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Abstract

Understanding the diet and trophic relationships of animals in space and time, and its
implications for population abundance and distributions, is a central problem in ecology. In
the marine environment, the dietary study of marine mammal and avian species is impeded
by the lack of information on their foraging strategies during the non-breeding period, when
individuals migrate from common breeding areas to remote feeding grounds. Moreover, the
spatial distribution of males, females and their offspring can differ considerably due to
contrasting reproductive requirements and physiological constraints, respectively. Seasonal
constraints therefore may influence the spatial distribution of abundant, migratory species,
causing the food web structure, energy and nutrient flow within a given system to fluctuate

accordingly.

This study is concerned with quantifying the diet and trophic relationships of abundant,
widely distributed Antarctic marine predators: the emperor penguin (Aptenodytes forsteri),
the southern elephant seal (Mirounga leonina) and the Antarctic fur seal (Arctocephalus
gazella). The diet of these predators is assessed in relation to season. The winter diet of
highly migratory seals is determined by the integration of stable isotope and telemetry

derived sources of information. In this thesis I present isotopic dietary information for:

(1) Emperor penguins - using stable isotope ratios of carbon (8'°C) and nitrogen (5'°N) for
whole blood and isotopic mixing models, the isotopic niche of breeding emperor penguins
from the Auster colony, Mawson Coast during winter and chick-rearing in 2008 is defined.
Seasonal changes in diet composition between females and males were identified using the
stable isotope values of penguin blood and prey. Antarctic krill (Euphausia superba) were
collected at several sites from open water to over-the-shelf to compare inshore versus
offshore isotopic values, which has not been done yet for this important Antarctic prey
species. The comparison of isotopic ratios of adults and chicks during late chick—rearing also

revealed that adults do not feed on the same prey as those fed to chicks.

(2) Southern elephant seals - whisker isotopic techniques and concurrent satellite tracking of
seals are successfully used as a non-invasive, complementary tool to identify broad-scale
foraging habitat use and dietary preferences of sub-yearlings from Macquarie Island during

their first foraging migration. The trophic position of each seal was estimated using 8'°C and
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8'°N values along the length of the whisker, which provided a temporal record of feeding

intake.

(3) Antarctic fur seals - using a combination of whisker and blood and telemetry techniques
we document for the first time the winter foraging habitat and diet of this species. Estimation
of whisker growth rates enabled the reconstruction of a time series of isotopic data that could
be related to at-sea location during the winter foraging period. Isotopic values reflected the
contrasting migratory patterns of adult females from Cape Shirreff, Western Antarctic
Peninsula and sub-Antarctic Marion Island, Indian Ocean. Isotopic mixing models indicate a

seasonal shift in prey consumption with water mass use.

General discussion - This study has provided important new insights into the trophic ecology
of emperor penguins, southern elephant seals and Antarctic fur seals, through the stable
isotope analysis of their tissues and prey. Previously undescribed winter diet and habitat use,
spanning three ocean sectors, have now been identified for these species through the
integration of stable isotope and animal tracking data. This study has two major findings.
Firstly, that the trophic niche of predators changes seasonally and secondly, that euphausiids
are important to all three species at various stages of the austral winter period. Changes in
sea-ice conditions, and the interaction of the Antarctic Circumpolar Current with complex or
large bathymetric features appeared to have an important influence on the water masses used,
and thus prey types consumed by predators in different regions of the Southern Ocean.
Despite differences in reproductive requirements, physiological capabilities and breeding
location (Antarctic versus sub-Antarctic), there was a tendency for all three species included
in the study to prey on euphausiids (in addition to fish and squid) in ice-associated waters
located south of the PF in autumn. During winter however, when maximum sea-ice extent
occurs, the trophic position and diet of open water (Antarctic fur seals) and pagophilic
(emperor penguins) species diverged, with the latter consuming greater proportions of higher
trophic level prey (fish and squid) over Antarctic continental shelf (neritic) waters. The study
has demonstrated the utility of stable isotope analysis to provide dietary data that cannot be
obtained any other way, as in the case of highly migratory species during the austral winter in
the Southern Ocean. Additionally, it has shown how stable isotope analysis can be made even

more powerful when linked with other sources of information, such as movement data.
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Macquarie Island, located in the South-West Pacific Ocean sector of the Southern
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Fig. 3.4. Area Restricted Search locations and whisker " C and 8"°N values reflecting
independent foraging at sea. (A) Mean 8'"3C and 8"°N whisker values and (B) Area Restricted
Search locations for 7 sub-yearling elephant seals during their first migration from Macquarie
Island are colour-coded according to foraging location (Inter-Frontal Zones, IFZs, presented in
Fig. 3.2.). Bathymetric features including the Southeast Indian Ridge, Australian-Antarctic Basin
and Mid-Ocean Ridge are indicated in (B). Values are mean +

Fig. 3.5. Mean 6"°C and 5"N values of sub-yearling elephant seals and other Southern Ocean
marine organisms. Mean 5'"°C and §"°N values in the whiskers of individual sub-yearlings
foraging in ACC to PF-S (blue symbols) and PF (green symbols) zones, corrected for trophic
discrimination by subtracting 3.2% and 2.8%o from §'"°C and 3"°N values in Fig. 3.4.B,
respectively. Mean §'"°C and 5'"°N values in the tissues of other Southern Ocean marine
organisms (Schmidt et al. 2004; Bury et al. 2008; this study; Cherel 2008; Cherel et al. 2008)
were grouped into crustacean, fish and squid taxa (white, grey and dark grey symbols,
respectively). E.frig: Euphausia frigida; E.sup: E. superba; E.tria: E. triacantha; Them:
Themisto gaudichaudii; E.ant: Electrona antarctica; E.ant (Kerg.): Electrona antarctica
(Kerguelen); G.fra: Gymnoscopelus fraseri; G.nic: G. nicholsi; G.pia: G. piablis; Kreff.:
Krefftichthys anderssoni; P.ten: Protomyctophum tenisoni; B.aby: Bathyteuthis abysicola; Hist.:
Histioteuthis eltaninae; Kond.: Kondakovia longimana; Psych.: Psychroteuthis glacialis; Psych.
(RS): Psychroteuthis glacialis (Ross Sea); G.gla: Galiteuthis glacialis; Mart.: Martialia hyadesi.
Squid beak values were corrected for the reduced "°N enrichment due to chitin. Values are mean
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Fig. 3.6. Whisker 4"°C and 8"°N values of juvenile southern elephant seals from Macquarie
Island. Stable carbon (8"°C) and nitrogen (3"°N) isotope values from a randomly selected 2 mm
section of whisker from (A) sub-yearling (n=7; colour coded by foraging locations (IFZs)
presented in Fig. 3.4.), (B) one year (n=35; light grey symbols), (C) two year (n=40; dark grey
symbols) and (D) three year old (n=27; black symbols) age-classes of elephant seals from
Macquarie Island (2011; this study). Also shown are marginal frequency distributions for the
3'C and 3"N values for each age-

Fig. 4.1. The isotopic values (6"°C and 8"°N) of tissues of female Antarctic fur seals according to
breeding site (Cape Shirreff, Livingston Island, Western Antarctic Peninsula; Marion
Island, southern Indian Ocean) and bi-monthly foraging periods (March/April, May/June
and October-December; 2008 and 2009 data combined). Whisker isotopic values represent
dietary information incorporated during the March/April and May/June periods. Whole blood
1sotopic values corrected for variation in fractionation between whole blood and whiskers in
pinnipeds (Hobson et al. 1996) represent dietary information incorporated during the October-
December period. Also shown are marginal frequency distributions for the 8"°C and 8"°N values
for each winter migration period. The isotopic values of whisker segments and whole blood are
colour-coded according to foraging location (Inter-Frontal Zones; IFZs). From south to north,
IFZs included the Antarctic zone south of the southern Antarctic Circumpolar Current Front-
Southern branch (S of SACCEF-S), the ACC to Polar Front-Southern branch (ACC to PF-S), the
PF, the PF to Sub-Antarctic Front (PF to SAF), the SAF, and the SAF-Northern branch to Sub-
ANtarctic Zone (SAF-IN O SAZ) .. ..ueiiiiii e 104

Fig. 4.2. Cluster analysis of the Euclidean distance between 3"°C and "N values of Southern
Ocean marine organisms showig clusters identified by the hclust function in R (for details
SEE APPENAIX C). ..ot s 106

Fig. 4.3. The mean 8°C and 8"N values of female Antarctic fur seals (AFS; corrected for diet-
tissue fractionation following Hobson et al. 1996) according to breeding site and foraging
location (Inter-Frontal Zones; IFZs) in bi-monthly periods (Mar./Apr., May/June and Oct.-
Dec.; A, B and C, respectively) and of the five prey groups identified by cluster analysis in
Fig. 4.2. Prey groups: 1. Antarctic krill (Euphausia superba); 2. other euphausiids; 3. high
latitude fish and squid; 4. mid-latitude lower trophic level fish and squid, and 5. mid-latitude
higher trophic level fish and squid. Whisker stable isotope values represent dietary information
incorporated during the March/April and May/June periods. Whole blood isotope values
represent dietary information incorporated during the October-December period. (i) Isotope
values (circle symbols) and (ii) geolocation data for AFS are colour-coded according to foraging
location (IFZs). From south to north, IFZs included the Antarctic zone south of the southern
Antarctic Circumpolar Front-Southern branch (S of SACCF-S), the ACC to Polar Front-
Southern branch (ACC to PF-S), the PF, the PF to Sub-Antarctic Front (PF to SAF), the SAF,
and the SAF-Northern branch to Sub-Antarctic Zone (SAF-N to SAZ).................... ..., 108

Fig. 4.4. Proportional contribution of five prey groups: 1. Antarctic krill (Euphausia superba); 2.
other euphausiids; 3. high latitude fish and squid; 4. mid-latitude lower trophic level fish
and squid and 5. mid-latitude higher trophic level fish and squid to the diet of adult female
Antarctic fur seals according to breeding site and bi-monthly period (2008 and 2009 data
combined). Prey groups were defined by cluster analysis presented in Fig. 4.2. and color-coded
accordingly. Proportional contributions are modal values (bars) overlaid with lower and upper
95% posterior intervals (error bars) of Stable Isotope Analysis in R (SIAR) mixing model output
of Antarctic fur seal
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Fig. 4.5. (A) Linear models of Antarctic fur seal 8"C values versus mean latitude of
corresponding seal location. Whisker segments (~3 mm length) represent ~27 to ~30 days of
dietary information incorporated during the March-June period. Whole blood represents
dietary information incorporated during the October-December period. Whole blood
isotopic values are corrected for variation in fractionation between whole blood and
whiskers in pinnipeds (Hobson et al. 1996). (B) Plot of the corresponding geolocation data
of Antarctic fur seals from Cape Shirreff, Western Antarctic Peninsula, southern Atlantic
Ocean and sub-Antarctic Marion Island, southern Indian Ocean. Stable isotope values and
geolocation data are colour-coded according to foraging location (Inter-Frontal Zones; IFZs).
From south to north, IFZs included the Antarctic zone south of the southern Antarctic
Circumpolar Front-Southern branch (S of SACCF-S), the ACC to Polar Front-Southern branch
(ACC to PF-S), the PF, the PF to Sub-Antarctic Front (PF to SAF), the SAF, and the SAF-
Northern branch to Sub-Antarctic Zone (SAF-N to

Fig. 5.1. Stable nitrogen isotope values of Antarctic fur seals and southern elephant seals
according to at-sea location. Tracks are colour-coded according to (A) behavioural state
estimates from the two-state first-difference correlated random walk switching (DCRWS) model
overlaid in red (Area Restricted Search) and dark grey, grey and black (transit) for adult female
Antarctic fur seals from Cape Shirreff, Western Antarctic Peninsula (WAP) and Marion Island,
southern Indian Ocean, and sub-yearling southern elephant seals from Macquarie Island,
southern Pacific Ocean. (C) Estimated growth rate of Antarctic fur seals whiskers (0.11 mm dh
were used to match the time series of stable nitrogen isotope values to corresponding seal
locations. Mean stable nitrogen isotope values from the portion of whisker estimated to have
been grown at sea are plotted for sub-yearling southern elephant seals. Isotopic values of
southern elephant seals are mapped according to the greatest proportion of time spent in defined
Inter-Frontal Zones shown in (B).........c.ooiiiiiiiiiiii e 138

Fig. 5.2. Stable nitrogen isotope values of southern elephant seals, Antarctic fur seals and
emperor penguins according to region, season, sex and age. Shapes represent the distribution
densities of seals and penguins in each combination of season, sex and age and are colour-coded
according to breeding site. Numbers inside shapes indicate the number of animals for each group
(species, region, season, sex and age) membership. Grey: sub-yearling southern elephant seals
from Macquarie Island, southern Pacific Ocean; Blue: adult female Antarctic fur seals from Cape
Shirreff, Antarctic Peninsula, southern Atlantic Ocean; Green: adult female Antarctic fur seals
from Marion Island, southern Indian Ocean; Orange: female (9), male (), chick (C) and older
chick (OC) emperor penguins from the Auster colony, Mawson Coast, Antarctica, southern
Indian Ocean. Data are corrected for diet-tissue fractionation by subtracting 2.8%o and 1.7%
from whisker (SES: summer-autumn; AFS: autumn, winter) and blood (AFS: summer, spring)
isotopic values of seals, respectively, and 2.7%o from blood of penguins........................... 140

Fig. 5.3. Stable isotope inputs to the multi-source mixing models for Southern Ocean marine
predators. Data are derived from three predators from four regions of the Southern ocean,
including: (1) sub-yearling southern elephant seals from Macquarie Island (SES, MQ) in the
southern Pacific Ocean, (2) adult female Antarctic fur seals from Cape Shirreff (AFS, CS) in the
Western Antarctic Peninsula, southern Atlantic Ocean and (3) Marion Island (AFS, MI) in the
Prince Edward Islands, southern Indian Ocean, and (4) emperor penguins from the Auster colony
(EP, AC) on the Mawson Coast, Antarctica, southern Indian Ocean. Prey items from each region
have unique means (solid symbols) and standard deviations (dashed lines). For predators (SES:
n=7; AFS, CS: n=40; AFS, MI: n=43; EP: n=141), symbols are used to depict group (species,
region, season, sex and age) membership. SES (MQ) in summer-autumn: grey open squares;
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triangles and diamonds, respectively; AFS (MI) in summer, autumn, winter and spring: green
open circles, triangles, inverted triangles and diamonds, respectively; EP (AC): orange open and
closed triangles for females and males in autumn, respectively; orange open inverted triangles
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for females in winter; orange open and closed diamonds for females and males in spring,
respectively, and orange star and cross symbols for chicks and older chicks in spring,
respectively. Data are corrected for diet-tissue fractionation as in Fig. 5.2. Horizontal solid lines
indicate the isotopic location of the Polar Front (PF) and Sub-Antarctic Front (SAF) for AFS and
SES whiskers. AZ: Antarctic Zone; PFZ: Polar Frontal Zone; SAZ: Sub-Antarctic Zone....... 142
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1. General introduction

An understanding of the diet and trophic interactions of high level predators is essential for
evaluating their role within food webs. In the marine environment however, the dietary study
of many apex vertebrate predators is impeded by the lack of information on their foraging
strategies during the non-breeding period. During this period individuals undertake extensive
movements to (i) obtain energy for dependant young, (ii) replenish energy stores diminished
during breeding, (ii1) limit intra- and inter-specific competition for prey resources or (iv) in
response to seasonal changes in local climate, productivity and prey resource availability
(Stephens & Krebs 1986; Dingle 1996; Alerstam et al. 2003). Consequently, quantifying
dietary variations over the annual migration cycle of animals remains a challenge for
ecologists studying the diet and trophic interactions of migratory species. This study is
concerned with quantifying the diet and trophic relationships of abundant, widely distributed
Southern Ocean marine predators; the emperor penguin (Aptenodytes forsteri), the southern

elephant seal (Mirounga leonina) and the Antarctic fur seal (Arcocephalus gazella).

SOUTHERN OCEAN MARINE ECOSYSTEMS

Management and conservation: the importance of food web models

Management and conservation of marine resources and ecosystems is of importance
worldwide (Doney et al. 2012). Of particular concern are the polar environments which have
undergone faster rates of regional warming than many other regions of the world (Vaughan et
al. 2003), and where there are regional effects of climate change and fisheries pressure on
species at all trophic levels (Croxall et al. 2002; Vaughan et al. 2003; Trathan et al. 2007;
Forcada et al. 2008; Nicol et al. 2008; Kovacs et al. 2011). The use of ecosystem models is an
important tool to understand the effects of climate change and other anthropogenic activities
across all trophic levels (Constable et al. 2000), however these models are constrained by a

lack of spatially explicit quantitative data on diet and tropho-dynamics.

Understanding the diet and trophic interactions of high order predators in space and time is
essential for modelling fluxes in energy within the Southern Ocean ecosystem at different
times of the year. The magnitude of energy flow from prey to predator, or of predator
consumption rates (Brose et al. 2008), and its implications for population abundance and
distributions, are central questions to the management of harvested, dependant and competing

populations (Agnew 1997; Constable et al. 2000; Parkes 2000). Elucidating predator-prey



relationships in the Southern Ocean is impeded by the lack of information on the diet and
foraging ecology of high order predators, such as seals, seabirds and penguins, outside of the

breeding season.

During the non-breeding period much less dietary and foraging information is available
because individuals often remain at sea, far from their breeding sites. This means that
predictions of annual consumption rates of key marine predators, a critical tool in the
development of ecosystem-based fisheries management (EBFM; Constable et al. 2000), may
be biased because they lack data from other life-cycle phases (e.g. Woehler 1995). Acquiring
data during the non-breeding period is therefore required to understand the spatial and/or
temporal dependencies of predators on their prey, and in turn provide insights into important
marine predator habitats which may overlap with fisheries and areas affected by climate

change.

Structure and function of ecosystems: the trophic role of top predators

The structure and function of ocean ecosystems generally reflects the spatial and temporal
variability in the physical environment and associated biological productivity (Sims et al.
2008). This is particularly true in the Southern Ocean where several important physical,
chemical and biological processes interact to produce biologically productive areas.
Enhanced primary and secondary production in the water column within these areas attracts

crustaceans, fish and squid for higher trophic level predators to feed on (Sydeman et al. 2006).

Southern Ocean ecosystems are broadly structured by the eastward flowing Antarctic
Circumpolar Current (ACC; e.g. Grant et al. 2006). The flow of the ACC is centred at frontal
bands (Orsi et al. 1995; Belkin & Gordon 1996). In the absence of land in the latitudinal band
of the Drake Passage, these frontal bands connect the Indian, Pacific and Atlantic Ocean
basins (Rintoul et al. 2001). The flow of the ACC concentrates the biomass of primary
production and macronutrients in Inter-Frontal Zones (IFZ; Sokolov & Rintoul 2009b; 2009a;
see Table 1.1 for definitions). Strong westerly geostrophic winds, in tandem with
topographical features, largely dictate the temporal and spatial variability in the flow of the
ACC and the position of IFZs (Sokolov & Rintoul 2009a). To the north, the southern branch
of the Sub-Tropical Zone (STZ-S) separates the warm sub-tropical waters from the sub-
Antarctic waters. Here I refer to the region between the STZ-S and the northern branch of the

Sub-Antarctic Front (SAF-N) as the Sub-Antarctic Zone (SAZ), and the region between the
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SAF-N and the southern branch of the SAF (SAF-S) as the SAF. The SAF-S delineates the
northern boundary of the three branches of the Polar Front (PF). Here I refer to the region
between the SAF-S and the northern branch of the PF as the PF Zone (PFZ), and the region
between the northern branch of the PF (PF-N) and the southern branch of the PF (PF-S) as
the PF. The PF-S marks the northern boundary of the two branches of the southern ACC
Front (SACCEF) and the southern Boundary Current (sBdy), which I refer to here as the
Antarctic Zone (AZ).

Although phytoplankton abundance is generally low in the Southern Ocean (Arrigo et al.
2008), intense phytoplankton blooms occur in the seasonal sea ice zone, in shallow waters,
upwelling zones, near some fronts of the ACC, and in association with large bathymetric
features (Moore & Abbott 2000; Sokolov 2008). Seasonal and inter-annual variability in sea-
ice extent also affects primary production via the amount of sea-ice algae which can be
supported by the sea-ice (Thomas & Dieckmann 2009). These processes combine to produce
patchy resource distributions and often zone-specific zooplankton communities and densities
in the Southern Ocean (Pakhomov et al. 1994; Hunt & Hosie 2005; Bernard et al. 2007). This
in turn, means that the structure and function of different food webs in different regions of the
Southern Ocean can vary substantially. Subsequently high order predators can occupy

different trophic positions within different regional food webs.

The diversity of marine species in the Southern Ocean is generally low compared to other
temperate and tropical oceans, however, it supports an unprecedented biomass of high trophic
level predators, including whales, seals, seabirds, penguins and fish (Knox 2007). For air-
breathing marine predators breeding along the Antarctic continent, on surrounding Antarctic
and sub-Antarctic islands (e.g. otariid and phocid seals, penguins and seabirds) or migrating
from other areas (e.g. baleen whales), the seasonal sea-ice zone is an important foraging area
as it is the most productive region in the Southern Ocean (Brierley & Thomas 2002). The
zooplankton community associated with sea-ice is dominated by euphausiids, particularly
Antarctic krill (Euphausia superba; Brierley & Thomas 2002), which forms the main prey for
most higher predators in the region (Nicol et al. 2000; Croxall et al. 2002; Fraser & Hofmann
2003; Takahashi et al. 2003). The life history of Antarctic krill is strongly tied to sea-ice
(Nicol 2006), which advances and retreats annually under the response of regular climatic
variations (e.g. the Southern Oscillation index and Southern Annular Mode; Kwok &

Comiso 2002; Trathan et al. 2006; Trathan et al. 2007; Stammerjohn et al. 2008b).
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Antarctic krill are a fundamental link in pelagic Antarctic food webs (Boyd & Murray 2001;
Reid & Croxall 2001; Nicol 2006), due to their large biomass and reliance on summer
phytoplankton blooms in the region for food (Atkinson et al. 2004; Nicol 2006). The main
centres of concentrations of Antarctic krill are found over the Antarctic continental shelf
slope and around island groups (Nicol 2006). Regionally, the largest concentrations and
densities are found in the south Atlantic (Atkinson et al. 2004). The yearly summer standing
stock of krill has been broadly linked with the extent of sea-ice in the previous winter
(Constable et al. 2003; Atkinson et al. 2004; Smetacek & Nicol 2005). The extent of sea-ice
during winter can therefore influence the range and distribution (Burns et al. 2004; Thiele et
al. 2004) and reproductive performance (Croxall et al. 1999; Reid & Croxall 2001; Trathan et
al. 2007) of higher predators that depend on krill as their main prey.

The distribution of Antarctic krill is limited in its distribution to the north by the PF
(Pakhomov et al. 1994; Nicol et al. 2008; Kawaguchi et al. 2010). Higher predators breeding
on many sub-Antarctic islands therefore rely on other prey species. In the southern Indian and
Pacific Ocean sectors, the PFZ is characterised by discrete, highly productive areas
(persistent phytoplankton blooms) centred over large topographical features, such as the
Southeast Indian Ridge (SEIR), Kerguelen Plateau (KP) and the Mid-Ocean Ridge (MOR;
Sokolov & Rintoul 2007b; Arrigo et al. 2008; Fig. 1.1). Consequently, these regions support
a large biomass of predators, such as otariid seals, phocid seals, seabirds and penguins, which

breed mainly on islands located within the latitudinal band of the PFZ (Fig. 1.1).

Mesopelagic myctophid fish and squid dominate the mid-trophic levels of the open parts of
the Southern Ocean (Collins & Rodhouse 2006; Koubbi et al. 2011; Collins et al. 2012).
While myctophid fish and some squid are distributed in Antarctic and sub-Antarctic waters, a
more diverse range of species are found closer to the surface and in higher concentrations in
the PFZ (Flores et al. 2008; Van de Putte et al. 2010; Koubbi et al. 2011; Collins et al. 2012).
The myctophids, a family of diurnally surface migrating mesopelagic fish, are an important
trophic link between the meso-zooplankton and higher trophic level predators (seabirds,
penguins and marine mammals) and therefore exert considerable control on the transfer of
energy within Southern Ocean ecosystems (Pakhomov et al. 1996; Cherel et al. 2010; Koubbi
et al. 2011).



In the Indian Ocean sector, species such as Antarctic fur seals and king penguins
(Aptenodytes patagonicus), breeding on Marion Island, iles Crozet and iles Kerguelen, feed
almost exclusively on myctophid fish during the summer months (Cherel et al. 1996; Klages
& Bester 1998; Lea et al. 2002a). While other smaller or surface feeding predators (other
penguin species and seabirds), target crustaceans (mainly euphausiids, calanoid copepods and
hyperiid amphipods) in addition to mytophid fish and squid (Pakhomov et al. 1994; Guinet et
al. 1996; Bernard et al. 2007). Myctophids are a fatty, high-energy content fish. Together
with their high abundance, this makes them an important, easily accessible food resource for
predators in summer when their foraging behaviour and distributions are highly constrained

by the nutritional status of their partners or offspring (e.g. Lea et al. 2002a).

Highly productive foraging areas are also crucial for other higher predators, such as southern
elephant seals and Emperor penguins, which fast during the breeding season and annual
moult and therefore have highly depleted energy stores (Hindell et al. 1994b; Piitz 1995).
Southern elephant seals are numerous, large phocid seals, which breed on subantarctic islands,
but migrate to separate non-breeding winter areas to feed for the majority of the year. They
travel long distances, often thousands of kilometres, to access prey in highly productive
regions of the Southern Ocean, including the PFZ, the Antarctic shelf, the ice edge and the
seasonal pack ice (Hindell et al. 1991a; Field et al. 2001; Biuw et al. 2010; Thums et al.
2011). Southern elephant seals therefore spend a considerable amount of their time in the AZ,
despite breeding on sub-Antarctic islands (Hindell et al. 2003). Owing to their extraordinary
dive capabilities, they can access deep layers of the water column (over 500 m deep; Hindell
et al. 1991b; Biuw et al. 2010), which may constitute important over-wintering layers for
zooplankton, mesopelagic fish and squid (Flores et al. 2008). Southern elephant seals may
therefore occupy a unique trophic niche amongst air-breathing marine predators, feeding on
mesopelagic fish and squid deep in the water column that are inaccessible to most air-
breathing predators (Cherel et al. 2008; Biuw et al. 2010). They therefore, represent an
important top-trophic component of many Southern Ocean ecosystems, particularly during
winter when there are low rates of primary production and increased predation pressures from
carnivorous macrozooplantkon (e.g. copepods, hyperiid amphipods, euphausiids and
myctophids, particularly Electrona antarctica). These pressures may combine to cause a shift
in Antarctic food webs from being bottom-up controlled in summer to top-down controlled in

winter (Hunt et al. 2011).



Top-down controls on food webs: ecological implications of climate change

A potential reduction in Antarctic krill in the Western Antarctic Peninsula (WAP) region has
been linked to a reduction in sea-ice (Atkinson et al. 2004), mediated through the effects of
increased climatic variability in the area (e.g. Stammerjohn et al. 2008b). This in turn affects
the breeding success of seabird, penguin and marine mammal species that depend on krill as
food and may lead to a shift in community structure and associated food webs as higher
predators switch from Antarctic krill to other sources of food (Murphy et al. 2007; Trathan et
al. 2007). The response of pagophagic predators, such as Adélie (Pygoscelis adeliae) and
emperor penguins, whose life histories are strongly associated with the sea-ice, is a particular
concern (Fraser & Patterson 1997; Jenouvrier et al. 2012). In the WAP, Adélie penguins have
exhibited a significant range contraction and are being replaced by other sub-Antarctic open
water species, such as gentoo penguins (P. papua), by extension of their range southwards
(e.g. McClintock et al. 2008; McClintock et al. 2010). The projected circumpolar change in
winter sea-ice extent and poleward shift of ACC fronts (Stammerjohn et al. 2008a; Sokolov
& Rintoul 2009b) is therefore likely to result in other sub-Antarctic open water species
migrating further polewards in winter (e.g. king penguins; Thin-billed prion, Pachyptila

belcheri; Quillfeldt et al. 2010; Péron et al. 2012).

Knowledge of spatial and temporal variability in the diet and habitat use of Antarctic top
predators is required to assess their dependence on lower trophic level resources, particularly
krill, and to predict how they may respond to changing environmental conditions. The degree
of dietary plasticity of top predators is an important predictor of their resilience to ecosystem
change. Of particular importance is information on dietary preferences and habitat use during
the non-breeding phase when land-based breeders are unconstrained and no longer behave as
central-place foragers (Thiebot et al. 2011). Consequently, their foraging activity or migration
strategies are more likely to reflect areas of enhanced prey abundance or accessibility. These
areas presumably offer an abundant and predictable source of prey for migratory marine

predators (Sydeman et al. 2006) and may therefore constitute critical habitat areas.

Emperor penguins, southern elephant seals and Antarctic fur seals are particularly tractable
species for studying these relationships. They are abundant, wide-ranging and important
consumers of high biomass species, including krill and several species of fish and squid
(Woehler 1995; Guinet et al. 1996; Santos et al. 2001; Hindell et al. 2003). By transferring

energy between critical linkages in a trophic system, top predators, such as these, maintain
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ecosystem structure and function. Moreover, as wide ranging predators they often move
between different water masses during the course of their migrations, enabling nutrient
transfer across ecosystem boundaries. Improved knowledge of the spatial and temporal
variability in their diet can therefore provide important insights into the structure and function
of Southern Ocean ecosystems. Assessment of their diet and habitat use can reveal
“biological hotspots™ of foraging activity or Areas of Ecological Significance (Hindell et al.
2011). Changes in their foraging behaviour or migration patterns can be a predictor of
changes in lower trophic level resources, which are highly susceptible to the effects of

climate change and difficult to measure in situ.

THE STUDY OF DIET AND HABITAT USE IN SOUTHERN OCEAN MARINE
PREDATORS

The development of animal telemetry has greatly improved our understanding of how
animals use the Southern Ocean (e.g. Burns et al. 2004; Bailleul et al. 2008; Costa et al. 2010;
Friedlaender et al. 2011; Thiebot et al. 2011), but spatially explicit information on diet
remains largely unavailable. This is a particular problem for (i) animals that have large
foraging ranges (Field et al. 2007b) and (ii) provisioning parents that deliver food to their
young, where there may be differences in self provisioning and chick diets (Hodum &

Hobson 2000; Cherel 2008; Tierney et al. 2008).

Obtaining direct information on diet in wide ranging, and often deep diving, marine species
remains a major challenge (Biuw et al. 2007). Stomach content and faecal analysis have been
the primary means for determining the diet and resource partitioning of Southern Ocean
marine predators (Hindell et al. 1995; Lea et al. 2002a; Field et al. 2007b). These techniques
can yield detailed taxonomic and quantitative data (Slip 1995), but are biased towards the
most recent prey intake at the end of foraging trips, and prey hard part structures (or remnants
of) that can be visually identified in stomach contents and faeces (Staniland 2002). One
alternative is the DNA-based approach, which allows identification of prey species present in
samples of stomach contents, vomit and faeces of predators (Jarman et al. 2002). A particular
disadvantage of stomach content and faecal analysis, and the DNA-based approach however,
is that they are temporally limited to the breeding season, when both study animals and prey
items are accessible. Subsequently, these techniques do not provide any indication of dietary
variations over the annual migration cycle of animals. It is also difficult to distinguish the

diets of provisioning adults and their chicks based on stomach contents, which in some
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species may lead to the incorrect assumption that adults feed on the same prey as that fed to

chicks.

Stable isotope analysis in protein of tissues

Over the past 20 years, stable isotope ratios of carbon and nitrogen have been increasingly
used to trace variation in resource and habitat use of elusive or highly migratory animals,
such as marine top predators (Newsome et al. 2012). Their application in dietary studies is
based on the fact that stable isotope ratios in the proteins of consumers reflect those of the
proteins in their diet in a predictable manner (Hobson & Clark 1992). Although coarse in
taxonomic resolution, the use of naturally occurring ratios of stable isotopes in animal tissues
can be a powerful alternative method of dietary analysis. This is because they can yield a data
time-series from assimilated, and not just ingested food (Tieszen et al. 1983). Depending on
tissue-specific isotopic turnover rates, stable isotope ratios can provide dietary data over days
to years and therefore resolve dietary variations at different time-scales (Dalerum &
Angerbjorn 2005). Other practical advantages of using stable isotopes are that they do not
rely on the recovery of prey hard parts, and so can be sampled easily and non-invasively, with

minimal handling time.

Stable isotope ratios of nitrogen (ISN/ 4N 615N) and carbon (13C/ ¢, 613C) are the main
elements used in dietary analyses (see reviews in Peterson & Fry 1987; Gannes et al. 1998;
Kelly 2000; Dalerum & Angerbjorn 2005). This is because 8'°N generally exhibits a stepwise
and predictable increasewith trophic transfers. Consequently, the '°N values in the tissues of
consumers tend to be relatively high compared to those of their diets and are therefore used to
estimate the diet and trophic position of consumers in a food web (McCutchan et al. 2003;
Vanderklift & Ponsard 2003). Stable carbon isotope ratios also increase per trophic transfer,
but to a much lesser degree than 5'°N and in the marine environment are mainly used to

indicate the foraging habitats of predators (Kelly 2000; McCutchan et al. 2003).

Stable nitrogen and carbon isotope sources (e.g. "N and 8'°C) at the base of food chains
may vary spatially and this is reflected in spatial variability in isotopic composition among
food webs (Bearhop et al. 2004). Spatial variability in 8'C can discriminate between inshore
and offshore feeding at a range of spatial scales from oceanic (marine) habitats (Hobson et al.
1994) to lake (freshwater) food webs (Vander Zanden & Rasmussen 1999). Stable carbon

values can also differentiate between pelagic and benthic contribution to food intake (Hobson
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et al. 1994; Cherel et al. 2011). Inshore/offshore and pelagic/benthic 8'°C gradients have been
used as an effective way to investigate the habitats of coastal, neritic and oceanic species of
Antarctic fish, with inshore/benthic species having higher 8'C values than offshore/pelagic
species (Cherel et al. 2011). In oceanic waters of the Southern Ocean, there is a latitudinal
gradient in particulate organic matter (POM) 8"°C values at the base of the food chain (Rau et
al. 1982; Trull & Armand 2001) that is reflected in organisms at higher trophic levels (Cherel
& Hobson 2007; Jaeger & Cherel 2011). Geographical 8C gradients have therefore been
used to investigate the winter foraging areas of Southern Ocean birds and marine mammals

(Quillfeldt et al. 2005a; Cherel & Hobson 2007; Jaeger & Cherel 2011).

Stable isotope composition turnover rates vary among tissues, with high rates in tissues such
as blood plasma and liver, somewhat lower rates in muscle, and low rates in long-lived tissue
such as bone (Tieszen et al. 1983). For otariid, phocid and penguin species, as well as many
other avian and mammalian predators, keratinous structures and whole blood are particularly
suitable for studying temporal variation in diet. Since keratin is a highly stable structural
protein, the 8'°C and 5"°N composition of keratin-based tissues, such as whiskers, remains
unchanged after the completion of growth. Thus, whiskers and other keratinous tissues
provide a temporal record of feeding dating back several months to years. By comparing the
isotope ratios along the length of the whisker with those of suspected prey items, changes in
food sources and habitat can be surmised for the temporal span represented by the growth of
the whisker. Segmental analysis of whiskers can therefore be applied to study changes in
migratory patterns and diet due to environmental change. For example, declining 8'°C values
found in the feathers of Thin-billed prions were indicative of a poleward movement,
apparently in response to warming sea temperatures (Quillfeldt et al. 2010). Whole blood, on
the other hand, provides short- to medium-term dietary signals and can be used to examine
diet in discrete temporal windows, including periods outside the limited sampling seasons of

traditional dietary methods (Cherel 2008; Tierney et al. 2008).

Interpretation of isotopic data from animals that move between areas of differing isotopic
compositions (e.g. Schell et al. 1989) however, can be complicated (Hobson 1992), requiring
knowledge of a migratory animal’s breeding (including haul out sites), wintering and stop
over sites. Satellite and archival derived tracking information has been increasingly used in

recent (Ambrose & DeNiro 1986)decades to provide such information. The application of
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stable isotope techniques to provide spatially explicit dietary information can therefore be

greatly enhanced when linked with tracking data (Bentaleb et al. 2011).

The effects of underlying metabolic or physiological variations on isotopic values, in
particular the influence of protein balance on 8'°N values, must also be considered when
using stable isotopes as dietary tracers (Gannes et al. 1997; Gannes et al. 1998; Rubenstein &
Hobson 2004). Protein in the tissues of consumers has a higher SN/"N ratio than dietary
protein (Ambrose & DeNiro 1986) due to the preferential excretion of "N (Gannes et al.
1997). In fasting animals however, the excreted “lighter” nitrogen ('*N) is not replaced by
dietary nitrogen; therefore, the tissues of fasting animals become progressively N enriched
as lean body mass decreases (Hobson et al. 1993). For example, fasting for 25 days induced a
>N enrichment in the tissues (blood and feathers) of king penguins thus, leading to an
increase in the their apparent trophic level (Cherel et al. 2005a). The effect of fasting on
isotopic values of tissues can therefore lead to erroneous interpretations of 8'°N values within
the context of feeding ecology. Consideration of an animal’s nutritional status must be taken

into account when using stable isotopes to elucidate an animal’s diet and trophic level.

Study species
Emperor penguins

Distribution and abundance

Emperor penguins are the largest (up to 40 kg) and most abundant penguin species to occur
south of the PF in the Southern Ocean (Woehler 1993). They have a circumpolar Antarctic
distribution, with recent population estimates of approximately 283 000 breeding pairs,
translating to a total population of ~595 000 adult birds among the 46 documented colonies
located around the Antarctic coast (Fretwell et al. 2012). The Weddell Sea, Ross Sea and
Mawson Coast regions of the Antarctic coast support some of the highest population densities
of emperor penguins (Fretwell et al. 2012; Fig. 1.1). The distribution and foraging habits of
the species are strongly linked to the fast ice and pack ice (Robertson et al. 1994; Kooyman et
al. 2000). Emperor penguins breed on fast ice during the winter, and feed in the surrounding
pack ice (Robertson et al. 1994). Individuals travel long distances across the fast ice to feed,
often targeting ice-free areas, such as polynyas within the pack ice (Ancel et al. 1992) in
outer continental shelf and shelf slope waters (Kirkwood & Robertson 1997a; Wienecke &
Robertson 1997; Zimmer et al. 2008). Unlike other penguin species, emperor penguins (and

Adélie penguins) do not moult near breeding colonies, because the fast ice on which they
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breed starts to break up and disintegrate in summer when breeding adults moult. Instead,
birds typically find moult refuges within the pack ice, which affords a stable platform to
remain dry for the next 2 to 4 weeks (Kooyman et al. 2000).

Breeding biology

Emperor penguins are unique amongst the community of Southern Ocean seals, penguins and
seabirds in that they breed and rear their offspring during the Antarctic winter and spring
(Robertson et al. 1994). This ensures that chicks fledge in early December, when weather
conditions are most favourable and the fast ice breaks up, making prey more accessible in
adjacent coastal areas (Kirkwood & Robertson 1997a). The breeding season begins in early
autumn when males and females return to colonies to court, followed by females laying a
single egg. In late autumn, females leave the colony to forage at sea for two months, leaving
the egg with their partner to incubate over the ensuing winter period. Females return to
colonies at the time of egg hatching, which usually takes place in July (Kirkwood &
Robertson 1997b). Females then take over chick-rearing duties from their partners which by
this time have been fasting for at least four months (Prévost 1961). Emperor penguins have
the longest chick-rearing period of any Southern Ocean seabird or penguin (approximately
five months), and subsequently, adult emperor penguins spend much of the year in the
vicinity of the colonies. During the chick-rearing period (mid-winter to early summer)
parents alternate between foraging at sea and provisioning their chicks. Adults must therefore
catch sufficient prey to provision their chicks as well as themselves (Robertson et al. 1994;

Kirkwood & Robertson 1997b).

Foraging ecology

The dietary preferences and aspects of foraging behaviour of emperor penguins are subject to
substantial geographic variation. Overall, the diet of emperor penguins typically comprises
varying proportions of crustaceans (mainly Antarctic krill and amphipods), nototheniid fish
(mainly Plueragramma antatrcticum) and squid (mainly Psychroteuthis glacialis; Kirkwood
& Robertson 1997a; Cherel & Kooyman 1998). In Adélie Land, Amanda Bay and the Ross
Sea, the diet of emperor penguins is dominated by fish, accounting for 88 to 97% (wet mass)
of the diet (Offredo & Ridoux 1986; Gales et al. 1990; Cherel & Kooyman 1998). Fish are
also an important component of the diet in the eastern Weddell Sea and on the Mawson Coast
(Auster and Taylor Glacier), accounting for 27 to 75% (wet mass) of the food of birds
(Klages 1989; Robertson et al. 1994; Piitz 1995; Kirkwood & Robertson 1997a). The
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nototheniid P. antarcticum is the main fish prey in the Ross Sea (Cherel & Kooyman 1998),
Amanda Bay (Gales et al. 1990) and the eastern Weddell Sea (Klages 1989), and most likely
in Adélie Land (Offredo & Ridoux 1986). Pleuragramma antarcticum also predominated in
the diet of emperor penguins from the Mawson Coast in winter 1993 (Kirkwood & Robertson
1997a), but birds mainly consumed the larger nototheniid Trematomus eulepidotus during
spring 1988 (Robertson et al. 1994). The proportion of squid in the diet of emperor penguins
ranges from 3% (wet mass) in Adélie Land (Offredo & Ridoux 1986) to 69% at Taylor
glacier on the Mawson Coast (Klages 1989; Gales et al. 1990; Robertson et al. 1994; Cherel
& Kooyman 1998) and 75% in diet samples collected in the Weddell Sea (Ainley et al. 1992).
Antarctic krill account for a significant part of the diet (25 to 70% by wet mass) of emperor
penguins at the Auster colony in winter and in the Weddell Sea in spring and summer (Klages
1989; Piitz 1995; Kirkwood & Robertson 1997a). Seasonal variability in the diet and foraging
behaviour of emperor penguins during winter and spring at Auster and Taylor Glacier
colonies was found to be influenced by fluctuating sea-ice conditions, differences in available
prey, changes in day -length toward summer and increasing demands of the growing chicks
(Kirkwood & Robertson 1997b). During summer, however, when sea-ice limitations diminish
and adult birds no longer behave as central-place foragers, their dietary preferences and

foraging behaviour are still largely unknown (Piitz 1995).

Southern elephant seals

Distribution and abundance

Southern elephant seals are one of two species of elephant seal, the other found in the
Northern Hemisphere (northern elephant seals, M. angustirostris; Le Boeuf & Laws 2007). In
the Southern Ocean, there are four genetically distinct stocks of southern elephant seals,
including the Peninsula Valdés population in Argentina, the South Georgia population in the
southern Atlantic Ocean, the fles Kerguelen population in the southern Indian Ocean and the
Macquarie Island population in the southern Pacific Ocean (Slade et al. 1998). The main
breeding colonies for these populations are located on Peninsula Valdés, South Georgia
Island, Heard Island, les Kerguelen, and Macquarie Island, respectively (Fig. 1.1). Southern
elephant seals haul out on sub-Antarctic beaches at least twice a year to breed and to moult.
When seals are not hauled out, they make long-distance foraging migrations of up to 5000
km, utilising large parts of the Southern Ocean. The foraging range of some individuals can
encompass waters north of the PFZ to high Antarctic waters over the continental shelf

(Hindell et al. 1991a). Juvenile seals show ontogenetic shifts in habitat use, with younger
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seals using a smaller total area and travelling shorter distances than older seals (Field et al.
2005). There is also some sexual segregation in habitat use between adults, with males
tending to feed in more southerly waters associated with the Antarctic continental shelf

(Hindell et al. 1991a; Campagna et al. 1999; Bailleul et al. 2007; Tosh et al. 2009).

During the 19th century, following the demise of the fur seal industry, southern elephant seals
were hunted extensively and their numbers were significantly reduced in the southern Indian
and Pacific Ocean sectors (Croxall et al. 1992). Sealing at Macquarie Island ceased in 1919
and by the 1950s the population had recovered, with numbers (183 000) estimated to be over
50% above pre-exploitation levels (Hindell & Burton 1988). Populations in the southern
Indian and Pacific Ocean sectors have experienced significant declines since the 1950s and
1960s, whereas populations in the southern Atlantic have remained stable or are increasing
(McMahon et al. 2005a). At Macquarie Island, it was estimated that the population had
declined by 59% from 1949 to 2001 (76 000; McMahon et al. 2005a and references therein).
While the reasons for these declines have been broadly attributed to changes in food supply
(Hindell 1991; McMahon et al. 2003), the proximal mechanisms are still not understood
(McMahon et al. 2005b; Field et al. 2007b; Newland et al. 2009).

Breeding biology

The annual breeding cycle begins when the largest male southern elephant seals haul out in
August. Females then arrive in large numbers and give birth to a single pup 2 to 5 days later.
Mothers stay with their offspring throughout the lactation process providing a continuous
supply of milk to their offspring. During this time, mothers rely on the energy stores in their
blubber to sustain them and provide milk. Southern elephant seal mothers wean their pups
after feeding them for about 24 days (Arnbom et al. 1993). During this very short time the
pup can quadruple in weight, due to the large fat stores accumulated as blubber (Hindell et al.
1994a). At weaning, mothers depart for remote feeding grounds leaving pups to spend the
next 3 to 8 weeks on breeding beaches, before they too depart on their initial foraging
migration. During the post-weaning period on beaches, pups do not feed but draw on the fat

reserves stored in their blubber for energy.

Foraging ecology

The life history of southern elephant seals is strongly linked to the marine environment where

they spend up to 80% of their annual life-cycle. While fish and squid are thought to comprise
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an important part of the diet of southern elephant seals (Rodhouse et al. 1992b; Green &
Burton 1993; Slip 1995; Daneri & Carlini 2002; Field et al. 2007b), what they feed on during
long distance migrations remains largely undocumented due to spatial and temporal
separation in feeding and haul out sites. Southern elephant seals are deep diving marine
predators, capable of reaching depths in excess of 1400 m (Hindell et al. 1991b) to exploit
prey resources deep in the water column, such as large mesopelagic fish and deep-water

squid (Rodhouse et al. 1992b).

Southern elephant seals exhibit a range of migration and diving strategies from pelagic dives
within the open waters of the ACC to demersal foraging over continental shelves in the east
Antarctic and WAP regions (Hindell et al. 1991b; Biuw et al. 2007). Recent studies have
demonstrated that the movements and foraging activity of southern elephant seals can be
strongly influenced by environmental features such as fronts, eddies, ice distribution and sub-
surface hydrographic regimes which act to concentrate prey species (Bornemann et al. 2000b;
Field et al. 2001; Campagna et al. 2006; Bailleul et al. 2010a; Biuw et al. 2010). Southern
elephant seals are regarded as generalist feeders, with geographical (Green et al. 1998; Daneri
et al. 2000), seasonal (Bradshaw et al. 2003) and age-related differences in diet composition
between adults and juveniles (Slip 1995; Field et al. 2007; Newland et al. 2011). First-year
survival (70-80%) is a key demographic parameter (McMahon et al. 2005b), and habitat and
diet of young animals differs considerably from adults (McMahon et al. 2005a). To date
however, there has been no study that assesses the diet and foraging locations of young pups

concurrently with their crucial first trip to sea.

Antarctic fur seals

Distribution and abundance

Antarctic fur seals are highly abundant Southern Ocean predators breeding mainly on islands
south of the Polar Front. The principal breeding sites are in the South Shetland Islands, South
Georgia and Bouvetoya in the southern Atlantic Ocean, Marion Island, fles Crozet, Iles
Kerguelen and Heard Island in the Indian Ocean, and at Macquarie Island in the Pacific
Ocean (Fig. 1.1). South Georgia supports the largest breeding population, holding more than
95% of the world population (Croxall et al. 1992). During the early 19th century the species
was commercially exploited for fur to the point of extinction throughout its geographical

range (Bonner & Laws 1964). Recovery of the species started around 1940 at South Georgia
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(Croxall et al. 1992), and since this time populations elsewhere have also increased, including
in the South Shetland Islands (~19 000 individuals; Bengtson et al. 1990), Tles Kerguelen
(Guinet et al. 1996) and Heard Island (Shaughnessy et al. 1988).

Breeding biology

The annual breeding cycle begins when adult males arrive at breeding colonies in late
October to early November to establish territories. Females generally arrive at breeding
colonies in late November to early December and give birth to a single pup within a few days
of arrival (Doidge et al. 1986). Pups are reared over the austral summer, and unlike southern
elephant seal mothers which remain with their pups until weaning (up to 24 days), Antarctic
fur seal mothers have episodic periods ashore with their offspring between longer periods at
sea while they forage (Gentry & Kooyman 1986). Antarctic fur seals therefore rear their
single pup during a longer period of approximately four months, with weaning usually taking
place by late March to mid-April (Doidge et al. 1986; Robinson et al. 2002). Over the course
of the lactation period, Antarctic fur seal mothers spend longer both at sea and ashore
(Doidge et al. 1986). They therefore meet the high energetic requirements of their rapidly
growing pups by increasing their time at sea feeding and on land to supply milk to their
offspring (Doidge et al. 1986; Costa et al. 1989; McCafferty et al. 1998; Robinson et al.
2002).

Foraging ecology

Antarctic fur seals show considerable variability in diet and foraging behaviour throughout
their geographical range. In the Atlantic Ocean sector, where the vast majority of the
population lives and breeds, the summer diet is dominated by Antarctic krill at South Georgia
and Bouvetoya (Doidge & Croxall 1985; Reid 1995; Reid & Arnould 1996), while Antarctic
krill, mesopelagic fish (myctophids), nototheniid fish and some squid comprise the diet at
South Shetland Islands (Casaux et al. 1998; Osman et al. 2004) and other populations in the
WAP region (Daneri 1996; Daneri & Carlini 1999; Casaux et al. 2003a; Casaux et al. 2003b).
In the Indian and Pacific Ocean sectors, the diet of sub-Antarctic breeding populations is
largely comprised of myctophid fish and squid, including at Marion Island (Condy 1981;
Klages & Bester 1998; Makhado et al. 2008), fles Crozet (Cherel et al. 2007), les Kerguelen
(Lea et al. 2002a), Heard Island (Green et al. 1989) and Macquarie Island (Goldsworthy et al.
1997).
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At South Georgia, the diving activity of seals is shallower at night (up to 30 m) than during
the day (40-75 m) in response to the vertical distribution of their main prey, Antarctic krill
(Croxall et al. 1985). Seals forage over the Antarctic continental shelf slope and beyond up to
350 km from the colony (Boyd et al. 1998). At Cape Shirreff, South Shetland Islands the
foraging range and dive behaviour of seals varies in response to bathymetry and prey type
(Goebel et al. 2000). At sites where fish and squid comprise a large part of the diet the
foraging ecology of seals is more variable. At sites where the shelf is wide (e.g. Heard Island
and Iles Kerguelen in the Indian Ocean), benthic prey items, such as nototheniids, appear to
be more important in the diet than at localities where the shelf is narrow (e.g. Macquarie
Island and Marion Island in the Pacific and Indian sectors, respectively) and myctophids
dominate the diet (Goldsworthy et al. 1997; Klages & Bester 1998). Fish species generally
found closer inshore are largely absent from the diet at Marion Island, suggesting feeding
occurs further offshore in deeper, oceanic waters than at other sites (Goldsworthy et al. 1997;
Green 1997; Klages & Bester 1998). While the diet and foraging behaviour of seals during
summer has been shown to vary geographically and inter-annually in response to changes in
prey availability and physical factors (Boyd et al. 1994b; Lea et al. 2002a; Lea & Dubroca
2003), the diet and feeding behaviour of seals during the non-breeding winter period has not

been studied.

AIMS

Understanding the effects of climate change on Southern Ocean ecosystems, including
changes in marine resources and biodiversity and ecosystem plasticity, requires data on the
abundance, distribution and diet of high order predators. The overarching aim of this thesis
was to quantify the diet and trophic relationships of key Southern Ocean predator species; the
emperor penguin, southern elephant seal and the Antarctic fur seal, during times of year that
are often difficult to measure in situ. Since these species are abundant, wide-ranging and
important consumers of high biomass species (including krill, fish and squid) they are

particularly good subjects for examining linkages between diet, season and habitat use.

The following three key objectives were addressed in order to examine the trophic linkages of

predators within Southern Ocean marine ecosystems, particularly in relation to krill predation:
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1. Can telemetry derived sources of information of far ranging predator species be
integrated with isotope data from their tissues to estimate diet and habitat use

effectively?

2. Can predator isotopic signals be used to assess temporal and spatial variability in
resource partitioning (fish, squid or krill) for a variety of avian and mammalian

predators?

3. Can predator isotopic signals be used to quantify differences in the timing and
importance of krill consumption amongst predators? The outcome of this objective
has important implications for the management of krill stocks and predator

populations which depend on them.

THESIS STRUCTURE

The thesis has been written as a series of separate manuscripts and consequently some textual
overlap occurs between chapters. The thesis consists of three chapters describing aspects of
the foraging ecology of each species, which are brought together and synthesized in a final
discussion chapter. The contribution of co--authors is outlined in the Statement of Co-
authorship at the start of the thesis. A single bibliography is presented at the end of the thesis

using the Journal of Animal Ecology referencing style.
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ABSTRACT

Knowledge of spatial and temporal variability in the diet and habitat use of Antarctic top
predators is required to assess their dependence on lower trophic level resources, and to
predict how they may respond to changing environmental conditions. Stable isotope ratios of
carbon (813C) and nitrogen (815 N) for whole blood and multi-source stable isotope mixing
models using STAR (Stable Isotope Analysis in R) were used to define the trophic position
and diet of emperor penguin (Aptenodytes forsteri) adults (n=96) and chicks (n=60) from the
Auster colony, Mawson Coast (67°23'S, 64°04' E). Penguins were sampled during
courtship/egg-laying (May), egg-hatching (August), early (September/October) and late
chick-rearing (November) periods in 2008. Stable isotope ratios for blood reflected the use of
high Antarctic waters during the non-breeding and breeding periods. Seasonal and inter-
specific variation in trophic position and diet were identified using the stable isotope values
of penguins and prey. In the winter, when males remain in the colony to incubate eggs, the
isotopic signature of females foraging at-sea indicated increased importance of higher trophic
level prey (fish and squid) from autumn to winter, concurrent with a shift in 8N from 11.2
to 11.8%o. Segregation of isotopic values of 8'C and 8"N for male and female adult emperor
penguins indicates different feeding ecology during autumn and spring. Stable carbon isotope
values suggest spatial variation in foraging habitat between sexes, while sex and season
differences in the trophic position and diet of adults can be inferred from variability in 8N
values. In the spring, when parents alternate feeding their chicks and foraging, segregation of
SN signatures between adults and chicks indicates that adults consumed both crustaceans,
fish and squid (10.6%o), but also fed higher trophic level prey (fish and squid) to their young
(11.4%0). Antarctic krill (Euphausia superba) collected at several sites to compare inshore
versus offshore isotopic values, were increasingly enriched in BC from oceanic (-28.1+0.5%0)
and shelf slope waters (-27.8+0.6%o,) to outer (-26.9+0.4%0) and medium-shelf waters (-
25.8+1.0%0). However, the reverse was true for 8'°N values, with a 3.3%o increase from
oceanic to medium-shelf waters. The results of this study highlight the utility of stable
isotope analysis to study changes in diet and habitat use of emperor penguins, particularly

during periods when data cannot be acquired any other way.
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INTRODUCTION

As a pagophilic marine predator, the emperor penguin (Aptenodytes forsteri) uses sea-ice for
breeding, foraging and moulting habitat. As such, the species is highly susceptible to climate
related changes in sea-ice distribution (Jenouvrier et al. 2009; Jenouvrier et al. 2012). This in
turn may also change community food web structure influencing emperor penguin diet
(Barbraud & Weimerskirch 2001; Croxall et al. 2002; Ainley et al. 2005; Forcada & Trathan
2009). Understanding the winter diet and trophic relationships of the emperor penguin is
therefore critical to interpreting how reduction in the extent and seasonal duration of sea-ice
(Stammerjohn et al. 2008a; Massom & Stammerjohn 2010) will influence the range and
distribution of the species and their principal prey, namely Antarctic krill (Euphausia

superba).

The sea-ice environment is an integral part of the Antarctic marine ecosystem (Tynan 1998;
Fraser & Hofmann 2003; Atkinson et al. 2004; Arrigo et al. 2008), providing important
nursery grounds for zooplankton, and in particular, Antarctic krill. During the winter
breeding and spring chick rearing periods, the foraging range of emperor penguins is
constrained to sea-ice habitat in high Antarctic waters (Ancel et al. 1992; Kirkwood &
Robertson 1997a; Wienecke & Robertson 1997; Rodary et al. 2000; Zimmer et al. 2008).
Individuals travel long distances across the fast-ice to feed exclusively at sea. Penguins often
target ice-free areas, such as polynas within the pack-ice zone (Ancel et al. 1992) in outer
continental shelf and shelf slope waters, located in excess of 100 km from breeding colonies

(Kirkwood & Robertson 1997a; Wienecke & Robertson 1997; Zimmer et al. 2008).

In outer continental shelf and shelf slope waters (200-500m deep), Antarctic krill,
notothenioid fishes, particularly Antarctic silver fish (Pleuragramma antarcticum) and the
glacial squid (Psychroteuthis glacialis) are important prey sources for foraging penguins
(Kirkwood & Robertson 1997b; Kirkwood & Robertson 1997a; Wienecke & Robertson 1997,
Cherel 2008). Over the course of the winter breeding and chick rearing periods, changing
environmental conditions, i.e. advance and retreat of the seasonal sea-ice zone, day-length

and ambient temperatures, affects the seasonal availability and abundance of prey species in
an individual’s foraging range (Kirkwood & Robertson 1997b; Kirkwood & Robertson 1997a;
Wienecke & Robertson 1997). Intrinsic factors, such as sex, body condition and reproductive
status also shapes the way an individual forages (Kirkwood & Robertson 1997b; Wienecke &
Robertson 1997; Rodary et al. 2000; Kooyman et al. 2004; Zimmer et al. 2008).
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Consequently, it remains unclear to what extent emperor penguins rely on Antarctic krill in
the winter months; information of which is critical to assess the species potential response to
changes in krill abundance. At-sea foraging by emperor penguins affords little opportunity
for the direct observation of feeding and subsequently indirect sampling methods (e.g.
stomach content and fecal analysis) are used for the purpose of estimating diet composition.
Thus, investigation of feeding habits over long temporal scales (months) is impeded by
sampling constraints (i.e. temporal mis-match between feeding and sampling, differential

digestive rates and the retention of prey hard parts in the stomachs of individuals).

To compare the trophic position and diet of penguins from the same locality between three
consecutive seasons (during the same year), we used isotopic ratios in the tissues of birds and
of their potential prey, including Antarctic krill collected in shelf, shelf slope and oceanic
waters. Isotopic dietary tracers integrate the diet of a consumer over ecologically significant
periods of time (for example months; Quillfeldt et al. 2005a; Cherel 2008). Stable isotope
ratios of carbon (*C/**C, $"°C) and nitrogen ("N/MN, 8"°N) are typically used in dietary
studies because the 8'°C and 5'°N ratios in the tissues of consumers reflect those of its dietary
components assimilated in a reliable and predictable manner (DeNiro & Epstein 1978;
DeNiro & Epstein 1981). The abundance of 3'°C does not alter significantly within a food
web and reflects the source of carbon at the base of the food chain (DeNiro & Epstein 1978;
McCutchan et al. 2003), while step-wise °N enrichment along food chains (Minagawa &
Wada 1984; McCutchan et al. 2003) facilitates the use of '°N to estimate trophic position
(Hobson 1992). Thus, by measuring the abundance differences of "N or '*C in consumers’
tissues, trophic relationships between organisms within an ecosystem may be determined
(Gannes et al. 1998). Moreover, there is well defined s3c gradient between inshore/neritic
and offshore/oceanic Antarctic phytoplankton (Trull & Armand 2001), which is transferred to
higher levels within a food web (Cherel et al. 2011). Thus, the isotopic signatures of
Antarctic krill collected at several sites from open-water to over-the-shelf in this study can be
used to compare inshore versus offshore isotopic values, which has not been done yet for this
important Antarctic prey species. The objectives of this study were to: (1) define the trophic
position of breeding emperor penguins from the Auster colony, Mawson Coast during
breeding and non-breeding periods; and (2) identify seasonal changes in diet composition
using the stable isotope values of penguin blood and potential prey to build a series of

isotopic mixing models; (3) compare the inshore (over-the-shelf) versus offshore (open water)
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isotopic values of Antarctic krill, and (4) compare stable isotope values of adults and chicks

during late chick-rearing to investigate if adults fed on the same prey as those fed to chicks.
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METHODS

Study site and sample collection

The study was conducted at the Auster colony (67°23'S, 64°04' E), located on the fast sea-ice
on the Mawson Coast, Antarctica, during the breeding and chick-rearing period in

winter/spring in 2008. Sampling was done during four different stages:

1) Courtship and egg-laying (females and males, May). The May sampling period was
following a long period of feeding at sea by adult penguins and a short fasting period. The
penguins go to sea in early to mid-January after the moult period and spend the next 3-4
months building up fat reserves for the winter. Individuals without eggs were captured and

sampled in the second half of May. Birds had been fasting since their arrival at the colony.

2) Egg hatching (females and males, August). Prior to the second sampling period in August,
male birds had remained at the colony to incubate eggs and were therefore, sampled after
their extended winter fast which lasted for at least 62 days (the incubation period). Females
on the other hand, had departed the colony in late May to forage at sea for 2 months for self-
maintenance and were thus sampled when they returned to take over chick brooding and
feeding duties from the males. Females were estimated to have walked approximately 60 km
from the nearest open water to the colony and thus had fasted for approximately 2-6 days

prior to sampling. Females were sampled before they changed over with their mates.

3) Early chick-rearing (young chicks, September/October.). The third sampling period in late
September/early October was of early chicks only. All were independent of the parents' feet,
but 4-6 weeks old. The first recorded chick in the colony was on 15" July, 6 weeks before

sampling began on 28" September.

4) Late chick-rearing (females, males and older chicks, November). In the final sampling
period, the adults were sampled at random and had either been alternating feeding a chick, or
were without a chick and had recently been foraging. At the time of sampling the chicks were
approximately 4 weeks before fledging (approx. 8-19 weeks old) and had only received food

from their parents directly.

In each sampling period, individuals were caught by hand with the aid of a 'shepherd's crook'.

Adults were wrapped in a custom-made restraint and blood samples were obtained from the
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ulnar vein in the right flipper. Chicks did not require the wrap. Whole blood samples were
immediately frozen and stored at -20 C until isotopic analysis. A second blood sample was
allowed to clot for at least 4 hours and then spun down to harvest the serum for another study.
The cell portions of those samples were preserved with Queen's Lysis buffer (0.01M Tris

pHS.0, 0.01M NaCl, 0.01M EDTA, 2% SDS) for the DNA sex determinations.

Each sampling group was independent, with no paired samples in this study, i.e. no chicks
and parent or two sequential samples from the same adult in different samples. Due to the
temporal integration of whole blood in penguins (27-45 d; Cherel et al. 2007), we considered
that the isotopic signature of whole blood represented the isotopic niche of the penguins in

the last 1-2 months preceding sampling.

DNA sex determination of emperor penguins

The DNA sex determinations of emperor penguins (adults and older chicks) were carried out
using the same PCR method and primers (P2 and P8) as described in Griffiths et al. (1998).
Briefly, a subsample of the preserved cell fraction was spotted onto FTA cards ("™MWhatman
Inc.) for analysis. For each sample, a 2 mm punch was treated and washed. The primers P2
and P8 as described in Griffiths et al. (1998) were used as well as the temperature cycle they
used for PCR. After completing the PCR cycles, the Lightcycler 480 analyses the PCR
products by determining their melting point(s). Males show a single peak of PCR product
whereas females give 2 peaks. Each result was inspected to make the final determination of

sex from the sample.

Isotopic signatures of potential prey species

A list of the main prey species of emperor penguins from the Auster colony, Mawson coast,
including fish, squid and Antarctic krill, was compiled from Robertson et al. (1994), Kirkwood
and Robertson (1997b; 1997a) and Wienecke and Robertson (1997) and each species assigned a
8'°C and 5"°N value (Appendix A). The isotopic values for Antarctic krill were obtained from
the Japanese TRV Umitaka maru using pelagic trawls (International Young Gadoid Pelagic
Trawl, IYGPT, and Rectangular Midwater Trawl, RMT) in the Dumont d'Urville Sea as part of
the Collaborative East Antarctic Marine Census (CEAMARC) in January/February 2008 (Hosie
et al. 2011). Antarctic krill were collected at six stations along a transect from Terre Adélie to
the Mertz Glacier tongue, in George V Land (61°45’ to 67°30’S, 140° to 143°E) ranging from

open water to over-the-shelf to compare offshore versus inshore 5'°C and '°N values. Samples
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were sorted and identified on deck and stored in 70% ethanol until isotopic analysis. In the
laboratory, Antarctic krill samples were measured to the nearest 0.1 mm with calipers (standard
length, SL), and the age, sex and condition (e.g. gravid or spent females) of individuals

determined.

We used published isotopic values for fish (Krahn et al. 2006; Cherel 2008; Cherel et al. 2011;
Polito et al. 2011; this study) and squid (Zimmer et al. 2007; Bury et al. 2008; this study).
Chitinized squid beaks are impoverished in '°N when compared to protein (Cherel & Hobson
2005; Cherel et al. 2009a). Consequently, beak 5'°N values must be corrected to allow
comparison with other organisms. A correction factor of 3.5%0 (Cherel et al. 2009a) was

therefore applied to the beak 8'°N values of Alluroteuthis antarcticus taken from Zimmer et al.

(2007; Appendix A).

Isotopic analysis

For isotopic analysis, we randomly chose 20-40 emperor penguin whole blood samples for
each sampling period (n=160). Samples were thawed before been vortexed to fully
homogenize samples. Approximately 0.5-1 ml was subsampled into 1.5 ml screw cap vials,
weighed, dried in an oven at 60°C for a minimum of 24 hrs and then re-weighed. Whole
specimens of Antarctic krill were freeze dried and ground to a fine powder before lipids and
carbonates were removed following the methods in Kojadinovic et al. (2008) and Hobson and
Cherel (2006), respectively. Lipids are depleted in '°C relative to protein and carbohydrates
(DeNiro & Epstein 1978; Tieszen et al. 1983) thus, the use of delipidated samples allows the
comparison of §"°C signatures among individuals and species of different lipid contents. The
low lipid content of whole blood does not usually require the removal of lipids (Cherel et al.
2005b), as verified in this study by the consistently low C:N ratio (<4) of samples (Table 2.1.)
which serves as a measure of lipid content in animal tissue (Post et al. 2007). Relative
abundance of "°C and "°N were determined using an Isoprime (Micromass, UK) continuous-
flow isotope-ratio mass spectrometer. Results are reported using standard & notation in parts
per thousand (%o) relative to Pee Dee Belemnite (PDB) for 8"°C and atmospheric N? (Air) for

5'°N as follows:

0X = [(Rsamples/Rstandard) - 1] x 1000
where 8X is 8'°C or 815N, and R is the ratio of ">C/*C or "N/'N.
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Replicate measurements of internal laboratory standards (Alanine) indicate measurement
errors < 0.20%¢ and < 0.21%. for 8'°C and 8'"°N, respectively. Stable isotope analysis was
performed by the Environmental Biology Group, Research School of Biological Sciences,

Australian National University (ANU), Canberra, Australia.

Statistical analyses

All data were analysed using R (R Development Core Team 2012) and Primer 6 (Clarke &
Gorley 2006). To analyse the effects of stage, sex and age on dependant variables (8"*C and
SN concentrations) we used linear models fitted with the /m function in R. We first
examined data for normality. If the distribution was significantly different to normality, we
log transformed the data. For adult penguins, only courtship/egg-laying and late chick-rearing
were tested for stage and sex effects, while females sampled in courtship/egg-laying, egg-
hatching and late chick-rearing were tested for stage effects. The isotopic values of adults and
chicks were compared for the November sample. We used Analysis of Variance (ANOVA)
along with Tukey’s Honestly Significant Difference (HSD) post-hoc analysis to indicate

where response variables differed.

To analyse spatial differences in 8'°C and 8'"°N values of Antarctic krill we used linear
models. Sampling location (medium- and outer-shelf, shelf slope and oceanic) was a factor
and 8"°C and 5"°N values were the dependent variables. We assessed significance for

statistical tests at the 0.05 level. Values are presented as mean £SD.

Isotopic mixing models

To estimate the diet composition of emperor penguins during different stages of the breeding
and chick-rearing period we used a multi-source isotopic mixing model in the SIAR (Stable
Isotope Analysis in R) package in R by Parnell and Jackson. The SIAR model provides
probability distributions for multiple source contributions to a mixture that account for the
observed variability in the isotopic signatures for the sources as well as the mixture. The
model also accounts for variation in diet-tissue fractionation by allowing the user to specify
fractionation values (Parnell et al. 2010). We assumed that the diet-tissue fractionation values
between whole blood and lipid-free whole prey were +0.02%o and +2.72%o for 8'*C and §°N
values, respectively, and +0.46%o and +1.86%o for 8'°C and 8"°N values between whole blood

and lipid-free muscle, respectively (Cherel et al. 2005b).
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To better characterise the isotopic values of potential prey species included in the models, we
applied a Hierarchical Cluster Analysis using the mean and variance for species. Isotopic
groupings resulting from the analysis were assigned to ecological groups (benthic, pelagic,
etc.). To test if there were significant differences in 8'°C and 8"°N values between prey
groups resulting from the cluster analysis, we used one-way Analysis of Similarities
(ANOSIM) tests (Global R) based on a Euclidean distance matrix using 999 permutations
(Clarke 1993). The mean and standard deviation for 8'°C and 8'°N values of each of the prey

groups identified by the cluster analysis were included in the models.
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RESULTS

Isotopic signatures of adult emperor penguins

Carbon (87 C) values. Stable carbon values were low for all adult penguins sampled during
courtship/egg-laying, egg hatching and late chick-rearing (Table 2.1.). Whole blood 81C
values ranged from -25.1 to -22.4%o, with females having the greatest range of values.
Preliminary examination of the data showed the range in 8'°C values for females was driven
by a single individual sampled during courtship/egg-laying (-22.4%o; Table 2.1.). We

therefore, removed this sample from the data prior to statistical analysis.

Average 8'"°C values ranged from -24.3+0.3% and -24.0+0.3%o for females and males in
courtship/egg-laying, respectively, and from -24.5+0.3%0 and -24.24+0.5%0 for females and
males in late chick-rearing, respectively. A significant difference in 8"°C values was found
between sexes (Females: -24.3+0.3%o; Males: -24.1£0.4%0; ANOVA: F;s4=8.38, P =0.01),
indicating spatial variability in foraging habitat between sexes (Fig. 2.1.). There was no
overall significant difference in 8'°C values among stages and there was no interaction

between stage and sex (Stage: F 54=1.76, P > 0.05; Stage x Sex: F;s54=0.03, P > 0.05).

The 8"C values of females sampled during egg hatching (Table 2.1.) were significantly
different to those of females sampled during courtship/egg-laying and late chick-rearing
(ANOVA: F, 56 =35.64, P < 0.0001; Tukey’s HSD post-hoc analyses, both P < 0.0001;
Table 2.1.), with females during egg hatching relatively 13C enriched (-23.7+0.2%o0)
compared to females during courtship/egg-laying (-24.2+0.5%0) and late chick-rearing (-
24.540.3%o; Fig. 2.1.).

Nitrogen (5"°N) values. The nitrogen values of adult penguins encompassed a range of 2.7%o
(Table 2.1.). A difference of ~3%o in 8'°N values reflects one trophic level of difference
between some adult penguins. Average 8N values ranged from 11.240.7%o¢ and 10.620.5%0

for females and males sampled during courtship/egg-laying, respectively, and from 10.5+0.5%0
and 10.620.6%o0 during late chick-rearing, respectively. Stage and sex were both significant in
explaining variation in 5'°N values of adult penguins (Stage: F 54 =7.56, P=0.01; Sex: Fis4

=4.54, P =0.04),
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reflecting the more °N enriched blood of females during courtship/egg-laying (0.6%o
difference; Fig. 2.1.). Moreover, males sampled during late chick-rearing showed substantial
variation in their isotopic signatures, with three males showing relatively high values (8"C: -
23.5+0.1; 8"°N: 11.4240.2) compared to other individuals at this time (8°C: -24.5+0.2; §'"°N:

10.2+0.4, n=7). There was no interaction between stage and sex (F 54=3.65, P = 0.06).

Females sampled during egg hatching were segregated by their 8'°N values from females
sampled in both courtship/egg-laying and late chick-rearing (ANOVA: F,56=128.2, P <
0.0001; Tukey’s HSD post-hoc analyses, both P < 0.0001; Fig. 2.1.). The "°N values of
females during egg hatching (11.8+0.3%0) were relatively high compared to that of females
sampled during courtship/egg-laying (11.2+£0.6%0) and late chick-rearing (10.5+0.5%o),
respectively. It is interesting to note that males sampled during egg hatching after their long
winter (incubation) fast showed similar 8'°C signatures to males sampled during
courtship/egg-laying (Tukey’s HSD post-hoc analyses, P = 0.9), but were significantly °N
enriched by a magnitude of 1.2%o (P < 0.0001; Table 2.1.) and showed similar §'°N values to
that of females also sampled 