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Fig. 3. Gridded (100 x 100 km) (a) breeding and (b) non-

breeding overlap of albatrosses tracked from Macquarie Is-

land (black-browed, grey-headed, light-mantled and wan-

dering albatrosses) in relation to major Southern Ocean
frontal features (from Orsi et al. 1995)

4.1. Breeding season movements and
habitat associations

We evaluated environmentally-explicit models for
4 sympatric albatross species during the breeding
and nonbreeding periods to examine the relation-
ships between habitat use and environmental param-
eters (bathymetry, oceanography and wind speed).

Foraging distances of the albatrosses tracked from
Macquarie Island were limited during breeding by
incubation and chick-rearing duties, which impose a
central-place foraging constraint (Table 1; see also
Ashmole 1963). This presumably explains the greater
inter-specific overlap in habitat use at this time com-
pared with the non-breeding period. Habitat use was
predominantly associated with oceanographic fea-
tures to the north of the colony, along transit corridors
to the Macquarie Ridge and north into the Tasman
Sea (Fig. 2a). These features provide seasonally pro-
ductive habitat (Tilburg et al. 2002, Sokolov & Rintoul
2007), which are also used by other marine predators,
e.g. Macquarie Ridge: southern elephants seals Mi-
rounga leonina (Hindell et al. 2016) and subantarctic
Arctocephalus tropicalis and Antarctic fur seals A.
gazella (Robinson et al. 2002); Tasman Sea: Buller's
albatrosses Thalassarche bulleri (Sagar & Weimers-
kirch 1996, Stahl & Sagar 2000a,b), Cook's petrels
Pterodroma cookii (Rayner et al. 2008) and antipod-
ean (Gibson's) albatrosses Diomedea antipodensis
gibsoni (Walker & Elliott 2006).

Although our small samples make it difficult to
make population-level inferences about core distri-
butions, the differences in habitat use at sea corre-
sponded well with the differences among species in
life history, and their morphological adaptations.
Despite greater overlap during the breeding season,
we determined inter-specific differences in habitat
use. Species with adaptations for more energetically
efficient flight (higher glide ratio, higher aspect ratio,
less induced drag, increased lift) and with longer
breeding periods travelled further from the colony.
Conversely, the species with higher flight costs
(lower glide ratio, lower aspect ratio) and a shorter
breeding period used areas at sea closer to the colony
during the breeding season. Differential responses
indicated by the environmental modelling results
provide additional evidence of resource partitioning
during the breeding period.

Black-browed albatrosses made use of local neritic
waters associated with the Macquarie Ridgeline and
the SAF (Fig. 2a). The SAF represents a region of
high SST gradient, an important predictor of resi-
dence time for this species. However, despite high
residence time detected over the Macquarie Ridge-
line, bathymetry was not detected as an important
predictor in the analysis. Perhaps this result is an
artefact of scale, where shelf edge waters and asso-
ciated steep gradients in bathymetry occur over a
smaller scale than the 100 km grid cell resolution
used in the modelling. Neritic foraging is typical of
this species at Macquarie Island (Terauds et al. 2006)
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Table 2. Optimal general additive model results showing significant relationships between residence time (hours) of black-
browed (BBA), grey-headed (GHA), light-mantled (LMA) and wandering albatrosses (WA) tracked from Macquarie Island,
and environmental variables: chlorophyll a concentration (chla), eddy kinetic energy (eke), bathymetric gradient (gbathy), sea
surface temperature gradient (gsst), sea surface height anomaly (ssha) and wind speed (wind). A longitude-latitude smoothed

term (Long. lat.) is incorporated to address spatial autocorrelation

Species Smoothed term Estimate F t P R? Deviance
Breeding
BBA Intercept 10.1875 186.1937 0.2706 0.8512
Long. lat. 15.5791 <0.001
ssha 11.0138 0.0011
wind 4.8871 0.0023
gsst 3.5673 0.015
GHA Intercept 10.3509 175.9226 0.0233 0.6299
Long. lat. 8.7488 <0.001
wind 2.4716 0.0418
LMA Intercept 10.6691 253.1974 0.4268 0.6302
Long. lat. 19.0563 <0.001
eke (log) 6.8701 <0.001
chla 11.9919 <0.001
wind 3.3481 0.0015
gbathy 4.2591 0.0397
WA Intercept 10.9249 213.037 0.0647 0.5268
Long. lat. 14.9203 <0.001
wind 3.7916 0.004
Nonbreeding
BBA Intercept 10.0548 278.537 0.2276 0.4873
Long. lat. 13.3514 <0.001
eke (log) 4.8312 <0.001
chla 9.8216 0.0017
gsst 3.0436 0.0132
GHA Intercept 10.4761 295.4269 0.219 0.4102
Long. lat. 13.0776 <0.001
wind 5.4755 <0.001
gbathy 15.8203 <0.001
eke (log) 2.6937 0.0287
LMA Intercept 10.2028 252.5517 0.2235 0.5247
Long. lat. 23.0428 <0.001
gbathy 11.3853 <0.001
gsst 5.4396 0.0199
wind 2.4211 0.0273
chla 1.6085 0.178
WA Intercept 10.8688 376.1416 0.233 0.5037
Long. lat. 43.114 <0.001
wind 9.6689 <0.001
gsst 5.8276 <0.001
eke (log) 5.3217 <0.001

and other colonies (Cherel & Weimerskirch 1995,
Weimerskirch et al. 1997a, Wakefield et al. 2012).
Their comparatively low aspect ratio results in higher
drag during flight, more use of flap-gliding and in-
creased energetic costs for long-distance travel (Pen-
nycuick 1982). Combined with a lower wing loading,
which facilitates improved manoeuvrability and aero-
dynamic lift at lower wind speeds, black-browed alba-
trosses have greater take-off performance and are
known to outcompete other albatross species for
prey in multi-species feeding aggregations (Table 3;

Warham 1977, Pennycuick 1983, Harrison et al. 1991,
Weimerskirch & Guionnet 2002). This is reflected in
their at-sea activity patterns, i.e. shorter flight bouts
and a larger proportion of time spent on the water
compared to the other species (Mackley et al. 2010).
Localised foraging by black-browed albatross is cou-
pled with faster recovery of adult body condition,
shorter incubation shifts and a higher meal delivery
rate such that the chick-rearing period is shorter than
in the other species (Table 3; Huin et al. 2000, Waugh
et al. 2000, Phillips et al. 2003).
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Fig. 4. General additive model response curves (shading: SE) showing significant relationships between residence time

(hours) of breeding (red) and nonbreeding (blue) black-browed (BBA), grey-headed (GHA), light-mantled (LMA) and wander-

ing albatrosses (WA) tracked from Macquarie Island, and environmental variables: chlorophyll a concentration (chla), eddy

kinetic energy (eke), bathymetric gradient (gbathy), sea surface temperature gradient (gsst), sea surface height anomaly
(ssha) and wind speed (wind)

In contrast, grey-headed albatrosses travel greater
distances, have longer intervals between incubation
shifts (Table 3; see also Terauds 2002) and chick feeds,
and exhibit slower chick development (Huin et al.

2000, Waugh et al. 2000, Phillips et al. 2003). As at
Macquarie Island, breeding grey-headed albatrosses
at other sites also associated with large-scale frontal
systems (which represent regions of concentrated
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Fig. 5. Locations of tracked breeding and nonbreeding albatrosses from Macquarie Island by latitude, in relation to the mean
positions of major Southern Ocean frontal systems, averaged across the species distribution (from Orsi et al. 1995)

productivity and higher prey availability) (Waugh
et al. 1999, Scales et al. 2016). Despite concentrated
habitat use along the SAF (Fig. 5), to the east of Mac-
quarie Island (Fig. 2), no relationship between resi-
dence time and SST gradient was evident among
birds tracked from Macquarie Island, potentially due
to a small sample size and individual variability in
habitat use.

Among breeding light-mantled albatrosses, greater
residence times were associated with lower wind
speeds (~6 m s™') compared with the other species
(Fig. 4). Their lower wing loading and high aspect
ratio (Table 3) provides greater aerodynamic lift,
superior glide ratios and more economic flight at
lower wind speeds, allowing efficient foraging south
of 61°S where wind speeds are lower and less consis-
tent (Young 1999). This is underlined by their limited
use of closer waters around the APF (between 56°
and 61°S, Fig. 5), where wind velocities are greater.
Similarly, breeding birds tracked from Heard Island,
Crozet and South Georgia typically forage far south
of the APF (Phillips et al. 2005a, Lawton et al. 2008,
Delord et al. 2014). By undertaking long incubation
shifts and employing a bimodal foraging strategy in

chick-rearing (Terauds & Gales 2006), light-mantled
albatrosses from Macquarie Island can not only
exploit local foraging habitat close to the colony, but
they can also make use of tailwinds to travel to dis-
tant, productive waters (high chl a) associated with
the southern boundary of the ACC (Weimerskirch &
Robertson 1994, this study).

Wandering albatrosses are much larger than the
other species at Macquarie Island and consequently,
the adults have greater energy reserves and chicks
have a longer fasting capability, enabling more dis-
tant foraging trips by parents (Table 3) (Arnould et al.
1996, Berrow & Croxall 2001). The shorter daily dis-
placement distances of the tracked birds (Table 1)
and characteristic prolonged looping flights reflect a
foraging strategy that involves searching large areas,
maximising encounters with patchily distributed prey
(Weimerskirch et al. 1997b, Wakefield et al. 2009).
Their high aspect ratio, wing loading and glide ratios
support efficient dynamic soaring, enabling exploita-
tion of distant resources at little energetic cost (Table 3;
see also Shaffer et al. 2001). However, these traits
reduce efficiency during take-off and landing (Wei-
merskirch et al. 1997b, Mackley et al. 2010). Conse-



Table 3. Summary of functional and life history parameters of black-browed, grey-headed, light-mantled and wandering albatrosses (abbreviations as in Table 2) from
Macquarie Island. Values are means + SE. M: males; F: females; NA: not available
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The annual-breeding black-browed albatrosses
have a shorter nonbreeding period and travelled far-
ther overall, and flew further each day than the bien-
nial-breeding species (grey-headed, light-mantled
and wandering albatrosses, Table 1). With the lowest
aspect ratio and the highest glide ratio of the 4 spe-
cies (Pennycuick 1982), black-browed albatrosses
use powered (flapping) flight more frequently and
have shorter flight bouts (Mackley et al. 2010). Con-
sequently, they are less reliant on consistent winds,
allowing them to exploit waters associated with the
STF (Fig. 5), where winds are lighter than at higher
latitudes in the Southern Ocean (Young 1999). Mac-
quarie Island black-browed albatrosses showed spa-
tial overlap in Tasmanian and South African shelf
waters with conspecifics from Kerguelen (Delord et
al. 2014). Furthermore, 1 individual spent a long
period on the Patagonian Shelf and in the Benguela
Upwelling off South Africa, which are both highly
productive regions and represent core foraging areas
of black-browed albatrosses from the Falkland Is-
lands (Patagonian Shelf only; Wakefield et al. 2011)
and South Georgia (Phillips et al. 2005b, Mackley et
al. 2010). This excursion to the Benguela Upwelling
represents an unusually long nonbreeding dispersal
for this species, which tends to remain within local
ocean basins.

Nonbreeding grey-headed albatrosses used waters
between the SAF and the STF (Fig. 5), with particu-
larly high residence times in the south-east Pacific
basin (Fig. 2). There was considerable spatial overlap
in habitat use west of Chile with conspecifics from
Marion Island, but little with those from South Geor-
gia (Clay et al. 2016). Like birds from Marion Island,
but not South Georgia or Campbell Island (Waugh et
al. 1999, Clay et al. 2016), grey-headed albatrosses
from Macquarie Island associated with steep bathy-
metric features such as shelf slopes, which poten-
tially drive nutrient-rich upwelling and support high
prey densities.

Nonbreeding light-mantled albatrosses favoured
waters between 15°W and 45°E (Fig. 2), demonstrat-
ing their capacity to capitalise on high latitude
summer productivity associated with the southern
boundary of the ACC. They made circumpolar navi-
gations, and like wandering albatrosses (Weimers-
kirch et al. 2015, this study) and grey-headed alba-
trosses, exploited the consistent westerly winds to
travel long distances east at low cost.

Although they also have the capacity to disperse
around Antarctica, nonbreeding wandering alba-
trosses from Macquarie Island had highest residence
times in the south-west Pacific (Fig. 2). Similarly, a

proportion of birds from Crozet and Kerguelen
remain resident within the breeding range during
the nonbreeding season (Weimerskirch et al. 2015).
The nonbreeders from Macquarie used the nearby
SAF, or showed a sedentary-with-excursions strat-
egy, making occasional movements to the Campbell
Plateau, which also represents a core foraging area
for nonbreeding wandering albatrosses from Ker-
guelen (Fig. 2; see also Weimerskirch et al. 2015).
Other birds from Macquarie Island migrated to the
Humboldt Upwelling, an area well known for its high
biological productivity and diversity of seabirds,
including several migrant albatross and petrel spe-
cies from New Zealand (Spear et al. 2003, Nicholls et
al. 2005, Walker & Elliott 2006, Landers et al. 2011),
and a proportion of white-chinned petrels from South
Georgia (Phillips et al. 2006). Furthermore, there was
less evidence of relationships between residence
time and environmental variables for nonbreeding
wandering albatrosses compared to the smaller alba-
tross species (Fig. 4); this suggests broader habitat
preferences, perhaps associated with their large
energy reserves and efficient flight morphology.

4.3. Resilience to climate change

For Southern Ocean albatrosses, the consequences
of unprecedented global warming and consequent
changes in oceanographic and atmospheric condi-
tions are uncertain. However, differences in mor-
phology and life history among species, and hence
their behavioural flexibility, are likely to determine
their resilience (Jiguet et al. 2007, Maloney et al.
2009, Ficetola et al. 2016). The consistent use of
waters to the north of Macquarie Island by breeding
black-browed albatrosses may increase vulnerability
to climate-induced changes in the latitude of the SAF
(Fig. 2). With a southerly shift in the SAF, black-
browed albatrosses may need to travel further and
expend greater energetic resources to reach prey.
The easterly meander of the SAF interacts with the
Macquarie Ridge, a region of steep bathymetric gra-
dient running northeast-southwest and generating
strong upwelling, which elevates summer chloro-
phyll concentration (Sokolov & Rintoul 2007), gener-
ates eddies (Rintoul et al. 2014) and may support
higher trophic connections through entrainment of
phytoplankton (Shuckburgh et al. 2009, d'Ovidio et
al. 2013). As identified by Flynn & Williams (2012), a
southerly shift in the position of the SAF (Sokolov &
Rintoul 2009) could result in high flow velocities to
the south of the Macquarie Ridge Gap, reducing
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down-flow mixing and, potentially, surface produc-
tivity in the region.

For 3 species (not nonbreeding black-browed alba-
trosses), higher residence times were linked to mod-
erate wind speed (Fig. 4). This reflects the balance
between enough wind to facilitate aerodynamic lift,
and the avoidance of extreme wind speeds that
hinder manoeuvrability, in order achieve economic
flight (Jouventin & Weimerskirch 1990). Alternatively,
high wind speeds may reduce the capacity of alba-
trosses to locate food by reducing the ability to detect
olfactory cues and the visibility of surface prey. The
dependence of albatrosses from Macquarie Island on
moderate wind regimes may make them vulnerable
to climate-induced changes in wind patterns as the
Southern Annular Mode (SAM) becomes increas-
ingly positive (Marshall 2003). In the positive SAM
phase, the band of Antarctic circumpolar winds con-
tracts towards the Antarctic continent, resulting in
relaxed mid-latitudinal winds (Hall & Visbeck 2002).
Intensified Antarctic circumpolar winds associated
with a continuing positive trend in the SAM have
benefited wandering albatrosses from Crozet Island
by reducing the energetic cost of reaching distant
foraging areas, resulting in higher breeding success
and body mass (Weimerskirch et al. 2012). For light-
mantled albatrosses and breeding wandering alba-
trosses from Macquarie Island, which target high-
latitude waters, a southward shift in wind intensity
may prove beneficial by lowering flight costs. How-
ever, for breeding black-browed albatrosses, which
rely on the Macquarie Ridge and Tasman Sea, and
nonbreeding grey-headed and wandering albatros-
ses that predominantly use waters north of the SAF, a
reduction in meridional wind and wind speeds at
lower latitudes could reduce flight efficiency and
increase energetic costs, presumably with repercus-
sions for breeding performance.

Identifying core foraging areas from small track-
ing datasets of wide-ranging animals such as alba-
trosses is inhibited by individual variability in habi-
tat use (Gutowsky et al. 2015). Small tracking
datasets, such as the one in this study, may fail to rep-
resent important regions for the population where
individual variability is pronounced. This is likely to
be exacerbated during the overwintering period
when home ranges increase (Gutowsky et al. 2015).
For this reason, we have constrained our interpreta-
tion to broad-scale patterns in habitat use. Under-
standing how even a small number of individuals
use their environment is still valuable, especially for
small populations where few data exist, such as in
this case.

5. CONCLUSIONS

The habitat use of albatrosses from Macquarie
Island reflects foraging strategies that are shaped by
functional morphology and life history adaptations.
The 2 extremes are a wide-ranging search strategy
(wandering albatrosses), which maximises encounter
rate with dispersed prey, and a rapid-transit strategy
(black-browed, grey-headed and light-mantled alba-
trosses), whereby individuals forage at oceano-
graphic features associated with more predictable
prey. The resulting differences in habitat use have im-
plications for susceptibility to environmental change.
For example, black-browed albatrosses, with a more
northerly distribution, lower flight efficiency and
greater reliance on local productivity, are predicted
to be at greater risk of climate-driven shifts in wind
patterns and frontal systems. Understanding the links
between foraging behaviour, morphology and life
history, and the vulnerability or resilience of South-
ern Ocean albatross species to current and pre-
dicted climate-driven atmospheric and oceano-
graphic changes, has the potential to substantially
improve forecasts of population viability for a range
of seabird species, which is essential information for
evidence-based conservation planning.
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