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ABSTRACT: We analysed summer diet and fledging mass of macaroni penguins Eudyptes
chrysolophus breeding at Bird Island, South Georgia, during the creche period (January and
February) between 1989 and 2010. Crustaceans were the main prey accounting, for over 90 % of
the diet by mass. Antarctic krill Euphausia superba was the main prey, in 17 out of 22 years.
Amphipods Themisto gaudichaudii were the main prey in 1994 and 2009, fish in 2004, and the
euphausiids Thysanoessa spp. and Euphausia frigida in 2000. There was no clearly dominant prey
group in 1999. Prey diversity and the frequency occurrence of T. gaudichaudii both increased with
a decreasing proportion of E. superba in the diet. There was strong evidence that macaroni
penguins have a sigmoidal functional response, indicating that this kind of response should be
accounted for when devising ecosystem-based management reference points for seabirds. The
energy and mass of all euphausiids combined (rather than E. superba in particular) in the diet
were the most reliable predictors of chick fledging mass; the correlation between model-predicted
and observed values was 0.84. The gross energy content of individual meals was often above aver-
age in years when the diets contained fewer euphausiids, but fledging mass was always below
average in these years. Although macaroni penguins are able to feed on a variety of prey types,
chick growth was always severely impacted by a shortage of euphausiids due to higher energy or
time costs associated with feeding on alternative prey types. Given their reliance on euphausiids,
macaroni penguins would be particularly vulnerable to potential climate-driven declines in krill
stocks.
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INTRODUCTION

Marine ecosystems are difficult to sample, but an
understanding of ecosystem structure and variability
can be developed using data from long-term moni-
toring studies of selected land-based predators. By
examining the diets of predators we can obtain infor-
mation about their prey preferences, foraging behav-
iour and ecology. Diets might be expected to reflect
the relative abundance or proportion of prey items in
the ecosystem, so it is possible to consider predators
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as integrated indicators of ecosystem structure. Diet
data, along with measures of reproductive output can
be used to understand predator responses to prey
availability (Boyd & Murray 2001, Reid & Croxall
2001, Reid et al. 2005a), and are essential for the
development of plausible foodweb models (e.g. Mur-
phy et al. 2007a, Hill et al. 2012).

Macaroni penguins Eudyptes chrysolophus have
been described as the most important avian con-
sumers in global marine ecosystems, with an esti-
mated consumption of more than 8 million tonnes of
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prey per year (Boyd 2002, Brooke 2004). One of the
largest populations of macaroni penguins breeds at
South Georgia in the Scotia Sea (Croxall et al. 1984,
Williams 1995). The main prey is Antarctic Kkrill
Euphausia superba (Barlow et al. 2002), but amphi-
pods and fish can also make up a significant propor-
tion of the diet, particularly in years in which
E. superba is less readily available in the local envi-
ronment (Croxall et al. 1999, Waluda et al. 2010).

At Bird Island (54°00'S, 38°02'W; Fig. 1), located
off the north-western tip of South Georgia, the maca-
roni penguin population consists of around 46500
breeding pairs inhabiting 3 rookery sites (Trathan et
al. 2006, 2012). The demography and diet of this
population has been regularly monitored since the
1970s. Initial diet samples obtained during the chick-
rearing periods of 1977, 1980, 1985 and 1986 were
dominated by Euphausia superba (between 94 and
98% by mass) in all years (Croxall & Prince 1980,
Croxall et al. 1988b, 1997). Since 1989, diet data have
been collected annually during the creche period
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using standardised methods (CCAMLR 2004) as part
of the Commission for the Conservation of Antarctic
Marine Living Resources (CCAMLR) Ecosystem
Monitoring Programme (CEMP) (Agnew 1997). The
objective of CEMP is to detect changes in the South-
ern Ocean ecosystem and to distinguish the potential
effects of commercial fishing from other drivers of
change.

Macaroni penguins are diving predators, making
the majority of their dives during the day to median
depths of between 10 and 60 m (Croxall et al. 1988a,
1993, Hart et al. 2010). The main feeding region for
the population breeding at Bird Island is to the north-
west of the island (Trathan et al. 2006, Waluda et al.
2010). Energy is delivered to the chick as regurgi-
tated stomach contents, with both parents undertak-
ing foraging trips while the chicks are at the creche
stage (Barlow & Croxall 2002).

Here, we describe the diets of macaroni penguins
during creche for the 22 yr period from 1989 to 2010.
While macaroni penguins breeding at Bird Island
have been described as ‘dependent preda-
tors' of Euphausia superba (Croxall &
Prince 1987, Reid et al. 1999a), some studies
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have reported a decline in the relative pro-
portion of E. superba in macaroni penguin
diets since the late 1980s (Reid & Croxall
2001, Barlow et al. 2002). Both of these ear-
lier analyses considered data from 1989 to
2000, and by doubling the length of the
time series, we are able to better under-
stand these observations in the context of

long-term variability. We examine individ-
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ual and inter-annual variability in diet com-
position and prey dominance and assess the
influence of diet on fitness using the mass of
chicks at fledging as an indicator of repro-
ductive output.
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MATERIALS AND METHODS

Diet sampling
- 55°

Diet samples were obtained from maca-
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Fig. 1. Northern Scotia Sea with (a) South Georgia and the major
fronts of the Antarctic Circumpolar Current (light grey), (b) Bird Is-
land with location of 200 and 1000 m bathymetric contours shown in
dark grey, and (c) Bird Island locations of macaroni penguin colonies
at Goldcrest Point (~35 000 pairs), Fairy Point (~500 pairs) and Maca-
roni Cwm (~11000 pairs)

roni penguins at the Goldcrest Point colony,
Bird Island, South Georgia (Fig. 1). Sam-
ples were obtained during the creche per-
iod (January and February) from 1989 to
2010, using the stomach lavage methods
described in Wilson (1984) and Williams
(1991). Samples were usually obtained over
a 4 wk period with 10 birds sampled each
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mographic data are obtained from the Fairy Point
colony, which is a satellite of the Goldcrest Point
colony. Birds from both colonies use the same forag-
ing areas and access the open ocean via the same
inlet (Trathan et al. 2006).

Energy content of meals

The energy content of each meal was calculated
from the wet mass of each prey component and pub-
lished data on energy content (kJ g~') of prey, assum-
ing a constant mass—energy conversion for each prey
type. Energy values from the same area and season
(Scotia Sea during austral spring) were used when-
ever possible, but equivalent values from other areas
and seasons were used as necessary. The energy con-
tent of Euphausia superba was calculated using a mean
value for males and females (Clarke 1980). A single
energy value was used for each of: euphausiids other
than E. superba, based on Thysanoessa macura (Tor-
res et al. 1994); amphipods, based on Themisto gaudi-
chaudii (Ciancio et al. 2007); and cephalopods, based
on a mean value for muscular squid (Clarke et al.
1985) (Table 2). The energy content of fish was calcu-
lated based on the species composition for each year,
with energy values for key species given in Table 2. In
years in which fish flesh was present but could not
be identified to species level (i.e. years in which no
otoliths were recovered) a mean value of 5.83 kJ g~}
(the mean of all fish species listed in Table 2) was used
to calculate the energy content of fish.

Analyses

In this study we (1) describe the frequency of
occurrence, meal mass, energy and diversity of prey
in individual diets, (2) examine variability in diet
composition and prey dominance within and be-
tween years, and (3) examine the relationship be-
tween diet and the mean mass of chicks at fledging.
Non-linear least squares analyses were used to
examine the relationship between meal composition
and fledging weights. Analyses were done in the
statistical package R (v2.13; R Development Core
Team 2011). We used the corrected Akaike Informa-
tion Criterion (AIC,) and calculated the correlations
between modelled and observed values to compare
24 models of the relationship between diet, indicated
by various metrics, and fledging mass. The diet met-
rics included were the meal mass (wet mass in
grams) or energy content (kJ) of each prey group and
all groups combined, and the model forms included
both 2- and 3-parameter asymptotic models.

RESULTS
Individual diet variability

In total, 856 diet samples were obtained from mac-
aroni penguins between 1989 and 2010. Meals com-
prised crustaceans, fish and cephalopods, with crus-
taceans occurring in 853 diet samples (99.6 %), and
the remaining 3 samples containing only fish. The

Table 2. Energy content for key prey species of macaroni penguins

Family Species Energy (kJ g7!) Source
Cephalopods [See Table 3 for species names] 4.27 Clarke et al. (1985)
Fish Channichthyidae Champsocephalus gunnari 54 Lea et al. (2002)
Pseudochaenichthys georgianus  4.55 Vanella et al. (2005)
Gempylidae Paradiplospinus gracilis 4.6 Cherel & Ridoux (1992)
Myctophidae Electrona antarctica 7.93 Donnelly et al. (1990)
Electrona carlsbergi 6.57 Clarke & Prince (1980)
Krefftichthys anderssoni 8.23 Cherel & Ridoux 1992, Tierney
et al. (2002) (mean value)
Protomyctophum bolini 6.1 Data for P. tenisoni used;
Lea et al. (2002)
Protomyctophum choriodon 6.1 Data for P. tenisoni used;
Lea et al. (2002)
Nototheniidae Lepidonotothen larseni 4.9 Staniland et al. (2007)
Crustaceans Euphausiidae Euphausia superba 4.645 Clarke (1980) (mean of male
and female)
Thysanoessa macura 5.038 Torres et al. (1994)
Hyperiidae Themisto gaudichaudii 3.1 Ciancio et al. (2007)
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crustacean component was dominated by euphausi-
ids, in particular Euphausia superba, which was pre-
sent in 709 samples (83 %). Other species of euphau-
siids (E. frigida and Thysanoessa spp.; not always
identified to species level so included here as a single
prey group) were present in 248 samples (29 %), and
the hyperiid amphipod Themisto gaudichaudii was
present in 445 samples (52 %).

Fish remains were present in 373 diet samples
(44 %). A total of 11 species of fish from 6 families
were identified, with Champsocephalus gunnari
and Krefftichthys anderssoni the most frequently
recorded species (Table 3). Mean estimated stan-
dard lengths were between 26 mm (Muraenolepis

microps) and 278 mm (Paradiplospinus gracilis)
(Table 3).

Cephalopod remains were present in 54 diet
samples (6 %). A total of 7 cephalopod species from
5 families were identified, with Kondakovia longi-
mana the most frequently recorded species (Table 3).
Estimated mean mantle lengths were between 41 mm
(K. Ilongimana) and 200 mm (Martialia hyadesi)
(Table 3).

The mean (+SD) mass of all 856 diet samples was
346 + 214 g (Table 1, Fig. 2a). The diet was composed
of crustaceans (314 + 212 g), fish (32 + 86 g) and
cephalopods (0.6 = 9 g). The most common crus-
tacean prey were Euphausia superba (236 + 231 g),

Table 3. Prey species recorded in the diet of macaroni penguins from 1989 to 2010. Mean length is given as standard length
for fish and mantle length for cephalopods. (-) data not available

Family Species No. of No. of Frequency Mean Years
years samples (%) length present
(mm) in diet
Cephalopods Brachioteuthidae Brachioteuthis picta 2 4 0.47 - 1991, 1994
Cranchidae Galiteuthis glacialis 1 1 0.12 - 2002
Onychoteuthidae Kondakovia longimana 3 33 3.86 41 1991, 1994, 2009
Ommastrephidae Martialia hyadesi 4 22 2.57 200 1991, 1994, 2002,
2003
Onychoteuthidae = Moroteuthis knipovitchi 1 1 0.12 158 2009
Psychroteuthidae Psychroteuthis glacialis 1 2 0.23 - 2009
Brachioteuthidae  Slosarczykovia circumantarctica 1 3 0.35 - 2009
Fish Bathydraconidae  Parachaenichthys georgianus 1 1 0.12 238 2004
Channichthyidae = Champsocephalus gunnari 13 87 10.16 132 1993-95, 1997,
1999, 2000,
2002-05, 2008-10
Channichthyidae Pseudochaenichthys georgianus 2 8 0.93 165 1994, 2003
Gempylidae Paradiplospinus gracilis 1 1 0.12 278 2009
Muraenolepididae Muraenolepis microps 2 18 2.10 26 2008, 2009
Myctophidae Electrona antarctica 8 50 5.84 45 1994, 2000-05,
2009
Myctophidae Electrona carlsbergi 4 8 0.93 69 2002-04, 2009
Myctophidae Krefftichthys anderssoni 8 80 9.35 59 1994, 1998, 1999,
2002, 2004,
2008-10
Myctophidae Protomyctophum bolini 1 1 0.12 63 2009
Myctophidae Protomyctophum choriodon 7 20 2.34 81 1994, 1997, 1999,
2003, 2004, 2008,
2009
Nototheniidae Lepidonotothen larseni 10 41 4.79 99 1994, 1997, 1999,
2001-05, 2007,
2009
Crustaceans Euphausiidae Euphausia superba 22 709 82.83 42 1989-2010
Euphausiidae E. frigida/Thysanoessa spp. 12 248 28.97 - 1991, 1994, 1997,
1999, 2000,
2002-05, 2008-10
Hyperiidae Themisto gaudichaudii 20 445 51.99 - 1991-2010
Bougisidae Primno macropa 1 2 0.23 - 2009
Crangonidae Notocrangon spp. 2 3 0.35 - 1997, 2009
Calanoida Euchaeta antarctica 2 2 0.23 - 2008, 2009
Calanoida Rhincalanus gigas 2 2 0.23 - 2008, 2009
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Fig. 2. Frequency occurrence of (a) diet sample mass,
(b) number of species per sample and (c) proportion of
Euphausia superba in diet samples

Themisto gaudichaudii (53 + 116 g) and euphausiids
other than E. superba (25 + 85 g). The mean energy
derived from meals was 1612 + 1061 kJ (Table 1). The
number of prey species recorded per sample was
between 1 and 12 (mean + SD: 2.4 + 1.6) (Fig. 2b).
Euphausia superba was the main prey, but the pro-
portion of this species in diets showed a distinct
bimodal distribution, with 147 diet samples (17 %)
containing no E. superba and 277 (32 %) containing
only E. superba (Fig. 2c). To further examine prey
dominance in diets we combined data into 3 main

prey groups, these were ‘euphausiids’ (E. superba,
E. frigida, Thysanoessa spp.), 'other crustaceans'
(mostly amphipods; see Table 3) and 'fish'. In total,
357 of the 856 individual diet samples (42%)
were composed entirely of a single prey type
(317 were euphausiids, 37 other crustaceans, 3
fish). In 627 diet samples (73 %), a single prey type
represented >90% of diet mass (502 samples with
euphausiids, 100 other crustaceans, 25 fish). We refer
to this type of diet as ‘dominated’ by the majority
prey type. Only 229 samples (27 %) had no dominant
prey type. We shall refer to this latter category as
‘mixed’ diets. All but 3 of these mixed diets included
euphausiids.

Annual patterns of variability

Annual meal mass (mean + SD) ranged between
167 + 110 g (2010) and 548 + 240 g (2001). Annual
meal energy ranged between 660 + 441 kJ (2010) and
2270 + 1250 kJ (2004) (Fig. 3, Table 1). Euphausia
superba was recorded in all 22 years, other species of
euphausiids were present in 12 years and Themisto
gaudichaudii was recorded in 20 years (Table 1). Fish
were recorded in the diet in all 22 years, with otoliths
recovered and species identified in 16 years (no spe-
cies data were available for 1989 to 1992, 1996, 2006;
see also Table 3). Cephalopods were present in 13
years (Table 1), with cephalopod beaks recovered in
5 years (1991, 1994, 2002, 2003, 2009; Table 3).
E. superba was the main prey species (>50% of the
annual total recorded diet mass) in 17 years, but con-
tributed less than one third in 5 years (Fig. 4). There
was no trend in the proportion of E. superba in the
diet over the period of the study (r = 0.03. p = 0.45)
and the 5 yr moving average indicates that this pro-
portion has remained fairly constant at around 68 %
since the mid-1990s (Fig. 4). The proportion by mass
of E. superba was negatively correlated with both the
frequency of T. gaudichaudii (arcsine transformed
data; r=-0.88, p < 0.01) and the number of species in
the diet (E. superba data were arcsine transformed;
r=-0.81, p <0.01).

Inter-annual patterns in prey dominance are
shown in Fig. 5. The most common situation
was where more than 75 % of diets were euphausiid-
dominated (10 of 22 years). In 4 of these 10 years,
100% of diets were euphausiid-dominated. In
5 years, less than 25% of diets were euphausiid-
dominated, and the remaining diets were either
mixed (3 to 73 % of diets) or dominated by other crus-
taceans (0 to 50%) or fish (0 to 23%). In 7 years,
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as mixed diets where no individual prey group contributed > 90 %

between 25 and 75% of diets were
euphausiid-dominated, 23 to 55 % were
mixed, 8 to 50% were dominated by
other crustaceans, and 0 to 5% were
fish-dominated. Within years, the per-
centage of mixed diets varied between
0 (in 1990, 1996, 2006, 2007; Fig. 5) and
73 % (1999). There were inevitable neg-
ative correlations between the propor-
tion of euphausiid-dominated diets and
the proportion of diets that were domi-
nated by other crustaceans (arcsine
transformed data; r = -0.83, p < 0.01) or
fish (arcsine transformed data; r =
—-0.55, p < 0.01), or were mixed (arcsine
transformed data; r = -0.94, p < 0.01).

Relationships between diet and
fledging mass

The mean mass of chicks at fledging
varied between 2.9 and 3.5 kg yr!
(mean + SD = 3.27 + 0.18 kg; Fig. 6).
Fledging mass was positively corre-
lated with meal mass and energy, and
with the crustacean, Euphausia super-
ba and euphausiid components of the
diet, but it was negatively correlated
with the amphipod and fish compo-
nents (Fig. 7). AIC. provided most
support for 3-parameter models with
either mass or energy content of all
euphausiids as the independent vari-
able. The correlation between model-
predicted and observed values for
fledging weight was 0.84 for both of
these models (Fig. 7, Table 4). AIC,
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Table 4. Results of model fitting (diet versus fledging weight) using 2- and 3-para-
meter non-linear least squares analysis. x is calculated as either wet mass (g) or
energy derived from prey (kJ) for each prey group and all diet components com-
bined. Bold: best fit for each parameter (corrected Aikaike Information Criteria
[AIC,]). The correlation between model-predicted and observed values for fledg-
ing weight is also given for each model. Models — 3-parameter: fledging.wt = a —
b - exp(—c - x); 2-parameter: fledging.wt = a - [1 — exp(-c - x)], where a, b and ¢

are model parameters

of E. superba recruitment have
been reported in the diets of gen-
too and chinstrap penguins breed-
ing at Livingston Island in the
South Shetland Islands (Miller &
Trivelpiece 2007). The availability
of E. superba was probably low in

the South Georgia ecosystem in
df Meal mass (9,) Meal energy (k,J) the 5 years when it made up less
AIC. Correlation AIC, Correlation . .
than one third of the diet of maca-
3 parameters roni penguins (1994, 1999, 2000,
All diet components 4 295.51 0.31 294.29 0.38 2004, 2009), with similarly low esti-
All crustaceans 4 293.27 0.43 288.44 0.59 mates of abundance in data from
E. superba 4 282.17 0.71 282.17 0.71 ti d oth d
All euphausiids 4 27101 084  270.84  0.84 acoustic surveys and other preda-
Amphipods (T. gaudichaudii) 4  284.21 0.68 284.21 0.68 tor diets (Croxall et al. 1999, Xavier
All fish 4 294.66 0.36 294.31 0.38 et al. 2003, Waluda et al. 2010, S.
2 parameters Fielding pers. comm.).
All diet COmpOHentS 3 293.72 0.30 292.35 0.38 Crustaceans other than Euphau-
All crustaceans 3 291.69 0.41 287.18 0.57 . . :
E. superba 3 28231 068 28231  0.68 sia superba were the main prey in
All euphausiids 3 28898 051 28917  0.51 3 years, with small euphausiids
Amphipods (T. gaudichaudii) 3  282.93 0.66 282.93 0.66 (E. frigida, Thysanoessa spp.) the
All fish 3 292.98 0.34 292.81 0.35 most common prey group in 2000
and the hyperiid amphipod The-
misto gaudichaudii dominant in
DISCUSSION 1994 and 2009. The results of our study are consistent

Crustacean dominance and variability in the
contribution of Euphausia superba

This work presents data from 22 yr of diet sampling
of macaroni penguins Eudyptes chrysolophus breed-
ing at Bird Island, South Georgia. This is one of
the longest and most comprehensive time series of
penguin diet data available globally. Crustaceans
dominated the diet, with Antarctic krill Euphausia
superba the most commonly eaten prey species. The
amount of E. superba in the diet was variable from
year to year, providing over half of the diet by mass in
17 years of the study but less than one third in
5 years. Previous work has reported a decline in
E. superba in macaroni penguin diets at Bird Island
for the period between 1989 and 2000 (Reid & Croxall
2001, Barlow et al. 2002). Our Fig. 4 confirms low val-
ues (1999 and 2000) at the end of this period but, as
with 1994 and 2009, these low values were followed
by an immediate recovery.

The years in which Euphausia superba made up
>99% of the diet by mass occurred at approximately
5 yr intervals (1992, 1996, 2001, 2006, 2007). This is
likely to be related to increased local abundance due
to pulses of E. superba recruitment into the South
Georgia ecosystem (Reid et al. 1999b, 2002, Murphy
& Reid 2001, Murphy et al. 2007a,b). Similar patterns

with diet studies of macaroni penguins and the
closely related royal penguins Eudyptes schlegeli
elsewhere in the Southern Ocean where crustaceans
(particularly euphausiids) are frequently recorded as
the main prey (Table 5).

Fish and cephalopods in the diet

The majority of fish species recorded in diet
samples occupy a pelagic or bentho-pelagic habitat,
with the most commonly recorded species including
the myctophid Krefftichthys anderssoni, the channich-
thid Champsocephalus gunnari and the notothenid
Lepidonotothen larseni. Similar species fish have
been reported in varying proportions in the diets of
Antarctic fur seals (Reid & Arnould 1996, Reid et al.
2006), gentoo penguins (Hill et al. 2005, Reid et al.
2005b), and black-browed and grey-headed alba-
trosses (Reid et al. 1996, Xavier et al. 2003), which also
breed at Bird Island. Fish can provide a significant
proportion of the diet of macaroni and royal penguins
breeding at other locations (Table 5). Myctophids,
particularly K. anderssoni, Protomyctophum tenisoni,
P. normani and Electrona carlsbergi (Brown & Klages
1987, Hindell 1988, Ridoux 1994, Green et al. 1998,
Pichegru et al. 2011) are the most commonly observed
fish in the diets of macaroni penguins throughout the
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gests that all individual macaroni penguins at Bird
Island were euphausiid specialists under favourable
conditions. When conditions were less favourable,
mixed diets were most common, but diets dominated
by non-euphausiid prey (fish or amphipods) still
accounted for 15% of all observations. Macaroni
penguins are capable of feeding on a variety of prey
types during a foraging trip. Nonetheless, they gen-
erally forage in areas where aggregations of euphau-
siids occur predictably (Trathan et al. 2006, Waluda
et al. 2010), and their non-euphausiid prey also tend
to form aggregations. This tendency to feed on
aggregated prey could, in itself, explain the high
frequency of single-prey-type-dominated diets. We
were unable to formally test the hypothesis that mac-
aroni penguins are prey switchers by the above defi-
nition, but it is clear that they generally specialise on
a single prey type during a trip. This provides some
evidence for a sigmoidal functional response and a
clear indication that their diets are not linear reflec-
tions of the relative density of different prey types in
their foraging habitat. Cury et al. (2011) did not
include this type of functional response in the analy-
sis leading to their proposed ecosystem-based man-
agement reference point to account for the feeding
requirements of seabirds. We suggest that sigmoidal
functional responses should be included in such
analyses.

Inter-annual variability in diets

In years in which there was a lower proportion of
Euphausia superba in the diet, a corresponding in-
crease in the frequency of Themisto gaudichaudii
was observed. It is not clear whether this reflects the
relative abundance of the 2 species in the local eco-
system or is an artefact of the population variability in
E. superba described above. It is possible that this ap-
parent switch could be related to the influx of differ-
ent prey types caused by oceanographic variability,
with T. gaudichaudii replacing E. superba in the en-
vironment close to South Georgia. This is linked to
the location of the Southern Antarctic Circumpolar
Front (SACCF) with warm (T. gaudichaudii, Kreff-
tichthys anderssoni) and cold water (E. superba, Elec-
trona carlsbergi) assemblages occurring to the north
and south respectively of the SACCF between the
South Orkneys and South Georgia (Ward et al. 2012).
There is evidence of co-occurrence of these ‘warm’
and ‘cold’ water species in the diet of penguins. A to-
tal of 80 diet samples contained K. anderssoni of
which 64 (80 %) also contained T. gaudichaudii, and

all 8 diet samples containing E. carlsbergi also con-
tained E. superba. Oceanographic variability has
been linked with prey diversity in the diets of Eu-
dyptes spp. penguins at Marion Island (Brown et al.
1990), and have been suggested as a driver of prey
variability in seabird diets in a variety of ecosystems
elsewhere (Frederiksen et al. 2007, Montevecchi
2007, Springer et al. 2007, Thayer & Sydeman 2007).

Dietary influences on fledging mass

We used fledging mass as an indicator of the net
benefits of foraging. Our results show that these net
benefits are more strongly related to the energy con-
tent of euphausiids in the diet than to Euphausia
superba in particular or the total energy content of all
prey in general. The latter is a description of the
gross benefits of foraging, but our results suggest
that the costs per unit energy vary between prey
types. One of the major costs is the time taken to
locate prey. Macaroni penguin foraging trip duration
(mean + SD) can vary between 5 + 4 and 24 + 16 h
during the créche period, with penguins making
longer trips or travelling a greater maximum distance
from the colony during years of reduced E. superba
availability (Trathan et al. 2006). There is an energy
cost associated with pursuing and subduing prey,
which tends to increase with prey size and mobility.
There are also costs associated with digestion.
Indeed, not all of the energy content of prey is avail-
able to the predator as some of it is associated with
indigestible structures such as chitin. Fig. 7 shows
that net benefits were lowest in 1994 and 2009 even
though the gross energy content was above average
in 2009. The majority of the gross energy came from
amphipods in these years. 2004 was also charac-
terised by above-average gross energy, in this case
derived mainly from fish, and below average net
benefits. It appears that the costs to a macaroni pen-
guin of a unit of energy are generally higher for
amphipods and fish than they are for euphausiids.
Despite the lack of available information on costs, the
high correlation between the modelled and observed
values for fledging weights indicates the strong
dependence of macaroni penguin reproductive out-
put on the availability of euphausiids.

CONCLUSIONS

This study confirms that at South Georgia,
crustaceans, particularly Euphausia superba, are
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the most important component of the diet of maca-
roni penguins, although the amount of E. superba
can be very variable from year to year. The entire
suite of land-based predator species monitored at
Bird Island (macaroni and gentoo penguins, black-
browed albatrosses and Antarctic fur seals) as part
of CEMP are often described as 'krill-dependent
predators’ (Croxall & Prince 1987, Veit et al. 1993,
Reid et al. 1999a). None of the Bird Island species
is an obligate euphausiid feeder (Reid & Arnould
1996, Croxall et al. 1997, 1999). While euphausiids
make up a greater proportion of the macaroni
penguin diet than that of other species at Bird
Island (Croxall et al. 1997, 1999), they are unim-
portant in the diets of some macaroni penguin
populations elsewhere (Croxall & Furse 1980,
Green et al. 1998) and in the closely related royal
penguins at Macquarie Island (Horne 1985, Hindell
1988, Hull 1999). At Bird Island, however, our
results support the characterisation of the macaroni
penguin population as 'krill dependent’. Fledging
mass is strongly dependent on the euphausiid
component of the diet; this dependence appears to
relate to the availability of euphausiids in general
rather than E. superba in particular. Although
macaroni penguins were capable of feeding on
alternative prey, fledging weight was below
average in all 4 years in which euphausiids com-
posed less than half of the diet. We do not have
any data on post-fledging mortality, but it is likely
that the fitness of a fledgling is positively related
to its weight (Van Heezik & Davis 1990, Olsson
1997, Moreno et al. 1999, McClung et al. 2004).
This raises the possibility that macaroni penguins
might commit the Concorde fallacy (Dawkins &
Carlisle 1976) when E. superba is scarce: that is,
foraging to feed an underweight offspring might
reduce the parent's fitness compared to foraging to
feed itself. The dependence of individual fitness on
the availability of euphausiids also supports the
hypothesis that localised specialisation on euphau-
siids has enabled macaroni penguins to become
the most numerous avian predator on Bird Island
(Barlow et al. 2002, Trathan et al. 2012), and con-
sequently euphausiid availability is the main factor
limiting population size. There is substantial uncer-
tainty about the future availability of E. superba
with some studies suggesting that climate change
could cause a catastrophic decline (e.g. Murphy et
al. 2007b). Our results, and those of Hill et al.
(2012), suggest that macaroni penguins at South
Georgia would be particularly vulnerable to such a
decline.
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