigh the chicks, and collect all mensural measurements from adults. 

All data were tested for normality using Shapiro-Wilkes W tests (Zar 1996), and if non­

normal either transformed (proportional data arcsine-transformed) or non-parametric 

procedures employed. Analyses were conducted using Statistica (S tatS oft, Inc. 1999). 

All summary statistics are quoted as mean standard deviation (SD). 

Multivariate analyses 

It was necessary to use a number techniques to resolve multivariate patterns in 

composition, since no approach that does this satisfactorily exists. I conducted a 

hierarchical cluster analysis of the dietary data from both seasons using PRIMER software 

(Clarke & Warwick 1994a,b), which calculated Bray-Curtis similarity between each sample, 

using the standardised transformed (square-root) numerical frequencies of prey occurrence 

sample. 

Penguins returning to shore at the same time might have foraging in groups together, 

and thus have similar diets. This was investigated by testing whether samples collected on the 

same day tended to cluster into the major groups. Serial correlations of sample identification 

values (n), numbered sequentially from the beginning 1997 to the end of 1999, and 

neighbouring values (1lt+l,k.l.J were calculated. I reasoned that, if samples were more similar 

to neighbouring samples collected in time (indicative of birds foraging together), this would 

be in the cluster analysis as a significant positive correlation between n and a, where 

a = (nk+1 + nk•1)12. 

Since the assumptions of a MANOV A were not met, an Analysis of Similarities (ANOSIM) 

was conducted using PRIMER. ANOSIM is built upon a simple non-parametric permutation 

prCICe<lurle. applied to the pairwise similarity matrix underlying the classification 

samples (Clarke & Green 1988; Clarke & Warwick 1994b), and employs Monte Carlo 

randomizations (Hope 1968; Clarke & Warwick 1994b). Two-way nested ANOSIM designs 

were employed (e.g. Clarke 1993). 

7 
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Covariate biplot ordinations were conducted to provide visual into the analysis. 

This ordination was a modified version of that used by Berruti et al. (1993). 

standardised transformed (square root) frequency occurrence of prey recorded 

for and supplementary points representing the independent variables (prey species), 

were projected on to the ordination to show which were for majority 

the variability (see and Appendix Berruti et al. 1993, and Croxall et 

i 997). visual convenience, each sampling season was divided into thirds; I refer to these 

as the first, final ....... "u,'U'~ .. 

Results 

Based on comparison with measurements using information South 

(Williams & Croxall 1991) visual sexing Macaroni Penguins in 1999 was accurate in 43/45 

cases (> %), thus I am confident of my assignment of sex for the birds sampled in 1997. 

In samples were taken 33 females, 11 males and 1 bird, and 1999 from 

females and 10 males. 

Diet composition 

Euphausiids and fish occurred most frequently in diet samples, with amphipods and 

" cephalopods relatively infrequently. In a minimum of 18 was 

recovered from 45 samples, in 1999 12 species from 45 samples 1.1). Over both 

years, a total of prey species was recorded (fable 1.1). 

Fish dominated by mass in both years (1997: 73%; 1999: 78% mean sample followed 

by euphausiids (1997: ; 1999: 22% mean sample (Appendix 1.1). Numerically 

Krefftichthys anderssoni dominated, with smaller contributions from ~lectrona and 

Notolepis (12% and 3%, respectively; Table 1.2). 

More anderssoni individuals were r~covered in 1999 1997. is undoubtedly at 

partly a consequence of samples being heavier the season (see below). 1997 

K. anderssoni of around total length were most frequently but'there was a 

8 
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bimodality in the individuals of both ca. 45-mm and 30-mm 

the latter 

consumed in 1997 were longer than 

Kolomogorov-Smirnov test; p < 0.001). 

1. 1). explains why 

(1997: 8 + 6.3 mm, 1999: ± 

Although more E. carlsbergi 

very slightly larger in 1997 ( 

p < 0.001). 

were recovered in 1999 (Fig. 1.2), were 

± 4.3 mm; 1999: 82.1 3 mm) (t-test; 

Numerically, the euphausiids Thysanoessa macrura and krill dominated the crustacean 

component of the both (Table 1.2). Thysanoessa macrura was 

particularly abundant (90% crustaceans), but by mass was more important 

(Appendix 1.1). 

Sample mass, total number and state of digestion 

Average sample mass was significantly greater in 1999 (232 ± 107 in 1997 (150 ± 81 

g) (t-test; p < 0.001) 1.3), but was not significantly influenced by sex in either year 

(t-test; ns; Table 1.3) or both years together (Table 1.4). was no difference between 

the seasons in 

312; t-test; ns), 

important 

of prey items per sample (1997: 1999: 358 ± 
within seasons was large 1.3). Year was the most 

"'''~''ULl''/:. patterns in sample mass GLM; Table 1.4). 

Overall the was sample mass and to with sample date 

both years (but non-significantly so; linear ..... " .• """' .... v" .. , 

The u ..... "' .... of per sample was not ... VLU" .... .....u with sample mass in 1997, but 

two were in 1999 (r = 0.46; p = 0.001). could be a consequence of state 

of digestion of samples: prey were more digested 

1997: 78 ± 0.43; SDig 1999: 2.58 ± 0.50; 

than in 1999 (mean prey item 

Whitney, U = 6345; p < 0.001), but 

this is not a refined measurement so this small difference (8 %) should 

9 
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A combination body date, 

Similarly, 

interaction between sex and size 

predicted sample mass in 1999 (Table 1 with sex 

and three interaction terms, significantly explained the prey items 1 

"'H,>,,~<, of adult body condition on condition 

mean body condition of chicks provisioned by the best condition 

(Le. top 50%), was significantly (2700 ± 1221 g) than that of chicks adults in poor 

condition (1615 ± 1 g) (t-test; df = 38; p = 0.008). However, adult body condition was 

also significantly positively related to date (r = 0.361; P < 0.05; df = 38), suggesting that 

the relationship adult body condition might be an artefact of seasonal 

patterns in adult body condition. I therefore controlled date by residual 

chick body condition on residual body condition of adults of size removed) 

sample day. Once date was corrected for, the relationship between adult and chick body 

aot,rmlChc;:d. significance (r = 0.289; df = 38; P 0.07) (Fig. 1 

Patterns in prey community 

Bray-Curtis similarity analysis revealed 11 major meaningful groupings 

identifiable at similarity (Fig. 1.4). 

Collection identification numbers were normally across 

(W = 0.981; p < 0.972). There was also no relationship between identification values n and 

neighbouring (correlation; ns). These both indicate that individual penguins that 

at similar had not been on the same and strongly 

suggests they foraging in areas. 

ANOSIM revealed that prey composition did not between sexes within years, and .. 
that there was no overall difference between years (R < 0.02; ns). However, samples 

across periods year (R p < 0.001). No !nales were 

sampled during the sampling both remain at nest at this stage) 

(Williams 1995; Mehlum et al. 1998), and I thus the strong collection 

10 
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period might be confounded by sex. An ANOSIM for sexes within years (but only for the 

period starting with the appearance of the tirst male in the sampling log) was reconducted. In 

this case there was a weak effect of sex within years (R = 0.05; p = 0.14), and differences 

between years were non-existent (R < 0.01; P = 1.0). 

The covariate biplot projection (Fig. 1.5) captured 76.2 % of total variability In prey 

composition. Adding a third dimension added 11.1 % but was non-informative, since it 

stemmed from the action of a single highly variable, but overall numerically unimportant, 

prey species. Three prey species dominated the prey communities: K. anderssoni, krill and 

T. macrura (Fig. 1.5). The remaining species had relatively little int1uence in separating the 

samples, and thus aggregate close to the origin. Diets tended to be dominated by one of the 

three major prey species, as indicated by the high degree of overall scatter, with few samples 

situated close to the origin (where samples with average numbers of all three major prey 

species would occur). 

When considering 1997 and 1999 together, the sector (I) containing samples with above­

average representation of K. anderssoni, tends to be dominated by samples from the first third 

of both seasons, the sector (2) with above-average representation of krill, by samples from the 

middle of the seasons, and sector (3) with above-average representation of T. macrura, by 

samples from the end of the seasons (Table 1-.6, Fig. 1.5). This can be interpreted as a 

pattern of sequential seasonal dominance of, first, K. anderssoni, followed by the two 

euphausiid crustacean species, and was also clear in each season, when considered separately. 

Since mean length of K. anderssoni did not change signiticantly over the course of either 

season (linear regressions; both years ns) this numerical decline in importance of fish was 

matched by a decrease in its representation by mass and an increase in representation by mass 

of euphausiids (Fig. 1.6; % fish: p = 0.005; % euphausiids: p = 0.005). 

When males were excluded (to control for inter-sexual differences), the same marked pattern 

of movement from sector (I) to (2) is evident, with a weak dominance in sectors (2) and (3) 

of second-period and third-period samples, respectively (Fig. 1.7, Table 1.6). No patterns 

11 
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were visible when were plotted by year, indicating that seasonal were more 

prominent than inter-annual 

Macaroni Penguins at have a diverse diet. Crested penguins (Eudyptes) generally 

IV>',:l]::;.'"- on a broad of crustacean, fish and cephalopod taxa (reviewed by Cooper et al. 

1990), but at most localities prefer planktonic crustacean prey (Cooper et 1990; Ridoux 

1994). Macaroni Penguins at Bouvet0ya noticeably this pattern. In both seasons 

markedly dominated the samples by mass, even though crustaceans outnumbered fish 

(this owing to samples containing numbers of small T. macrura). If sample masses 

were reconstituted (as was done by Cooper et al. 1990), would likely dominate even 

more. findings of study are in with the results of previous studies at 

Bouvewya (Cooper et al. 1984; 1991). 

Macaroni Penguins are distributed Southern Ocean, with populations 

occurring true Antarctic the Antarctic Polar Fro-ntal (APFZ) and farther 

north the waters the Subantarctic Zone & Higgins 1990). The 

v..., •• , ... , ... .,.,E, of the area between the southerly Antarctic Polar Front (APF) and the northerly 

Subantarctic (SAF), exerts an important influence upon diets of penguin 

populations et al. 1990). and are generated along the length of the 

APF (Gordon 1988), these are thought to sites of enhanced productivity due 

to the of nutrients, with prey found either in higher concentrations or closer to the 

surface (Lutjeharms et al. Rodhouse et 1996; Hull 1999). Physical gradients 

temperature; & Hureau 1985) over APFZ are pronounced 

1982) combined with eddy upon biological 

productivity and prey species distributions south north of the APFZ. 

In western South Atlantic, south of the APFZ, Macaroni Penguins display 

uniformity in their prey preference (Table 1.7). At Bird Island, South krill is the 

main prey, exc:ept in anomalous years when Themisto gafidichaudii and/or macrura occur 

more frequently stomachs et al. Elsewhere in the region, limited 

12 
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information indicates euphausiid crustaceans are also the predominant prey (Table L 7). 

east, euphausiids predominated in two studies at Island (Klages 

et al. 1989; Green et al. 1998), but with differences between in the constituent spe:Cles. 

In both studies K. anderssoni dominated fish (Klages et aL 1989; Green et al. 

1998), with number of in 1993 declining with the progression breeding 

season until diets were composed completely of anderssoni (Green et 1998). 

The the closely-related Royal Penguin E. schlegeJi (Williams 1995; Woehler 1995) at 

Macquarie situated near APFZ, largely that of Macaroni Penguins 

(Table 1.7), but fish to be represented at most' where Macaroni 

Penguins occur. 

North of the APFZ, Macaroni occur large numbers at Prince Islands 

(Marion Island) and the Islands (Marchant & Higgins 1990). At both island groups, 

crustaceans have dominated in all sample years 1, but in some years at Marion 

Island one or more taxa are largely or even entirely (Brown et al. 1990). Marked 

variation in both species composition and relative proportions of type also 

occurs (Brown et al. 1990). 

At sites north of the euphausiids generally (and in particular) tend to be 

dominant than in the western South Atlantic, and are replaced by a ..... "' ......... of 

crustacean species no single species dominating micronektonic community 

to the same extent (Ridoux 1994; Prince et at 1999). Thus,species representation in 

Macaroni Penguin diets from Marion Island and Possession Island (Crozet an 

35 per site, but from south Of the (Bird Island, Island, 

South Shetlands) an average 11 species site (calculated from Cooper et (1990), but 

possible 

Bouvemya 

from sampling intensity cannot be discounted). Macaroni Penguins at 

lerf~tolre p10ssess the most speciose diets of birds breeding south of the 

(where sufficient exist), with at 21 species recorded so far (Cooper et al. 1984; 

1991; this 

Most species taken by breeding Macaroni at Bouvet0ya do not to 

particularly important, when considered by mass representation the diet. This that 

13 
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they either occur in low densities, fall outside the of, or are avoided by foraging 

penguins. Their IS SU!;ge:stn or spatial resource variability at 

Bouvet"Ya. Spatial variability could ...... ___ . ./ of shelf making 

open pelagic waters and an overall diversity prey more a""_",,,,.:UVj,,,, to foraging 

penguins than is the case elsewhere in the South Atlantic. 

Distributions behaviour of prey 

In the only recent survey of Bouvet0ya waters, Fevolden (1980) recorded euphausiids 

frigida and T. macrura, and krill. This study adds no new records to results. The 

macrura 1966; Dzik lazdzewski 1978) occurs commonly 

in diet samples sites to the south the APFZ, so to the 1.7 

references therein) which mirrors current knowledge 

1966; Dzik Jazdzewski 1978; & Hureau 

south of the (Dzik & 1978; 

distribution n'CIlrrPr'n (Nemoto 

Although E. only occurs 

Hureau 1985), it appears to be 

relatively unimportant for land-based marine ........ ,r1"t" .. ., at Bouvewya et al. 1999; 

Kirkman et at. in Chapter unpubl. data). 

Fevolden (1980) found that krill dominated in horizontal trawls off Bouvet0ya, but that it was 

only which no were recorded, and suggested that the specimens were 

immigrants to the Everson Fig. 8) Bouvewya waters to be of high 

krill density, but the lack of surveys hampers our understanding of the extent to which 

stocks are consistently present or abundant. In both 1997 and 1999 krill were 

recorded in Macaroni and Chinstrap Penguin Pygoscelis antarctica stomach samples. This 

might not though, that recruitment occurs at Bouvewya, since this 

requires specific ecological conditions in & 'CIYnrnnn 1989) to be 

absent at the island (D. Miller, comm.). 

Factors other recruitment, such as oceanographic concentrating mechanisms, could also 

support krill of current shear (Le. frontal zones, meanders and eddies, 

and where the bathymetry is irregular) support high of krill western South 

Atlantic (Witek et 1982; Miller Hampton 1989). Large-scale to the south 
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Bouvet0ya such as the Weddell and Weddell Polynya (Gordon 1988), and eastward 

flowing Weddell Drift, where a generally abundance post- and late-stage krill 

has been recorded (Miller & Hampton 1989), are also possible influences on near the 

island. Further surveys of resources, coupled with long-term of predator 

populations at Bouvewya, are required to understand the dynamics krill at BOllvet0Ya and, 

the pronounced shortages common to sites in the western South Atlantic occur (Croxall et 

al. 1988), what impact this has on predators (Croxall et al. 1999). I discuss further in 

Chapter 3. 

The myctophid K. anderssoni is a cosmopolitan, broadly Antarctic 

associated principally with but which occurs as north as the Subtropical 

Convergence (Hulley 1981, 1985; McGinnis 1982). The predominance of K. anderssoni in 

the diet Macaroni Penguins suggests that dense shoals must occur frequently in the vicinity: 

of Bouvetl,~ya (cf. Adams & Klages 1987), probably consisting of different cohorts (Fig. 

1.2). the Kerguelen Islands, K. anderssoni diurnal vertical migration from 

upper layers (down to 250 m) in the day where it is one three common fish species, to 

deeper (deeper than 100 m) at night (Duhamel 1998; Duhamel et al. 2000). Like many 

mesopelagic myctophids, it also shoals densely (Sabourenkov 1991), and. its vertical 

distribution falls well within the diving capabilities of penguins fur seals breeding at 

Bouvewya (Isaksen et al. 1997a; Chapters 2 3). That they are not commonly by 

other predators at (Isaksen et al. 1997a; Klages et 1999; Kirkman et in 

press; Chapter unpubl. data), but are common prey for Macaroni Penguins at other islands 

(Heard, Possession and Marion Islands) suggests that they could be selectively targeted. 

Most other predators at Bouvel0Ya eat krill (Klages et al. 1999; Kirkman et al. in press; 

Chapter 3), an explanation is that this could also represent niche differentiation 

mediated through competition at sea. This would permit ecological ee:r'ee:.ltIcm from 

other two air-breathing divers at the Chinstrap fur seems 

unlikely, however, and is explored more fully Chapter 2. 

Other myctophids eaten by Macaroni Penguins at Bouvewya were Electrona carlsbergi, 

antarctica, ProlOmycrophum choriodon and Gymnoscopelus braueri. Both Electrona spp. 

occur in the upper 100 m in vicinity of the APF and are distributed circumpolarly (Hulley 
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1990). At the Kerguelen E antarctica has a pronounced diel migration, occurring 

frequently in shallower waters of 50 m at but seldom above 200 m the day 

(Duhamel et al. 2000). Since it is considered to the most common myctophid south of the 

(Hulley 1990) and falls within the depth of diving Macaroni ns, it is not 

surprising that it is well in diet at Bouvewya. Also at the Kerguelen islands, 

E. carlsbergi is mostly in waters (> 200 m) (Duhamel et al. 2000), which is 

out of the .... ", ... "un of Macaroni Penguins at Bouvewya (Chapter 

The paralepid Notolepis Arctozenus risso and Magnisudis prionosa are all 

mesopelagic to bathypelagic (post 1986, 1990). Both M. prionosa and Norolepis have. 

recorded as prey Macaroni Penguins at one each and risso is a new 

prey record for this penguin (see Cooper et al. 1990). 

Other records include the benthopelagic notothenid Nototheniops larseni, the 

benthic!epibenthic notothenid Trematomus sp., other smaller notothenid too young to 

identify unambiguously. This group is considered to largely benthic (DeWitt et al. 1990), 

and should therefore outside the foraging range of Macaroni Penguins, although early 

of benthic notothenids have recovered from trawls the upper at Kerguelen 

(Duhamel et aL 2000). 

The Trematomus and Bathylagus (Bathylagidae) records are both new for Macaroni 

Cooper et al. 1990). Of the nine fish found in Penguin diets 

at Bouvemya, five (N. cOa/st, M. prionosa, risso, car/sbergi P. choriodon) are new 

distributional records for the immediate waters of the island (cf. McGinnis Gon & 

Heemstra 1990; FishBase 1996). 

One crustacean, hyperiid amphipod Hyperia macrocephala, is previously unknown from 

other Macaroni Penguin diets Cooper et 1990), but is probably widespread and 

abundant in region, a common pelagic crustacean in the South Islands area 

(lazdzewski 1982). The hyperiid T. gaudichaudii has a subantarctic distribution 

pattern (Kane 1966), and is as the commonest most abundant amphipod in the 

Southern (Jazdzewski, 1982). It is found in the upper layer (50 m) day and night 
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(Duhamel et aL 2000) and thus, not surprisingly, occurs frequently in crested diets 

(cf. Cooper et aL 1990). 

of adult condition on condition 

In 1999 body condition of chicks was positively related to parental condition. Adult 

condition also improved during the. chick rearing period. 

condition laid earlier in the season (cf. Moreno et al. 1997,1998), 

female penguins in better 

chicks should older 

(and therefore heavier) diet sampling period. However, hatching in Macaroni 

Penguins was highly synchronous in both years, so I this effect would apparent 

only early in the season, and chicks of poor providers would rapidly lose any 'advantage' 

gained from being older to other birds in the study) provided that growth and 

condition is not solely heritable. Certainly, adult body condition appeared to the most 

consistently important factor explaining during 1999 sample mass and number 

of prey returned to nest. 

Body condition could influenced by age et 1996), or experience (Nager & Van 

Noordwijk 1995). The between adult and chick condition in Macaroni 

suggests that adults in better condition be to allocate more resources to chicks. It is 

unclear whether this is because of active decision~making se, or if this is 

investment varies directly and proportionally with condition. The exact mechanism - varying 

provisioning rates or quality of food - is unknown and merits further investigation. This 

linkage has been observed in other studies of seabirds (e.g. Chaurand Weimerskirch 1994; 

Weimerskirch et aL 1994; Lorentsen 1996; Erikstad et aI. 1997; Tveraa et aI. 1998), and 

penguins are known to sensitive to changes prey density, suffering low 

.............. "., success in years of low availability (e.g. Croxall et aI. 1988, 1999; Irvine et al. 

in press). 

During the incubation and guard stages Macaroni Penguins spend long periods ashore fasting. 

This is undoubtedly stressful, to marked in body mass (see Croxall and 

condition. 1999, while males were excluded from sampling during the brood stage, the 

body condition of females improVed. This indicates that the brood may not have been. 

17 
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as for females as the latter of incubation, where the lengthy relief schedules 

probably lead to of condition (cf. Croxall 1995). 

Intra-annual patterns in diet 

The composition of diets 1997 and 1999 was not influenced by or by 

proximity in time to other samples, but was strongly influenced by sampling period and 

with period exerting perhaps the most influence. Fish dominated (numerically by mass) 

during the part of the season, and krill and macrura in the middle and latter parts 

respectively. This pattern was similar systematic during both 

Seasonal in diet have been elsewhere Croxall Prince 1980; Brown 

& 1987; Ridoux 1994; Green et al. 1998; Hull 1999), but in these cases the 

tendency has for fish to increase proportionally with time (although strength of the 

effect considerably). This is the first study penguin have demonstrated a 

and markedly systematic ... "'Iet'u .... of fish becoming important over course of 

breeding season. There are three possible reasons for this. 

this pattern be a consequence small-scale natural fluctuations abundance 

of around island. This implies consistent patterns oceanographic change occurred 

in both which seems unlikely. 

Second, penguins may been were specific at times. Preying 

upon fish early the season could be advantageous to penguins with small chicks. 

Myctophid fish are lipid-rich, with K. anderssoni proving to be most (8.1 

wet mass) three fish and one squid preyed penguins Aptenodytes 

patagonicus at Possession Island & Ridoux 1992). & (1985) showed 

that the type of consumed, and their lipid and caloric content, influences the growth of 

penguin chicks,. with birds consuming growing than those consuming squid. 

Similarly, Van Heezik Davis (1990) demonstrated lower growth rates and chick 

when the diet of Yellow-eyed penguin Megadyptes antipodes chicks switched from 

lipid-rich to lipid-poor prey. Thus, if myctophid resources close to Bouvet"ya are abundant 

during might be expected to target such fish are digested 
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more rapidly than larger fish and crustacean prey at BOllve,t0ya (pers. obs.). Regurgitation of 

semi-digested food might thus lower digestion costs smaller chicks, which require 

frequent small meals. 

Brown ...... L .. F.'.'" (1987) considered it likely that increasing foraging A<!.II","'''' of birds with 

chicks were responsible for bringing them into the open waters by 1" ........ ""''-

myctophids. If this is the case, the relative paucity of neritic waters at Bouveteya could 

favour pelagic foraging and a prey pattern that is favourable from the outset for the 

development of chicks. This might also suggest that birds should tend to return with smaller 

meals when feeding small chicks, and this was indeed case for both seasons. However, 

why adult penguins should return less fish to shore later in the season is not Perhaps 

the deeper-dwelling myctophids are more costly to capture than shallower krill (Fevolden 

1980; Miller & Hampton 1989; unpubl. data), and Macaroni balance this cost with 

the needs of the chick. 

Third. competitive at sea with consumers at Bouvewya could 

Macaroni Penguins to prey upon fish, than krill. This assumes that krill is a limiting 

resource at Bouvet0ya (cf. Wiens 1989), for which there is no evidence. This is considered 

further in Chapters 2 and 

Inter-sexual differences in diet, as this study might occur, have been observed in 

other studies. Clarke et al. (1998) found differences in diet in Adelie Penguins adeliae, as 

well as in foraging range. In another pygoscelid, the Gentoo papua, Volkman 

et (1980) also recorded in diet. Sexual segregation of foraging areas has been 

demonstrated in Wandering Albatrosses Diomedea exulans (Shaffer et al. 2000), which is 

thought to be a result of this species' sexual dimorphism. The marked sexual dimorphism of 

Macaroni Penguins, and their unusual breeding chronology, might therefore favour different 

patterns of spatial and depth usage, and consequently diet. 

Finally, systematic differences in prey specificity of individual might, at least partly, 

explain why very diet samples contained average numbers of the three principal prey. 

When diets are dominated by one as is frequently observed (B. Dyer pers. comm.; 
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pers. obs.), it is often attributed to penguins encountering a patch of this species, and 

returning to shore having completed feeding in the patch. But the same pattern could also 

result if individuals specialised in targeting certain prey. Repeat sampling of individually 

marked birds would be required to test this. 

Inter-annual patterns in diet 

Macaroni Penguin diets differed very little between the two sample years. In 1999 samples 

were heavier and were less digested, but had the same number of prey and a corr:position 

indistinguishable from 1997. Differences in sampling technique seem likely, given the big 

differences in sample mass between the years (Tables 1.3 & 1.4); two-t1ush sampling is 

therefore recommended for Bouvet0}'a. However, I fail to see how this can account for 

differences in digestion, lack of differences in number of prey, and similarity in diet 

composition. Digestion differences alone suggest that in 1999 small-scale natural variability 

in prey abundance meant foraging penguins conducted shorter foraging trips (cf. Chapter 2). 

thereby returning fresher food to the nest. 

Croxall et al. (1988) and Priddle et al. (1988) suggested the possible connection between 

ENSO events and shortages of krill in the western South Atlantic, a phenomenon which is not 

well understood. During 1978 and 1984 predators did poorly at Bird Island with both seasons 

lagging behind strong (massive in 1983) ENSO events. Recently, SC-CAMLR (1998) found 

krill abundance at South Georgia to be associated with both the summer Southern Oscillation 

Index and regional sea ice extent, and identified an 8 month maximum lagged cross­

correlation in sea surface temperature (SST) anomalies between the Southeast Pacific and 

South Georgia. This is consistent with the migration of anomalous conditions with the 

Antarctic Circumpolar Wave (ACW) (Murphy et al. 1995; White & Peterson 1996) which is 

a circumpolar anomaly precession associated · mainly with the Antarctic Circumpolar Current 

(ACC). Bouvet0ya lies close to the ACe, and at the rate of travel reported by White & 

Peterson (1996), might be expected to have encountered anomalous conditions from the very 

strong 1997/98 ENSO event (ENSO Monitor 2000) during the 1998/99 season. However, 

this was not detected in the diets or breeding success of either Macaroni or Chinstrap 

penguins (Appendix C; Chapter 3; unpub!' data), or the diets of fur seals (Klages et al. 1999; 
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Kirkman et al. in press). Certainly, as is the case elsewhere in the region, local factors such 

as cycles in distribution and extent of sea ice (e.g. Priddle et al. 1988; Brierley et al. 1997; 

SC-CAMLR 1998; Reid et al. 1999) could also be important determinants of krill resources 

which require both recruitment and transport to be abundant at Bouvetoya and have been 

shown to be variable in the short-term in the past (Fevolden 1980). 

During December - January 1998/99 acoustic estimates of krill at South Georgia revealed 

abundances that, while not abnormally low (11-12 g.m·2
) (Brierley & Goss 1999), were well 

below the long-term average for the region (44.3 g.m·2) (Brierley et al. 1999). How 

predators performed at South Georgia at this time is not yet openly documented, but 

elsewhere in the Southern Ocean, at Bechervaise Island, Adelie penguins experienced high 

levels of chick mortality, caused by adults spending longer at sea foraging than in normal 

years (Irvine et al. in press). 

Further work at BouvetrJya will help us understand patterns 111 environmental variability 

occurring throughout the South Atlantic Ocean. 
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Chapter 2 

foraging of Macaroni Penguins are ultimately limited by light, most day-time di ving activity 

is probably not limited by light. Females adjust their behaviour at sea to cope with demands 

from the chick, by shortening trip length and diving deeper when chicks are small. The 

deeper dives enable bird to return lipid-rich fish to the chick, and appears to be adaptive, and 

not a consequence of competitive exclusion from krill resources by other air-breathing divers 

at the island. This indicates that, in the relatively species-poor community of air-breathing 

divers at Bouvet0ya, the realised niche of Macaroni Penguins is not strongly defined by 

intrinsic community interactions such as competition. 

" .. 
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Chapter 3 

Introduction 

Penguins are important top predators in the Southern Ocean food web (Croxall & Lishman 1987; 

Adams et al. 1993; Wilson 1995; Woehler 1995) and, by virtue of their biomass (Woehler 1993) 

and high metabolic rates, impact substantially on populations of forage prey species, especially 

around breeding islands (Croxall 1984; Wilson 1995) . Antarctic Krill Euphausia superba 

(hereafter krill) is a keystone component of the Southern Ocean food web, and an important prey 

species for most top predators in the Southern Ocean including many penguin species. Variation 

in its abundance has been linked to variation in predator performance (e.g. Boyd et al. 1994; 

Croxall et al. 1988a,1999). 

Chinstrap Penguins Pygoscelis antarctica are specialist consumers of krill (Marchant & Higgins 

1990; Williams 1995), and number ca. 7.5 million breeding pairs , or approximately 26% of all 

penguins in the Southern Ocean (Woehler 1993). Neither their diet nor foraging ecology is well 

understood at Bouvet0ya (Bouvet Island), a small island of volcanic origin situated in the mid 

South-Atlantic Ocean (54°25'S, 03°21'E), and an important breeding site for land-based marine 

predators (Appendix A). Bouvet0)'a is the northernm,Ost breeding site for the Chinstrap Penguin 

(Marchant & Higgins 1990; Williams 1995; Woehler 1995). The community of air-breathing 

diving predators at this island (Chinstrap Penguins, Macaroni Penguins Eudyples chrysolophus, 

and Antarctic fur seals Arctocephalus gazella) is unusually depauperate, and thus offers a simple 

system for studying interactions among species which are all known to consume krill (Isaksen et 

al. 1997a; Chapter 1). 

Cooper et al . (1984), Bakken (1991) and Isaksen et al. (1997a; Appendix B) present information 

on the diets of breeding Chinstrap Penguins at Bouvet.0ya, and Isaksen et aI. (1997a) present 

information on foraging behaviour (diving and trip duration). These accounts are limited by the 

small number of samples, though, and I seek to redress this here. Foraging of Chinstrap 

Penguins has been studied in detail elsewhere in the Southern Ocean at the South Shetland and 

South Orkney Islands (e.g. Lishman & Croxall 1983; Lishman 1985; Trivelpiece et al. 1986, 

1987; Bengston et al. 1993; Wilson & Peters 1999), but not at Bouvewya. Recent technical 
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Chapter 3 

further away from the colony during longer trips (Wilson 1995; Boyd 1999; Bonadonna et al . 

2000; but see caveats in Wilson 1995). I estimate the mean maximum foraging range of 

Chinstrap Penguins to have been 15 km in 1997, and 20 km in 1999 (calculated at an average 

travelling speed of 4.5 km.h- I ; cf. Trivelpiece et al. 1986). Assuming an average travelling 

speed of 4.3 klll.h-I for Macaroni Penguins (Wilson 1995), and 6.5 km.h- I for fur seals (Boyd 

1996), I estimate the mean maximum foraging range of Macaroni Penguins to be ca. 56-65 km, 

and that of fur seals 230 km. The inferred at-sea overlap between Chinstrap Penguins and 

Macaroni Penguins therefore appears to be small: the Chinstrap Penguin with the longest mean 

trip length in 1997 was 0.43 of the duration of the Macaroni Penguin with the shortest mean trip 

length (Isaksen et al . 1997a). Chinstrap Penguins almost always initiated foraging within 2 km 

of the island. 

Estimated peak fur seal pupping at Bouvet0)'a is approximately 25 days earlier than peak penguin 

hatching (Kerley 1983; Doidge et al. 1986; Isaksen et al. 1997a; Appendix C), but lactation 

probably extends through to mid-March (Doidge et al. 1986), by which time most penguin chicks 

probably have fledged (see Williams 1995 for details on breeding biology). Both penguin species 

have similar breeding chronologies (Isaksen et al . 1997a; Appendix C). Peak food demands for 

all three predators thus largely conincide. 

It is striking how Chinstrap Penguins at Bouvet0)'a return large meals to their brood (often two 

chicks; Isaksen et al. 1997a; unpubl. data) frequently, when they spend comparatively little time 

at sea, search a comparatively small volume of water for their prey, and have a comparatively 

short fledging period (Croxall & Davis 1999). Chinstrap Penguins are considerably faster 

swimming than other penguins of similar body size (Wilson 1995; Wilson & Peters 1999) which 

may be related to their dietary specialisation. In Chapter 4 I speculate that they might possess 

compensating mechanisms, enabling them to dive serially upon prey aggregations for long 

periods. Support for this is that Chinstrap Penguins have comparable rates of daily energy 

delivery (ca. 1200 kJ .day-I. adulr l
), and energy acquisi~on at sea for the brood (average of ca. 

130 kJ.hr- 1
, calculated from Tables 3.2 & 3.3; energy density of krill = 4.6 kJ.g-J

; Clarke 1984) 

to populations elsewhere, and other species (see Williams 1995). 
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This crude analysis of diet, depth and spatial usage, and food demands, indicates that the niches 

of the three diving predators at Bouvet0ya are as foUows: Chinstrap Penguil1- i 11shore-feeding, 

shallow-diving, krill specialist; Macaroni Penguin- offshore-feeding, shallow- and deep-diving, 

mixed krill and fish generalist; Antarctic fur seal- offshore-feeding, shallow-diving, krill 

specialist. These predators are clearly ecologically segregated, but it is also true that limited 

niche overlap also exists between them. Overlapping resource utilisation, inferred parapatric (or 

limited sympatric) distributions at sea, and partially segregated depth usage, are the strongest 

circumstantial evidence suggesting that competition might shape predator niches at Bouvet0ya. Is 

this really the case, or are the realised niches of predators at Bouvet0ya intluenced by other 

factors? 

Factors responsible for ecological segregation 

Studies of ecological segregation in sympatric penglllns have focused mainly on pygoscelid 

(Chinstrap, Adelie, and Gentoo P. papua) penguins in the true Antarctic (e.g. Volkman et al. 

1980; Lishman 1985; Trivelpiece et al. 1986; Wilson 1995), and penguin communities at sub­

Antarctic sites (Adams & Brown 1989; Ridoux et al. 1988). Lishman (1985) and Volkman et al. 

(1980) recorded broad overlap in krill size between Chinstrap Penguins and their congeners. 

Tri velpiece et al. (1987) found that breeding chronology, depth and spatial use differed among 

the three sympatric pygoscelids at King George Island, and that this favoured co-existence but 

was not a product of competition at sea. Adams & Brown (1989) observed si milar patterns in 

ecological segregation at Marion Island, and reached similar conclusions to Trivelpiece et al. 

(1987). 

Also at King George Island, but at a different time and site (Ardley Island), Wilson (1995) 

observed that spatial and depth usage could not solely account for ecological segregation of the 

three pygoscelids. Here temporal separation of foraging was important, with Chinstrap Penguins 

tending to forage more often at night, possibly advantaged by superior vision. Chinstrap 

Penguins at Ardley Island also foraged inshore « 25 km; Wilson 1995), like at Bouvet0ya and 

Seal Island (Bengston et al. 1993), but unlike elsewhere at King George Island (Tri velpiece et al. 
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Chapter 3 

centre of its distribution. Trivelpiece et al. (1987) explored this further and suggested the 

ecological segregation they observed in pygoscelids at King George Island was an outcome of 

this. This conclusion implies species' responses are largely invariable across their distributions, 

and is supported by evidence from Bouvet0ya. Macaroni Penguins have a catholic diet across 

their entire distribution (Chapter 1) with dietary specialisation occurring chiefly in the 

comparatively krill-rich waters of the western South Atlantic. At other sites they also forage 

offshore, and have similar diel diving patterns although depth usage does appear to vary with diet 

(Croxall et al. 1988b, 1993; Green et al. 1998; Chapter 2). 

In conclusion, while the three main air-breathing divers are ecologically segregated at Bouvet0ya, 

there is little evidence that this is a consequence of competitive interactions at sea. Perhaps a 

more intriguing question is why Gentoo Penguins, which have been recorded visiting Bouvet0ya 

(Appendix C), and Adelie Penguins, which have previously bred at the island but never in great 

numbers (Haftorn et al. 1981), do not breed there. On the surface of it, conditions on land 

(nesting space is not limiting at Nyf0ysa) and at sea appear suitable for both of these species at 

Bouvet0ya, but their niches remain vacant (see Synthesis). In general, understanding large-scale 

variation in population responses will become increasingly important for understanding the limits 

to species' ranges, and how they might fare under conditions of environmental change. 
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Table 3.2 Mean (± SD) number of prey items and krill (Euphausia superba) 

recovered per sample, and mean sample mass (g) and krill mass (g), for diets 

of Chinstrap Penguins breeding at Bouvewya, 1997 and 1999. 

1997 1999 

Mean number of prey 194.1 ± 93.6 242.8 ± 145.1 

Mean number of krill per sample 193.3 ± 93.3 241.8 ± 146.0 

Mean mass of krill 221.8 ± 105.0 261.3 ± 172.2 

Mean sample mass 222.7 ± 105.6 261.4 ± 172.1 
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Chapter 4 

capture events within dives. Wilson & Peters (1999) observed that Chinstrap Penguins dive 

continuously while at sea, with no inter-bout periods, which contrasts with Mori (1997). 

These results prompt a re-evaluation of dive bouts in the Chinstrap Penguin, an important 

predator of Antarctic krill (Euphausia superba, hereafter krill) in the Southern Ocean 

numbering an estimated 7.5 million breeding pairs, or ca. 26% of the total penguin numbers 

in the region (Woehler 1993). 

In this study I consider which of four hypothesised factors limit the termination of dive bouts 

in Chinstrap Penguins: prey presence or absence, prey abundance and density, penguin 

satiation, or physiological limitation. I also show that temporal patterns in penguin foraging 

activity yields information on prey dispersion. 

Methods 

Logger recording devices (OK 602 series; Driesen and Kern GmBH, Bad Bramstedt, 

Germany) were deployed from 2-31 January 1999 at Nymysa, Bouvet0)'a. Details on the 

biota, climate and penguin breeding schedules at the· study site are provided in the 

Introduction, Isaksen et al. (1997a,b) and Appendices B & C. 

Breeding Chinstrap Penguins were captured by hand at the nest and restrained (Wilson 1997), 

and the logger attached to the lower back above the tail following suggestions in Bannasch et 

al. (1994) using layered Tesa TM adhesive tape. Equipping birds seldom took longer than five 

minutes. The loggers recorded temperature (± 0.2°C) and pressure (± 0.01 111) with 16-bit 

resolution, and were set at 2- and 5-second recording intervals which is sufficient) y frequent 

to avoid errors in interpreting the dive record identified by Boyd (1993) and Wilson et al. 

(1995). Upon return to shore, birds were recaptured, the logger retrieved and the data 

downloaded to a portable computer. 

Sunrise and sunset were calculated by usmg a US National Oceanic and Atmospheric 

Administration (NOAA) Surface Radiation Research Branch sunset - sunrise calculator, 

available at http://www.srrb.noaa.gov/highlights/sunrise/gen.html. During the study sunrise 

occurred between 04:26 and 05:13 (mean 04:47) and sunset between 20:50 and 21:19 (mean 
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Chapter 4: Tables 

Table 4.1 Mean (± 95 % confidence limits) parameters for cluster analysis of Chinstrap Penguin foraging bouts, Bouvet0)'a, 1999. Highlighted 

values are those that discriminate that bout type from other types. 

Bout types Start time 

(24 hr clock) 

Type I "Unsuccessful" 11 :42 

n =57 (10:35-12:48) 

Type II ('Deep" 

n = 102 

Type III "Slow" 

n = 17 

Type IV "Shallow" 

11 = 93 

10:20 

(9 :22-11: 18) 

9:58 

(7:00-12 :57) 

9:50 

(8 :57 - 10:43) 

Length 

(mins) 

2.75 

(1.85-3.67) 

No of dives Period since Dive 

last dive (s) duration (s) 

.......... : ..... :.,.; ... ::.; ::~::. : .. ::.: ...... ::. 

283 

(232-334) 

54.5 

(48.0-61.0) 

Bottom 

time (s) 

,_ .. ·:>::::: t~· ;,~:: :', ,', : ; ::'" -:.... . . . "'::: 

Descending Maximum 

vertical depth (m) 

velocity (m.s·') 

15.95 

(12.45-19.44) 

38.88 , ", !:'.,,&O.5S!::::':::':,:.:: 377 77 . 85 ;:,\; ?S. 0 0.99 

(0.93-1.06) 
~:.,j : ~;::·::;a~:: ?: ~}·:. ~i:·::· 

(25.88-51. 87) :::f~'4:j'Q[;~z::iI):::: (277 -477) 

9.00 

(0-21.68) 

5.06 

(-0.64-10 .76) 

I_I . 52 :,:.::; :::;'"::: f-~~,:l:ill:l~;:> .' 
(8.4)-14.60) ' (6 ,O:,-:,lq, ,6~) 

318 

(275-362) 

(73.7 - 82 . 0) ,. (~~:'511~·!g)·::'.'- · (2A·:74;~O :78). 

50.4 

(38.4-62 .3 ) 

51 .2 

(47 .6- 54.8) 

6.3 

(2.2- 0.4) 

0.53 

(0.39-0.66) 

13.65 

(7 .58-19 .71) 
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Table 4.2 Individual variation in occurrence of the four recognised bout 

types. Table gives X2 values of frequency per penguin of the bout type. 

Major contributions to the total Xl value are shaded. 

Penguin 

2 

3 

4 

5 

6 

7 

Total Xl 

Bout type 

Unsuccessful Deep 

0.91 

0.07 

0.75 

0.31 

1.69 

2.41 

0.02 

6.16 

0.97 

1.15 

0.01 

0.31 

1.74 

Slow 

0.12 

0.64 

0.18 

0.00 

0.21 

0.92 

0.04 

Shallow Total Xl 

0.02 2.02 

2.78 4.64 

.\7.:m:(::':;": ]'633 .'::: 
.::;.- ',:.:.: ....... }}-.,: . ~ : ::~ .;: ': ~:!:~: : : ~ , {;: "" .. 

. · .. ::,tQMii.: ' :.~f · ~ 2~:~93:· ". 
:.::.'-: <:::::::;:;::::::::::::::;:;::::::::':/:::::" ;>:: ,::,-.' ... ' '; ',',,:-.,- . . 

0.53 

0.05 

1.40 

2.44 

3.69 

3.20 

50.25 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Figure legends 

Fig. 1. Examples from dive records (penguins 3 & 6) of dive types of Chinstrap 

Penguins at Bouvewya, 1999. Dives have either a broken descent and ascent (A), or a 

smooth ascent and descent (B). The irregular phase in dives with broken ascents and 

descents is known as the bottom phase, and the duration is bottom time (A). Type I 

dive bouts (B) were typified by having few dives, and little bottom time. 

Fig. 2. The proportion of total variation acounted for by the number of clusters 

chosen. This proportion was calculated as the mean of the variance for each of the 

discriminatory variables. Four clusters were chosen as a suitable compromise between 

explaining maximal amounts of variance, and preserving some biological realism. 

Fig. 3. Frequency histogram of total dive duration (n = 3319) from seven Chinstrap 

Penguins, Bouvet0Ya, 1999. The mean dive duration and the Theoretical Aerobic 

Dive Limit (TADL) are indicated; an estimated 36% of dives exceed the TADL. 

Fig. 4. Relationships between bout mean maximum dive depth and (A) dive duration, 

(B) total dive cycle time, (C) bottom time, and (D) descending vertical velocity. All 

foraging bouts (i.e. with bottom time, bout types Deep, Slow and Shallvw) and with > 

2 dives (n = 146) were included. Regression relationships are significant, equations 

are in the text. 

Fig. 5. Relationship between bout mean dive duration and preceding surface interval 

(combined as the total dive cycle time). All bouts with bottom time (i .e. bout types 

Deep, Slvw and Shallow) and with> 2 dives (n = 146) were included. 

Fig. 6. Example from the dive record (penguin 6) of a Deep bout. .. The pengUln 

accumulates a relatively high proportion of bottom time (cf. Fig. 1) throughout the­

bout. 
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Chapter 5 

parameters also integrate information over a relatively long period (e .g. A3, A4, A6, A 7) , 

thereby reducing their sensitivity. There are good reasons for measuring these parameters, 

not least of whicll is that monitoring methods should be simple and cheap which land-based 

measures are . Nevertheless, indices which could quantify aspects of the marine ecosystem 

directly, are scalable (i.e. can integrate information from small to large scales) and have the 

required sensitivity would at least theoretically be an improvement. Yet are such methods 

available, and are they practical? 

Firstly, we should consider factors other than food that could int1uence predator performance. 

Predator performance undoubtedly can be influenced by food (e.g . Croxall et al. 1988a, 

1999; Montevecchi et al. 1988; Monaghan et al. 1989), but other factors can also be 

influential. This influence is likely to vary with species and site, which will limit the 

interpretability of standard predator indices. In this chapter I consider shortcomings of 

CEMP, and suggest possible ways to improve its effectiveness. 

Bouvetoya CEMP 

At Nymysa, Macaroni and Chinstrap Penguin numbers have decreased in recent years, 

whereas Antarctic fur seal Arctocepha!us gazella numbers have increased substantially 

(Bakken 1991; Isaksen et al. 1997; Appendix A & C) (Introduction, Fig. 2). 

Fur seals dominate in competition for breeding space at Nymysa, causing near-total breeding 

failure of both penguin species in the lower sections of the penguin colony (unpllbl. data), 

which overlaps with the expanding fur seal colony . Aggressive interactions between 

territory-holding male fur seals and incubating or brooding pengllins frequently lead to 

serious or even fatal injuries to penguins and consequent failure of the breeding attempt 

(Appendix C; unpubl. data). Eggs and chicks are also lost when penguins are forced off 

nesting sites (unpubl. data) . These interactions on land are not predatory, but active 

predation takes place at sea (Synthesis). With burgeoning numbers of fur seals, competition 

at sea for food might also occur since fur seals and both penguin species consume krill 

(Klages et al. 199?; Kirkman et al. in press; Chapters 1 & 3), although there is no strong 

evidence that this is currently the case. Finally, disintegration of the seaward margin of the 
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Chapter 5 

Nymysa platform is eroding penguin breeding space. This process is ongoing (Appendix C), 

forcing many birds to relocate each season. 

Direct interactions with fur seals almost certainly influences penguin numbers at Nymysa. 

Although population estimates are limited (Introduction, Fig. 2), changes in prey abundance 

cannot explain why penguin populations are decreasing while fur seal numbers are increasing, 

because krill is consumed by both groups. Other parameters (e.g. breeding sllccess and 

chronology, juvenile and adult survival) should also be influenced by interactions with fur 

seals, ultimately compromising the long-term value of the CEMP information from penguins. 

Dynamics of predator populations elsewhere might also be driven by their own unique set of 

variables. Some support for this is in Agnew et al. (1996), who, with an eight-year dataset 

from Seal Island, South Shetland Islands, found markedly different relatiOllships between 

predator parameters (Macaroni and Chinstrap penguins, and fur seal s) and local 

environmental and prey parameters. 

Speculation aside, common sense is needed when interpreting any index, regardless of 

provenance. CCAMLR (e.g. SC-CAMLR-XVII, paragraph 6.16) has recognised this, but the 

salient point is that with each caveat the value of an integrative, or surrogate, index is 

lessened. Surrogate indices are widely used in ecological research and monitoring. While 

they have obvious attractions, over-integrated indices might obscure important relationships 

and trends. Thus, while CEMP indices can distinguish between normal and anomalolls years, 

it is not certain that impacts from moderate (yet local.ly influential) commercial removal of 

krill are detectable with the existing indices. 

One remedy might be to measure aspects of foraging performance of predators such as 

penguins as di recti y as possible. 

At-sea monitol"ing of foraging performance 

When CEMP was established, research into at-sea behaviour of penguins was in ils infancy" 

Great technological advances in the last decade have made it possible to equip many seabirds 
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Chapter 5 

Foraging behaviour 

The analysis of foraging behaviour is also feasible and can be informative. Boyd (1997) 

recognises three widely distinct scales at which this call be conducted: at the level of entire 

foraging trips, dive bouts, and individual dives. No CEMP methods exist for analysis of 

individual dives or dive bouts, but a simple measure at the scale of the foraging trip (trip 

length) exists (Standard Method AS; Table 5.1). 

Foraging (rip 

Although easy to measure, trip length for penguins is difficult to interpret (Croxall et al. 

1988a) because it tends to be highly variable (Williams & Rothery 1990; Agnew et al. 1996) 

and relatively insensitive to decreased abundance of prey at sea (cf. Croxall et al. 1999). It is 

therefore being reassessed as a monitoring tool (WG-EMM-95, paragraphs 5.17-5.19). 

Trip length is more informative for fur seal mothers, who increase their foraging trip 

duration, and time spent ashore, in years of reduced food availability (Croxall et al. 1988a; 

McCafferty et al. 1998; Boyd 1999). For penguins, measures likely to be more informative 

and that deserve consideration include: total time spent resting and underwater at sea, the 

proportion of time spent underwater where prey was captured (cf. Wilson et a1. 1992b; 

Wilson et al. 1993; Piitz & Bost 1994), depth usage (e.g. Wilson et al. 1991b; Charrassin et 

al. 1999), and time spent foraging for self and for offspring, as indicated by gastric activity 

(Peters 1997a,b). Much research remains to be done here, but a device-assisted experimental 

approach where foraging costs are manipulated (e.g. Boyd et al. 1997) will be valuable. 

Dive bOUlS 

Diving in marine predators typically is arranged into bouts, thought to represent serial diving 

on prey which continues until the prey disperse or are consumed to the point when capture 

rate becomes unprofitable, or when physical (light, depth) or physiological lilllits set in 

(Chapter 4). Inter-bout periods reflect resting, or travel and searching until spatially 

unpredictable prey (Miller & Hampton 1989) are encountered again (e.g. Boyd 1996a). Thus 
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Synthesis 

Synthesis 

Although aspects of the diet and foraging ecology of Macaroni Eudyptes chlysolophus and 

Chinstrap Pygoscelis antarctica Penguins are reasonably well known from a number of si~es 

in the Southern Ocean, this is not the case for Bouvet0)'a, an important breeding site for 

seabirds that has received little attention from biologists . In this thesis, I aimed to rectify this 

deficiency in our knowledge of the foraging ecology of these two penguin species at 

Bouvet0ya, in order to gain a better understanding of resource use and variability for 

monitoring (and ultimately conservation) objectives (Chapters 1,2,3 & 5) .. to assess how 

extrinsic and intrinsic factors influence community organization (Chapters 2 & 3), to 

determine the limits to foraging in a specialist consumer of Antarctic krill (Euphausia 

superba, hereafter krill) (Chapter 4), and to use this information to improve existing long­

term monitoring programmes (Chapter 5). 

Variability in diets and marine resources 

The diet of breeding Macaroni Penguins was diverse in both 1997 and 1999, but dominated 

overall by three prey taxa: the myctophid fish KrejJiichlhys anderssoni, krill, and another 

euphausiid Thysanoessa macrura. Chinstrap Penguins displayed trivial inter-annual 

differences in their diet, eating almost only krill (and taking even fewer alternative species of 

euphausiids than Macaroni Penguins), which is consistent with their accepted position as 

dietary specialists. Macaroni Penguin diets displayed greater variability with sex and 

sampling period than with year. This result was contrary to my initial expectations, and the 

evidence largely suggested that what variability existed was not a consequence ot' changing 

resource availability per se. 

Firstly, female Macaroni Penguins appeared to benefit by providing fish to small chicks, since 

it limited their horizontal searching and allowed delivery of food with high energetic content 

to the chick. I interpret this as a behavioural adjustment to cope with the unique demands 

placed upon female Macaroni Penguins, who are the sole providers for the duration of the 

brood period. Second, other studies on penguins and volant seabirds have shown that sexes 

can be ecologically segregated; I suggest that in Macaroni Penguins this might be related to 
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Synthesis 

Competition and predation at sea by Antarctic Fur Seals ArCiOCeph()/uJ g()ze/l() are Lwo forms 

of intrinsic interactions that could potentially intluence the realised foraging niches of 

penguins at Bouvet0ya. There is circumstantial evidence that this occurs: (I) overlapping 

resource utilisation, (2) inferred parapatric (or limited sympatric) distributions, and (3) 

partially segregated depth usage. However, since there is no evidence that krill availability is 

a limiting resource at Bouvemya, none of these three arguments can be considered strong. I 

cannot discount that intrinsic interactions are important; merely that there is currently little 

good evidence for it, following principles of parsimony and the falsificationist philosophy 

embodied in null models of community analysis (Brady 1979; Strong et a!. 1979; Wiens 

1989; Gotelli & Graves 1996). Stronger evidence that neither competition nor predation 

define the foraging niches of penguins at Bouvewya is that these niches are very similar to 

those occupied elsewhere. This includes sites with greater numbers of sympatric species, and 

sites where fur seals either do not occur, or do so in comparatively small numbers. The 

absence of niche expansion at Bouvewya might therefore indicate that tile ecological 

segregation observed between the three main air-breathing divers is an outcome of adaptations 

by each species to conditions experienced in the centre of their respective distributions. 

Predation upon penguins at sea by fur seals occurs at Bouvet0ya (Appendix C; unpub!. data), 

as is the case at many other sites in the Southern Ocean (e.g. Bonner & Hunter 1982; Todd 

1988; Hofmeyr & Bester 1993; Williams 1995; S. Kirkman pers. comm.). Twenty-two fur 

seal scats and regurgitants containing penguin feathers were found at Nymysa in 1999 

(unpub!' data; S. Kirkman pers. comm). This is a very small proportion of the total number 

of scats and regurgitants searched (S. Kirkman pers. comm.). Assuming that each scat or 

regurgitant equates to one bird taken at sea, this corresponds to predation of 0.45 % of the 

total adult penguin population at Nymysa in 1999 (Appendix C). Given that fur seals 

outnumber penguins substantially at Nymysa (but probably not at Bouvet0ya), predation 

might have important consequences for the demography of penguins at Bouvetnya. This 

requires further quantitative study, and modelling exercises should prove fruitful in this 

regard. 

Intrinsic interactions on land appear important in defining community structure at Bouvewya. 

Interference competition for breeding sites, and aggressive interactions between fur seals and 
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Synthesis 

Second, intrinsic interactions do shape the predator community at BOLlvet0ya. Contrary to my 

original expectations, these occur chiefly on land and modify demography rather than realised 

foraging niches. This is interesting. At one scale population processes are being influenced 

by horizontal interactions with a dominant species, but at another scale individual decisions 

(foraging behaviour) appear not to be. Normally the two would be expected to be linked, 

since population biology is an emergent property of decisions made by individuals. In this 

case the spatial separation of the influences (sea and land) means the two are decoupled. 

Finally, krill is the most important marine resource at Bouvet0ya for land-based predators, 

who are restricted in time and space during the breeding season in their access to it. Current 

knowledge also suggests that the island receives krill passively 'downstream' frol11 sources 

further south. The diet, historical presence of Chinstrap and Macaroni Penguins (this and 

previous studies), and indices of general breeding performance, indicate that inter-annual 

variability in marine resources at the island were small. Thus, extrinsic factors may be less 

important than was originally hypothesised in regulating this system. 
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Appendix B 

Introduction 

The early history of harvesting of biological resources in the Antarctic was dominated by 

over-exploitation. Several species of baleen whales and fur seals were especially targeted. 

The Convenrion on rhe Conservarion of AIlf(1rcric Marine Living Resources (CCAMLR) was 

established in 1980 to control the harvest of marine living resources in the Antarctic. The 

increasing interest in krill fisheries (mainly Antarctic krill Euphausia super/Ja) at Lllat time 

was of particular concern. Krill is a key species in the Antarctic marine ecosystem and many 

-species of penguins, seals and whales rely on a high availability of krill for food. A 

significant harvest of krill by humans may thus have negative effects on species preying on 

krill. 

To obtain information on the harvest of both krill and fish, and the effects M this harvest on 

other species in the ecosystem, the CCAMLR Ecosysrem Monitoring Program (CEMP) was 

instituted. Monitoring of several species of seabircls and seals that prey predominantly on 

krill are important parts of the CEMP-program today . Several aspects of the biology of these 

species that are thought to be sensitive to changes in the availability of food are included in 

the program. Monitoring programs following standard CCAMLR methods have been 

implemented by a number of Antarctic Treaty states at sites throughout the treaty ar~a. 

Bouvet0ya is the only land within a considerable portion of the South Atlantic. Large 

numbers of seabirds and seals aggregate on the island to breed during summer. The 

dynamics of these populations have been little studied. To gain more information concerning 

penguins and fur seals and to be able to assess the effects of future krill fisheries in the ocean 

around the island, the Norwegian Ministry of the Environment decided to slart a CEMP 

monitoring program at Bouvet0ya in the 1996/97 tield season. The responsibility for 

carrying out the monitoring program was given to the Norwegian Polar Insti tute. 

The expedition ship R/V Polar Queen arrived at Bouvetoya on 9 December 1996. The five 

members of the expedition to the island were Bruce M. Dyer, Onno Huyser (both South 

Africa), Greg Hofmeyr (Norway/South Africa), Kjell Isaksen and Alf Nrestvold (both 

Norway). The P%r Queen returned to Bouvet0ya 011 22 February 1997 to collect the team . 

A more thorough presentation of the monitoring program at Bouvet0ya ami preliminary 

results from the 1996/97 season can be found in Isaksen et al. (l997a,b). 

Objectives 

The objective of the project was to establish a monitoring program (CEMP) for penguins and 

fur seals on Bouvet0ya. This was to be the first of a number of seasons durin o which . e 

populations on the island would be monitored. In addition to the CEMP program other work 

on seabirds and seals was to be carried out. 
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Studies of seabirds and seals at Bouvetoya 1998/99 

Isaksen, K., Huyser, 0., Kirkman, S., Wanless, R. & Wilson, W. 2000. Studies of 
seabirds and seals on Bouvetl2Jya 1998/99. Norsk Polarinst. Internrapp. 2. Trams,;:,: Norsk 
Polarinstitutt. 
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