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ABSTRACT: An important challenge for understanding and managing marine ecosystems is
determining the relationship between the distributions of prey species and the foraging of top
predators. We examined the diet and foraging dynamics of breeding macaroni penguins Eudyptes
chrysolophus from sub-Antarctic Heard Island and related these to prey distributions derived
from active-acoustics and net-derived data in the foraging zone of the penguins. Consistent with
previous findings, we found that penguin diets changed between the guard and crèche stages of
the breeding cycle and that this change in diet corresponded with a switch from short foraging
trips in the guard stage to significantly longer, offshore foraging trips in the crèche stage. We
related these differences in diet and foraging to characteristics of the prey field — specifically, a
relatively uniform distribution of krill over the shelf and in deeper, offshore waters, compared with
an increasing abundance of fish further from shore. We developed a simple dynamic energy
budget for macaroni penguins to explore whether targeting fish during the crèche stage was an
energetically favourable strategy. Finally, we extrapolated our energy budget to estimate prey
consumption at the colony scale as previous work has suggested that depletion near breeding
colonies could contribute to prey switching. We found that prey switching during the crèche stage
was energetically favourable and was most likely related to a reduction in foraging constraints,
rather than prey depletion. This study shows the value of integrating data sets to address questions surrounding variation in diet and the use of alternative prey by marine predators.
KEY WORDS: Prey-specific foraging · Prey switching · Prey-field characteristics · Prey depletion ·
Ecosystem function · Active-acoustics · Macaroni penguins
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Understanding and predicting the response of food
webs to climate-driven habitat change requires
knowledge of the linkages between the distribution
and abundance of prey species and the foraging
behaviour and diets of predator species. In the Southern Ocean, these dynamics are further complicated

by the recovery of seal and whale populations from
industrial harvesting in the 18th to 20th centuries.
Technological advances — particularly in biologging,
acoustics and molecular analyses of diets — have
resulted in significant progress in understanding
predator diets and habitat use as well as prey population dynamics. For example, advances in molecular
techniques have provided a much clearer picture of
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predator diets (e.g. Deagle et al. 2007, Hückstädt et
al. 2012, Jarman et al. 2013) and helped resolve key
foraging locations (Quillfeldt et al. 2005, Cherel et al.
2007). In addition, recent studies of a range of Southern Ocean predator species have provided insights
into the associations that the foraging of these species have with physical habitat variables and features
such as bathymetry, frontal zones, sea ice and mesoscale eddies (Field et al. 2001, Bailleul et al. 2007,
2010, Bost et al. 2009, Hindell et al. 2011). Data are
now becoming available that can address questions
of predator-prey overlap, including variability in this
overlap, and how the success of predator foraging
strategies may be determined by access to sufficient
high-value prey at critical times.
Studies of foraging behaviour and diets of marine
mammals and birds are well advanced around the
world, showing variability between individuals, and
populations, in space and time (e.g. Bradshaw et al.
2004, Green et al. 2005, Hindell et al. 2011). In terms
of prey species, active-acoustic technology (Bertrand
et al. 2004) now provides a cost-effective means to
characterise the distribution and relative abundance
of pelagic taxa at a variety of scales (Kloser et al.
2009, Godø et al. 2012), allowing the availability to
predators to be determined. Acoustic sampling has
particular advantages in regions such as the Southern Ocean because of the expense associated with
direct sampling in isolated environments and the
potential to deploy acoustic sensors on fishing vessels
and other ‘ships of opportunity’. Limitations of acoustic sampling, particularly regarding identifying taxa
(Horne 2000), can be supplemented by direct sampling using nets (Kloser et al. 2009, Oozeki et al. 2012
and references therein). Importantly, biases in different methods are better addressed through a combination of techniques (Kloser et al. 2009).
Despite these advances in observing and understanding predator and prey species in the Southern
Ocean, the connection between predator foraging
and prey-field dynamics in this region is still poorly
characterised (Barlow & Croxall 2002b, Trathan et al.
2006). Very few studies have estimated direct links
between the foraging behaviour of marine predators
and the spatial and temporal characteristics of their
prey-fields (Zamon et al. 1996, Cresswell et al. 2012,
Sigler et al. 2012, Benoit-Bird et al. 2013) or assessed
how predator-prey overlap may impact on the performance of predators.
It remains unclear how top predators in the Southern Ocean exploit prey fields and — for central-place
foragers that are constrained to colonies during breeding (e.g. penguins) — how their foraging behaviour

is shaped by limitations imposed during the breeding
season. Key questions include the following: How do
the physical cues to which these animals seem to
respond (e.g. different water masses; Field et al.
2001) relate to the distribution of target prey species?
How does the target prey distribution change over
the course of the breeding cycle? Are predator diets
constrained by the availability of prey species in different habitats (that may differ in accessibility)?
Alternatively, are prey potentially targeted depending on specific nutritional requirements? What are
the consequences of competition for prey in cases in
which multiple predator species may have overlapping foraging ranges, such as around sub-Antarctic
islands? Several studies have suggested that prey
fields may in fact become depleted during breeding
seasons around sub-Antarctic islands (Moore et al.
1999, Barlow & Croxall 2002a, Hindell et al. 2011).
Answers to these questions are important in informing responses of food webs to changes in habitats
and in spatial and temporal patterns of productivity
under climate change (Constable et al. 2014). They
are also important in considering interactions between predators and fisheries that may target the
same species. In this article, we address some of
these questions using macaroni penguins Eudyptes
chrysolophus at sub-Antarctic Heard Island as a case
study based on data from an integrated ecosystem
study, the 2003–2004 Heard Island Predator-Prey
Investigation and Ecosystem Study (HIPPIES; Gales
et al. 2006, Deagle et al. 2007, 2008, Frydman &
Gales 2007, van Wijk et al. 2010). Heard Island rises
from the Kerguelen Plateau, which forms the largest
topographical barrier to the Antarctic Circumpolar
Current. This is an area of high biological productivity (van Wijk et al. 2010) and provides breeding habitat for a number of land-based predator species,
including 4 penguin and 2 seal species on Heard
Island (Woehler 2006).
Macaroni penguins are the most abundant penguin
species breeding on Heard Island, with an estimated
population of >1 million breeding pairs (Woehler
& Green 1992, Woehler 2006). They have several
breeding locations on the island, one of which is the
colony on Capsize Beach (53.162° E, 73.642° S; Fig. 1).
This colony consists of approximately 50 000 breeding pairs (Deagle et al. 2008), made up of a number of
smaller sub-colonies (Trebilco 2004). Macaroni penguins have 2 distinct stages within their breeding
cycle: the guard and the crèche stage. During the
guard stage, male penguins stay ashore while female
penguins feed, returning regularly to the colony to
feed their chicks. During the crèche stage, both
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Fig. 1. Locations of the acoustic transects (thick black lines)
and 4 net haul stations (circles) southeast of Heard Island.
Grey isolines: bathymetry at 500 m intervals with the edge of
the shelf at 1000 m depth indicated by the thicker line. Red
dot: location of Capsize Beach

males and females forage as the chicks can be left
alone for longer periods (Barlow & Croxall 2002b,
Trathan et al. 2006).
Macaroni penguins are a useful test case for considering questions regarding prey-field use for several reasons: they are abundant and relatively easy to
study; they travel relatively small distances on foraging trips (which constrains the required area for
sampling the prey field); and studies of macaroni
penguin foraging and energetics have been conducted in other regions of the Southern Ocean (e.g.
Brown 1987, Barlow & Croxall 2002b, Green et al.
2002, 2003, Trathan et al. 2006), thus providing
opportunities for regional comparisons.
Through this case study, we aim to:
(1) Determine the relationship between prey consumption (diet) in selected foraging areas of macaroni penguins and the availability of prey in these
areas;
(2) Characterise spatial patterns in foraging trips of
macaroni penguins during the guard and crèche
stages of their breeding cycles;
(3) Evaluate whether differences in foraging strategies between guard and crèche stages meet with
expectations from analyses of energetic requirements (including the potential of prey depletion) by
developing energy budgets (Brown 1987, Kooijman
2012) for this colony.

Diet and tracking data were obtained for macaroni
penguins from a sub-colony on Capsize Beach at
Heard Island (Fig. 1) to characterise foraging behaviour and diets during different stages of the breeding
cycle. The foraging zone, which was located to the
southeast of the island, was determined in near-realtime during the voyage from the tracking data, using
HeardMap (Frydman & Gales 2007). The foraging
zone comprised both shelf habitat (defined here as
<1000 m depth, following Green et al. 1998) and
deeper offshore areas further to the southeast. The
prey field was assessed in the penguin foraging zone
using active-acoustics (echosounder) and trawl nets
(Fig. 1) as well as in the area to the northeast. The
data were used to characterize and map zooplankton
and pelagic fish distributions in key foraging areas
around Heard Island.
Data used in this study were accessed via requests
to the Australian Antarctic Data Centre (AADC;
https://data.aad.gov.au/); raw data were collected at
sea and on land during the HIPPIES cruise (RV
‘Aurora Australis’) in December 2003 to February
2004. Much of the initial processing of predator diet
and foraging data was undertaken during the voyage
and has been previously reported (e.g. Deagle et al.
2007, 2008, van Wijk et al. 2010). Relevant collection
methods are summarised in Table 1. Here, we provide details on specific methods used, including
detailed analyses of the active-acoustic data, and the
development of simple energy budgets (Brown 1987,
Kooijman 2012).

Diet
Diet data (biomass, g) were combined to form 4
groups: fish, krill, amphipods and squid. Percentages
of each component were calculated for the overall
diet for each of the guard and crèche stages. As per
Deagle et al. (2007), unidentified materials were
assumed to have the same proportional composition
as the remaining sample. Similarities between samples from different breeding stages were visualised
using non-metric multidimensional scaling (MDS) in
PRIMER (Clarke & Gorley 2006).

Foraging
For the purpose of the HIPPIES project, only female
birds were targeted for both the diet samples and
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Table 1. Summary and references for data collection techniques applied during HIPPIES. For locations of prey-field data
collection, refer to Fig. 1. –: unpublished data collected on the 2003–2004 HIPPIES cruise
Data type

Summary

Date of collection
(dd/mm/yyyy)

Source

Predator diet

69 stomach samples collected (53 successful)
using water-offloading technique

02/12/2003−03/02/2004

Deagle et al. (2007)

Predator foraging

106 birds tracked using Kiwisat Platform
Terminal Transmitters

02/12/2003−03/02/2004

Trebilco (2004),
Deagle et al. (2008)

Prey-field: acoustics

9 transects — 12, 38, 120 and 200 kHz — using
a Simrad EK60 scientific echosounder system

31/12/2003−05/01/2004

−

Prey-field: nets

12 net hauls in each of 4 sampling stations
using RMT-8 and IYGPT nets

31/12/2003−05/01/2004

−

tagging (Deagle et al. 2008), allowing for direct comparison between stages of the breeding cycle. We filtered the track data to remove noise from the tracks
using the R (R Core Team 2014) package ‘argosfilter’
(Freitas 2012). We set the maximum speed at 15 km
h−1, following filtering methods of tracks by Frydman
& Gales (2007) and Deagle et al. (2008). Individual
track durations were determined by comparison of
start and finishing times, and track distances were
calculated with the R package ‘trip’ (Sumner 2012).
In line with several previous studies (e.g. Barlow &
Croxall 2002b, Trathan et al. 2006), tracks were
removed if they represented cases where penguins
(1) undertook abnormally long foraging trips (> 5 d or
> 250 km in the guard stage; >16 d or >1300 km in the
crèche stage), (2) travelled over land or returned to a
different colony or (3) made very short foraging trips
(<15 km), which would not add valuable information
on pelagic habitat use.
We assume that this filtering process removed all
non-breeders and birds that may have abandoned
breeding. Based on descriptions of the tagging procedure and track analyses by Deagle et al. (2008), all
tracks from the guard stage were identified as those
from female penguins, and our filtering process
removed any male tracks from the crèche stage. The
remaining tracks were visualised using 2-dimensional kernel density plots generated with the
‘smoothScatter’ function from the R package ‘lattice’
(Sakar 2008), using the default values for the package. Areas for kernel densities were calculated using
the R package ‘raster’ (Hijmans 2013).

Prey field
The prey field was sampled via acoustic transects
and net hauls (Fig. 1) between 31 December 2003

and 5 January 2004. Active-acoustic data were collected at nominal frequencies of 12, 38, 120 and
200 kHz using a Simrad EK60 scientific echosounder
system (Simrad 2001), calibrated in North West Bay,
Tasmania, Australia (45.072° S, 147.309° E) in September 2003. Four transducers were mounted in sea
chests in the forward part of the ship’s hull and oriented to transmit pulses of sound (pings) vertically
down into the water column. The 12 kHz data were
used solely for seafloor detection and ranging, and
the 38, 120 and 200 kHz data for describing and classifying the pelagic biota. For the 38, 120 and 200 kHz
channels, samples of received echo power (Pr in dB re
1 W, indexed by date, time and geographic position)
were logged every 3 to 8 m alongtrack and every
0.19 m from the face of each transducer to a range of
1000 m. The nominal vessel speed for data collection
on each transect was 10 knots (19 km h−1); in practice,
samples were collected over a range of vessel speeds
from ~6 to ~15 knots (11 to 28 km h−1).
The acoustic data was processed using Echoview
v4. The raw Pr measurements were converted to
(mean) volume scattering strength (Sv in dB re 1 m2
m−3, see MacLennan et al. 2002 and Table A1 of
Jarvis et al. 2010 for further details) by accounting for
transmission loss, the acoustic properties of the water
column (which relate to temperature and salinity)
and the properties of the echosounder system (determined from calibration experiments). Unwanted
data were filtered out, including off-transect periods,
near-surface noise (15 to 40 m depth, weather dependent), seafloor echoes, background and intermittent noise and samples beyond the nominal maximum range of the echosounder (1000, 250 and 100 m
depth for the 38, 120 and 200 kHz data, respectively).
For the acoustic transects, the 120 kHz frequency
(with a wavelength of 12 mm and a nominal effective
range of 250 m) was chosen as the best single fre-
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quency for identifying acoustic signals from epipelagic biota.
The filtered Sv samples were resampled into discrete horizontal and vertical bins (mean Sv in 15-ping
along-track by 2 m depth bins), and partitioned
(classified) into biologically meaningful categories
(hereafter ‘acoustic taxa’) based on their relative frequency response (Table 2, after Korneliussen & Ona
2003). Three acoustic taxa were identified — fish,
small zooplankton (e.g. copepods) and large zooplankton (e.g. krill) — noting that there are no reliable frequency-difference models for these categories in the Heard Island area.
The backscatter values of the classified bins at
120 kHz were converted from Sv to nautical-area
scattering coefficient (NASC or sA in m2 n mile−2, see
MacLennan et al. 2002). Sv is a volumetric acoustic
density measurement that relates to individuals per
cubic metre; NASC (hereafter ‘acoustic biomass’) is a
real acoustic density measurement for a column of
water of specified height that relates to individuals
per square nautical mile. Note that the relationship
between acoustic biomass and true biomass is not
straightforward, and we have assumed that acoustic
biomass reflects the general pattern of true biomass
over space and time.
The acoustic biomass of each acoustic taxon was
averaged over 500 m along-track intervals and summed over 0 to 100 m depth to provide measures of
distribution and relative abundance for each prey
group within the nominal diving range of macaroni
penguins (<100 m; based on Green et al. 1998).
Acoustic biomass values were log-normalised to account for some zero-inflation behaviour, and
log(Y + 1) was applied for the zero values.
In each of the 4 sampling stations (Fig. 1), 12 net
hauls were performed using RMT-8 (Rectangular
Midwater Trawl) and IYGPT (International Young

Table 2. The multifrequency algorithms used to classify Sv
bins into biologically meaningful categories (acoustic taxa),
based on Korneliussen & Ona (2003)
Algorithm

Acoustic taxon

Sv,120 − 38kHz < 0 dB

Fish

Sv,120 − 38kHz > 0 dB

Zooplankton (e.g. copepods
and krill)

Sv,120 − 38kHz > 0 dB and
Sv, 200 − 38kHz > 0 dB

Small zooplankton
(e.g. copepods)

Sv,120 − 38kHz > 0 dB and
Sv, 200 − 38kHz < 0 dB

Large zooplankton
(e.g. krill)
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Gadoid Pelagic Trawl) nets for zooplankton and
fish, respectively, at 0−100, 100−300 and 300−600 m
depths. Two of the locations were over seafloor
depths of 500 to 700 m; the other 2 were over seafloor
depths of 900 to 1300 m. Data from the 0 to 100 m
samples were used for the analyses of net-hauls, corresponding with data from the acoustics and published penguin diving depths. The data were combined to form 4 classes: zooplankton (predominantly
krill and copepods), fish, jellyfish and squid. MDS
and PERMANOVA (Anderson et al. 2008) were used
to visualise and analyse differences between net
hauls at different depths and locations.
Both day- and night-time acoustic transects and net
hauls were performed during the HIPPIES cruise.
Due to weather conditions, however, night-time samples were limited in number and clustered in space
(see Fig. S1 in the Supplement at www.int-res.com/
articles/suppl/m526p169_supp.pdf). Samples were
therefore not filtered by time of day to preserve a
robust sample size. We have consequently not considered diurnal variability in prey availability and
thus assumed that all sampled prey are available to
the penguins. Bedford (2013) provides a more detailed treatment of diurnal patterns from acoustic
transects. We note that the collection of activeacoustic and net-derived data during the HIPPIES
cruise was undertaken over a short period (5 d) during the guard stage. Consequently, we have assumed
that the acoustic biomass of biota in the sampling
period is indicative of the availability of prey
throughout the entire study period.

Energetics
To assess whether foraging strategies of macaroni
penguins during different breeding stages were in
accordance with expectations based on energetic requirements, we developed simple dynamic energy
budgets (Brown 1987, Kooijman 2012), based on
energy content of prey, energy requirements of
chicks and energy expended by adults while foraging and at rest. We calculated energy budgets for
male and female penguins, for a breeding pair (with
a chick) and for the colony. We used results from the
stomach samples in combination with published
information to develop these models.
Energy densities (per g wet weight) of prey were
determined from literature values, based on the species identified in stomach samples (Deagle et al.
2007) of the macaroni penguins. For krill, we used
published energy densities for Thysanoessa spp.:
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3.79 kJ g−1 (range: 2.30 to 5.04 kJ g−1; Mårtensson et
al. 1994, 1996, Torres et al. 1994). The energy density
of amphipods (Themisto spp.) was estimated at
3.52 kJ g−1 (Whitman 2010) and that of squid at
3.64 kJ g−1 (Croxall & Prince 1982, van Pelt et al.
1997). Published energy densities for fish varied
widely depending on species and locations (Clarke
1980, Clarke & Prince 1980, Lea et al. 2002, Tierney
et al. 2002). We used energy densities for Krefftichthys anderssoni (97% of fish portion in diet samples)
as published by Tierney et al. (2002) from subAntarctic Macquarie Island and those for Electrona
antarctica, E. carlsbergi, Gymnoscopelus nicholsi
and G. fraseri (combined 3% of fish portion in diet
samples) as published by Lea et al. (2002), for a
weighted average of 8.42 kJ g−1. These values were
used to calculate the average energy density of penguin diets for the guard and crèche stages, using the
prey proportions from the diet samples.
The energy expenditure of macaroni penguin
chicks was calculated based on an energy budget
developed by Brown (1987). Differences between
lengths of the breeding seasons at Marion Island
(70 d) and Heard Island (60 d) required adjustment of
the original budget. We assumed that the total energy expenditure of the chick was equal to that reported by Brown (1987). This budget covers all
energy requirements including the demand on the
parents for feeding the chicks (Green et al. 2007). No
weighing of chicks was done during the 2003−2004
season; thus, the rate of growth for chicks was based
on Brown (1987), with a mean weight at birth of 106 g
and at fledging of 2.5 kg.
The energy expenditure of adult macaroni penguins was calculated using published average daily
metabolic rates (ADMRs) for activities based on
shore and at sea, during both the guard and crèche
stages (Green et al. 2002). The daily metabolic rate
(MR) of fasting males in the guard stage was based
on data published by Davis et al. (1989). All values
were converted from W kg−1 to kJ d−1, assuming an
average individual mass of 4.5 kg and 3.9 kg for male
and female penguins, respectively (from Croxall et
al. 1984, Davis et al. 1989, Green et al. 2002, 2007).
These values were used to calculate energy requirements for foraging, resting on shore and fasting over
selected time periods. The ratio of time spent at sea
and on shore during guard and crèche stages was
based on Barlow & Croxall (2002b) and lies within
the ranges reported by Green et al. (2002, 2003). The
total estimated energy expenditure of male macaroni
penguins from the guard stage was added to expenditure during the crèche stage, on the assumption

that lost bodyweight is regained by the completion of
the breeding season, as per Green et al. (2007).
To complete the energy budget for a breeding pair,
energy requirements of both the parents and the
chick were converted to food consumption requirements, using assimilation efficiencies of 73% for
adults (Brown 1987) and 76% for chicks (Green et al.
1998). A final energy budget was created for food
consumption by the 50 000 breeding pairs (Deagle et
al. 2008) in the study colony, each consisting of a
male, female and a chick. This value is necessarily an
underestimate of the total requirements of the colony
because it does not include non-breeding penguins
(e.g. those who have not yet reached sexual maturity). The proportion of non-breeding macaroni penguins in the study colony may constitute a significant
proportion. To the best of our knowledge, however,
this is yet to be quantified (see also Trebilco 2004).

Impacts on prey
To gain a coarse understanding of the potential impact of foraging by macaroni penguins on prey biomasses within the penguins’ prey field, we compared
estimates of required food during the guard and
crèche stages with available data on prey densities
within the region. Acoustic data collected during the
cruise were not sufficient to obtain a true estimate of
biomass for the study area; hence, we used values
published by Pruvost et al. (2005) for the Kerguelen
Plateau region. Specifically, we calculated the area of
the penguins’ ‘core’ foraging area during each stage
(the area in which the kernel density was > 0.8;
~3000 km2 and ~5300 km2 in the guard and crèche
stage, respectively) for calculations of prey biomasses from densities reported for zooplankton (krill
and amphipods) and fish.

RESULTS
Diet
Stomach contents of the 53 penguins included in
our analyses (Table 1) had a mean mass of 75 g (SD:
± 51.2 g), with a range of 12 to 216 g. There was no
significant difference (p = 0.44) between the mass of
the samples taken in the guard (n = 35) and crèche
stage (n = 18). Overall, krill were the dominant prey
species by mass (69%), and fish made up 22% of the
samples, with the remainder being amphipods (8%)
and squid (<1%). Specifics on the analyses of the
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guard to crèche stage as occurring on 13 January.
After filtering, the 2 longest tracks of the breeding
season started on 13 and 15 January and were therefore classified as crèche stage tracks. This is consistent with previous studies, based on visual observations (Trebilco 2004, Deagle et al. 2008). Analyses of
filtered tracks showed a significant difference in trip
durations and the distances travelled by female macaroni penguins between the guard and crèche stages
(F50,10 = 0.012, p < 0.001; F50,10 = 0.013, p < 0.001
respectively; Table 3, Fig. 3). Frequency of observations of macaroni penguins was higher on the shelf
during the guard stage compared to the crèche stage
(p < 0.005; 57.9 and 14.71%, respectively).
Fig. 2. Multidimensional scaling ordination (MDS) plot, with
Bray Curtis similarities showing comparison of macaroni
penguin diet composition (square root transformed) between the guard (S) and crèche (r) stages. The vector overlay shows Pearson’s correlations of response variables with
the ordination axes. 2D stress = 0.03

stomach samples to species level can be found in
Deagle et al. (2007).
PERMANOVA indicated a statistically significant
difference in the composition and variability of the
diet of macaroni penguins between the 2 stages
(Pseudo-F1, 51 = 12.518, P(perm) < 0.002; PERMDISP
F1, 51= 17.438, p < 0.002, Fig. 2). During the guard
stage, krill made up the main component (83%) of
the penguins’ diet by mass, complemented by fish
(16%). In the crèche stage, the diet was more varied:
penguins continued to consume krill (43%), while
fish provided a much larger proportion of the diet
(33%), and amphipods increased from close to 0% to
23%. The percentage of squid in the diets of the
macaroni penguins was minimal in both the guard
and crèche stage (0.04 and 0.72%, respectively).

Foraging
After filtering, 51 tracks remained for the guard
stage and 11 for the crèche stage. Based on analyses
of foraging tracks, we defined the transition from

Prey field
Using data collected with the 120 kHz echosounder, and a frequency-difference algorithm using
data from the 38, 120 and 200 kHz frequencies
(Table 2), acoustic biomass (NASC) was estimated for
fish, small zooplankton (e.g. copepods) and large
zooplankton (e.g. krill) in the top 100 m of the water
column over varying seafloor depths (Fig. 4A). Zooplankton were found everywhere at relatively low
densities. Small zooplankton had greater acoustic
biomass over the full range of seafloor depths
(Fig. 4B) compared to large zooplankton (p < 0.001;
Fig. 4C). Fish had lower mean acoustic biomass over
shallower waters, but this increased over deeper seafloor depths (Fig. 4D). The patterns of acoustic biomass of zooplankton and fish were reasonably consistent across replicate transects.
Net hauls over deep waters revealed an abundance
of both zooplankton and fish. On the shelf, zooplankton
and squid were abundant, but fish were found in relatively small numbers. This is consistent with the results
of the acoustic survey. In contrast, a PERMANOVA of
the net hauls indicated no significant difference between the composition of catches at different locations
(Pseudo-F2, 39 = 0.98, P(perm) = 0.45, Fig. 5). This result
is related to the unbalanced design of the net haul sampling; however, the Pearson correlation overlay in
Fig. 5 indicates that fish were more abundant in net

Table 3. Foraging dynamics of macaroni penguins during the breeding season (values adjusted to 3 significant figures)

Foraging duration (d)
Foraging distance (km)

Guard (n = 51)
Mean ± SE
Min. Max.

Crèche (n = 11)
Mean ± SE Min. Max.

1.51 ± 0.09
109 ± 7.21

7.70 ± 1.75
660 ± 140

0.04
17.5

2.76
237

1.17
81.6

15.4
1300

F

p

0.01
0.01

< 0.001
< 0.001
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Fig. 5. Multidimensional scaling ordination of Bray Curtis
similarities between net hauls (square root transformed)
over the shelf, shelf-break and deep waters. The vector
overlay shows Pearson’s correlations of response variables
with the ordination axes. 2D stress = 0.08

hauls conducted over the shelf break and in deeper
waters than in the hauls conducted over the shelf.
Because of the southwest to northeast axis of the
sampling design, the south-eastern portion of the core
foraging area was not sampled. We assumed that the
pattern of higher fish abundances in deeper waters
extended to the southeast in the area not sampled.
Higher abundances of fish in deeper waters have
been reported around nearby Marion Island (Perissinotto & McQuaid 1992), supporting our assumption.

Energetics
Calculated energy densities, based on the average
proportions of different prey types in stomach sam-
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ples collected during the guard and crèche stages,
were 4.54 kJ g−1 and 5.27 kJ g−1 in the guard and
crèche stage respectively (Table 4). During the guard
stage, the largest mean contribution to energy density of the diet came from krill (70%), whereas during
the crèche stage, this was replaced by fish (53%;
Table 4).
The energy requirements of chicks change throughout the breeding period (Fig. 6; see also Brown 1987).
For the first 18 d (at Heard Island), there is a rapid
increase in energy required. This plateaus during the
crèche stage to a peak in energy requirement at 42 d,
before decreasing in preparation for fledging.
The converted ADMRs for adult penguins indicated that during the guard stage, the fasting MR
of males was 1480 kJ d−1, while the females had an
ADMR of 2070 kJ d−1 on shore and 3010 kJ d−1 at sea.
During the crèche stage, males had an ADMR of
2480 kJ d−1 on shore and 3530 kJ d−1 at sea, while the
females had an ADMR of 2150 kJ d−1 on shore and
3060 kJ d−1 at sea. Throughout the duration of the
guard and crèche stages, female macaroni penguins
require approximately 2680 kJ d−1 and 2560 kJ d−1
respectively, and males require 3970 kJ d−1 in the
crèche stage only (see Table S1 in the Supplement).
The difference in energy requirements between
male and female penguins during the crèche stage
was predominantly due to the need by males to
regain body mass lost while fasting in the guard
stage.
The calculated energy budget (Table 5), using
energy densities per meal, indicates that to sustain
themselves and their chicks in the guard stage,
females need to consume an average of 960 g of prey
per day, of which approximately 150 g is provided to
the chick. In the crèche stage, the females and males

Table 4. Energy density for a typical macaroni penguin diet during the guard and crèche stages of the breeding season, based
on the proportions of diet components determined from stomach samples. See ‘Methods: Energetics’ for sources of data on
individual energy values
Prey

Energy value
(kJ g−1)

Mean proportion
of prey in
samples (%)

Mean contribution
to energy density
of diet (kJ g−1)

Mean contribution
to energy density
of diet (%)

Total energy
density of diet
(kJ g−1)

Guard stage
Krill
Fish
Amphipods
Squid

3.79
8.42
3.52
3.64

83.4
16.3
0.26
0.04

3.16
1.37
0.01
0.00

70
30
0
0

4.54

Crèche stage
Krill
Fish
Amphipods
Squid

3.79
8.42
3.52
3.64

42.8
33.3
23.2
0.70

1.62
2.80
0.82
0.03

31
53
16
0

5.27
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prey biomass consumed during the breeding period
is close to 5000 t over approximately 60 d, from midDecember to mid-February. Using these minimum
required levels of consumption and our coarse estimates of available fish and zooplankton biomass in
the penguins’ core foraging area, we estimate that
the breeding population of penguins from Capsize
Beach would have consumed < 2% of available zooplankton prey and <1.5% of available fish prey
during the guard stage. This population could have
consumed approximately 2.5% of the remaining
available zooplankton prey and approximately 5% of
available fish prey during the crèche stage (see
Table S2 in the Supplement).

1400
D

1200
D

1000

D

D

D
D

800

D

D

600
400

D

D

200
0

D

0

10

20

30

40

50

60

Age (d)
Fig. 6. Energy requirements of growing macaroni penguin
chicks over the 60 d breeding period (adjusted from Brown
1987), based on a weight at birth of 106 g and weight at
fledging of 2.5 kg

need to consume 850 g and 1150 g d−1, respectively,
including a combined total of approximately 300 g for
the chick.

Impacts on prey
Assuming 50 000 breeding pairs (Deagle et al.
2008), a colony-wide energy budget indicates that
during the guard stage, an estimated 1150 t of food
was consumed by breeding female macaroni penguins from Capsize Beach. During the crèche stage, a
combined estimate of 3700 t of food was consumed
by female and male penguins. The estimate of total

DISCUSSION
Through our analyses of penguin diet and foraging
behaviour, we found that prey switching by macaroni
penguins in the crèche stage is evident; the guard
stage diet was dominated by krill, whereas the
crèche stage diet was more varied (Table 4). The
observed prey switching was likely due to the release of foraging constraints in the crèche stage
when female penguins are no longer required to feed
the chicks on a daily basis and can thus make longer
foraging trips. Our results did not provide evidence
for prey depletion near breeding colonies (as postulated by authors such as Moore et al. 1999, Barlow &
Croxall 2002b, Hindell et al. 2011), at least by the
breeding population of macaroni penguins.
Implementation of a simple energy budget indicated that prey switching in the crèche stage was

Table 5. Energy budget for a macaroni penguin breeding pair (male, female and chick). Values (adjusted to 3 significant figures) are based on total energy requirements for adults from Table S1 in the Supplement at www.int-res.com/articles/
suppl/m526p169_supp.pdf, energy requirements for chicks adjusted from Brown (1987; our Fig. 6) and energy density for diet
from Table 4. AE: assimilation efficiency
Energy
(kJ d−1)

Energy density
meal (kJ)

Prey required
(g d−1) at 73% adult AE
and 76% chick AE

Proportion
provided to
chicka

Required prey
consumption
(g d−1)

Guard stage
Female
Male
Chick

2680
−
520

4.54
4.54
4.54

810
−
150

1.00
−
−

960
−
−

Crèche stage
Female
Male
Chick

2560
3970
1180

5.27
5.27
5.27

670
1030
300

0.60
0.40
−

850
1150
−

a

Unequal division of parental responsibilities, calculated from Barlow & Croxall (2002b) and Trathan et al. (2006)
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energetically more favourable for the penguins. The
energy budget considered the added energy costs of
extended foraging times and distances as well as the
higher energy content of fish, which were the offshore prey targets. Our analyses of the acoustics and
net-haul data back up our conclusions of prey switching in the later breeding stage. Fish were more abundant further from the island, over deeper waters, consistent with other findings (Perissinotto & McQuaid
1992, Pruvost et al. 2005). Zooplankton (krill), the
main food source in the guard stage, were found consistently throughout the prey field.
Our results for macaroni penguin diets are consistent with previous studies on Heard Island (Klages et
al. 1989, Green et al. 1998, Deagle et al. 2007, 2008),
and show that krill are an important component of
the diet, particularly during the guard stage (83% of
biomass). There is little evidence of prey switching
by macaroni penguins during the breeding season in
other regions of the Southern Ocean. Penguins at
South Georgia, however, are reported to target
amphipods in years when the availability of Antarctic
krill is low (Croxall et al. 1999). In contrast to other
published results, our study shows that, although
krill still comprise a substantial proportion of the diet
in the crèche stage (43% of biomass; Table 4), prey
switching is evident, with a significant increase in
fish and amphipod consumption.
Localised prey-field depletion has been suggested
as a potential driver of foraging behaviour for central-place foragers during the breeding season (e.g.
Moore et al. 1999, Barlow & Croxall 2002b, Hindell et
al. 2011). Our coarse estimates for consumption of
prey by the breeding macaroni penguin colony at
Capsize Beach suggest that only approximately 1.5%
of available zooplankton and fish prey would be consumed during the guard stage. This is necessarily an
underestimate due to conservative estimates of the
time spent at sea (we assumed an average of 45 to
65% of time spent at sea, but other estimates are as
high as 68 to 75%; Green et al. 2002) and the exclusion of non-breeders. However, Trebilco (2004) found
that non-breeding macaroni penguins had very different foraging behaviours than breeding penguins,
particularly concerning the distances foraged.
Inclusion of foraging by the full estimated population of 1 million breeding macaroni penguins on
Heard Island to the energy budget takes total prey
consumption to approximately 30% of the available
prey (see Table S2 in the Supplement). Inclusion of
prey consumption by other land-based predator species (seals, penguins and flying birds) that use the
same high-productivity area for foraging at a similar
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time of year (Green et al. 1998, Moore et al. 1999, van
Wijk et al. 2010, Hindell et al. 2011) would further increase the total volume of prey taken during the
breeding season. Nonetheless, there was no strong
evidence that prey depletion around the island was
responsible for the observed prey switching by macaroni penguins in the crèche stage in our study. Our
results are more consistent with prey switching due
to the energy densities per weight for fish and reduced foraging constraints in the crèche stage leading to greater access to fish in offshore areas.
Based on modelling results for Adélie penguins,
Pygoscelis adeliae, Cresswell et al. (2012) found that
quality rather than quantity of the prey field was
important in predicting foraging behaviour of penguins. In our case, the observed change in diet and
prey-field use for macaroni penguins is primarily
determined by the change in constraints on foraging
trip duration between guard and crèche stages. The
shift in behaviour appears likely to be due to the lack
of available fish in the near-shore environment, reinforcing the conclusion of Cresswell et al. (2012).
Due to the logistical difficulty of concurrently sampling predators and prey fields, the integrated
approach of combing prey-field dynamics, energy
budgets and information on predator foraging behaviour has not been broadly applied in trophic studies for Southern Ocean ecosystems. As such, the HIPPIES data provide a rare opportunity to evaluate how
Southern Ocean predators use and respond to the
distribution of their prey. Our results provide insights
into constraints on foraging strategies between 2
stages of the breeding cycle of macaroni penguins at
Heard Island. Furthermore, the development of simple energy budgets is an important step in the development of fully dynamic models for top predators
that can inform fisheries and conservation management about responses of predators and food webs to
changes in habitats under climate change.
Insights from this kind of integrated study can be
used to inform predictions of the responses of predators to climate-driven changes in prey availability as
well as potential impacts from fishing activities. Key
directions for future work include more targeted
evaluation of spatial gradients in prey fields and how
predators might use these selectively; development
of algorithms to better delineate dominant taxa using
acoustic data and of more specific target-strength
models so that true biomass can be estimated; targeted sampling of prey fields in non-foraging areas;
studies of prey-field use outside of the breeding season; and studies that evaluate and integrate preyfield use by multiple predator species.
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