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ABSTRACT: Satellite transmitters were deployed on breeding royal penguins at Macquarie Island during 4 stages (first male foraging trip during incubation, n = 2; first female foraging trip during incubation, n = 3; guard, n = 4; and early creche. n = 1)of the 1994/5 and 1995/6 breeding seasons. From these
data, foraging zones, oceanographic features of the zones, and travelling behaviours were determined.
Foraging trip length, area of foraging zone, and distance travelled were strongly correlated, and were
greatest during incubation. The estimated rate of travel (mean velocity) was constant across individuals and stages In the breeding season. No diurnal patterns in rates of travel were detected, nor any patterns on different days of a foraging trip. A meander coefficient (the degree of linear travel, to give an
indication of foraging activity) was constant between stages in the breeding season, and day of the foraging trip. but was greater from 07:OO to 18100 h, suggesting increased foraging activity. Foraging during all stages of the breeding season was offshore, in deep water (greater than 2000 m) and in the polar
frontal zone. During the incubation stage the foraging zones were circular, with a low Foraging Zone
Coefficient (FZC: maximum distance from the colony divided by area of the foraging zone), but more
direct with a higher FZC after chicks hatched. These different patterns are thought to be associated
with prey resources in the region It is concluded that the foraging behaviour of royal penguins is
closely linked to the polar frontal zone, their prey, and the constraints of the breeding season.
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INTRODUCTION
Penguins are important consumers of marine
resources (Croxall & Lishman 1987), but for most species little is known about how they interact with the
biotic and abiotic components of the marine system. It
is postulated that the foraging zones of penguins, like
other seabirds, are influenced by: (1) oceanographic
processes acting at several spatial scales (Hunt &
Schneider 1987); (2) the constraints placed on them
during the breeding season, such as relieving incubating partners and feeding chicks (Wilson et al. 1995);
and (3) prey distribution (Hunt 1990).
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The limited data on penguins at sea suggest that
they are not randomly distributed (Veit et al. 1993). but
patchy, like many other species of seabird (Hunt 1988).
Patchiness in seabird distribution can often be related
to aspects of the physical (and biological) environment.
For example, correlations have been demonstrated
between seabird distribution and oceanic fronts (Ainley & Jacobs 1981, Abrams 1985, Schneider 1990), and
eddies (Haney & McGillivary 1985, Abrams & Miller
1986, Haney 1986). Distribution can be described at a
variety of temporal and spatial scales: mega scales
(greater than 3000 km) relate to biogeographical
regions; macro scales (1000 to 3000 km) to regions of
higher or lower productivity within them; meso scales
(100 to 1000 km) to the interactions between larger
scale features; coarse scales to the borders of these fea-
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tures with each other and with land or ice; and fine
scales to interactions with prey (Hunt & Schneider
1987). The advent of telemetric and/or data logging
devices has now allowed the examination of these
relationships in species of penguin (eg. Ancel et al.
1992, Jouventin et al. 1994, Wilson et al. 1995, Davis et
al. 1996, Bost et al. 1997).
Royal penguins Eudyptes schlegeli are the only
endemic species of penguin on Macquarie Island,
there being an estimated 850 000 breeding pairs (Copson & Rounsevell 1987). Whilst some aspects of their
biology have been investigated, such as breeding (eg.
Warham 1971, Carrick 1972) and diet (Horne 1985,
Hindell 1988), details of their foraging ecology are
unknown. Estimates of foraging ranges have been
made from foraging trip durations and assumed swimming speeds (Horne 1985, Croxall & Lishman 1987),
and extrapolations from the closely related macaroni
penyuiri E. ciu yboiophus (Sccjii i934j. Soille records of
royal penguins at sea have also been obtained during
voyages (Woehler et al. 1990, Reid et al. in press), but
the age and breeding status of these individuals is genera!!~ unkr,own.
The purpose of the current study was to assess the
meso-scale interaction between royal penguins and
the oceanographic environment. Foraging zones were
investigated throughout the breeding season and compared to oceanographic and productivity features of
the local environment. Where possible any travelling
behaviours were characterised.

MATERIALS AND METHODS
Deployments. Royal penguins from Sandy Bay
(upper colony) on the east coast of Macquarie Island
(54" 33' 51" S, 158" 54' 11" E ) were used in this study.
Known breeding birds were selected, sexed by measurements of bill length and depth (Hull in press a) and
marked with a coloured velcro flipper band, which was
removed when the birds returned to the colony (banding of penguins allowed the confirmation of the return
of a bird when a satellite transmitter was lost). Telonics
ST-10 satellite transmitters (932 E Impala Ave, Mesa,
AZ, USA) were attached to the lower medial part of
each penguin's back (to minimise drag; Bannasch et al.
1994) using a cyanoacrylate adhesive (Loctite 401),
with cable ties passed through the birds' feathers and
locked around the device. The transmitters were
affixed to the birds at the nest site using the techniques
described by Hull & Wilson (1996).
The satellite transmitters had saltwater switches (to
transmit only when the penguins were on the surface,
thereby saving power), were embedded in resin (for
protection against high pressure when the penguins

were diving), and then potted in black, waterproof
housings (Sirtrack, Private Bag 1404, Havelock North,
New Zealand). Four such transmitters were deployed
during the 1994/5 and 1995/6 breeding seasons. The
devices were 95 X 42 X 20 mm (representing approximately 4 % of the frontal cross-sectional area of royal
penguins), weighed 80 g and were streamlined to reduce drag (eg. Wilson et al. 1986).A total of l 0 deployments was made as follows (number of deployments is
shown in parentheses): first male trip during incubation
(2);first female trip during incubation (3);guard stage
(2 females undertaking 2 trips each, only females forage at this time); and creche stage (1 male).
Preliminary analysis/filtering. Data were extracted,
edited and validated from the dispose and diagnostic
files using SATPAK software (Wildlife Computers,
16150 NE 85th St, Redmond, WA, USA). The accuracy
of each location class was estimated from the error at a
kri0w.n position on laiid (using a Global Positioning
System receiver, with an accuracy of 70 m or better).
All locations were filtered to remove aberrant data
using the technique described by McConnell et al.
(1992) and assuming a maximum swimming speed of
10 km h-', calculated from the most reliable location
classes (1, 2 and 3) and from published swimming
speeds for macaroni penguins (Clarke & Bemis 1979,
Brown 1987, Wilson et al. 1989).
Rates of travel, comprising all activities from resting to
porpoising and diving, between consecutive locations for
the filtered data were calculated and log-transformed
(due to lack of normality). These data were compared
across stages of the breeding season using a nested
ANOVA (individuals nested in stages), and across days
of the foraging trip by categorising days into 3 groups:
(1) Days 1 and 2 (outgoing leg); (2) middle of the trip;
(3)last 2 days (return leg), and analysing with a repeated
measures ANOVA. Similarly, rates of travel during
different hours of the day were compared by categonsing the day into four 6 h blocks: (1) 00:OO-06:OO;
(2) 07:OO-12:OO; (3) 13:OO-18:OO; (4) 19:OO-24:OO h and
analysing with a repeated measures ANOVA.
A Foraging Zone Coefficient (FZC)was calculated as
the maximum distance travelled (km) divided by the
area of the foraging zone (km2)(derived from home
range analysis, see below). A meander coefficient, representing the degree of non-linear swimming, was calculated by determining the deviation of points from the
45" regression line of speed X distance on filtered locations. This was carried out on locations between 1 and
2 h apart. Coarser temporal resolutions could not be
used due to the inaccurate representation of rates of
travel (see 'Results'). Locations less than 1 h apart were
not used because it was felt that the error margins
inherent in the ARGOS estimation of location (see
Table 1) would mask some of the meandering behav-
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iour over this limited time period. Although this meant
that there was an underestimate of rates of travel compared to locations less than 1 h apart, it was felt this
temporal resolution was the most suitable way to
describe meandering behaviour. Data were log-transformed, due to lack of normality, and analysis was carried out in the same manner as for rates of travel, using
a nested ANOVA to compare stages in the breeding
season, and repeated measures ANOVAs to compare
day of the foraging trip and time of the day.
Foraging zones. Home range analysis was used to assess clusters of locations (CL), the area of foraging
zones, as well as the degree of overlap between zones.
As the probability of a penguin being at any position in
the zone (the utilisation distribution) was not of interest,
the temporal spacing of locations and issues of autocorrelation did not apply (White & Garrott 1990).Locations
were converted to cartesian co-ordinates using CALHOME (CALifornia HOME Range, US Forest Service,
Pacific SW Research Station, CA, USA), and home
range analysis was performed using a fixed Kernel
Analysis from Ranges V (Kenward & Hodder, Institute
of Terrestrial Ecology, Dorset, UK), incorporating an objective smoothing factor and 85 % isopleths, to describe
the foraging zones. CL were used as an indication of
presumed increased foraging activity. As reduced rates
of travel in king Aptenodytespatagonicus and emperor
A. forsteri penguins coincide with a higher local density
of satellite locations, and are positively associated with
feeding bouts (Ancel et al. 1992, Bost et al. 1997), CL
were considered an appropriate indicator. CL were determined using 40% isopleths (from home range analysis), as these described core areas in the zone. Core
areas were defined using the technique of Wray et al.
(1992). This involves calculating the area of a range
from successive isopleths, and using the isopleth which
results in the greatest increase in area.
Incremental analysis was used to determine the
number of locations required to accurately represent a

foraging zone (Ford & Krumme 1979). This was performed by randomly selecting locations from a complete track; those from a representative female during
incubation stage. It was not possible to undertake this
analysis on all the other individuals, because they had
either incomplete tracks, trips of short duration, or nonrepresentative data (the aberrant female, see below).
The following numbers of locations were used: 10, 20,
30, 40, 50, 60, 70 and 80, with 10 replicates of each randomly selected. The area of the derived foraging zone
was then plotted and the point of the area1 asymptote
indicated the minimum number of locations required
(Ford & Krumme 1979).
Oceanographic influence. There are scant data
available on the oceanographic conditions around
Macquarie Island (see Gordon 1972), and none on the
prey resources. Therefore, assessments of the abiotic
and biotic features of zones in which royal penguins
foraged had to be evaluated using satellite data. Contemporaneous, weekly sea surface temperatures at a
spatial scale of 19 X 19 km (NASA PO.DAAC data) were
used to describe oceanographic features. There were
no contemporaneous data on productivity levels available, therefore an indicator of productivity was derived
from phytoplankton pigment concentration composite
data at a spatial resolution of l X 1 km, for the period
1978 to 1986 (NASA CZCS data). Bathometry data
were obtained from the Australian Antarctic Division.
Mean values + SD are used throughout.

RESULTS

Satellite tracking data
An average of 13 locations were received per 24 h
period (pre-filtering) (Table l), with marginally less
locations received during the 1994/5 (average 13.0 *
3.5 d-l) than the 1995/6 season (average 14.1 * 3.5 d-l).

Table 1. Percentage of locations received and calculated errors ( k m ) , when penguins were at a known location on land, in each
location class
Location class

Locations received
1994/5 ( % )

3
2
1
Total 1, 2, 3

B

56.4
16.2
11.6

Total 0,A , B, Z

91.6

0
A

z

7.4

Locations received
1995/6 (%)

Latitudinal error:
average (range)

Longitudinal error:
average (range)

n
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Table 2. Eudyptes schlegeli. Estimated rate of travel by royal
penguins (mean * SD). (Locations less than 1 h apart)
Mean rate of
travel ( k m h-')

Stage
Males during i.ncubation
Females during incubation
Guard
Creche
Combined

*
*
*

6.1 5.4
7.8 4.5
4.6 3.4
5.0 i 3.8
7.0 i 4.6

Number of
estimates
27
132
13
25
197

ming in a straight line and increased negative coefficients indicated a greater degree of meandering.
There were no significant differences in the degree of
meandering between stage in the breeding season
(F,, = 1.78,p > 0.05). Degree of meandering was constant across day of the foraging trip (F2,12 = 1.34, p >
0.051, but varied significantly with hour of the day
(F3,18
= 6.692, p < 0.007). The greatest degree of meandering occurred between 07:OO and 18:00 h.

,

Hour of the day
Fig. 1. Number of locations received over a 24 h period during
each year of the study. ( A ) 199415, (B) 1995/6

Thcrc was a Sirr.oda1 distribution in the n u m b e r of
locations received during a 24 h period, with none
available around midday (local time) (Fig. 1). The
absence of signals was longer (4 h) in the 1994/5 season than the 1995/6 season (2 h). The number of locations retained after filtering also varied between seasons. During the 1994/5 season only 160 (22.2 %) were
retained, whilst 757 (54.8%)were retained during the
1995/6 season.
Successive locations were separated by between
3 min and 67 h (average 3.8 h). Aside from the reduction in locations around midday, the frequency of loca= 2.585, p < 0.001),
tions varied with time of day (F22.878
with 15:OO h [local time, GMT + 10 h) having the most
locations. Regressions of speed and distance calculated from locations < l , 1-2, 2-3, and 3-4 h apart were
significantly different (ANCOVA, F3,295 = 1840.700,p i
0.001) (Flg. 2 ) . This indicated that rates of travel estimated from locations separated by different time periods were not constant, and that greater separations led
to more severe underestimates of rates of travel. All
further analyses refer to filtered data, and rates of
travel are calculated from locations < l h apart.

Travelling behaviour
Rates of travel were constant across the breeding
season (F,, = 0.72, p > 0.05) (Table 2), days of the fors = 0.39, p > 0.05), and time of day (F2,10 =
aging trip (F6,
0.431, p 1 0 . 0 5 ) .
The meander coefficients varied from 0.0 to -11.95
(mean = -2.16 + 1.78), where 0.0 represented swim-

,

Home range analysis
The number of locations per individual, after filtering, and used to define foraging areas ranged from 24
to 378. The incremental analysis determined that a
minimum of 20 locations were required to represent
the foraging range of royal penguins during the breeding season.
The area of foraging zones and the FZC are given
only for complete tracks. Of the 10 foraging zones obtained, 4 were incomplete because: (1) a device was lost
from a male during incubation, therefore the return leg
of the foraging trip was not complete (the bird did return to the colony, however); (2) a female during incubation did not return from her foraging trip: (3) another
female during incubation remained absent from the
colony for 2 mo, becoming a failed breeder and whose
behaviour was subsequently regard.ed as aberrant; and
(4) the antenna on a device deployed on the male during creche stage was damaged and did not transmit signals in the last stage of the foraging trip.
All foraging activity occurred offshore, to the southeast of Macquarie Island and south of the Campbell
Plateau in the Emerald Basin (Figs. 3 to 6). The water in
this region is 4000 to 5000 m deep. A maximum distance of over 600 km and minimum distance of 68 km
was travelled from the colony, with the distance covered varying w ~ t h stage in the breeding season
(Table 3). There was a significant relationship between
the duration of the foraging trip and the maximum distance travelled (r2 = 0.475, F, = 6.336, p < 0.04). The
relationship between duration of the foraging trip and
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Fig. 2. Eudyptes schlegeli. Regressions of rate of travel and distance between consecutive locations of different temporal resolutions. (A) < l h, (B) 1-2 h, (C) 2-3 h, (D) 3-4 h
area of the foraging zone was even stronger (r2= 0.805,
FI = 20.670, p < 0.006).
All penguins left Macquarie Island and travelled due
east before heading southeast, returning to the island
in a clockwise path. The FZC increased as the season
progressed (Table 4). During the incubation stage both
male and female birds undertook 'circular' tracks (as
defined by Jouventin et al. 1994) with large areas
being covered. However, during the chick provisioning stage (guard and creche) the tracks were 'direct'
(as defined by Jouventin et al. 1994) to specific areas of
the foraging zones.
The degree of overlap of foraging zones for stages
was low (average 22.4 %) (Table 5 ) , indicating discrete
foraging zones across the breeding season. Of the 90
comparisons only 11 had a degree of overlap greater
than 50%. These overlaps were between the incomplete male trip during incubation a n d most other trips,
the aberrant female a n d guard stage trips, and within

Table 3. Eudyptes schlegeli. Maximum d~stancetravelled,
average d~stanceper day and duration of foraging trips by
royal penguins during each stage of the breedmy season
lndivldual and stage

-

Maximum Average Duration
distanrc distance of trip
(km)
per day
(dl
(km)
-

654.9
2. Male during incubation
664.2
3. Female during incubation 269.2
4 . Female dur~ngIncubation 415.7
5. Female dur~nglncubationb 587.7
6. Guard (female)
68.6
131.0
second tr~p
109.1
7. Guard (female)
153.5
second trip
330.4
8. Creche (male)
1. Male during incubation

dlncomplete trips. b ~ b e r r a n t

28.5
31 6"

23
21

-d

-d

29.7
18.4

14
68
3
3
3
3
7

23.0
43.7
36.3
51.2
47.1"
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Fig 3. Eudyptes schleyeh. Tracks of male royal penguins during the incubation stage (0)male 1 lincompiele iiack], (E] male 2,
showing (A) 1000 m bathometry lines and (B) contemporaneous sea surface temperatures ( O C ) (NASA PO DAAC data)

Fig. 4 . Eudyptes schiegel~.Tracks of female royal penguins during the incubation stage. (0) female 1, (a) female 2 (incomplete
track), ( Ã ˆ female 3 (aberrant), showing (A) 1000 m bathometry lines and (B) contemporaneous sea surface temperatures (OC)
(NASA PO DAAC data)

guard stage (Table 5). The results of the incomplete
track of the male during incubation and the aberrant
female must be viewed with caution as neither of these
tracks may b e representative.

Oceanographic influence
Sea surface temperature data indicated that all
foraging took place in the Polar Frontal Zone (PFZ)
(Figs. 3 to 6), in water that ranged between 2 and 6OC.

The reliance on this zone was consistent throughout the
breeding season, although the locations of females during incubation were in slightly cooler water. The PFZ
moved further south during the summer, and there
were no indications of any features such as eddies or
gyres in this region at this time (NASA PO.DAAC data;
Figs. 3 to 6).
Productivity levels, as signified by phytoplankton
pigment concentrations, during both periods (October
to December, incubation stage; January to March,
chick provisioning) ranged from less than 80 to 160
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Fig. 5. Eudyptes schlegeli. Tracks of females during guard stage: (a)female 1, first trip, ( 0 )female 1, second trip, ( W ) female 2, first
trip, (a) female 2, second trip, s h o w ~ n g(A) 1000 m bathometry lines and (B) contemporaneous sea surface temperatures ("C)
(NASA PO.DAAC data)
I65O

Fig. 6 . Eudyptes schlegeli.Track of male during creche stage showing (A) 1000 m bathometry lines and (B) contemporaneous see,
surface temperatures ("C) (NASA PO.DAAC data)

Table 4. Eudyptes schlegeli. Centre of activity, area and Forag~ngZone Coefficients (FZC) of royal penguin foraging zones
(using 85 % isopleths). Only complete trips are given. 'a' denotes second trip by the same individual
Stage
Male (incubation)
Female (incubation)
Guard

Deploymenl
1
2
3
1
la

2
2a

Centre (distance from colony, km)

Area (ha)

FZC

Number of locations
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Table 5. Eudyptes schlegeli. Degree of overlap (%) between each royal penguin foraging trip d e r ~ v e dfrom home range anal.ysls.
Trip: (1) male during incubation, (2) male during incubation, (3) female during incubation, (4) female during ~ncubatlon,
(5) female during incubation, (6) guard, (7) guard a , (8) guard, (9) guard a, (10) creche
Trip

1

2

3

4

5

6

7

8

9

10

1
2
3
4
5
6
7
8
9
10

17.4
6.7
3.1
12.6
37.4
33.6
35.9
48.0
4.7

34.6
100
39.0
53.1
100
93.9
95.0
92.2
63.3

0.6
3.6
1.7
3.1
21.9
0.0
6.0
4.5
3.6

4.0
24.8
30.9
-

26.8
56.0
90 4
20.9

12.5
47.4
28.6
25.5
7.9
26.8

0.0
57.9
38.1
45.1
46.0

1.1
1.3
6.8
0.9
0.0
1.9
12 1
30.4
0.0

1.3
1.8
0.0
0.8
1.O
2.4
38.2
20.3
0.5

1.6
1.9
3.4
0.8
0.7
21.2
45.8
19.3
0.1

4.0
3.7
9.4
2.9
1.2
74.7
47.3
64.7
0.6

2.7
18.7
30.5
13.0
12.9
0.0
8.9
0.2
4.5
-

counts: I count = [loglo(pigment)
+ 1.4]/0.01.2(NASA
PO.DAAC). Productivity was variable in the region
and whiist C i of the penguiris o v e ~ i a p p e dto some
extent with regions of highest productivity it was not
confined to these areas (Fig. 7).

DISCUSSION
ARGOS data

The NOAA satellites pass on average 16 times d-' at
the latitude of Macquarie Island (ARGOS manual),
therefore in this study, locations were received during
81 % of satellite passes. The difference in the number
and quality of locations received between the 1994/5

and 1995/6 seasons is due to the commissioning of the
NOAA J satellite by ARGOS in early 1995, which
resulted in a ieductior: i: non-stacdard and skipped
(low class) locations (ARGOS manual). For this reason,
more locations were filtered due to their aberrant
nature in the 1994/5 season (77.8%),compared to the
1995/6 season (45.2'lo).
The error margins of all location classes calculated in
this study were greater than those cited by ARGOS,
and other studies (McConnell et al. 1992, Jouventin et
al. 1994, Stewart & DeLong 1995).This is probably due
to the characteristics of the transmitters (size, insulation, power output, antenna type and oscillator stabil~ t ywhich 1s influenced by thermal conditions; Stewart
et al. 1989) and/or the latitude at which the signals
were transmitted.

Fig. 7 Eudyptes schlegeli. Penguin tracks with 40% isopleths (hatched) showing clusters of locations overlaying productivity
indicator. Productivity indicator derived from phytoplankton pigment counts, which have a logarithmic relationship to pigment
concentrations (NASA CZCZ 1978-86 composite data sets). (A) October-December average with incubation stage tracks,
( B ) January-March average with guard and creche stage tracks
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The temporal spacing of locations significantly
affected estimates of rates of travel (Fig. 2), as has also
been shown by Walker et al. (1995).This arises because
travel between consecutive locations is assumed to be a
straight line. The further locations are apart in time, the
more incorrect this assumption is, because birds rarely
travel in straight lines when searching for prey (Walker
et al. 1995).Estimates of rates of travel are best derived
from locations as closely spaced as possible.

Effects of devices
It is likely that the foraging behaviour of royal penguins is affected to some extent by the satellite transmitters, as effects have been recorded when similarsized time depth recorders were deployed on this
species (Hull in press b). However, we hope to have
minimised effects by streamlining the transmitters to
reduce drag (Bannasch et al. 1994). The antenna may
have limited some of the advantage gained by streamlining, as Weavers (1992) estimated that 70% of the
induced drag was due to the antenna in VHF transmitters. Other models of satellite transmitters resulted in
increased foraging trip durations and changes in diving effort when attached to king penguins (Bost et al.
1997), and increased foraging trip durations and
reduced mass gain when attached to Adelie penguins
Pyyoscelis adeliae (Kerry et al. 1995). Aside from the
aberrant female and the creche male, the foraging trip
durations of all royal penguins in this study were the
same a s birds without transmitters (C. Hull unpubl.
data). This suggests that the impact from the transmitters was probably only marginal, as foraging trip durations were one of the variables significantly affected by
the addition of large, unstreamlined devices (Hull in
press b). The foraging duration of the creche male was
longer than the average, suggesting that this track may
not be representative of birds in this stage. Aside from
this trip, it is assumed that the foraging zones of royal
penguins were not significantly affected by the attachment of these devices (cf. Bost et al. 1997), although
this does not discount the possibility that other aspects
of royal penguin behaviour may have been altered by
the transmitters.

Travelling behaviour
Although speed was not measured directly, the average rates of travel (7.0 + 4.6 km h-') were comparable
with those of 7.5 km h-' measured in macaroni penguins (Brown 1987). No patterns in rates of travel were
detected in this study, proba.bly because many finescale foraging patterns cannot be discerned from satel-
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lite tracking data. Higher rates of travel on return legs
of trips have been described previously in a number of
penguin species (Williams & Siegfried 1980, Croxall &
Lishman 1987, Kerry et al. 1995, Wilson et al. 1995,
Bost et al. 1997). Increases in speed on both the outward and ret'urn trips to foraging grounds, compared
to lower speeds in the feeding area, have also been
described (Croxall & Lishman 1987, Heath & Randall
1989, Croxall & Davis 1990).
The meandering coefficient indicated diurnal patterns, suggesting increased foraging activity from
07:OO to 18:OO h. This is consistent with diurnal foraging patterns described in previous studies of penguins
(Williams & Siegfried 1980, Wilson et al. 1989, Croxall
et al. 1993, Bost et al. 1997, K. Green unpubl. data),
and suggests that the meandering coefficient is a better indicator of forag~ngactivity than rates of travel
derived from satellite tracking data.

Foraging zones and oceanographic influence
The distances travelled during the incubation stage
(over 600 km) make royal penguins, along with king
penguins (Jouventin et al. 1994), the most pelagic species of penguin studied to date. The data derived
from this study also indicate: (1) that they are offshore
feeders (Croxall & Lishman 1987); (2) that foraging
zones are not constant across the breeding season; and
(3) that they travel further than previously assumed
from extrapolations of studies at other localities (Horne
1985, Scott 1994).
All foraging was undertaken in a quadrant to the
southeast of Macquarie Island, bounded by 54"301 to
60" S and 158" 54' to 165OE, indicating a non-random
use of the ocean, as exhibited by other seabirds (Hunt
et al. 1986, Baum 1987, Bost et al. 1997).The few observations of royal penguins at sea have not recorded them
this far south or east (Woehler et al. 1990, Reid et al. in
press), but this is probably a function of the lack of visits
by ships to the eastern side of Macquarie Island. The
penguins were foraging predominantly in water 4000
to 5000 m deep which accords with observations at sea
(Reid et al. in press) and confirms the pelagic foraging
habit of this species (Hindell 1988).
Foraging ranges tended to lie within the PFZ, predominantly near the northern boundary of the zone,
probably in the sub-Antarctic Front (defined by water
5 to 9°C; Burling 1961). The Antarctic Circumpolar
Current (ACC) is a dominant feature of the PFZ, flowing in an easterly direction (Radok 1966, Gordon 1972).
As the ACC approaches the Macquarie Ridge it is
diverted southward and then loops north into the
Emerald Basin, forcing relatively cooler water further
north and causing mixing (Gordon 1972). Like most

Mar Ecol Prog Ser 153: 217-228, 1997

frontal zones, the PFZ is believed to restore nutrients in
the region and enhance productivity (Ainley & Jacobs
1981, Foster 1984, Abrams 1985, Lutjeharms et al.
1985, Schneider 1990). Seabirds have demonstrated
associations with frontal zones (Haney & McGillivary
1985) presumably due to the increases in productivity.
This study shows that royal penguins, like king penguins around the Crozet Archipelago (Bost et al. 1997),
exhibit an affinity with frontal zones.
Whilst myctophid fish and some cephalopods have a
broad Antarctidsub-Antarctic distribution, they are
found closer to the surface and in higher concentrations
in the PFZ (Hulley 1981, Gon & Heemstra 1990).The diet
of royal penguins 400 to 600 km from the colony is not
known, but is assumed to be the same as that brought
ashore, where it is dominated by euphausiids and
myctophid fish, with some cephalopods taken (Hindell
1988). Presumably the PFZ near Macquarie Island ex..Luibits high densities of prey, providing cin cibundant
and/or predictable source of prey for these penguins.
Although average prey densities in the PFZ are purportedly higher and more predictable than other sectors of the Southern Ocean, prey are still regarded as
patchy in distribution (Bost et al. 1997). CL within the
foraging zones of royal penguins suggested a patchiness in prey distribution Foraging patterns (meander
coefficient and FZC) also suggested a difference in the
availability of resources before and after the hatching
of chicks. Foraging zones during the incubation period
were circular with lower FZC compared to the guard
stage. Circular tracks are thought to be related to
unpredictable and patchy food resources in penguins
(Jouventln et al. 1994, Wilson et al. 1995), and imply a
'systematic randomness' in foraging between patches
as defined by Baum (1987) for other seabirds. After
chicks hatched the tracks of the penguins were direct,
with a higher FZC. This suggests more predictable
resources in the sector, and a more systematic rather
than random foraging behaviour (cf. Baum 1987),
linked with the constraints of foraging trip durations
during the breeding season due to the demands of
chicks.
During the incubation stage, CL occurred generally
throughout the foraging zone, whereas following the
hatching of chicks it tended to be clumped (Fig. 7).
However, CL did not correspond, strongly to reglons of
increased standing stocks of phytoplankton. This discrepancy suggests that phytoplankton pigment concentrations may not be a good indicator of increased
abundance of prey resources used by the penguins; or
that the penguins did not forage in regions of the highest prey abundance.
Aside from guard stage and non-representative
trips, overlap between foraging zones was generally
low. The separate foraging zones used during different

stages of the breeding season may represent either
changes in the prey resources available in separate
parts of the ocean during different times of year, or different food requirements of the penguins across the
season (with different prey items being caught in different sectors of the ocean). Overriding any of these
effects would be the activities at the nest which would
constrain the duration of foraging trips.
Foraging trip duration, distance travelled and foraging area were all highly correlated, similar to the situation found in king penguins (Adams 1987).The duration of foraging trips was greatest during the
incubation stage, which also concurs with other studies
(Warham 1971, Carrick 1972, Croxall & Prince 1980,
Wilson et al. 1995). The major objective of foraging
trips may also differ across the breeding season. The
long foraging trips after an incubation shift, which
involves a fast of up to 5 wk in royal penguins (Carrick
1972, C. Hul! unpub!. dcita), are probably :cquircd to
restore body condition, whilst those carried out once
chicks hatch may be predominantly to provide food for
chicks. In contrast to the incubation stage, adults lose
mass when foraging during chick rearing (Adams
1987, Brown 1987), suggesting a greater focus on
acquiring food for chicks than on replenishing adult
condition. This difference in the primary objectives
between long and short trips may be comparable to the
long and short foraging trips in procellariformes
(Weirnerskirch et al. 1994)' although they are organised quite differently between the 2 groups of seabirds.
Royal penguins departing Macquarie Island followed a latitude of 54" 3 3 ' s until 161" E longitude, with
tracks in a clockwise direction. The consistent latitude
used when departing the colony may ind~catethat the
birds are taking advantage of the ACC, as has been
proposed for other species (with other currents) (Randall et al. 1981). The ACC moves at a maximum speed
of 15 to 20 cm ss', and is very broad and deep, transportlng water 2 to 3 times the rate of the Gulf Stream
(Foster 1984). On return to Macquarie Island penguins
may avoid the major flow of the current by approaching the island in a northwesterly direction.

Conclusion
This study has located the foraging grounds of royal
penguins and demonstrated that they are much larger
and more variable across the breeding season than has
been assumed. Like king penguins (Jouventin et al.
1994),the foraging patterns of royal penguins appear to
be intrinsically linked with the PFZ, and probably the
availability of their prey. The changes in foraging patterns and behaviour of royal penguins are also strongly
linked with the breeding biology of the species.
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