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Abstract
Otariid pinnipeds exhibit large variation in lactation duration, and pups wean at
different t imes of cycles in marine productivity. Interspecific comparisons to understand t he mechanisms driving variation in maternal care strategies and pup development are difficult due to inability to control for confounding effects of differences in
environment. Therefore, I investigated interspecific differences in foraging ecology,
allocation of maternal resources into pups, and use of maternal re ources by pups as
they approach weaning, between sympatric Antarctic (AFS) and subantarctic (SFS)
fur seals at Ile de la Possession, Iles Crozet, Southern Indian Ocean. Females of both
fur seal species fed on the same myctophid fish prey over largely overlapping areas,
with minor but important differences in the proportion of pr y sp cies consumed.
SFS females showed less diel variation in diving behaviour suggesting that they followed the nycthymeral migrations of th ir prey to a small r xtent than AFS. Diving
occurred exclusively at night in both species, but SFS females dove deeper and for
longer periods. AFS females had smaller aerobic dive limit (ADL), but had higher
propensity to dive anaerobically. AFS females exploited more patch s per unit tim ,
and remained in t hem for briefer periods of t ime. AFS females foraged in patches of
better quality, at the cost of greater foraging effort. Body shape differ d signifi antly
between species from birth, and growth involved the acquisition of a longer, more
slender body with larger foreflippers in AFS . Allometric analysis showed that body
shape difi"erences present at birth were exacerbated during growth , so AFS wer
physically more mature at 100 d of age. Milk composition did not differ between
species, and total energy intake was significantly higher in AFS at any given age.
SFS pups had proportionally larger total body lipid reserves, and had lower resting

and daily metabolic rates than AFS pups. Results suggest that , under comparable
foraging conditions, maternal expenditure is larger in AFS, in response to a relatively
briefer and more inflexible duration of lactation.
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of the relationship (lower, upper 95% confidence limits) arc shown . . 129

5.1

a) Female pups had higher tote1l body lipid (TJ3L) stores, relative
to body mass, than male pups in Antarctic (AFS) and subantarctic
(SFS) fur seals. Accountin~ for di[ferences between Hexes, SF'S pups
had higher TBL tores tllan AFS (summary in Table 5.:2). b) Postmoult pups had significantly higher TEL (us percent of body mass).
compared to pre-moult auilllalH, lmt ioterspecific differcuccs were not

sig11ificant. Shape of the box-percentile represents all quantiles from
first through 99th, the mean (circle), median , and 25th and 75th qua.ntiles (solid vertical reference lines) of the distributions . .. . . . . . . 150
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5.2

a) Lipid content (%) of milk increased with relative pup age in AFS
and SFS fernales , without significant differences betv,;een species (summary of milk composition in Table 5.3). b) lVIilk secreted during the
post-moult period had significantly higher lipid content than during
the pre-moult period for both ::>pedes. Shape of the box-percentile
represents all quantiles from first through 99th , the mean (circle) .
median, and 25th and 75th quantilts (solid vertical reference lines) of
the distributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

5.3

The absolute mass gained (milk) by AFS and SFS pups dming a maternal attendance period increased with the duration of their mothers'
preceding foraging trip. The relationship was stronger during long foraging trips (LF'I's) than during overnight foraging trips (OF'l's) , and
AFS pups gained more mass per unit increase in maternal foraging
trip duration than their congeners. The vertical dashed line separates
OF'l~s from LFTs
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. .. . . . . . . . . .. . . . . . . . . .. . . . .. . 152

The absolute energy (from milk) gained by A.FS and SFS pups during
a maternal attendance period increased with relative age. At any given
age, AFS pups gained more energy than their congenen:>. Energy gain
was calculated from relationship between milk gros::> energy content
and relative age for both species combined . . . . . . . . . . . . . . . 153
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Chapter 1

Introduction

1.1 Maternal care and offspring growth strategies: insights from
comparisons among sympatric species and populations
Ecological s gregation results from competit ive exclusion wh r by two species having the same ecological niche, the one pt of space occupi d by a given species,
both the physical spa e, as well as t he fun tional rol of the speci

which includ

(H ntchinso11 l !.J:'•i) , annat coexi t indefinitely. Thus, sympatric spe ie should either
have cliff rent ecological function in t heir cosystem, and/or have different reproductive strategie , so that species coexistenc remains possible. Co xistence is inver ely
related to phylog netic dist ance among primates (Hon](' I ~Ni) , so th mechanisms
involved are mo t suitably studied among closely related sp ie (\Jac:\rt lmr and
Levins 1%7,

,\hram~ EIS.)).

Finding appropriate research models an, thu

lenging be ause closely related speci

be chal-

are not often found in ympatry or yntopy.

However, carefully chosen models of ins ct communities

( Di•~t rif'h

all( I \\ dntcr

200~~) ,

terrestrial (SdHH'tlC'r et al. 1!l?H, FPdis~ml and Hose 1!JDG, Jnnl'S nnd Bummta :2()()0,
Bdant C't al. 2000) and aquatic mammals (P;um :2006), rep til s (Dodson I !!70, \\ ('hh
Pt al. :2003) , and birds (I3allmwl' l'l ul. tqfl7 Hull l\J99) have provid d useful insights

into t his topi .
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Lactation is the main form of parental care in mammals and the most energetically
expensive activity for females (Pow] l U71, <i i ti l<'Hlilll and Thomp:-;on

1~)88) ,

so it

is expected to play an important role in determining mechanisms of coexist nee
among species (F<1rky and ltobhins 199.}, F('diga.n and Hoi'(' 199.3). Parents should
adj ust their behaviour so as to maximize their fitness under diff rent interspecific
competitive interactions (Wicn:-. 1977, Clut t on-J3r,Kk J !HH o). Therefore, not only
can comparisons of maternal strategies of sympatrically breeding mammals help
to elucidate mechanisms of coexistence, but can also provide insights into what
determines life history variation without the confounding effects of environmental
differences. Maternal strategy is herein referred to as the suite of maternal behaviours
t hat affect maternal investment in current offspring, such as the temporal pattern
of energy delivery, the duration of lactation, and a mother's foraging behaviour
allowing her to invest in offspring (Lt·e et a J. 1991 , C'lut tun- Brock l991 b). Offspring
are not passive receivers of maternal investment, but can control the allocation of
maternal resources to physical, physiological, and behavioural development (1Iorni11g
and Trillntich 1D99). The latter is herein referred to as an ofi>pring's growth trategy

(f\..Ioul1oll

102:~ , Varga~

and Anderson 19%).

1.2 Study system
Sea lions and fur seals (Carnivora: Otariidae) , are well-suited for comparative studies
of foraging ecology and maternal care strategies because: i) the degre of sexual
dimorphism, social structure, and natural history are r latively uniform across the
family, ii) males have no role in parental care beyond copulation, iii) milk delivery
to the pup and foraging are temporally separated, such that lactating females have
to periodically return to land to suckle their young aft r foraging trips to sea, and
iv) they display large variation in lactation duration (4 to 36 months) , so pups
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are weaned at different times of t he year and stages of development, depending
on the species (Figure 1.1). Some of these features are shared with the small st
phocid pinnipeds (Carnivora: Phocidae), but lactation is significantly briefer and
pups are weaned at about t he same t ime of t he year among phocids in general
(Figure 1.2). Otariids may be regarded as central place foragers during lactation and
environmental changes in the vicinity of t he rookery, as well as int r- and intraspecific
interactions, would be expected to affect their maternal car strategies (81 cpltcns
ct <11. 1~)~6 , Boyd l!l!JS).

Behaviours comprising the "maternal strategy" can be divided into: i) at-sea behaviours, uch as use of space for diving and travelling (e.g., time and depth distribution of dives, and swimming to and from food patches), which are as ociated
with foraging, ii) the att endance or temporal pattern of visits to land for suckling
young and resting vs. feeding at sea, and duration of lactation, and iii) milk delivery while ashore (time spent suckling, amount and quality of milk deliver d). The
pups' growth strategy includes the pattern of physical growth, and physiological and
behavioural development (Figure 1.1).
Fur seals are shallow divers ( < 30 m ) (Gcut.ry and l<no.) man

J9~(ia ),

and most

of their foraging dives occur at night as t hey feed on vertically migrating fish,
cephalopods, and crustaceans, which are found near t he surface during that time
(Croxilll d <ll.

19~0 ,

Gt!lli.rv r.ntd E(lonnmt l!l;,Gtl). The proximate factors re pon-

sible for such a pattern are t he spatial distribution of prey, its behaviour, size and
energy density (Doyel

19~)ti , Co:-b1

aud \\ illiaw~ 1999). Because th se prey-related

characteristics usually vary over time, t he dive pattern employed by fur seals may
change seasonally and interannually
Pt'

a!.

wns, CPorg;\)S et :ll. :201Hlh).

(C'u~ta ('t <~L

HJ()\J, Boyd et a!. 1no '1, ,\l<~ttlin

Distance to foraging grounds from the uckling

site, time spent resting while at sea, and distance between food patches, have a signif-
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icant impact on the energy budget of lactating females

(Cu~ta

ct al. 1UKH) . Therefor ,

the amount and quality of maternal care is influenced by these b havioural choices
and environmental conditions.
The way in which lactating females allocate their time to foraging at sea and
suckling ashore determines how long pups must fast and how much time they have
available for milk ingestion. Therefore, lactating females should distribute their time
so as to balance the net amount of energy they can gain while at sea, against the
amount of time their pups can fast without negative effects on their growth and
development (Oftcdal et al. H.JS7, Bm\{"n UHH ). Intra- and interspecific variation in
this component of the maternal strategy is particularly large (Trillmid1 19DO, Francis
t•t nl. l!J!J8). During periods of low food availability, fur seals mother stay at sa

longer and transfer less milk to the pup than at other times ('I"rillmlch et a l. 1D!J I IJ).
However, this does not explain the large interspecific differ nces in mat rnal attendance patterns among fur seals. Comparative studies of maternal attendance patterns in sympatric1 Antarctic (Arctocephalus gazella (Peters, 1875)) and subantarcti
fur seals (A. tropicalis (Gray, 1872)) at Macquarie and Marion islands (Bt•:,f('f and
Bartlett 1D90, Golrbworthy 1999), showed small, but important, differen es between
both species and sites. Subantarctic fur seal females bre ding in Arnst rdam Island
have much longer foraging trips than at Macquarie (11-23 days at Am terdam , 3.8
days at Macquarie) , but there is a window of foraging trip durations, associat d
with maternal characteristics, that maximizes pup growth rate

( Georg<'~

and Gui11C't.

:2000b). Similarly, foraging trip duration of both species at Macquarie Island showed
a bimodal distribution that is untypical of the core of each species' distribution.
Local environmental factors should, therefore, be accounted for in comparisons of
1

The term "syntopic", which refers to the condition of local sympatry, would be more appropriate
here, but I will u e "sympatric" to avoid confusion in comparison with previous tndies at other
sites.
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attendance patt erns and maternal strategies.
Because milk composit ion and pup demand change throughout lactation, the
amount of time lactating females spend ashore is not useful to estimate energy intake
by the pups (GPntry <·taL 19SG, Oftcd;d r·t al. WS7). Milk fat content and milk production in Antarctic (.\ruonld and Boyd 199.'\b), northern ( Callorhinus ursinus (L.,
1758)) (C'o!'ln ct al. 198ti), and Australian (Arctocephalus pusillus doriferus (Wood
Jones, 1925)) (Arncdtld and Hinddl1.999) fur seals rise t hroughout most of lactation,
and at least in Antarctic fur seals, they decrease in the last few weeks. In contrast,
milk protein remains relatively constant. In Antarctic and northern fur seals, these
parameters have been shown to vary with pup age and mass

( Co~L~ C'1

o.J .

1!1~6 ,

.Arnuuld ('! al. l!J9Ga), as well as with changes in food availability ( \rnuuld et al.
l9!l6a) . Furthermore, on t he seal of foraging cycles, milk fat content and milk con-

sumption vary with the duration of the preceding foraging trip in these and other
species (Arnould

<~t

aL l996a, C'ost11 1991 , (khoii-Acniia d al. 1999). Therefore, part

of the variation in pup growth rates and weaning masses that ar not accounted for
by maternal attend ance patterns, may be explained by differences in milk intake and
composition.
Pinnipeds are among the most sexually dimorphic mammals, but despite extensiv
research , vidence for differential maternal energy expenditure betwe n sexes remains
equivocal (Gold::o.\vorthy

l.f)~);> ,

Ono awl Bow·:::s HHHi , Lunu nnd Anwuld

19~)7 ,

Glliw•t

Pt al. l!Yl!l) . Female Antarctic fur seals (AFSs) (.\mould <·1 al. Hlf.lGa) and California

sea lion (Zalophus califomianus (Lesson, 1828)) pups (Lnqul' and Auriolc·:::-Gamhoa
~IH 11 ) ,

have higher lipid stores than male pups, so the use of maternal resourc s should

be studied in greater det ail to clarify t his issue. However , while male and female AFS
pups appear to grow at t he same rate in Sout h Georgia (Lu1111 and Arnnnld

l9~l7) ,

males grow faster than females at Macquarie and Heard Islands ( C uldswnrt hy l D~J5 ,

5
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G uirwt" c•t. a!. 1U99). Therefore, the factors t hat influence intersexual differences in
mass gain and loss throughout lact ation are not yet clear , and should be considered
in comparisons of maternal strategies between species.
One of the advantages of using otariids as a model for studies of mat m al strat egies is the large variation in lactation durat ion. For example, northern ( Callorhinus
ursinus (L. , 1758)), South American (Arctocephalus australis (Zimmermann, 1783)) ,

and Antarctic fur seals, which breed at high latitudes in highly productive waters,
but with large seasonal fluctuations, have brief lactation periods lasting approximat ely four months. In cont rast , Galapagos fur seals (A rctocephalus galapagoensis
(Heller , 1904)) , which breed in less productive and less ea onal environments, but
wit h high inter-annual variability, have ext ended lactation periods whi h may last
up to three years (Trillmich 1990, G<dt>s and

Co~ta

l9f:l7). Species breeding in more

temperate latit udes, such as New Zealand (A . fo rsteri (Lesson, 1828)) , Juan Fernandez (A . philippi (Pet ers, 1866)) , Guadalupe (A. townsendi (Merriam, 1897)) ,
South African (Arctocephalus pusillus pusillus (Schreber, 1775)) and South Aust ralian (A . pusillus dorif erus, and subantarctic (A . tropicalis (Gray, 1872)) fur

als,

have lactation periods of intermediate length (10 mont hs) .
Both northern and Antarctic fur seals have a relatively rigid lactation duration

(4.5 mont hs) , irrespective of breeding location. Such an infl. xible lactation duration
may be beneficial in high latit udes, where food availability shows high seasonal, but
low interannual, variation in food abundance. However, a brief lactation period may
not be opt imal at lower latit udes, where food availability shows less sea onal, but
higher interannual, variation. A flexible lact ation duration may help animals cope
wit h such high interannual variation in food supply by allowing females to adjust t he
amount of maternal expendit ure ov r a long r period. P up that survived t he first
few mont hs of life may thus incr ase their chances of survival during years of low
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food abundance by foraging on their own and consuming milk from their mothers. In
species with brief lactations, pups may have to grow as fast as possible before weaning
and thereafter rely exclusively on their developing foraging abilities. Their energy
demands during this period are particularly high and growth is near maximum values
(Bilker ct al. 1994, Gcntr~· 1993). These pups wean in fall, when prey availability

decreases towards the annual winter minimum and may experience great r mortality
than pups that can suckle during this time. In fact, Guinct t't a.l. (.1.994) found that,
in Iles Crozet, interannual changes in pup production were negatively correlated with
El Nino events in Antarctic but not in subantarctic fur seals.
In addition to lactation duration, previous studies have examined diet (e.g., Duncri
<~nd

Curi:·J 1~~92 ,

H~>id

and ,\nwuld 199G), diving behaviour (G~>ntry and Kouynwn

l9S6u.), at-sea distribution (GoPhel et £\L Hlf)J , Fnmcis et al. J !)98,

I~unadunna t•t

nl.

2000), as well as the characteristics of maternal care, such as time spent on shore
and at sea, and time spent suckling ('frillHlidl U)90,

Gold~1.vorthy

l!)CJCJ) of fur seals.

However, inter- and intraspecific differences in t hese components of m aternal strategy are strongly affected by spatiotemporal variations in the distribution and general
ecology of prey species, which may be more important determinants of these strategies than environmental seasonality (Arntz et

~~1.

1991 , Frmtci~ ct al. 1!)98, Gentry

1998). Comparative studies seeking to determine the factors involved in the evolution of different lactation strategies have been constrained by the inability to control
for different environmental conditions across the range of the species studi d .
AFS and subantarctic fur seals (SFSs) breed sympatrically at 3 subantarctic islands: Marion Island, Iles Crozet, and Macquarie Island (Figure 1.3), where their
populations are increasing rapidly (Guinct t•t aL 19f.l4). These sites are at the southern and northern limits of the distributions of SFS and AFS, respectively, and are
closely associated with the Subantarctic Front (SAF) (Figure 1.3). Therefore, the
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oceanographic habitat and seasonal changes in the environment at th se sites are
not the same as those at the core of each species' distribution (Antarctic Polar Front
for AFS ; Subtropical Front for SFS). No major differences in t he diving behaviour
and diet were found among both species at Macquarie Island

(Gold~ wort lly t•t

n.l.

1!HJ7). However , contrasting interspecific differences in the duration of lactation
are observed between allopatric and sympatric populations. Sympatrically-breeding
AFS and SFS are, thus, a useful system for the study of maternal and pup growth
strategies in relation to the environment.

1.3 Study site
My research was conducted at La Mare aux Elephants (46°22'29" S, 51 °40'13" E) ,
at the western end of Ile de la Possession, Iles Crozet (Figure 1.4), during 2001-02
(December 4th - March 25th) and 2002-03 (December 1st - March 16th ) breeding
seasons (2001 and 2002 hereafter) . La Mare aux Elephants consists of two adjacent
AFS and SFS colonies, which are on different types of substrate (Figure 1.5). AFS
used the northern part of the beach, composed of small- to medium- iz d pebbles,
with gentle slopes behind; while SFS used the southern part of the beach, composed
of large boulders eroded from the steep hinterlands. Both species gave birth close
to shore, but the AFS colony grew in size as the season progressed, while the other
species tended to remain close to shore during the same period. From late January
through mid-March, the AFS colony spread to occupy most of the tus ock area on
the site, including the plateau on Figure 1.5a.
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1.4 Natural history of lies Crozet and Southern Indian Ocean
Iles Crozet are of volcanic origin and most of the coasts are rocky with little vegetation. On land, average minimum and maximum air temperatur s range from 1°to
about 11 oc throughout the year, respectively, with precipitation being relatively high
and roughly constant throughout the same period. On average, there are 300 rainy
days per year and winds are strong on any given day, frequently reaching 75 km/ h.
The Crozet archipelago lies near the northern limit of the Antarctic Circumpolar
Current (ACC) in the Southern Ocean, which comprises the southern portions of
the Atlantic, Pacific, and Indian oceans. In the Southern Indian Ocean sector, t he
structure of the ACC is strongly modified by the general topography of the seafloor,
which affects the relative position of the major fronts that are associated with t his
current (Park <'t ill. 199:3, SpmTow ('t a!. l!J!JG). These fronts play an important
role in the ecosystem, as t hey influence the distribution and abundance of organisms
across trophic levels (Lutjchn.rm::> ct al. J9S3, I\:onbbi
ct al.

l~)!J7 ,

EH):~ ,

Bost <·t nl.

l~Yrl ,

Cuiuct

Paklwn10v and Fnmcmnn 2UOO). Seabirds and marine mammals tend to

concentrate their foraging effort in and around such front . Therefore, knowledge of
the main properties of oceanic fronts, as well as their temporal shifts, is useful to
understanding community structure and predator behaviour.

1.4.1 Oceanography

Sparrow P1 al. ( l !J!J(i) described the major fronts that can be ident ifi d in the Indian
Ocean sector of the Southern Ocean as follows (from north to south) : i) the Agulhas
Return Ftont (ARF), with temperature changes from 12° to l6°C at 200 m depth,
ii) the Suhtropical Front (STF) , with temperature changes from 10° to l2°C at 100
m, iii) the SAF, characterized by the rapid descent of a salinity minimum below
about 300 m, iv) the Antarctic Polar Front (APF), which has a surface (maximum
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gradient of sea surface temperature between 2° and 6°C) and a subsurface (northern
limit of the 2°C isotherm below 200 m) expression, and finally The area formed
between the APF and the SAF is known as the Polar Frontal Zone (PFZ), and this
is where Iles Crozet are located. Similarly, t he area between the STF and the SAF
is also known as t he Transition Frontal Zone, and where the ARF, STF, and SAF
merge, is also known as the Crozet Front. Current velocities in the Crozet Front are
among the strongest in the world, accounting for most of the horizontal transport of
the ACC. As a result of the merging of the ARF, STF, and SAF at 40°E, the PFZ
is unusually wide between 40°E and 60°E.
Although the structure of Southern Ocean fronts is clear r below the surface,
their positions can be reasonably inferred from sea surface temperature values in
the Crozet region ( AHilknnw.r Pt HI. 200G). Thus, the 18.4°C, 12.5°C , 8°C, and
4.5°C isotherms APF (Park nnd

Gamh~·roni

l997) correspond well to the ARF, STF,

SAF, and APF, respectively. The association of surface temperatur s with fronts is
strongest in summer due to the higher stability of t he water column compared wit h
winter. The southern portion of t he PFZ, particularly the APF, is extensively us d
by king penguins and other seabirds, as well as Antarctic fur s als, while foraging
for myctophid fish and cephalopods (Stnhl c1 al. l!lS5 ,

Bo~t d

al. l!l!l7, Green .lq97,

Bonadonna c-t al. :2000). Fronts are areas of enhanced productivity due to strong
mixing by currents and eddies, which increase the availability of nutrients for phytoplankton growth, so prey may be more abundant or available for predators at higher
trophic levels (Lutjchann:::.

(•t ;~l.

1\)85).

Southern Ocean fronts display marked seasonal changes, as shown by seasonal
composite images of sea surface temperature satellite data of the Southern Indian
Ocean sector from 2002 to 2008 (Figure 1.6). Unlike the oceanographic habitat for
SFSs at Amsterdam or Gough Islands, the STF does not undergo large latitudinal
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movements throughout t he year. Instead, relatively large fluctuations are observed
in the positions of the SAF and APF, with both fronts getting compressed against
the STF during winter and expanding south during summer. A characteristic feature
of this region is the reduced distance between the SAF and STF north of Iles Crozet,
making it difficult to di tinguish the ARF, STF, and SAF, which may run together
in this region in their roughly southward trajectory of this group of fronts ast of Iles
Crozet. The permanent, topographically induced , nort hward intrusion of the PFZ
between the Crozet plateau that surrounds t he archipelago and the Del Cano rise to
the west of it has a strong influence on t he dynamics of phytoplankton growth and
ecosystem consumers (Read

;111<.l

Pollard 19\n) (Figure 1.6) . Therefore, the marine

ecosystem around Iles Crozet presents conditions that may not be typical for both
AFS and SFS.

1.4.2 Fish and squid: the major prey of sea mammals and birds

Icht hyoplankton and mesopelagic fish assemblages closely follow the spatial structure
of the Southern Indian Ocean. For example, the ichthyoplankton and m sop lagic
fish assemblage in the PFZ can be clearly distinguished from t hose found in the adjacent subantarctic and polar areas (1\oubbi Hl(n) . Due to t he large size of th PFZ
around Iles Crozet, the fish assemblages of this archip lago and Iles kerguelen do not
differ sub tantially (Dubmnd

l!)~J7).

The main difference between these archipelagos

is the absence of the fish family Channichthyidae in the nerit ic environment around
Iles Crozet, which may be due to its narrower shelf. Mid-water fish assemblag s are,
however, essentially the same in both Ile Crozet and Iles Kerguelen, coinciding with
the location of both archipelagos in the PFZ. Some of t hese species have been classified by Konhbi ( 199:3) into 5 categories, according to their distribution in relation to
oceanic fronts: i) exclusively subtropical taxa, ii) taxa found between the SAF and
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ARF, iii) taxa found in the STF and south to the SAF, iv) taxa occurring only in
the PFZ, and v) Antarctic taxa and demersal species of the Kerguelen shelf.
In addition to the vertical distribution and abundance, the ichthyofauna around
the subantarctic islands also shows marked diel variation in these characteristics. For
instance, in waters surrounding Iles Kerguelen (Duhamel ct a!. 2000) , three species
(Lepidonotothen squamifrons (Gunther, 1880) , Muraenolepis marmoratu (Gunther ,

1880), and Krefjtichthys anderssoni (Lonnberg, 1905)) dominated the upper 150m of
the ocean during the day, with two being found exclusively in the peri-insular shelf.
All of th m, except K. anderssoni, were early life stages of benthic fish and only
M. marmoratus were large enough to be considered potential prey for king penguins.

Seven other myctophids were found in deeper layers (250 m and 300 m) during this
time. During the night, both abundance for most species and species div rsity were
higher (Dnlwtm'l 1998, D1Jbmnr>l

('1 <~L

:2UUO). Five of the myctophids found in deep

water during the day became dominant in the upper 100m during the night, joined
by Gymnoscopelus braueri (Lonnberg, 1905), Electrona subaspera (Gunther, 1864),
and G. piabilis (Whitley, 1931). These species, together with E. antarctica (Gunther ,
1878), G. nicholsi (Gilbert, 1911), and Protomyctophum tenisoni (Norman, 1930) ,
tended to concentrate near the surface at night, while P. andriashevi (B ker, 1963) ,
K. anderssoni, G. bolini (Andriashev, 1962) and E . carlsbergi (Taning, 1932), never

reached the surface. Furthermore, the composition of the catches vari d with distance
to the shore, such that E. carlsbergi and P. andriashevi dominated close to the
shelf, but were progressively replaced by K. anderssoni and, farthest from shore,
by B. tenuis (Kobyliansky, 1986). All of these species are typical of the PFZ in
the Indian Ocean and are also present around Iles Crozet. Therefore, a similar
pattern might be found in the former group of i lands, although some differen e are
expected, due to the larger helf around Iles K rguelen.
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The fish diet of several seabirds and marine mammals from the Keguelen-Heard
Plateau has been investigated in some detail, mostly at Heard Island ((; r<'<'ll ('f a!.
J!)x!J, Klages d al. l9!.lll, \Yo<•hl<•r

<~ud Cr<'('ll

1992, Clwrd <'!a!. J!)!Ji', Cr('('fl

('t

a!.

l!J!J7). All of these predators consumed mainly myctophid species, but some included
the Channichthyid Champsocephalus gunnari (Lonnberg, 1905) as an important prey
item during the summer

( Cn··~u

d a!. 1H9S). The bentho-pelagic C. gunnari inhabits

shelf waters in the Kerguelen-Heard Plateau, and it might represent a profitable
resource for predators during the summer, when they are constrained by the fasting
abilities of their chicks or pups on land.
Consistent with the conclusions of Dnlwrnd ( 1~Hl7), C. gunnari has never been
found in the diet of king penguins from Iles Crozet (Chen•!
d.

<~lld

Bidnnx 1D92,

Bo~t

a I. J!JDT) . No information is available from other predators in this archipelago.

Three myctophid fish dominated the diet of king penguin during the summer: K. an-

derssoni, E. carlsbergi, and P . tenisoni, with the first one being the most abundant.
Penguins, however, seem to forage for these species near the AP F , particularly at
its northern limit , or, to a lesser extent, near the southern limit of the SAF (Glllrwt
ct <1l. 1997, .\lonrc d al. J!l99a).

During the summer, myctophids appear to be

more abundant and closer to the surface during the night in the SAF than in the
AP F (Pakltornov c't al. 1D94). Both fronts are at approximately the same di tance
from Iles Crozet, typically far from the islands' shelves. It is inter sting to note
that the three myctophids on which penguins predominantly feed are truly oceanic
and, at least K. anderssoni , seems to be most abundant away from island sh lv s
( Pt~ri;-;~inuttu

aud ·.\lcQmrid l!J92). Data from other seabirds breeding at Iles Crozet

also indicate the importance of myctophids in their diets, although some consume
cephalopods and crustaceans to a lower extent (1Udo11x J !)9:1 , Cntcw1

t)l

:d. 2000).

At least seven cephalopod families are known to occur around Iles Crozet (Cbl•r<'l
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Pt nl. 1996). Based on diet analyses of king penguins and wandering albatro ses

feeding in this region, (C'hPr<'i and W<'impr:-,kirdl J!)!J!J) found that the onychoteuthid
squids Kondakovia longimana (Filippova, 1972) , Moroteuthis ingens (Smith, 1881) ,
and M. knipovitchi (Filippova, 1972) are abundant, and that the first two spawn in
winter near the islands. According to the recent Atlas of cephalopod distribution
in the Southern Ocean (X<tvicr ct nl. HHl9), which shows the distribution of squids
in relation to oceanic fronts , there are eight species that could potentially be found
around Iles Crozet, in addition to the nine identified by Cltcrd <·t. al. ( E)!Jt)) in
king penguin diet.

Some of these cephalopods, particularly the onychoteuthids,

feed on myctophid fish and smaller invertebrates , including euphausid crustaceans,
decapods, amphipods, and chaetognaths.

1.4.3 Seabirds

There are 36 species of seabirds breeding at Iles Crozet, some of which have their
largest populations in these islands, making the islands' avifauna the richest in th
world when diversity and abundance are combined. Of these, the most abundant are
macaroni and king penguins, with populations of 6 x 106 and 2 x 106 individuals,
respectively (Guiw't <·1 al. Hl%).

King and macaroni p enguins, and along with

elephant and fur seals are th principal marine predators consuming 56% of the prey
eaten by the whole land-based community of Iles Crozet (Guin<'t. ct. <11. J!)(Hi). All of
these predators consume mostly myctophid fish , cephalopods, and crustae ans.
The large amount of resources used by these predators is likely to result in con iderable ecological segregation b tween closely-related species. The broad geographic
patterns in the distribution of the ichthyofauna in relation to oceanic fronts could
exert a strong influence on th foraging strategies of marine pred ators and for ecological segregation among them. Understanding the mechanisms that control how
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these species divide their resources should help predict how they might be affected
by natural or anthropogenic disturbances in their ecosystem.
Concurr nt studies of the spatial and dietary segregation of

abirds from the Il

Crozet are lacking, but independent analyses suggest that foraging area and timing
of breeding may b the most important variables determining th

xtent of ecological

segregation among seabirds from Iles Crozet (Sti1ld ct a!. 1D~0 , 11idoux 10~Jl ). Ther
are four species that feed close to shore (Phalocrocorax atriceps (King, 1828) , Larus

dominicanus (Lichtenstein, 1823), Sterna virgata (Cabanis, 1 75), and S. vittata
(Gmelin, 17 9)), while the rest of the species forage either over h lf ar as or near
oceanic fronts (Stal1l eta!. 1<)8.-J). However, the extent of patial habitat segregation
among seabird is apparently larg r during the winter than during th summer. Although di tary differences may not be as important as spatial habitat differences, it
is possible to distinguish the diet composition and prey size di tribution of diving
(p nguins, diving petrels, and cormorant) from the surface feeding (albatrosses, p trels, and storm petrels) (B1doux UYl 1). Di tary overlap indices app ar to be high r
and prey size distributions narrower among the former group than among the latter.
Diving may allow some seabirds to access more abundant r sources below the surface
during a p riod of reduced productivity, thereby minimizing competition and thu
the pressure to partition their niche along th se dimensions (Piankn 197~) .

1.4.4 Pinnipeds

Iles Crozet fosters a population of approximately 3,400 elephant seals (Mirounga

leonina (L. , 1758)) , 500 AFS, and 1,000 SFS. However, l phant seals have areproductive strategy which differs mark dly from the smaller fur seals inhabiting th
i lands. Pregnant elephant seal mothers forage over vast ar as of the Southern Ocean
during mo t of the year (.hmkl'r <\lld BPst·er I fJ!JK) and then r turn to the colony in
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late August to give birth and nurse their pup for about 25 days, during which t h y
fast . All adult females are absent from t he colony by the end of November, but t here
is another other peak in abundance occurring in late J anuary corresponding to t he
molt, while a few juveniles can be found hauled out during the rest of the year. At
the individual level, however, elephant seals stay on land for only one or two mont hs
in any given year. This cont rasts sharply with fur seals, which congregate on land
to breed from mid-November to lat e J anuary, so there is a temporal segregation of
phocid and otariid niches. Furthermore, female fur seals regularly forage during t he
whole lactation period, which lasts four and 10 months in Antarctic and ubantar tic
fur seals, respectively. Elephant seals from nearby Heard Island (southeast of Iles
Crozet) (Slip l!.J\.J,-)) feed mostly on cephalopods, but also consume fi h , including
myctophids, which they probably catch at depths of more than 300 m (Jonker ;.md
DPster HJ98), much great er than that used by foraging fur seals.

There are three species of fur seal t hat inhabit areas under t he influ nee of t he
APF: the New Zealand, subantarctic, and Antarctic fur seals. All other otariids
breed north of the APF. The first of these species is found in Macquarie Island,
but also has other populations in the southern coast of Australia and islands south
of New Zealand. The latter two are circumpolar in distribution and can be found
in several subantarctic islands (Figure 1.3). All of them were, to differing degr es,
subject to exploitation during the 18th and 19th. Sealing was mostly associated
with whaling operations and the exploitation of elephant seals, which took place at
the more southerly locations. Because Antarctic fur s als are t he only ones bre ding
mostly south of the APF, where sealers and whalers focused their activities, t h y
were more negatively affected by sealing t han other fur seals. Subantarctic and N w
Zealand fur seals breed on islands north of the APF, where few or smaller populations
of elephant seals were found, so t heir numbers were not so severely affected during
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this period.
Based on these observations, Wvw'n c't aJ. (2000) postulated that subantarctic fur
seals should have higher levels of genetic diversity than Antarctic fur seals. Pr sent
populations of Antarctic fur seals, on the other hand, may have arisen from a few
individuals that survived the sealing period. Testing this hypothesis, \\\'ll('Tl c·t al.
(2000) found that subantarctic fur seals have higher levels of population gen tic
structure than Antarctic fur seals. The lower level population genetic structure in
th latter species is thought to result from individuals immigrating from a few source
populations. However, \Vynen et <ll. (2000) concluded that Antarctic fur seal may
be divided into a western region (South Georgia, South Shetland, Bouvet0ya, Marion, and Heard Islands), and an eastern region (Kerguel n and Macquarie). South
Georgia and Bouvet0ya were the probable source populations for most of the western region. In the case of subantarctic fur seals, Macquarie and Crozet Islands w re
probably colonized by animals from Marion Island, and to a lesser extent, from
Amsterdam Island.
Besides the conspicuous difference in lactation duration between the fur eal species,
no studies have been conducted at Iles Crozet to investigate the extent of ecological
segregation between them. There is a slight difference in the timing of births, with
the peak of AFS pup births occurring around 5 December, while that of SFS pups is
around 15 December. The reasons for this difference are not yet clear, but given th
difference in the duration of lactation, it may be more significant for AFSs b cause
it represents a larger fraction of the total lactation period.
The most abundant of all southern fur seals is the Antarctic fur seal, which numbers at least two million individuals (I3unuer

tn~l!l ).

Subantarctic fur seals are the

next most numerous, with approximately 300,000 individuals, while N w Zealand
fur seals are the least abundant, with about 55,000 animals. Subantarctic fur seals
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are far more numerous than the Antarctic species where they breed sympatrically
(Marion, Macquarie, and Crozet Islands) . There are approximately 1,500 and 74,000
Antarctic and subantarctic fur seals in the Prince Edward Islands (He ,flltC)T t'l al.
J!JU7), 500 and 1000 at Iles Crozet (extrapolated from data in Cnin<'l <'!HI.

( lq9~ )

assuming equal age/sex structure as at Prince Edward Islands) , and at least 111 and
42 , respectively, in Macquarie Island

( Gold~worthy

ct nl. l!JH9). Conversely, Antarc-

tic fur seals are much more abundant at breeding localities south of the PF, such as
South Georgia and the South Shetland Islands (Boyd l!J~.k) , Croll aud 1\.~r:-.b.\ 1!)08),
where subantarctic fur seals do not breed. Southeast of Iles Crozet,

;uHl

Shau~~htH·~~y

( Gulcbworth~

l 98!J) reported 13 subantarctic fur seals (including a pup) in Heard

Island, compared with about 15,000 Antarctic fur seals hauling out there
llE't':-;y

~~~

(~b,\ugh

al.. 199::>), alt hough the development of a breeding colony of the first species

has not been documented thereafter. This represents the farth st south of th PF
subantarctic fur seals are known to breed.
The populations of both fur seal species have been increasing at a rate of approximately 16% per annum at Iles Crozet, which represents one of the highest growth
rates reported for any otariid species (G11inct c·t al. 1994). Ther fore, it i expected
that fur seal numbers in 2001 will be higher than those listed above.

1.5 Objectives and the sis structure
In this dissertation, I investigated interspecific differences in: i) the foraging ecology
of lactating females, ii) the allocation of maternal resources to their pup , and iii) the
use of maternal resources by pups as they approach weaning betw en ympatricallybreeding Antarctic and subantarctic fur seals at Ile de la Possession, Iles Crozet,
Southern Indian Ocean. I examined inter-relationships among these components
of the maternal strategy, pup growth and development. I asked: what asp cts of
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maternal and pup growth strategies are more flexible, and whi h aspects may be more
rigid adaptations to the APF or SAF, that broadly define each p cies' worldwide
distribution (AFS and SFS, respectively)? I also consid red th implications of th
answ r to this question to the extent of cological segregation b tween t he two speci
at Ile Crozet.
My thesis consists of four data chapters, divided into two parts, preceded by
the general introduction present d in Chapt r 1. Part I ontains two major chapters, where I compare the major aspects of foraging behaviour of lactating femal s
(Chapter 2), followed by a more detailed analysis of diving behaviour to resolve what
mechanism might be driving differen

at the coarser seal (Chapter 3) . Proper

identification of the temporal and spatial cales at which a diving forager perceives
the environm nt relies heavily on how accurately, and obj ctiv ly, diving behaviour
can b grouped into natural "bouts" representing those seal . I b gin Chapter 3,
therefore, with a technical section d

ribing an objective and accurate method for

identifying bouts of diving behaviour that builds upon pr viou r sear h . In the following

ction, I present evidence to argue that lactating SF females have a gr at r

aerobi div limit, and that it affects th scales at which t hey forage. Appendix A
describes chara teristics of a software package I wrote to p rform the analys s in
Part I. App ndix C.l is a related paper to which I contributed, where foraging lo ations and general descriptions of diving behaviour are compar d betw en AFS and
SFS, compl menting Chapter 2.
In Part II, I compare the growth of pup from birth to 100 days of age, represent ing
almo t th entire lactation period of AFS and one half of t hat of SFS (Chapter 4).
Numerous studi s have described body mass and body length growth in AFS and
SFS at allopatric ites, but none (to the b st of my knowl dge) have done so u ing
a comprehensive set of morphometric variable to document th process of phy ical
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maturation prior to weaning. In Chapter 4, therefore, I compar growth and allometry for several morphological traits to argue that AFS pups mature more rapidly,
in preparation for weaning at a younger age. In Chapter

.s, I link the maternal

strategies describ d and compared in Part I with pup development, xamining th
dynami s of mas changes during maternal foraging cycles and pup body composition in more d tail. My goal here was to determine whether relative milk intak
diff red between sp cies, and whether pup use energy differently to a count for t h
observed growth patterns. Appendix C.2 is a related pap r to which I contributed
where pup metabolism is compared betwe n species, compl menting Chapter 5.
I conclude with Part III, wher I synthesize the key result from ach chapter in
terms of my thesis objectives, and discuss how they contribute to our understanding
of otariid maternal care strategies.
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Figure 1.1. a) In otariid species with brief lactations (e.g., northern and Antarctic fur
seals), females nurse their pup during summer and early autumn, and pups are weaned
in late autumn or winter. b) In species with t he longest lactations (e.g. , Galapagos fur
seals and sea lions), pups may not be weaned before the female gives birth on her next
reproductive cycle, establishing competition b tween siblings for maternal resources , which
the younger one has a greater chance of losing. Lactating females perform r gular foraging
trips (black rectangles) to sea, returning to shore to nurse their pup (gray rectangles).
Their pups gain mass while she is ashore nursing (solid arrows) and partly lose it when
she is at sea (upward dashed arrows) . Modified after (Bonnn J<J~ ~ )
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Figure 1.2. Phocid pinnipeds are, in general, larger than otariids, and in a) the largest
sp eci s (e.g., el phant and hooded seals), mothers can build up and tor most of the energy
needed for lactation during a prolonged "foraging" trip that lasts most of their reproductive
cycle. In this case, mothers can remain ashore, fasting, for the entire duration of lactation,
which is bri fer than that of otariids. Some pups are able to marginally prolong lactation
by stealing milk from a female whose pup has died. However, in b) the smallest speci
(e.g., harbour and ringed seals), females cannot afford this strategy and, therefore, require
frequent foraging to su tain the costs of lactation, especially in lat lactation. This strategy
is reminiscent of that observed in otariid , although lactation r mains considerably brie£ r
in phocids, and pups are weaned in late spring. The meaning of symbols is a in Figure 1.1
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F igure 1.3. Distribution of Antarctic (AFS) and subantarctic fur seal (SFS) breeding
colonies in relation to average position of Southern Ocean fronts ( Or~i et :d. 1990, \l(>or<'
et a!. 1D9D h). The size of the symbols is proportional to the fraction of t he total estimated
population of each species at each locality. Empty circles demarcate sympatric sites
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lines) . c) La Mare aux Elephants, at the western end of lie de la Possession (red circle) , was chosen as study site
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Figure 1.5. Study site (La Mare aux Elephants) at the western end of Ile de la Po s sion, Iles Crozet. a) Zones where Antarctic (AFS) and subantarctic (SFS) fur seals wer
concentrat d during the birth period and early lactation are indicat d by the solid arrows.
The dash d white line separates the colonies of each species. Nursing females and their
pups spr ad over larger areas throughout lactation, with AFS occupying th much wid r
area inland up to t he plateau and hills (upper left) with tussock, and SFS spreading to
a much smaller area within the rocky and bouldery zone just inland from the birth zone.
b) The typical tu sock zone where AFS £mal nursed their pup . c) The typical rocky,
bouldery, zone where SFS females nur ed th ir pups
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Figure 1.6. Seasonal composite (2002 to 2008) of ea surface temperature structure of ocean fro nts (left pa nels) a nd
chlorophy ll a concentration (right pa nels) around lies Crozet, as observed via MODIS Aqua satellite during spring
(a, b), summer (c, d ), a utumn (e, f) , a nd winter (g, h). T he 1000, 2000, 3000, a nd 4000 m isobaths a re shown as thin
black solid lines. From north to south: Subtropical Front (solid white line) , Subantarctic Front (dashed white line),
and Antarctic Pola r Front (dotted white line). Note t he persistent northward intrusion of t he Polar Frontal Zone
between t he Crozet plateau a round the a rchipelago (white star) and, to the west, t he Del Cano rise (white t riangle)
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Part I
Maternal strategies

Chapter 2

Foraging behaviour of sympatric Antarctic and
subantarctic fur seals: does their contrasting duration
of lactation make a difference? 1

Abstract
The duration of periods spent

hore v . foraging at s a, diving behaviour, and

diet of lactating female Antar tic (Arctocephalus gazella (P ter

1 75) , AFS) and

subantarctic (Arctocephalus tropicalis (Gray, 1872) , SFS) fur s als were compared
at Iles Crozet, wh re both species coexist. The large disparity in lactation duration
(SFS: 10 mo, AFS: 4 mo) , even under local sympatry, has 1 d to th

xpectation

that AFS hould exhibit higher foraging ffort or efficiency per unit time t han SFS
to allow th m to wean their pups in a horter period of time. Pr vious evidenc ,
however , has not supported these expectations. In this tudy, the distribution of
foraging trip durations revealed two types of trips: overnight (OFT, < 1 d) and long
(LFT, > 1 d) , in common with other r sults from Macquarie I land. However , diving
beh aviour diff r d significantly betw n foraging trip typ , with great r diving effort
in OFTs than in LFTs, and diving behaviour differed betw n fur seal pecies. OFTs
were more frequ nt in SFS (48%) than in AFS (28%). SFS p rform d longer LF'l::
1

Corresponding publication available in Appendix B.l
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and mat rnal attendances than AFS , spending a smaller proportion of their foraging
cycle at sea (66.2% vs. 77.5%, respectively). SFS dove deeper and for longer periods
than AFS , in both OFTs and LFTs, alt hough indices of diving effort were similar
between species. Diel variation in diving behaviour was lower among SFS, which
foraged at greater depths during most of the night time available than AFS. The
diving behaviour of AFS suggests they followed the nychthemeral migration of their
prey more closely. Concomitant with the differences in diving behaviour, AFS and
SFS fed on the same prey species, but in different proportions of three myctophid
fish ( Gymnoscopelus fraseri (Fraser-Brunner, 1931) , G. piabilis, and G. nicholsi)
that represented most of their diet. The estimated size of the mo t important fish
consumed did not vary significantly between fur seal species, suggesting that the
difference in dive depth was mostly a result of changes in the relative abundance
of these myctophids.

The energy content of these fish at Iles Crozet may thus

influence t he amount and quality of milk delivered to pups of each fur seal species.
These results contrast with those found at other site where both species coexist
and revealed a scale of variation in foraging behaviour which did not affect their
effort while at sea, but that may be a major determinant of foraging efficiency and,
consequently, maternal investment.

2.1 Introduction
Spatiotemporal separation of foraging and breeding is a defining characteristic of
pinnipeds, and may constrain their evolution (Bnrt lwlolllt:\\ 1970). Unlike most
phocid seals, otariid (fur seals and sea lions) lactating females cannot fast for the
entire period of lactation, as they are too small to store all the required energy
(Tbw.·:::.;,; and Bo\vcn H)Do). Therefore, they alternate their time at sea foraging,

with visits ashore to nurse their pup. Otariid lactation varies in duration from four
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months (Antarctic Arctocephalus gazella (Peters, 1875) and northern Callorhinus
ursinus (L., 1758) fur seals) to three years (Galapagos fur seals A. galapagoensis

(Heller, 1904)) , and single foraging trips range from several hours to about 50 days
in duration, depending on the species, stage of lactation, population, and location
(B(';l upk·t r·1 a!. 2()fJ1, Sdmlz and

.Uo\\'I!U

200·:J) . Such large variation has prompted

efforts to identify the proximate and ultimate factors that determine what particular
strategy an otariid adopts.
Studies on temperate species have emphasized the importance of prey cology and
variability of the physical environment in relation to otariid maternal strategies. For
example, Juan Fernandez (A . philippi (Peters, 1866)) and subantarctic (A. tropicalis
(Gray, 1872)) fur eals both have a 10-month lactation, during which lactating females feed on epipelagic fish (mean depths < 30 m) , mostly at night (<khou-Aeuiia
<llld Fr:nwi~ 1!JVo, Dv<lllpk•t et al. :200 l). Mean duration of foraging trips incr ases

in both species from 1-2 d early in lactation, to 25-50 d just prior to weaning. In
contrast, foraging trips of Australian fur seals (A. pusillus doriferus (Wood Jones,
1925)) rarely exceed 10 d during lactation, and females feed at much gr ater d pths
on benthic prey at all times of day

( Gal1 !~

Hud Pl ·mlwrton l!Nl , .\mould and llin-

dcll 20fH). These three species inhabit temperate latitudes with similar seasonal

regimes, so differences among them have challenged an early hypothesis et forth
to explain the variation in fur seal foraging behaviour, that pr sents environm ntal
seasonality as the main determinant of interspecific differences in foraging-nursing
cycles

( G~· nt. rj

Pta!. Hl;)G).

A drawback of interspecific comparisons using samples from different locations is
t hat environmental variation is usually unaccounted for. However, several examples
of different species breeding on the same islands exist, offering the opportunity to
control for this factor. Here I compare the foraging behaviour of sympatric Antarctic
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(A . gazella) and subantarctic (A . tropicalis) fur seals (AFS and SFS , r spectively,
her after), two phenotypically similar sister p cies wit h large differences in duration
of lactation. AFS breed mainly on islands sout h of t he Antarctic P olar Front, while
SFS do so m ainly on islands just north of it, but they breed sympatrically in t hr
groups of islands: Macquarie Island, Iles Crozet, and t he Prince Edward I lands
(Bonner 1~)~)!J ) . Lactation is 116 d long in AFS (Co!:--tn t•t nl 1!}1-\f>, Lnnn ct. al. HHl:>,)
and 300 d long in SFS (.I<crlc.!y .Wk7, Guinct nnd

(~,:orgcs

2000), and t his t rait appears

t o be constant throughout t heir distribut ion . SFS pups were sh own to have lower
energy requirements and higher body fat stores, compared t o AFS pup (Arnonld
et

al. :200:3), even though rate of milk consumpt ion was only slightly higher in AFS.

Therefore, AFS fem ales have <50% of t he time t hat SFS fem ales have for investing in
their offspring, but their offspring's energy demands may be higher ( ,\ l'lluu ld et ,J!.
200:~).

Understanding how individuals of t hese species forage when in sympatry,

yet under such different pressures, can t hus help reveal which elements of foraging
behaviour are species-specific and relatively invariant, and which ones are plastic
and adap tively responsive to environmental influences.
The foraging ecology of AFS and SFS has been studied t horoughly at various locations t hroughout their r ange, over sever al time scales. T he diet of AFS varies geogr aphically, with Antarctic krill (Euphausia superba (Dana, 1850)) being t he main
food resource in t he sout hern Atlant ic O cean (Sout h Georgia r>oidge <UHl C'roxflll
lf.l83 , H.c·id and Arnonld 1UDG; Bouvet¢ya Kirkuwn c1 a!. 2000) , alt hough fish complements t heir diet along t he Antarctic p eninsula (Cil!:--anx t.'i ul.

:2oo:n

and Sout h

Shetland Islands ( Dnueri l9f.lG). In t he southern Indian Ocean , fish is t he main prey
(Marion Island Klagc•!-i and Be1'lter 1!J98; Iles Kerguelen LP:l Pt al. 200:2b, and Heard
Island Cn·en t-1 al. 1997). B ased on scat an aly es, SFS at Marion Island feed pred ominantly on myctophid fish

( h.h\gP~

and B('!it<'r ElD8), but stomach content analyses
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suggest that at Marion (Fvrn·ird <111<1 B(•:-;ter 1DU\J) and Gough (BP:-;tt•J nnd Lnynj('k
I !J~u) island they feed mostly on cephalopod and on myctophid fish at Amsterdam

Island (Bcanpl(•t ('I al. 200 t). Some studies suggest that such intrasp cific dietary
differences are related to the analytical techniques used, but are also associated with
difference in dive behaviour, both in terms of depth and diel activity patterns (AFS
at South Georgia Crc.xnll ct a!. l9X.1\ Boyd mtd Croxall 1!J!J2; AFS at Iles Kergu l n

Lr·a

ct

al. 2002c , and SFS at Amsterdam Island Gc·orgc~ d a!. :200llb).

If foraging behaviour is mainly determined by prey ecology, then dietarily similar
sympatric fur seal species would be expected to differ little in foraging beh aviour.
At the level of entire foraging trips, this expectation has been supported in studi s
of AFS and SFS at Macquarie Island (Guld:,\\ort hy t>t HJ. I U!JI, Gohb\\'nrt h.) l ~}!l~l ,
Hubin~on d

a!. :.!UU2) and Iles Crozet (Bailleul PI HI. 20lK•). The species were similar

in diet at Macquarie Island and exhibited similar foraging behaviour at both ite ,
with females diving close to the surface, mostly at night. Summer foraging areas
of the species also overlapped considerably. Other data from Marion (I ~<·~t<·r ;md
Bmt l<>tt Fl90, Kirkllli'tll c•t ;d. :2002, :2110:3) and Macquarie islands ( Guhb\\'ort h.v J !)!)!))
suggest no interspecific differences in the duration of foraging trips, except at Iles
Crozet where AFS made longer trips ( Bc·~t·'l' and Bnrt let i J!)~JO , Hobin:-><•n d al.
200:2, BnillC"nl ct al. 201J:i).
To date, comparisons of foraging behaviour of AFS and SFS have used the scale of
the foraging trip ( H<':,tpr ;md

n,, ill~>ul

[~mtlctt

1D90, Hobiw;oll ct. al. 2002 , Kirkmmt t•t al. J()():J,

et al. :2fHJ.)). However, such a scale may not reveal ecologically important

interspecific differences on finer scales. Night diving by fur seals is linked to the diel
vertical migration of their prey (Cruxall Pt al.

l~)S.), c('l!IT,V

l!lf.l:S , \\'Pils l't al.

I~HlO ),

so foraging behaviour optima are expected to show a diel pattern, particularly during
the night (:\Iuri J9%a). Therefore , important interspecific differences in the temporal
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distribution of dive effort and depth utilization may exist. Determining when and
where the sp cies concentrate their foraging effort in the water column, in relation t o
the prey t hey exploit, may reveal patterns that are related to their different lactation
strategies. Moreover, the presence of overnight and longer foraging t rips in both
species at some locations raises t he question of whether t heir function differ. These
questions have not been addressed, so the objectives of this study were to compare:
(i) maternal attendance and foraging trip durations; (ii) diel patterns in diving, and
how they vary between overnight and longer foraging trips; and (iii) diet of sympatric
AFS and SFS at Iles Crozet. Because of their briefer lactation and the physiological
differences between AFS and SFS pups outlined above, AFS females were expect d
to show briefer maternal attendance periods and foraging-trip durations. For the
same reasons, they also were expected to spend greater effort while diving.

2.2 Materials and methods
2.2.1 Fur seal study colonies

Research was carried out at La Mare Aux Elephants (46°22'29" S, 51°40 '13" E), at
the west rn end of Ile de la Possession , Crozet archipelago, Southern Indian Ocean ,
during 2001-02 (December 4th - March 25th) and 2002-03 (December 1st - March
16th) breeding seasons (2001 and 2002 hereafter). La Mare aux Elephants consists of
two adjacent AFS and SFS colonies, which are on different typ s of substrate. AFS
used the northern part of the beach, composed of small- to medium-siz d pebbles,
with gentle slopes behind; while SFS used the southern part of the beach, composed
of large boulders eroded from the steep hinterlands. Both species gave birth close
to shore, but t he AFS colony grew in size as the season progressed, while t he other
species tended to remain close to shore during t he same period.
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A total of 277 (AFS: 153, SFS: 124) pups were individually mark d as previously
described

(G<>org~·s

illld Gnind 2000a, ,"\rnuuld

<'1

a!. 21l(J:3 , Baill<'tll ct al. 2001).

Pup production and mean date of pupping were estimat ed using total pup counts
(both years; including dead and living pups) on a weekly basis until no more birt hs
were ob erved. Peak pupping dates were 5 and 15 December (164 and 167 pups in
2001 and 2002, respectively) for AFS , and 25 and 30 December (80 and 91 pups in
2001 and 2002, respectively) for SFS. Therefore, there were inter-annual differences
of up t o 10 d, which suggests large environment al differences between study years
(Lunu ;Htd Boyd l\)\Y:3). However , Lmtn awl Bu:yd (19!):5) suggest ed that variation in

pupping dat e at Bird Island, Sout h Georgia, may reflect differences in environmental
conditions during lat e gest ation, rather than post-part um (my study period), o
inter-annual differences in foraging behaviour were not fully analyzed. P opulations
of both species have been increasing at an annual rate of about 18%, at least unt il
1994 (Cuinc>t t•t al.

199·~ ).

2.2.2 Instrumentation, maternal attendance and diving behaviour

Animal capture and handling procedures were described in Baillr·ul ct al. (200!"i).
Briefly, lact ating females of each species were capt ured on land during t heir nursing
visits. Each individual was weighed to the nearest kg, and placed on a r straint board
for attachment of in t ruments. One of three different time-dep th recorder (TDR)
models was glued to t he dorsal fur between the scapulae, u ing a two-component glue
(AW 2101 Ciba Specialty Chemi als): MK5, MK7, and MK8 (Wildlife Computer ,
Redmond , Washingt on , U.S.A.). There were no significant differences in foraging
trip duration, dive depth, nor clive dura tion between animal instrumented with
different T DR models (P > 0.5 in all cases), so data from the three models w r
pooled for interspecific comparison purposes. T DRs were programmed to record
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time and depth every 5 s when the seals were at sea, with a 1 m depth resolut ion.
The characteristics and composition of sampled females are summarized in Table 2.1 .
Instruments were left on the seals for 1 to 11 foraging trips, and were recovered by
cutting the fur beneat h them, upon t he seals' return to the colony.
TDR data were downloaded to a portable computer on the same day the instrument was recovered, to allow redeployment of TDR::> on different individuals.
Visualization and analyses of the resulting regular time series of dive data were performed using custom written software, available as the GNU R (H dPv!'lopuwut Cure
Ii·;utl JU07) package diveMove ( Lnqur• 2007). Before analyses, d pth readings were

corrected for shifts in the pressure t ransducer of the T DH.. Sections of ach record
were identified as foraging t rips if continuous wet activity (i.e., continuous d pt h
readings) was available for at least 6 h. This limit was imposed to exclude short xcursions to sea, for activities other than foraging, as these contained isolated shallow
dives and mainly surface behaviour, in contrast to the bout-organized dives typical
oflonger excursions ('\I<Jri <'I al. J(l()J ). Therefore, maternal attendance and foraging
trip durations were obtained from TDR records.
Dives were defined as departures from the surface to depths ;:::: 4 m plus th ensuing return to surface. Dives to shallower d pths were not considered, as they
were indistinguishable from noise remaining after adjustment of pressure transducer
drifts, which was greater than the resolution of the instrument (BPck l't ;ll. 2000).
Each dive was divided into descent, bottom, and ascent phases, where: (1) descent
started at the surface and ended when no further increases in depth wer dete ted;
(2) ascent was defined from t he end of the dive and, with the reversed time series,
ending when no further increases in depth were detected ; and (3) the b ottom was
the period between descent and ascent phases. Dives were subsequently described
by duration, maximal depth, and post-dive duration. The duration of each phase of
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the dive, the vertical distance covered during de cent and ascent, and the cumulative
vertical displacement ("wiggles") during the bottom phase also were computed by
the program. These basic dive descriptors were used to estimate descent and ascent
rates as r

= 8xj8t, where r is the rate (m/s), 8x is vertical distance, and 8t is t he

duration of the corresponding phase.
Dive rate was used as an index of diving effort , calculated as the sum of ascent and descent distances, plus the vertical distance covered during the bottom
phase, divid d by total night time spent at sea. The index has been used previously
to estimate vertical distance travelled per unit time (Co:-,!a nnd Gulr•::;

:woo). For

comparison with previous studies, a second index of diving effort was calculated as
the total time spent diving, divided by the total night time pent at sea. Total
night time at sea was calculated following algorithms available from the National
Oceanic & Atmospheric Administration ( OAA) at http: I lwww. srrb. noaa. gov I
highlightslsunriselsunrise.html.

2.2.3 Diet
Scat samples, weighing an average of 50 g, were collected at each sp cies ' colony
during January and February 2002 (2001 breeding season). Although species were
spatially segregated on land, seals of both species occasionally used the periphery
of the colony to commute between land and sea. Therefore, samples w recollected
only within core areas used by lactating females and pups of each species. Samples
were frozen at - 20° C, unt il laboratory analysis.
In the laboratory, scat samples were thawed overnight in warm water, and washed
through 1 and 0.5 mm diameter mesh sieves. Remains of fish (otoliths, scales and
bones) , cephalopods (beaks) , molluscs (shells) , birds (feathers) , and invertebrat s
wer sorted under a dissecting microscope and stored in 70% alcohol unt il identifi-
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cation. Rem ains were identified to t he sp ecies level where possible, using available
guides (Chtrk<' 19SG,

\\'illiant~

ilnd \kEldo\\ rwy ElUil, Sl!Hd~· <'I al. J!J!JE'1 ) and a refer-

ence collection at CEBC, Chize, France. Standard length of t he most frequent pr y
for each fur seal sp ecies was estimated using available regression equations (\\

illiam~

;md :\lcEldowm·v l!J!JfJ) of fish length against measured otolit h standard length (to
t he nearest mm). Diet was quant ified by calculating t he relative numerical abundance of each prey t axon (number of individuals found relative to t he total number
of individuals), and frequency of occurren ce of each taxon (number of samples ontaining the item divided by t he tot al number of samples) .

2.2.4 Statistical analyses
Dives from the same seal were not indep endent of one another. Furt hermore, th
number of foraging trips, and hence the number of dives per individual w re not the
sam e. To give each seal the same statistical weights in analyses, and to avoid pseudoreplication , t he mean of each dive variable was calculated per individual during
initial foraging-trip scale analyses, to allow comparison with other t udi s (Hurllwrt
JU81) . The mean also was used t o represent data from each individual and each hour

of the day, for studying diel variation in foraging behaviour.
Variability in dive dept h was used as a measure of how closely AFS and SFS
followed the vertical movements of prey, if t h y consum d t h same prey p ci s, or
else as a measure of variability in prey ver tical movements. To test for differences in
t his variability, the coefficient of variation (CV) was calculated for each individual,
and a one-way Analysis of Variance was used to test whether it differed betw en
species.
Results are presented as means ± SE , unl ss noted otherwise. T he Shapiro-Wilks
statistic and Fligner-Killeen test were used to evaluate assumptions of normality
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of data distributions and homogeneity of variances, respectively, prior to analy es
of variance. Effects of foraging-trip duration, species, and their interaction, on each
dive variable were tested using linear mixed-effects models (Pnt!H'iro nwl Bat<'S 2000).
Dietary differences were tested using two-sample Wilcoxon tests. All analyses were
carried out in the GNU R system (H

dc~wlopnt<·nt

C\nc

'l•~mn

2001) .

2.3 Results
I obtained data for > 250 foraging trips from > 90 females, split roughly equally

between the species (AFS, n

= 49; SFS, n = 47; 1-11 per female Tabl 2.1). Data

from two SFS females instrumented in winter 2003 (June 11th - July 15th) to d termine t heir foraging behaviour during late lactation, were analyzed but excluded
from interspecific comparisons, as no additional SFS females could be instrumented
then.

2.3.1 Maternal attendance and foraging- trip duration

Most seals departed the colony to forage at sea between 17:00 and 20:00 local tim ,
although departures during all hours of the afternoon were observed for AFS (Figure 2.1). Arrival times were more variable, but occurred mostly during the morning
for both species. AFS females departed from the colony significantly earlier in the
late afternoon (Kruskal-Wallis
the morning (x2

x2 =

27.56, P < 0.001) , and returned to it later in

= 26.48, P < 0.001) . Median departure and arrival times were

17:30 and 09:31 for AFS, and 18:39 and 06:44 for SFS, respectively.
A subsample of 70 seals for which complete foraging cycles (i.e., foraging trip
and the subsequent maternal attendance) were documented, showed that AFS spent
significantly more time at sea (F1,68

=

7.69, P

=

0.007, arcsine transformed data)

and a larger proportion of their foraging cycle at sea than SFS (AFS: 77.5% ± 0.30,
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n

=

36; SFS: 66.2% ± 0.54, n

=
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34) . The proportion of time at s a did not vary

significantly throughout the breeding season (P > 0.1 for both AFS and SFS).
Foraging trips lasted from 0.3 to 32 d , but with a highly skewed right distribution,
and an abs n e of trips of durations 1.00 - 1.25 d (Figur 2.2). Furth rmore 43%
of all trips lasted < 1 d, so a distin tion between foraging t rips l ting < 1 d and

> 1 d was necessary. Brief, overnight foraging trips (OFTs) w r
frequent for SFS (48% vs 28% for AFS , Pearson's

ignificantly more

x2 = 5.15, P = 0.02, Table 2.2).

Although an analysis of inter-annual variation was not the focus of this study, a
compari on of durations of long foraging trip (LFT) betwe n years did not differ
significantly for either species (Kruskal-Wallis test, P > 0.1).

T herefore, inter-

annual variation in foraging and maternal attendance behaviour wa not consid red
in subs qu nt analyses.
OFTs were not limited to any particular period of the br eding s ason , as seals
alternated irr gularly between OFTs and LFTs throughout that p riod (Figure 2.3 ,
upper) . OFT's averaged approximately half a day in duration and did not diff r
significantly between species (Table 2.2). However, LFTs wer about 50% longer in
SFS females (Table 2.2). LFTs incr ased ignificantly in duration over the breeding
season (slope

= 0.92 h · d- 1 , P < 0.05), although variation was larg (r 2 = 0.29);

rate of increase was similar between speci s (A COVA F 1,

1

=

2.67, P

=

0.11 ,

Figure 2.3). Data from two SFS individual females in winter included one foraging
trip each , with a duration of 30.2 and 31.9 d , respectively, much greater than values
recorded during the summer.
Maternal attendances were signifi antly longer in SFS, following either OFTs or
LFTs (Tabl 2.2). Concomitant with these differences, female
longer after LFTs than after OFT (F1,93

als stayed ashor

= 10.2, P = 0.002; non-significant species

x trip-type interaction, P > 0.1).
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2.3.2 Diving behaviour

Information from 133,010 dives was obtained from all seals overall, but 16,579 of
those were from two individuals deployed in winter, so 116,431 were from the summer
(Table 2.3). Diving was restricted almost entir ly to the night in both species. While
at sea at night, both species dove 34% of the available time, on average.
Overall, diving behaviour differed significantly between species, with SFS diving
deeper and for longer periods (Table 2.3). However, maximal dive depths were higher
for AFS. Mean rates of descent and ascent, as well as tim spent at the bottom, were
higher in SFS. Despite those differences, both species spent nearly the same effort
when diving, as no significant differences were found in time spent diving (mean,
34%) or the rate of diving (mean, 1,053 m · h- 1 ) during the night.

Seasonal changes in diving behaviour were apparent for SFS, as the two lactating
females instrumented during winter showed reduced mean diving depth and durations (24.6

± 0.38 m and 80.2 ± 5.6 s, respectively) , compared to summer valu s.

Maximal dive durations increased to 337.5 ± 8.8 s. Diving was mainly nocturnal
(mean, 99.1%), as during the summer.
Diving behaviour varied significantly with type of foraging trip (OFT vs. LFT,
linear mixed effects models, P < 0.05 all cases), and this factor did not show any
significant interactions with sp cies for any of the dive attributes studied (P >
0.05 all cases).

However, the inclusion of this factor did not affect interspe ific

comparisons. During OFT's, seals dove to significantly gr ater depth , for longer
periods (F1 ,46

=

28.7 and F 1 ,46

=

40.0, P

< 0.001 both cases). The deepest and

longest dives for each seal were recorded during OFTs (Table 2.4). Similarly, mean
descent and ascent (F1,46

=

8.4, F 1,46

=

9.9) plus nocturnal dive rates (F1,46

= 5.4),

were significantly greater during OFTs (P < 0.05 all cases).
D spite the trends just reported, median dive depth was shallower (F1,46
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P = 0.02), and mean and median dive duration (F 1,46 = 17.0 and F 1,46 = 20.7), plus

mean bottom time (F 1,46 = 20.5) were briefer during OFTs (P < 0.001 in all cas s) .
Mean dive depth and time spent diving a t night did not vary with type of foraging
trip (P > 0.1 all cases).
Diff rences in dive behaviour between foraging trip types and betwe n species
became more evident when diel patterns in dive depth and duration were consider d
(Figure 2.4). During OF1"H, AFS females dove to mean depths of 28 m for most of
the night, but increased dive depths to 61 m at dawn. In contrast, SFS females began
diving at dusk to relatively shallow depths (24 m) , but dive depths increased steadily
to mean depths of 48 m at midnight, and decreased thereafter to mean depths of 39
m (Figure 2.4a). Nonetheless, the coefficient of variation (CV) in dive dept h between
dusk and dawn was similar between species during OFTs (F1,52

= 0.004,

P

= 0.95).

Dive duration followed a similar pattern during these short trip , when AFS females
made the longest dives at dusk and dawn. Dive durations were much 1 ss variable
throughout the night among SFS females, despite relatively large changes in dive
depths (Figure 2.4b) .
Die! changes in dive depth differed between LFTs and OFTs (Figur 2.4). AFS
females made their deepest dives at dusk and dawn (mean 44 and 65 m , resp ctively) ,
but dove to relatively shallow depths (mean 28 m) for most of the night. Dive
depths varied little from dusk unt il the end of the night in SFS (mean 37 m ), and
they increased to approximately 48 m at dawn (Figure 2.4a) . Concomitant with
t hese differences, the CV of nocturnal dive depth during LFTs was high r in AFS

(F1 ,96 = 17.1, P < 0.001) . Again, dive durations followed approximately the same
pat tern in AFS , with the longest dives at dusk and dawn , and the briefest dives in
the middle of the night. Dive durations of SFS females were similar to, t hough 1 ss
pronounced than, those of AFS (Figure 2.4b).
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Dive rates were lowest at dusk and dawn , regardle s of foraging-trip type or spe ie .
However, they bowed different diel patterns between species and between foragingtrip types (Figure 2.5a). While on OFTt>, dive rates varied greatly in SFS, being
highest in the middle of the night and higher t han those of AFS during t hat period .
Dive rates w re more homogeneous in LFTs for both species, but were again higher
for SFS in the middle of the night. They showed peaks at dusk and dawn for AFS,
associated with the deeper dives t hey performed during t hose hours. Changes in
time spent diving per hour of night showed the same differences between foragingtrip types , although differences between species were evident only for the hours
following dusk and prior to dawn in LFTs (Figure 2.5b) .
SFS females instrumented in winter dove close to the surface between dusk and
dawn, and at considerably lower mean depths (15-30 m) than those in summer.
Winter dive durat ions were 50 - 110 s, with t he longest dives after midnight and
before dawn. Mean dive rates and time spent diving varied greatly, but were relatively const ant throughout the night at 80 m · h-I, and 90 s · h- 1 , r spectiv ly,
considerably lower than in summer.

2.3.3 Diet

A t otal of 82 scat samples were analyzed (41 from each fur eal species), yielding
2,354 sagittal otoliths, 143 cephalopod beaks, and 22 crust acean remains useful for
identification. Species from t he family Myct ophidae dominated t he fish component
of the diet of both species (90. 8% and 92. 2% of total number of prey, respectively).
The genus Gymnoscopelus was the most common representative of that family (AFS:
71 .1%; SF S: 70.0%, Figure 2.6), and seven other fish species (from 7 families) were
also ident ified, but in very low numbers ( < 1%) . Seven species of cephalopod were
also ident ified, but only one of t hem represented > 1% of all prey numbers (Fig-
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ure 2.6).
AFS and SFS consumed the same prey species, but in diff rent proportions (x 2

=

213.2 P < 0.001; test based on 10 species for which relative numb rs were larger
than 5 for both fur seal species). The difference was due to differences in the proportions of Gymnoscopelus species (G. fraseri , G. piabilis, G. nicholsi, and other
unidentified species) and, to a lesser extent, Electrona subaspera (Gunther, 1864)
and the brachioteuthid cephalopod Slosarczykovia circumantarctica (Lipinski, 2001)
(Figure 2.6). SFS consumed G. fraseri and E. subaspera in higher numerical proportions than did AFS, and G. nicholsi and the cephalopod S. circumantarctica were
more common in the diet of AFS.
Based on regression analysi of otolith size (see Methods) , standard l ngth (SL)
of G. fraseri consumed by the two fur seal species was similar (AFS, 82.8 ± 6.3
mm, n

= 12; SFS, 81.5 ± 6.4 mm, n = 102; Mann-Whitney, U = 645.0, P = 0.76).

Gymnoscopelus piabilis consum d by AFS was slightly larger (132.5 ± 9.8 mm, n

=

14) , but not signficantly so (U = 776.5, P = 0.07), than that consumed by SFS
(129.7 ± 7.7 mm, n

= 85).

2.4 Discussion
Antarctic and subantarctic fur seals are locally sympatric (syntopic) at Macquari
Island, Marion Island, and Iles Crozet, wh re they feed on the same species. At
Macquarie Island and Iles Crozet they were shown to use similar foraging ar
dive to similar depths, and stay submerged for about the same amount of time.
Th se similarities in foraging b haviour have been used to support the notion that
prey ecology is the major determinant of the predators' foraging characteristic .
However, the large difference in duration of lactation and in pup physiology (e .g.,
energy budgets and fat stores, as noted above) suggested that some interspecific
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differences in foraging ecology must occur. The results of the present study revealed
interspecific differences in foraging behaviour which were not pr viously evident from
foraging-trip-scale analyses.

2.4.1 Differences in maternal attendance and foraging-trip duration

Sev ral studies have used the interval between departure from the colony and the
first dive as an indication of travel t ime to the first foraging patch (Bowl ct al.

19~) J ,

Pap/' ('i a.l. 200.)). In this study, the late afternoon departure and early morning

arrival from the colony for most individuals indicated that both species travelled to
foraging areas close to the colony, because seals dove almost exclusively at night, in
common with other fur seals that dive predominantly at night (Gt>11trv <lllll I\:oovm;m
lUXGn). Indeed, this was documented in a previous satellite-tracking study, in which
both species were shown to forage 50 - 100 km from the colony

(B;~illPult'l

;d. 200i).

I observed two distinctly different kinds of foraging trip in both species: brief
(OFT) or long (LFT ). This also has been observed in these sp cies at Macquarie
Island

( Gold~worihy

HND). However, mean foraging-trip duration varies both g a-

graphically and temporally in AFS (2.5- 13.1 d: Boyd ilttd Croxall 1~)!)2 , Cn'('JJ J!HJ7,
Lea ci ill. 2002c, .1\:irktnan d al. :20tH), and the LFT durations I observed in this
study (mean, 3.47 d) fall near the lower end of values in that range. At Marion Island, with a similar marine environment around it as that found around Iles Crozet,
LFT durations averaged considerably longer for AFS females: 6.0 to 9.4 d (hidultan
et

<1l. 200:)) , suggesting they fed closer to the colony at Iles Croz t .

T he LFT durations I observed for SFS (mean 5.23 d) were similar to those observ d
at Marion Island (K1rknwu

~~r

:d. 2002), but much briefer than those observed in an

allopatric population at Amsterdam Island, where summer foraging trip durations
averaged 11 d

( (~c·(lJ"~P;-;

and Guirmr 2000/J). SFS female at Amsterdam Island forage
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( Gt?org~':-, <·1

<d. 2000a), which is found mu h farth r from the

in the Subtropical Front

colony, and increasingly so throughout lactation, than the Polar and Subpolar Front
around Iles Crozet (Spi!n:rm

{'t

al. I !l%), where this sp cies finds food. Therefore,

the proximity of these two oceanic fronts around Iles Crozet may account for the
briefer durations of foraging-t rips in this SFS population. T his may al o be t he case
for SFS at Marion Island (Kirklllilll r·t nl

~002 ).

A finding common to all three sites wh r AFS and SFS br d sympatrically is t he
longer duration of SFS maternal attendance, compared to AFS f mal

(Gul(bwortll\

1!J!lq, lk;:,t •'r ;md B.1rtl( tt 1!l!Hl). Increased frequency of brief foraging trips, and
reduced duration of maternal attendanc

both suggest high r energy t ransfer rates

to offspring (Bnvrl

<d. 19()6a , Bord ](J9fJ). In t he Amsterdam

f't

al. 190 !, \nwllld

t'l

Island SFS population, however , pup · from mothers making very brief or very long
foraging trips suffered reduced growth rates, ompared to thos from mothers making
trips 9 - 13 d in duration

( Ct'uq.;<'~ HI

rl Gni1wt 2000b), so OFTs may not always be

the most profitable for mother and pup. Otherwise, females of both species would
be expect d t o use OFTs as much as possible. Therefore, SFS females may hav
increased the proportion of OFTh at a cost of reducing energy transfer rat es to their
pups. This foraging strategy may be optimal for species with relatively long lactation,
with offspring that must fast for long p riod during which th y have reduced energy
requirem nts (:\Juonld et

<11.

20tH). In cont rast, lactating f male AFS may be under

stronger pres ure to perform foraging trip > 1 d in duration to tran f r sufficient
en rgy to sust ain pup activity and growth during maternal absenc . Indeed , lactating
female AFS spent a great er proportion of their foraging cycle at sea.
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2.4 Discussion

2.4.2 Interspecific differences in diving behaviour and diet

The major aspects of diving behaviour of lactating female AFS and SFS in thi
study differed litt le from allopatric populations of those species (Br>vd
1~)!!'2 , Gcorg,e;-; t't nl.

2000/1, Lt;a

f't

ilL 2002r').

<Uld

Croxnll

However, AFS may have greater

versatility in diving behaviour, as they also dive frequently during daylight hours
in some populations (:\kC.tHert_) t·t ul. 1998,

Lt'c\

et

~d.

:.!tHI2£·); presumably thi is

related to variation in diet. In contrast, during this study and another one carried
out at Amsterdam Island, < 1% of all SFS dives occurred during daylight hours, and
SFS diet consisted primarily of myctophid fish ( Ll<•;mpld <'t nl. 200 1).
I documented diel changes in dive characteristics, which revealed some fine-scale
ecological differences between AFS and SFS: (i) relatively deep and long dusk and
dawn diving, with shallow, brief diving for most of the night in AFS , particularly
during LFTs, (ii) dives to relatively constant depths and durations for most of t he
night, wit h a depth increase at dawn, and dive duration maxima at dusk and dawn
during LFTs for SFS, and (iii) deep diving around midnight, decreasing to minima
at dusk and dawn , with relatively constant dive duration for most of the night
during OFTs for SFS. These patterns resulted in SFS diving deeper and for long r
periods overall. The associated changes in night dive rate and time spent diving also
indicated that t hey concent rated diving efforts at different t imes of t h night. Tlm ,
AFS females focused t heir dive effort in the hour immediately aft er dusk and before
dawn during LFTti, and in the hours between midnight and dawn during OF'l1>. In
comparison , SFS f males progressively increased dive effort between du k and dawn
during LFTs, and concentrated most of it around midnight during OFTs.
The first feature (i) of AFS female dives, noted above, has been considered typical
of fur seals closely tracking the vertical migration of their prey (Coc-lwl d al. 1D!ll ,
C'rox;dl Pt al. n)80); such as myctophid fish in this study. Most myctophids are
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known to undergo migrations from deep (200 - 800 m) layers in the water column
during the daytime, to a few tens of meters from the surface at night (Huhisnu :20m).
Th refore, the deep crepuscular dives performed by AFS in both types of foraging
trip suggest they were following their prey, as they return to their deeper daytime
locations.
The diel diving pattern of SFS in LFTs suggests that this sp cies did not follow
the vertical migrations of their prey as closely as AFS (feature iii, as noted above).
Consistent with this observation, variability in dive depth throughout the night was
lower in SFS, and their dives were concentrated deeper in the water column , o
foraging exhibited some vertical segregation between species during LFTs. This was
not mirrored in nocturnal dive rates or time spent diving, as di 1 patterns in those
variables were similar between species. The diving behaviour of SFS during LF'H,;
is similar to that of benthic-feeding otariids (C'o"t<l ;uHl c;,,]f':-, 20():{, .\mould and
fliwldl 2001 ); however, both SFS and AFS are pelagic foragers ( Baill(•JJ! H al. 2fl05) ,

and the bottom phase of dives was characterized by numerous "wiggles", which is
not typical of benthic feeders. The overall similarity in the diets of both sp ci s
suggests that they exploit the same prey resource, but in slightly different ways, as
they distribute their dive effort differently over time and through the wat r column.
AFS and SFS females differed most strikingly in OFT diving characteristics. During OFTs, some of these differences resulted in vertical s gregation of approximately
20m around midnight. The nocturnal dive rate at dusk and dawn was very low for
these trips among SFS, even lower than among AFS, hence they made very few div s
at these times. Consistent with the reduction in dive effort at dawn, SFS f males arrived at the colony earlier, and the later arrival of AFS females reflects their greater
effort diving deeply at dawn.
The diet and diving behaviour of SFS have only been studied previously at Amster-
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dam Island. The myctophids consumed there differed greatly from tho e I identified
(l.~<·auplPI

ct HL 200,1 ) at Ile de la Possession, with none of the same species being

noted. However, diving behaviour is strikingly similar between the two sites. Although OFTs do not occur at Amsterdam Island, LFT dives of SFS from both sites
showed relatively constant depths throughout the night, and my limited data from
winter also show similarities between the two sites. This contrasts with AFS studies
showing broad differences in diving behaviour, in association with differences in diet.
SFS may thus be less flexible in t heir diving behaviour t han t heir sout hern cousins.
The vertical distribution and migration of myctophid consumed by fur seals in
waters around Iles Crozet are unknown, but data from Iles Kerguelen (1400 km
to the southeast) provide some indications. The three most important myctophids
identified in Iles Crozet fur seal scats have been found in the upper 50 m layer of
waters around Iles Kerguelen (Duhamel t•t <!I. 2000). Gymnoscopelus fras eri shows
strong vertical migrations there, but is less abundant than G. nicholsi near t he
surface at that location. If the same pattern exists around Iles Croz t , it may
explain the higher frequency of G. fraseri in SFS and of G. nicholsi in AFS scats.
Interestingly, G. nicholsi from that location is richer in lipid content than G. fras eri
(18.0 vs. 11.6 % wet mass; L<'n <'L a! 200:2d). Therefore, AFS may forage more
efficiently by trading off the larger abundance of an energetically poorer prey deeper
in the water column, for a richer prey closer to the surface. The consequences of uch
foraging behaviour differences between sympatric fur seals with contrasting lactation
durations n ed to be investigated in terms of mother-offspring energetic .
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Table 2.1. Summary of data on lactating female Antarctic (AFS) and subantarctic (SFS) fur seals fitted with t ime-depth recorders (TDRs) on lies Crozet, in the
breeding seasons of 2001-02 and 2002-03

Species
AFS

SFS

Breeding
Season

Body mass
(kg)

MK5

2001
2002

33.2 ± 0.44
31.6 ± 0.58

5
3

16
4

Both

32.7 ± 0.36

8

2001
2002

30.6 ± 0.55
30.4 ± 0.78

Both

30.5 ± 0.45

TDR model
MK7 MK8

All

Foraging
trips

16
5

37
12

102
30

20

21

49

132

3
2

17
4

17
4

37
10

113
32

5

21

21

47

145

Table 2.2. Summary of durations of overnight (OFT) and long (LFT)
foraging trips, and of the ensuing period ashore, for Antarctic (AFS) and
subantarctic (SFS) fur seals on lies Crozet. Mean ± SE (N) are shown

Activity

Species

Duration (d)
OFT

At-sea

Ashorea

a

b

AFS
SFS

0.52 ± 0.03 (19)
0.48 ± 0.02 (35)

F-ratio

Fl ,52

AFS
SFS

0.74 ± 0.17 (17)
1.17 ± 0.12 (28)

F-ratio

F143
'

= 1.72

= 4.63b

LFT
3.47 ± 0.20 (49)
5.23 ± 0.51 (38)
F1 5
'

= 12.4b

1.18 ± 0.09 (31)
1.94 ± 0.19 (19)
F14s
'

= 16.0b

P eriods ashore were grouped according to duration of the preceding foraging trip
P < 0.01 between species
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Table 2.3. Overall summary of summer diving behaviour of Antarctic (AFS) and subantarctic (SFS) fur seals on Iles Crozet. Mean ± SE (N) are shown
Dive variablea

AFS

Total number of dives
Night dives (% of total)
Mean dive depth (m)
Median dive depth (m)
Maximum dive depth (m)
Deepest dive (m)
Mean dive duration (s)
Median dive duration (s)
Maximum dive duration (s)
Longest dive (s)
s- 1)
Mean descent rate (m
s- 1)
Mean ascent rate (m
Mean bottom time (s)
Time spent diving at night (% of night time)
h-1)
Night dive rate (m
a
b

c

56, 795
59,636
97.8 ± 0.04
98.5 ± 0.04
29.2 ± 0.24
39.7 ± 0.31
23.7 ± 0.33
39.9 ± 0.39
122.9 ± 0.66
99.8 ± 0.34
141
193
78.5 ± 0.42
93.2 ± 0.46
74.5±0.57
94.5 ± 0.57
219.0 ± 0.63
206.9 ± 0.58
295
310
0.92 ± 0.003
1.07 ± 0.004
1.07 ± 0.004
1.23 ± 0.005
31.8 ± 0.14
36.4 ± 0.19
34.5 ± 0.19
33.4 ± 0.17
988.5 ± 7.84 1, 116.6 ± 8.97

For each individual, the mean was used to avoid pseudoreplication
P < 0.05 between species
P < 0.001 betwee n species
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SFS

F-ratio
4.71b
14.3c
19.8c
17.4c
10.6b
11.5c
3.77
19.9c
12.6c
7.1b
0.29
2.23
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Table 2 .4. Quantitative summary of diving behaviour of Antarctic (AFS) and
subantarctic (SFS) fur seals on Iles Crozet, during overnight (OFT) and long
(LFT) foraging trips. Mean ± SE (N) are shown
Dive variableb

AFS

SFS

OFT
Total number of dives
Mean dive depth (m)
Median dive depth (m)
Maximum dive depth (m)
Deepest dive (m)
Mean dive duration (s)
Median dive duration (s)
Maximum dive duration (s)
Longest dive (s)
s- 1)
Mean descent rate (m
1)
sMean ascent rate (m
Mean bottom time (s)
Time spent diving at night (% of night time)
h- 1)
Night dive rate (m

4, 088
8, 573
29.7±0.25
37.8 ±
24.2 ± 0.33
37.4 ±
99.9 ±
122.0 ± 0.67
193
141
78.7 ± 0.44
88.1 ±
88.3 ±
74.5 ± 0.58
207.2 ±
218.2 ± 0.65
295
310
1.07
±
0.92 ± 0.003
1.23 ±
1.08 ± 0.004
34.9 ±
31.5 ±0.15
33.1 ±
35.4 ± 0.20
1, 008.9 ± 8.17 1, 105.8 ±

0.35
0.46
0.36
0.51
0.66
0.69
0.004
0.006
0.22
0.21
10.92

LFT
Total number of dives
Mean dive depth (m)
Median dive depth (m)
Maximum dive depth (m)
Deepest dive (m)
Mean dive duration (s)
Median dive duration (s)
Maximum dive duration (s)
Longest dive (s)
s-1)
Mean descent rate (m
s- 1)
Mean ascent rate (m
Mean bottom time (s)
Time sp nt diving at night (% of night time)
h- 1)
Night dive rate (m
a
b

54, 850
29.6 ±
29.7 ±
92.1 ±
151
90.6 ±
94.6 ±
185.0 ±
220
0.80 ±
0.93 ±
39.6 ±
34.5 ±
833.2 ±

48, 064
43.7 ±
45 .7 ±
89.3 ±
134
1.37
103.7 ±
1.79
108.0 ±
1.40
180.2 ±
255
0.01
1.04 ±
1.22 ±
0.02
0.56
39.5 ±
33.1 ±
0.68
24.16 1, 082.4 ±
0.89
1.10
1.78

See t ext for results of statistical comparisons
For each individual, the mean was used to avoid pseudoreplication
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0.48
0.57
0.70
0.72
0.86
1.03
0.006
0.008
0.38
0.34
14.68
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Figure 2.1. Sympatric lactating female Antarctic (AFS) and subantarctic (SFS) fur seals
at lies Crozet differ significantly in times of morning ret urns from foraging trips (left) and
of afternoon departures for foraging trips (right) . Shaded area: time betwe n dusk and
dawn; dashed vertical lines: median times
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Fig ure 2.2. Frequency distribut ions of foraging-trip durations for sympatric lactating
fem ale Ant arctic (AFS) and subantarctic (SFS) fur seals at Iles Crozet are variable a nd
highly skewed. A discontinuity in duration is apparent (arrows), which was used to distinguish between brief and long trips (see text). Data were binned at 0. 25 d
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seals from La Mar aux Elephants, Iles Croz t . Only those sp ecies with relative frequ ncy
or frequency of occurrence higher than 1% are shown

57

Chapter 3

Temporal structure of diving behaviour as an indicator
of foraging habitat characteristics

3.1 A maximum likelihood approach for identifying dive bouts
1mproves accuracy, precision, and objectivityl
Abstract

Foraging behaviour frequently occurs in bouts, and considerabl efforts to prop rly
define those bouts have been made because they partly reflect differ nt scales of
environmental variation. Methods traditionally used to identify such bouts ar diverse, include some level of subjectivity, and their accuracy and precision is rarely
compared. Therefore, the applicability of a maximum likelihood estimation m thod
(MLM) for identifying dive bouts was investigated and compared with a rec ntly
proposed sequential differences analysis (SDA). Using real data on int rdive durations from Antarctic fur seals (Arctocephalus gazella (Peters, 1875)), th MLM-based
model produced briefer bout-ending criterion (BEC) and more pr cise paramet r estimates than the SDA approach. The MLM-based model was al o in bett r agreem nt
with real dat a, as it predicted the cumulative frequency of differences in interdive
duration more accurately. Using bot h methods on simulated data showed that the
1

Corresponding publication available in Appendix B.2
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MLM-based approach produced less biased estimates of the given model parameters
than the SDA approach. Different choices of histogram bin widths involved in SDA
h ad a systematic effect on the estimated BE C, such that larger bin widths resulted
in longer BECs. These results suggest that using the MLM-based procedure with the
sequential diff rences in interdive durations, and possibly other dive characteri tic ,
may be an accurate, precise, and objective tool for identifying dive bouts.

3.1.1 Introduction
Many seabirds and marine mammals dive in bouts (G<•Jttry PI ;-d. I!l:)(i , II ui tt nnd
Prince

l~J97 ,

1\ato t!! al. :.?utn); i.e., most of their dives occur in rapid succ ssion, while

the remaining are separated by longer intervals. Dives occurring in the same bout
tend to resemble each other more than those occurring in different bouts. Based
on their characteristics (e.g. , mean dive depth and time spent at the bottom of
the dive), bouts can be associated with a particular activity, such as travelling or
foraging (L<'a ct al. :!l H12r}

Numerous studies use dive bouts to infer instances of

a forager exploiting discrete prey patches (Bovd HJ9ti,
<'f

al. 200:2 ,

:--.rmi and

(\\'rnhl~~wski

(\\'ith Hnd

200:2, .\Iori

Boyd :2ll0-lfl ) , because food resources are patchily distributed

•:t al. 1')/iJ , ('rc.x;tll

C'ri~t

Har('()llfl ('f ;tl.

ct

a!. 1n~ 1) at seal s that organisms respond to

l.D!J,), \\'u and Louck~ .l~J~J:i ). Depending on the scale(s) at which

food resources display patchiness

( \Yicll~

19/(i, Levin JU92), the same argument i

applied more generally to most animal behaviours associated with foraging, in both
terr strial (e.g., ;\ l unger Hl:)·l, SchaefC'r Llnd ?'lf<·t;:-;ier El90,

notcnbcrr~

mtd \\"ic·us

l!J!lS) and aquatic environments (e.g. , I\.nmk et al. 1990, h\llclwld l!l!lfl). Therefore,
it i es ential to accurately and objectively identify behavioural bouts in studies
of foraging ecology of aquatic and terrestrial predators. This can be achieved by
determining a bout-ending criterion (BEC), or how long an interval between two
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successive dives should be to assign them to different bouts.
The theory and methods used t o determine the BEC have been reviewed elsewhere
(Slater and L<>o-;tcr

1~)1'\2 ,

'folkmup nnd 1\yriat.Hkis I99~)). Events occurring in bouts

are thought to be generated by a combination of two or more processes operating on
progressively larger time scales. At the small st scale, vents are separat d by similar
and brief intervals . Events separ ated by markedly longer int rvals define different
groups of events (or bouts) , thereby distinguishing the scale at which one process
generates individual events from that generating bouts. Processes of both types are
thought to follow a random Poisson distribution, where the intervals between t hem
are described by a mixture of exponential distribut ions (Slnt('J' and

L~'St('r 1\)~2) .

Defining t he BEC is, therefore, a problem of finding t he t ime intervals t hat separate
each process from the others.
Methods for searching the BEC include log-survivorship and log-frequency analysis (Gentry and Kooyrn:w J9ktib, Sihly <!1 "l. 1990). Boyd

( !~Hl6 )

d veloped an

iterative method t o group dives into bouts by comparing the interdiv duration of
a given dive with the mean of those preceding it, considering it as part of a new
bout if these values differed significant ly. More recent ly, :\Iori ct al. (20fJ1 ) suggested
another method, termed sequent ial differences an alysis (SDA hereaft r) , based on
log-frequency analysis. The BEC in t his method could be estimated using t he absolute differences between interdive durations, rather than t h interdiv durations
themselves. If the occurrence of dives can be described by a mixture of Poisson
distribut ions, t he mean interdive duration should be the same for all bouts (h.mlb
awl X(•kalaki :20Uf) ). However, in cases wher dive bouts are considered as instances
of a diver foraging in pat ches, interdive duration is expected to vary between bouts
because it is closely related to dive dept h

( flnn~tou HIJ(l Car!JUilP

199:2, ('HrbnnP dlld

Ilouston l<J%, Boyd l!JfJ7), which in turn depends on prey species composit ion and
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determines foraging patch quality for the predator ('! humpson and Fhla k 2001 ).
I\l nri ct nl. (200 1), therefore, pointed out that previous methods may erroneously
assume that mean interdive duration is common to all bouts; an assumption that
can be avoided with SDA.
Although SDA has been useful in studies offoraging behaviour (.\l<,t·i l!)!)Rh, :\lori
nnd Bnyd :WOih, \lnri!!! <tl. 2001), it is based on fitting a non-linear model to the
logarit hm of frequencies of absolute differences in interdive durations, and po sibly
oth r dive characteristics (e.g., dive depth). SDA relies on the construction of a
histogram, using the midpoints of each class as the independent variable (Sihh· e1 al.

lD!lO). Therefore, a certain level of subjectivity is involved in the selection of class
widths, and some information is lost by summarizing data from each class with a
single value. Furthermore, class widths must be adjusted, or a weighting scheme
must be implemented, to avoid empty classes. There are currently no objective
criteria for dealing with thes factors. Johnson ('1 al. (2006) recently pointed out
that the choices made throughout this procedure can have large influences on the
BEC.
Some of these issues have been raised by Ln ugt nn C't nl. ( 1!)!);j) , who proposed to
address them by using a maximum likelihood estimation method (MLM hereafter)
for defining the BEC. This approach uses the information in the entire dataset of
int rvals between events. Unfortunately, the method has not been adopted to identify
behavioural bouts in general, and dive bouts of marine predators in particular, where
understanding spatiotemporal variation in prey distribution and quality is of major
interest. My aim was, therefore, to demonstrate the usefulness of this approach
in this field, incorporating the concept used in SDA to avoid the as umption of
invariant mean dive characteristics between dive bouts. I used time-depth recorder
(TDR) data from lactating female Antarctic fur seal (Arctocephalus gazella (Peters,
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1875)), during their foraging trips at sea, to compare models of the frequency of
differences in interdive duration fit using SDA vs. those fit using MLM.

3.1.2 Methods

Data were obtained from lactating female Antarctic fur seals at La Mare aux El phants (46°22'29" S, 51°40'13" E) , at the western end of Ile de la Possession, Crozet
archip lago, Southern Indian Ocean, during the 2001-02 (4 Decemb r - 25 March)
and 2002-03 (1 D cember - 16 March) breeding seasons.

Instrumentation and measurement of diving behaviour

Animal capture and handling procedures were described in l3ailkul

l't

a!. (:.?Olr>).

Briefly, lactating females were captured on land during their nursing visits. Each
individual was weighed to the nearest kg, and placed on a restraint board for attachment of instruments. One of three different TDR. models was glued to the dorsal fur
between the scapulae, using a two-component glue (AW 2101 Ciba Sp cialty Chemicals) : MK5, MK7, and MK8 (Wildlife Computers, Redmond, Washington , U.S.A.).
TDR.s were programmed to record time and depth every 5 s when the seals were
at sea, with a 1 m depth resolution. Instruments were left on the seals for 1 to 11
foraging trips, and were recovered by cutting the fur beneath them, upon the s al
ret urn to t he colony.
TDR data were downloaded to a portable computer, where analyses of the resulting
t ime series of dive data were performed using cu tom-written software, available as
t h GNU R (H d<'' e]qpmcnt CorP Tc•;lrn 2007) package d i veMove ( L uqu<' :2007) . Before
analyses, depth readings were corrected for shifts in the pressure transducer of t h

TDR.. Sections of each record were identified as foraging trips if cont inuous wet
activity (i.e. , continuous d epth readings) was available for at least 6 h. This limit
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was select ed to exclude short excursions to sea for activit ies other than foraging,
because these contained isolat ed shallow div s and mainly surface behaviour.
Dives were defined as depart ures from the surface t o dept hs 2: 4 m plu t he ensuing
return to surface. Dives to shallower depths were not considered because t hey were
indistinguishable from noise remaining after adjustment of pressure t ransducer drifts ,
which was greater t han the resolut ion of th instrument ( Lkck d al :2tl!l(J). Dive
were thus describ d by their duration, maximal depth, and interdive duration.
For the purposes of t his paper, data from t he first recorded foraging t rip to sea
of four randomly-select ed individual seals were used in subsequent analyses. T he
models described below were fit t ed to each seal's dive record separately becau e
for aging t rip durations varied between them , and to avoid effects of interindividual
variation in diving behaviour masking bout structure.

Identifying bouts using SDA

The variable used for defining bouts with SDA- and MLM-based methods was t he
absolute difference in interdive duration (t ); the time between a dive and the prec ding one. This procedure is based on a log-frequency analysis described in detail by
Sib]~· c1

nl. (J!J!JO) and further developed by

\]<)l'i

ct al. (20(!1 ). Briefly, t he first tep

of t he method consists of creating a histogram of t, with t he frequencies expressed
as a logarithm. Because large values oft are considerably less frequent than small
ones, some class intervals may have a frequency of zero, leading to the erroneous
representation of frequencies in larger class intervals. To correct for this effect, t he
frequency of class intervals following intervals with zero fr quency was divided by t he
number of preceding empty intervals plus one. The logarithm of t he frequencies of
all class intervals where frequency > 0 is t hus considered a function of the midpoint
of the intervals.
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The distribution oft is assumed to be a mixture of two random Poisson processe ;
a fast and a slow one (Sihl,

('f

,11.

J~J!JfJ ).

The fast process represents the small time

scale at which individual dives occur, while the slow proc ss represents the large time
scale where bouts are distinguished. Therefore, the relationship described above can
be defined as the sum of both processes:

(3.1)
wh re y is the logarithm of the frequency of any given t ; the subscripts f and
s

denote the fast and slow processes, respectively; N is the number of interdive

intervals occurring in each process; and A represents the probability of an event
occurring in a given process per unit time (Sibl.v ct nl. 19!W). Initial values for theN
and A parameters must be obtained in order to fit t his negative exponential function.
The broken-stick method was used for this purpose, following

Sib]~· ('I

aL ( 1990).

The BEC defining the threshold between the two Poisson processes can be obtain d
from eq. (3.1):

(3.2)
To assess the effect of the choice of histogram bin widths on the estimation procedure, the model was fit, and the BEC calculated using bin widths from 5 (i.e., the
sampling resolution) to 50 s.

Identifying bouts using MLM
Lu1gt ur1 Pt al. ( 10Uf)) suggested that eq. (3.1) did not consider that the total number

of events observed should be equal to N 1

+N

5 ,

and hence that the model can be

simplified by expressing one of these parameters as a function of the other. The
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authors presented also a maximum likelihood estimation method using all observed
data, rather than a histogram of these, to describe the frequency of any given event.
The log lik lihood of all the Nt ab olute differences in interdive duration can be
expressed as:
Nt

log L2 =

L log[pAJ

- >.Jt;

+ (1- p)A

8

e- >., t, ]

(3.3)

i= l

where p is a mixing parameter repr s nting the proportion of fast to slow process
events in the ampled population. Th

parameters from eq. (3.3) must be esti-

mated numerically, hence an optimization procedure i r quir d u ing appropriate
initial valu . The e values were obtain d by first maximizing a reparameterized
version of q. (:3.3) using a logit transformation of the p param t r, and a logarithm
transformation of the A parameters. Initial values for this r parameterized model
were in turn calculated as for the SDA (i.e., by using th brok n-stick method).
Such transformations stabilized the variance in the parameter , and r cal d them to
avoid diffi ultie with the optimization algorithm. The param ter

timates obtained

from this procedure were unt ran formed, and used as initial values for maximizing
eq. (3.:3). Therefore, parameter estimates and their standard errors w re obtained in
their original scales.
The I3EC in thi case was estimat d analogously to eq. (3.2):

1
PAJ
BEG = AJ - As log (1 - p) As

(3.4)

Comparison between methods

Mod ls d s ribing the distribution of interdive differences in dive duration (t) should
accurately predict t' relative cumulative frequency. The expected relative cumulative frequency Uc) oft can be calculat d from parameter in model (3.1) and (3.3)
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using:

(3.5)
Thus, f c for the range of observed t , and the actual relative cumulative frequen y
distribution oft were also calculated. The observed and expected relative cumulative
frequencies oft were plotted simultaneously against t (logarithmically transformed)
to compare the fit of the two models to data, as proposed by

Lwgt1H1 t>t

nl. (l!J9S).

Differences in model outcomes, relative to observed cumulative frequencies, were
tested by comparing the squared residuals (observed - predicted values, squared)
between the models with a paired Student's t-test (Zar l99tl).
Standard errors (SEs) for each parameter estimate provided a measure of the precision of each fitted model, and hence that of the estimated BEC. Bias was compared
using simulated data generated with chosen mixing (p) and probability (A) parameters. Based on the mid-range of observed data for all four seals, th mixing parameter
was set to 0.7, and values for the probability parameters were set to 0.05 and 0.005

(A1 , and As, respectively). Thus, one thousand values for t w re simulated 100 times
with these values, by generating a mixture of two random samples with exponential
distribution (j(A x, t)

= Axe- >.,t): one with Ax = 0.05 if a random uniform variable

x (1 >= x >= 0) from the total of 100 was < 0.7, and another with Ax = 0.005
otherwi . Each simulated mixture was fit with both model , u ing the re p ctive
methods described above. The bias of the estimates in the simulations, with respect
to the true value for the parameters, were subsequently calculated and compared.
All data manipulations and computations were done in t he GNU R statistical system

and programming language ( I{ d<!V<'Iopnwnt COl(' ren trl 2007) .
To compare the effect of each method on interpretations of t he behaviour of study
animal , each seal's dive record was divided into bouts u ing the estimated BECf;.
The mean and variance of bout duration and interval between bouts was calculated
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and compared between models for each seal using Wilcoxon rank sum and FlignerKilleen tests, respectively (<'t)nov<·r

<'1 <IL

I!Jkl ).

3.1.3 Results
The number of dives observed for each seal varied from 910 to 1,881 (Table :).1).
Probability parameter ().) estimates from these samples were larger using MLM
compared to those obtained through SDA. Conversely, the mixing parameter (p)
was consistently maller using MLM, and the total number of interdive intervals
(N1

+N

5)

was largely overestimated using SDA. As a result of these differences,

estimated BECs were markedly larger using SDA, by factors ranging from 2 to 6
(Table 3.1 ). SEs of estimated parameters were generally smaller using MLM. More
importantly, t he total number of bouts identified for each seal was considerably
smaller when using SDA (Table 3.1).
Varying the bin width for creating the histograms used in SDA resulted in systematic changes in mo t parameters: estimated BECs and numbers of interdive intervals

(N1 and N 5 ) increased, but AJ tended to decrease. SEs of estimated parameters increased as class bin widths were increased (Table 3.1). Using the narrowest bin width
for the sampling interval programm d for T DR::> (5 s) , variation in estimated BEO..;
among seals was larger using SDA than MLM (range 91.3- 191.2 vs. 43.8- 59.5 s).
Estimated and ob erved cumulative frequencies differed for high but non-asymptotic

t values, regardless of the model (Figure 3.1). However, such departures were larg r
for models fit t hrough SDA. Models fit through MLM followed the observed cumulative frequ ncies more closely, although they underestimated these frequencies for
large t values (Figure 3.1). The urn of squared residuals from MLM-derived frequencies (relative to observed) ranged from 0.06 to 0.09, and from 0.5 to 1.0 for
SDA-derived frequencies. The difference between models was significant for all seals
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(Figure 3.1).
Bias of estimated parameters from models of simulated t values were 0.001 , 0.0002 ,
0.00002 when fit t hrough MLM, and 0.031 , -0.0028 , -0.0010 when fit through SDA

(p, AJ , A8 , respectively). Thus, biases were smaller, and variation for each paramet er
was smaller for MLM estimates, particularly in the case of )...1 estimated using this
method (Figure 3.2).
Variance in the duration of bouts was significantly larger (Fligner-Killeen x 2

=

50.9, 10.9, and 13.6, seals 1, 2, and 3, respectively; P < 0.001 all cases) when SDA
with a 5 s bin width was used (Figure 3.3), except for one seal (x2 = 3.0, P = 0.08;
seal 4) . Similar results were observed for postbout duration (Fligner-Killeen x 2

=

22.2, 16.6, 25.2, and 18.2, seals 1, 2, 3, and 4 respectively; P < 0.001 all cases).
Median duration of bouts (Wilcoxon U = 654, 1976, 6254, and 1220, P < 0.05 , all
cases), and postbout duration (Wilcoxon U

= 1327, 1570, 6356, and 1048, P < 0.05,

all cases) were also significantly larger when using SDA (Figure :3.3) . The mean
number of dives per bout was concomitantly smaller when using MLM (range: 7.4,
15.8) , t han when using SDA (range: 11.5, 20.1). Furthermore, the number of isolated
dives varied from 158 to 323 when using MLM, whereas it varied from 54 to 170 when
using SDA.

3.1.4 Discussion
There are several advantages to using the MLM approach for defining the BEC,
compared to other methods. Langton ct al. ( Wf.J.J) showed that it provides more
precise parameter estimates than log-frequency analysis (Sihly ci" al. L!!!JU) by using
all the information in the data, and that methods based on log-frequency analysis
may include some subjectivity in the choice of histogram bin widths, which form
the basis of the model. Despite these advantages , MLM approaches remain unused
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for identifying foraging bouts, and dive bouts in particular, where methods based
on log-frequency analysis are predominantly selected for this purpose. My results
support and extend the conclusions in Ltup;tuu
(\luri

<'t

<'l

al. ( l!)!J!l), and suggest that SDA

;d. :2()0 l) may be improved by using this approach.

Because the BE C is defined in term of t he parameters of a mixture of Pois on
distributions, its accuracy depends on how well t he fitted models describe observ d
data. The MLM estimates of the model performed better than SDA at describing the
cumulative frequency distribution oft. This was evident with real data from all four
randomly-selected seals. In contrast, expected cumulative frequency distributions
based on SDA estimates showed large deviations from observed data, r sulting in
serious overestimation of t he number of interdive intervals within or between bouts.
This condition was reproduced in the simulated data, and suggests it is a property
of eq. (3.1) fit to the sequential absolute differences in interdive duration. Langtou
d

<1l.

( l~)!J:J)

found a bias in the opposite direction when fitting eq. (3.1) to the

interval between events; i.e., N 1 + N 8 was underestimated. These problems wer
avoided using MLM.
Differences between methods in their ability to predict observed cumulative frequencies were associated with large differences in estimated BEGs. BECs determined
through SDA were at least twice as large as BECs determined through MLM. Furt hermore, simulated data suggest that BECs estimated through MLM are more accurate and precise than those estimated using log-frequency-based analyses. Such large
differences betw en methods have not been shown previously, and the cons quenc
for any study of foraging ecology based on diving behaviour can be important. Indeed, the number of bouts identified for each seal was considerably larger using MLM,
providing finer temporal resolution of the animals' activity at sea. Th se differences
lead to different interpretations of patch structure and characteristics (e.g. , B{)yd

69

3.1 Identifying bouts

3 Temporal structure of diving behaviour

l!J!JG, lim('nnr1 Pl al. 200:2, \Tori and Bos·d 2001a, \Iori c>t ilL :.?()fY,), wh re the 13EC

is used to determine different scales of foraging. Most notably, the temporal scale at
which prey patch s are encountered by th forager is smaller with th more accurat
MLM approach.
My results hawed that increasing th bin widths for con tructing t h histograms
required for identifying bouts based on log-frequency analy i r sult in larger BECs.
A similar effect has been shown for identifying different cale of movement of ungulates (Johusou c·t nl. 200o) using this technique. In this study, I varied the choic
of bin width, from a minimum determin d by the sampling r solution to 10 times
this value, and found associated increases in BEC estimat

of approximately 50%

using the largest bin widths. Th r are no guidelines for choosing appropriate bin
widths when using this approach, but Sih]y Pt. nl. ( If!!lll ) r comm nded increasing
the bin width of longer, infrequent, intervals. However, using larg r bin widths r sults in larg r

timates of the BEC. Regardless of the method used for selecting th

histogram bin widths, it is not clear what procedure was adopt d in any particular
analy i of dive bouts, as proxies of pat h structure. Therefore, it i difficult to evaluate conclusions about scales of foraging, optimal diving behaviour, and prey patch
quality.
Despite the increased accuracy and precision of the MLM approach, some departures from the model were observed. All model fits to real data r sult d in underestimation of the cumulative frequency for high but non-a ymptotic values oft (s e
eq. (:3.1)) in all s als. Reasons for this departure are not clear with the available data,
but may be related to the assumptions of the model. The distribution of intervals,
or absolute differ nces between successive intervals, within each of the two Poisson
processes is as umed to be random (SihlY

~>t <11. l!Flll).

Therefore the observ d

underestimations may indicate departur s from this assumption. Large departure
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from a two-process model, similar to the one in eq. (3.1), have been documented
for very brief and very long intervals between meals in dairy cows (T<Jikamp <'t a!.
J!J!J?-i). l'ulkiu11p <>t al. (1 998) argued that the departures could be explained by the

cows' level of satiety, and proposed an alternative model to account for this effect.
However,

Tolkc~1up ('t

a!.

(J !)!l~ )

studied the feeding behaviour of cows with almost

unlimited access to food , which differs from conditions encountered by free-ranging
fur seals and their prey. That departures from the model occurred only for t > BEC
supports this assertion. Therefore, it is difficult to assess the role of satiety level in
the departures from the model without independent measurements of prey ingestion,
and distribution of prey patches.
The arguments and principles in favour of the MLM approach for identifying bouts
not only apply to analyses of diving behaviour, but also to analyses of other foraging behaviours that are likely to reflect the spatiotemporal di tribution of foraging
patches (Wu and L<1t1<:h 199.)). For instance, log-survivorship plots of the number
of steps taken by kudus ( Tragelaphus strepsiceros (Pallas, 1766)) (0\Y<'rJ-Smidt nnd
Nuv<•lli<' JC~S::? ) and by muskoxen ( Ovibos moschatus (Zimmermann, 1780)) (Sdt:w-

f<·r ar11l

:\lcs~h'r

J!J9:-i) between feeding stations have been used to identify different

scales of food patchiness. .John,.;on d nJ (2002) used the same methods, consid ring movement rates between successive woodland caribou ( Rangifer tarandus caribou

(1., 1758)) location estimates as analogous to interdive durations in this study, and
determined that ungulate movements within patches were strongly influenced by
predation risk. Therefore, the improvements in accuracy achieved through MLM
methods can bring new insights into foraging behaviour theory. In particular, accurately defining the time spent by animals in and between foraging patches is critical
in models of optimal foraging (Stt>plH'nl' Pt <tl. l V8G).
Whereas foraging behaviour bouts can provide a temporal proxy for foraging
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patches, the spatial location of those patches must be determined through animal movement data. Considerable efl:'orts have been made to understand animal
movement in relation to resource distribution, under the premise that animals move
optimally through their habitat so as to maximize long-term energy intake rate
(J·'auchnld 109!), Fmtin 2002 , F<l11dmld and '1\c·nl<l 20lH, 1\:lait~~~·n <·t ;d. 21J(Jtj) . The

concept of first-passage time; the time taken for an animal to cross a circle of a
given radius along its path (.J<,hn:,on

t•t

<tl. 1992), has been useful for defining spatial

scales at which predators concentrate foraging efl:'ort (Fauc bald ;tHd Tn'r;t<.t '2llll.J).
Fauchald and Tvcrr.w

( 21Jl):~)

argued that the scale at which predators are most likely

to display area-restricted search behaviour is equal to the radius at which variance
in first-passage time is highest. However, thi decision is bas d on the horizontal
displacements of animals alan , and may not only reflect feeding activity (Hnl>in"011 Pt

al. :2001). Therefore, animal movement analysis teclmiques ( .g. , first-pa sage

time) combined with methods for accurate identification of behavioural bouts that
can subsequently be attributed to foraging activities, may ofl:'er a better assessment
of where and how animals exploit food resources.
The SDA procedure (\Iori ct al. 2001 ) improved upon previous methods of dive
bout detection by removing the assumpt ion of homogeneous dive bout characteristics.
This assumption was considered inadequate, as animals may adjust their diving
behaviour depending on the characteristics of the patch in which they forage (:\Iori
c.•t :tl. 2002, 2000). I suggest that the method can be further improved by adopting

the MLM approach, which avoids the limitations associated with methods based on
a histogram of observed data. Using this procedure to identify bouts bas d on other
dive behaviour characteristics, in addition to difl:'erences in interdive duration ( \1 mi
Pt

a!. 200 I), is possible, so more detailed information on foraging patches might be

inferred. This approach may thus be a powerful tool to help understand foraging
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behaviour and pr y patch characteristi s more accurately.

73

3 Temporal structure of diving behaviour

Table 3.1. Estimated parameters and bout ending criteria (BEC) (mean ± SE) from
a model of sequential differences in interdive duration, using a ma.ximum likelihood estimation method (MLM) , and a log frequency analysis (SDA) . Re ults from four different
choices of bin widths (s) were used for the SDA approach. The number of dives observed
for each seal is in parenthesis
SDAb

MLMa

lOs

5s

Seall (n

Nf
Ns
AJ
As
BEC
Bouts

= 1081)

3, 070 ± 477
6, 480 ±
803 ±95.7
1,370 ±
0.069 ± 0.006
0.021 ± 0.003
0.020 ±
0.005 ± 0.0003 0.002 ± 0.0002 0.002 ±
51.1
191.2
209.6
126
116
339
Seal 2 (n

1, 300 13, 500 ± 3, 800 36,700 ± 15,600
177
2, 270 ± 390
4, 720 ± 1220
0.003
0.018 ± 0.003
0.016 ± 0.004
0.0003 0.002 ± 0.0003 0.002 ± 0.0004
249.6
289.3
103
88

= 910)

0.63 ± 0.026

p

Nf
Ns
AJ
As
BEC
Bouts

2, 440 ±427
5, 090 ± 1, 170 10, 700 ±
3,420 ±
1, 120 ± 102
1, 960 ± 203
0.022 ± 0.004
0.019 ±
0.060 ± 0.004
0.023 ± 0.003
0.004 ± 0.0002 0.002 ± 0.0002 0.002 ± 0.0002 0.002 ±
173.9
202.4
59.5
156.8
168
146
320
186
Seal 3 (n

2, 910 29,900 ± 10,800
433
7, 390 ± 1, 270
0.004
0.017 ± 0.004
0.0002 0.002 ± 0.0003
237.9
139

= 1881)

0.74 ± 0.014

p

Nf
Ns
AJ
As
BEC
Bouts

5, 230 ± 1, 220 10, 500 ± 2, 990 22, 800 ±
1, 550± 127
2, 850 ± 285
5,420 ±
0.042 ± 0.008
0.041 ±
0.096 ± 0.004
0.047 ± 0.007
0.004 ± 0.0003 0.003 ± 0.0002 0.003 ± 0.0002 0.003 ±
100.2
105.7
43.8
91.3
287
276
270
478
Seal 4 (n

8, 890 90 ,800 ±53, 200
14, 000 ± 2, 630
725
0.010
0.044 ± 0.014
0.0003 0.003 ± 0.0003
110.0
270

= 1164)

0.80 ± 0.015

p

Nf
Ns
AJ
As
BEC
Bouts
b

50s

0.65 ± 0.025

p

a

20s

6, 120 ± 1, 690 12, 900 ± 4, 230 47,400 ± 24, 000
3, 140 ± 736
1, 530 ± 152
6, 570 ± 1, 050
906 ±82
2, 760 ± 303
0.034 ± 0.007
0.036 ± 0.009
0.083 ± 0.004
0.046 ± 0.007
0.038 ± 0.006
0.004 ± 0.0003 0.002 ± 0.0002 0.002 ± 0.0002 0.002 ± 0.0002 0.002 ± 0.0003
140.9
56.6
96.7
118.9
134.8
132
223
169
156
144

The log likelihood function is shown in eq. (3.1)
Columns represent four different bin choices of class interval width for fitting eq. (a.l)
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Figure 3.1. Relative cumulative frequ ncies (observed as a stepp d function ; stimated a
t he smooth lines) estimated through the maximum likelihood estimation method (MLM)
were in better agreement with observed data than those estimat d through log frequency
analysis (SDA). A bin width of 5 s was us d to fit the model through the log frequency
analysis. R suits of paired Stud nt 's t-t sts comparing th squared residuals between
models are also shown
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Fig ure 3.3. The median and variability of bout and postbout durations were ignificantly
larger when using a log frequency analysis (SDA), compared to the maximum likelihood
estimation method (MLM). Only bouts with at least two dives are shown. The median
is indicated by the horizontal solid line; the interquartile range by t he box; and the value
that is, at most , 1.5 · interquartile range away from the box by the whiskers
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3.2 Temporal structure of diving behaviour in sympatric
Antarctic and subantarctic fur seals 2
Abstract
Lactation is considerably briefer (4 vs. 10 months) and daily pup energy expenditure is higher in Antarctic (AFS , Arctocephalus gazella (Peters, 1875)) than in
subantarctic (SFS, Arctocephalus tropicalis (Gray, 1872) ) fur seals, even in sympatric populations of both species, wher their foraging locations and diets are similar. Therefore, lactational demands may be higher for AFS fem ales. I investigated
whether sympatric lactating AFS and SFS fur seal fem ales differ in their physiological or behavioural diving capacities, and in the temporal structure of foraging
behaviour. Mean dive depth and duration were larger in SFS, but dives below 130 m
were performed only by AFS. An index of the activity level during the bottom phase
of dives, when fur seals are thought to capture prey, was higher in SFS. Despite
these differences, SFS females showed a steady increase in the minimum post-dive
interval following dives lasting longer than 250 s, compared to 150 s in AFS. These
results suggest that physiological constraints on diving behavior are stronger on AFS
females, and that behavioural aerobic dive limit is great er for SFS. Assuming that
dive bouts reflect foraging in prey patches, AFS females exploited more patches per
unit time, and remained in them for briefer periods of time, compared to SFS females. Dive bout structure did not differ between overnight and long foraging trips.
My data suggest that AFS females spend greater effort foraging , but may gain access
to prey patches of better quality, which may help them cope with higher lactational
demands.

2

Corresponding publication availa ble in Appendix 13.3
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3.2.1 Int roduction

Exploitative competition for food between animals is difficult to assess, partly because it requires knowledge of whether the level of their common resources is limit ing
or not (Birch l!J)7, ,\JacArthm und Lc·\'Lll::> 1!161). Yet it is considered a major component of species interactions, and influences community structure (\liliuski :-md
Pmkt·r 1991). In the absence of data on the level of common resources, it is often
inferred from measurements of resource overlap or manipulations of population densities (Sdw<'rhn· 1974). However, an approach based on comparisons of the biology and
behaviour of the potentially competing species may be more useful for understanding interspecific interactions ("L"ilntan 1!)87). This approach has been used to study
mechanisms of coexistence in a broad range of species (Simnps

H~S;l , Cowlishmv

1999, Hull l!J!J9, Hc,binson ct nl. :?Oll2).

Using this approach , Dallnnc, · <'! al. ( 1997) showed that competitive ability and energetic constraints play a major role in t he structure of seabird assemblages. Cases
where morphologically similar, related, species occur in sympatry or syntopy are
particularly attractive for studying t hese interactions. Under such conditions, it is
possible to compare t he ecology of co-occurring species, while minimizing the influence of extraneous factors, which are difficult or impossible to control for. Studies
of related seabirds have provided evidence of physiological constraints on the behavioural response of coexisting predators to heterogeneity in t he distribution of
common prey resources (Hull I D!J9, .\Iori and Boyd 200·lb). Therefore, they can be
used as the basis for predicting the outcome of reductions in prey abundance and/ or
availability.
Lactation constrains the foraging behaviour of mammals (Srci her and Gordon
l D~I J), especially in the marine environment (Costa and Willimns 1!)\)9). Therefore,
new insights into the mechanisms linking prey distribution and predator behaviour
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can be gained by comparing t he foraging behaviour of sympatric marine mammals.
Otariid (fur seals and sea lions) pinnip ds are good models in comparative foraging ecology because they exhibit large variation in adult body size and lactation
duration, while other life history traits are relatively homogeneous (IUdg \\·c~y <llld

Hnnis•>ll 19~1 ).

Female body mass varies from -30 (Galapagos fur seals, Arcto-

cephalus galapagoensis (Heller, 1904)) to 275 kg (Steller sea lions, E. jubatus), and

lactation duration varies from 4 (Antarctic fur seal, A rctocephalus gazella (P eters,
1875)) to 36 months (Galapagos fur seals; range: 12-36 mont hs (Trillnd<'h ,nHl K~·o~·

rnmt 1!l:)fi)). Large pinnipeds have higher aerobic dive limit:; (ADLs) than smaller
ones ( Kuu.\ lllan 1!l~O), so they can dive for longer periods of time (lLds• 'Y

(·f

nl. :20()(1)

without the negative effects of increased concentration of lactic acid. Consequently,
they have more time available to search for and capture prey. However , species of
similar body mass can display large differences in lactation duration, energy transfer
to pups, a nd patterns of energy allocation by pups (.\ruould HJ97, .\ntould

('f

ill.

20m). Therefore , the interplay between body mass, foraging behaviour and lactation duration rem ains unclear. Sympatric otariids of similar body mass, yet different
lactation duration, offer a unique opportunity to understand what physiological and
beh avioural tradeoffs breeding females face during lactation.
Diving marine predators often dive in bouts, i.e. , most dives occur in rapid succession, while t he rest are separated by longer intervals, and each bout m ay indicat
foraging in a particular patch (:\lllri ;wd Bo.\ d 200 lu). Researchers t hus deduced that
the temporal structure of diving may be used to infer the distribution and characteristics of foraging patches in several seabirds (I\atu H <li . :2!1(10, 1\ldlluHJ et nL :2001 ) ,
and pinnipeds (I\lori

HIH!

13o,vd 200 la , .\Iori

vt HI.

2!Hf>). This provid s a fram -

work on which to compare the foraging b haviour of sympatric marine m ammals in
relation to a common prey resource.

80

3.2 Temporal structure

3 Temporal structure of diving behaviour

Antarctic and subantarctic (A. tropicalis (Gray, 1872) fur seals (AFS and SF'S, respectively, hereafter) have broadly different spatial distribut ions. AFS breed mostly
south of the Antarctic Polar Front, while SFS breed mostly north of it, but they
breed sympatrically at three locations ( Horuwr J99!.l): Macquarie Island, Ile de la
Possession (Iles Crozet) , and Marion Island (Prince Edward Islands). Adult females
of these species have similar body mass, and show little differences in at-sea distribution and diet when in sympatry
Baillcul ct al. 2005 , Luque f't

<ll.

( h.la~cs

;md Bester

lD!J~ , Hcobin~on

ct nl. 2()02,

2007a), yet pups are weaned at 4 vs. 10 months

of age in AFS and SFS (BcstC'r <llHI T3;1rtlctt l ~)!JO), respectively, as they are in
allopatric populations. Furthermore, AFS pups showed higher daily energy expenditures (Arncmld Pt rd. JOU:J), and also grow faster in body length (Lnqtlf'

t·l

<11.

2007&) at Ile de la Possession. Therefore, their mothers must meet these demands
in addition to their own, and also complete lactation in less than one half the time
available to SFS. Lactational demands may thus be higher in AFS , which females
should satisfy during their foraging trips to sea.
Previous comparisons of diving behaviour between these sp ecies in sympatry h ave
not shown major differences at the scale of entire foraging trips (GoJ,lswort by ct nl.
1997, Robinson ct ill. :2002). At Ile de la Possession, however, overnight foraging
trip::; (OFTs) are significantly more frequent in SF'S, and as in Marion Island , AFS
appear to spend a greater proportion of their time at sea (B<•;-;tcr and Bartlett Hl\)0,
B;1illl'ul et ;1l. 200\ Luque ct al. 200711 ). Differences at finer scales have b een studied

at Ile de la Possession, where lactating female AFS exhibit stronger diel variation in
dive depth, with relatively shallow (AFS: 25-30 m ; SFS: 35-50 m) diving during the
noncrepuscular hours of the night, and deep (AFS: 45-65 m; SFS: 40-50 m) diving
during crepuscular hours

( LU<]Ut'

et al. :20U7a). At Marion Island (Kl.Jg(':o ;md lkster

lD!Jk, n~rr<'im uttd Bestt~r 19!JD) and Macquarie Island (H(JIJi.ttsnll l:l al. 200:2), no

81

3.2 Temporal structure

3 Temporal structure of diving behaviour

interspecific differences in diet wer found. Scat analyses suggest t hat sympatric
AFS and SFS feed on the same prey p cie (myct ophid fish), although differences
in their relative abundance were found at Ile de la Possession ( LII<JlH'

t

·1

a!. 2007 a).

Comparisons of the temporal structure of diving behaviour between AFS and SFS
however, are unavailable, but may help understand how these sp cies wi th different
lact ational demands respond to distribut ion of similar prey.
Diving capacity of otariid species with similar body mass i

xpect ed to be sim-

ilar (Kovywan WS9), assuming other factors do not differ. In this case, opt imal
diving models predict that their opt imal foraging depth should be similar (\ Iori
l!J~lSu , 200~).

Optimal diving models typically assume t hat divers maximize en-

ergy intake rate, although predation risk may significant ly inftu n e such predictions
(Frid et al. 2U07). They also predict t hat divers should increase the t ime spent in
foraging patches as dept h increases (\Iori l (l!lSh,
only if diving remains aerobic (Iloti!->t(,n

·rbutllp~on :ntd

i!Wl C<~rhow·

Ft'dak 2001 ), but

1!J!J2) or patch quality (as

reflected by prey density) increases. Apr vious study does not support the first prediction ( LtHJllt!

(•t

al. 2007a), suggesting that important physiological or b ehavioural

differences exist between female AFS and SFS, which may affect how t hey exploit
prey pat ches. Therefore, I investigat ed whether the temporal structure of diving
behaviour and vert ical distribution of foraging patches differ between fur seal species
at Ile de la Possession. Given the shorter lactation and higher daily energy requirements of AFS pups, I assessed the hypothesis that female AFS have high r en rgy
demands during lactation , so they should spend more effort foraging, d spite t heir
overlapping foraging areas.
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3.2.2 Materials and methods

Data on diving behaviour of AFS and SFS was obtained at La Mare aux Elephants (46°22'29" S, 51°40'13" E) , at the western end of Ile de la Possession, Crozet
archipelago, Southern Indian Ocean, during the 2001-02 (4 December - 25 March)
and 2002-03 (1 December- 16 March) breeding seasons (2001 and 2002 hereafter) .
A total of 277 (AFS: 153, SFS: 124) pups were individually marked as previously
described

( Gc·orgt~:-;

and GnittPt :ZOOUo , Antonld t'i- <II. :WO:l,

n,dlh~ul t·t

al. 200-"l), pro-

viding a means to identify their moth rs, a subset of which were instrumented wit h
time and depth recorders (time-depth recorders (TDR.s); Table 3.2).

Instrumentation and measurement of diving behaviour

Animal capture and handling procedures were described in Luqll<'

<'t

al. (2007a).

Briefly, lactating females of each species were captured on land during their nursing
visits. Each individual was weighed to the nearest kg, and placed on a restraint
board for attachment of instruments. One of three different TDR models was glued
to the dorsal fur between the scapulae, using a two-component glue (AW 2101 Ciba
Specialty Chemicals): MK5 , MK7, and MK8 (Wildlife Computers, R dmond, Washington, U.S.A.). Fur seals travelled 50 to 100 km from the colony to forage, and there
were no significant differences in foraging trip duration, dive depth, nor dive duration between animals instrumented with different TDR models (P > 0.5 in all cases).
Therefore, dat a from the three models were pooled for interspecific comparison purposes. TDRs were programmed to record time and depth every 5 s when the seals
were at sea, with a 1 m depth resolution. MK8 TDRs also recorded speed to the
nearest 0.02 m · s- 1 . Instruments were left on the seals for 1 to 11 foraging trips,
and were recovered by cutting the fur beneath them, upon the seals' return to the
colony.
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TDR data were downloaded to a portable computer, and analyses of the result ing
time series of dive data were performed using custom written software, availabl
through G U R (H d<'n:lnpnwnt Con·

futlll

2007) package diveMove (Luque' 2007) .

Before analyses, depth readings were corrected for shifts in the pr ssure transducer
of the T DR. Sections of each record were identified as foraging trips if cont inuous wet
activity (i.e., continuous depth readings) was available for at least 6 h. This limit
was selected to exclude short excursions to sea for activities other than foraging,
because they occurred mostly during daytime, and contained isolated shallow ( < 20
m) dives, which contrasted with the bout-organized dive typical of foraging trips

(L UIJUC

C't ;tl.

:2007 u).

Dives were defined as depart ures from the surface to depths

~

4 m plus the ensuing

return to the surface. Dives to lower depths were not considered , as they were
indistinguishable from noise remaining after adjustment of pr ssure transducer drifts,
which was greater than the resolut ion of t he instrument (B<·ck d nl. 2000). Each dive
was divided into descent, bottom, and a cent phases, where: (1) d scent start d at
the surface and ended when no further increases in depth were detected; (2) ascent
was defined from the end of the dive and, with the reversed time series, ending when
no further increases in depth were detected; and (3) the bottom was t he period
between descent and ascent phases. Dives were thus described by their duration,
maximal depth, bottom time, and postdive duration.
Fur seals catch their prey pr dominantly during the bottom phase of dives, although it has been demonstrated only for AFS

( lhlok1.~r ('f

al. 201):2). Therefore, I

calculated the absolute number of vertical meters each individual swam during t his
phase divided by bottom time, as a measure of the level of activity during the bottom
(foraging) phase of dives. I also calculated mean swimming speed during the bottom
phase of dives from fur seals deployed with MKS T DRs . Speed m asurements do
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not correspond to true speed because they need to be calibrated against true sp ed
of the seals. However, I was inter sted in comparing the level of activity during
the bottom phase of dives between sp cies, rather than

timating true speed, so

measured speed was used as an index of su h levels for the purposes of this study.
To investigat whether physiological constraint differ b tw n pecies, I studied
the relationship between the briefest postdive duration and dive duration binned at
5 s intervals. The dive duration beyond which the briefest po tdiv interval begins to
rise was tak n as a behavioural proxy for the ADL; the dive duration beyond which
blood lactate levels rise, as a result of increa ing anaerobic metabolism (l<l)u\ Illall
l!J~~l ).

Identification of dive bouts

Identifi ation of bouts of most b haviours has traditionally r li don log-survivorship
or log-frequency analysis (GPntn· and l<ou~ rrwn EJ~()h , ::,Jbl\
Langt<1ll ('I <1l.

(J q~J:J )

l't

HL Iq!lO). Howev r,

pointed out that th se methods included some level of subje-

tivity, becaus they are based on fitting a curve to histogram data . The procedur
involv san arbitrary choice of histogram class width, and adjustment for empty class
intervals. Lmgton r·t nl. (199:1) pre nt d an improved approach, bas d on Maximum Likelihood estimation, which uses the entire dataset to d s ribe the frequency
distribution of events such as diving. This procedure was used to model the di tribution of s qu nti al differences in surface interval duration, to allow for variation in
dive characteristics between bouts (\lori d nl. 2001 ). The log lik lihood of all Nt
absolute diff r nc s in surface interval duration t was expr s d as a combination of
fast (within bout) and low (betw en bout) events (l nqtH' und
Nt

log L2 =

2: log[pAJ

- >., · t,

i= l

5

+ (1 -

p)A 8 e- >.• ·

CuJIJl't ~007 ):

t,]

(3.6)
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where p is a mixing parameter representing the proportion of fast to slow process
events in the sampled population; the subscripts 1 and

s

denote the fast and slow

processes, respectively, and >. represents the probability of an event occurring in
a given process per unit time (Sibh· < 1 "1. 1\J<JO). A bout-ending criterion (BEC)
determining whether two successive dives should be grouped in the same bout or not
can be calculated from Eq. (3.6) :

(3.7)
If the difference in surface interval duration between two succe sive dives exceeded
the DEC, then they were grouped in different bouts.

Statistical approach

BECs were determined for each individual separately, becau e foraging trip durations varied between them, and to avoid effects of interindividual variation in diving
behaviour masking bout structure. The number of bouts, th ir duration, and the
duration of intervals between bouts were thus calculated. Because both AFS and
SFS dove almost exclusively during the night, the fir t two variables were divided
by the number of night hours available during the foraging trip for each individual.
ight time was defined as the number of hours between sunset and sunrise. Bouts
consisting of a single dive were excluded from analyses because they were not deemed
to be indicative of foraging behaviour.
AFS and SFS displayed a bimodal distribution of foraging trip duration (Luqu('
1.:t

<tl. 201J71() , with overnight (OFT,< 1 d) and long foraging trips (long foraging trip

(LFT), > 1 d). Therefore, interspecific comparisons included fixed effects terms to
test for differences between these types of foraging trip, and data for multiple trips
of the same type were averaged for each individual, except for bout and post-bout
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duration because they represent variation within the foraging trip. A single value
per individual and bout was considered for the latter two cases. A random ff ct
term for individual was includ d , so mixed effects models (Piuht'irn and L~cJt<·s 2000)
were used to describe data for the ith individual, jth species, and kth foraging trip
type, as follows:

where (30 represents an intercept; (31 , f3k, (31k represent the fixed effects for speci s,
foraging trip type, and corresponding interaction, respectively; bi denotes the random
effect for individual, and

Eijk

denotes an independent error term. The

bi

and

Eijk

O"l

and

terms are assumed to be normally distributed , with mean zero, and variances
2
0" ,

respectively. Multiple bout and post-bout duration for the same individual were,

thus, included as part of

Eijk

for the corresponding models.

The significance of the interactions were assessed by comparing the models with
and without the interaction term, using a log likelihood ratio test ( Pinlwiw nnd
l3;lte:-> 2000). The significance of other fixed effects was tested via Markov Chain

Monte Carlo (MCMC) simulations based on samples of the posterior distribution
of the model parameters

( Bn.ayt~ll t:t

al. :!tl!lk). All analys s were carried out in the

GNU R system (It d<'\"<:lopm<'llt ('(,n · ·r<'n m 2007), with packages di veMove for dive
behaviour analysis ( Lutplc :!ll07) and lmer for fitting mixed effects models. R suits
are presented as means

± SE, unless stat d otherwise.
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3.2.3 Results

Dive data from a total of 96 females were obtained, providing information from 277
foraging trips (Table 3.2) . Most dives (83%) occurred in bouts for both species.
However, this proportion was significantly -(x2

= 1157, df = 1, P < 0.001) larger

in SFS (SFS = 86.4%, AFS = 78.8%), indicating that isolated dives were relatively
more common in AFS. The number of bouts per night of foraging trip was larger in
AFS (log-transformed to normalize residuals; F 1, 148
regardless of foraging trip type (interaction term:

= 58.85, P < 0.001 , Fig.

x2 = 0.08, P = 0.78).

icant differences between foraging trip types were found (F1 , 148

:~. 4a),

No signif-

= 0.07, P = 0.8),

and the pooled estimates for each species were 35.7 ± 1.05 and 21.5 ± 1.05 bouts per
night for AFS and SFS, respectively.
The BEC was significantly higher for SFS during both seasons (F1 ,88

= 52.39,

P < 0.001) , and higher for both species during the 2001 season (F1 ,88 = 7.42, P <

0.01). Although this suggests that foraging conditions may have differed between
seasons, data for both of them were pooled for further analyses because there was
no interaction between species and season (F1 ,88

= 1.55, P = 0.2) , and interannual

differences were not the focus of this paper.

Dive bout structure

The total time spent in bouts per night was similar between species (F1 , 144
P

= 2.00,

= 0.2) and foraging trip types (F1 ,144 = 0.01 , P = 0.9), without any interaction

between both factors (interaction t erm x 2

= 0.01 , P = 0.92, Fig. 3.4b). Pooled

estimates for each species were 9.6 ± 1.05 and 10.6 ± 1.05 h per night for AFS and
SFS, respectively. Bout duration, however, was significantly higher in SFS during
both foraging trip types (F1 ,9520

= 43.37, P < 0.001 , Fig. 3.4c); consistent with the

higher number of bouts per night for AFS, but similar time spent in those bouts.
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Bout duration was similar between foraging trip types (F1 ,9520 = 0.24 , P > 0.9) ,
independently of the differences between species (x2 = 0.88, P = 0.35).
The temporal distribution of foraging patches, as reflected by the density distribution post-bout durations, showed that AFS encountered patches at a slightly faster
rate than SFS (Fig. 3.5). The difference was significant for OFTs (Kruskal-Wallis

x2 =

4.60, df = 1, P = 0.03) and LFTs

(x2 =

91.68, df = 1, P < 0.001), but small.

Patch encounter rate, as measured by post-bout duration, did not differ significantly
between foraging trip types (x2 = 2.62, df = 1, P = 0.11 ). Foraging bout depths
were most frequent near the surface for both species, but their relative frequencies
were higher in AFS near the surface and below 80 m, while depths between 30 and
60 m were more heavily used by SFS females (Fig. 3.G).

Behavioural and physiological limits

The absolute number of meters that fur seals swam per unit time during the bottom
phase of dives was significantly higher in SFS (F1 ,149 = 13.2, P < 0.001) , independently offoraging trip type (x2 = 2.08, P = 0.15) . SFS swam 0.13±0.006 m · s- 1 ,
and AFS 0.10 ± 0.006 m · s- 1 while at the bottom of dives. Furthermore, this rate
appeared to be higher for both fur seal species during LFTs (0.12 ± 0.005 m · s- 1 )
than OFTs (0.10 ± 0.006 m · s- 1 ) . This difference was significant (F1 , 149 = 22.3,

p < 0.001) .
The mean swim speed during the bottom phase of the dive did not differ between
species (F1 ,58 < 0.01 , P > 0.9), nor between foraging trip types (F1,58 = 0.14, P =
0.7), without interaction between these factors (x2 = 0.01 , P = 0.9). Similarly,

mean swim speed during surface intervals did not differ between species for OF'Ds

(F1 ,20 = 1.18, P = 0.29) , nor for 1FT's (F1,36 = 4.1 , P = 0.05) , despite a significant
interaction between foraging trip type and species (x2
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The relationship between the duration of t he briefest surface interval and dive
duration showed no changes in surface interval for dives lasting up to almost 150 sin
both species (Fig. 3. 7). However, surface intervals following dives that were longer
than this value increased st eadily for AFS , whereas SFS showed a similar response
for dives beyond 250 s in duration (Fig. :3.7), despite the larger rate of vertical
movements they showed at the bot tom of dives.

3.2.4 Discussion

I hypothesized that lact ating female AFS have higher energy demands during lactation and, therefore, should spend greater effort foraging to meet t hose demands.
Fem ale AFS displayed higher indices of diving effort, reduced pat ch residence times,
and briefer post-bout intervals, suggesting t hat t hey spent more effort foraging, and
encountered prey pat ches at a fast er rat e. An important premise of my analyses is
that both species forage optimally; specifically, that t hey maximize energy intake
rate, relative to physiological constraints. Previous results have shown subtle interspecific differences in diet and dive dept h associated with differences in life history
and pup physiology (Lnque <'t al. 2007u), so behavioural and physiological constraints may not be similar between AFS and SFS . Therefore, the optimal foraging
behaviour (e.g., time spent in foraging pat ches and patch encounter rate) may also
differ between species, and affect t heir rates of energy intake. My results largely supported these predictions, and suggest a possible origin for t he differences in foraging
behaviour. I review t he assumptions that were required to use my approach, and
discuss the implications of my results for inferring t he characteristics of t he foraging
habitat of sympatric AFS and SFS.
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Assumptions

Using the information on difference in physiological constraint required making
assumptions regarding the diving behaviour of fur seals (\ fqri Pt a!.
;l.!ld

Bo~·d

~002 ,

2000, :\!uri

200 1/1). A major assumption of the model is that energy intak is a function

of time spent at the bottom of dives; i.e., prey is assumed to b obtained during
the bottom phase of dives. Although it was not possible to a

rtain whether this

assumption was held with a two-dimensional dive profile and sampling interval of 5 s,
direction reversals (wiggles) during descent or ascent phases w re rare. Furthermore,
the mean v rtical distance cov red during the bottom phase of dives (a measure of
the amount of wiggling) was relatively high for both spe ies (AFS

= 12.7 m; SFS

= 15.0 m) for dive depths > 10 m. These values exclude shallow V-shaped div ,
which are indicative of travelling behaviour. Therefore, fur seal from La Mare aux
Elephants probably concentrated their energy intake during bottom time.
A more fundamental assumption of the model is that fur s al dove optimally, so
as to maximize the rate of energy intake during the dive cy l . Foragers may not
always us an n rgy intake rate maximizing currency to b hav optimally (Cmnco
JD80), as oth r factors play important rol sin determining what b haviour is optimal
under particular time scales.

\:on:H·s ( ~001 )

reviewed a numb r of tudies testing

predictions based on this assumption and found a consistent bias in th predictions
arguing that inclusion of the forager 's tate (e.g. , nutritional tatu and predation
risk) in th models can improve the pr dictive power of th se models. H<'it lwn:-.
aml Frid ( 20ll:J) proposed a mod l to account for predation ri k during the surfac
interval for diving predators, which may help to explain why diving behaviour is
often consider d suboptimal, according to previously us d mod ls. Killer whales ar
common around Iles Crozet during the summer (Gnirwt I ~n> ) , but they feed mainly
on p nguins and elephant seals at this location. Although the risk of predation
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on fur seals can be high in some populations ( I3ovt·n~ Pt ul. ltlUK), it is probably
low at Ile de la P ossession, because none of the females identified at La Mare aux
Elephants were lost while they had a pup to nurse, nor were any visible wounds or
scars detected , that could have been inflicted by a predator. Nonetheless studies
to d termine whether there are differential effects of pred ation risk on the foraging
behaviour of sympatric fur seals at Ile de la Possession may provide further insight
into the m chanisms driving the observed differences.
Closely relat d to predation risk, the nutritional status of fur seals is another
potential influence on the observed differences in foraging behaviour because animals
may tradeoff energy gain against safety from predators (:'\ouac·:-, :201ll , \\

ir~iu1; (.'!

ul.

200:3). Direct measurements of fat stores, the primary form of energy storage in
pinnipeds, are not available for our study animals. However, a concurrent study
showed that foraging trips at Ile de La Possession were among th bri fest report d
for each sp ecies at comparable stages of lactation ( Lnqw• f'i al. :2!Hl7 o). Furthermore,
the large proportion of overnight foraging trips, the relative proximity (50-100 km)
of foraging grounds (Baill('ul

d

<d. 200.)), and the relatively fast growth rates of

pups compared to other populations of both species, suggest that neither of them
was under nutritional stress. Differences in energy stores between species under such
condition are expected to have a small influence on foraging behaviour

( Hcru~t on

Pt nl. 1!J\n, :'-:ouac:-, 2001 ).

Behavioural versus physiological differences

I found conflicting evidence regarding t he level of activity of fur seals, m easured as
the mean p ed and absolute number of meters that fur seals swam during the bottom phase of dive . The former showed no differences between fur eal species, but
the latter showed higher activity levels in SFS females. Speed is t ypically measured
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by counting t he number of revolutions per unit time taken by a turbin on TDRs,
which are susceptible to clogging by debris (Slwpard d dl. :20llx). Therefore sp ed
measurements for any given dive phas are not available with th
depth measurements, despite having be n taken with the sam

arne regularity as
ampling frequ n y.

Consequently, fewer speed measurements were available for my comparisons of mean
speed during any given dive phase, so the power of statistical compari ons was r duced relative to tests based on depth measurements. The v rti al distance that fur
seals swam p r unit time during the bottom phase of dives may, thus, have b n a
better index of activity level, and my results suggest that SFS f mal s were more
active during t his phase. De pite the behavioural difference during th bottom of
dives, SFS female showed increasing surface interval following longer dives than
AFS females.
My data suggest that an important physiological param ter, th aerobic dive limit
(ADL), is higher in SFS than in AFS females.

This result was unexpected and

counter-intuitive b cause maximum dive depth was highest for AFS females , which
were expect d to be associated with a higher ADL. Lactating AFS femal s requir d
exponentially long r periods at the surface wh n dive duration x eed d 150 s, whil
SFS females responded similarly, but to dives exceeding 250

in duration. Con-

sistent with these observations, SFS dove deeper and for long r periods of tim ,
on average. ADL calculations based on direct measurements of oxyg n stores and
diving metabolic rates of fur seals from South Georgia (Costa d ul ~(llll ) yielded
a value (96 s) that is much lower than that reported here, esp cially considering
the larger body mass of animals in that study. However, my data cannot easily be
compared with direct measurements of ADL, and factors such as fur seal exceeding
the ADL during deep diving bouts could account for the difference. Unfortunately,
similar data are not available for SFS females, but if the tendency of study animals
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to exceed the ADL is similar, then t he observed interspecific differenc s may parallel
actual differences in ADL. ('q~ta d

c~L

(20()1) suggest t hat t he tendency of epipelagic

feeders such as AFS and SFS to exceed the AD L is indeed expect ed to be similar and
relatively low. Although direct measurements of diving metabolism are needed t o
corroborat e it, th differences illust rated in Fig. 3. 7 are lik ly a r suit of differen es
in actual ADL.

Inferring foraging patch characteristics

Previous analyses suggested t hat AFS and SFS females from La Mare aux Elephants
used similar foraging areas during the 2001 and 2002 breeding seasons
:2UlJ.)) .

( l~;lilh!ul

d <1l.

Diet ary analyses (Luque· Pt a!. :2007 o.), indicate t hat these fur seals also f d

on the same myctophid fish species, albeit in different proport ions (Luqne ('t HI.
:.!lH 17 o).

Island

Similar results have been found in sympatric populations at Macquarie

( 11uhin~on d

al. 200:2). The present tudy sugge ts that difference in phy -

iological constraints may have led t o different temporal and vertical distribu tion of
diving, despite similarities in horizontal distribution of foraging locations and prey
species. Whereas AFS forag d between the surface and 20 m more frequent ly t han
SFS females, the lat ter foraged more extensively between 30 and 60 m . Furt hermore, bot h species reduced the frequency of foraging below 80 m , but SFS femal s
did so more rapidly, and dive bouts below 140m were only observed in AFS femal s.
Assuming that dive bouts reflect foraging in different prey patches, AFS females
exploited more patches per night of foraging, and a larger fraction of patches close
t o th surface. It may have be n more profitable for AFS females to rapidly move
between different patches at shallow dept hs t hereby reducing mean dive time and,
possibly, t he extent of anaerobic diving also (Cosi:1 Pt ul. :.WU 1).
Similar segregation of foraging depth has been observed in macaroni (Eudyptes
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chrysolophus) and gentoo ( Pygoscelis papua) p nguins at Bird Island, South Georgia
(\Iori

itlHl

.Boyd :2!1nlh), showing some analogies in their response with the fur seals

in this study. Macaroni penguins increased surface times in response to briefer dive
durations (\Juri and Boyd :2!H1-lf>, Fig. 1) , so their ADL is presumably lower than
gentoo penguins. Macaroni penguins concentrated their foraging bouts at shallower
depths compared to gentoo penguins, analogous to the higher frequencies of shallow
bout depths observed in AFS compared to SFS females at La Mare aux Elephants.
Although direct measurements of prey density and abundance at different dept hs
were not available in the present study to validate an index of patch qua.lit:y (IPQ)
I\luri <llld Boyd (200 l u), it can be calculated with the available data to examine
potential interspecific differences in foraging patch quality. According to \Tori :md
I3oyd (:2f)!Jc!a), energy intake rate (G) can be expressed in terms of dive duration (u)
and travel time from/to the surface (T) as G = ax (u- TY j(u + y(u) ), where a is
a conversion constant and y( u) is surface time, which is a function of dive duration,
obtained from Fig. 3.7. If divers regulate dive duration so as to maximize the rate
of energy intake, the IPQ for a dive can be determined by finding the value of x
that maximizes G . The IPQ thus calculated indicates that foraging patch quality
is higher for AFS below 50 m , suggesting that this sp cies foraged more profitably
deeper in the water column than SFS (Fig. 3.8). Concurrent measurements of the
distribution and densities of different prey species and foraging behaviour of their
air-breathing predators are needed to evaluate this suggestion. Since the IPQ may be
similar between species at shallow depths, why did SFS females not exploit patches
at these depths as extensively as AFS females, despite their higher ADL? Conversely,
why did AFS females exploit deep patches more ext ensively than their congenerics,
despit their lower ADL?
Optimal diving models ( .\Iori 1!J!Jkfl , h) predict that divers with higher A DLs should
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find the optimal depth of foraging deeper in the water column, for any given pr y
patch quality.

The models also predict that anaerobic diving is relatively more
l~Hl')b) .

favourable when the prey patch is deep and of high quality ().Jon

SFS

females may thus require higher prey patch qualities near the surface to dive optimally. Factors such as swimming mechanics

( Fi~lld

ill. :2lltU, Sato

<'t

al. 2007), and

searching and/or travelling behaviour (UindC'!l cl ,,[. 200:2) may explain why these
favourable conditions were encountered less frequently by SFS compared to AFS
females above 20 and below 80 m. For instance, young adult AFS and SFS show
significant differences in fore- and hind-flipper size and shape (lk::,tl'r ilttd \\'ilkin::.;otl
1!J?\!l, Luque ('1 al. 2007b). Supporting this conjecture, AFS females showed a larger
proportion of isolated dives, suggesting that they searched for foraging patches more
extensively. Interestingly, activity during the bottom foraging phase of dives was
higher in SFS , but their behavioural ADL was higher, uggesting that difference in
the relationship between surface interval and dive duration were a result of physiological, rather than behavioural, constraints. Otherwise, the behavioural ADL would
have been lower in SFS. Further studies comparing foraging efficiency betw en th e
species should help explain this pattern.
Indeed, the briefer bout durations and post-bout intervals, in addition to the larger
proportion of exploratory dives, observed in AFS female may allow them to sample
prey patches near t he surface more frequently, thus foraging with better knowledg of
conditions in this part of the habitat (Clwrum· 1U7G). Dive traces from AFS femal s
at La Mare aux Elephants display stronger diel changes in dive depth than SFS females (see examples in accompanying electronic supplementary material) , indicating
that they find their deepest foraging patches during the crepuscular vertical migration of their myctophid prey (Donl

<'t

''I.

1991 , \Jc( ',dfcrt y

t ·i

:d. I1l!.lS,

LtH JlH' t•1

:d.

:20(17 n). Some myctophid fish sp cies of this sector of the Southern Ocean are known
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to form denser patches at their deep daytime depth locations than during the night

(Bn::->t

t:1

al. 21102), when they are patchily distributed near the surface. AFS , and

to a much lesser extent SFS , females may profit from the more densely aggregated
fish during dawn and dusk, as they shift between these depth location and spatial
organizations. My observations, therefore, suggest that AFS females spent a larg r
fraction of foraging time in patches of higher quality, particularly after dusk and
before dawn, both during OFTs and LFTs, even when costs may have been higher
due to deep (Luq1w ct <1l. 2007u ), anaerobic diving.
To conclude, I h ave shown interspecific differences in the temporal distribution of
diving and foraging depth between sympatric AFS and SFS, which are consistent
with the hypothesi that lactation pressure is higher in AFS. The larger number of
bouts, briefer post-bout interval, and higher propensity to dive anaerobically in AFS ,
suggest that they spent more effort foraging. Furthermore, they appeared to cone ntrate that effort in prey patches of higher quality. These differences were associated
with lower ADL, briefer duration of lactation, and higher pup energy demands in
AFS. G<'ntn·

l!l

a1. ( l 9xG) hypothesized that a suite of fur seal life history traits,

including foraging behaviour and lactation duration, follow a latitudinal gradi nt ,
ultimately determined by environmental seasonality and predictability. Since then,
additional information from species inhabiting temperate latitudes has indicated that
prey ecology may be more important than latitude, as a factor influencing foraging
and maternal behaviours (Frullds

f't nl. lD~J~).

Moreover , my results suggest that

intrin ic differences in physiological constraints and lactational demand play important roles in determining the fine scale foraging behaviour in sympatric populations
of some species, despite similarities in diet and prey ecology.

97

V-.:l

Table 3.2. Summary of dive data obtained from lactating female Antarctic (AFS) and subantarctic (SFS) fur seals fitted
with time-depth recorders (TDR.s) on Ile de la Possession, in the breeding seasons of 2001-02 and 2002-03

~

:3

"o

Species
AFS
c:.o

00

SFS

Breeding
Season

Body mass
(kg)

N

2001
2002

33.2 ± 0.44
31.6 ± 0.58

Both

32.7

2001
2002

30.6 ± 0.55
30.4 ± 0.78

Both

30.5 ± 0.45

a Bout ending criterion

BEca (s)

Foraging
trips

Dives

37
12

102
30

42095
17541

54.9 ± 0.44
38.5 ± 0.83

± 0.36 49

132

59636

50.9

37
10

113
32

47

145

Bouts

0

Dives in
Bouts

Mean dive
depth (m)

Mean dive
durat ion (s)

3814
1614

33522
13500

31.2 ± 0.32
22.8 ± 0.70

80.1 ± 0.60
73.4 ± 1.32

.....
t:

± 0.33

5428

47022

29.2

± 0.42

0.......,

39102
17693

84.8 ± 0.91
72.8 ± 1.44

2839
1156

56795

81.7 ± 0.61

3995

± 0.44
± 0.70
49082 39.7 ± 0.31
33780
15302

42.1
32.9

± 0.24

78.5
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93.2 ± 0.46
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Figure 3 .4. Lactating Antarctic fur seal (AFS) females perform more bouts per night,
spend a similar amount of time in bouts per night, and their bouts are bri fer than in
lactating subantarctic fur seal (SFS) females on Il de la Possession
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Figure 3.5. The t mporal separation betwe n foraging patches, a indicated by post-bout

intervals, is briefer in lactating Antarctic (AFS) than subantarctic fur seal (SFS) females,
during long (LFT) and overnight (OFT) foraging trips. The dott d lin s indicate the po tbout interval with the highest kernel density estimate. The shad d region denot s intervals
> 12 hr; i.e. bouts occurring on different foraging nights
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Fig ure 3.6. Lactating Antarctic (AFS) fur seal females forag more frequently than
subantarctic (SFS) females betwe n the surface and 20 m, and below 0 m. SFS femal
spend a greater proportion of their bouts between 30 and 60 m
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Figure 3. 7. Briefest surface post-div intervals increase exponentially for dive durations
longer than 150 and 250 s in lactating Antarctic (AFS) and subantarctic (SFS) fur seal
females, resp ctively
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Fig u re 3 .8. Lactating Antarctic (AFS) fur seal £ males encount r foraging patches with

higher index of patch quality (IPQ) than subantarctic (SFS) fur seal females at depth
between 50 and 100 m . They also exploit patches at depths > 140 m, which are not used
by SFS and where variation in IPQ is large. Values are mean ± SE
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Part II
Allocation of maternal resources and
pup development

Chapter 4

Ontogeny of body s1ze and shape of Antarctic and
subantarctic fur seals 1

Abstract
Pre- and postw aning functional d mands on body size and shape of mammals are
often in confii t especially in species where weaning involves a chang of habitat.
Brief lactations are expected to be associated with fast rat

of dev lopment and

attainment of adult traits, compared to long lactations. I describe allometry and
growth for several morphological traits in two closely r lat d fur seal species with
large differ nces in lactation duration at a sympatric site. Longitudinal data were
collected from Antarctic (Arctocephalus gazella (Peters, 1875); 120-d lactation) and
subantarctic (Arctocephalus tropicalis (Gray, 1872); 300-d lactation) fur eals. Body
mass was similar in neonates of both p cies, but A . gazella neonate w re longer,
less voluminous, and had larger forefiippers. The species w r

imilar in rat of

preweaning growth in body mass , but growth rates of linear variable were faster
for A. gazella pups. Consequently, n onatal differences in body shape increased
over lactation, and A . gazella pups approached adult body shape fast r than did
A. tropicalis pups. My results indicate that preweaning growth is associated with
1

Corresponding publication available in Appendix 13 .4
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significant changes in body shape, involving the acquisition of a longer, more slender
body with larger foreflippers in A. gazella. These differences suggest t hat A. gazella
pups are physically more mature at approximately 100 d of age (close to weaning
age) than A. tropicalis pups of the same age.

4.1 Introduction
Magnitude, rate, and pattern of mammalian growth determine adult body size and
shape (BnHly 19G!, :\Ic:J<,lJ :2(Hl2). Adult body size and shape, in turn, have major
influences on viability and reproduction, among other life-history traits (St l'mn...:
1q9:2, An·mit 1()97, Liucbtnim 1999). Growth must be optimized relative to other

demands, therefore it varies across individuals, populations, and species (:'\lHngd and
Stmup~

:2001 Cnh'.V nnd Schwarzkopf 2004). Some tradeoffs occur in offspring, and

others are imposed by different t radeoffs acting on their mother , which may alter
the quality and quantity of milk they deliver. Interspecifically, milk composition and
energy content are related to duration of lactation, so differences in the latter do
not nece sarily reflect total energy transferred to t he offspring. Tilden
(1 9~H)

;\ltd

Oft<·<L\1

noted that, in primates, the energy density of milk is inversely relat ed to

duration of lactation. Similarly, slowly growing and highly mobile offspring typify
ungulate and macro pod (kangaroos, wallabies, etc.) species with long lactations
(S.r·t lwr and Gordon 19!)4, I· islHT ct ttL 2002). However, body size is an important

complicating factor, as lactation typically lasts longer in larger species (P<'tN::-.

l!)~J ,

C'lut.ton-Brnck 1!191 b, Hoss 1998). Because of these confounding factors, reasons for
interspecific variation in growth with respect to lactation duration remain poorly
understood.
Pinnipeds are an attractive model for studying preweaning development because
they undergo a transition from suckling on land to for aging at sea, involving major
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physical, physiological, and behavioural changes in preparation for that transition.
The success of the transition ult imately depends on t he acquisition of ufficient xygen stores in relation to energy expenditure while diving
Bnm:-.

l9~l!J ,

(I~11rn:-.

<llHl c,,st ('llilli J!)CJtJ,

I hnr,.,oll ('f al. J!J\J I, H<,ruing and Trillmi('l! l997o ,l,). However, increased

physiological diving capacity must be closely coordinated with physical growth and
t he gradual development of swimming skills

( .1\)l'g<'n~c·n cl

al. :?OtlJ , Bo\\'cn

C't

n.l.

l!)!)!J). Recent studies suggest that, across a broad range of marine mammal species

oxygen storage capacity does not reach adult level before ind pend nt foraging
( \'on'll ct al. 2Utn , T1um:-:> Pt ;d. 2001). Therefore, lactation duration is an important

factor affecting the ontogeny of physical and behavioural traits of offspring.
Relationships between life-history traits have been exten ively studied in pinnipeds
because they are ecologically and reproductively diverse, and display a wide range
of body sizes (Stirli11g and hlt>imm1 l ~l.');~ , Bontwr Hl~ I, Oh<'d<ll t~t <1l. l9S7, C'u:-;ta
l 99:~ , .\ldAin'n I!)C);),

F~nyd

l998). For instance, lactation lasts from

< 4 d (hooded

seal, Cystophora cristata (Erxleben , 1777)) to 2-3 yr (walrus, Odobenus rosmarus
(L. , 1758)). Quality of knowledge, however, varies across species; good estimates of
lactation durat ion are available for only eight species; three otariids and five pho ids
(Sr hul;, and Bc>\\'<'rl 20(H). Good quantitative estimates of growth rate and duration
of la tation for the same species are available for even fewer. Considering the difficulty in obtaining compreh ensive and precise data, and given the widespread effects
of spatiotemporal environmental variability on one-time estimates (Tnll111kh

l't

<ll.

H.J91 o, Lmm d ttl. l!l!l;1) , an alternative approach for comparing ecologically different
and related species might b e profitable. TWo otariid species that h ave rec ntly been
used in the::_ context of foraging and growth studies are the Antarctic (Arctocephalus
gaz ella (Peters, 1875); AFS hereafter) and subantarctic (Arctocephalus tropicalis

(Gray, 1872) ; SFS hereafter) fur seals (I\c•rlc•y lDI-iv, Cold;-;wort by <'1 al. HlD/, Klngr's
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:wd

BP~tt·r

I~lfl?) ,

Uold~->wurthy

<tlld Cwwle.r 1!hJ\J, Hohin;.;on d :11. 200:?).

I investigated comparative growth in AFS and SFS pups t o determine the pres nee
and nature of differences t hat may influence how the sp ecies cop e wit h t he critical
postweaning period, as pups become independent foragers. These species have similar adult body mass and length (l 'avnc 19/D,

Bc~1 cr nnd \;ln .lnnr~vdd

[q!H), yet

exhibit a large disparity in lactation duration: 116 in AFS (Costa ct nl l•)x)-;, L nun
ct. al.

tn~n )

and 300 din SFS

( l<~'rky

l!)x7, GuinN and

(;('l)fg<'s

:?Ollll), respectiv ly.

Ther fore, the time required to acquire the physical and physiological charact ristics enabling pups to become independent foragers may differ between t he species.
Comparisons between two species species cannot be used to elucidate the relationship between lact ation duration and growt h patterns, but offer an advantage t hat
is rarely found in multispecies comparisons: the ability t o control for confounding
factors, such as environmental differences between populations of different species,
in syntopic (locally sympatric) populations. AFS and SFS breed syntopically at a
few locations, where habitat differences between species are likely to be minimal,
facilitating the interpret ation of comparative analyses.
In previous research, .\rn•)Uid

d

nl. (200.{) found that daily pup energy expendit ure

was higher in AFS than in SFS breeding syntopically at Ile de la Pos ession, Crozet
archipelago, in the Sout hern Indian Ocean. In contrast , earlier reports from ot h r
syntopic sites suggested higher growth rates in body mass of AF S
Gohbworth.~

(I..:c>rk~·

PH<.),

;uHl Crowley 19\)9). I suggest t hat t he reported disparity m ay reflect

differences in body shape, which commonly differs adapt ively between related pecies
(!)odHon I ~l7f:l , C<uTier 198:), Alatalo Pt nl. I f):). I, Atddt>y JUK I, Cn•ig!Jtou awl Str:m~s
J !JKG, Cblwrt 1999, Hodmli 2001 ) .

Functional demands on body size and shape may change sharply between preand postweaning ages in young pinnipeds, especially in otariids because of their long
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preweaning terrestrial existence (1\rw]dpr <l!ld I3urd<Jy :20011). Within the otariids,
AFS and SFS differ substantially in this regard, so I predicted t hat these sp cie
would differ in growth t rajectories and in the rate at which they acquire adult body
form or shape (e.g., in foreflipp ers; Fislt l9D;-\,

Fi~h d <tl.

:20tn). Specifically, I pre-

dicted that AFS pups hould acquire adult flipp er size and shape relatively sooner
than SFS, assuming that this allows them to make a successful tran it ion to independent foraging at an earlier age.

4.2 Materials and methods
4.2.1 Fur seal colonies and identification procedures

Re earch was carried out at La Mare aux Elephants (46°22'29" S, 51 °40 '13" E), at
the western end of Ile de la Possession, Crozet archipelago, Southern Indian Ocean,
during the 2001-02 (4 December - 25 March) and 2002-03 (1 December- 16 March)
breeding seasons (2001 and 2002 hereafter) . The site consists of two adjacent AFS
and SFS colonies on different types of substrate: AFS on the nort hern part of t h
beach, composed of small- to medium-sized pebbles, with gent le slope b hind; and
SFS on the southern part of t he beach, composed of large boulders that have fallen
from t he steep hinterlands. Both species give birth close to shore, but the AFS
colony grows in size as the season progresses, while the other species t nds to remain
close to shore during the same period.
Pups were individually marked

( G~'orgcs

,nHl Gnind

::!()l)(la,

:\nwttld c•t al. 200;),

Builh·nl et. ol. 200.:'>) over a 6- (2001) or 13- (2002) day period (Tabl 4.1). Pup

production and mean pupping date were estimated using total pup counts (both
years; including dead and living pups) on a weekly basis until no mor births were
observed, and mark-recapture methods (2001 only). Peak pupping dates were 5 and
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15 December (2001: 164, and 2002: 167 pups) for AFS , and 25 and 30 December
(2001: 80, and 2002: 91 pups) for SFS. Populations of both species have been
increasing at an annual rate of about 18% annually at least until 1994 (Gnind <'t nl.
J~)D I).

4.2.2 Morphometric measurements

Body mass (BM) of pups was measured to the nearest 0.05 kg at first capture,
and every 5-9 d thereafter, on a 25-kg capacity digital susp nsion balance (Salter
Brecknell, ElectroSamson). The following variables were also measured on pups upon
first capture and every 12-16 d thereafter: body length (BL ; nearest 0. 5 em, straight
line from the tip of the nose to the flesh tip of the tail) with a tape measure, while
animals were manually restrained over a board, and positioned straight and flat on
th ir ventral surface. In 2002, I also measured the following variables (nearest 0.5
em) taken the same way, and on the same schedule: body girth at levels of pinna,
mid neck, axillae, and umbilicus (G1-G4, hereafter); distance from th tip of t he
nose to each of these points (see next; RL1-RL4, hereafter). BL and RL1-RL4 w re
measured with a straight tape measure glued onto the board on which animals were
pia ed . Length, width, and surface area of foreflipp rs were measured as follows.
First , the right foreflipp er was extended and held to the side of and perpendicular to
th body, and was placed on a wooden board with horizontal and vertical scales (20
em, marked every 5 em). Second, a photograph was taken (Nikon Coolpix E885) in
dorsal aspect from a distan ce of approximately 1. 25 m. Finally, measurements were
made from the photographs: (1) length (FL) , defined as the dist ance from proximal
end of the humerus (estimated by palpation) to the tip of for flipp er , through t he
midline of the flipper ; (2) width (FW) , defined as the largest distance, p erpendi ular
to foreflipp er length ; and (3) area (FA; estimated from the traced outline of t he
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foref:lipp er , using Object-Image, version 2.11 , U. S.

ational Instit utes of Healt h ,

available from http: I /simon. bi o . uva. nl/obj ect- i mage . html) . FL and FW w re
also measured directly on t he foref:lipp er for cross-validation and subsequent analyses.
The relationship between direct measurements on flipp ers, and t hose taken photogrammetrically, were tested for linearity to detect outliers or invalid estimates.
This led to the exclusion of FA estimates for pups with FL > 27 em, as t he corresponding relationship became asymptotic beyond this value, indicating decrea ing
accuracy.
I also t ook all measurements on 63 AFS and 70 SFS adult females, but BM was
measur d to the nearest 0.5 kg. Each female was measured at least twice, and
the median value for each variable was used to set adult body measurements, for
comparisons with pups. Estimat es for some variables on adult mal s were included
using data t aken at South Georgia for AFS
(about 950 km west of Crozet ) for SFS

( Pt~)-u<-·

( Bt)~ln

I<J7fl) and at Marion Island

Hnd \:u1 .THar:-.vcld !f)!Jl).

Body volume (BV; ± 0.01 l) of pups was obtained by using model B in

l.tH{IH'

and .\tniol~·:-.-Cambo11 (2001 ), in which t he body was modelled as two cones plus two

t runcated cones. Volumes of cones (t7rh[rr+r~+rrr~]) and truncated cones (t[7rr 2 h])
were calculat ed using the lengths (h) of con s estimated from RL1 and RL4, and
lengths of truncat ed cones were stimated from RL2 and RL3, respectively. Girth
was used to calculat e radius (r ).

4.2.3 Analyses

Interspecific differences in neonat al and adult body size were assess d using double
classification analyses of variance, with a term for sex effects, including only data
for which accurat ages were available. However, adult females were assigned to a
single age category because th ir ages were unknown.
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To determine whether growth traj ectories varied according to sp cies or s x, a
linear mixed effects model

(IL,nd•·Hilll~ll

:n1<l Bryk 21l02) was designed for the jth

observation on the ith individual:

Yij

=[.6oo + .601speciesi + .6o2sexi + .6o3speciesisexi +biD]+
[.610 + .6uspeciesi + .612sexi + .613speciesiseXi +

bi 1] xij

(4. 1)
+

Eij

where .6oo and ,610 refer to the population intercept and lope, respectively, for AFS
female pups, the baseline group. ,601, ,602 , and ,603 are fixed effect for the chang
in population intercept associated with the species, sex, and their interaction, in
relation to the baseline group. ,611 , ,612, and ,613 are the changes in population slope
associat d with the same effects. biD and bi1 are the random intercept and slope
effects for the ith individual, respectively and

Eij

is a within-subject residual term.

Other terms were added to test for year effects and their interaction with body mass
and body length. but were subsequently dropped if t hey were non-significant h re
and elsewhere, at a = 0.05.
Based on exploratory analyses and because ages were < 300 d , a linear mod l
was assumed rat her than a more complicated one.
regarding the autocorrelation structure of the

Eij 's.

No assumptions w re mad
However it was assumed that

these were independent and normally distributed , regardless of t he

bi

's. In this

model, sp ciesi and sexi take on values zero and one, to indicat e whether

Yij

refers

to AFS or SFS, and to a female or a male pup, respectiv ly. I fitted the model using
a restricted log-likelihood method, as de cribed in Pi11ht>iru 11nd

!tll(·s ( ~000),

and

implemented in the nlme R package (Pinhf'iro Pt a l. :21JU:I). I subsequently estimated
linear equations from tllis model, collapsing across and (or) within fixed ffects t hat
were not significantly different from zero. Only pups that were measured more than
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twic throughout t he study p riod were considered for t hese analyses.
Because absolute age was not known for all individuals (Table 4.1), relative age
was defined as the number of days elapsed since seals were first seen , which was
taken as day zero. The difference in peak pupping dates between species was taken
into account by adding t he corresponding value from each breeding season (2001 : 20,
and 2002: 15 d) t o t he relative age of Antarc-tic- fur

s<~a l

(AFS) pups. Relative age

was then used as the regressor x in model (4. 1). Relative age was logarithmically
transformed (logarithm base 10), and a const ant added t o it, t o achieve linearity
before using it as the regressor for BL in model (4.1). This t ransformation was
chosen because BL changed fast er in young pups ( < 30 d) than older pups.
To address t he question of whether growth trajectorie gave rise to interspecifi c
differences in the rate at which pups acquired adult body shape, two allometric
r lationships that might influence aquatic locomotory performance (e.g. , F'<,ld b I l l p
[qS7, Fhh <:t nl. l9SS, Stdlc' ('{ al. 2000) were studied: (1) foreflipp er span (FS; see
next) squared vs t otal FA (TFA; see next ), and (2) RL3 vs BL. FS was calculated
as 2 · FL+G3 ·

1

1r- ,

and TFA as 2 · FA. The first relationship is foreflipper asp ect

ratio expressed allometrically, whereas t he second was used as an index of the posit ion
of foreflippers along t he b ody axis, relative to BL. One random measurement p er
female pup where 80 d < age < 120 d , was selected for t his analysis, t o eliminate
any dependence between observations, while maintaining a large enough sample size
with valid foreflipper measurements (i .e.,

< 27 em ). For adult females, the median

value for each variable was used , assuming t heir growt h was negligible.
To investigat e how allometric relationships (1) and (2) compared between sp ecies
and age groups (female pups vs adult females) , I used analysis of covariance (l.m
l !JUG). I was interested in the interaction between age group (adult or pup) and
species t o test whether pups of one species were more allometrically simila r to adults
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than the other. This approach avoided known biases associated with ratios betwe n
the variables from each relationship (Pil< kanl <Llld Boanhw1n

l!J~J0).

All statistical analyses were performed in the GNU R system (H d<'Y<'liJ[)UH:H! Con:
Ib~.w

2007). Shapiro-Wilks statistic and Fligner-Killeen test were used to evaluate

assumptions of normality of data distributions and homogeneity of variances, respectively, in analyses of variance and covariance. Result show SE as t he measure of
dispersion , unless stated otherwise.

4.3 Results
4 .3.1 Neonatal and adult body size
There was no evidence of interannual effects on neonatal BM (F1 , 160

=

1.70, P

=

0.19) nor body length (F1 , 157 = 2.03 , P = 0.16) , when pecies and sex were taken
into account . Therefore, measurements were pooled across years for subsequent
analyses.
Male neon ates were larger than females in most measurements (Table 4.2). AFS
neonates were significantly longer than SFS neonates, had longer head and neck
regions (RLl and RL2) , longer and narrower foreflippers, and greater FA (Table 4.2).
Other interspecific differen ces were found among females only; AFS femal pups w re
larger in girt h and BV than SFS pups. Adult female AFS were significantly heavi r
than SFS. AFS adult females were larger in all flipper measurements than SFS adult
females (Table 4.3).

4.3.2 Growth
Growth t r ajectories for each variable showed differing patterns of growth between
species.

o main effects or interactions of year with pecie or sex ffects were
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significant in the models of rna s and body length growth (P > 0.5, all cases), so th
data were p oled . The magnitude and standard error of intersp cific and inter exual
effects, in t rms of model (4.1 ), are shown in Table 4.4. Estimated growth rate for
each variabl , with results of int rspecific comparisons are shown in Table 4.5.
In both peci , exual differences in BM incr ased st adily throughout lactation
due to faster growth of male pups (t 2822 = 4.0, P < 0.01) . How ver , pups grew at a
similar rate in both species (t 2822
(Figure 4.1 ).

= - 0.04, P > 0.90) , after s x eff cts were remov d

eo natal BM did not differ between species, but the intercept of the

relationship between BM and relative age was higher in AFS pups.
were ignificant b tween specie and

x (t 264

= - 1.34, P > 0.1 ; t 2

o interaction
22

=

0.18, P >

0.8, respectively) . A similar pattern was found for BV (Figure 4..1), consi tent with
faster rat s of growth in SFS girth (Tabl 4.5).
Growth in BL was faster in AFS pups
of both species (t 1321

= - 2.57, P = 0.01) and in mal s

= 2.21 , P = 0.03) (Figure 4.1) . There were no interactions

between sp cies and sex for slope (t 1321
-0.93, P > 0.3).

(ti32I

= - 0.05, P > 0.9) or intercept (t 260

RL1 and RL2 show d faster rates of growth in AFS (t441

-4.65; - 2.80, P < 0.01 , both cases) , irre ·pective of sex (t441

= 1.49; 1.53, P > 0.1)

(Tabl 4.5).
All for flipp r measurements increa d in size faster in AFS: FL and FW (t 441
- 10.50; - 2.45 , P < 0.02, both variabl ); FA (t 208

= -5. 13, P < 0.01) (Figure 4.:2).

There were no significant interaction with sex (FL and FW: t 441
0.3 , FA:

t2os

=

= 0.96; 1.92, P >

= 0.47, P > 0.6).

4.3.3 Allometry

Pup growth traj ctories along individual variables led to differing allometric relationships betw n sp ies and age group . A two-way analysi of ov riance indicated
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that age-group differences in the slope of the relationship between FS 2 and TFA were
dependent of species (F 1 ,43 = 5.00, P = 0.03, slope int raction term). Age-group did
not significantly affect the allometric slope (F1 ,27 = 2.83, P = 0.10) in AFS , but it
did in SFS (F1 ,16 = 5.29, P = 0.04); female SFS pups had a higher allometric lope
than adult females (Figure 4. 3a). Among pups, the allometric slope showed large
differences between species (F 1 ,25

= 11.4, P = 0.002), but it was similar between

species among adults (F1, 18 = 0.36, P = 0.55) . In agr ement wit h t his trend, differences in t he allometric slope between pups and adults were larger in SFS. Foreflipper
size differences between pups and adults were also much larger in SFS.
RL3 scaled with BL differently between species (F 1 ,69 = 6.01 , P = 0.02), but similarly between age-groups (F1 ,69 = 0.29, P = 0.59), without any interaction between
th s factors (F1,65

= 1.08, P = 0.30) . The allometric slope of the relationship was

higher in AFS , particularly among female pups (Figure 4.3b) .

4.4 Discussion
4.4.1 Neonatal and adult body size

Based on multiple t raits, I documented many interspecific diff rene s in neonatal
body size, preweaning growth, and changes in body growth between two ot ariid
species, AFS and SFS. I hypothesized that AFS pups should mature physically fast r
t han SFS pups, given their younger weaning age. Neonates of the two species differ d
littl on any measurements, but differed greatly in rates of growth . How v r , if adult
show larger differences between species than neonates, t he results may simply reflect
int rinsic morphological differences between species , rather t han different development
patterns. Therefore, I begin by comparing neonat e and adult body size of AFS and
SFS at Iles Crozet wit h other populations, and then focus on the factors t hat could
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h ave given rise to species differences in development.
I found no species differences in neonatal body mass at Iles Crozet, as

l~<'rh'y

( I<), 3)

also found for seven animals at Marion Island. No comparable data are available from
Macquarie Island, the t hird site where the two species coexist. However, body mass
alone cannot be used to compare body size between the species, because neonatal
body shape differs: at birth, AFS pups are longer, have longer heads and necks, and
h ave larger foreflipp ers. Therefore, the similarity between sp ecies in body mass may
indicate differences in body composition, rath er t han similarities in body size. Bas d
on a small sample of pups from 2001 , 1\mC)nld d ;d.

( 200:~)

showed that AFS pups

had lower total body lipid stores than SFS pups at approximately two months of
age, and my results suggest that the difference may also be present at birth.
Neonates of both species from my study were about a kilogram heavier than those
weighed by

1\~'rle\·

( JV8.:J ) , although t he difference cannot readily be attributed to

any ecological factor due to the small sample size in the latter study. Estimated
pup birth dates in my study were similar to those reported by 1\PrlPy
Marion Island, and consistent with Spnrrmv

c>t

(l q~.i )

on

<tl. ( 19%) , who hawed that the two

archipelagoes have a similar marine environment. The body mass of n onatal SFS
pups in my study is comparable to that obtained from allopatric sites at Amsterdam Island (G•'orgc·s and Gnitwt 2000rl) and Gough Island (Bcst•)l' l!J8i', Bc:-.tcr awl
Vun .lmm;,·cld l!J~Jl ) for SFS , and at Bird Island, South Georgia (Lnnn l' ! al. U) 1H)

for AFS , suggesting that adult females are equally able to meet the demands of gestation in these environments, or can compensate for any differences without a cost
to newborn offspring.
Sexual differences in neonatal body size occur in all otariids, including t he species
in this study

( B~>sit ·r

I U?:li, Kt·rlt·y 198.), Lurm c·t a!. 1UU:3). However, pup sex did

not influence most interspecific comparisons of neon atal body size in my an alyses;
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sexual-size differences were similar for both species, except for girth measurements,
body volume, and forefiipper surface area. For t he latter thr e variable , AFS pups
were larger than their congenerics only among females. The larger axillary girth and
body volume of female AFS pups may reflect sex-sp cific diff rences in r lative body
lipid stores. Several authors have reported higher total body lipid stores in female ,
com par d to male pups in several sp cies (e.g. , .\rnould d nl 1()!)Go , Dnunhuc
2002, lkil upkt ct

;ll.

('t al

2003), including those in this study. Therefore, everything else

being equal, female pups would be expected to be more voluminous than male pups
(LlliJUl' nnd Auri(!lcs G;nnh<lil 2002).

Intraspecifically in pinnipeds, large mothers tend to give birth to large pups (Cu::-.Ul
t•l

ul. 19~S , Amhum d <d. l~l~l7 , \ft.lli"h Pt '1!. !Ll\JU) . Doltnev und 'r"rnk (2001 ) found

that neonatal mass increases at a d celerating rate with maternal mas in northern
fur eals ( Callorhinus ursinus (L., 1758)) . The same relationship appears to hold interspecifically (C'o-;ta 1!)91), but whether the relationship is linear or not is unclear.
Adult female AFS did not give birth to heavier pups in my study, despite being
heavier than adult female SFS. Compared to body mass, linear measurements (body
length , axillary girth, and RL3) of physically restrained fur seals include larger measurement errors, reducing the statistical power of interspecific comparisons. Th refor , comparisons of pup body size in relation to maternal body size require more
accurate measurements.
Both adult females and neonates differed in body shape between species, so interspecific differences in growth of body size may simply refle t morphological differences between AFS and SFS. I did not measure adult males of both species at La
Mare aux Elephants, so I cannot generalize the argument to both sexes. How ver,
if growth rates of individual variables were mainly determined by species-specific
morphometric traits, t hen interspecific differences in these traits would be expected
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to be similar in neonates and adults, and body shape would be expected to remain
relatively constant with age. Both expectations from this argument w re not supported by my results. The magnitude of morphometric differences between species
were considerably larger among adult females than among neonates, and more similarities in body shape between adult females and 80-120 d old pups were found in
AFS than in SFS. Therefore, the growth patterns exhibited by each species may not
be only related to intrinsic morphometric differences between t hem.

4.4.2 Preweaning growt h and allomet ry

I found no interspecific differences in rate of growth in body mass. This contrasts
with previous tudies of these species where they are sympatric (Marion Island:
l\t>l"lPy ( if.l~5 ); Macquarie Island: C:old~wnrtltv ;tnd Crowlev ( 1\J!J9)). My stimates

of growth rates in body mass also were lower at Ile de la Possession than at those two
sites. The reasons for such discrepancy are not clear, but methodological differenc
in pup sampling protocol (longitudinal vs cross-sectional) and period of lactation
covered hinder the comparison of results among these studies.
In this study, SFS and AFS pups had similar rates of growth in body mass and
body volume. However, AFS pups had: (1) faster rates of growth in body length,
length of anterior portions of the body (RL1-RL2), and forefl.ipp er dimensions, and
(2) lower rates of growth in body girth. These differences lead to a more streamlined
body with relatively large forefl.ippers in AFS , and a stockier body in SFS.
Two-species comparisons cannot provide general conclusions about relations between lactation duration and growth pattern (G;rl'land mtd ,\dulplt Hl9l ) in otariids,
but by minimizing other confounding factors, such a comparison can provide insights
into possible mechanisms (Fislwr c•t al. 2002). I hypothesized that AFS pups would
exhibit more precocial growth than SFS pups. In AFS , differences between pup and
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adult forefiipper shape, and their position along the body, differed more than in SFS,
which supports t his hypot hesis. These differences were reflected in t he relation hip
between forefiipp er span2 and foreftipp er surface area, which defines an important
measure (aspect ratio) of aquatic locomotory ability (e.g., F··ldkattlp l :JC:Si, Fish
l!)K/-., \fnrhcrg

t'l

d

a!.

nl. l!HJ;>) . For instance, low-aspect ratio ftipp r are associated with

increased costs of transport during steady swimming, but are better suited for rapid
accelerations during quick turns in open water (Fbh nnd :\icastr<•

:20U:~ ,

1'1:-.h

<"1

nJ

2003). A similar argument can be made for the relationship between RL3 and body
length, which is an index of the position of the foreftipp ers along the body. Relative position of the forefiipp ers along the body may have functional significance in
aquatic stability and maneuverability, which is favoured when foreftipp ers are located
far from the center of gravity (Fislt Pt ,.d. 200:l).
Allometric analysis (Figure 4.3) uggests that AFS pups have foreplippers po itioned more posteriorly along the body, and lower foreftipp er aspect ratio than SFS
pups, and hence potentially greater aquatic turning abilities at 100 d (± 20) of age.
However, while AFS pups are near the end of lactation at this age, SFS pup are
in mid-lactation, so increased aquatic turning abilities may be more critical for t he
fmmer. Indeed, the largest foreftipper surface areas of female AFS pups were close to
adult values, which was not the case for female SFS pups. Further studies are needed
to assess the effect of differences in ftipp r size and structure for terrestrial locomotion, and the acquisition of foraging skills at s a of these two species. Ot her factors
that are likely to influence tllis process, such as the timing and pattern of moulting,
should also be considered because they are known to affect pup t hermoregulatory
ability (Dnrwl11w Pt ul.

~IHIO ).

To summarize, I found many difi'erences in growth of AFS and SFS pups at Iles
Crozet, where the species breed sympatrically, but maintain species-specific differ-
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ences in lact ation durat ion. Compared to SFS pups, AFS pups adopted a growth
strategy that favours the acquisition of a longer, more slender body, with larger
forefiipp ers. The growth differences between species led to different allometric relationships between female pups and adult females, whereby AFS pup showed more
similarities in forefiipp er shape and position along the body with their adult count erparts than SFS pups. These interspecific comparisons of allometric relationships
suggest AFS pups are physically more mature a t approximately 100 d of age (close to
weaning ag ) than SFS pups of t he same age. Whether SFS pups achiev a similar
level of physical maturity close to their weaning age, and whether different morphological development patterns affect the ontogeny of foraging skills, remain to be
det ermined.
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Table 4.1. Summary of numbers of Antarctic (AFS) and subantarctic (SFS) fur seal us din the study, broken down by year,
species, and sex. Cell entries indicate total number , including
newborn pups; number of newborn pups is shown in p ar n theses
Species

Sex

AFS

Females
Males

Breeding season
2001
2002
Both

Both
SFS

Femal s
Males
Both

122

47 (10)
48 (6)

29 (24)
29 (19)

76
77

95

5

153

31 (27)
27 (22)

36 (32)
30 (28)

67
57

58

66
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T a ble 4. 2. Summary of morphometric differences between species and sexes in neonatal Antarctic (AFS) and subantarctic
(SFS) fur seals. Sample sizes (n; females , males) were: AFS n = 22, 17; SFS: n = 32, 28 for all variables except for body
mass and body length, for which AFS n = 34, 25; SFS n =59, 50
Females

Variable
AFS

......
tv
w

F-ratioa

Males
AFS

SFS

SFS

~

Body mass (kg)

BM

4.90±0.150

4.60 ±0.080

5.40 ± 0.210

5.45 ± 0.100 0.98; 3 5.2 8

Body length (em)

BL

60.3 ± 0.54

58.8±0.32

63.8±0.75

61.7 ± 0.40

1 1.3 4; 46.63

Girth (em)

G1
G2
G3
G4

30.4 ± 0.30b
29.5 ± 0.32b
39.6 ± 0.54b
39.1 ±0.64b

28.9 ±
27.4 ±
37.2 ±
36.7 ±

0.14
0.26
0.33
0.41

30.6 ± 0.26
28.6 ± 0.48
39.3 ±0.71
39.1±0.72

30.4±0.15
29.2 ± 0.27
39.6 ±0.43
40.2 ± 0.55

9.57
16.22
7 .87
9.27

RL1
RL2
RL3
RL4

8.3 ±
12.9 ±
30.3 ±
43.8 ±

0.13
0.15
0.41
0.43

7.8 ± 0.11
12.1 ± 0.16
29.0 ± 0.37
40.2± 0.34

8.8 ± 0.17
13.6 ±0.30
31.1 ± 0.62
45.0± 0.59

8.1 ±0.11
12.8 ±0.19
30.9 ± 0.43
41.9 ± 0.37

25.33; 9. 24
16.86; 14 .16
2.45; 11.15
62.84; 13.99

'ui......

Forefli pper length (em)

FL

22.2 ± 0.23

21.1 ± 0.14

23.0 ±0.45

22.0± 0.18

2 1.66; 13.77

.g.....

Foreflipper width (em)

FW

8.0± 0.11

8.2±0.10

8.4 ± 0.17

8.8 ± 0.10

10.95; 24.10

FA

142.1 ± 3.57b

126.6± 2.41

145.4 ± 5.99

144.1 ± 2.50

4 .30

BV

4.5 ± 0.15b

3.6 ±0.08

4.5 ±0.21

4.2 ± 0.11

4 .93

Reference length (em)

Foreflipper surface area
Body volume (l)
a

b

(em2 )

Values for interspecific and intersexual comparisons (respectively) are shown. Significant effects a re in bold. For significant interactions,
only the value for the interaction is shown
For significant interactions, this is the species and sex with the highest mean
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Table 4.3. Summary of morphometric differences between adult Antarctic (AFS) and
subantarctic (SFS) fur seal female . Cell entries are mean ± SE (n)

Variable

AFS

SFS

F-ratioa

Body mass (kg)

BM

32.7±0.36 (63)

30.5 ± 0.45 (70)

6.88

Body length (em)

BL

118.0 ± 0.49 (63)

117.0 ± 0.51 (70)

1.07

Axillary girth (em)

G3

75.0 ± 0.70 (24)

73.8 ± 1.12 (22)

0.44

Reference length (em)

RL3

63.3 ± 0.52 (24)

61.6 ± 0.55 (18)

2.74

Forefiipper length (em)

FL

40.3 ± 0.25 (62)

33.9 ± 0.23 (70)

179.80

Foreftipper width (em)

FW

12.9 ± 0.08 (62)

11.9 ± 0.07 (70)

43.8

Forefiipper surface area (cm2 )

FA

431.5 ± 11.46 (16)

a

Significant effects are in bold
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348.1 ± 6.4 (11)

17.67

Table 4.4. Summary of effects of species (,Bm and ,Bu ), sex (,Bo2 and ,612), and t heir interactions (,Bo3) on growth of
Antarctic and subantarctic fur seal pups, estimated using model (4.1) a . SE is in parentheses

Intercept effects

Variable

,Bm

,_.
t-V

c.n

,Bo2

Slope effects

,Bo3

,Bu

{312

n .s.

n.s.

0.010 (0.003)

Body Mass (kg)

BM

Body lengt h b

BL

n.s.

-1.740 (0.680)

1.410 (0.640)

Foreflipper length

FL

0.880 (0.330)

n.s.

-0.040 (0.004)

n.s.

Foreflipp er width

FW

0.570 (0.140)

n.s.

-0.004 (0.001)

n.s.

Foreflipp er surface area

FA

n.s.

n.s.

-0.410 (0.080)

n.s .

Body volume

BV

n.s.

n.s.

0.010 (0.004)

-0.950 (0.180)

n.s.

-1.030 (0.230)

>!::..

'"0
.§
~
0
~
.,....
~

g;

0..

'"c:l

0.860 (0.310)

n .s.

n.s.

n.s.

G2

n.s.

1.700 (0.750)

0.040 (0.008)

n.s.

~
.....

Girth

G3

n.s.

n.s.

0.030 (0.010)

n.s.

0..

Girth

G4

n.s.

n.s.

0.060 (0.015)

n.s.

(§
..._

Reference length

RLl

0.550 (0.190)

n.s.

-0.010 (0.003)

n.s.

RL2

1.150 (0.310)

n .s.

-0.020 (0.006)

n.s.

1.530 (0.590)

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

Girt h

Gl

Girth

-1.400 (0.300)

~
\:)

~
ct>

a

b

RL3

-2.770 (0.580)

RL4

-4.070 (0.590)

Interactions in slopes /313 were non-significant, so were omitted. Significant effects are in bold, n.s. = non-significant effect, and meaningless
effects (due to interactions) were left blank
Relative age (d) was log-transformed to linearize this relationship
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s
ct>

1::!
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Table 4.5. Comparison of growth rates of Antarctic (AFS) and subantarctic (SFS) fur seal pups, estimated using
model (4.1 ). Cell entries are the estimated slope taken from the model (lower - upper 95% confidence limits)
Variable

Females
AFS

Body mass (kg · d -

1

Body length (em · log d Girth (em · d -

1

1

BL

)

G1
G2
G3
G4

)

Reference length (em · d -

1

Forefii pper length (em · d -

)

1

)

Forefiipper width (em · d - 1 )
Foreflipper surface area (cm2
Body volume (I · d -

1

0.06 {0.06 - 0.07)a

BM

)

)

·

d-

1

)

Males
SFS

AFS
0.08 {0.07 - 0.08)"

17.58 {16.68 - 18.47)

15.83 {14.85 - 16.82)

0.07 (0.06 - 0.08)
0.14 (0.13- 0.15)
0.09 (0.08 - 0.11)

0.04 (0.04 - 0.05)b
0.09 (0.07 - 0.10)
0.10 (0.09- 0.11)
0.17 (0.15- 0.18)
0.14 (0.13- 0.15)
0.15 (0.13 - 0.18)
0.09 (0.08 - 0.11)

RL1
RL2
RL3
RL4

0.05 (0.05 - 0.06)
0.10 (0.10- 0.11)

FL

~

SFS

18.99 {18.11 - 19.86)

17.19 {16.15- 18.23)
0.10 (0.09- 0.1)
0.17 (0.15- 0.18)
0.15 (0.13 - 0.18)
0.04 (0.03 - 0.04)
0.09 (0.08- 0.10)

0.08 (0.08 - 0.08)

0.04 (0.03 - 0.05)

0.08 (0.08 - 0.08)

0.04 (0.03 - 0.05)

FW

0.02 (0.02 - 0.02)

0.02 (0.02 - 0.02)

0.02 (0.02 - 0.02)

0.02 (0.02 - 0.02)

FA

0.99 (0.89 - 1.09)

0.58 (0.45- 0.72)

0.99 {0.89 - 1.09)

0.58 (0.45 - 0. 72)

a Growth rate was common to both species
b Growth rate was common to both species and both sexes

0.04 {0.03 - 0.04)a

'0

~
0

~
::JI»

c-1--

0.04 (0.03 - 0.04)
0.05 {0.05 - 0.06)
0.09 (0.08- 0.10)
0.10 (0.10- 0.11)
0.10 (0.09 - 0.11)b
0.13 (0.13 - 0.14)b

BV
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Fig ure 4 .1. Rates of growth in a) body mass and b) body volume did not differ between
Antarctic (AFS) and subantarctic (SFS) fur s al pups during lactation but growth in c)
body length was faster in AFS pups, ba d on equation (4.1). Th vertical dotted line
indicates the weaning age of AFS pup . S Table 4.5 for estimated growth rates
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Figure 4.2. Forefiipper length (a), width (b) , and surface area (c) grew faster in Antarctic (AFS) compar d to subantarctic (SFS) fur seal pups during lactation based on equation (4.1) . The vertical dotted line indicat weaning age of AFS pups. S e Table 4.5 for
estimated growth rates
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Figure 4.3 . Body shape of pups at approximately 100 d of age shows more similarities
with that of adults in Antarctic (AFS) than in subantarctic (SFS) fur seals, based on a)
asp ect ratio (relationship between forefiipper span2 to forefiipper surface area) , and b)
rela tionship of distance distance from tip of nose to axillae (RL3) to body length. The
slope of the relationship (lower , upper 95% confidence limits) are shown
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Chapter 5

Pup physiological development and growth dynamics

Abstract
Otariid pinnipeds exhibit large variation in lactation duration, and pups wean at
different times of cycles in marin productivity. Therefor , pup growth and development patterns differ between species, intimately associated with maternal care
strategie . Inter pecific comparison to understand t h me hanism driving variation in otariid maternal care strat gies and pup development are difficult due to th
inability to cont rol for confounding eff cts of differences in nvironment . I compared
the body composition and dynamics of mass changes associat d with maternal attendance and foraging trips in two losely related, morphologi ally similar, fur seal
species at a syntopic site. I measured total body lipids absolute mass gain (milk
intake) during maternal attendance, and mass-specific rate of mas los during maternal foraging trips in Antarctic (Arctocephalus gazella Pet rs 1 75; 120 d lactation)
and subantarctic (A. tropicalis Gray 1 72; 300 d lactation) fur eal pups . Relativ
to body mass, total body lipid stores in reased during lactation, and were larger in
A. tropicalis pups. Absolute mas gain increased with the duration of the preceding

maternal foraging trip , but the slope of t hi relationship was higher for A. gazella,
so that mass gained per day mot her sp nt at sea and average mass gain was larg r
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in this species. Milk fat content increased similarly for both species during lactation,
and total energy intake was larger for A. gazella pups at any given age. Mass- p ific
rate of mass loss did not differ between species among females , but female A. gazella
pups had higher r ates of mass loss than t heir congenerics of the same sex. These results support previous suggestions that maternal expenditure during foraging cycles
is larger in A. gazella, and t hat pups of this species are under stronger selection to
develop lean body mass, in preparation for weaning at a younger age, at a time of
reduced prey availability.

5.1 Introduction
Lactation is the main form of parental care in mammals and the most energetically
exp ensive activity for females (rc,nd 1077, Cit tlcrnnn and

J'hon1p~·m HI~~).

A wide

sp ctrum of physiological and behavioural adaptations allows females to cope with
the large energy costs of lactation, under a variety of conditions (:\lillar l!l77, fl<,nd
1077, Pn'n1 icP ;md Pn•11ticL' 198t<). Mothers and offspring interact clo ely during
lactation, influencing each other 's physiology and behaviour according to their own
fitness interests (T'riY('rf; 197·1 ,

Hogowit:~, 19~lf5 ).

The process occurs in a context of

larg variation in the physical environment, giving rise to complex patterns in lactation strategies. In pinnipeds, lactation strategies can be ordered along a continuum
ranging from strict "income" to "capital" strategies

( Dn~u1

nnd D:wn [qKO, Buyd

1!)!)/<) , determined primarily by differences in energy storage capabilit ies relative to
body size. However, lactation duration, a major component of lactation strategy, is
highly variable even among species at either end of this spectrum (Sdmlz nwl BmY<'n
200.), 'J'rilllnich n nd \\ cis~ing

~006 ).

Therefore, the interplay between maternal and

offspring development strategies in pinnipeds remains difficult.
According to an early hypothesis (Gent r)
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tion in duration of lactation of otariids (fur seals and sea lions), species breeding at
subpolar latitudes [e.g., Antarctic (Arctocephalus gazella (Peters, 1875)) and northern (Callorhinus ursinus (L. , 1758)) fur seals] exhibit brief lactations (4 mo) du to
t he combination of high seasonality, predictability, and productivity of the environment, compared to species breeding at lower latit udes. In these conditions, lactation
is restricted to summer and early fall, when prey availability is highest and lose
to the colony. At the other extreme, otariids breeding in the tropics [e.g., Galapagos fur seals (A. galapagoensis (Heller, 1904)), and Galapagos sea lions (Zalophus
wollebaecki (Sivertsen, 1953))] display the longest lactations (2-3 yr) , presumably

as a bet-hedging strategy to buffer against large interannual variation in marine
productivity. Although this hypothesis has received recent support from analyses
controlling for phylogeny and body size (Schul? nnd nowe11 200-"1), data from species
bre ding at temperate latitudes suggest that nearly every other aspect of maternal strategy (e.g., foraging cycle duration and milk characteristics) is more strongly
influenced by prey ecology and distribution (han<-i:-;

<'t

al. I!J~Jf-).

One of the difficulties of interspecific comparisons is the inability to control for
confounding effects of environmental differences. The problem is often unavoidable
because breeding distributions of specie do not overlap. However, several otariid
species with widely differing lactation duration have overlapping distributions [e.g.,
north rn fur seals and California sea lions (Zalophus californianus (Lesson, 1828))]
and can even be found breeding syntopically at certain sites. In this situation, the
environment exhibits the same levels of productivity, seasonality, and predictability,
yet maternal expenditure is spread over periods of different duration. Thus, it is
not clear what particular strategy a female should adopt, and how her pup should
respond because different trade-offs may be under selection (I\·ukt·r I ()F,!J ,
Sntif h 2001).

OwPtt-

Some physiological and behavioural traits of the maternal strategy
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may have become more rigid, especially in species that have evolved und r relatively
predictable environmental regimes at the core of their distribution , while others
may be more flexible (I\i)ttig rlnd \Ltrkl. 19()7, Hdding nwl 'I'ri!Lwieh :2(Jil7). Clearly,
trade-offs acting on pups are part of the observed strategies.
Two otariid species inhabiting the Southern Ocean ar particularly suited for this
topic - Antarctic fur seal (AFS) and
closely related (Bit1imla EnH•tlds

(Pa:nw l!J7H, 13!':.-<tt'r and \'au

d

~ubantarctit

nl. J!J!)!l), and are morphologically very similar

.Jaar~\c·ld

tion duration: 116 din AFS (Ct)::>tn f't
( h•'d•.~y

1987, C: ui11tt nnd

GcorgP~

fur seal (SFS) - because they are

l !YJ 1), yet exhibit a larg disparity in lacta-

,,1.

1\)~8 ,

Lunn

~~t

al. lUu:n and 300 din SFS

:2000). AFS breed primarily south of the Antmetic

Polar Front (APF), while SFS do so around the Subtropical Front (STF) (Bomwr
<UHl li<uTi~uJl

19S1 ), so represent the subpolar and temperate maternal strategy in

the continuum described above. However, both species breed ::;yntopically at a few
locations where foraging habitat differences between species are likely to be minimal ,
facilitating the interpretation of comparative analyses. Recent comparisons of the
foraging ecology of lactating females at Iles Crozet have shown important differ nces
in their diving behaviour (Luqnc

ct

al. 2lllll o) that appear to be driven by greater

physiological constraints in AFS (Luqu<· ('{ ;Jl. 20fJi'>), despite larg ly overlapping foraging areas. AFS pups at this location show higher resting and field m tabolic rates
than SFS pup (Arnould

('1

al.

200~~ ) .

Furthermore growth studies suggest that AFS

pups trade-off fat storage for increased lean body mass growth, compared to SFS
pups (Luqnc d al. 2007b). However, the mechanisms linking maternal strategy and
pup development remain unclear.
In this study, I investigated the process linking two major aspects of mat rnal
strategy - attendance and milk delivery - to the associat d dynamics of preweaning
pup growth in AFS and SFS. Specifically, my aim was to determine whether milk
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intake, measured as pup mass gain during maternal attendances, and the ensuing
mass loss during maternal foraging trips, differed between species to account for
the observed overall differences in growth patterns. Given the previously reported
interspecific differences in metabolism , I also compared body composition (total
body lipid) and milk composition to assess possible differences in energy allocation
by pups. Based on previously reported differences in pup metabolism and maternal
foraging behaviour, I hypothesize that lactating AFS females show greater rate of
mat rnal expenditure during lactation than SFS, and that AFS pups should show
greater mass gain during maternal attendances.

5.2 Methods
5.2.1 Study site and animals
Research was carried out at La Mare aux Elephants (46°22'29" S, 51°40 '13" E) , at
the western end of Ile de la Possession, Crozet archipelago, Southern Indian Ocean,
during the 2001-02 (4 December- 25 March) and 2002-03 (1 December- 16 March)
breeding seasons (2001 and 2002 hereafter). The site consists of two adjacent AFS
and SFS colonies, where peak pupping dates were found to be 5 and 15 December
(2001: 164, and 2002: 167 pups) for AFS, and 25 and 30 December (2001: 80,
and 2002: 91 pup ) for SFS. During both pupping periods, 277 fur seal pups were
individually marked with a numbered piece of tape temporarily glued to the fur on
top of the head. At approximately 30 d of age, pups were permanently marked by
attaching a tag to the trailing-edge of both fore-flippers. Because absolute age was
not known for all pups, relative age was defined as the number of days elapsed since
individuals were first seen, which was taken as day zero. The differen e in peak
pupping dates between species was taken int o account by adding the corresponding
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value from each breeding season (2001: 20, and 2002: 15 d) to the relative age of
AFS pups. Molting began in February for both species, so 1 February was used to
differentiate pre- and postmolting pups.
As part of concurrent growth studies (Luqn<'

t't

al. 2007b), pups were weighed to

the nearest 0.05 kg at first capture, and every 5-9 d thereafter, on a 25-kg capacity
digital suspension balance (Salter Brecknell, ElectroSamson).

Straight-line body

length (to the nearest 0.5 em) was also measured upon first capture, and every 1216 d thereafter. Mothers of a subset of marked pups (AFS: n

= 49; SFS: n = 47) were

equipped with time-depth recorders (TDRs) and Platform Transmitter Tcrruinab
(P TTs) throughout both study periods as part of research on maternal foraging
behaviour (I.wpw

t'l

:ll. 2007 u). Body mass (to the nearest kg) and body length

(to the nearest em) of instrumented females were recorded immediately before and
after deployment, and again when females were recaptured and tagged to recover
instruments after 1-11 foraging trips ( Jiang

<>1 ;Jl. 2002).

Maternal attendance was

determined from the times of arrival and departure to and from the colonies recorded
by the instruments. Maternal attendance was also monitored by visually searching
the colonies three times per day (09:00, 14:00, and 18:00) , and recording the pre ence
of mothers of marked pups.

5.2.2 Body composition

Pups were selected pseudo-randomly for body composition analysis throughout both
study periods. The selection of study of pups was ultimately onstrained by t he
availability of marked pups known to have be n fasting for a minimum of 24 h , to
allow for digestion of milk consumed during the last maternal attendance. Body
composition was measured using hydrogen isotope dilution techniques (Costa r>t nl.
19.~7).

Pups were weighed and measured before collecting a background blood sample
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(5 ml) from an inter-digital vein in a hind-flipper. They were subsequent ly given an
intramuscular injection of a weighed dose of tritiated water (HTO; approximately 1
ml, 7.4 mBq · ml- 1 or 50 J.LCi · ml- 1 ). Pups were kept in an nclosur for 3 h to
allow equilibration of injected tritiated water with body water, and a second blood
sample (5 ml) was collected to determine total body water (TBW) .
Blood samples were kept at about 4°C for several hours before being centrifuged
at 3000 rpm for 10 min, and t he plasma fraction separated. Aliquot sampl s (12 ml) were stored frozen (-20°C) until laboratory analysis were performed in May
2002 and 2003. Thawed subsample aliquots of plasma (0.1-0.2 ml) were distilled into
pr -weighed scintillation vials (Ortiz

et ,l)

I CJI':>). Vials were r -weigh d to obtain

the mass of distilled water (±0.1 mg), and a scintillant (5 ml Pico Fluor; Canberra
Packard) was added to each vial. The specific activity of tritium was counted for
10 min using a Packard Liquid Scintillation Counter (1600TR), with correction for
quenching by means of the sample channels ratio and an external standard to et the
counting window for the vials. Samples were analyzed in duplicate and each vial was
counted twice. Subsamples of the inj ectant (0.2 ml) were also counted similarly and
at the same time as t he vials with plasma samples to determine the specific activity
of the tritium inj ected.
Total body water was calculated from HTO dilution space using equation 5 from
Bu\\1'11 l'1

<11. (1998) (TBW

= 0.003 + 0.968 · H - space). Lean body mass was cal-

culated from TBW, assuming a hydration constant of 74.7% (Arnould d n1 19!J6b),
and total body lipid (TBL) was calculat d by subtracting lean body mass from total
body mass.
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5.2.3 Milk composition

Upon recapture, lactating females equipped with TDRs were given an intramuscular
injection of oxytocin (1 ml, 10 UI ml- 1 ) , and a milk sample (5-30 ml) was collected
by manual expression and stored in a plastic vial at -20°C until laboratory analysis
were performed (May-June 2002 and 2003). Samples from mot hers of two AFS and
four SFS pups that were not instrumented were also collected. Frozen milk samples
were thawed at room temperature (20°C) and thoroughly mixed using a high-speed
stirring rod. Water content was determined by drying subsample (1.5-2.0 g) in
preweighed aluminium foil trays for 72 h at 80°C in an oven. The dried sampl s
were cooled in a dissicator before weighing them again to determine water content
by subtraction.
Protein and lipid content were determined using the relationships between 1 mental carbon (C), hydrogen (H), and nitrogen (N) , studied in AFS from South
Georgia (Gnaip,<·r and Bitterlidt UJO.J , '\Tlll)llld <·t al. l<)DiJ). Subsamples of the dried
solids (200-250 mg) from water content analyses were placed in preweighed tinfoil
containers, and stored in a dissicator until they were analyzed in an automatic CHN
analyser (Perkin Elmer , Elemental Analyser 2400 CHN) , by using a certified reference standard (supplied by Laboratory Services Division, University of Guelph
Ontario) . Protein and lipid content were calculated using the mea ur d C, H, and
N proportions of dry mass following procedures outlined in Cnnig,•r mtd Bitt<'flkh

(.lqs l ), modified to account for the particular characteristics offur seal milk (Arnunld
ct. nl. 1D!J,)).

Gross energy content was calculated by multiplying the derived lipid and protein
compositions by standard values of energy density of these components (lipid: 38.12
kJ · g- 1 ; protein: 23.64 kJ · g- 1 ) ( Pc•1-rin 1(.JC,8). Carbohydrates typically represent
less than 0.5% of total milk volume, equivalent to less than 0.2% of gross energy
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in pinniped milks (Uftcdal d :d. l~l:-)7) , so were not consid red in the calculation of
gross energy content.
Due to problems with the CH

analyser, protein, lipid, and a ociated gro s en-

ergy content could not determined for 12 AFS and 13 SFS ampl s. Therefore, the
strong negative r lationship betwe n lipid and water content ( \rw•ttld •'t al. J!J!ld ,
Guld~\W)J

th.\" nnd ('ro\\'lc'y

1()<)!))

was used to recalculate th lipid and gross energy

content of all samples to allow for comparisons. From CHN analy es, lipid (%) could
be reasonably (r 2 = 0.79, residual SE= 0.04, P < 0.001) predict d from water content

(%):

lipid= 78.44 - 82.14 x water

(5.1)

Consequently, gross energy content was strongly related to water ontent (r 2 =
0.97, residual SE=0.55, P < 0.001) :

energy = 33.44 - 0.34 x water

(5.2)

which is n arly identical to the relationship observ d in th s two species at
Macquarie Island (GI)ld,;worth.v nud

(\(JW]<'Y

1999), and in AFS at South G or-

gia (.\mntt!d and Bc.yd J!Hl.:)a). Lipid and gross energy content w r recalculated for
all samples using these equations for comparisons.
5.2.4 Pup mass changes

Body mass changes due to maternal att ndance patterns were studi d by observing
the attendance of mothers of mark d pup , and weighing pups daily when mothers
were at sea. The colonies were monitor d throughout the day and study period, o
care was taken to weigh pups soon after departure of the mother, and daily until her
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return.
Using t 0 to denote the time when a pup was weighed following its mother's departure to sea, and t 1 the time when it was weighed immediat ly befor her return,
respectively, mass-specific rate of mass loss (MSRML, % · d- 1 ) was defined as:

MSRML = log m 1 - log mo x 100

(5.3)

f::::.t

where mo and m 1 represent the mass of the pup at t 0 and t 1 , respectively, and
f::::.t

= t1- t 0 (d).

Lactating females perform overnight foraging

trip~ ( OFT~)

at La Mare aux Ele-

phants (LttqtH' <'t. ill. 2007u), which are not reliably detected by observers in the
field. Therefore, mass gained by pups during maternal attendances was calculated
only for pups whose mothers were instrumented. Using subscript 2 to indicate t he
time when a pup was weighed following its mother 's departure (after t 1 ) the absolute
mass gained by pups during maternal attendances was defined as m 2

-

m 1 . Only

pup mass records obtained no more than 1 d before the beginning or 1 d after the
end of a maternal attendance were considered for calculation of absolute pup mass
gain.

5.2.5 Statistical analyses

A small proportion of marked pups (5-10%) were selected for body composition or
mass changes analyses more than once throughout the study p riod, so a singl
record was chosen at random to avoid pseudoreplication and give all pups the same
weight during analyses. Factors influencing variation in TBL, milk components,
and mass changes were examined using linear multivariate analyses of covariance
(Tal>nchnkk and Fidf'll 2001 ). Model selection began by including all main effects

and interaction terms, and subsequently removing in a. stepwise manner terms that
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did not contribute significantly to the design, while keeping the model as simple a
possible. The Akaike Information Criterion (AIC) was us d to guide the decision
process

( \'<'Jl<llJ!c~

nwl Hipl<·y :.?00'2). All data analyses were performed with the GNU

R system (H d<'\'<'lupm•·Ttt Con:

i'<'Hlll ~fJO/).

5.3 Results
5.3.1 Body composition

Variation in total body lipid (TBL) tores of SFS and AFS pup wa most parsimoniously accounted for by body mass, pecies, and sex (Table .5.1 ). The selected
model did not include interactions b tw en any of these factors, showing that SFS

(F1 ,94 = 4.57, P = 0.03) had significantly higher TBL stores for any given body m ass
than AFS (Figure 5.1a). Female pups had higher TBL (F 1 ,94 = 5.63, P = 0.02) than
male pups of the same body mass. SFS and female pups had, on av rag , 1.5% and
1.2% high r TBL stores (percent body mass) than AFS and male pup , respectiv ly
(Table 5.2) .
Post-moult pups had significant ly higher TBL (percent of body rna , Figure 5.1b)
than pre-moult pups in both speci s (F1,95

= 14.81, P < 0.001) , without intersex-

ual diff r nc s nor interactions between species and sexes affecting the comparison
(ANOVA test significance of inclusion/ removal of model terms P > 0.1 all cases).
Although SFS pups had higher TBL than AFS throughout th

t udy period th

differ nee was not significant (F1 ,95 = 3.5 , P = 0.06). T he sam r ult was found if
relative age, rather than moulting stag , was us d as covariat .

140

5.3 Results

5 Pup physiological development and growth dynamics

5.3.2 Milk composition

AFS and SFS milk was composed of about 40% water in both pecies (Table 5.3).
Protein content, determined from CHN analysi of subsamples from 81 adult females,
was approximately 10% (Table 5.3). Water content decreased ignificantly with pup
relative age (F1 ,99

= 51.76, P < 0.001) , and the pattern was similar for both p cie

(sp cies x relative age interaction: F1 ,99

= 0.48, P > 0.1). Consequently, predicted

lipid and gro s energy content incr ased during lactation (Figure 5.2a). At any
given age, pups of both species con urn d milk with similar lipid cont nt, although
the value was marginally higher for SFS pups (F1 ,99

=

3.13, P

=

0.0 ). Lipid

content increased by approximately 10% betw en pre-moult and post-moult stages
of la tation (Figure 5.2b) , again without int raction with sp cies (F1,99

= 0.76,

P > 0.1) , and marginally higher values for SFS pups (F1,99 = 3.53, P = 0.06).
Gross energy content also followed this pattern of variation with pup relative age.
Therefore, data were pooled, and gro

energy content of milk (kJ · g- 1 ) could be

pr di ted from pup r lative age (d) using (r 2

= 0.33, re idual SE = 2.44, P < 0.001):

gross energy = 17.21 + 0.072 x age

(5.4)

5.3.3 Pup mass changes during maternal foraging cycles

Mass gain d by pup during maternal attendances was not significantly r lated to
sex, nor to body mass immediately prior to arrival ofth ir mother (Table 5.4). Mass
gain averaged 0.85 kg during each maternal attendance, but AFS gained significantly
more mass (F1 ,58 = 6.28, P = 0.02) than SFS (Table 5.5), at about 41 d relative
ag . Mass gain was similar for both sexes (F1 ,5

= 0.1 , P > 0.1) , and pup sex did

not influence interspecific comparisons (F1 ,58 = 0.6, P > 0.1).
Variation in mass gain was parsimoniously accounted for by the duration of preced-
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ing maternal foraging trip (FTD), species, and the interaction between these fa tors
(Table G.4). Thus, the overall interspecific differences in mass gain reflected t he more
rapid increase in mass gain per unit increase in maternal foraging trip duration in
AFS (Figure 5.3). The relationship did not hold for OFTs, when mass gain could
be as high as 1.12 kg, particularly among AFS (Figure

5 . :~).

Small sample size pr -

vented inclusion of foraging trip type in the model selection procedure, so data from
OFTs were excluded from comparisons.
Absolute energy gain was calculated for all pups using equation (5.4) to predict
energy content from relative age, and multiplying the result by mass gain. Energy
gain increased with relative age at a similar rate for both species (Figure 5.4), but
AF S gained more energy at any given age than SFS (F1,53 = 5.13, P = 0.03).
Study of mass-specific rate of mass loss (MSRML) during maternal foraging trips
required inclusion of a species x sex (F1,83 = 7.1 , P < 0.01) interaction term.
Interspecific differences were found only among female pups, where AFS had higher
MSRML than SFS (F1 ,37

= 10.7, P = 0.002) (Table 5.5). Furt hermore, female AFS

pups had significantly higher MSRML than males (F1 ,49 = 13.4, P < 0.001 ), whereas
there was no significant difference in SFS pups (F 1 ,33

= 0.1 2, P > 0.1) .

5.4 Discussion
I show that, under conditions of syntopy, AFS pups: i) consume greater quantities
of milk, with the difference being larger during maternal attendances preceded by
long foraging trips (LFTs) lasting more than about 3d, ii) have higher en rgy intake
at any given age, and iii) have significantly smaller TBL stores than SFS pups of
the same mass. These differences support the hypothesis stating that rate of energy
expenditure is greater in lactating AFS females , and provide further evidence that
physiological constraints on maternal strategy may be strong r in this species.
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I made two crucial assumptions interpreting these results. First, th at obs rved
absolute mass gain is equivalent to milk intake. Other methods exist to measur milk
intake in t he field, such as isotopic analyses to estimate water intake (( 'u:-;ta <'1 a!.
J Di-17). These methods do not necessarily provide more accurate estimates of milk

intake because they tend to overestimate metabolic water production when water
intake from sources other than milk is substantial, which leads to underestimation
of total water intake attributed to milk (Lc11 <·1 al. :2002 a). .\nwttld d al. ( l !J!)tio)
showed good agreement between actual and estimated water intake in AFS pups
from South Georgia. Anecdotal evidenc from this study suggests that freshwater
drinking does occur at Ile de la Possession on particularly warm days (> l2°C) ,
but the extent to which it occurs is unknown. The absolut e mass gain values found
here are similar to those found at Iles Kerguelen (Gui1wt
Island (CniJwt

\~t.

(•t

ul. 2000) and Macquarie

<1l l9!Jf)) for AFS, and at Amsterdam Island for SF S

( C:t·orgP~

:md

G11iJwt 21l00h). By setting strict rules on the selection of pup mass records, and
using the most accurate information on maternal att ndanc , comparisons of milk
intake using this method seem to be valid, and may be more accurate than using
more expensive and time-consuming methods.
Second, I assumed that the relationship between milk lipid content and age (Figure :3.2) described the relationship for all tudy pups. Milk composition was not
determined for all pups in the absolute mass gain study, so it is possible that the
milk t hey consumed had a different lipid content than th at predicted for their age,
and thus carried a bias to the calculation of energy intake [equ ation (5.4)]. Milk
composition is known to vary with mammary evacuation in several terrestrial mammals (Oftcdnl 19.')'!), but this effect has not been found in AFS (Arnonld awl

f~uyd

1!)!J,:Jo). All samples in this study were collected soon after females returned from
their foraging trips, so any potential effect of this source of variation was probably
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small. Nonetheless, milk samples collected serially from individuals would allow a
more rigorous analy is accounting for interindividual differences. In combination
with larger samples, this would also help clarify the biological significance of the
slightly larger lipid content in SFS, adjusted for pup age, which in t urn influence
energy intake calculations.
Removing the effect of pup age, I did not find significant differences in milk lipid ,
and hence, gross energy content between species. The average lipid content of AFS
milk in this study appears to be slightly larger than t hat reported for Macquarie
Island (in syntopy with SFS,

Gold~wort b.\

and Cnm Icy 1!)!.l!l) and South Georgia

(Arttould and Bovd 1\)\)Ga), covering similar stages of lactation. Th values for
SFS milk a lso appear slightly larger in this study than those reported for Macquarie
Island Coldsworthy and Cn1wlPy ( l\J\)9), and similar to those obtained at Amsterdam
Island ( GPurgt·s Pt <1 l. 2001 ), for th same period of lactation and maternal attendance
characteristics. In both species, however , milk lipid content changed similarly with
pup age in all studies. These comparisons are in agreement wit h Fr:ul<'i,

('t

nl. 's

(I DD~ ) hypothesis stating t hat milk characteristics reflect lo al foraging habitat more
than latitudinal variation in marine productivity, seasonality, and predictability.
Absolute pup mass gain during maternal attendance increased with the durat ion
of the preceding foraging trip of mothers, as has been found previously for both
species (Guil1c•1

f't

;ll.

l!.ifl!.l, Guinet

illld G1!ur1~(·~

:20UO, (;uim•t ~'t ul. 2UOO). However,

this increase was more pronounced in AFS, which was reflected in the larger average
mass gained by AFS pups. Interestingly, lactating females of both species returning
from OFTs provided pups with a wide range of milk quantit ies that did not follow
the same relationship observed during LFTs. In both species, there is no obvious
temporal pattern in the occurrence of OFTs

( Luqm~ ('t

nl. :2011/rt), so the large varia-

tion in pup mass gain after t hese trips may reflect different levels of foraging success
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during these trips. Absolute mass gain did not differ between sexes in both speci s,
in agreement with substantial evidence for equality in maternal expenditure betw en
sex s (Ono mHl Bon(':-;s lU!JG, Lunn nnd Arnonld 1997, Unind ('f "1. 1!199, Gniw't
nnd

(i('(Jfl-?;('!:',

:.won, (lllinct

('1

ill.

:21)(1()) ,

Supporting my hypothesis, AFS pups had significantly larger average pup mass
(milk) gain, and they also gained more mass per day their mothers pent at sea,
particularly during the longest LFT::>. Total energy gain was also larger in AFS pups
at any given age, confirming that the differen es in mass gain were not due to uneven sampling of LFTs between species. This is consistent with evidence of greater
foraging effort and access to prey patches of better quality in lactating AFS females
(LtHJUt'

('t

al. :!OfJK). It also suggests that the rate of energy transfer from mother to

pup during lactation is higher in AFS, which may reflect adaptations of each speci s'
maternal strategy to the typical marine habitat at the core of their geographical
distributions, and are more rigid aspects of the maternal strategy. Milk composition and consumption data from other otariids breeding at temperate latitudes is
still scarce. However, similar low values were found in Australian fur seals (Arctocephalus pusillus doriferus (Wood Jones, 1925)) in southern Australia

and Uindell20tH , 2002) , and SFS in Amsterdam Island
Cuiuct <md

G('C•I',l!,('S

( GI'Ol'P,(''}

( .\nlc~tdd

and Cttitwt 2000b,

2000) (10 mo lactation, both species) , compared to subpolar

AFS and northern fur seals (Dvuohnt' d al. 2()02) , has been attributed to lower marine productivity at those sites. Thus, my study of this aspect of maternal strategy
is congruent with the productivity-seasonality hypothesis (Gr ut 1 v
supports a recent analysis (S('hul/ and Bowen

et <ll J!lSfJ) ,

and

~005 ).

I found also that MSRML was higher in AFS pups, but the difference existed only
among females. Furthermore, females had higher MSRML than males only among
A.FS pups, suggesting that previously reported differences in fasting met abolism
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between sexes (A mould t~t rd. 199ba) may b e sp ecies-specific. Indeed , MSR ML did
not differ between sexes in SFS at Amsterdam Island

(l ~<'~wplt:t 1't

,d. 200:}). Similar

to the results shown here, MSRML was higher for females than males among AFS
at Iles Kerguelen (CuiiH't

t•l

:d. 2000). In both species , female pups seem to rely

more heavily on protein cat abolism when fasting than male pups, despite having
relatively larger fat stores (.\1nould et a!. l ~l%o , Bcu11pkt ct HL

2()0,~) .

If t hi

intersexual difference is present in both species, why is MSRML higher in fem ales
only in AFS pups? Mass-specific resting and field metabolic rates are higher in
fem ale AFS pups, compared to conspecific male pup ("\rnou ld

l't

al. :2!JtH ). Fi ld

met abolic rate did not differ significant ly between sexes in SF S (Bcnnplel t't ul.
2()();)), but studies comparing resting metab olic rate between

await more det ailed analyses (Amould

t)t

exes in t his sp e ies

al. :2uo:J). The answer to t his question

may lie in physiological adaptations to t he extremely long, by otariid standards,
fasting durations experienced by SFS pups
l'\

al.

200:~),

( CPurw~s

and Cui1wt 21lfl(li,,

L~('aupld

forcing fem ales to adopt a strategy similar to t hat of males.

This study did not cover t he entire lactation p eriod of SFS, but data from two
lactating females t hat were monitored during July and August 2003, showed foraging
t rips lasting more than a m onth in both ca es (Luqu<·

(•I

nl. 2tltlla) , whi h does not

differ from findings at Amst erdam Island (G1·•)rgcs <'I nl. 2000b, Bt:;tuplct d al. 2001).
Therefore, SFS pups at Ile de la Possession may exp erience similar increases in fasting
duration t hroughout lact ation as t hose observed at lower latit udes. T he p resence of
two different patterns of MSRML between syntopic populations of t hese speci s
suggests that they are m or e rigid aspects of pup growth strategy. The differences in
body composit ion reported here confirm t hose presented previously with a small r
sample size during February 2002 (Arnould Pt al. 2(l():J), and are consistent wit h
differences in p attern of physical growth over t he initial 100 d of lactation ( LIHJU\'
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Pt al. 2007 &) . My analyses suggest that, compared to SFS, AFS pups adopt a growth

strategy that requires higher levels of maternal energy expenditure that is used for
proportionally greater development of lean body mass, in preparation for weaning
at a younger age.
Some aspects of maternal and pup growth strategies (maternal expenditure and
pup fasting metabolism) in otariids may have evolved in response to weaning at
different times of marine productivity cycles. Whereas AFS pups wean at the time
of lowest productivity, SFS pups do so during the following peak in productivity.
Therefore, there may be stronger selection for lean body mass growth in AFS during
their briefer lactation to allow for adequate physical and physiological maturation
needed for successful foraging at a time of reduced prey availability. Conver ely
there may be stronger selection for development of larger fat tores in SFS pups
during summer, in preparation for prolonged period of fasting in winter.

L an

body mass (muscle) growth may become more important for SFS during winter, as
weaning approaches during a period of increasing prey availability. Although thi
seems intuitive, comparative studies of species with differing lactation duration at
syntopic sites facilitate interpretation and highlight the importance of constraints
acting on mothers vs. those acting on offspring.
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Table 5.1. Changes in Akaike Information Criterion (AIC ) and deviance during stepwi e
procedure for selecting model of variation in pup total body lipid tore . Th procedure
began with a model including body mass, species, sex, and all their interaction . The
terms shown produced ignificant reductions in AIC, so were not retained. The final model
included additive effects of body mass, species, and sex

Effect tested
Full model
body mass x species x sex
body mass x species
species x sex
body mass x sex

Deviance

Residual df

Residual deviance

AIC

0.32
< 0.001
0.19
0.20

90
91
92
93
94

18.3
1 .6
18.6
1 .8
19.0

-148.5
-14 .7
-150.7
-151.7
-152.7

Table 5.2. Total body lipid stores (relative to body mass) were higher in ubantarctic
(SFS) than in Antarctic (AFS) fur seal pups

Species

Sex

N

Relative age (d)

Body mass (kg)

Total body
lipid (%)

AFS

Females
Males

23
24

35.3 ± 7.86
40.3 ± 7.65

8.5 ± 0.34
9.6 ± 0.49

26.3 ± 0.01
25.9 ± 0.01

Both

47

37.8 ± 5.39

9.0 ± 0.31

26.1 ± 0.008a

Females
Males

28
23

48.2 ± 4.77
42.1 ±5.72

7.3 ± 0.32
.7 ± 0.44

28.5 ± 0.01
26.5 ± 0.01

Both

51

45.4 ± 3.67

8.0 ± 0.28

27.6 ± 0.00 a

SFS

a

Significant interspecific differences (F 1 ,g 4
sexes (FI ,94 = 5.63, P = 0.02)

= 4.57, P = 0.03) , accounting for differences between

Table 5.3. Composition of milk from Antarctic (AFS) and subantarctic (SFS)
fur seal females, at 36.9 d (range: 9- 87) and 37.3 d (range: 0- 2) of lactation,
respectively

Component
Water(%)
Lipid (%)a
Protein (%)b
Gross energy (kJ · g- 1 )c
a

b

c

AFS (N =51)
41.2 ±
44.6 ±
9.8 ±
19.5 ±

1.20
0.97
0.59
0.40

SFS (N =51)
38.6 ±
46.7 ±
9.7 ±
20.3 ±

1.26
1.03
0.61
0.43

F-ratio

p

2.22

0.14

0.01

0.93

Determined from relationship between water a nd lipid content of ub amples (A FS: 39, SFS:
38) using an empirical stoichiometric relationship between elementa l carbon (C), hydrogen
(H), and nitrogen (N) (Ammtl,l •'! al 1\J~)!'>) . ANOVA not s hown; same as for water
Obta ined from empirical stoichiometric relationships between C, H , and
in s ubsamples
(a)
Calculated from equation equation {5.2), so ANOVA not shown; same a for water
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Table 5.4. Changes in Akaike Information Criterion (AIC) and d viance during stepwise
procedure for selecting model of variation in mass gained during maternal attendances. The
procedure began with a model including the duration of the preceding maternal foraging
trip (FTD) , species, sex, initial mass (m1), and all their interactions. The t erms shown
produced significant reductions in AIC, so were not retained. The final model included
additive effects of FTD , species, and interaction between species and FTD
Effect tested
Full model
FT D x species x sex
FTD x sex
ml

species x sex
sex

Deviance

Residual df

Residual deviance

AIC

0.024
0.025
0.173
0.186
< 0.01

34
35
36
37
38
39

4.41
4.43
4.46
4.63
4.82
4.82

-79.92
-81.69
-83.45
-83.81
-84.11
-86.10

Table 5.5. Mass gained during mat ernal attendances, and mass-specific rate of mass loss
(MSRML) during maternal foraging trips, by Antarctic (AFS) and subntarctic (SFS) fur
seal pups
Species

AFS

SFS

Sex
N

Rel. age (d)

Mean ± SE

N

Rel. age (d)

Mean± SE

Females
Males

14
20

37.9 ± 6.31
45.0 ± 5.45

0.99 ± 0.118
0.95 ± 0.103

23
28

33.6 ± 4.41
38.5 ±4.48

3.56 ± 0.190b
2.60 ± 0.179

Both

34

42.1 ± 4.11

0.96 ± 0.076a 51

36.3 ± 3.15

3.04 ± 0.146

Females
Males

18
8

42.7 ± 4.70
36.9 ± 7.80

0.61 ± 0.107
0.77 ± 0.209

16
19

51.6 ± 9.62
35.1 ±4.80

2.61 ± 0.219b
2.71 ± 0.193

Both

26

40.9 ± 3.99

0.66 ± 0.097a 35

42.6 ± 5.22

2.67 ± 0.143

Significant interspecific differences:
t ively

a ,b

MSRML (%)

Absolute mass gain (kg)

F1 ,SB

= 6.28, (P = 0.02) and F1 ,31 = 10.7 (P = 0 .002), respec-
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Figure 5.1. a) Female pups had higher total body lipid (TBL) stores, relative to body
mass, than male pups in Antarctic (AFS) and subantarctic (SFS) fur seals. Accounting
for differences between sexes, SFS pups had higher TBL stores t han AFS (summary in
Table 5.2). b) Post-moult pups had significantly higher TBL (as percent of body mass),
compared to pre-moult animals, but interspecific differences were not significant. Shape
of the box-percentile represents all quantiles from first through 99th, the mean (circle),
median, and 25th and 75th quantiles (solid vertical reference lines) of the distributions
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F ig u re 5 .2. a) Lipid content (%) of milk increased with relative pup age in AFS and SFS
females, without significant differences between species (summary of milk composition in
Table 5.3). b) Milk secreted during the post-moult p eriod had significantly higher lipid
content than during the pre-moult period for both species. Shape of the box-percentile
represents all quantiles from first through 99th , the m ean (circle) , median, and 25th and
75th quantiles (solid vertical reference lines) of the distributions
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I compared several aspects of maternal and pup growth strat egies in two closely
relat ed, and morphologically similar, otariid species differing primarily in lact ation
duration and global distribution. My main motivation was to address prevailing
weaknesses in interspecific comparisons attempting to explain variation in lact ation
duration among otariids, namely t he inability to control for confounding ffects of differences in environment. Therefore, I took advantage of a rare sit uation where specie
with widely differing lact ation duration and global distribution breed sympatrically.
Local foraging habitat was recognized as a major det erminant of foraging behaviour
of females during lactation (Fnttwis Pt al. 1\)%), but are females constrained by different lact ation duration? Offspring influence the physiology and behaviour of their
mothers and viceversa, so these interactions are obviously an important part of the
environment in which lactation occurs, and cannot easily be disentangled from oth r
influences. At the expense of reducing the number of species in compari ons, I used
a syst em where differences in physical environment are minimized to provide insights
into mechanisms driving variation in maternal strat egies in ot ariids.
In Part I of my thesis, I compared the major aspects of foraging ecology betw en
lactating Antarct ic (AFS) , and subantarctic fm seal (SFS) females. I showed that:
1. Lact ating females of both species fed on the same myctophid fish prey ov r
largely overlapping areas, with minor but important differences in the proportion of species consumed.
2. In common with other sit s where both species breed sympatrically, and in
contrast with allopatric sites, lactating females displayed a bimodal distribution in foraging trip duration , with females spending great er foraging effort in
overnight foraging trips (OFTs) .
3. SFS females made longer long foragin g trips (LFTs), more frequent OFTs, and
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spent a smaller proportion of their foraging cycle (attendance and foraging
trip) at sea. Furthermore, t hey showed less diel variation in diving behaviour
and effort , suggesting that they followed the nycthymeral migrations of their
prey to a smaller extent than AFS. Diving occurred almost exclusively at night
in both species, but SFS females dove deeper and for longer periods.
4. Species differed in physiological constraint when foraging during lactation, as
inferred from the greater b havioural aProbic dive lintit (ADL) in SFS, which
may explain the long r and deeper diving observed in this species. However,
AFS females had higher propensity to dive anaerobically.
5. Structure of prey patches, as revealed by temporal structure of diving bouts,
suggests that AFS females exploited more patches per unit t ime, and remained
in them for briefer periods of time. Considering t he differences in b ehavioural
ADL in an index of pntch quality (IPQ), AFS females appeared to forage in
patches of better quality, at the cost of greater foraging effort 1 .
In Part II, I considered aspects of the maternal strategy related to t h deliv ry
of energy (via milk) to offspring, and the allocation of that energy into growth. To
summarize these findings:
1. Body shape differed significantly between species from birth. Growth during

t he first 100 d of lactation involved t he acquisition of a longer, more slender
body wit h larger foreflippers in AFS .
2. Allometric analysis showed that body shape differences present at birth were
exacerbated during growth. AFS pups seemed to reach adult body shape faster
than SFS pups, suggesting t hat they are physically more mature at 100 d.
1

Section :3.1 was a necessary technical development to a llow the comparisons in the following section (summarized here) to be done more rigourously than was possible with previously available
m thods.
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3. AFS pups consumed greater quantities of milk, both on absolute terms, and
adjusted for differences due to maternal foraging trip duration. Furthermore,
milk composition did not differ between sp ecie , so that total energy intake
was significantly higher in AFS at any given age.
4. SFS pups had proportionally larger total body lipid re erves, and had lower
resting and daily metabolic rates than AFS pups. Oxygen storage capacity
also appeared to be smaller in SFS pups of the same age.
Globally, these results show evidence of flexibility in aspects of maternal and pup
growth strategies in response to features of the foraging habitat , and of rigidity
in other aspects that might reflect each species' evolut ionary history under diff r nt
regimes of environmental variation. Across most otariids, lactation duration is significantly related to latitude (Sd11!lz and f3um•n 2000), supporting an early hypothesis
stating that maternal strategies follow regimes of marine productivity, seasonality,
and predictability (G('Il1 ry PI al. 19Sb). The analyses I presented elaborate on Fr<tlld:-; d al. 's ( l ~Hl'l) suggestion that local habitat is a major influence on particular

characteristics of maternal foraging behaviour, adding that pup growth strategies
may be more inflexible than those of their mothers, further constraining how lactating females forage. Pups' growth may be attuned to weaning at different ages
without first-hand knowledge of the environment , which their moth rs po sess, so
t heir physiology is likely to be a stronger influence on t heir moth rs' b haviour than
viceversa.
I did not find evidence of extensive ecological segregation b tween AFS and SFS.
Foraging behaviour and pup growth rates indicated that environmental conditions
during th study were favourable for both fur seal species. Although there ar no
abundance estimates for these species at Iles Croz t after 1995, new colonie are
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detected frequently at Ile de la Possession since 2004 (CEBC, unpublished data) .
Furthermore, AFS and SFS are thought to breed sympatrically only recently in volutionary history (\\"ytJ('tJ <'I

itl.

2000), so opportunities to develop extensive ecologi-

cal segregation between them may have been limited at these sites under prevailing
favourable environmental conditions, and longer periods of coexistence may be required for its emergence.
A major feature of foraging behaviour in both species at Ile de la Possession is
the presence of two types of foraging trip. This was previously reported only at
Macquarie Island

(Gol<l~wnrtlty J ~J!J<l) ,

although it may also occur at Marion Island

with more extensive sampling (M. Bester, pers. comm.). It has not been report d at
allopatric sites of either species (e.g. Amsterdam Island for SFS, or South Georgia
for AFS). Duration of LFTs were at the lower end of values reported for both species.
Thus, these aspects of maternal strategy display great plasticity, and appear to be
a response to local foraging conditions around the islands. Rec nt studies ( V<'ll<t hlcf'
l't

al. 2007, and references therein) have highlighted the significance of a regular,

annual, phytoplankton bloom occurring just north of Ile d la Possession (Figure 1.6),
where both fur seal species concentrated their foraging activity (Figure 3, Baill<·nl
d

ill.

2000). This bloom may be a predictable source of food for plankton and

myctophid fish, providing in turn prey availability for fur seals close to the colony.
These observations showed the importance of considering variation in diving behaviour at fine scales throughout foraging trips because they revealed important
ecological diff"erences between species that were not apparent at the scale of ntire
foraging trips. Previous comparisons b tween sympatric populations of these species
at Macquarie and Marion Islands have not shown any major differences at the scale
of foraging trips (Bt·!-,fPr nud Bmt·Ictt l\J90, Huhin"Ull t>t a!. :20!12, hirkn!<tll PI :d.
:2tHU, Bnill<'t tl d al. 2000). If actual (rather than behavioural) ADL is greater in SFS
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across populations, we might expect to find similar differences between species at
those sites, u ing finer scales of analysis. ADL is a fundamental physiological constraint in diving vertebrates ( K(H}.)irll<llt I nsn), and affects their decisions, even in t he
same foraging habitat (:\Tori <Llld Buyd

~Oill/1 ) .

Therefore, accurate measurements of

actual ADL in both species are required to elucidate the physiological basis of the
behavioural differences observed in this study. Regardless of t he precise mechani m,
this difference had important repercussions for the foraging behaviour of fur seals,
so is a more rigid aspect of maternal strategy.
These results show evidence that the pattern of physical growth and maturation
is faster in AFS, and that it involves fast development of lean body mas (mus 1 ).
AFS pups adopted a. growth strategy that requires larger maternal expenditure and
effort (Chapter 3), regardless of similarities in local foraging conditions experienced
by their mothers. These differ nces may reflect weaning at different tim s of marine
productivity cycles. Whereas AFS pups wean at the time of lowest productivity,
SFS pups do so during the following peak in productivity. Th refore, th re may be
stronger selection for lean body mass growth in AFS during their briefer lactation
to allow for adequate physical and physiological maturation n ded for successful
foraging at a time of reduced prey availability (Bmn!-- <'I a!. :20() I). Conver ly, there
may be stronger selection for development of larger fat stores in SFS pups during
summer, in preparation for prolonged periods of fasting in winter. Whether lean body
mass (muscle) growth is as important for SFS close to weaning as it was for AFS
during summer is more difficult to predict. Weaning in SFS occurs in fall during a
period of increasing prey availability, so the trade-off between lean body m ass vs. fat
stores may differ between species. Research on the development of foraging skills by
pups of both species, and of the weaning process, is required to clarify what these
trade-offs might be.
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A Software

This technical paper describes a software package (di veMove) I d veloped in the GNU
R system top rform the diving b haviour analyses throughout thi dissertation. This
software package is freely and publi ly available.
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Diving Behaviour Analysis in R
An Introduction to the diveMove Package

sampling protocol programmed in the instrument, these correspond to wet vs. dry periods,
respectively. Each period is individually identified for later retrieval.

by Sebastian P. Luque

Introduction
Remarkable developments in technology for electronic data collection and archival have increased researchers' ability to study the behaviour of aquatic
animals while reducing the effort involved and impact on study animals. For example, interest in the
study of diving behaviour led to the development of
minute time-depth recorders (TORs) that can collect
more than 15MB of data on d epth, velocity, light levels, and other parameters as animals move through
their habitat. Consequently, extracting useful information from TORs has become a time-consuming and
tedious task. Therefore, there is an increasing need
for efficient software to automate these tasks, without compromising the freedom to control critical aspects of the procedure.
There are currently several programs available
for analyzing TOR data to study diving behaviour.
The large volume of peer-reviewed literature based
on results from these programs attests to their use·
fulness. However, none of them are in the free software domain, to the best of my knowledge, with all
the disadvantages it entails. Therefore, the main motivation for writing d iveMove was to provide an R
package for diving behaviour analysis allowing for
more flexibility and access to intermediate calculations. The advantage of this approach is that researchers have all the elements they need at their disposal to take the analyses beyond the standard information returned by the program.
The purpose of this article is to outline the functionality of diveMove, demonstrating its most useful
features th.rough an example of a typical diving behaviour analysis session. Further information can be
obtained by reading the vignette that is included in
the package (vignette ("diveMove")) which is currently under development, but already shows basic usage of its main functions. diveMove is available from CRAN, so it can easily be installed using
install .packages().

The diveMove Package
diveMove offers functions to perform the following
tasks:
• Identification of wet vs. dry periods, defined
by consecutive readings with or without depth
measurements, respectively, lasting more than
a user-defined threshold. Depending on the

• Calibration of depth readings, which is needed
to correct for shifts in the pressure transducer.
This can be done using a tcltk graphical user interface (GUI) for chosen periods in the record,
or by providing a value determined a priori for
shifting aU depth readings.
• Identification of individual dives, with their
different phases (descent, bottom, and ascent),
using various criteria provided by the user.
Again, each individual dive and dive phase is
uniquely identified for future retrieval.
• Calibration of speed readings using the
method described by Blackwell et al. (1999),
providing a unique calibration for each animal
and deployment. Arguments are provided to
control the calibration based on given criteria.
Diagnostic plots can be produced to assess the
quality of the calibration.
• Summary of time budgets for wet vs. dry periods.
• Dive statistics for each dive, including maximum depth, dive duration, bottom time, postdive duration, and summaries for each dive
phases, among other standard dive statistics.
• tcltk plots to conveniently visualize the entire
dive record, allowing for zooming and panning
across the record. Methods are provided to include the information obtained in the points
above, allowing the user to quickly identify
what part of the record is being displayed (period, dive, dive phase).
Additional features are included to aid in analysis of movement and location data, which are often
collected concurrently with TOR data. They include
calcu lation of distance and speed between successive
locations, and filtering of erroneous locations using
various methods. H owever, diveMove is primarily a
diving behaviour analysis package, and other packages are available which provide more extensive animal movement analysis features (e.g. trip).
The tasks described above are possible thanks to
the implementation of three formal 54 classes to represent TOR data. Classes TDR and TDRspeed are used
to represent data from TORs with and without speed
sensor readings, respectively. The latter class inherits from the former, and other concurrent data can
be included with either of these objects. A th.i rd formal class (TDRcalibrate) is used to represent data
lSSN 1609-3631

RNews

197

A Software
Vol. 7/3, December 2007

obtained during the various intermediate steps described above. This structure greatly facilitates the
retrieval of useful information during analyses.

Data Preparation
TDR data are essentially a time-series of depth readings, possibly with other concurrent parameters, typically taken regularly at a user-defined interval. Depending on the instrument and manufacturer, however, the files obtained may contain various errors,
such as repeated lines, missing sampling intervals,
and invalid data. These errors are better dealt with
using tools other than R, such as awk and its variants,
because such stream editors u se much less memory
than R for this type of problems, especially with the
typically large files obtained from TDRs. Therefore,
diveMove currently makes no attempt to fix these
errors. Validity checks for the TOR classes, however,
do test for time series being in increasing order.
Most TDR manufacturers provide tools for downloading the data from their TDRs, but often in a proprietary format. Fortunately, some of these manufacturers also offer software to convert the files
from their proprietary format into a portable format, such as comma-separated-values (csv). At least
one of these formats can easily be understood by R,
using standard functions, such as read. table() or
read . csv (). d iveMove provides constructors for its
two main formal classes to read data from files in one
of these formats, or from simple data frames.

How to Represent TOR Data?
TOR is the simplest class of objects used to represent
TDR data in d iveMove. This class, and its TORspeed
subclass, stores information on the source file for the
data, the sampling interval, the time and depth readings, and an optional data frame containing additional parameters measured concurrently. The only
difference between TOR and TORspeed objects is that
the latter ensures the presence of a speed vector
in the data frame with concurrent measurements.
These classes have the following slots:
file: character,

9

and then put into one of the TOR classes using the
function createTOR(). Note, however, that this approach requires knowledge of the sampling interval
and making sure that the data for each slot are valid:
R> library("diveMove")
R> ddtt.str <- paste(tdrXcsv$date,
+
tdrXcsv$time)
R> ddtt <- strptime(ddtt.str,
+
format ~ "Y.d/Y.m/Y.Y Y.H:Y.M:Y.S")
R> time .posixct <- as.POSIXct(ddtt,
+
tz = "GMT")
R> tdrX <- createTDR(time = time.posixct,
+
deptb ~ tdrXcsv$deptb,
+
concurrentData = tdrXcsv[,
+
-c(1:3)], dtime • 5,
+
file = ff)
R> tdrX <- createTDR(time = time . posixct,
+
deptb = tdrXcsv$depth,
+
concurrentData • tdrXcsv[,
+
-c(1 :3)], dtime = 5,
+
file = ff, speed = TRUE)
If the files are in • .csv fom1a t, these steps can be
automated using the readTOR() function to create an
object o f one of the formal classes representing TDR
data (TDRspeed in this case), and immediately begin
using the methods provided:

R> tdrX <- readTDR(ff, speed
R> plotTDR(tdrX)
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Once the TDR data files are free of errors and in a
portable format, they can be read into a data frame,
using e.g.:
R> ff <- system.file(file.patb("data",
+

"dives.csv"), package .. "diveMove")

R> tdrXcsv <- read . csv(ff)

·-

.T

---~O...t•-.. 1

~

Figure 1: The plotTOR() metl1od for TOR objects produces an interactive plot of the data, allowing for
zooming and panning.
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Several arguments for readTOR() allow mapping
of data from the source file to the different slots in
diveMove's classes, the time format in the input and
the time zone attribute to use for the time readings.
Various methods are available for d isplaying
TOR objects, including show(), which provides an
informative summary of the data in the object, extractors and replacement me thods for all the slots.
There is a plotTOR () method (Figure 1) for both TOR
and TORspeed objects. The interact argument allows for suppression of the tcltk interface. lnformation on these methods is available from methods?TDR.
TOR objects can easily be coerced to data frame
(as. data. frame() method), without losing information from any of the slots. TDR objects can additionally be coerced to TORspeed, whenever it makes sense
to do so, using an as. TORspeed() method.

Identification of Activities at Various
Scales
One the first steps of dive analysis involves correcting depth for shifts in the pressure transducer, so
that surface readings correspond to zero. Such shifts
are usually constant for an entire deployment period,
but there are cases where the shifts vary within a particular deployment, so shifts remain difficult to detect and dives are often missed . Therefore, a visual
examination of the data is often the only way to detect the location a nd magnitude of the shifts . Visual
adjustment for shifts in depth readings is tedious,
but has many advantages which may save time during later stages of analysis. These advantages include increased understanding of the data, and early
detection of obvious problems in the records, such
as instrument malfunction during certain intervals,
which should be excluded from analysis.
Zero-offset correction (zoe) is done using the
function zoe(). H owever, a more efficient method of
doing this is with function calibrateOepth () , which
takes a TOR object to perform three basic tasks. The
the d ata, optionally using the tcltk
first is to Z
package to be able to do it interactively:
R> dcalib <- cali brateDepth(tdrX)

This command brings up a plot with tcltk controls allowing to zoom in and out, as well as pan
across the data, and adjust the depth scale. Thus,
an appropriate time window with a unique surface
depth value can be displayed. This allows the user
to select a depth scale that is small enough to resolve
the surface value using the mouse. Clicking on the
ZO button waits for two clicks: i) the coordinates of
the first click define the starting time for the window
to be ZOC'ed, and the depth corresponding to the
surface, ii) the second click defines the end time for
1They

10

the window (i.e. only the x coordinate has any meaning). This procedure can be repeated as many times
as needed. lf there is an y overlap between time windows, then the last one prevails. However, if the offset is known a priori, there is no need to go through
all this procedure, and the value can be provided as
the argument off set to calibrateOepth (). For example, preliminary inspection of object tdrX would
have revealed a 3 m offset, and we could have simply
called (without plotting):
R> dcalib <- calibrateDepth(tdrX,
+
offset = 3)

Once depth has been ZOC'ed, the second step
calibrateDepthO will perform is identify dry and
wet periods in the record. Wet periods are those
with depth readings, dry periods a re those without
them. However, records may have aberrant missing depth that should not define dry periods, as they
are usually of very short duration 1 . Likewise, there
may be periods of wet activity that are too short to
be compared with other wet periods, and need to be
excluded from further analyses. These aspects can
be controlled by setting the arguments dry. tbr and
wet. tbr to appropriate values.
Finally, calibrateOepth () identifies all dives in
the record, according to a minimum depth criterion
given as its dive. thr argument. The value for this
criterion is typically determined by the resolution of
the instrument and the level of noise close to the surface. Thus, dives are defined as departures from the
surface to maximal depths below dive. thr and the
subsequent return to the surface. Each dive may subsequently be referred to by an integer number indicating its position in the time series.
Dive phases are also identified at this last stage.
Detection of dive phases is controlled by three arguments: a critical quantile for ra tes of vertical descent (descent . crit . q), a critical quantile for rates
of ascent (ascent . cri t. q), and a proportion of maximum depth (wiggle . tol). The first two arguments
are used to define the rate of descent below which the
descent phase is deemed to have ended, and the rate
of ascent above which the ascent phases is deemed
to have started, respectively. The rates are obtained
from all successive rates of vertical movement from
the surface to the first (descent) and last (ascent) maximum dive depth. Only po itive rates are considered
for the descent, and only negative rates are considered for the ascent. The purpo e of this restriction is
to avoid having any reversals of direction or histeresis events resulting in phases determined exclusively
by those events. The wiggle. tol argument determines the proportion of maximum dive depth above
which wiggles are not allowed to terminate descent,
or below which they should be considered as part of
the bottom phase.

may result from animals resting at the surface of the wate r long enough to dry the sens ors.
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A more refined call to cal ibrateDepth () for object tdrX may be:

AU the information contained in each of these
slots is easily accessible through extractor methods
for objects of this class (see class?TDRcatibrate). An
appropriate show() method is available to display a
short summary of such objects, including the number
of dry and wet periods identified, and the number of
dives detected.
The TDRcalibrate plotTDR() method for these
objects allows visualizing the major wet/ dry activities throughout the record (Figure 2):

R> dcalib <- calibrateDepth(tdrX,
+
offset • 3, wet.thr = 70,
+
dry.thr • 3610, dive.thr: 4,
+
descent.crit.q = 0.1,
+
ascent.crit.q: 0.1, wiggle.tol • 0 .8)

The result (value) of this function is an object of
class TDRcali brate, where all the information obtained during the tasks described above are stored.

R> plotTDR(dcalib, concurVars • "light",
+
concurVarTi tles • c ("speed (m/s ) ",
+
"light"), surface • TRUE)

How to Represent Calibrated TOR Data?
Objects of class TDRcalibrate contain the following
slots, which store information during the major procedures performed by calibrateDepth ():
tdr: TDR. The object which was calibrated.
gross.activity: list. This list contains four components with details on wet/dry activities detected, such as start and end times, durations,
and identifiers and labels for each activity period . Five activity categories are used for labelling each reading, indicating dry (L), wet
(W), underwater (U), diving (D), and brief wet
(Z) periods. However, underwater and diving
periods are collapsed into wet activity at this
stage (see below).

.~~~-
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dry.thr: numeric.
wet.thr: numeric.
dive.thr: numeric.
These last three slots
store information given as arguments to
calibrateDepthO, documenting criteria used
during calibration.
speed.calib.coefs: numeric. If the object calibrated
was of class TDRspeed, then this is a vector of
length 2, with the intercept and the slope of the
speed ca tibration line (see below).

·~

/-4 ; ..

dive.activity: data . frame. This data frame contains
three components with details on the diving activities detected, s uch as numeric vectors identifiying to which dive and post-dive interval
each reading belongs to, and a factor labelling
the activity each reading represents. Compared
to the gross. activity slot, the underwater
and diving periods are discerned here.
dive.phases: factor. This identifies each reading
with a particular dive phase. Thus, each reading belongs to one of descent, descent/bottom,
bottom, bottom/ascent, and ascent p hases. The
descent/bottom and bottom / ascent levels are
useful for readings which could not unambiguously be a signed to one of the other levels.

.

:.·.....,

..
..
time (dd·rrmn tvunm)

Figure 2: The plotTDR () method for TDRcali brate
objects d isplays information on the major activities
identified throughout the record (wet/ dry periods
here).
The dcali b object contains a TDRspeed object in
its tdr slot, and speed is plotted by default in this
case. Additional measurements obtained concurrently can also be plotted using the concurVars argument. Titles for the depth axis and the concurrent
parameters use separate arguments; the former uses
ylab. depth, while the latter uses concurVarTi tles.
Convenient default values for these are provided.
The surface argument controls whether post-dive
readings should be plotted; it is FALSE by default,
causing only dive readings to be plotted which saves
time plotting and re-plotting the da ta. AU plot methods use the underlying plotTD () function, which has
other useful arguments that can be pas ed from these
methods.
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A more detailed view of the record can be obtained by using a combination of the diveNo and the
labels arguments to this plotTDR() method. This
is useful if, for instance, closer inspection of certain
dives is needed. The following call displays a plot of
dives 2 through 8 (Figure 3):
R> plotTDR(dcalib, diveNo = 2:8,
labels = "dive.pbase")
+

3.0
2.5
2.0
"0
1.5
a. 1.0
0.5
0

12

Dive Summaries
A table providing summa.ry statistics for each dive
can be obtained with the function di veStats () (Figure 4).
diveStats() returns a data frame with the final
summaries for each dive (Figure 4), providing the
following information:
• The time of start of the dive, the end of descent,
and the time when ascent began.

en

• The total duration of the dive, and that of the
descent, bottom, and ascent phases.
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• The maximum depth attained.
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• The duration of the post-dive interval.
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• The vertical distance covered during the descent, the bottom (a measure of the level of
"wiggling", i.e. up and down move ment pe rformed during the bottom phase), and the vertical distance covered during the ascent.

R> extractDive(dcalib, diveNo = 2:8)

A summary of time budgets of wet vs. dry periods can be obtained with timeBudget (), which
returns a data frame with the beginning and ending times for each consecutive period (Figure 4).
It takes a TDRcalibrate object and anoth er argument (ignoreZ) controlling whether aquatic periods
that were briefer than the user-specified threshold2
should be collapsed within the enclosing period of
dry activity.
These summaries are the primary goal of diveMove, but they form the basis from which more elaborate and customized analyses are possible, depending on the particular research problem. These include investigation of descent/ascent rates based on
the depth profiles, and bout stmcture analysis. Some
of these will be implemented in the future.
In the particular case of TDRspeed objects, however, it may be necessary to calibrate the speed readings before calculating these statistics.

Other useful extractors include: getGAct () and
getDAct ().
These methods extract the whole
gross. activity and dive . activity, respectively, if
given only the TDRcalibrate object, or a particular component of these slots, if supplied a string
with the name of the component. For example:
getGAct (dcalib, "trip. act") would retrieve the
factor identifying each reading with a wet/dry activity and getDAct (dcalib, "dive . activity") would
retrieve a more detailed factor with information on
whether the reading belongs to a dive or a brief
aquatic period.
With the information obtained during this calibration procedure, it is possible to calculate dive
statistics for each dive in the record .

Calibration of speed sensor readings is performed
using the procedure described by Blackwell et a!.
(1999). Briefly the method rests on the principle that
for any given rate of depth change, the lowest measured speeds correspond to the steepest descent angles, i.e. vertical d escent/ascent. In this case, measured speed and rate of depth change are expected to
be equal. Therefore, a line drawn through the bottom
edge of the distribution of observations in a plot of
measured speed vs. rate of depth change would provide a calibration line. The calibrated speeds, therefore, can be calcula ted by reverse estimation of rate
of depth change from the regression line.

80
05-Jan 21 :19 05-Jan 21 :24 05-Jan 21:28 05-Jan 21:33

time (dd-mmm hh:mm)
Figure 3: The plotTDR() method for TDRcalibrate
objects can also display information on the different activities during each dive record (descent=D,
descent/bottom:DB, bottom:B, bottom /ascent:BA,
ascent:A, X:surface).
The labels argument allows the visualization
of the identified dive phases for all dives selected.
The same information can also be obtained with the
extractDi ve () method for TDRcalibrate objects:

Calibrating Speed Sensor Readings

2This corresponds to the value given as the wet . thr argument to calibrateOepth() .
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R> tdrXSUJDJD1 <- diveStats(dcalib)
R> names (tdrXSUlllill1)

[1]
[5]
[9]
[13]
[17]
[21]

"begdesc"
"botttim"
11

ascdist 11
"bott . tdist"

"asc. angle"
11
postdi ve. tdist 11

11
enddesc 11
"asctim''
11
desc. tdist 11
"bott. mean . speed 11
"divetim 11
"postdive .mean. speed"

"begasc"
"descdist 11
''desc .mean speed"
"asc . tdist 11
"maxdep"

"desctim"
"bottdist"
"desc . angle 11
"asc . mean . speed"
''postdive. dur''

R> tbudget <- timeBudget (d calib, ignoreZ • TRUE)
R> head(tbudget , 4)

1
2
3

pbaseno activity
beg
end
1
w 2002-01-05 11 :32:00 2002-01-06 06:30:00
2
L 2002-01-06 06:30:05 2002-01-06 17 :01:10
3
w 2002-01-06 17 :01:15 2002-01-07 05:00:30
4
L 2002-01-07 05:00:35 2002-01-07 07:34:00

R> trip.labs <- stampDive(dcalib, ignoreZ • TRUE)
R> tdrXSUJDJD2 <- data .frame(trip.labs, tdrXSUJDJD1)
R> names (tdrXSumm2)

[1]
[5]
(9]
[13]
[17]
[21]
[25]

"trip . no"
"begdesc "

'' botttim
"ascdist"
"batt. tdist ''
"asc.angle"
"postdive. tdist ''
11

11
trip. type 11
"enddesc"

"beg"
"begasc 11

"asctim"

"descdist
''desc. tdist"
"desc . mean. speed"
11
"batt . mean. speed
"asc .tdist"
11
11
divetim"
maxdep 11
11
postdive .mean. speed''
11

"end''
"desctim"
"bottdist"

"desc. angle"
11

asc .mean. speed"

11

postdi ve, dur 11

Figure 4: Per-dive summaries can be obtained with functions diveStatsO, and a s ummary of time budgets
with t imeBudget 0. diveStats 0 takes a TDRcalibrate object as a single a rgument (object dcalib above, see
text for how it was created).
diveMove implements this procedure with function calibrateSpeed (). This function performs the
following tasks:
1. Subset the n ecessary d ata from the record.

By default only data corresponding to depth
changes > 0 are included in the analysis, but
higher constraints can be imposed using the
z argument. A further argument limiting the
data to be used for calibration is bad, which is a
vector with the minimum rate of depth change
and minimum speed readings to include in the
calibration. By default, values > 0 for both parameters are used .
2. Calcula te the binned bivariate kernel density and extract the desired contour. Once
the proper data were obtained, a bivariate normal kernel d ensity grid is calculated
from the relationship between measured speed
and rate of depth change (using the KernSmooth package). The choice of bandwidths
for the binned kernel density is made using bw . nrd. The cont our .level argument to
calibrateSpeed() controls which particular
contour should be extracted from the density
grid. Since the interest is in defining a regression line passing through the lower densities of
the grid, this value should be relatively low (it
is set to 0.1 by default).

3. Define the regression line passing through the

lower edge of the chosen contour. A quantile
regression through a chosen quantile is used
for this pmpose. The quantile can be specified
using the tau argument, which is passed to the
rq() function in package quantreg. tau is set to
0.1 by d efault.
4. Finally, the speed readings in the TDR object are
calibra ted.
As recognized by Blackwell et at. (1999), the advantage of this method is that it calibrates the instrument based on the particular d eployment conditions
(i.e. controls for effects of position of the instrument
on the animal, and size and shape of the instrument,
relative to the animal's morphometry, among others). However, it is possible to s upply the coefficients
of this regression if they were estimated separately;
for instance, from an experiment. The argument
coefs can be used for this purpose, which is then assumed to contain the intercept and the slope of the
line. calibrateSpeed() returns a TDRcalibrate object, with calibra ted speed readings included in its
tdr slot, and the coefficients used for calibration.
For instance, to calibrate sp eed readings using the
0.1 quantile regression of measured speed vs. rate
of depth change, based on the 0.1 contour of the bivariate kernel densities, and including only changes
in depth > 1, measured speeds and rates of depth
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change > 0:

Summary

R> vcalib <- calibrateSpeed(dcalib,
+
tau • 0.1, contour.level z 0.1,
+
z • 1, bad • c(O, 0),
+
cex.pts • 0.2)

The diveMove package provides tools for analyzing diving behaviour, including convenient methods
for the visualization of the typically large amounts
of data collected by TDRs. The package's main
strengths are its ability to:
1. identify wet vs. dry periods,

dtves.csv

2. calibrate depth readings,
3. identify individual dives and their phases,
4. summarize time budgets,

5. calibrate speed sensor readings, and
6. provide basic summaries for each dive identi-

fied in TOR records.
Formal 54 classes are supplied to efficiently store
TOR data and results from intermediate analysis,

4

making the retrieval of intermediate results readily
available for customized analysis. Development of
the package is ongoing, and f edback, bug reports,
or other comments from users are very welcome.

rate of depth change (m/s)

Acknowledgements
Figure 5: The relationship between measured speed
and rate of depth change can be used to calibrate
speed readings. The line defining the calibration
for speed measurements passes through the bottom
edge of a chosen contour, extracted from a bivariate
kernel density grid.
This call produces the plot shown in Figure 5,
whkh can be suppressed by the use of the logical argument plot. Calibrating speed readings allows for
the meaningful interpretation of further parameters
calculated by di veStats (), whenever a TORspeed
object was found in the TDRcalibrate object:
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• The total distance travelled, mean speed, and
d iving angle during the descent and ascent
phases of the dive.
• The total distance travelled and mean speed
during the bottom phase of the dive, and the
post-dive interval.
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Abstract The duration of periods spent ashore versus foraging at sea, diving behaviour, and diet of lactating femal e
Antarctic (Arctocephalus gazella, AFS) and subantarctic
(A. tropicalis, SFS) fur seals were compared at .lies Crozet,
where both species coexist. The large di parity in lactation
duration (SFS: 10 month , AFS : 4 months), even under
local sympatry, has led to the expectatio n that AFS should
exhibit higher foraging effort or efficiency per unit time
than SFS to allow them to wean their pups in a shorter
period of time. Previous evidence, however, has not supported these expectations. In this study, the distributio n of
foraging trip durations revealed two types of trip : overnight (OFT, < I day) and lo ng (LFT, > I day), in common
with other results from Macquarie Island. However, diving
behaviour differed significantly between foraging trip types,
with greater diving effort in OFTs than in LFTs, and diving
behaviour differed between fur seal species. OFTs were
more frequent in SFS (48%) than in AFS (28%). SFS perfo rmed longer LFTs and maternal attendances than AFS,
but spent a smaller proportion of their foraging cycle at sea
(66.2 vs. 77.5%, respectively). SFS dove deeper and for

longer periods than AFS, in both OFTs and LFTs, although
indices of diving effort were similar between species. Di e!
variation in diving behaviour was lower among SFS, which
foraged at greater depths during most of the night time
available than AFS. The diving behaviour of AFS ugge ts
they followed the nychthemeral mi gration of their prey
more closely. Concomitant with the differences in diving
behaviour, AFS and SFS fed on the arne prey species, but
in different proportions of three myctophid fi h (Gymnoscopelus fraseri, G. piabilis, and G. nicholsi) that represented most of their diet. The estimated size of the most
important fi sh consumed did not vary sig nificantly between
fur seal species, suggesting that the difference in dive depth
was mostly a result of changes in the relative abundance of
these myctophids. The energy content of these fish at lies
Crozet may thus influence the amount and quality of milk
delivered to pups of each fur seal species. These results
contrast with those found at other sites where both species
coexist, and revealed a scale of variation in foraging behaviour which did not affect the ir effort while at sea, but that
may be a major determinant of foraging efficiency and, consequently, maternal investment.
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Introdu ction
Temporospatial separation of foraging and breeding is a
defining characteristic of pinnipeds, and may constrain their
evolution (Costa 1991 ). Unlike most phocid seals, otari id
(fur seals and sea lions) lactating females cannot fast for the
entire period of lactation, a they are too small to store all the
required energy (Boness and Bowen 1996). Therefore, they
alternate their time at sea foraging with visits ashore to nurse
their pup. Otariid lactation varies in duration from 4 months
(Antarctic Arctocephalus gazel/a and northern Callorhinus
~Springer

205

B Published ch apters

2 14

aJJd

sections

Mar Bioi (2007) 152:2 13- 224

ursinus fur eals) to 3 years (Galapagos fur seals A. galapagoensis), and single foraging trips range from several hou.rs
to about 50 days in duration, depending on the specie , stage
of lactation, population, and location (Beauplet et al. 2004;
Schulz 2004). Such large variation has prompted efforts to
identify the proximate and ultimate factors that determine
what particular strategy an otariid adopts.
Studies on temperate species have emphasized the
importance of prey ecology and variability of the physical
environment in relation to otariid maternal strategies. For
example, Juan Fernandez (A. philippii) and subantarctic (A.
tropicalis) fur seals both have a I 0-month lactatio n, during
which lactating females feed on epipelagic fish (mean
depths <30 m), mostly at night (Ochoa-Acuna and Francis
1995; Beauplet et al. 2004). Mean duration of foraging trips
increases in both pecies from 1-2 days early in lactatio n,
to 25- 50 days just prior to weaning. In contrast, foraging
trips of Australian fur seals (A. pusillus doriferus) rarely
exceed I0 day during lactation, and females feed at much
greater depths on benthic prey at all times of day (Gales and
Pemberton 1994; Arnauld and Hindell 2001). These three
species inhabit temperate latitudes with similar seasonal
regimes, so differences among them have challenged an
early hypothesis set forth to explain the variation in fur seal
foraging behaviour, that presents environmental seasonality
as the main determinant of interspecific differences in foraging- nursing cycles (Gentry et al. 1986).
A drawback of interspecific comparisons using samples
from different locations is that environmental variation is
usually unaccounted for. However, several examples of
different species breeding on the sam e islands exist, offeri ng
the opportunity to control for thi s factor. Here we compare
the foraging behaviour of sympatri c Antarctic (A. gazel/a)
and subantarctic (A. tropicalis) fur seals (AFS and SFS,
respectively, hereafter), two phenotypically similar sister
species with large differences in duration of lactation. AFS
breed mainly on islands south of the Antarctic Polar Front,
while SFS do so mainly on islands just north of it, but they
breed sympatrically in three groups of islands: Macquarie
Island, lies Crozet, and the Prince Edward Islands (Bonner
1999). Lactatio n i 116 days long in AFS (Costa et al.
1988; Lunn et al. 1993) and 300 days long in SFS (Kerley
1987; Guinet and Georges 2000), and this trait appears to
be constant throughout their distribution. SFS pups were
shown to have lower energy requirements and higher body
fat stores, compared to AFS pups (Arnauld et al. 2003),
even though rate of milk consumption was only slightly
higher in AFS. Therefore, AFS femal es have <50% of the
time that SFS females have for investing in thei r offspring,
but their offspring' s energy demands may be higher
(Arnould et al. 2003). Understanding how individuals of
these species forage when in sympatry, yet under such
different pres sures, can thus help reveal which elements of

foraging behaviour are species-speci fic and relatively
invariant, and which ones are plastic and adaptively responsive to environmental influences.
The foraging ecology of AFS and SFS has been studied
at various locations throughout their range, over several
time scales. The diet of AFS varies geographically, with
Antarctic krill (Euphausia superba) being the main food
resource in the southern Atlantic Ocean (South Georgia,
Doidge and Croxall 1985 ; Reid and A mould 1996; Bouvetl1)ya, Kirkman et al. 2000), although fish complements
their diet along the Antarctic peninsula (Casaux et al. 2003)
and South Shetland Islands (Daneri 1996). In the southern
Indian Ocean, fi h is the main prey (Marion Island, Klages
and Bester 1998; lies Kerguelen, Lea et al . 2002a; Heard
Island , Green et al. 1997). Based o n cat analy se , SFS
at Marion Island feed predominantly o n mycto phid fish
(Klages and Bester 1998), although stomach content analyses suggest that at Marion (Ferreira and Bester 1999) and
Gough (Bester and Laycock 1985) islands they feed mostly
on cephalopods and on myctophid fish at Amsterdam Island
(Beauplet et al. 2004). Some studies suggest that such intraspecific dietary differences are related to the analytical techniques used, but are also associated with difference in dive
behaviour, both in terms of depth and die! activity patterns
(AFS at South Georgia, Croxall et al. 1985; Boyd and
Croxall 1992; AFS at lies Kerguelen, Lea et al. 2002b; SFS
at Amsterdam l land, Georges et al. 2000b).
If foraging behaviour is mainly detennined by prey ecology, then dietarily similar sympatric fur seal species would
be expected to differ little in foraging behaviour. At the
level of entire foraging trips, this expectation has been supported in studies of AFS and SFS at Macquarie Island
(Goldsworthy et al. 1997; Goldsworthy 1999; Robinson
et al. 2002) and Iles Crozet (Bailleul et al. 2005). T he species were simi lar in diet at M acquarie Island and exhibited
similar foraging behaviour at both sites, with females diving close to the surface, mostly at night. Summer foraging
areas of the species also overlapped considerably. Other
data from Marion (Bester and Bartlett 1990; Kirkman et al.
2002, 2003) and Macquarie i lands (Goldsworthy 1999;
Robinson et al. 2002) suggest there are no inter pecific
differences in the duration of foraging trips, except at Ties
Crozet, where AFS made longer trip (Bailleul et al. 2005).
To date, comparisons of foraging behaviour of AFS and
SFS have used the scale of the foraging trip (Bester and
Bartlett 1990; Robinson et al. 2002; Kirkman et al. 2003;
Bailleul et al. 2005). However, such a scale may not reveal
ecologically important interspecific differences on finer
scales. Night diving by fur seals is linked to the die! vertical
migration of their prey (Croxall et al. 1985; Gentry 1998;
Wells et al. 1999), so foraging behaviour optima are expected
to show a die! pattern, particularly during the ni ght (Mori
1998). Therefore, important interspecific differences in the
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temporal distribution of dive effort and depth uti! ization
may exist. Determining when and where the species concentrate their foraging effort in the water column, in relation
to the prey they exploit, may reveal patterns that are related
to their different lactation strategies. Moreover, the presence of overnight and longer foraging trips in both species
at some locations raises the question of whether their functions differ. These questions have not been addressed, so
the objectives of this study were to compare: ( I) maternal
attendance and foraging trip durations; (2) die! patterns in
diving, and how they vary between overnight and longer
foraging trips; and (3) diet of sympatric AFS and SFS at
lies Crozet. Because of their briefer lactation and the physiological differences between AFS and SFS pups outlined
above, AFS females were expected to show briefer maternal attendance periods and foraging-trip durations. For the
same reasons, they also were expected to spend greater
effort while diving.

Materials and methods
Fur seal study colonies
Research was carried out at La Mare Aux Elephants (MAE;
46° 22'29" S, 5 1o 40' 13" E), at the western end of lie de Ia
Possession, Crozet archipelago, Southern Indian Ocean,
during the 200 1-2002 (December 4th- March 25 th) and
2002-2003 (December 1st- March 16th) breeding sea ons
(2001 and 2002 hereafter). MAE consists of two adjacent
AFS and SFS colonies, which are on different types of substrate. AFS used the northern part of the beach, composed of
small- to medium-sized pebbles, with gentle slopes behind;
while SFS used the southern part of the beach, composed of
large boulders eroded from the steep hinterlands. Both species gave birth close to shore, but the AFS colony grew in
size as the season progressed, while the other species tended
to remain close to shore during the same period.
A total of 277 (AFS: 153, SFS : 124) pups were individually marked as previously described (Georges and Guinet
2000a; Arnould et al. 2003; Bailleul et al. 2005). Pup production and mean date of pupping were estimated using
total pup counts (both years; including dead and living
pups) on a weekly b asis until no more births were observed.
Peak pupping dates were 5 and 15 December ( 164 and 167
pups in 2001 and 2002, respectively) for AFS, and 25 and
30 December (80 and 9 1 pups in 200 I and 2002, respectively) for SFS. Therefore, there were inter-annual differences of up to I 0 days, which suggests large environmental
differences between study years (Lunn and Boyd 1993).
However, Lunn and Boyd ( 1993) suggested that variation
in pupping date at Bird Island, South Georgia, may reflect
differences in environmental conditions during late gesta-

tion, rather than postpartum, which is our study period, so
inter-annual differences in foraging behaviour were not
fully analysed. Populations of both species have been
increasing at an annual rate of about 18%, at least until
1994 (Guinet et al. 1994).
Instrumentation, maternal attendance and diving behaviour
Animal capture and handling procedures were described in
Bailleul et al. (2005) Briefly, lactating females of each species were captured on land during their nursing visits. Each
individual was weighed to the nearest kg, and placed on a
restraint board for attachment of instruments. One of 3
different time-depth recorder (TOR) models was glued to
the dorsal fur between the scapulae, using a two-component
glue (AW 2101 Ciba Specialty Chemicals): MK5 , MK7,
and MK8 (Wildlife Computers, Redmond, Washington,
USA). There were no significant differences in foraging trip
duration , dive depth, nor dive duration between animals
instrumented with different TOR models (P > 0.5 in all
cases), so data from the three models were pooled for interpecific comparison purposes. TORs were programmed to
record time and depth every 5 s when the seals were at sea,
with a I m depth resolution. The characteristics and composition of sampled females are summarized in Table I.
Instruments were left on the seals for I- ll foraging trips,
and were recovered by cutting the fur beneath them, upon
the seals ' return to the colony.
TOR data were downloaded to a portable computer on
the same day the instrument was recovered, to allow redeployment of TORs on different individuals. Visuali zation
and analyses of the resulting regular time series of dive data
were perfonned using custom written software, available as
GNU R (R development Core Team 2006) package diveMove (Luque 2007). Before analyses, depth readings were
corrected for shifts in the pressure transducer of the TOR.
Sections of each record were identified a foraging trip if
continuous wet activity (i.e. continuous depth readings)
was recorded for at least 6 h. This limit was imposed to
Table I Summary of data on lactating female Antarctic (AFS) and
subantarctic (SFS) fur seals fitted with time-depth recorders (TORs) on
lies Crozet, in the breeding seasons of2001- 2002 and 2002-2003
Species Breeding
season
AFS

SFS

Body
mass (kg)

TOR model

Foraging

MK5 MK7 MKS All trips

200 1

33.2 ± 0.44 5

16

16

37

2002

31.6 ± 0.58 3

4

5

12

30

Both

32.7 ± 0.36 8

20

21

49

132

2001

30.6 ± 0 .55 3

17

17

37

113

2002

30.4 ± 0.78 2

4

4

10

32

Both

30.5 ± 0.45 5

21

21

47

145

102
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exclude short excursions to sea, for activities other than foraging because they contained isolated shallow dives and
mainly surface behaviour, in contrast to the bout-organi zed
dives typica I of longer excur ions (Mori et al. 200 I). Therefore, maternal attendance and foraging trip durations were
obtai ned from TOR records.
Dives were defined as departures from the surface to
depths ~4 m plus the ensuing return to the surface. Dives to
lower depths were not considered because they were indi stinguishable from noi se remaining after adjustment of pressure transducer drifts, which was greater than the resolution
of the instrument (Becket al. 2000). Each dive was divided
into descent, bottom, and ascent phases, where: ( I ) descent
started at the surface and ended when no further increases
in depth were detected; (2) ascent was defined from the end
of the dive and, with the reversed time series, ending when
no further increases in depth were detected; and (3) the bottom was the period between descent and ascent phases.
Dives were subsequently described by duration, maximal
depth, and post-dive duration. The duration of each pha e
of the dive, the vertical distance covered during descent and
ascent, and the cumulative vertical displacements ("wiggles") during the bottom phase also were computed by the
program . These basic dive descriptors were used to estimate descent and ascent rates as r = 15xll5t, where r is the
rate (m/s), ISx is vertical di stance, and 1St is the duration of
the corresponding phase.
Dive rate was used as an index of diving effort, calculated as the sum of ascent and descent distances, plus the
vertical distance covered during the bottom pha e, divided
by total night time spent at sea. The index has been used
previo usly to estimate vertical distance travelled per unit
time (Costa and Gales 2000). For comparison with previous
studies, a second index of diving e ffort was calculated as
the total time spent diving, divided by the total night time
spent at sea. Total night time at sea was calculated follow ing algorithms available from the National Oceanic and
Atmo pheric Administration (NOAA) at http://www. rrb.
noaa.gov!highlights/sunrise!sunrise.html ..
Diet
Scat samples, weighing an average of 50 g, were collected
at each species' colony during January and February 2002
(200 I breeding season). Although species were spatially
segregated on land, seals of both species occasionally used
the periphery of the colony to commute between land and
sea. Therefore, samples were collected only within core
area used by lactating females and pups of each species.
S amples were frozen at -20°C, until laboratory analysis.
In the laboratory, scat amples were thawed overnight in
warm water, and washed through 1 and 0.5 mm di ameter
mesh sieves. Remains of fi sh (otoliths, ·cales and bones),

cephalopod (beaks), mollusc (shell ), bird (feathers), and
invertebrates were sorted under a dissecting micro cope
and stored in 70% alcohol until identification. Remains
were identified to the species level where po sible, using
available guide (Clarke 1986; Williams and McEldowney
1990; Smale et al. 1995) and our own reference collection
at CEBC, Chi z~. France. Standard length of the most frequent prey for each fur seal species was estimated using
available regres ion equation (Williams and McEldowney
1990) of fish length again t measured otolith standard
length (to the nearest mm). Diet was quantified by calculating the relative numerical abundance of each prey taxon
(number of individuals found relative to the total number of
individuals), and frequency of occurre nce of each taxon
(number of samples containing the item divided by the total
number of samples).
Statistical analyses
Dives from the same eal were not independent of one
another. Furthermore, the number of foraging trips, and
hence the number of dives per individual were not the
same. To give each seal the same statistical weights in analyses, and to avoid pseudoreplication, the mean of each dive
variable was calculated per individual during initial foraging-trip scale analyses, thus allowing comparison with
other studies (Hurlbert 1984). The mean also was used to
represent data from each individual and each hour of the
day, for studying diel variation in foraging behaviour.
Variabi lity in dive depth was u ed as a measure of how
closely AFS and SFS followed the vertical movements of
prey, if they consumed the same prey sp ecies, or el e as a
measure of variability in prey vertical movements. To test
for differences in thi s variability, the coefficient of variation
(CV) was calculated for each individual, and a one-way
Analysis of Variance was used to test whether it differed
between species.
Results are presented as means ± SE, unless noted otherwise. The Shapiro--Wilks tati tic and Fligner- Killeen
test were used to evaluate assumptions of normality of data
distributions and homogeneity of variances, respectively,
prior to analy es of variance. Effects of foragi ng-trip duration, species, and their interaction, on each dive variable
were tested using linear mixed-effects models (Pinheiro and
Bates 2000). Dietary difference were tested usi ng twosample Wilcoxon tests. All analyses were carried out in the
GNU R system (R development Core Team 2006).

Results
We obtained data for >250 foraging trips from >90 females ,
split roughly equally between the species (AFS, 11 =49;
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SFS, n = 47; 1- 11 per female Table I). Data from two SFS
females deployed in winter 2003 (June II th- July 15th) to
determine their foraging behaviour during late lactatio n,
were analysed but excluded from interspecific comparisons,
because no additional SFS females could be instrumented
then.

SFS (n•7J)
25
20

IS
10

~

~

Maternal attendance and foraging-trip duration
Most seals departed the colony to forage at sea between
17:00 and 20:00 local time, although departures during a ll
afternoon were observed for AFS (Fig. 1). Arrival times
were more variable, but occurred mostly during the morning fo r both species. AFS females departed from the colony
significantly earlier in the afternoon (Kruskai-Wallis x_2 =
27.56, P < 0.001 ), and returned to it later in the morning
(x_2 = 26.48, P < 0.001 ). Medi an de parture and arrival times
were 17:30 and 09: 3 1 for AFS, and 18:39 and 06:44 for
SFS, respecti vely.
A subsample of 70 seals for which complete foraging
cycles (i.e. foraging trip and the subsequent maternal attendance) were documented, showed that AFS spent significantly more time at sea CFt. 68 = 7.69, P = 0.007, arcsine
transform ed data) and a larger proportion of their foraging
cycle at sea than SFS (AFS : 77.5% ± 0 .30, n = 36; SFS:
66.2% ± 0.54, n = 34). The proportion of time at sea did
not vary significantly throughout the breeding season (P
> 0.1 for both AFS and SFS).
Foraging trips lasted from 0.3 to 32 days, but with a highly
skewed right distribution , and an absence of trips of durations
1.00- 1.25 days (Fig. 2). Furthermore, 43% of all trips lasted
< I day, so a distinction between foraging trips lasting < I day
and > I day was necessary. Brief, overnight foraging trips
(OFT) were significantly more frequent for SFS (48 vs. 28%
for AFS, Pearson's x_2 = 5. 15, P = 0.02, Table 2).
Although an analysis of inter-annual variation was not the
focus of this study, a comparison of durations of long foragFig. 1 Sympatric lactating
fe male Antarctic (A FS) and
subantarctic (SFS) fur seals a t
lies Crozet differ significantly in
times of morning returns from
foragi ng trips (left) and of a fternoon depan ures for foraging
tri ps (rig ht). Shaded area time
between dusk and dawn; dashed
vertical lines median times

s

~
u..

~

cl!

!
AFS (n=68)

25
20

IS
10

Foraging-Trip Duration (d)

Fig. 2 Frequency distributions of foraging-trip durations fo r sympatric lactating female A ntarctic (AFS) and subantarctic (SFS) fur seals at
lies Crozet are variable and highly skewed. A discontinuity in d uration
is apparent (arrows), which was used to disting uish between brief and
lo ng trips (see text). Data were binned at 0 .25 days

ing trips (LFT) between years did not differ significantly for
either species (Kruskal- Wallis test, P > 0.1). Therefore,
inter-annual variation in foraging and maternal attendance
behaviour wa not considered in subsequent analyses.
OFTs were not limited to any particul ar period of the
breeding season because seals alternated irregularly between
OFTs and LFTs throughout that period (Fig. 3, upper).
OFTs averaged approximate ly half a day in duration and
did no t differ significantly between species (Table 2). However, LFTs were about 50% significantly longer in SFS
females (T able 2). LFTs increased significantly in duration
over the breeding season (slope= 0.92 h x d- 1, P < 0.05),
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Table 2 Summary of durations of overnight (OFT) and long (LFT)
foraging trips. and of the ensuing period ashore, for Antarctic (AFS)
a nd subantarctic (SFS) fur seals on lies Crozet. Mean± SE (N) are
shown
Activity

Duration (d)

Species

Ashore'

Dive variable'

AFS

SFS

Total number of dives

59,636

56,795

Night dives (% of total)

97.8 ± 0.04

98.5 ± 0.04

4.7 1b

Mean di ve depth (m)

29.2 ± 0.24

39.7 ± 0.3 1

14.3'

LFT

OFT
At-sea

Table 3 Overall summary of divi ng behaviour of Antarctic (AFS) and
subantarctic (SFS) fur seals on lies Crozet. Mean ± SE (N) are shown

AFS

0.52 ± O.D3 ( 19)

3.47 ± 0.20 (49)

Median dive depth (m)

23.7 ± 0.33

39.9 ± 0.39

19.8'

SFS

0.48 ± 0.02 (35)

5.23 ± 0.5 1 (38)

Maximum dive depth (m)

122.9 ± 0.66 99.8 ± 0.34

17.4'

F-ratio

F1 .s2 = 1.72
0.74 ± 0.17 ( 17)

F ,_ss = 12.4 b

Deepest dive (m)

193

141

AFS

1.1 8 ± 0.09 (3 1)

Mean di ve duration (s)

78.5 ± 0.42

93.2 ± 0.46

SFS

1.1 7 ± 0.12 (28)

1.94 ± 0.19 ( 19)

Median di ve duratio n (s)

74.5 ± 0.57

94.5 ± 0.57

F-ratio

F 1, 43 = 4.63 b

F ,.•s= l 6.0b

Maximum dive duration (s) 219.0 ± 0.63 206.9 ± 0.58

P < 0.0 1 between species

AFS

•

- - --

SFS

• -

pooled

-

Fora in Tri

••

0

10.6h
11.5'
3.77

Longest dive (s)

295

3 10

Mean descent rate (m s- 1)

0.92 ± 0.003

1.07 ± 0.004

19.9'

Mean ascent rate (m s- 1)

1.07 ± 0.004

1.23 ± 0.005

Mean bottom time (s)

3 1.8 ± 0.14

36.4 ± 0. 19

12.6'
7.1b

Time spent diving at
night (% of night time)

34.5 ± 0.19

33.4 ± 0.17

0 .29

Night dive rate (m h- 1)

988.5 ± 7.84

I, I 16.6 ± 8. 97 2.23

' Periods ashore were grouped according to duration of the preceding
foraging trip
b

F-ratio

• For each individual, the mean was used to avoid pseudoreplication
b P < 0.05 between species
' P < 0 .001 between species

with these differences, female seals stayed ashore longer
after LFTs than after OFTs (Fl. 93 = 10.2, P = 0.002; nonsignificant species x trip--type interactio n, P > 0. 1).
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Fig. 3 Long foraging trips increased in duration over the breeding season (upper) but periods of maternal atte nda nce on land did not (lower).
for sympatric lactating female Antarctic (A FS) and subantarctic (SFS)
fur seals at lies Crozet. Lines represent fitted linear regressions. The
th in gray dashed line (upper) at 1 day separates overnight and long foragi ng trips

although vanauon was large (? = 0.29); rate of increase
was similar between species (ANCOVA Ft. st = 2.67. P =
0. 11 , Fig. 3). Data from two SFS individual females in
winter included one foraging trip each, with a duration of
30 .2 and 31.9 days, respectively, much greater than values
recorded duri ng the summer.
Maternal attendances were significantly longer in SFS ,
following either OFTs or LFTs (Table 2). Concomitant

Information from 133,010 dives was obtained from all seals
overall , but 16,579 of those were from two individuals
deployed in winter, so 11 6,43 1 were from the summer
(Table 3). Diving was restricted almost entirely to the night
in both species. While at sea at night, both species dove
34% of the available time, on average.
Ove rall, diving behaviour differed significantly between
species, with SFS diving deeper and for longer periods
(Table 3). However, maximal dive depths were higher for
AFS . Mean rates of descent and ascent, as well as time
spent at the bottom, were higher in SFS. De pite those
differences, both species spent nearly the same e ffort when
diving, as no significant differences were found in time
spent diving (mean, 34%) or the rate of diving (mean,
1,053 m x h- t) during the nig ht.
Seasonal changes in diving behaviour were apparent for
SFS, as the two lactating females instrumented during winter showed reduced mean diving depths and durations
(24.6 ± 0.38 m and 80.2 ± 5.6 s, respectively), compared
to summer values . Maximal dive duration s increased to
337.5 ± 8.8 s. Diving was mainly nocturnal (mean, 99.1 %),
as during the summer.
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Diving behaviour varied significantly with type of foraging trip (OFf vs. LFT, linear mixed effects models, P
< 0.05 all cases), and this factor did not show any significant interactions with species for any of the dive attributes
studied (P > 0.05 all cases). However, the inclu ion of this
factor did not affect inter pecific comparisons. During
OFTs, seals dove to significantly greater depths, for longer
periods (F 1, 46 = 28.7 and F 1• 46 = 40.0, P < 0 .00 1 both
cases). The deepest and longest dives for each seal were
recorded during OFTs (Table 4). Similarly, mean descent
and ascent (F 1• 46 =8.4, F l. 46 =9.9) plus nocturnal dive
rates (F 1• 46 = 5.4), were significantly greater during OFTs
(P < 0.05 all ca es).

Despite the trends just reported on, median dive depth
was shallower (F1. 46 = 5.5, P = 0.02), and mean and
median dive duration (F 1, 46 = 17.0 and Fl. 46 = 20.7), as
well as mean bottom time (Fl. 46 = 20.5) were briefer during
OFTs (P < 0.001 in all cases). Mean dive depth and time
spent diving at night did not vary with type of foraging trip
(P > 0.1 all cases).
Differences in diving behaviour between foraging trip
types and between species became more evident when die!
patterns in dive depth and duration were considered
(Fig. 4). During OFTs, AFS females dove to mean depths
of 28 m for most of the night, but increased dive depths to
61 m at dawn. In contra t, SFS fema les began diving at
dusk to relati vely shallow depths (24 m), but dive depths
increased steadily to mean depths of 48 m at midnight, and
decreased thereafter to mean depths of 39 m (Fig. 4a).
Nonetheless, the coefficient of variation (CV) in dive depth
between dusk and dawn was similar between species during
OFTs (Fl. 52 = 0.004, P = 0.95). Di ve duration followed a
similar pattern during these short trips, when AFS females
made the longest dives at dusk and dawn. Dive durations
were much less variable throughout the night among SFS
females, despi te relatively large changes in dive depths
(Fig. 4b).

Table 4 Quantitative summary of diving behaviour of Antarctk
(AFS) and subantarctic (SFS) fur seals on lies Crozet, during overnight
(OFf) and long (LFf) foraging trips. Mean ± SE (N) are shown
Dive variable"

AFS

SFS

Total number of dives

4,088

8,573

Mean dive depth (m)

29.7 ± 0.25

37.8 ± 0.35

Median di ve depth (m)

24.2 ± 0.33

37.4 ± 0.46

Maxi mum dive depth (m)

t 22.0 ± 0.67

99.9 ± 0.36

OFT

Deepest di ve (m)

t 93

t4 1

Mean dive duration (s)

78.7 ± 0.44

88. t ± 0.5 1

Median dive duration (s)

74.5 ± 0.58

88.3 ± 0.66

Maximum dive duration (s)

207.2 ± 0.69

Longest dive (s)

295

310

Mean descent rate (m s- 1)

0.92 ± 0.003

t .07 ± 0.004

~60

"J.. 50
8 40 ?

Mean ascent rate (m s-

1.08 ± 0.004

t .23 ± 0.006

Mean bottom Lime (s)

3 1.5± 0 .15

34.9 ± 0.22

Time spent diving
at night (% of night time)

35.4 ± 0.20

33. 1 ± 0.2 t

Night dive rate (m h-

1
)

~

1,008.9 ± 8. t 7

1,105.8 ± t0.92

54,850

48,064

SFS
OFT

70

Ci

•

LFT

218.2 ± 0.65

1
)

AFS

o

a)

30

20

?

.~····· ~·

f

+ f '++++ *f
+ +?+??
9

0 ¢ ¢ ¢ ¢

LFT

Total number of dives
Mean dive depth (m)

29.6 ± 0.89

43.7 ± 0.48

Median di ve depth (m)

29.7 ± 1.10

45.7 ± 0.57

Maximum dive depth (m)

92. t ± 1.78

89.3 ± 0.70

Deepest dive (m)

t5t

t34

Mean dive duration (s)

90.6 ± 1.37

103.7 ± 0.72

Median dive duration (s)

94.6 ± 1.79

108.0 ± 0.86

Maximum dive duration (s)

185.0 ± 1.40

180.2 ± 1.03

Longest dive (s)

220

255

Mean descent rate (m s- 1)

0.80 ± 0.01

1.04 ± 0.006

Mean ascent rate (m s- 1)

0.93 ± 0.02

1.22 ± 0.008

20 2 t 22 23 0

b)

4

20 21 22 23 0

2

t

3

LFT

4

OFT

140

"'
-;;
..,0

e::>

120
100

Cl
0
;>

Ci

80

60

Mean bottom time (s)

39.6 ± 0.56

39.5 ± 0.38

34.5 ± 0.68

33. 1 ± 0.34

Night dive rate (m h- 1)

833.2 ± 24.16

1,082.4 ± t4.68

• See text for results of statistical comparisons

2 3

Local Time (hr)

Time spent diving
at night (% of night time)

• For each individual, the mean was used to avoid pseudoreplication
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Fig. 4 Diet patterns in depth (a) a nd duration (b ) of foraging dives differed between sympatric lactating female Antarctic (AFS) and subantarctic (SFS) fur seals at tLes Crozet, for overnight (OFT, right) and
long (LFT, left) foraging trips. Values are mean± SE
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Die! changes in dive depth differed between LFTs and
OFTs (Fig. 4). AFS females made their deepest dives at
dusk and dawn (mean 44 and 65 m, respectively), but dove
to rel atively shallow depths (mean 28 m) for most of the
night. Dive depths varied little from dusk until the end of
the night in SFS (mean 37 m), and they increased to
approximately 48 m at dawn (Fig. 4a). Concomitant with
these differences, the CV of nocturnal dive depths during
LFTs was higher in AFS (F1• 96 = 17.1, P < 0.001). Again,
dive durations followed approximately the same pattern in
AFS , with the longest dives at dusk and dawn, and the
briefest dives in the middle of the night. Dive durations of
SFS females were similar to, thoug h less pronounced than,
those of AFS (Fig. 4 b).
Dive rates were lowest at dusk and dawn, regardless o f
foraging-trip type or species. However, they showed different die! patterns between species and between foraging-trip
types (Fig. Sa). While on OFTs, dive rates varied greatly
for SFS, being highest in the middle of the night and higher
than those of AFS during that period. Dive rates were more
homogeneous in LFTs for both species, but were again
higher for SFS in the middle of the night. They showed
peaks at dusk and dawn for AFS, associated with the deeper
dives they performed during those hours. Changes in time
AFS

o
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Diet
A total of 82 ·cat samples were analy ·ed (41 from each fur
seal species), yielding 2,354 agittal otoliths, 143 cephalopod beaks, and 22 crustacean remains useful for identification. Species from the family Myctoph.idae dominated the
fi sh component of the diet of both species (90.8 and 92.2%
of total number of prey, re pectively). The genu Gymnoscopelus was the most common representative of that fam ily (A FS: 71.1 %; SFS : 70.0%, Fig. 6), and seven other fish
species (from 7 families) were also identified, albeit in very
low numbers (<I %). Seven species of cephalopod were
also identified, but only one of them represented > I % of all
prey numbers (Fig. 6).
AFS and SFS consumed the same prey species, but in
different proportions (x2 2 13.2, P < 0.00 I; test based o n
ten species for which relative numbers were larger than 5
for both fur seal species). The difference was due to differences in the proportions of Gymnoscopelus species (G. f raseri, G. piabilis, G. nicholsi, and other unidentified species)
and, to a lesser extent, Electrona subaspera and the brachioteuthid cephalopod Slosarczykovia circumantarctica
(Fig. 6). SFS consumed G. fraseri and £. subaspera in
higher numerical proportions than did AFS , and G. 11icholsi
and the cephalo pod S. circumantarctica were more common in the diet of AFS.
Based on regression analysis of otolith size (see Materi als and methods), standard length of G. fraseri consumed
by the two fur seal species was similar (AFS, 82.8 ±
6.3 mm , n = 12; SFS, 81.5 ± 6.4 mm, n = I 02; MannWhitney, U = 645.0, P = 0.76). G. piabilis consumed by
AFS was slightly larger ( 132.5 ± 9.8 mm, 11 = 14), but not
significantly so (U = 776.5, P = 0.07), than that consumed
by SFS (129.7 ± 7.7 mm , 11 = 85).
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LFT

spent diving per hour of night showed the same differences
between foraging-trip types, although differences between
species were evident only for the hours following dusk and
prior to dawn in LFTs (Fig. Sb).
SFS female instrumented in winter dove close to the
surface between dusk and dawn , and at considerably lower
mean depths ( 15- 30 m) than those in summer. Winter dive
durations were 50-II 0 s, with the Ionge t dives after midnight and before dawn. Mean dive rates and time ·pent diving varied g reatly, but were relatively constant throughout
the night at 80111 x h- 1, and 90s x h- t, respectively; considerably lower than in summer.

3

4

Local Time (hr)
Fig. S Diel patterns in nocturnal dive rate (vertical meters travelled
per night hour (a )), and time spent diving (b ) differed between sympatric lactating Antarctic (AFS) and subantarctic (SFS) fur seals at lies
Crozet, for overnight (OFT, right) and long (LFT, left) foraging trips.
Va lues are mean ± SE

Discussion
Antarctic and subantarctic fur seals are locally sympatric
(syntopic) at Macquarie I la nd, Mari on Island , and lies
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Fig. 6 Percentage by number
(of total prey items) and rela tive
frequency of occurrence of identj{ied prey in scat samples o f
Antarctic (AFS) and subantarctic
(SFS) fur seals from MAE, Jles
C rozet. Only those species with
relative frequency or frequency
o f occurrence higherthan I % are
shown
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Crozet, where they feed on the same species. At Macquarie Island and lies Crozet they were shown to use simil ar
foraging areas, dive to similar depths, and stay submerged for about the sa me amount of time. These similarities in foragin g behaviour have been used to support the
notion that prey ecology is the major determinant of the
predators ' foraging characteristics. However, the large
difference in duration of lactation and in pup physiology
(e.g. energy budgets and fat stores, as noted above) suggested to us that some interspecific differences in foraging ecology must occur. The results of the present study
re vealed interspecific differences in foraging behaviour
which were not previously evident from foraging-trip
sca le anal yse .
Differences in maternal attendance and foraging-trip
duration
Several studies have used the interval between departure
from the colony and the first dive as an indication of travel
time to the first foraging patch (Boyd eta!. 1991; Page et al.
2005). In out study, the late aftemoon departure and early
morning arrival from the colony for most individuals indicated that both species travelled to foraging areas close to
the colony, becau e seals dove almost exclusively at night,
in common with other fur seals that dive predominantly at
ni ght (Gentry and Kooyman 1986). Indeed, this was documented in a previous satellite-tracking study, in which both
species were shown to forage 50- 100 km from the colony
(Bailleul et al. 2005).

We observed two di stinctly different kinds of foraging
trip in both species: brief (OFT) or long (LFT). This also
has been observed in these species at Macquarie Island
(Goldsworthy 1999). However, mean foraging-trip duration
varies both geographically and temporally in AFS (2.513. 1 days: Boyd and Croxall 1992; Green 1997; Lea et al.
2002b; Kirkman et al. 2003), and the LFT durations we
observed in this study (mean, 3.47 days) fall near the lower
end of values in that range. At Marion Island, which has a
simj]ar marine environment around it as that found around
lie Crozet, LFT durations averaged considerably longer
for AFS females: 6.0-9.4 days (Kirkman et al. 2003), suggesting they fed closer to the colony at li e · Crozet.
The LFT duration we observed for SFS (mean
5.23 days) were similar to those observed at Marion Island
(Kirkman et a!. 2002), but much briefer than tho e ob erved
in an allopatric population at Amsterdam Island, where
summer foraging trip durations averaged II days (Georges
and Guinet 2000b). SFS females at Amsterdam Island forage in the Subtropical Front (Georges et al. 2000a), which
is found much farther from the colony, and increasingly so
throughout lactati on, than the Polar and Subpolar Fronts
around lies Crozet (Sparrow and Heywood 1996), where
this specie finds food . Therefore, the proximity of these
two oceani c fronts around lies Crozet may account for the
briefer durations of foraging-trips in thi s SFS population.
This may also be the case for SFS at Marion Island (Kirkman et al. 2002).
A finding common to all three sites where AFS and SFS
breed sympatrically is the longer duration of SFS maternal
~Springer
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attendance, compared to AFS females (Goldsworthy 1999;
Bester and Bartlett 1990). Increased frequency of brief foraging trips, and reduced duration of maternal attendance,
both sugge t higher energy transfer rates to offspring (Boyd
et al. 1994; Arnauld et al. 1996; Boyd 1999). In the
Amsterdam Island SFS population, however, pups from
mother making very brief or very long foraging trips
suffered reduced growth rates, compared to those from
mothers making trips 9- 13 days in duration (Georges and
Guinet 2000b), so OFTs may not always be the most profitable for mother and pup. Otherwise, females of both species wou ld be expected to use OFTs as much as possible.
Therefore, SFS females may have increased the proportion
of OFTs at a cost of reducing energy transfer rates to their
pups. This foraging strategy may be optimal for species
with relatively long lactation , with offspring that must fa t
for long periods during which they have reduced energy
requirements (Arnauld et al. 2003). In contrast, lactating
female AFS may be under stronger pressure to perform foraging trips > I days in duration, to transfer sufficient energy
to sustain pup activity and growth during maternal absence.
Indeed, lactating female AFS spent a greater proportion of
their foraging cycle at sea.
Interspecific differences in diving behaviour and diet
The major aspects of diving behaviour of lactating female
AFS and SFS in our study differed little from allopatric
popul ations of those specie (Boyd and Croxall 1992;
Georges et al. 2000b; Lea et al. 2002b). However, AFS
may have greater versatility in diving behaviour, as they
also dive frequently during the light hours in some populations (McCafferty et al. 1998; Lea et al. 2002b); presumably this is related to variation in diet. In contrast, our study
and another one carried out at Amsterdam Island, < I% of
all SFS dives occurred during li ght hours, and SFS diet
consisted primarily of myctophid fish (Beauplet et al.
2004).
We documented die! changes in dive characteristics,
which revealed some fine- cale ecological differences
between AFS and SFS: (i) relatively deep and long dusk
and dawn diving, with shallow, brief diving for most of the
night in AFS, particularly during LFTs, (ii) dives to relatively constant depths and durations for most of the night,
with a depth increase at dawn, and dive duration maxima at
dusk and dawn during LFTs for SFS, and (i ii) deep divi ng
around midnight, decreasi ng to minima at dusk and dawn,
with relatively constant dive duration for most of the night
during OFTs for SFS.
These patterns resulted in SFS diving deeper and for
longer periods overall. The associated changes in night dive
rate and time spent diving also indicated that they concentrated diving efforts at different times of the night. Thus,

AFS fem ales focused their diving effort in the hour immediately after dusk and before dawn during LFTs, and in the
hours between midnight and dawn during OFTs. ln comparison, SFS females progressively increased diving effort
between dusk and dawn during LFTs, and concentrated
most of it around midnight during OFTs.
The first feature (i) of AFS female dives, noted above,
has been considered typical of fur seals closely tracking the
vertical migration of their prey (Goebel et al. 199 1; Croxall
et al. 1985); such as myctophid fi h in our tudy. Most
myctophids are known to undergo migrations from deep
(200- 800 m) layers in the water column during the daytime, to a few tens of metres from the urface at night
(Robison 2003). Therefore, the deep crepuscular dives performed by AFS in both types of foraging trip sugge ·t they
were foll owing their prey, as they return to their deeper
daytime locations.
The die! di vi ng pattern of SFS in LFTs suggests that thi s
species did not follow the vertical migrations of their prey
closely (feature ii, as noted above). Consistent with thi
observation, variability in dive depth throughout the night
was lower in SFS , and their dives were concentrated deeper
in the water column, so foraging exhibited orne vertical
segregation between species during LFTs. This was not
mirrored in nocturnal dive rates or time spent diving, a die!
patterns in those variables were similar between pecies.
The diving behaviour of SFS during LFTs is simi lar to that
of benthic feeding otariids (Costa and Gale 2003 ; Arnauld
and Hinde11 2001); however, both SFS and AFS are pelagic
foragers (Bailleul eta!. 2005) and the bottom phase of dives
was characterized by numerous "wiggles", which is not
typical of benthic feeders. The overall simil arity in the diet
of both species suggests that they exploit the same prey
resource, but in slightly different ways, as they distribute
their di ving effort differently over time and through the
water column.
AFS and SFS females differed most strikingly in OFT
divi ng characteri tics. During OFTs, some of these differences resulted in vertical segregation of approximately
20 m around midnight. The nocturnal di ve rate at dusk and
dawn wa very low for these trips among SFS, even lower
than among AFS , hence they made very few dives at the e
times. Consistent with the reduction in diving effort at
dawn, SFS females arrived at the colony earlier, and the
later arrival of AFS females reflects their greater effort diving deeply at dawn.
The diet and diving behaviour of SFS have only been
studied previously at Amsterdam Island. The myctophids
consumed there differ greatly from those we identified
(Beauplet et al. 2004), with none of the same species being
noted. However, diving behaviour is strikingly similar
between the two sites. Although OFTs do not occur at
Amsterdam Island, LFT dive of SFS from both ites
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showed relatively constant depths throughout the night, and
our limited data from winter also show similarities between
the two sites. This contrasts with AFS studies howing
broad differences in diving behaviour, in association with
differences in diet. SFS may thus be less flexible in their
diving behaviour than their southern cou ins.
The vertical di tribution and migration of myctophids
consumed by fur seals in waters around lies Crozet are
unknown , but data from lles Kerguelen (I ,400 km to the
southeast) provide some indications. The three mo t important myctophids identified in lies Crozet fur seal ·cats have
been found in the upper 50 m layer of waters around lies
Kerguelen (Duhamel et al. 2000). G. fraseri show strong
vertical migrations there, but is less abundant than G. nicholsi near the surface at that location. If the same pattern
exi ts around lies Crozet, it may explain the higher frequency of G. fraseri in SFS and of G. niclwlsi in AFS scats.
Interestingly, G. nicholsi from that location is richer in lipid
content than G. fraseri ( 18.0 vs. 11 .6% wet mass; Lea et al.
2002c). Therefore, AFS may forage more efficiently by
trading off the larger abundance of an energetically poorer
prey deeper in the water column, for a richer prey closer to
the surface. The consequences of such foraging behaviour
differences between sympatric fur seals with contrasti ng
lactation durations need to be investigated in terms of
mother- offspring energetics.
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Summary
Foraging behaviour frequently occurs in bouts, and considerable efforts to properly define
those bouts have been made because they partly reflect different scales of envi ronmental variation. Methods traditionally used to identify such bouts are diverse, include some level of subj ectivity, and their accuracy and precision is rarely compared. Therefore, the applicability of
a max imum likelihood estimation method (MLM) for identifying dive bouts was investigated
and compared with a recently proposed sequential difference analysi (SDA). Using real
data on interdive durations fro m Antarctic fur seals (Arctocephalus gazella Peters, 1875), the
MLM-based model produced briefer bout ending criterion (BEC) and more preci e parameter
estimates than the SDA approach. The MLM-based model was also in better agreement with
real data, as it predicted the cumulative frequency of differences in interdive duration more
accurately. Using both methods on simulated data showed that the MLM-ba ed approach produced less biased estimates of the given model parameters than the SDA approach. Different
choices of histogram bin widths involved in SDA had a systematic effect on the estimated
BEC, such that larger bin widths resulted in longer BECs. These resu lts suggest that using
the MLM-based procedure with the sequential di fferences in interdive durations, and possibly
other dive characteristics, may be an accurate, precise, and objective tool for identifying dive
bout .
Key words: Antarctic fur seal, diving behaviour, foraging behaviour, foraging patch, pinniped.

Introduction
Many seabirds and marine mammals dive in bouts (Gentry et at., 1986; Huin
& Prince, 1997; Kato et al., 2003); i.e., most of their dive occur in rapid
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succession, while the remaining are separated by longer intervals. Dives occurring in the same bout tend to resemble each other more than those occurring in different bouts. Based on their characteristics (e.g., mean dive depth
and time spent at the bottom of the dive), bouts can be associated with a
particular activity, such as travelling or foraging (Lea et al., 2002). Numerous studies use dive bouts to infer instances of a forager exploiting di crete
prey patches (Boyd, 1996; Mori et al., 2002; Harcourt et al., 2002; Mori &
Boyd, 2004a), because food resources are patchily distributed (Wroblewski
et al., 1975; Croxall et al., 1985) at scales that organisms respond to (With
& Crist, 1995; Wu & Loucks, 1995). Depending on the scale(s) at which
food resources display patchiness (Wiens, 1976; Levin, 1992), the same argument is applied more generally to most animal behaviours as ociated with
foraging, in both terrestrial (e.g., Schaefer & Messier, 1995; Munger, 1984;
Rotenberry & Wiens, 1998) and aquatic environments (e.g., Kruuk et al.,
1990; Fauchald, 1999). Therefore, it is essential to accurately and objectively identify behavioural bouts in studies of foraging ecology of aquatic
and terrestrial predators. This can be achieved by determining a bout ending criterion (BEC), or how long an interval between two successive dives
should be to assign them to different bouts.
The theory and methods used to determine the BEC have been reviewed
elsewhere (Slater & Lester, 1982; Tolkamp & Kyriazakis, 1999). Events
occurring in bouts are thought to be generated by a combination of two or
more processes operating on progressively larger time scales. At the smallest
scale, events are separated by similar and brief intervals. Events separated
by markedly longer intervals define different groups of events (or bouts),
thereby distinguishing the scale at which one process generates individual
events from that generating bouts. Processes of both types are thought to
follow a random Poisson distribution, where the intervals between them are
described by a mixture of exponential distributions (Slater & Lester, 1982).
Defining the BEC is, therefore, a problem of finding the time intervals that
separate each process from the others.
Methods for searching the BEC include log-survivorship and log-frequency analysis (Gentry & Kooyman, 1986; Sibly et al., 1990). Boyd (1996) developed an iterative method to group dives into bouts by comparing the interdive duration of a given dive with the mean of those preceding it, considering
it as part of a new bout if these values differed significantly. More recently,
Mori et al. (200 I) suggested another method, termed sequential differences
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analysis (SDA hereafter), based on log-frequency analysis. The BEC in this
method could be estimated using the absolute differences between interdive
durations, rather than the interdive durations themselves. If the occurrence
of dives can be described by a mixture of Poisson distributions, the mean interdive duration should be the same for all bouts (Karlis & Xekalaki, 2005).
However, in cases where dive bouts are considered as instances of a diver
foraging in patches, interdive duration is expected to vary between bouts because it is closely related to dive depth (Houston & Carbone, 1992; Carbone
& Houston, 1996; Boyd, 1997), which in turn depend on prey species composition and determines foraging patch quality for the predator (Thompson
& Fedak, 2001). Mori et al. (2001), therefore, pointed out that previous methods may erroneously assume that mean interdive duration is common to all
bouts; an assumption that can be avoided with SDA.
Although SDA has been useful in studies of foraging behaviour (Mori,
1998; Mori & Boyd, 2004b; Mori et al., 2005), it is based on fitting a nonlinear model to the logarithm of frequencies of absolute differences in interdive durations, and possibly other dive characteristics (e.g., dive depth).
SDA relies on the construction of a histogram, using the midpoints of each
class as the independent variable (Sibly et al., 1990). Therefore, a certain
level of subjectivity is involved in the selection of class widths, and some
information is lost by summarizing data from each class with a single value.
Furthermore, class width must be adjusted, or a weighting scheme must be
implemented, to avoid empty classes. There are currently no objective criteria for dealing with these problems. Johnson et al. (2006) recently pointed
out that the choices made throughout this procedure can have large influences
on the BEC.
Some of these issues have been raised by Langton et al. (1995), and proposed to address them by using a maximum likelihood estimation method
(MLM hereafter) for defining the BEC. This approach uses the information
in the entire dataset of intervals between events. Unfortunately, the method
has not been adopted to identify behavioural bouts in general, and dive bouts
of marine predators in particular, where understanding spatiotemporal variation in prey distribution and quality is of major interest. Our aim was, therefore, to demonstrate the usefulness of this approach in this field , incorporating the concept used in SDA to avoid the assumption of invariant mean
dive characteristics between dive bouts. We used time-depth recorder (TDR)
data from lactating female Antarctic fur seals (Arctocephalus gazella Peters,
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1875), during their foraging trips to sea, to compare models of the frequency
of differences in interdive duration fit using SDA vs. those fit using MLM.

Methods
Data were obtained from lactating female Antarctic fur seal at La Mare aux
Elephants (MAE; 46°22'29"S, 51 °40'13"E), at the western end of Ile de Ia
Possession, Crozet archipelago, Southern Indian Ocean, during the 200102 (4 December-25 March) and 2002-03 (1 December-16 March) breeding
seasons.

Instrumentation and measurement of diving behaviour
Animal capture and handling procedures were described in Bailleul et al.
(2005). Briefly, lactating females were captured on land during their nursing visits. Each individual was weighed to the nearest kg, and placed on a
restraint board for attachment of instruments. One of 3 different time-depth
recorder (TDR) models was glued to the dorsal fur between the capulae,
using a two-component glue (AW 2101 Ciba Specialty Chemicals): MK5,
MK7, and MK8 (Wildlife Computers, Redmond, WA, USA) . TDRs were
programmed to record time and depth every 5 s when the seals were at sea,
with a 1 m depth resolution. Instruments were left on the seals for 1 to 11
foraging trips, and were recovered by cutting the fur beneath them, upon the
seals' return to the colony.
TDR data were downloaded to a portable computer, where analyses of
the resulting time series of dive data were performed using cu tom written
software, available as GNU R (R development Core Team, 2007) package
diveMove (Luque, in pres ). Before analyses, depth readings were corrected
for shifts in the pressure transducer of the TDR. Sections of each record
were identified as foraging trips if continuous wet activity (i.e., continuous
depth readings) was available for at least 6 h. This limit was selected to
exclude short excursions to sea for activitie other than foraging, because
these contained isolated shaJlow dives and mainly surface behaviour.
Dives were defined as departures from the surface to depths ~ 4 m plus
the ensuing return to surface. Dives to shallower depths were not considered
because they were indistinguishable from noise remaining after adjustment
of pressure transducer drifts, which was greater than the resolution of the
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instrument (Becket al., 2000). Dives were, thus, described by their duration,
maximal depth, and interdive duration.
For the purposes of this paper, data from the first recorded foraging trip
to sea of four randomly selected individual seals were used in sub equent
analyses. The models described below were fitted to each seal's dive record
separately because foraging trip duration varied between them, and to avoid
effects of interindividual variation in diving behaviour rna king bout structure.
Identifying bouts using SDA
The variable used for defining bouts with SDA- and MLM-based methods
was the absolute difference in interdive duration (t); the time between a dive
and the preceding one. This procedure i based on a log-frequency analysis
described in detail by Sibly et al. (1990) and further developed by Mori et al.
(200 1). Briefly, the first step of the method consists of creating a hi to gram
oft, with the frequencies expressed as a logarithm. Because large values oft
are con iderably less frequent than small ones, some class intervals may have
a frequency of zero, leading to the erroneous representation of frequencies
in larger class intervals. To correct for this effect, the frequency of class
intervals following intervals with zero frequency wa divided by the number
of preceding empty intervals plus one. The logarithm of the frequencies of
all class intervals where frequency > 0 is, thus, con idered a function of the
midpoint of the intervals.
The distribution of t is assumed to be a mixture of two random Poisson processes; a fast and a slow one (Sibly et al., 1990). The fa t process
repre ents the small time scale at which individual dives occur, while the
slow process represents the large time scale where bouts are di tingui hed.
Therefore, the relationship described above can be defined as the sum of both
processes:
(1)
where y is the logarithm of the frequency of any given t; the subscripts 1
and s denote the fast and slow processes, respectively; N is the number of
interdive intervals occurring in each process; and A represents the probability
of an event occurring in a given process per unit time (Sibly et al., 1990).
Initial value for theN and A parameter must be obtained in order to fit this
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negative exponential function. The broken- tick method wa u ed for this
purpose, following Sibly et al. (1990).
The BEC defining the threshold between the two Pois on proce e can
be obtained from equation (1):

BEC =

1

N A
log _Lf_
AJ - As
NsAs

(2)

To assess the effect of the choice of histogram bin widths on the estimation
procedure, the model was fit, and the BEC calculated using bin widths from
5 (i.e., the sampling resolution) to 50s.
Identifying bouts using MLM
Langton et al. (1995) suggested that equation (1) did not consider that the
total number of events observed should be equal to N 1 + N 5 , and, hence,
that the model can be simplified by expressing one of these parameters as
a function of the other. The author presented also a maximum likelihood
estimation method using all observed data, rather than a histogram of these,
to describe the frequency of any given event. The Jog likelihood of all the N,
absolute differences in interdive duration can be expressed a :
N,

logL 2 = L)og[pA 1 e - .l.Jr;

+ (1- p)Ase- .l.,r;]

(3)

i= l

where p is a mixing parameter representing the proportion of fast to slow
proce events in the sampled population. The parameters from equation (3)
must be estimated numerically, hence an optimization procedure is required
using appropriate initial value . These values were obtained by fir t maximizing a reparameterized version of equation (3) u ing a logit transformation of the p parameter, and a logarithm transformation of the A parameters.
Initial values for this reparameterized model were in turn calculated a for
the SDA (i.e., by using the broken-stick method). Such transformation stabilized the variance in the parameter , and rescaled them to avoid difficulties
with the optimization algorithm. The parameter estimates obtained from this
procedure were untransformed, and used as initial values for maximizing
equation (3). Therefore, parameter e timates and their standard errors were
obtained in their original scales.
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The BEC in this case was estimated analogously to equation (2):
BEC =

Aj -As

log _ PAJ
___:__
(1-p)A.s

(4)

Comparison between methods
Models describing the distribution of interdive differences in dive duration
(t) should accurately predict t's relative cumulative frequency. The expected
relative cumulative frequency Cfc) oft can be calculated from parameters in
models (1) and (3) using:
(5)

Thus, f c for the range of observed t, and the actual relative cumulative
frequency distribution oft were also calculated. The observed and expected
relative cumulative frequencies of t were plotted simultaneously against t
(logarithmically transformed) to compare the fit of the two models to data, a
proposed by Langton et al. (1995). Differences in model outcomes, relative
to observed cumulative frequencies, were tested by comparing the squared
residuals (observed - predicted values, quared) between the model with a
paired Student's t-test (Zar, 1996).
Standard errors (SEs) for each parameter estimate provided a measure of
the precision of each fitted model, and hence that of the estimated BEC.
Bia was compared using simulated data generated with chosen mixing (p)
and probability (A.) parameters. Based on the mid-range of observed data
for all four seals, the mixing parameter was set to 0.7, and value for the
probability parameters were set to 0.05 and 0.005 (A. 1 and As, re pectively).
Thus, one thousand values for t were simulated 100 times with these values, by generating a mixture of two random samples with exponential distribution (f(A.x, t) = Axe- Ax') : one with Ax = 0.05 if a random uniform
variable x (l ~ x ~ 0) from the total of 100 wa < 0 .7, and another with
Ax = 0.005 otherwise. Each imulated mixture was fit with both model , using the respective methods described above. The bias of the estimate in the
simulations, with respect to the true value for the parameters, were subsequently calculated and compared. All data manipulations and computations
were done in the GNU R statistical system and programming language (R
development Core Team, 2007).
To compare the effect of each method on interpretations of the behaviour of study animals, each seal's dive record was divided into bouts using
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the estimated BECs. The mean and variance of bout duration and interval
between bouts was calculated and compared between models for each seal
using Wilcoxon rank-sum and Fligner- Killeen tests, respectively (Conover
et al., 1981).

Results
The number of dives observed for each seal varied from 910 to 1881 (Table 1). Probability parameter (A.) estimates from these samples were larger
using MLM compared to those obtained through SDA. Conversely, the mixing parameter (p) was consistently smaller using MLM, and the total number
of interdive intervals (N1 + Ns) was largely overestimated using SDA. As a
result of these differences, estimated BECs were markedly larger using SDA,
by factors ranging from 2 to 6 (Table 1). SEs of estimated parameters were
generally smaller using MLM. More importantly, the total number of bouts
identified for each seal was considerably smaller when using SDA (Table 1).
Varying the bin width for creating the histograms used in SDA resulted
in systematic changes in most parameters: estimated BECs and numbers of
interdive intervals (N 1 and Ns) increased, but A. 1 tended to decrease. SEs of
estimated parameters increased as class bin widths were increased (Table I).
Using the narrowest bin width for the sampling interval programmed for
TDRs (5 s), variation in estimated BECs among seals was larger using SDA
(range 91.3-191.2 s) than MLM (range 43.8-59.5 s).
Estimated and observed cumulative frequencies differed for high but nonasymptotic t values, regardless of the model (Figure 1). However, such departures were larger for models fit through SDA. Models fit through MLM
followed the observed cumulative frequencies more closely, although they
underestimated these frequencies for large t values (Figure 1). The sum
of squared residuals from MLM-derived frequencies (relative to observed)
ranged from 0.06 to 0 .09, and from 0.5 to 1.0 for SDA-derived frequencies.
The difference between models was significant for all seals (Figure 1).
Bias of estimated parameters from models of simulated t values were
0.001 , 0.0002, 0.00002 when fit through MLM, and 0.031 , - 0.0028,
- 0.0010 when fit through SDA (p, A. 1 , A.s, respectively). Thus, biases were
smaller, and variation for each parameter was smaller for MLM estimates,
particularly in the case of A. 1 estimated using this method (Figure 2).
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Table 1. Estimated parameters and bout ending criteria (BEC) (mean ± SE)
from a model of sequential differences in interdive duration, using a maximum likelihood estimation method (MLM), and a log frequency analy is
(SDA). Results from four different choices of bin widths ( ) were u ed for
the SDA approach. The number of dives observed for each seal is in parenthesis.
SDAb

MLM 3

5s

10 s

20 s

50s

Seal I (N = 1081)
p
0.65 ± O.Q25
3070 ± 477
6480 ± 1300 13 500 ± 3800 36 700 ± 15 600
803 ± 95.7
2270 ± 390
4720 ± 1220
1370 ± 177
0.069 ± 0.006 0.021 ± 0.003 0.020 ± 0.003 0.018 ± 0.003 0.016 ± 0.004
0.005 ± 0.0003 0.002 ± 0.0002 0.002 ± 0.0003 0.002 ± 0.0003 0.002 ± 0.0004
BEC
51.1
191.2
209.6
249.6
289.3
Bouts
339
126
116
103
88

NJ
Ns
AJ
As

Seal2 (N = 910)
p
0.63 ± 0.026
2440 ± 427
5090 ± 1170 10700 ± 2910 29900 ± 10800
1120 ± 102
1960 ± 203
3420 ± 433
7390 ± 1270
0.060 ± 0.004 0.023 ± 0.003 0.022 ± 0.004 0.019 ± 0.004 0.017 ± 0.004
0.004 ± 0.0002 0.002 ± 0.0002 0.002 ± 0.0002 0.002 ± 0.0002 0.002 ± 0.0003
156.8
173.9
BEC
59.5
202.4
237.9
Bouts
320
186
168
146
139

NJ
Ns
AJ
As

Seal3 (N = 1881 )
p
0.74 ± 0.014
5230 ± 1220
1550 ± 127
0.096 ± 0.004 0.047 ± 0.007
0.004 ± 0.0003 0.003 ± 0.0002
BEC
43.8
91.3
Bouts
478
287

NJ
Ns
Af
As

10500 ± 2990
2850 ± 285
0.042 ± 0.008
0.003 ± 0.0002
100.2
276

22 800 ± 8890
5420 ±725
0.041 ± 0.010
0.003 ± 0.0003
105.7
270

90 800 ± 53 200
14000 ± 2630
0.044 ± 0.014
0.003 ± 0 .0003
110.0
270

Seal 4 (N = 1164)
p
0.080 ± 0.015
3 140 ± 736
6120 ± 1690 12900 ±4230 47 400 ± 24 000
906 ± 82
1530 ± 152
2760 ± 303
6570 ± 1050
0.083 ± 0.004 0.046 ± 0.007 0.038 ± 0.006 0.034 ± 0.007 0.036 ± 0.009
0.004 ± 0.0003 0.002 ± 0.0002 0.002 ± 0.0002 0.002 ± 0.0002 0.002 ± 0.0003
BEC
56.6
118.9
134.8
140.9
96.7
Bouts
223
169
156
132
144

Nf
Ns
AJ
As

3

The log likelihood function is shown in equation (3).

b Columns

represent four djfferent choices of clas interval width for fitting equation ( I).
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Differences in lnterdive Duration (s)
Figure 1. Relative cumulative frequencies (observed as a stepped function; estimated as the
smooth lines) e timated through the maximum likelihood estimation method (MLM) were in
better agreement with observed data than those estimated through log frequency analysis
(SDA). A bin width of 5 s was u ed to fit the model through the log frequency analysis.
Results of paired Student's 1-tests comparing the squared residuals between model are also
hown.

Variance in the duration of bout was ignificantly larger (Fiigner- Killeen
= 50.9, 10.9 and 13.6, seals 1, 2 and 3, respectively ; p < 0.001 all
cases) when SDA with a 5 s bin width was used (Figure 3), except for one
seal (x 2 = 3 .0, p = 0 .08; seal4). Similar results were observed for postbout
duration (Fligner-Killeen x2 = 22.2, 16.6, 25.2 and 18.2, seals 1, 2, 3 and
4, re pectively; p < 0.001 , all case ). Median duration of bout (Wilcoxon

x2
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Figure 2. Bias of estimated parameters from 100 simulations of differences in interdive
duration were smaller using the maximum likelihood estimation method (MLM), than with
the histogram method (SDA). The median is indicated by the horizontal solid line; the interquartile range by the box; and the value that is, at most, 1.5 · interquartile range away from
the box by the whiskers. The dashed lines indicate the true values of each parameter for all
simulations.

U = 654, 1976, 6254 and 1220, p < 0.05, all cases) and postbout duration

(Wilcoxon U = 1327, 1570, 6356 and 1048, p < 0.05, all cases) were also
significantly larger when using SDA (Figure 3). The mean number of dives
per bout was concomitantly smaller when using MLM (range 7.4-15.8), than
when using SDA (range 11.5-20.1). Furthermore, the number of isolated
dives varied from 158 to 323 when using MLM, whereas it varied from 54
to 170 when using SDA.
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Figure 3. The median and variability of bout and postbout durations were significantly
larger when using a log frequency analysis (SDA), compared to the maximum likelihood estimation method (MLM). Only bouts with at least 2 dives are shown. The median is indicated
by the horizontal solid line; the interquartile range by the box; and the value that is, at most,
1.5 · interquartile range away from the box by the whi kers.

Discussion
There are several advantages to using the MLM approach for defining the
BEC, compared to other methods. Langton et al. ( 1995) showed that it provides more precise parameter estimates than log-frequency analysis (Sibly et
al., 1990) by using all the information in the data, and that methods based
on log-frequency analysis may include some subjectivity in the choice of
histogram bin widths, which form the basis of the model. Despite these advantages, MLM approaches remain unused for identifying foraging bouts,
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and dive bouts in particular, where methods based on log-frequency analysis
are predominantly selected for this purpose. Our results support and extend
the conclusions in Langton et al. (1995), and suggest that SDA (Mori eta!.,
2001) may be improved by using this approach.
Because the BEC is defined in terms of the parameters of a mixture of
Poisson distributions, its accuracy depends on how well the fitted models
describe observed data. The MLM estimates of the model performed better
than SDA at describing the cumulative frequency distribution oft. This was
evident with real data from all four randomly selected seals. In contrast, expected cumulative frequency distributions based on SDA estimates showed
large deviations from observed data, resulting in serious overestimation of
the number of interdive intervals within or between bouts. This condition
was reproduced in the simulated data, and suggests it is a property of equation (1) fit to the sequential absolute differences in interdive duration. Langton eta!. (1995) found a bias in the opposite direction when fitting equation
(1) to the interval between events; i.e., N f + Ns, was underestimated. These
problems were avoided using MLM.
Differences between methods in their ability to predict observed cumulative frequencies were associated with large differences in estimated BECs.
BECs determined through SDA were at least twice as large as BECs determined through MLM. Furthermore, simulated data suggest that BECs estimated through MLM are more accurate and precise than those estimated
using log-frequency-based analyses. Such large differences between methods have not been previously shown, and the consequences for any study
of foraging ecology based on diving behaviour can be important. Indeed, the
number of bouts identified for each seal was considerably larger using MLM,
providing finer temporal resolution of the animals' activity at sea. The e differences lead to different interpretations of patch structure and characteristics (e.g., Boyd, 1996; Harcourt et al., 2002; Mori & Boyd, 2004a; Mori et
al., 2005), where the BEC is used to determine different scales of foraging.
Most notably, the temporal scale at which prey patches are encountered by
the forager is smaller with the more accurate MLM approach.
Our results showed that increasing the bin widths for constructing the histograms required for identifying bouts based on log-frequency analysis result in larger BECs. A similar effect has been shown for identifying different
scales of movement of ungulates (Johnson et al., 2006) using this technique.
In our study, we varied the choice of bin width, from a minimum determined
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by the sampling resolution to 10 times this value, and found associated increases in BEC estimates of approximately 50% using the largest bin widths.
There are no guidelines for choosing appropriate bin widths when using this
approach, but Sibly et al. (1990) recommended increasing the bin width of
longer, infrequent, intervals. However, using larger bin widths resulted in
larger estimates of the BEC. Regardless of the method used for selecting
the histogram bin widths, it is not clear what procedure was adopted in any
particular analysis of dive bouts, as proxies of patch structure. Therefore, it
is difficult to evaluate conclusions about scales of foraging, optimal diving
behaviour, and prey patch quality.
Despite the increased accuracy and precision of the MLM approach, some
departures from the model were ob erved. All model fits to real data resulted
in underestimation of the cumulative frequency for high but non-asymptotic
values oft (see equation (1)) in all seals. Reasons for this departure are not
clear with the available data, but may be related to the assumptions of the
model. The distribution of intervals, or absolute differences between successive intervals, within each of the two Poisson processes is assumed to
be random (Sibly et al., 1990). Therefore, the observed underestimations
may indicate departures from this assumption. Large departures from a twoprocess model, similar to the one in equation (1 ), have been documented for
very brief and very long intervals between meals in dairy cow (Tolkamp
et al., 1998). Tolkamp et al. (1998) argued that the departures could be explained by the cows' level of satiety, and proposed an alternative model to
account for this effect. However, Tolkamp et al. (1998) studied the feeding
behaviour of cows with almost unlimited access to food, which differs from
conditions encountered by free-ranging fur seals and their prey. That departures from the model occurred only for t > BEC supports this assertion.
Therefore, it is difficult to assess the role of satiety levels in the departures
from the model without independent measurements of prey ingestion, and
distribution of prey patches.
The arguments and principles in favour of the MLM approach for identifying bouts not only apply to analyses of diving behaviour, but also to
analyses of other foraging behaviours that are likely to reflect the spatiotemporal distribution of foraging patches (Wu & Loucks, 1995). For instance,
log-survivorship plots of the number of steps taken by kudus (Tragelaphus
strepsiceros Pallas, 1766) (Owen-Smith & Novellie, 1982) and by muskoxen
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( Ovibos moschatus Zimmermann, 1780) (Schaefer & Messier, 1995) between feeding stations have been used to identify different scales of food
patchiness. Johnson et al. (2002) used the same methods, considering movement rates between successive woodland caribou (Rangifer tarandus caribou Linnaeus, 1758) location estimates as analogous to interdive durations
in this study, and determined that ungulate movements within patches were
strongly influenced by predation risk. Therefore, the improvements in accuracy achieved through MLM methods can bring new insights into foraging
behaviour theory. In particular, accurately defining the time spent by animals
in and between foraging patches is critical in models of optimal foraging
(Stephens et al., 1986).
Whereas foraging behaviour bouts can provide a temporal proxy for foraging patches, the spatial location of those patches must be determined through
animal movement data. Considerable efforts have been made to understand
animal movement in relation to resource distribution, under the premise that
animals move optimally through their habitat so as to maximize long-term
energy intake rate (Fauchald, 1999; Fortin, 2002; Fauchald & Tveraa, 2003;
Klaassen et al., 2006). The concept of first-passage time; the time taken
for an animal to cross a circle of a given radius along its path (Johnson
et al ., 1992), has been useful for defining spatial scales at which predators
concentrate foraging effort (Fauchald & Tveraa, 2003). Fauchald & Tveraa
(2003) argued that the scale at which predators are most likely to display
area-restricted search behaviour is equal to the radius at which variance in
first-passage time is highest. However, this decision is based on the horizontal displacements of animals alone, and may not only reflect feeding activity
(Robinson et al., 2007). Therefore, animal movement analysis techniques
(e.g., first-passage time) combined with methods for accurate identification
of behavioural bouts that can subsequently be attributed to foraging activities, may offer a better assessment of where and how animal exploit food
resources.
The SDA procedure (Mori et al., 2001) improved upon previou methods of dive bout detection by removing the assumption of homogeneous
dive bout characteristics. This assumption was considered inadequate, as animals may adjust their diving behaviour depending on the characteristics of
the patch in which they forage (Mori et al., 2002, 2005). We suggest that
the method can be further improved by adopting the MLM approach, which
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avoids the limitations associated with methods ba ed on a histogram of observed data. Using this procedure to identify bouts based on other dive behaviour characteristics, in addition to differences in interdive duration (Mori
et al., 2001), is possible, so more detailed information on foraging patches
might be inferred. This approach may, thus, be a powerful tool to help understand foraging behaviour and prey patch characteristics more accurately.

Acknowledgements
We are grateful for helpful and stimulating discussions with Drs. Chris Johnson, Steve Langton and Richard Sibly. We thank IPEV (Institut Paul Emile Victor) for their logistic support,
and the numerous members of the 39th and 40th missions to lies Crozet for their support
during field work. Financial support for this project was provided through grants from the
Draney-Anderson Foundation and through a Graduate Fellowship from the Department of
Biology, Memorial University (SPL). We thank two anonymous reviewers for providing constructive criticism for this paper.

References
Bailleul, F., Luque, S.P., Dubroca, L., Amould, J.P.Y. & Guinet, C. (2005). Differences in
foraging strategy and maternal behaviour between two sympatric fur seal species at the
Crozet Islands. - Mar. Ecol. Prog. Ser. 293: 273-282.
Beck, C.A., Bowen, W.O. & Iverson, S.J. (2000). Seasonal changes in buoyancy and diving
behaviour of adult grey seals. - J. Exp. Bioi. 203: 2323-2330.
Boyd, I.L. (I 996). Temporal scales of foraging in a marine predator. - Ecology 77: 426-434.
Boyd, I.L. (1997). The behavioural and physiological ecology of diving. - Trends Ecol.
Evol. 12: 213-217.
Carbone, C. & Houston, A.l. (1996). The optimal allocation of time over the dive cycle: an
approach using aerobic and anaerobic respiration. - Anim. Behav. 51: 1247- 1255 .
Conover, W.J., Johnson, M.E. & Johnson, M.M. (1981). A comparative study of tests for
homogeneity of variances, with applications to the Outer Continental Shelf Bidding
Data. - Technometrics 23: 351-361.
Croxall, J.P., Everson, 1., Kooyman, G.L., Ricketts, C. & Davis, R.W. ( 1985). Fur seal diving
behaviour in relation to vertical distribution of krill. - J. Anim. Ecol. 54: 1-8.
Fauchald, P. ( 1999). Foraging in a hierarchical patch system.- Am. Nat. 153: 603-613.
Fauchald, P. & Tveraa, T. (2003). Using first-passage time in the analysis of area-restricted
search and habitat selection. - Ecology 84: 282-288.
Fortin, D. (2002). Optimal searching behaviour: the value of sampling information. - Ecol.
Model. 153: 279-290.
Gentry, R.L., Costa, D.P., Croxall, J.P. , David, J.H.M., Davis, R.W., Kooyman, G.L., Majluf,
P., McCann, T.S. & Trillmich, F. (1986). Synthesis and conclu ions. - In: Fur Seals:
maternal strategies on land and at sea (Gentry, R.L. & Kooyman, G.L., eds). Princeton
University Press, Princeton, NJ, p. 220-264.

233

B P ublished chapters and sections

Identifying dive bouts

1331

Gentry, R.L. & Kooyman , G.L. ( 1986). Methods of dive analysis. - In: Fur Seals: maternal
strategies o n land and at sea (Gentry, R.L. & Kooyman, G.L., eds). Princeton University
Press, Princeton, NJ, p. 28-40.
Harcourt, R., Bradshaw, C.I.A., Dickson, K. & Davis, L.S. (2002). Foraging ecology of a
generalist predator, the female New Zealand fur seal. - Mar. Ecol. Prog. Ser. 227:
11 -24.
Houston, A.I. & Carbone, C. ( 1992). The optimal allocation of time during the diving cycle.
- Behav. Ecol. 3: 255-265.
Huin, N. & Prince, P.A. (1997). Diving behaviour of the grey-headed albatross. - Antarct.
Sci. 9: 243-249.
Johnson, A.R., Wiens, J.A ., Milne, B .T. & Crist, T.O. (1 992). Animal movement and population dynamics in heterogeneous landscapes. - Landsc. Ecol. 7: 63-75.
Johnson, C.J., Parker, K.L., Heard, D.C. & G illingham , M.P. (2002). Moveme nt parameters
of ungulate and scale- pecific respon es to the environment. - 1. Anim. Ecol. 71 :
225-35.
Johnson, C.J., Parker, K .L., Heard, D.C. & Gillingham, M.P. (2006). Unrealistic a nimal
movement rates as be havioural bouts: a reply. - J . Anim. Ecol. 75: 303-308.
Karlis, D. & Xekalaki, E . (2005). Mixed Poisson distributions. - Int. Stat. Rev. 73: 35-58.
Kato, A., Wata nuki, Y. & Naito, Y. (2003). Foraging be haviour of chick-rearing rhinoceros
auklets Cerorhinca monocerata at Teuri Island, Japan, determined by accelerationdepth recording micro data loggers. - J . Avian Bioi. 34: 282-287.
Klaa sen, R.H.G., Nolet, B .A., van Gils, J.A. & Bauer, S. (2006). Optimal movement be tween
patche under incomplete information about the spatial distribution of food items. Theor. Popul. Bioi. 70: 452-463.
Kruuk, H., Wa nsink, D. & Moorho use, A. ( 1990). Feeding patc hes and diving success of
otters, Lutra lutra, in Shetland. - Oikos 57: 68-72.
Langton, S.D., Collett, D . & Sibly, R.M. ( 1995). Splitting behaviour into bo uts; a maxi mum
likelihood approach. - Behaviour 132: 9- 10.
Lea, M.A., Hindell, M ., Guinet, C. & Goldswo rthy, S. (2002). Variability in the diving activity
of A ntarctic fur seals, Arctocephalus gazella, at lies Kerguele n. - Polar Bioi. 25: 269279.
Levin, S.A . ( 1992). T he problem of pattern and scale in ecology. - Ecology 73 : 1943- 1967.
Luque, S.P. (in press). Div ing behaviour analysis in R. - R News 7.
Mori , Y. ( 1998). T he optimal patch use in divers: optima l time budget and the number of dive
cycles during the bo ut. - J. T heor. Bioi. 190: 187- 199.
Mori , Y. & Boyd, I.L. (2004a). The behavioral basis for nonlinear functiona l respon es and
optimal foraging in Antarctic fur seals. - Ecology 85: 398-4 10. http://esapubs.org/
archive/ecoi/E085/008/appe ndix-A.htrn
Mori , Y. & Boyd, J.L. (2004b). Segregation of forag ing between two sympatric pe nguin
species: does rate maximization make the di fference? - M ar. Ecol. Prog. Ser. 275 :
24 1-49.
Mori , Y., Takahashi, A. , M ehlum, F. & Watanuki, Y. (2002). An application of optimal diving
models to diving behaviour of Bri.innich' s guillemo ts.- A nim. Behav. 64: 739-745.
Mori , Y., Watanabe, Y., Mitani, Y., Sato, K., Cameron, M .F. & Naito, Y. (2005). A comparison
of prey richness estimates for Weddell seals u ing divi ng profi les and image data. M ar. Ecol. Prog. Ser. 295: 257-263.

234

B Published chapters and sections

1332

Luque & Guinet

Mori, Y., Yoda, K. & Sato, K. (200 I). Defining dive bouts u ing a sequential difference
analysis. - Behaviour 138: 1451-1466.
Munger, J.C. ( 1984). Optimal foraging? Patch use by homed lizards (Iguanidae: Phrynosoma).- Am. Nat. 123: 654-680.
Owen-Smith, N. & Novellie, P. (1982). What should a clever ungulate eat? - Am. Nat. 119:
151-178.
R Development Core Team (2007). R: A language and environment for statistical computing. - R Foundation for Statistical Computing, Vienna, Austria. Available online at
http://www.R-project.org
Robinson, P.W., Tremblay, Y., Crocker, D.E., Kappes, M.A., Kuhn, C.E., Shaffer, S.A., Simmons, S.E. & Costa, D.P. (2007). A comparison of indirect measures of feeding behaviour based on ARGOS tracking data. - Deep-Sea Res. II 54: 356-368.
Rotenberry, J.T. & Wiens, J.A. ( 1998). Foraging patch selection by shrubsteppe sparrows.Ecology 79: 1160-1173.
Schaefer, J.A. & Messier, F. (1995). Winter foraging by muskoxen: a hierarchical approach
to patch residence time and cratering behaviour. - Oecologia I 04: 39-44.
Sibly, R.M., Nott, H.M.R. & Fletcher, D.J. (1990). Splitting behaviour into bouts. - Anim.
Behav. 39: 63-69.
Slater, P.J. & Lester, N.P. (1982). Minimising errors in splitting behaviour into bouts. Behaviour 79: 153-161.
Stephens, D.W., Krebs, J.R. & Clutton-Brock, T. (1986). Foraging theory.- Princeton University Press, Princeton, NJ.
Thomp on, D. & Fedak, M.A. (2001 ). How long should a dive last? A simple model of
foraging decisions by breath hold divers in a patchy environment. - Anim. Behav. 61 :
287-296.
Tolkamp, B.J., Allcroft, D.J., Austin, E.J., Nielsen, B.L. & Kyriazakis, I. (1998). Satiety plits
feeding behaviour into bouts. - J. Theor. Bioi. 194: 235-250.
Tolkamp, B.J. & Kyriazakis, I. ( 1999). To split behaviour into bouts, log-transform the intervals. - Anim. Behav. 57: 807-817.
Wiens, J.A. (1976). Population responses to patchy environments. - Annu. Rev. Ecol. Syst.
7: 81-120.
With, K.A. & Crist, T.O. (1995). Critical thresholds in pecies' responses to landscape ·tructure. - Ecology 76: 2446-2459.
Wroblewski, J.S., O'Brien, J.J. & Platt, T. (1975). On the physical and biological scales of
phytoplankton patchiness in the ocean. - Mem. Soc. R. Sci. Liege 6: 43-57.
Wu, J. & Loucks, O.L. (1995). From balance of nature to hierarchical patch dynamics: a
paradigm shift in ecology. - Q. Rev. Bioi. 70: 439-466.
Zar, J.H. (1996). Biostatistical analysis. - Prentice-Hall, Upper Saddle River, NJ .

235

B Published chapters and sections

8.3 Temporal structure of diving behaviour in adult females
Luque SP, Arnauld JPY, Guinet C (2008) Temporal structure of diving behaviour in sympatric Antarctic and subantarctic fur seals Marin e

Ecology Progress Series 3 72 : 277-287

236

B Published chapters and sections

Vol.372:277- 287,2008
doi: I 0.3354/meps07689

MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Published December 9

Temporal structure of diving behaviour in
sympatric Antarctic and subantarctic fur seals
Sebastian P. Luque 1· 2 ·•, John P. Y. Arnould 3 , Christophe Guinet 2
1

Department of Biology, Memorial University, St. John's, Newfoundland and Labrador AlB 3X9, Canada
2
Centre d'Etudes Biologiques de Chize, CNRS, 79 360 Villiers e n Bois, Prance
'School of Life and Environmental Sciences, Deakin University, 221 Burwood Highway, Burwood, Victoria 3 125, Australia

ABSTRACT: Lactation is considerably briefer (4 vs. 10 mo) and daily pup energy expenditure higher
in Antarctic (AFS) than in subantarctic fur seals (SFS). even in syrnpatric populations of both species,
where their foraging locations and diets are similar. Therefore, lactational demands may be higher
for AFS females. We investigated whether syrnpatric lactating AFS and SFS females differ in their
physiological or behavioural diving capacities, and in the temporal structure of foraging behaviour.
Mean dive depth and duration were greater in SFS, but dives below 140 m were performed only by
AFS. An index of activity level during the bottom phase of dives, when fur seals are thought to capture prey, was higher in SFS. Despite these differences, SFS females showed a steady increase in the
minimum postdive interval following dives lasting longer than 250 s, compared to the steady increase
following dives lasting longer than only 150 sin AFS. These results suggest that physiological constraints on diving behaviour are stronger on AFS females, and that the behavioural aerobic dive limit
is greater for SFS. Assuming that dive bouts reflect foraging in prey patches, AFS females exploited
more patches per unit time, and remained in them for briefer periods of time, compared to SFS
females. Dive bout structure did not differ between overnight and long foraging trips . Our data suggest that AFS females spend greater foraging effort, but may gain access to prey patches of better
quality, which may help them cope with higher lactational demands.
KEY WORDS: Optimal foraging · Foraging niche segregation · Foraging behaviour · Die! trends ·
Diurnal activity · Myctophidae · Syntopy · Archival tags
- - - - - - - - - - - R e s a l e or republication not pcmlitled without written consent ollbc p u b l i s h e r - - - - - - - - - -

Exploitative competition for food between animals is
difficult to assess, partly because it requires knowle dge of whether the level of their common resources is
limiting or not (Birch 1957, MacArthur & Levins 1964).
Yet it is considered a major component of species interactions, and influences community structure (Milinski
& Parker 1991). In the absence of data on the level of
common resources, exploitative competition is often
inferred from measurements of resource overlap or
manipulations of population densities (Schoener 1974).
However, an approach based on comparisons of the
biology and behaviour of potentially competing species may be more useful for understanding inter-

specific interactions (Tilman 1987). This approach has
been used to study mechanisms of coexistence in a
broad range of species (Stamps 1983, Cowlishaw 1999,
Hull 1999, Robinson eta!. 2002).
Using this approach, Ballance et al. (1997) showed
that competitive ability and energetic constraints play a
major role in the structure of seabird assemblages.
Sympatry or syntopy in morphologically similar, related
species is particularly attractive for studying these interactions. Under such conditions, it is possible to compare the ecology of co-occurring species, while minimizing the influence of extraneous factors , which are
difficult or impossible to control. Studjes of related
seabirds have provide d evidence of physiological constraints on the be havioural response of coexisting
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predators to heterogeneity in the distribution of common prey resources (Hull 1999, Mori & Boyd 2004b).
Therefore, studies such as these can be used as a basis
for predicting the outcome of reductions in prey abundance and/or availability.
Lactation constrains the foraging behaviour of mammals (Srether & Gordon 1994), especially in the marine
environment (Costa & Williams 1999). Therefore, new
insights into the mechanisms linking prey distribution
and pre dator behaviour can be gained by comparing
the foraging behaviour of sympatric marine mammals.
Otariid (fur seals and sea lions) pinnipeds are good
models in comparative foraging ecology because they
exhibit large variation in adult body size and lactation
duration, while othe r life history traits are relatively
homogeneous (Ridgway & Harrison 1981). Female body
mass varies from -30 (in Galapagos fur seals Arctocephalus galapagoensis [Heller 1904]) to 275 kg (in
Steller sea lions Eumetopias jubatus [Schreber 1776]),
and lactation duration varies from 4 (in Antarctic fur
seal Arctocephalus gazella [Peters 1875]) to 36 mo (in
Galapagos fur seals; range 12 to 36 mo; Trillmich &
Kooyman 1986). Large pinnipeds have higher aerobic
dive limits (ADL) than smaller ones (Kooyman 1989), so
they can dive for longer periods of time (Halsey et al.
2006) without the negative effects of increased lactic
acid concentration. Consequently, they have more time
available for prey search and capture. However, species of similar body mass can display large differences
in lactation duration, energy transfer to pups, and patterns of energy allocation by pups (Arnould 1997,
Arnould et al. 2003) . There fore, the interplay among
body mass, foraging behaviour, and lactation duration
remain tmclear. Sympatric otariids of similar body
mass, yet different lactation duration, offer a unique
opportunity to understand the physiological and behavioural tradeoffs faced by breeding females during
lactation.
Diving marine pre dators often dive in bouts, i.e. most
dives occur in rapid succession, while the rest are separated by longer intervals, and each bout may indicate
foraging in a particular patch (Mori & Boyd 2004a).
Researchers thus deduce d that the temporal structure
of diving may be used to infer the distribution and
characteristics of foraging patches in several seabirds
(Kato et al. 2000, Mehlum et al. 2001), and pinnipeds
(Mori & Boyd 2004a, Mori et al. 2005). This provides a
framework for comparing the foraging behaviour of
sympatric marine m ammals in relation to a common
prey resource.
Antarctic and subantarctic (A. tropicalis [Gray 1872])
fur seals (AFS and SFS, respectively, hereafter) have
broadly different spatial distributions. AFS breed
mostly south of the Antarctic Polar Front, while SFS do
so mostly north of it, but they breed sympalrically at 3
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locations (Bonner 1999): Macquarie Island, lle de Ia
Possession (lles Crozet), and Marion Island (Prince
Edward Islands) . Adult females of these species have
similar body mass and show little differences in at-sea
distribution and diet when sympatric (Klages & Bester
1998, Robinson et al. 2002, Bailleul et al. 2005, Luque
et al. 2007a), yet wean pups at 4 in (AFS) vs. 10 mo of
age in (SFS) (Bester & Bartlett 1990), as they do in
allopatric populations. Furthermore, AFS pups s how
higher daily energy expenditures (Arnould et al. 2003),
and grow in body length faster (Luque et al. 2007b) at
lle de Ia Possession. Thus, their mothers must meet
these demands in addition to their own, and also complete lactation in < 1/ 2 the time compared to SFS. Lactational demands may thus be higher in AFS , which
females should satisfy during their foraging trips
to sea.
Previous comparisons of diving behaviour between
these species in sympatry have not shown major differences at the scale of entire foraging trips (Goldsworthy
et al. 1997, Robinson et al. 2002) . At lie de Ia Possession, however, overnight foraging trips (OFTs) are significantly more frequent in SFS, and AFS appear to
spend a greater proportion of their time at sea
(Beste r & Bartlett 1990, Bailleul eta!. 2005, Luque eta!.
2007a), as in Marion Island. Differences at finer scales
have been studied at lie de Ia Possession , where lactating female AFS exhibit stronger die! variation in dive
depth, with relatively shallow diving (AFS: 25 to 30 m;
SFS: 35 to 50 m) during the noncrepuscular hours of
the night, and deep diving (AFS: 45 to 65 m; SFS: 40 to
50 m) during crepuscular hours (Luque et al. 2007a). At
Marion (Klages & Bester 1998, Ferreira & Bester 1999)
and Macquarie Islands (Robinson et al. 2002), no interspecific differences in diet were found. Scat analyses
suggest that sympatric AFS and SFS feed on the same
prey species (myctophid fish), although differences in
their relative abundance were found at lle de Ia Possession (Luque eta!. 2007a). Comparisons of the temporal structure of diving behaviour between AFS and
SFS, however, are unavailable, but may help us understand how these species with differe nt lactational
demands respond to distribution of similar prey.
Diving capacity of otariid species with similar body
mass is e xpected to b e similar (Kooyman 1989), assuming other factors do not differ. In this case, optimal diving models pre dict similar optimal foraging depth
(Mori 1998a, 2002). Optimal diving models typically
assume that divers maxinlize energy intake rate,
although pre dation risk may significantly influence
such predictions (Frid e t al. 2007). They also predict
that divers should increase the time spent in foraging
patches as depth increases (Mori 1998b, Thompson &
Fedak 2001). but only if diving remains aerobic (Houston & Carbone 1992) or patch quality (as reflecte d by
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prey density) increases. A previous study does not support the first prediction of similar optimal foraging
depth (Luque e t al. 2007a). suggesting that in1portant
physiological or behavioural differences exist between
female AFS and SFS, which may affect their exploitation of prey patches. Therefore, we investigated
whether the temporal structure of diving behaviour
and vertical distribution of foraging patches differ
between fur seal species at Ile de la Possession. Given
the briefer lactation and higher daily energy requirements of AFS pups, we tested the hypothesis that
female AFS have higher energy demands during lactation, and should spend more foraging effort, despite
their overlapping foraging areas.
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elled 50 to 100 km from the colony to forage, and there
were no significant differences in foraging trip duration, dive depth, or dive duration between individuals
instrumented with different TOR models (p > 0.5 in all
cases). Thus, data from the 3 models were pooled for interspecific comparisons. TORs were progranuned to
record time and depth every 5 s when the seals were at
sea, with a 1 m depth resolution. MKB TORs also
recorded speed to the nearest 0.02 m s · •. Instruments
were left on the seals for 1 to 11 foraging trips, and were
recovered by cutting the fur beneath them, upon the
seals' return to the colony.
TOR data were downloaded to a portable computer,
and analyses of the resulting time series of dive data
were performed using custom written software package diveMove (Luque 2007), available through GNU R
(R Development Core Team 2007). Before analyses,
depth readings were corrected for shifts in the pressure
transducer of the TOR. Sections of each record were
identified as foraging trips if continuous wet activity
(i.e. continuous depth readings) was available for at
least 6 h . This limit was selected to exclude brief excursions to sea for activities other than foraging, which occurred mostly during daytime, and contained isolated
shallow dives(< 20m), in contrast to tile bout-organized
dives typical of foraging trips (Luque eta!. 2007a).
Dives were defined as departures from the surface to
depths ~4 m plus tile ensuing return to the surface.
Dives to lower d epths were not considered, as tlley
were indistinguishable from noise re maining after
adjustment of pressure transducer drifts, which was
greater than the resolution of the instrument (Beck e t
a!. 2000). Each dive was divided into descent, bottom,
and ascent phases, where: (1) descent started at the
surface and ended when no further increases in depth
were detected; (2) ascent was defined from the e nd of
the dive and, with the reversed time series, ending
when no further increases in depth were detected;
and (3) the bottom phase was the period between descent a nd ascent. Dives were thus described by their

MATERIALS AND METHODS

Data on diving behaviour of AFS and SFS was
obtained at La Mare aux Elephants (46° 22' 29"S,
51 o 40' 13"E). at the western end of De de Ia Possession,
Crozet archipelago, Southern Indian Ocean, during
the 2001-02 (4 December to 25 March) and 2002-03
(1 December to 16 March) breeding seasons (2001 and
2002 hereafter). A total of 277 (AFS: 153, SFS: 124)
pups were individually marked as previously described (Georges & Guinet 2000, Arnould et a!. 2003,
Bailleul e t al. 2005), providing a means to identify their
mothers, a subset of which were equipped with time
and depth recorders (TORs; Table 1).
Diving behaviour. Animal capture and handling procedu res are described in Luque eta!. (2007a). Briefly,
lactating females of each species were captured on land
during their nursing visits. Each individual was
weighed to the nearest kg, and placed on a restraint
board for attachment of instruments. One of 3 different
time-depth recorder (TOR) models (MKS, MK7, and
MKB; Wildlife Computers) was glued to the dorsal fur
between the scapulae, using a 2-component epoxy glue
(AW 2101 Ciba Specialty Chemicals). Fur seals t.rav-

Table 1. Arctocephalus gazella (AFS), A . tropicalis (SFS). Summary of dive da ta obtained from lactating females fitted with limedepth recorders (TORs) on fie de Ia Possession, in the bre eding seasons of 2001 - 02 and 2002- 03; BEC = bout-ending crile rion.
Data are eithe r number or m ean± SE
Species Breeding
season

Body mass
(kg)

N

Foraging
trips

Dives

BEC (s)

Bouts

Dives in
bouts

Mean dive
d epth (m)

Mean dive
duration (s)

AFS

2001
2002
Both

33.2 ± 0.44
31.6 ± 0.58
32.7 ± 0.36

37
12
49

102
30
132

42095
17541
59636

54.9 ± 0.44
38.5 ± 0.83
50.9 ± 0.33

3814
1614
5428

33522
13500
47022

31.2 ± 0.32
22.8 ± 0.70
29.2 ± 0.24

80.1 ± 0.60
73.4 ± 1.32
78.5 ± 0.42

Sf'S

2001
2002
Both

30.6 ± 0.55
30.4 ± 0.78
30.5 ± 0.45

37
10
47

113
32
145

39102
17693
56795

84.8 ± 0.91
72.8 ± 1.44
81.7 ± 0.61

2839
1156
3995

33780
15302
49082

42.1±0.44
32.9 ± 0.70
39.7 ± 0.31

94.2 ± 0.63
90.2 ± 1.68
93.2 ± 0.46
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duration, maximum depth, bottom time, and postdive
duration.
Fur seals catch their prey predominantly during the
bottom phase of dives, although this has been d emonstrated only for AFS (Hooker et al. 2002) . As a measure
of the level of activity during the bottom (foraging)
phase of dives, we thus divided the absolute number of
vertical meters each individual swam during this phase
by bottom time. We also calculated mean swimming
speed during the bottom phase of dives from fur seals
deployed with MK8 TDRs. Speed measurements, however, do not correspond to true speed because they
need to be calibrated against the true speed of the
seals. Nonetheless, we used measured speed because
we were more interested in comparing the levels of
activity during the bottom phase of dives between species, rather than estimating true speed.
To investigate whether physiological constraints differ between species, we studied the relationship
between the briefest postdive duration and dive duration binned at 5 s intervals. The dive duration beyond
which the briefest postdive interval begins to rise was
taken as a behavioural proxy for the ADL, i.e. the dive
duration beyond which blood lactate levels rise, as a
result of increasing anaerobic metabolism (Kooyman
1989).
Identulcatlo n of dive b outs. Identification of bouts of
most behaviours has traditionally relied on log-survivorship or log-frequency analysis (Gentry & Kooyman 1986, Sibly et al. 1990). However, Langton e t al.
(1995) pointed out that these methods include some
level of subjectivity. The procedure involves fitting a
curve to histogram data, an arbitrary choice of histogram class width, and adjustment for empty class intervals. Langton et al. (1995) presented an improved
approach, based on maximum likelihood estimation,
which uses the entire dataset to describe the frequency
distribution of events such as diving. This procedure
was used to model the distribution of sequential differences in surface interval duration, allowing for variation in dive characteristics between bouts (Mori et al.
2001). The log likelihood (log L2) of all N, absolute differences in surface interval duration tis a combination
of fast (within bouts) and slow (between bouts) events
(Luque & Guinet 2007):
N,

log~= I,log [pi.. 1e-<,r, +(1- p)A,e-' ·'' ]

(1)

i=l

where p is a mixing parameter representing the proportion of fast to slow process events in the sampled
population; the subscripts f and s denote the fast and
slow processes, respectively, and A represents the
probability of an event occurring in a given process per
unit time t (Sibly et al. 1990). A bout ending criterion
(BEC), determining whether two successive dives
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should be grouped in the same bout or not, can be calculated from Eq. (1) as:
- -1 o
1 gpi..,
-BEe i..1 -i..,
(1- p)i..,

(2)

If the difference in surface interval duration between
two successive dives exceeded the BEC, then they
were grouped in different bouts.
Statistical approach. BECs were separately determined for each individual due to individual differences
in foraging trip durations, and to avoid masking of bout
structure by individual differences in diving behaviour. The number of bouts, their duration , and the
duration of intervals between bouts were also similarly
calculated. Because both AFS and SFS dived almost
exclusively at night, the first two variables were
divided by the number of night hours available during
the foraging trip of each individual. Night time was
defined as the number of hours between sunset and
sunrise. Bouts consisting of a single dive were not
deemed to indicate foraging behaviour, and were thus
excluded from analyses.
Both AFS and SFS displayed bimodal distributions
of foraging trip duration (Luque et al. 2007a). with
overnight (OFT, < 1 d) and long foraging trips (LFT,
>1 d). Therefore, interspecific comparisons included
fixed effects terms to test for differences between these
types of foraging trip. Data for multiple trips of the
same type were averaged for each individual, except
for bout and postbout duration, which represent variation within the foraging trip. A single value per individual and bout was considered for bout and postbout
duration. A random effect term for individuals was
included, so mixed effects models (Pinheiro & Bates
2000) were used to describe data for the ith individual,
jth species, and kth foraging trip type, as follows:
Y11k

= ~o +~1 +~k +~ Jk +b, +t,Jk

b 1 - 9((0, cr~) , t 11k - 9((0, cr 2 )

(3)

where ~ 0 re presents an intercept; ~J.~k• ~Jk represent the
fixed effects for species, foraging trip type, and corresponding interaction, respectively; b1 denotes the random effect for individual, and Erik denotes an independent error term. The b1 and e11k terms are ass tuned to be
normally distributed, with mean zero, and variances cr6
and cr2 , respectively. Multiple bout and postbout durations for the same individual were, thus, included as
part of e11k for the corresponding models.
The significance of the interactions was assessed by
comparing the models with and without the interaction
term, using a log likelihood ratio test (Pinheiro & Bates
2000). The significance of other fixed effects was tested
via Markov Chain Monte Carlo (MCMC) simulations
based on samples of the posterior distribution of the
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model parameters (Baayen et al. 2008). All analyses
were carried out in the GNU R system (R Development
Core Team 2007), with packages diveMove for dive
behaviour analysis (Luque 2007) and !me 4 for fitting
mixed effects models (Bates et al. 2008). Results are
presented as means ± SE, unless stated otherwise.

a
FT

SFS
AFS

-=<E)>

<$>-

~

~
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Dive data from a total of 96 females were obtained,
providing information from 277 foraging trips (Table
1). Most dives (83 %) occurred in bouts for both species. However, this proportion was significantly larger
(X2 = 1157, df = 1, p < 0.001) in SFS (86.4 vs. 78.8 %), indicating that isolated dives were relatively more common in AFS. The number of bouts per night of foraging
trip was larger in AFS (log-transformed to normalize
residuals; F 1. 148 = 58.85, p < 0.001) (Fig. 1a). regardless
of foraging trip type (interaction term: x2 = 0 .08, p =
0.78) . No significant differences between foraging trip
types were fo und (F1, 148 = 0.07, p = 0.8), and the poole d
estimates for each species were 35.7 ± 1.05 and 21.5 ±
1.05 bouts per night for AFS and SFS, respectively.
Typical dive profiles are shown in Appendix 1
www.int-res.com/articles/suppllm372p277 _app .pdf.
The BEC was significantly higher for SFS during
both seasons (F1, 88 = 52.39, p < 0.001), and higher for
both species during the 2001 season (F1, 88 = 7.42, p <
0.01) . Although this suggests that foraging conditions
may have differed between seasons, data for both seasons were pooled for further analyses because there
was no interaction between species and season (F1 ,88 =
1.55, p = 0.2), and interannual differences were not the
focus of this paper.

The total time spent in bouts per night was similar between species (F1, 144 = 2.00, p = 0.2) and foraging trip
types (F1 , 144 = 0.01, p = 0.9). without any interaction between both factors (interaction term x2 = 0.01, p = 0.92)
(Fig. 1b). Pooled estimates for each species were 9.6 ±
1.05 and 10.6 ± 1.05 h night- • for AFS and SFS, respectively. Bout duration, however, was significantly longer
in SFS during both foraging trip types (F1, 9520 = 43.37,
p < 0.001) (Fig. 1c) consistent with the higher number of
bouts per night for AFS, but similar time spent in those
bouts. Bout duration was similar between foraging trip
types (F1,9520 = 0.24, p > 0.9), independently of differences between species (X 2 = 0.88, p = 0.35) .
The temporal distribution of foraging patches, as
reflected by the density distribution of postbout durations, showe d that AFS encountered patches at a
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Fig . 1. Arctocephalus gazella (AFS), A . tropicalis (SFS) .
OFT: overnight foraging trips: LFT: long foraging trips. Lactating AFS females perform more bouts pe r night, spend a
similar amount of lime in bouts per night, and have brie fer
bouts than lactating SFS females

slightly faste r rate than SFS (Fig. 2). Albeit small, the
difference was significant for OFTs (Kruskal-Wallis
x2 = 4.60, df = 1, p = 0.03) and LFTs (X2 = 91.68, df = 1,
p < 0.00 1). Patch encounter rate, as measured by postbout duration, did not differ significantly between foraging trip types (X2 = 2.62, df = 1, p = 0 .11). Foraging
bouts were most frequent near the surface for both
species, but their relative frequencies were highe r
near the surface and below 80 min AFS, while depths
between 30 and 60 m were more heavily used by SFS
females (Fig. 3).

Behavioura l and physiologica l limits
The absolute number of meters that fur seals swam
per unit time during the bottom phase of dives was significantly highe r in SFS (F1 , 149 = 13.2, p < 0.001), and
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postbout intervals. is briefer in lactating Antarctic (AFS) than
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was independent of foraging trip type (X2 = 2.08, p =
0 .15). SFS swam 0.13 ± 0.006 m s- 1, and AFS 0.10 ±
0 .006 m s- 1 while at the bottom of dives. Furthermore,
this rate was significantly higher (F1, 149 = 22.3, p <
0 .001) during LFTs (0.12 ± 0.005 m s- 1) than during
OFTs (0.10 ± 0.006 m s- 1) for both fur seal species.
The mean swimming speed during the bottom phase
of dives did not differ between species (F1 ,58 < 0.01, p >
0.9), nor between foraging trip types (F1 ,58 = 0.14, p =
0.7), and no interaction between these factors (X2 =
0 .01, p = 0.9) was noted. Similarly, mean swimming
speed during surface intervals did not differ between
species for OFTs (F1, 20 = 1.18, p = 0 .29), nor for LFTs
(F1, 36 = 4 .1, p = 0.05). despite a significant interaction
between foraging trip type and species (X2 = 4.35, p =
0.04)
The relationship between the duration of the briefest
surface interval and dive duration showed no changes
in surface interval for dives lasting up to almost 150 sin
both species (Fig. 4). However, surface intervals fo llowing dives longer than 150 s increased steadily for
AFS, whereas SFS showed a similar response only for
dives longer than 250 s (Fig. 4). d espite the latter's
larger rate of vertical movements at the bottom of
dives.
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Fig . 3 . Arctocepl!alus gazella (AFS), A. tropicalis (SFS) . Lactating Antarctic fur seal (AFS) females forage more frequently than subantarctic (SFS) females between the surface and 20m, and below 80 m. SFS females spend a greater
proportion of their bouts between 30 and 60 m
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DISCUSSION
We hypothesized that lactating female AFS have
higher energy demands during lactation and, therefore, should spend greater foraging effort to meet
those demands. Female AFS displayed higher indices
of diving effort, reduced patch residence times, and
briefer postbout intervals, suggesting more effort spent
foraging, and a faster rate of encounter with prey
patches. An important premise of our analyses is that
both species forage optimally, i.e. that they maximize
energy intake rate relative to physiological constraints.
Previous results have shown subtle interspecific differences in diet and dive depth associated with differences in life history and pup physiology (Luque et a!.
2007a). so behavioural and physiological constraints
may not be similar between AFS and SFS. Moreover,
optimal foraging behaviour (e.g. time spent in foraging
patches and patch encounter rate) may also differ
between species, and aifect their rates of energy
intake. Our results largely support these predictions,
and suggest a possible origin for the differences in foraging behaviour. We review the assumptions that were
required to use our approach, and discuss the implications of our results for inferring the characteristics of
the foraging habitat of sympatric AFS and SFS.

Assumptions
Using the information on differences in physiological
constraints required making assumptions regarding
the diving beh aviour of fur seals (Mori et al. 2002,
2005, Mori & Boyd 2004b) . A major assumption of the
model is that energy intake is a function of time spent
at the bottom of dives, i.e. prey is assumed to be
obtained during the bottom phase of dives. Although it
was not possible to ascertain the validity of this
assumption with a 2-dimensional dive profile and sampling interval of 5 s, direction reversals (wiggles) during descent or ascent phases were rare. Furthermore,
tile mean vertical distance covered during the bottom
phase of dives (a measure of the amount of wiggling)
was relatively high for both species (AFS =12.7 m; SFS
= 15.0 m) for dive deptl1s >10m. These values exclude
shallow V-shaped dives, which are indicative of trave lling behaviour. Therefore, fur seals from La Mare aux
Elephants probably concentrated their energy intake
during bottom time.
A more fundamental assumption of the model is that
fur seals dived optimally, so as to maximize the rate of
energy intake during the dive cycle. Foragers may not
always use an energy intake rate maximizing currency
to behave optimally (Caraco 1980). as other factors
may play important roles in determining what behav-

243

283

iour is optimal under particular time scales. Nonacs
(2001) reviewed several studies testing predictions
based on this assumption and found a consistent bias
in the predictions, arguing that inclusion of the forager's state (e.g . nutritional status and predation risk)
in the models can improve their predictive power. Heithaus & Frid (2003) proposed a model to account for
predation risk during the surface interval for diving
predators, which may partly explain why diving
behaviour is often considered suboptimal in previously
used models. Killer whales are common around lies
Crozet during summer (Guinet 1992), but they feed
mainly on penguins and elephant seals at this location.
Although the risk of predation on fur seals can be high
in some populations (Boveng eta!. 1998), it is probably
low at De de Ia Possession, because no females identified a t La Mare aux Elephants were lost while nursing
a pup, nor were there visible wounds or scars that
could have been inflicted by a predator. Nonetheless,
studies to determine whether predation risk differentially affects foraging behaviour of sympatric fur seals
at De de Ia Possession may provide further insights
into the mechanisms driving the observed differences
in foraging behaviour.
Closely related to predation risk, the nutritional status of fur seals could also potentially influence foraging
behaviour because animals may trade off energy gain
with safety from predators (Nonacs 200 1, Wirsing eta!.
2008). Direct measurements of fat, th e primary form of
e nergy storage in pinnipeds, are not available for our
study animals. However, a concurrent study showed
that foraging trips at lie de La Possession were among
the briefest reported for each species at comparable
stages of lactation (Luque et a!. 2007a). Furthermore,
the large proportion of overnight foraging trips, the
relative proximity (50 to 100 km) of foraging grounds
(Bailleul et a!. 2005), and the relatively fast growth
rates of pups compared to oilier populations of both
species, suggest that neither of tllem were under nutritional stress. Differences in en e rgy stores between
species under such conditions are expected to have
minor influence on foraging behaviour (Houston e t a!.
1993, Nonacs 2001).

Behavioural versus physiological differen ces
We found conflicting evidence on the level of activity
of fur seals, measured as the mean speed and absolute
number of meters that fur seals swam during the bottom phase of dives. The former showed no differences
between fur seal species, but tile latter showe d higher
activity levels in SFS females . Speed is typically m easured by counting the number of revolutions pe r unit
time taken by a turbine on TORs. These turbines are
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susceptible to clogging by debris (Shepard e t al. 2008).
rendering speed measurements for any given dive
phase not as regular as depth measurements, despite
similar sampling frequency. Consequently, fewer
speed measurements were available for our comparisons of mean speed during any given dive phase,
reducing the power of statistical comparisons relative
to tests based on depth measurements. The vertical
meters that fur seals swam per unit time during the
bottom phase of dives may, thus, be a better index of
activity level, and our results suggest that SFS females
were more active during this phase. Despite the
behavioural difference during the bottom phase of
dives, SFS females showed increasing surface intervals
following longer dives than AFS females.
Our data suggest that an important physiological
parameter, the ADL, is higher in SFS than in AFS
females. This result was unexpected and counter-intuitive because maximum dive depth was highest for
AFS females, which was expected to be associated
with a higher ADL. Lactating AFS females required
exponentially longer periods at the surface when dive
duration exceeded 150 s, while SFS females responded
similarly, but to dives exceeding 250 s in duration.
Consistent with these observations, SFS dived deeper
and for longer periods of time, on average. ADL calculations based on direct measurements of oxygen stores
and diving metabolic rates of fur seals from South
Georgia (Costa et al. 2004) yielded a value (96 s) that is
much lower than that reported here, especially considering the larger body mass of individuals in that study.
However, our data cannot readily be compared with
direct measurements of ADL, and factors such as
exceeding the ADL during deep diving bouts could
account for the difference. Unfortunately, similar data
are not available for SFS females, but if the tendency of
study individuals to exceed the ADL is sinlilar, then the
observed interspecific differences may parallel actual
differences in ADL. Costa e ta!. (2004) suggest that the
tendency of epipelagic feeders, such as AFS and SFS,
to exceed the ADL are indeed expected to be sinlilar
and relatively low. Although direct measurements of
diving metabolism are needed to corroborate our
results, the differences illustrated in Fig. 4 are likely a
result of actual differences in ADL.

Inferring foraging patch characteristics
Previous analyses suggest that AFS and SFS females
from La Mare aux Elephants used similar foraging
areas during the 200 1 and 2002 breeding seasons
(Bailleul et a!. 2005). Dietary analyses (Luque et al.
2007a) indicate that these fur seals also feed on the
same myctophid fish species, albeit in different propor-
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tions (Luque et al. 2007a). Similar results have been
found in sympatric populations at Macquarie Island
(Robinson et al. 2002). The present study suggests that
differe nces in physiological constraints may have led
to different temporal and vertical distribution of diving, despite similarities in horizontal distribution of foraging locations and prey species. Whereas AFS foraged between the surface and 20 m more frequently
than SFS females, the latter foraged more extensively
between 30 and 60 m . Furthermore, both species
reduced the frequency of foraging below 80 m,
although SFS females did so more rapidly, and dive
bouts below 140m were only observed in AFS females.
Assuming that dive bouts reflect foraging in different
prey patches, AFS females exploited more patches per
night of foraging, and a larger fraction of patches close
to the surface. It may have been more profitable for
AFS females to rapidly move between different
patches at shallow depths, thereby reducing mean
dive time and, possibly, also the extent of anaerobic
diving (Costa et al. 2004).
Similar segregation of foraging depth has been
observed in macaroni Eudyptes cbrysolophus and gentoo Pygoscelis papua penguins at Bird Island, South
Georgia (Mori & Boyd 2004b), showing some analogies
in their response with that of the fur seals in this study.
Macaroni penguins increased surface times in response to briefer dive durations (Fig. 1 in Mori & Boyd
2004b), so their ADL is presumably lower than that of
gentoo penguins. Macaroni penguins concentrated
their foraging bouts at shallower depths compared to
gentoo penguins, analogous to the higher frequencies
of shallow bout depths observed in AFS compared to
SFS females at La Mare aux Elephants. Although
direct measurements of prey density and abundance at
different depths were not available in tl1e present
study to validate an index of patch quality (IPQ; Mori &
Boyd 2004a), this index can be calculated with the
available data to examine potential interspecific differences in foraging patch quality. According to Mori &
Boyd (2004a), energy intake rate (G) can be expressed
in terms of dive duration (u) and travel time from/to the
surface (t) as G =ax (u -t)•/ (u + y(u)) , where y(u) is
surface time as a function of dive duration, obtained
from Fig. 4, and a is an energy conversion constant. U
divers regulate dive duration so as to maximize the
rate of energy intake, the IPQ for a dive can be determined by finding the value of x that maximizes G. The
IPQ thus calculated indicates that foraging patch quality is higher for AFS below 50 m, suggesting that this
species foraged more profitably deeper in the water
column than SFS (Fig. 5). Concurrent measurements of
the distribution and densities of different prey species
and the foraging behaviour of their air-breathing
predators are needed to evaluate this suggestion.

B Pu blished chapters and sections

Luque et al. : Temporal structure of diving in sympalric fur seals

0 - 10
10- 20

AFS • -SFS o - - -

20-30
30-40
40-50
50- 60
60-70

I
a.
£

Q)

0

70-80
80-90
90-100
100-110
110-120
120-130

,.,_,,l

130- 140

150- 160

160-170
170-180

.::=:z .

0.2

0.4

0.6

0.8

1.0

I

Index of patch quality

Fig . 5. Arctocephalus gaze/Ja (AFS), A. tropicalis (SFS). Lactating Antarctic fur seal (AFS) females encounter foraging
patches with higher index of patch quality (IPQ) than subantarctic fur seal (SFS) femal es at depths between 50 and
I 00 m. They also exploit patches at depths > 140 m, which are
not used by Sf'S and where variation in IPQ is large. Data for
each species were shifted in opposite directions by a small
amount on the vertical axis (within U1e same depth class) to
avoid overlap of points. Values are means± SE

Since the IPQ may be similar be tween species at shallow depths, why did SFS females not exploit patches at
these depths as extensively as AFS females did,
despite their higher ADL? Conversely, why did AFS
females exploit deep patches more extensively than
their congenerics, despite their lower ADL?
Optimal diving models (Mori 1998a,b) predict that
divers with higher ADLs should have deeper optimal
foraging depth, for any given prey patch quality. These
models also predict that anaerobic diving is favourable
when the prey patch is deep and of high quality (Mori
1998b). SFS females may thus require higher prey
patch qualities near the surface to dive optimally. Factors such as swimming m echanics (Fish et a!. 2003,
Sato et al. 2007). and searching and/or travelling
behaviour (Hindell et al. 2002) may explain why these
favourable conditions were encountered less frequently above 20 and below 80 m by SFS compared to
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AFS females. For instance, both young and adult AFS
and SFS show significant di.fferences in fore- and hindflipper size and shape (Bester & Wilkinson 1989, Luque
eta!. 2007b). Supporting this conjecture, AFS females
showed a larger proportion of isolated dives, suggesting that they searched for foraging patches more
extensively. Interestingly, activity during the bottom
foraging phase of dives was higher in SFS, although
their behavioural ADL was higher. This suggests that
di.fferences in the relationship between surface interval and dive duration were a result of physiological,
rather than behavioural, constraints. Otl1erwise, the
behavioural ADL would have been lower in SFS. Further studies comparing foraging efficiency between
these species should help explain this pattern.
Indeed, the briefer bout durations and postbout
intervals, and the larger proportion of exploratory
dives observed in AFS females, may allow them to
sample prey patches near the surface more frequently,
and provide better knowledge of foraging conditions
in this part of the habitat (Charnov 1976). Dive traces
from AFS females at La Mare aux Elephants display
stronger die! changes in dive depth than those from
SFS females (Appendix 1), so that AFS find their deepest foraging patches during the crepuscular vertical
migration of their myctophid prey (Boyd et a!. 1994,
McCafferty eta!. 1998, Luque et al. 2007a). Some myctophid fish species of this sector of the Southern Ocean
are known to form denser patches at their deep daytime depth locations than during the night (Bost et al.
2002), when they are patchily distributed near the surface. AFS, and to a much lesser extent SFS, may profit
from the more densely aggregated fish during dawn
and dusk, as they shift between these depth locations
and spatial organizations. Our observations, therefore,
suggest that AFS females spent a larger fraction of foraging time in patches of higher quality, particularly
after dusk and before dawn, both during OFTs and
LFTs, even when costs may have been higher due to
deep (Luque et al. 2007a), anaerobic diving.
To conclude, we have shown interspecific differe nces in the temporal distribution of diving and foraging depth between sympatric AFS and SFS, which are
consistent with the hypothesis that lactation pressure is
highe r in AFS. The larger number of bouts, briefer
postbout interval, and higher propensity to dive anaerobically in AFS, suggest more effort spent at foraging.
Furthermore, AFS appeared to concentrate that effort
in prey patches of higher quality. These differences
were associated with lower ADL, briefer lactation, and
higher pup energy demands in AFS. Gentry e t al. (1986)
hypothesized that a suite of fur seal life history traits,
including foraging behaviour and lactation duration,
follow a latitudinal gradient, ultimately being determined by environmental seasonality and predictabil-
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temperate latitudes indicate that prey ecology may be ,.. Boyd IL, Arnauld JPY, Barton T, Croxall JP (1994) Foraging
be haviour of Antarctic fur seals during periods of contrastmore important than latitude in influencing foraging
ing prey abundance. J Anim Ecol 63:703-713
and mate rnal behaviours (Francis et a!. 1998). More- ,.. Caraco T (1980) On foraging time allocation in a stochastic
over, our results suggest that intrinsic differences in
environment. Ecology 61 :119- 128
physiological constraints and lactational demands play ,.. Charnov EL (1976) Optimal foraging , lhe marginal value theorem. Theor Popul Biol9:129-136
important roles in d etermining the fine-scale foraging
Costa DP, Williams TM (1999) Marine mammal energetics. In:
behaviour in syrnpatric populations of some species,
Reynolds Ill JE (ed) Biology of marine mammals. Smithdespite similarities in diet and prey ecology.
sonian Institution Press, Washington, DC, p 176-217
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Appendix I. Typical Antarctic and subantarctic fur seal dive profiles
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Fig . A 1. Arctocep l!alus gazella (Antarctic fur sea l). Typical dive p rofile or a lactating female showing s trong noct urnal changes in
depth : (a) an entire night of foraging (black lines denote zoomed region in subsequent panels), (b) dusk foraging, (c) midn.ight
foraging , and (d) dawn foraging
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Appendix I (continued )
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Fig . A2. Arctocephalus tropicalis (subantarctic fur seal) . Typical dive profile of a lactating female showing little nocturnal changes
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and (c) foraging after midnight
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8.4 Pup growth and physical development
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Ontogeny of body size and shape of Antarctic and
subantarctic fur seals
Sebastian P. Luque, Edward H. Miller, John P.Y. Arnauld, Magaly Cha mbellant, and
Christophe Guinet

Abstract: Pre- and post-weaning functional demands on body size and shape of mammals are often in conflict, especia lly in
species where weaning involves a change of habitat. Compared with long lactations. brief lactations arc expected to be associated with fast rates of development and attainment of adult tmits. We describe allometry and growth for several morphological traits in two closely related fur seal species with large differences in lactation duration at a sympatric site.
Longitudinal data were collected from Antarctic (Arctocephalus gazel/a (Peters, 1875); 120 d lactation) and subantarctic
(Arctocepha/us tropicalis (Gray, 1872); 300 d lactation) fur seals. Body mass was sim ilar in neonates of both species, but
A. gaze//a neonates were longer, less voluminous, and had larger forcflippcrs. The species were imilar in rate o f prewcaning growth in body ma s. but growth rates of linear variables were faster for A. ga=ella pups. Consequently, neonatal differences in body shape increased over lactation, and A. gazella pups approached adult body shape faster than did A. tropicalis
pups. Our results indicate that preweaning growth is associated with significant changes in body shape. invo lving the acquisition of a longer, more slender body with larger forcfl ipper in A. gaze//a. These differences suggest that A. ga=ella pup arc
physically more mature at approximately I 00 d of age (close to weaning age) than A. tropicalis pups of the same age.
Resume : II y a souvcnt un conflit entre lcs demandes fonctionnellcs d' avant et d'apri:s lc sevrage sur Ia taille ct Ia forme
corporelles chez les mammiferes, partic ulicrement chez lcs cspcccs chez Jcsqucllcs lc scvragc impliquc un changcmcnt
d 'habitat. Contraircment aux allaitcmcnts prolonges, on s'attcnd cc que Jcs allaitcmcnts courts soient a socics des taux
rapides de developpement et d'acquisition des caractcristiqucs adultes. Nous dccrivons l'allometrie et Ia croissance de plusicurs variables morpltologiques chez deux cspcccs fortcmcnl apparentccs d'otatics fourrurc vivant dans un mcmc site,
mais possedant des periodes d'allaitemcnt de durce diffcrcntc. Nous avons recolte des donnees longitudinalcs ur des otaries it foumtrc antarctiqucs (Arctocephalus ga:ella (Peters, 1875): allaitemcnt de 120 j) ct subantarctiqucs (Arctocephalus
tropicalis (Gray, 1872): allaitcmcnt de 300 j). La masse corporclle est scmblablc chez lcs nouvcau-ncs des deux cspi:ce ,
mais les nouveau-nes d'A . gazel/a sont plus longs et moins volumineux ct ils posscdcnt de nagcoircs antcrieurcs plus
grandcs. Les taux de croissance de Ia masse corporellc avant le scvragc sont similaircs chez Jes deux cspccc , mais les
taux de croissance des variables lincaircs son! plus rapides chez les petits d'A . gazella. En consequence, lcs differences de
forme corporcllc a Ia naissancc augmcntent au cours de l'alla itcmcnt ct Jcs petits d'A. ga=ella acquii:rent Ia forme adultc
plu · rapidemcnt que lcs petits d'A . tropicalis. Nos resultats indiqucnt que Ia croissance avant lc scvrage est associce it unc
importante modification de Ia forme corporelle, ce qui se traduit chez A. gazella par !'acquisition d'un corps plus long ct
plus clancc avec des nageoircs antericures plu grandcs. Ces differences laisscnt croire que lc petits d 'A. ga:ella ages
d'cnviron 100 j (pres de !'age de scvrage) ont unc maturite physique plus grande que les petits d'A . tropicalis du mcmc
age.

a

a

a

[Traduit par Ia Redaction]

Introduction
Magnitude, rate, and pattern of mamma lian growth determine adult body size and shape (Brody 1964; M cNab 2002).
Adu lt body size and shape, in tum, have major influences o n
viability and reproduction, a mong other li fe-history tra its
(Steams 1992; Arendt 1997; Lindstrom 1999). Growth must
be optimized relative to other demands, therefore it varies
aero s indi viduals, populations, and sp ecies (Mangel and

Stamps 2001; Caley and Schwarzkopf 2004). Some tradeoffs occur in offspring, while others arc imposed by differe nt tradc-offs acting on their mothers, which may a lter the
quality and quantity of milk that the m others de liver. lnterspce ifieally, milk composition and energy content arc related to duration of lactat ion, so di fferences in the latter do
not necessari ly rc!lect total e nergy transferred to the offspring. Tilden and Oftcdal ( 1997) noted that the energy den-
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sity of milk is inversely related to duration of lactation in
primates. Similarly, slowly growing and highly mobile offspring typify ungulate and macropod (kangaroos, wallabies,
etc.) species with long lactations (Srether and Gordon 1994;
Fisher ct al. 2002). However, body size is an important complicating factor, as lactation typically lasts longer in larger
specie (Peters ct al. 1983; Clutton-Brock 1991; Ross
1998). Because of these confounding factors, reasons for interspecific variation in growth with respect to lactation duration remain poorly understood.
Pinnipcds arc an attractive model for studying prcwcaning
development because they undergo a transition from suckling on land to foraging at sea, involving major physical.
physiological, and behavioural changes in preparation for
that transition. The success of the transition ultimately depends on the acquisition of sufficient oxygen stores in relation to energy expenditure while diving (Bums and
Castcllini 1996; Burns 1999; Thorson ct al. 1994; Homing
and Trillmich 1997a, 1997b). However, increased phy iological diving capacity must be closely coordinated with physical growth and the gradual development of swimming skills
(Jargcnscn ct al. 200 I; Bowen ct al. 1999). Recent studies
suggest that oxygen storage capacity across a broad range
of marine mammal species docs not reach adult levels before independent foraging (Noren et al. 200 1; Bums ct al.
2004). Therefore, lactation duration is an important factor
affecting the ontogeny of physical and behavioural traits of
offspring.
Relationships between life-history traits have been extensively studied in pinnipcds because they arc ecologically and
reproductively diverse and display a wide range of body
sizes (Sti rling and Kleiman 1983; Bonner 1984; Oftcdal et
al. 1987; Costa 1993; McLaren 1993; Boyd 1998). For instance, lactation lasts from <4 d (hooded seal. Cystophora
crista/a (Erxleben, 1777)) to 2- 3 years (walrus, Odobenus
rosmams (L., 1758)). Quality of knowledge, however, varies
across species; good estimates of lactation duration arc
avai lable for only eight species - three otariids and five
phocids (Schulz 2004). Good quantitative estimates of
growth rate and duration of lactation for the same species
arc available for even fewer. Considering the difficulty in
obtaining comprehensive and precise data, and given the
widespread effects of spatiotemporal environmental variability on one-time estimates (Tri llmich et al. 1991; Lunn et al.
1993), an alternative approach for comparing ecologically
different and related species might be profitable. Two otariid
species that have recently been u cd in the context of foraging and growth studies arc the Antarctic (Arctocephalus ga=ella (Peters, 1875); AFS hereinafter) and subantarctic
(Arctocephalus tropicalis (Gray, 1872); SFS hereinafter) fur
seals (Kerley 1985; Gold worthy ct al. 1997; Klages and
Bester 1998; Goldsworthy and Crowley 1999; Robinson ct
al. 2002).
We investigated comparative growth in AFS and SFS
pups to determine the presence and nature of differences
that may influence how the species cope with the critical
postwcaning period as pups become independent foragers.
These species have similar adult body mass and length
(Payne 1979; Bester and Van Jaarsvcld 1994), yet exhibit a
large disparity in lactation duration: 11 6 d in AFS (Costa ct

al. 1988; Lunn ct al. 1993) and 300 d in SFS (Kerley 1987;
Guinet and Georges 2000), respectively. Therefore, the time
required to acquire the physical and physiological characteristics enabling pups to become independent foragers may
differ between the species. Comparison between two species cannot be used to elucidate the relationship between
lactation duration and growth patterns, but they offer an advantage that is rarely found in multispccics comparisons the ability to control for confounding factors, such as environmental differences between populations of di fTcrcnt species, in syntopic (locally sympatric) populations. AFS and
SFS breed syntopically at a few locations where habitat differences between species arc likely to be minimal, facilitating the interpretation of comparative analyses.
In previous research, Amould ct al. (2003) found that
daily pup energy expenditure was higher in AFS than in
SFS breeding syntopically at lie de Ia Possession, Crozet arch ipelago, in the Southern Indian Ocean. In contrast, earlier
reports from other syntopic sites suggested higher growth
rates in body mass of AFS (Kerley 1985; Goldsworthy and
Crowley 1999). We suggest that the reported disparity may
reflect differences in body shape, which commonly differs
adaptivcly between related species (Dodson 1975; Carrier
1983; Alatalo ct al. 1984; Atchley 1984; Creighton and
Strauss 1986; Gisbctt 1999; Hochuli 200 I).
Functional demands on body size and shape may change
sharply between pre- and post-weaning ages in young pinnipcds, especially in otariids because of their long prcwcaning
terrestrial existence (Koehler and Barclay 2000). Within the
otariids, AFS and SFS differ substantially in this regard, so
we predicted that these species would differ in growth trajectories and in the rate at which they acquire adult body
forn1 or shape (e.g., in foreflippcrs; Fish 1998; Fi h ct al.
2003). Specifically, we predicted that AFS pups should acquire adult nipper size and shape relatively sooner than
would SFS pups, assuming that this allows them to make a
successful transition to independent foraging at an earlier
age.

Materials and methods
Fur seal colonies and identification procedures
Research was carried out at La Marc aux Elephants
(46°22'29"S, 51 °40' 13 "E), at the western end of lie de Ia
Possession, Crozet archipelago, Southern Indian Ocean, during the 200 1- 2002 (4 December - 25 March) and 20022003 ( 1 December - 16 March) breeding seasons (200 I and
2002 hereinafter). The site consists of two adjacent AFS and
SFS colonies on different types of substrate - AFS on the
northern patt of the beach, which is composed of small to
medium-sized pebbles, with gentle slopes behind; SFS on
the southern part of the beach, which is composed of large
boulders that have fallen from the steep hinterlands. Both
species g ive bitth close to shore, but the AFS colony grows
in size as the season progres es, while the other species
tends to remain close to shore during the same period.
Pups were individually marked (Georges and Guinet
2000; Amould et al. 2003; Baillcul et al. 2005) over a 6 d
(200 1) or 13 d (2002) period (Table I). Pup production and
mean pupping date were estimated using (i) total pup counts
(both years; including dead and living pups) on a weekly baC 2007 NRC Cnnnda
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Table I. Summary of numbers of Antarctic
(Arcrocepha/us ga=ella; AFS) and subantarctic (Arcrocephalus rropicalis: SFS) fur
cal used in the study. broken dovm by year.
species, and sex.
Breeding season
200 1

2002

AFS
Female
Male
Both

Both

47 (10)
48 (6)
95

29 (24)
29 (19)
58

153

SFS
Female
Male
Both

31 (27)
27 (22)
58

36 (32)
30 (28)
66

67
57
124

76
77

ote: Vnlues indic01e total number. including
newborn pups; the number of newborn pups is
shown in parentheses.

sis until no more births were observed and (ii) mark- recapture
methods (2001 only). Peak pupping dates were 5 and 15
December (200 I : 164 pups; 2002: 167 pups) for AFS, and
25 and 30 December (2001: 80 pups; 2002: 91 pups) for
SFS. Populations of both species have been increasing at
an annual rate of approximately 18% annually at least until
1994 (Guinet ct al. 1994).
Morph ometric m easuremen ts
Body mass (BM) of pups was measured to the nearest
0.05 at first capture, and every 5-9 d thereafter, on a 25 kg
capacity digital suspen ion balance (ElectroSam on; Salter
Brcckncll, Fainnount, Minnc ota). The following variables
were a lso mea urcd on pups upon first capture and every
12- 16 d thereafter: body length (BL; nearest 0.5 em, straight
line from the tip of the nose to the flesh tip of the tail) with
a tape measure, while animals were manually restrained
over a board and positioned traight and flat on their ventral
surface. In 2002, we also measured the following variables
(nearest 0.5 em) taken the same way and on the same schedule: body girth at levels of pinna, mid-neck, axillae, and umbilicus (G l -G4 hereinafter); distance from the tip of the
nose to each of these points ( ee next; RL I- RL4 hereinafter). BL and RLI - RL4 were measured with a traight
tape measure glued onto the board on which the animals
were placed. Length, width, and surface area of forcflippcrs
were measured as follows. First, the right forcfli pper wa
extended and held to the side of and perpendicular to the
body, and was placed on a wooden board with hori.wntal

[ I]

and vertical scales (20 em, marked every 5 em). Second, a
photograph was taken (Nikon Coolpix £885) in dorsal aspect from a di stance of approximately 1.25 m. Finally,
measurements were made from the photographs: (i) length
(FL), defined as the di lance from proximal end of the humerus (estimated by palpation) to the tip of forcflippcr
through the midline of the flipper; (ii) width (FW), defined
as the largest distance perpendicular to the forcflippcr
length; and (iii) area (FA), estimated from the traced outline
of the forcflippcr using Object-Image version 2. 11 (US ationa! Institutes of Health, available from http://simon.bio.
uva.ni!Object-lmagc/objcct-image.html [accessed 12 December 2007]). FL and FW were al o measured directly on the
forcflipper for cross-validation and subsequent analyses.
The relationship between d irect measurements on flippers,
and those taken photogrammetrically, were tested for linearity to detect outliers or invalid estimates. This led to the exclusion of FA estimates for pups with FL >27 em, a the
corresponding relationship became a ymptotic beyond this
value, indicating decreasing accuracy.
We also took all measurements on 63 AFS and 70 FS
adult females, but BM was measured to the nearest 0.5 kg.
For comparisons with pup , each female was measured at
least twice, and the median value for each variable wa
used to set adult body measurements. Estimates for some
variables on adult males were included using data taken at
South Georgia for AFS (Payne 1979) and at Marion Island
(about 950 km west of Crozet) for SFS (Bester and Van
Jaarsveld 1994).
Body volume (BY; ± 0.0 I L) of pups was obtained by u ing model B in Luque and Auriolcs-Gamboa (200 1), in
which the body was modelled as two cones plus two truncated cones. Volume of cone
+ rJ~)) and trun2
11)) were calculated u ing the lengths (h)
cated cones
of cones estimated from RL I and RL4, and lengths of truncated cones were estimated from RL2 and RL3 , respectively. Girth wa u cd to calculate radius (r).

<1<m

<1rrh(rJri

Analyses
Interspecific differences in neonata l and adult body size
were assessed using double classification analyses of variance, with a tcnn for sex effects, including only data for
which accurate ages were available. However, adult females
were assigned to a single age category because their age
were unknown.
To determine whether growth trajectories varied according to species or sex, a linear mixed effects model (Raudenbush and Bryk 2002) wa. de igncd for the jth observation
on the ith individual:

Yij = ({300 + flot species; + {302 sex; + {303 species;sex; + b;o) + ({3 10 + flt1species; + {312 sex; + {313 species,sex; +bit )x;1 + <ij

where floo and (3 10 refer to the population intercept and
slope, respectively, for AFS female pups, which is the baseline group. Bot. {302 , and {303 arc fixed effects for the change
in population intercept associated with the specie , sex, and
their interaction in relation to the baseline group. {3 11 , {3 12,

and 8 13 arc the changes in population slope associated with
the same effects. b;o and b; t arc the random intercept and
slope effects for the ith individual, respectively, and <y is a
within-subject residual te1m. Other tcm1s were added to test
for year effects and their interactions with body rna s and
C 2007 NRC Cnnadn
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body length, but they were subsequently dropped if they
were nonsignificant here and elsewhere at o = 0.05.
Based on exploratory analyses and because age.
were <300 d, a linear model was assumed, rather than a
more complicated one. No assumptions were made regarding the autocorrelation structure of the £y values. However,
it was assumed that these were independent and nom1ally
distributed, regardless of the b; value . In this model, species;
and ex; take on values of zero and one, to indicate
whether Yii refers to AFS or SFS, and to a female or a
male pup, rc pcctivcly. We fitted the model using a restricted log-likelihood method, as described in Pinheiro
and Bates (2000), and implemented in the NLME R package (Pinheiro ct a l. 2004). We subsequently estimated lincar equations from this model, collap ing across and (or)
within fixed effects that were not significantly different
from zero. Only pups that were measured more than twice
throughout the study period were considered for these analyses.
Because absolute age was not known for all individuals
(Table I). relative age was defined as the number of days
elapsed since seals were first seen, which was taken a day
zero. The difference in peak pupping dates between species
was taken into account by adding the corresponding value
from each breeding cason (200 I: 20 d: 2002: 15 d) to the
relative age of AFS pups. Relative age was then used as the
regressor x in eq. I. Relative age was logarithmically transformed (logarithm base I 0) and a constant was added to it to
achieve linearity before using it as the regressor for BL in
cq. I. This transformation was chosen because BL changed
faster in young pup (<30 d) than in older pups.
To address the question of whether growth trajcctoric
gave rise to interspecific differences in the rate at which
pups acquired adult body shape, two allometric relation hips
that might influence aquatic locomotory performance (e.g. ,
Feldkamp 1987; Fish ct al. 1988; Stelle ct al. 2000) were
studied: (I) forcflippcr span (FS) squared vs. total FA
(TFA) and RL3 vs. BL. FS was calculated as 2·FL + G3 ·7r 1
and TFA was calc ulated as 2·FA. The first relationship is
the forcfl ippcr aspect ratio ex pressed allomctrica lly, whereas
the second was used as an index of the position of forcflippers along the body 'lxis relative to BL. One random measurement per fema le pup, where 80 d < age < 120 d, was
selected for this analysis to eliminate any dependence between observations while maintaining a large enough sample
size with valid forcflippcr measurements (i.e., <27 em). For
adult females, the median value for each variable wa u ed,
assuming their growth wa negligible.
To investigate how allometric relationships I and 2 compared between pccies and age groups (female pups vs. adult
females), we u cd analysis of covariance (Zar 1996). We
were interested in the interaction between age group (adult
or pup) and species to test whether pups of one species
were more allometrica lly simi lar to adults than the other.
Th is approach avoided known biases associated with ratios
between the variables from each relationship (Packard and
Boardman 1999).
All statistical analy es were performed in the G U R system (R Development Core Team 2006). The Shapiro-Wilks
statistic and the Fligner- Killcen test were used to evaluate
assumption of nonnality of data distributions and homo-

gcncity of variances, respectively, in analyses of variance
and covariance. Result how SE as the measure of di pcrsion, unless stated otherwise.

Results
conatal and adult body size
There was no evidence of interannual effects on neonatal
BM CFrt.t 60J = 1.70, P = 0. 19) or body length (F11,1571 = 2.03,
P = 0. 16) when species and sex were taken into account.
Therefore, measurements were pooled across years for subsequent analyses.
Male neonate were larger than fema le in mo t measurements (Table 2). AFS neona tes were significantly longer
than SFS neonates, had longer head and neck regions (RL I
and RL2), longer and narrower forcflippcrs, and greater FA
(Table 2). Other interspec ific difTcrcnccs were detected
among fema les only; AFS female pups were larger in girth
and BV than SFS pups. Adult female AFS were significantly
heavier than adult female SF . AFS adult female were
larger in all flipper measurement than SFS adult female
(Table 3).
Growth
Growth trajectories for each variable showed differing
patterns of growth between species. No mai n effects or interactions of year with species or sex effects were significant
in the models of mass and body length growth (P > 0.5, all
ca es), so the data were pooled. The magnitude and SE of
interspecific and intersexual effect , in terms of cq. I, arc
hown in Table 4. Estimated growth rates for each variable,
with results of interspecific comparisons, are shown in Table 5.
In both specie , sexual differences in BM incrca cd tcadily throughout lactation owing to the faster growth of male
pups (1128221 = 4.0, P < 0.0 I). However. pups grew at a similar rate in both species (1128221 = -0.04, P > 0.90) after the
sex effects were removed (Fig. I). Neonatal BM did not di ffer between species, but the intercept of the relationship between BM and relative age was higher in AFS pup, . No
interactions were significant between species (t12641 = - 1.34,
P > 0. 1) and sex (; 1128221 = 0.18, P > 0.8). A similar pattern
was found for B V (Fig. I), which i consistent with faster
rates of growth in SFS girth (Table 5).
Growth in BL wa faster in AFS pups (tp 32IJ = - 2 .57, P =
0.0 I), as well as in male of both species (lpmJ = 2.2 1, P =
0.03) (Fig. 1). There were no interactions between specie
and sex for slope (1p 3211 = - 0.05, P > 0.9) or intercept
(1f260J = -0.93, P > 0.3). RLI and RL2 showed fa tcr rate
of growth in AFS Ctr441 1 = -4.65, P < 0.0 1 and tr441 l = - 2 .80,
P < 0.0 I, respectively), in·cspective of sex (11441 1 = 1.49,
P > 0. 1 and 1144 11 = 1.53, P > 0. 1, respectively) (Table 5).
All forcflippcr measurements increased in si ze faster in
AFS: FL (tf44tl = - I 0.50, P < 0.02). FW (114411 - 2.45, P <
0.02), and FA (112081 = - 5.13, P < 0.01) (Fig. 2). There were
no significant interactions with sex (FL: t1441 1 = 0.96, P >
0.3; FW: /f441J = 1.92, P > 0.3; FA: 1[2U8J = 0.47, P > 0.6).
Allometry
Pup growth trdjcctorie along individual variables led to
differing allometric relationship bchvccn species and age
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Table 2. Summary of morphometric difference between species and sexes in neonatal Antarctic (AFS) and subantarctic (SFS) fur seals.
Female
Variable
Body mass (BM: kg)
Body length (BL; em)
Girth (G: em)
Gt
G2
G3
G4
Reference length (RL; em)

RLI
RL2
RL3
RL4
Forenipper length (FL: em)
Foretlipper width (FW; em)
Foretlipper surface area {FA; cm2)
Body volume (BV; L)

Male

AFS
4.90±0.150
60.3±0.54

SFS
4.60±0.080
58.8±0.32

AFS
5.40±0.210
63.8±0.75

SFS
5.45±0.1 00
61.7±0.40

F ratio"
0.98: 35.28
11.34; 46.63

30.4±0.30b
29.5±0.32"
39.6±.0.54b
39. 1±0.64"

28.9±0.14
27.4±0.26
37.2±0.33
36. 7±0.41

30.6±0.26
28.6±0.48
39.3±0.71
39. 1±0.72

30.4±0. 15
29.2±0.27
39.6±.0.43
40.2±0.55

9.57
16.22
7.87
9.27

8.3±0.13
12.9±0.15
30.3±0.41
43.8±0.43
22.2±0.23
8.0±0.1 1
142. 1±3.57b
4.5±0.15b

7.8±0.11
12.1±0.16
29.0±0.37
40.2±0.34
21. 1±0. 14
8.2±0.10
126.6±2.4 1
3.6±0.08

8.8±0.17
13.6±0.30
31.1 ±0.62
45.0±0.59
23.0±.0.45
8.4±0.17
145.4±5.99
4.5±0.2 1

8.1 ±0.11
12.8±0.19
30.9±0.43
41.9±0.37
22.0±0.18
8.8±0. 10
144.1±2.50
4.2±0.11

25.33; 9.24
16.86; 14.16
2.45: 11.15
62.84; 13.99
21.66; 13.77
10.95: 24.10
4.30
4.93

Note: For all variables, sample sizes (11) were 22 females and 17 males (AFS) and 32 females and 28 males (SFS), except for
body mass and body length. where the sample sizes were 34 females and 25 males (AFS) and 59 females and 50 males (SFS).
Values are means ± SE.
uvalues for interspecific and intersexual comparisons, respectively. are shown. Significant effects are in boldface type. For
significant inteructions. only the value fo r the interaction is shown.
11
For significant interactions. this is the species and sex with the highest mean.

Table 3. Summary of morphometric differences between adult Antarctic (AFS) and subantarctic (SFS) fur seal females.
Variable
Body mass (BM; kg)
Body length (BL: em)
Axillary girth (03; em)
Reference length (RL3; em)
Forcflippcr length {FL; em)
Foretlippcr width (FW: em)
Forcflippcr surface area (FA: cm 2)

AFS
32.7±0.36 (63)
I 18.0±0.49 (63)
75.0±0. 70 (24)
63.3±0.52 (24)
40.3±0.25 (62)
12.9±0.08 (62)
431.5± 11.46 ( 16)

SFS
30.5±0.45 (70)
11 7.0±0.5 1 (70)
73.8± 1.1 2 (22)
61.6±0.55 ( 18)
33.9±0.23 (70)
11 .9±0.07 (70)
348.1±6.4 (II)

F ratio"
6.88
1.07
0.44
2.74
179.80
43.8
17.67

Note: Values are means ± SE, with sample size (n) in parentheses.
"Signiticant effects are in boldtilce type.

groups. A two-way analysis of covariance indicated that
age-group differences in the slope of the relationship between FS2 and TFA were dependent on species (slope interaction term: Fp,431 = 5.00, P = 0.03). The age group did not
significantly affect the allometric slope in AFS (Fp ,271 =
2.83 , P = 0. 10), but it did in SFS (Fp ,t6 l = 5.29, P = 0.04);
female SFS pups had a higher a llometric slope than adult females (Fig. 3A). Among pup , the allometric slope showed
large differences between species (Fcus] = 11.4, P =
0.002), but it was similar between species among adults
(Fp , ts] = 0.36, P = 0.55). In agreement with thi s trend, differences in the a llometric slope between pups and adults
were larger in SFS. Foreflippcr size difTerences between
pups and adults were also much larger in SFS.
RL3 scaled with BL differently between species (Fp ,691 =
6.01, P = 0.02), but sim ilarly between age groups (Fp ,691 =
0.29, P = 0.59), without any interaction between these factors (Fp ,651 = 1.08, P = 0.30). The a llometric slope of the

relationship was higher in AFS, patticularly among female
pups (Fig. 38).

Discussion
Neonatal and adult body size
Based on multiple traits, we documented many interspecific differences in neonatal body size, prewcaning growth,
and changes in body growth bct\veen two otariid species,
AFS and SFS. We hypothesized that AFS pups should mature physically faster than SFS pups, gi vcn their younger
weaning age. Neonates of the two species differed little on
any measurements, but differed f,'Teally in rates of growth.
However, if adults show larger difTcrcnccs between species
than neonates, then the results may si mply reflect intrinsic
morphological di!Tcrcnces between species rather than different development patterns. Therefore, we begin our discussion by comparing neonate and adult body size of AFS and
C 2007 NRC Canada
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Table 4. Summary of the ctTccts of species (/:Jo 1 and fi t 1). sex (;.10 " and ,1312), and their interactions
Antarctic and subantarctic fur seal pups. estimated using cq. I.
Intercept effect
Variable
Body mass (BM)
Body length (BL)"
Forenippcr length (FL)
Forenipper width (FW)
Foren ipper surface area (FA)
Body volume (BV)
Girth (G)
Gl
G2
G3
G4
Reference length (RL)
RL I
RL2
RL3
RL4

(3ot
- 0.950 (0.1 80)

ns

- 2.770 (0.580)
-4.070 (0.590)

on the growth of

Slope cfTcct
/3oz

/JOJ
ns
ns
ns
ns
ns

PII

f3 tz
0.0 10 (0.003)
1.4 10 (0.640)
ns
ns
ns
0.0 I 0 (0.004)

ll

ns
- 1.740
-0.040
-0.004
-0.4 10
ns

0.860 (0.3 10)
ns
ns
ns

ns
1.700 (0.750)
ns
ns

ns
0.040 (0.008)
0.030 (0.0 10)
0.060 (0.01 5)

ns
ns
ns
ns

0.550 (0. 190)
1.150 (0.310)
1.530 (0.590)

ns
ns
ns
ns

- 0.010 (0.003)
- 0.020 (0.006)
ns
ns

ns
ns
ns
ns

0.880 (0.330)
0.570 (0. 140)
ns

- 1.030 (0.230)
- 1.400 (0.300)

U303)

(0.680)
(0.004)
(0.001 )
(0.080)

Note: The interactions in slope {313 were nonsignificant, therefore they were omitted. Significant effects are in boldface type; nonsignificant effects are indicated by ns; meaningless effects owing to interactions are blank. Standard errors are in parentheses.

' Relative age (d) was log-transfonned to linearize this relationship.
Ta ble 5. Comparison of growth rates of Antarctic (AFS) and subantarctic (SFS) fu r seal pups, using the estimated s lope (lower- upper
95% confidence limits) from cq. I.

Variable
Body mass (BM ; kg·d 1)
Body length (BL; cm·log(d 1))
Girth (G: cm·d 1)
Gl
G2
G3
G4
Reference length (RL: cm·d 1)
RL I
RL2
RLJ
RL4
Forenippcr length (FL; cm·d 1)
Forenippcr width (FW ; cm·d 1)
Forenippcr surface area (FA; cm·d
Body volume (BV; L·d 1)

Female

Male

AFS

AFS

SFS
0.06 (0.06--().07)"
17.58 ( 16.68- 18.47)
15.83 ( 14.85- 16.82)

0.04 (0.04-0.0S)b
0. 10 (0.09- 0 . 11)
0.09 (0.07- 0. 10)
0. 17 (0. 15- 0. 18)
0. 14 (0. 13-0. 15)
0. 15 (0. 13- 0. 18)
0.09 (0.08-0. 11)

0.07 (0.06-0.08)
0. 14 (0. 13- 0. 15)
0.09 (0.08--(). 11)
0.05 (0.05--().06)
0. 10 (O. IQ--(). 11)

1
)

SFS
0.08 (0.07--().08)"
18.99 ( 18.11- 19.86)
17. 19 (16. 15- 18.23)

0.04 (0.03 0.04)
0.05 (0.05- 0.06)
0.09 (0.08-0. 10)
0. 10 (0. 10--(). II )
0. 10 (0.09-0.11)h
0.13 (0. 13-0.1 4)b
0.08 (0.08-0.08)
0.04 (0.03-0.05)
0.08 (0.0 0.08)
0.02 (0.02--().02)
0.02 (0.02-0.02)
0 .02 (0.02- 0.02)
0 .58 (0.45-0.72)
0.99 (0.89- 1.09)
0.99 (0.89-1.09)
0.04 (0.03--().04)"
0.04 (0.0

0. 10 (0.09-0 . 1)
0. 17 (0. 15- 0. 1 )
0. 15 (0.13- 0. 18)
0.04 (0.03- 0 .04)
0.09 (0.0 0. 10)

0.04 (0.03- 0.05)
0.02 (0.02--().02)
0.58 (0.45--().72)
0.05)"

"Growth rate was common to both species.
bGrowth rate was common to both species and both sexes.

SFS at lies Crozet with other populations, and then focus on
the factors that could have given rise to species d i ffcrcnccs
in development.
We found no species differences in neonatal body mass at
lies Crozet, as Kerley ( 1985) a lso found for seven animals at
Marion Is land. No comparable data arc available from Macquaric Is land, the third s ite where the two species coex ist.
However, body mass alone cannot be used to compare body
size between the s pecies, because neonatal body shape differs - at birth, AFS pups are longer, have longer heads
and necks, and have larger forc nippcrs. Therefore, the simi-

larity between species in body ma may indicate difTercnccs in body composition rather than similarities in body
size. Based on a small sample of our pup from 200 I, Arno uld ct a l. (2003) showed that AFS pups had lower total
body lipid stores than SFS pups at approximately 2 months
o f age, and our results suggest that the difference may a lso
be present at birth.
Neonates of both species from o ur study were about a
ki logram heavier than tho c weig hed by Sparrow and Heywood ( 1996), although the d ifference cannot readily be atttibutcd to any ecolog ica l factor because of the sma ll
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Fig. I. Rates of growth in body mass (A) and body volume (B) did
not differ between Antarctic (Arcrocephalus ga:ella; AFS) and subantarctic (Arcrocephalus rropicalis; SFS) fur seal pups during lactation, but growth in body length (C) wa faster in AFS pups, based
on eq. I. The vertical broken line indicates weaning age of AFS
pups. See Table 5 for estimated growth rates.
---

AFS males
AFS females

Fig. 2. Foretlipper length (A), width (B), and surface area (C) grew
fa tcr in Antarctic (AFS) compared with subantarctic (SFS) fur seal
pups during lactation, based on eq. I. The vertical broken line indicates weaning age of AFS pups. Sec Table 5 for estimated growth
rates.

AFS males
AFS females
AFS sexes pooled

SFS males
SFS females
35

25

A

1/)
1/)

15

>.

10

E
CD

/

/

ro

'0
0

/

20

5

/

,~--

.,..

/.,..

.,..

..... .,..
.,..
20
12

;:;;o.-"
I

15

11

B

10

~

/

E
10
:;:)

g
CD

/-:.--/

/

>.

'0
0

.,..
.,.. .,..

9

/

Q)

5

/

/

8

E'
~

80

.<::::

0,
c 70

~

>.

'0
0

60

/'

6

240

c

220

c

200

-- --

~--- ---.,..
V/

CD

B

7

;:;;o.-"

90

k-;: .-;.:

A

;;;.~..::;:.

/

0>

6

'I

SFS males
SFS females
SFS sexes pooled

180
160
140

,

,

,

, ,/

,,
,

,

,

,

,

,

,/

,

.

,/

120
0

50

50

100

150

200

250

Relative age (d)
0

50

100

150

200

250

Relative age (d)

sample size in the latter study. Estimated pup birth dates in
our study were sim ilar to those reported by Kerley ( 1985) on
Marion Island and were consistent with SpatTow and Heywood ( 1996), who showed that the t\vo archipelagoes have
a similar marine environment. The body mass of neonatal
SFS pups in our tudy i comparable with that obtained
from allopatric sites at Amsterdam Island (Georges and Guinct 2000) and Gough Island (Bester 1987; Bester and Van
Jaarsvcld 1994) for SFS and at Bird Island, South Georgia
(Lunn ct al. 1993), for AFS, suggesting that adult fema les
arc equally able to meet the demands of gestat ion in these
environments, or can compensate for any differences without a cost to the newborn offspring.
Sexual differences in neonatal body size occur in all otariids, including in our species (Bester 1987; Kerley 1985;
Lunn ct al. 1993). However, pup sex did not innucncc mo t
interspecific comparisons of neonatal body size in our analyses; sexual size differences were simi lar for both species,

except fo r girth measurements, body volu me, and forcOipper
surface area. For the latter three vatiables, AFS pups were
larger than their congeneric on ly among females. The
larger axillary gitth and body volume of female AFS pups
may renect sex-specific differences in relative body lipid
store . Several author have reported higher total body lipid
stores in female pups compared with male pups belonging to
several species (e.g., Amould ct al. 1996; Donohue ct al.
2002; Bcauplct ct al. 2003), including those in this study.
Therefore, everything else being equal, female pups would
be expected to be more voluminous than male pups (Luque
and Auriolcs-Gamboa 2002).
Intra pccifica lly in pinnipcds, large mothers tend to give
bit1h to large pups (Costa ct al. 1988; Arnbom et al. 1997;
Mellish et al. 1999). Boltncv and York (2001) found that
neonatal mass increases at a decelerating rate with maternal
mass in northern fur eals (Callorhinus w·sinus (L.. 1758)).
The same relationship appear to hold interspccifically
(Costa 199 1), but whether the relationship is linear or not is
unclear. Adult female AFS did not give birth to heavier pups
in our study, despite being heavier than adult female FS.
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Fig. 3. Body shape of pups at approximately 100 d of age shows more similarities with that o f adults in Antarctic (A FS) than in subantarctic
(SFS) fur seal . based on (A) aspect ratio (relationship between forcllippcr span2 to forcflippcr surface area) and (B) relationship between
distance from tip of nose to axi llae (RL3) and body length. The slopes (h) of the relationship (lower, upper 95% confidence limits) arc
shown.
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Compared with body mass, linear measurements (body
length, axillary girth, and RL3) of physically restrained fur
seals include larger measurement errors, reduc ing the statistical power of interspecific comparisons. Therefore, comparisons of pup body size in relation to matcmal body size
require more accurate mea uremcnts.
Both adult females and neonates differed in body shape
between species, so interspecific differences in growth of
body size may simply reflect morphological differences between AFS and SFS. We did not measure adult ma les of
both species at La Marc aux Elephants, so we cannot generalize the argument to both sexes. However, if growth rates
of individua l variables were mainly dctem1incd by speciesspecific morphometric tTaits, then interspec ific di ffcrcnccs
in these traits would be expected to be simi lar in neonates
and adults, and body shape would be expected to remain relatively constant with age. Both expectations from this argument were not supported by our results. The magnitudes of
morphometric differences between spec ies were considerably larger among adult females than among neonates, and
more similarities in body shape between adult females and
80- 120 d old pups were found in AFS than in SFS. Therefore, the growth patterns exhibited by each species may not
be only related to intrinsic morphometric di fferences between them.

Preweaning growth and allometry
We found no interspecific di fference in rate of growth in
body mass. This contrasts with previous studies of these species where they are sympatnc (Marion Island: Kerley 1985;
Macquaric Island: Goldswotihy and Crowley 1999). Our estimates of growth rates in body mass also were lower at lie
de Ia Possession than at those two site . . The reasons for
such discrepancy are not clear, but methodological differences in pup sampling protocol (longitudinal vs. cross-sectional)
and period of lactation covered hinder the comparison of
results am ong these studies.
In our study, SFS and AFS pups had similar rates of
growth in body mass and body volume. However, AFS
pups had (i) fa ter rates of growth in body length, length of
anterior portions of the body (RL l- RL2), and foreOippcr dimensions, and (ii) lower rates of growth in body girth . These
differences lead to a more streamlined body with relatively
large forcflippers in AFS and a stockier body in SFS.
Two-species comparisons cannot provide general concl usions about relations between lactation duration and growth
pattern (Garland and Adolph 1994) in otariids, but by minimizing other confo unding factors, such a comparison can
provide insights into possible mechanisms (Fisher ct al.
2002). We hypothesized that AFS pup would exhibit more
prccocial growth than SFS pups. In AFS, differences beC 2007 NRC Canada
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tween pup and adult forcflippcr shape, as well as their position along the body, difTered more than in SFS. which supports this hypothesis. These difTcrcnccs were reflected in the
relationship between forcfiippcr pan2 and forcflippcr surface area, which defines an importa nt measure (aspect
ratio) of aquatic locomotory ability (e.g., Feldkamp 1987;
Fish et al. 1988; Norberg et a l. 1993). For instance, low
aspect ratio flippers arc associated with increased costs of
transport during steady swimming, but are better suited for
rapid accelerations during quick turns in open water (Fish
and Nicastro 2003; Fish et al. 2003). A similar argument
can be made for the relationship between RL3 and body
length, which is a n index of the po ition of the fore flippers
along the body. Relative position of the forcflippers along
the body may have functional significance in aquatic stabil ity and maneuverability, which is favoured when forc flippers arc located far from the center of gravity (Fish ct al.
2003).
Allometric analysis (Figs. 3A, 38) suggests that AFS pups
have forcplippers positioned more posteriorly along the
body, a well as lower foreflippcr aspect ratio, than SFS
pups, and hence potentially greater aquatic turning abi lities
at 100 d (±20) of age. However, while AFS pup arc ncar
the end of lactation at this age, SFS pups arc in mid-lactation,
so increased aquatic turning abilities may be more critical
for the former. Indeed, the largest forcflippcr surface areas
of fema le AFS pups were close to adult values, which was
not the case for fema le SFS pups. Further studies are
needed to asses the effect of difTcrcnccs in flipper size
and structure for tctTestrial locomotion, as well as the acquisition of foraging skills at sea, of these two species.
Other [actors that are likely to influence this process, such
as the timing and pattern of moulting, should also be considered because they arc known to affect pup thermoregulatory ability (Donohue et al. 2000).
To s ummarize, we found many difTcrcnccs in growth of
AFS and SFS pups at lies Crozet, where the species breed
sympatrically, but maintain specie -specific differences in
lactation duration. Compared with SFS pups, AFS pups
adopted a growth strategy that favours the acquisition of a
longer, more slender body w ith larger forcflippcrs. The
growth difTerences between species led to different allometric relationships between female pups and adult fema les,
whereby AFS pups showed more similarities in forcflippcr
shape and position along the body with their adult counterparts than SFS pups. These interspecific comparisons of allometri c relationsh ips suggest AFS pups are physica lly more
mature at approximately 100 d of age (close to weaning age)
than SFS pups of the same age. Whether SFS pups achieve a
similar level of physical maturity close to their w eaning age,
and whether different morphological development patterns
affect the ontogeny of forag ing skill s, rema in to be determined.
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Differences in foraging strategy and maternal
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ABSTRACT: Marine top-predators such as marine mammals forage in a heterogeneous environment
according to their energetic requirements and to the variation in environmental characteristics. In
this study, the behaviour of breeding females in 2 sympatric fur seal species, Antarctic fur seal Arctocephalus gazella and Subantarctic fur seal A. tropicalis, was investigated in relation to foraging
effort. Foraging effort was hypothesise d to be greater in Antarctic fur seal than in Subantarctic fur
seal due to their shorter lactation period. Using satellite telemetry, time-depth recorders and satellite
images of sea-surface temperature and chlorophyll a concentration, the foraging grounds, the at-sea
activity budgets and the environmental features were determined for both species breeding on the
C rozet Archipelago. Foraging cycle duration was similar for the 2 species, and the seals exhibited
similar at-sea activity budgets. Only the proportion of time spent at sea was higher in Antarctic fur
seals. Separate foraging areas were identified for the 2 species. Antarctic fur seal distribution was
related to bathymetric features, while we did not find any direct relationship between chlorophyll a
concentration and seal foraging areas. Our results suggest that Antarctic fur seals tend to respond
to the higher needs of their pups by having a higher foraging efficiency and concentrating their foraging activity in the most productive areas.
KEY WORDS: Activity budget · Spatial distribution · Environmental features · Otariidea ·
Arctocepbalus gazella · Arctocephalus tropicalis
- - - - - - - -- - Resale or republication not pe11nilled wiUwut written consent of llle p u b l i s h e r - - - - - - - - - -

The foraging behaviours of marine mammals are
related to the energetic requirements of individuals
and environmental characteristics (McCafferty et al.
1998, Costa & Gales 2003). Indeed, according to optimal foraging theory (McArthur & Pianka 1966), organisms are supposed to adopt foraging behaviours that
optimise fitness for given environmental conditions.
These determine how, when and whe re each animal
acquires its food. More precisely, in a 'patchy habitat',
according to the marginal-value theorem (Charnov
1976), a predator must make decisions as to which
patch types it will visit and when it will leave the patch.

In the marine environment, food resources are distributed heterogeneously in space and time and their
distribution is generally related to the heterogeneity in
oceanographic features (Pakhomov & McQuaid 1996,
Loeb et al. 1997, Guinet e t al. 2001). Distribution and
behaviour of top marine predators are related to physical and biological features (bathymetry, sea-surface
temperature, primary productivity). as found in seabirds (Bost et al. 1997, Guinet et al. 1997, Weirnerskirch 1998) and pinnipeds (Boyd eta!. 1998, Georges et
al. 2000). Resources are also limited in space and time.
If 2 species exploit the same ecological niche and if
the resources are limited, ecological segregation resulting from competition between these species should
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inevitably take place (Hutchinson 1957). So sympatric
species must have different ecological functions in the
ecosystem in order to coexist.
During the breeding season there is a double problem for marine predators: to obtain food for themselves
and their offspring. Furthermore, during the breeding
period, seabirds and otariids are central-place foragers
(Orians & Pearson 1979), alternating between periods
of foraging at sea and feeding their chicks or suckling
their pups on land (Bonner 1984, Gentry & Kooyman
1986). The beh aviours adopted by parents are spatially
and temporally limited to avoid progeny starvation.
Therefore, time and energetic expenditure are the 2
principal constraints for central-place foragers during
the breeding season (Ydenberg et al. 1994, Houston
1995).
Among pinnipeds, otariids have the longest lactation
period, but with a large degree of variation in its duration. Generally, species that breed at temperate latitudes, like the New Zealand fur seals Arctocephalus
forsteri, Juan Fernandez fur seals A. philipii, South
African fur seals A. pusillus or Subantarctic fur seals
A. tropicalis, suckle their pup for 10 mo, while the
Alaskan fur seals Callorhinus ursi11us and the Antarctic fur seals A. gazella, which breed in high latitudes
and productive water, raise their pups over a 4 mo
lactation period (Gentry & Kooyman 1986).
Two species that display markedly different lactation
lengths, Antarctic fur seal and Subantarctic fur seal,
breed sympatrica!ly on the Crozet Archipelago. At
weaning, the size and the body mass of pups of the 2
species are identical (S. Luque unpubl. data). but a
previous study showed that in-air resting metabolic
rates (RMR) and daily energy expenditure (DEE) were
higher in Antarctic fur seal pups than in similar-aged
Subantarctic fur seals at Crozet (Arnould et al. 2003).
These observations corroborate observations that
Antarctic fur seal pups spend more time swimming
than in similar-aged Subantarctic fur seal pups (S.
Luque, J . P. Y. Arnould & C. Guinet unpubl. data). We,
there fore, hypothesised that Antarctic fur seal females
have to expend a higher foraging effort or forage more
efficiently to acquire more resources at sea to cover the
higher needs of their pups compared to Subantarctic
fur seal females. However, amongst marine mammals,
the foraging efficiency of parents is not easy to measure, because it is difficult to assess precisely the
amount of energy acquired in relation to the energy
spent by the female to acquire that energy. One means
of evaluating foraging effort is to use the time budget
as a proxy of energy expenditure (Arnould & Boyd
1996, Boyd 1999).
Both species have been studied at their allopatric
sites, revealing a variety of foraging behaviours. For
example, very long trips (maximum distance from the
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colony > 100 km) were recorded for Subantarctic fur
seals from Amsterdam Island (Georges et al. 2000,
Beauplet et al. 2004). Similarly, an important variability in the diving activity of Antarctic fur seals was
observed at the Kerguelen Islands (Bonadonna et al.
2000, Lea et al. 2002). The sympatric populations of
Antarctic fur seals and Subantarctic fur seals at Crozet
Island, like at Marion Island (Kerley 1985) and Macquarie Island (Robinson e t al. 2002). allow comparisons
of the foraging behaviour between 2 taxonomically
similar species with different breeding strategies but
under identical environmen tal conditions. The aim of
this paper was (1) to investigate the spatial segregation
and foraging behaviours of sympatric lactating female
Antarctic and Subantarctic fur seals at Crozet and
(2) to uncover new aspects of the relationship between
foraging behaviours and energy expenditure.

MATERIALS AND METHODS
Study area and seals. The study was conducted in
the Crozet Islands, an archipelago in the Southern
Indian Ocean, during the austral summers 2001/2002
and 2002/2003 (December to March). La Mare aux
Elephants (46.37° S, 51.69°E). north-west of Possession
Island, accommodates 1 breeding colony. Each species, Antarctic fur seal Arctocephalus gazella and Subantarctic fur seal Arctocepllalus tropicalis, has differe nt preferred substrate types, beaches for Antarctic fur
seals and rock platforms and large boulders for Subantarctic fur seals, but they breed within a few metres
of each other. Population growth rates for both Antarctic and Subantarctic fur seals on this island are currently - 18 % per annum (Guinet et al. 1994, C. Guinet
unpubl. data). Annual pup productions a t La Mare aux
Elephants were 164 for Antarctic fur seals and 80 for
Subantarctic fur seals in 2001/2002.
Capture and device attachment. Lactating female
fur seals of both species were instrumented . Individuals were selected randomly, captured using a hoop net,
weighed and restrained for up to 20 min on a restraining board while the devices were attached. At-sea
behaviour was investigated using several loggers
d escribed in Table 1. Time-d eptl1 recorders (MK7 TDR,
Wildlife Computers) were mounted on a satellite transmitter (platform terminal transmitter !PIT]. Sirtack
New Zealand, Telonics) in all cases. The larger size of
the velocity-time-depth recorde rs (MK8 TDR, Wildlife
Compute rs) precluded simultaneous deployment of an
additional PIT. The package (MK7 +PIT) was shaped
to minimise drag and was attached, like the MK8, with
plastic cable ties to a nylon webbing strap that was
glued on the dorsal midline between the scapulae of
each animal with double component araldite glue
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Table 1. Features of logger used (x indicates that the parame ter is present or measured)
Devices

Physical features

Parameters measured and used in this study

Generic name Type Memory

Dimensions Weight Cross(g)
(mm)
sectional
area (cm 2)

Time depth
recorder

TOR
MK7

X

go X 20 X 10

30

2.2

Time depth
recorder

TOR
MK8

X

80 X 50 X 30

100

8

110x42 x 14

120

5.7

Satellite
PTT
Argos system 100

(AW 2101, Ciba Speciality Chemicals}. The seals were
recaptured after 1 to 3 consecutive foraging trips (the
trip duration ranged from 2.5 h to 6.5 d) . Devices were
removed by cutting the fur underneath with a scalpel
blade and subsequently deployed on different individuals. Individual devices were deployed alternately
on the 2 species.
Activity budgets- The MK7 TDRs measured wet and
dry periods and depth (± 1 m} every 5 s with a precalibrated pressure transducer. The MKB TDRs also
measured speed, with a pre-calibrated rotating turbine. The downloaded hexadecimal TDR files were
converted into binary files using 'Hex Decoder' software (Wildlife Computers}. Data were used to estimate
the foraging-trip composition of the seals. We defined
a foraging cycle (FC} as a trip to sea plus the subsequent period on land. In order to exclude short bathing
periods undertaken by females during the suckling
period on land, an individual was considered to undertake a foraging trip when at sea for> 1 h .
The at-sea activity budget was calculated for each
complete foraging trip recorded for each seal equipped
with a MK8 TDR and defined as the amount of time
dedicated to diving, travelling and resting. Diving
activity was defined when depth was >4 m (Lea et al.
2002}. Travelling activity was defined when depth was
<4 m and speed was >0, while resting corresponded to
the period in which fur seals were not diving and when
speed equalled 0. All data manipulations and statistical analyses were conducted using R software (Thaka
& Gentleman 1996}.
The average swimming velocity, obtained from the
MK8 data, was first compared between global foraging
trips and next just on a section of a trip, where fur seals
travelled regularly (Bonadonna et al. 2000). Therefore, a possible difference in the diving speed can be
deduced .
Satellite transmitters and spatial distribution- PIT
locations were calculated by reference to 3 satellites
and assigned by the Argos system (Toulouse, France}
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Pressure
(de pth)

Speed of Sensor Location
swim 'wet-dry' (lat.- long.)

Resolution
(lm)

Configuration
Record
interval

5s

X

Resolution Resolution
(1m)
(0 .1 m s- 1 )

5s
X

to 6 classes on the basis of their estimated accuracy.
The accuracy of locations provided by Argos is classified as follows: Class 3 is accurate to 150m; Class 2, to
350m; Class 1, to 1 km; and Classes 0, A and B have no
accuracy assigned. Only 5 classes (A, 0, 1, 2, 3}, allowing the location of animals with an error margin of
<4.5 ± 5.9 km (Bonadonna et al. 2000}, were included
in these analyses. Data were plotted using Elsa99
software (release 1.0, Soft & Technique Informatique).
Locations were filtered such that those that suggested
transit speeds >3m s- • were excluded (Weimerskirch
et al. 1995, Bost et al. 1997, Boyd et a!. 1998, Bonadonna et al. 2000). The maximal distance from the
colony reached by each seal was measured between
the farthest point and the colony, and the total length
of a foraging trip was obtained by summing all distances between 2 consecutive points of this trip . We
also calculated a curvilinear index to determine the
shape of each trip. Indeed, with tltis index, it was possible to determine whether the seal went to the foraging area directly or using a loop like some marine birds
(Weimerskirch et al. 1993}. The index was calculated
by the following formula:
s = (2 x maximal distance}/ (total length of trip}
The closer this index is to 1 the more direct the trip is.
Females of the 2 species dive almost exclusively at
night at Crozet (87 and 89 % of dives occurred at night
for Antarctic and Subantarctic fur seals, respectively
(S. Luque unpubl. data) . This result is coherent with
diving behaviour of most fur seal species (Gentry &
Kooyman 1986, Goldworthy et al. 1997). As a result,
only at-sea, night-time locations were used to evaluate
the spatial distribution of foraging ground for both
species. To determine the accurate limits of the night,
we consulted a sun time table (suntab.exe software,
www. cafe. rapidus .net/s belange/logiciel.htrnl). Moreover, to avoid problems of independence of the data,
only 1 foraging trip for each animal was used in the
analyses.
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In order to analyse the intensity of use of different
areas within the activity range of seals, the pattern of
locations (satellite fixes) must be transformed into an
estimate of density. Therefore, a Kernel-based m e thod,
which transforms point distributions into density estimates (Powell 2000), was used. The treatment of data
was conducted using the GIS software Arcvie w® (version 3.2, Esri Corporation) and 'Animal Movement'
extension, v.2B (Hooge & Eichenlaub 1997, Alaska
Biological Science Center, www.absc.usgs.gov/glba/
gistools).
Environmental data. To investigate the relationships
between the foraging areas and oceanographic
features, bathymetric data (resolution of 5' grid) were
extracted from the Integrated Global Ocean Service
System database (http://ingrid.ldeo.columbia.edu/
SOURCES/IGOSS/). In addition, sea surface temperature (SST) and chlorophyll a concentration data were
provided by NOAA/NASA (http://daac.gsfc. nasa.gov/
oceancolor) at 4 km resolution and read by HDF view
software (release 1.2, University of Tilinois). These data
were extracted from October 2001 to February 2002
and from October 2002 to February 2003. In addition to
covering the dates of device deployment, this period
covered the 2 mo prior to deployment, in order to observe the evolution of SST and chlorophyll a, as several
studies have shown that time lags may result in a lag
between the distribution of primary production and top
predators (Runge 1988, Jaquet et al. 1995, Lehodey et
al. 1998).
Statistical analysis. Some data were discarded due
to TDR dysfunction or breakdown. A synthesis of the
number of individuals equipped and the number used
in the analysis is presented in Table 2. Parametric test
application conditions were verified using a Kolmogorov-Srnirnov test and a valiance-equality test. If
these conditions were not verified, data were transformed to use parametrics. However, when the transformation did not provide a normal distribution, we
used non-parametric statistics. In the 'Results' section
we have used some abbreviations for the species
names: Ag = Arctocephalus gazella and At = A. tropi-

calis. Data are presented as means (±SE), and values
were considered significant at p < 0.05.

RESULTS
Foraging cycles
There was no effect of the indivic,Iuals on all parameters tested (nAg= 26, nAt= 34, p > 0.05 in each ANOVA).
Therefore, we calculated means of all parameters for
each individual. The type of logger affected trip duration (F= 8.011, p < 0.01, GLM), with animals equipped
with an MK8 TDR making longer trips than animals
equipped with an MK7 TDR (2.6 ± 1.6 d against 1.7 ±
1.38 d, respectively) . No significant differences w e re
found between the 2 study years, for each species and
each device type (nAg = 26, nAt = 34, p > 0.05 in all
U-tests). No effect of the month in which devices were
deployed (stage of lactation) was found on any of the
FC parameters investigated (nAg= 26, nAt = 34, p > 0.05
in all Kruskal-Wallis tests). Therefore, all variables of
the 2 study years were pooled for further the analyses.
No differences were observed in the length of foraging cycles between the 2 species equipped with MK7,
but differences we re found for animals equipped with
MK8 (Table 3). Either equipped with MK7 or MK8,
Antarctic fur seals had longer foraging trips than Subantarctic fur seals (Table 3). Consequently, Antarctic
fur seals were found to spend proportionally more time
at sea and less time ashore (Fig. 1). regardless of the
type of TDR used (Table 3). No relationship was found
between trip duration and time spent on land for the
2 species (Ag: r, = -0.02, p = 0.90 and At: r, = 0.13, p =
0.44, Spearman rank correlation les t) .

At-sea activity budgets
The activity budget could only be calculated for
females of both species equipped with MK8 TDRs. We
distinguished 3 different activities at sea: diving, travel-

Table 2. Summary of deployments and data analysis. Ag = Arctocephalus gazella, At = A. tropicalis. -: no data
PTI+TDR MK7
PTI
No. of ind.
equipped

No. used in
trips analysis

MK8

MK7
No. of ind. No. used in lime
equipped
budget analysis

No. of ind.
equipped

No. used in lime
budget analysis

Ag

2001-2002
2002-2003

18
3

14

18

11
4

17
5

8
3

At

2001-2002
2002- 2003

14
2

10

14

12
3

18
4

15
3

37

24

30

44

29

Total

40
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Table 3. Details or activity budget (lhe results are means± SO, significant results are indicated in bold. -: no data

Ag, n = 15
Foraging
cycle (d)
Trip
duration (d)
On land
duration (d)
Proportion of
time at sea( %)
Proportion of
Lime in diving (%)
Proportion of time
in swimming (%)
Proportion of time
in resting (%)

MK7
At,n = 15

3.19 ± 1.33

2.70 ± 1.67

2.09 ± 0.98

1.40 ± 1.65

1.10 ± 0.58

1.30 ± 0.74

64.2 ± 9.9

37.7 ± 17.8

19.4 ± 12.5

16.0 ± 6.6

Tests
U= 144
p=0.191
U= 166
p = 0.026
U= 92
p = 0.395
U= 204
p < 0.001

~
Q)

70

~ 70

0 60

360

"

0"'

0

50

0

40

e

30

30

20

20

10

10

i:
a.

Q_

1.98 ± 1.47

0.90 ± 0.74

I .05 ± 0.46

76.1±16.0

53.5 ± 18.7

19.1 ± 10.6

18.6 ± 8.5

54 .0 ± 14 .3

54.7 ± 8.5

26.1 ± 9.7

20.7 ± 14.2

)

D = 0.268

p = 0.695

§

BO

:;::;

c

3.61±1.41

U= 149
p = 0.025
U= 154
p = 0.013
U= 67
p = 0.150
U= 163
p = 0.004

90

***

BO

E

3.04 ± 1.66

100

***
t

4.52 ± 1.39

Tests

tion of time spent resting at sea and the trip duration for
Subantarctic fur seals (r, = 0.58, p = 0.01, n = 18, Spearman rank correlation test), but not for Antarctic fur
seals (r, = -0.14, p = 0.67, n = 11 , Spearman rank correlation test) . No differences were found in the proportion
of time spent diving for females of both species
equipped either an MK7 or an MK8 TDR (Table 3) .
No difference was found in the overall swimming
speed along a foraging trip between Antarctic fur seals
(0.61 ± 0.15 m s 1, n = 12) and Subantarctic fur seals
(0.54 ± 0.17 m s· 1, n = 13; U = 151, p = 0 .18). Moreover,
no differences were found in surface swimmin g speeds
in transit to foraging grounds (Ag: 1.32 ± 0.28 m s- 1 , n =
12; At: 1.20 ± 0.31 m s- 1 , n = 13; U = 98.5, p = 0.26). Consequently, it is very likely that no differences exist in
the diving speeds.

100

§

MK8
At, n = 18

KS test

ling and resting. The proportions of time spent in
diving, swinuning and resting were identical for the
2 species (D = 0.268, p = 0 .69, Kolmogorov-Srnirnov
test). During a foraging trip, the 2 species devoted
18.8 %, on average, of the time to diving, 54.3 % , on
average, to swimming and 23.4 %, on average, to resting (Table 3, Fig. 2). There were no relationships between the proportion of time spent swinuning and trip
duration for the 2 species (Ag: r, = - 0.17, p = 0.61, n = 11
and At: r, = -0.11 , p = 0.66, n = 18, Spearman rank correlation test), nor for the time spent diving for Antarctic
fur seals (r, = 0.2 , p = 0.55, n = 11, Spearman rank correlation test), but this relationship tended towards significance for Subantarctic fur seals (r, = - 0.44 , p = 0.07,
n = 18, Spearman rank corr elation test). In contrast, we
observed a positive relationship between the propor-

90

Ag, n = 11

ns

50

oR 40

t

ns
ns

0

0
MK7

Diving

MKB

Fig. 1. Arctocephalus gazella (Ag), A tropicalis (At). Proportion of time spent at sea during a foraging cycle (•*': dilferences are significant at 99.9 %)

Swimmi'lg

Resting

Fig. 2. Arctocepllalus gazel/a (Ag), A . lropi calis (At). Proportion of time spent in lhe different activities at sea during a
foraging lrip (ns: differences are non-significant)
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Foraging areas
PTI tags recorded 39 foraging trips (31 in 2001/2002
and 8 in 2002/2003) for 29 individuals (14 Ag and 10 At
in 2001/2002 and 3 Ag and 2 At in 2002/2003) during
the study period. No difference was found in the
number of locations (Joe.) by unit of time between the
2 species (Ag: 16.64 ± 8.22 loc. d- 1, n = 17; At: 14.12 ±
6.99loc. d- 1 , n = 12; t= 1.135, p = 0.27). Trips recorded
were divided thus: Ag: 9 trips in December and 8 in
January, and At: 4 trips in December and 8 in January.
No influence of the year or of the month during which
devices were deployed was found on the number of
locations by day (F= 1.183, p = 0.35, ANCOVA).
Two particularly long trips (>500 km) , 1 for each species, were removed from Kernel analysis to increase
accuracy of foraging areas in 2001/2002. Because of a
very low sample size obtained during the second year
of the study (2002/2003), trips recorded during this
period (Ag: 3 trips and At: 2 trips) were removed from
analyses. No overlap was observed between the foraging distributions of the 2 species. The Antarctic fur
seals concentrated foraging activity preferentially in
the west of Possession Island, while the Subantarctic
fur seals occupied 2 main areas in the north-west and
north of the island (Fig. 3). Both species foraged over
the channel separating the Possession Island shelf from
Hog Island.
No significant differences were found in the total
trip lengths between the 2 species (Ag: 196 ± 122 km,
n = 14; At: 289 ± 239 krn, n = 10; U = 145, p = 0.38),
but the Subantarctic fur seals went farther from the
colony than the Antarctic fur seals (Ag: 50 ± 27 krn,
n = 14; At: 95 ± 69 krn, n = 10; U = 100, p < 0.05).
Moreover, we found a positive relationship between
total length and trip duration for the Subantarctic fur
seals (r, = 0.905, p < 0.01). but no such relationship
for the Antarctic fur seals (r5 = 0.314, p = 0.56). Shape
index indicates that the Antarctic fur seals used more
trips with a loop structure compared to the Subantarctic fur seals, which used straighter trips (Ag:
0.56 ± 0 .17 , n = 14; At: 0.72 ± 0.18, n = 10; U = 73,
p < 0.01) .
The Antarctic fur seals foraged mainly over 500 to
1500 m water depth, while Subantarctic fur seals
tended to forage over 2000 m water depth (Fig. 3).
Monthly averages of near-surface chlorophyll a concentrations from October 2001 to February 2002 are
presented in Fig. 3. At the scale of the Crozet Archipelago, the distribution of chlorophyll a concentrations, prior to and during the 2001/2002 study period,
showed that most of the surface primary production
took place in the northern half of this archipelago, with
highest concentrations taking place in December 2001
in the area where Subantarctic fur seals concentrated

their foraging activity, while the Antarctic fur seals
foraged along the southern edge of the area of the
maximum chlorophyll a concentration.

DISCUSSION
In the present study we did not compare foraging
trip duration between animals equipped and unequipped, but the effect of an additional burden on the
behaviour of fur seals has already been taken into
account in several earlier papers (Boyd et al. 1991 ,
1997, Walker & Bove ng 1995). However, we observed
that the foraging trips of animals carrying MK8
TORs were longer than the trips of PTI + MK7 TORequipped seals, suggesting MKB TDRs affect the foraging behaviour of the seals. Bonadonna et al. (2000)
found similar results. It is interesting to note that both
species were affected in a similar way by MKB TORs
compared to MK7 TDRs. Indeed, compared to females
equipped with MK7 TDRs, both Antarctic and ubantarctic female fur seals (Arctocephalus gazella, A.
tropicalis) equipped with MKB TORs exhibited an
increase in their foraging trip duration, while the subsequent shore visit was unchanged. Consequently and
despite similar cross-sectional areas (about 8 cm 2 , see
Table 1) of the 2 devices (MKB and PTI + MK7), the
p roportion of time spent at sea for a foraging cycle in
females of both species equipped with an MKB TDR
compared to females equipped with MK7 TORs increased. Such consistent differences suggest that it is
the hydraulic turbine of the MKB TDRs th at may be
responsible for most of the drag effect during swimming compared to the other device. The biases introduced into the data are not a problem in a study that is
based on the comparison between species subjected
to the same treatment (MK8). Indeed, the biases are
similar for the 2 species. Consequently, the conclusions
would be correct in terms of the inter-specific comparison, while they should be considered more cautiously
in terms of the absolute value of the foraging duration
and possibly the relative percentage of activity.

Activity bu dget
Our results indicate that the duration of a foraging
cycle and the proportion of time allocated during a foraging trip to different activities were identical among
the 2 species. However, for a foraging cycle of a given
duration, the at-sea part was longer for the Antarctic
fur seals, resulting in a higher proportion of time spent
at sea in the Antarctic fur seals compared to the Subantarctic fur seals. Indeed, over an average 3 d foraging cycle, the Antarctic female fur seals spent an aver-
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age of 24 % more time at sea, but, more importantly,
1 night longer at sea than Subantarctic female fur
seals. As both species fish almost exclusively at night
at Crozet, we can assume that the absolute amount of
resources acquired over a foraging trip is higher in the
Antarctic fur seals compared to the Subantarctic fur
seals, resulting from a higher energy acquisition rate
over a foraging cycle for the Antarctic fur seals than for
the Subantarctic fur seals. No precise values of energetic metabolism are available for tllis study, but Costa
e t a!. (1989). using the double-marked water method,
measured a metabolism at sea of 9.52 W kg- 1 for lactating females. They also found that the at-sea metabohsm of the Antarctic fur seal females was only 1.9 times
higher than the metabolism measured on land while
fasting and lactating (Costa et al. 1989). Sinlilar results
were found for the Alaska fur seals Callorhinus ursinus
(Costa & Gentry 1986). To our knowledge, no measurements of resting or active metabolism are available for
Subantarctic fur seals. However, according to the allometric relation between the rate of base metabohsm
and body mass, established for pinnipeds by Lavigne
eta!. (1986). we can suppose that metabolism is equivalent for our 2 study models, which are taxonomically
and morphologically very sinlilar. Indeed, it is unlikely,
even if there is a need to confirm this by measuring the
actual metabolic rate of these 2 species at Crozet, that
these species, with an identical at-sea behaviour (S.
Luque unpubl. data), have very different metabohc
rates. Thus, considering both identical metabolic rates
at sea and on land between the 2 species, we can estimate at Crozet, due to the difference in the proportion
of time spent at sea, that the Antarctic fur seals spent
about 13 % more energy than Subantarctic fur seals
over a foraging cycle.
Arnould & Boyd (1996) found a negative relationship
between the proportion of time spent diving and the
at-sea metabolic rate for Antarctic fur seals at Bird Island, South Georgia. According to Butler eta!. (1995),
the metabolism during diving is only 20 % higher than
the metabolism during swimming for the Antarctic fur
seal. The interpretation of Arnould & Boyd (1996) was
based on the hypothesis that an animal with a higher
rate of diving should spend more time resting at the
surface to recover and should have a lower at-sea
metabohc rate than an animal with a lower rate of
diving, but spending more time swimming. However,
opposite from this assumption, we found no relationship between the proportion of time spent diving and
proportion of time spent resting. This result could be
explained by the smaller range of trip durations sampled a.t Crozet Islands (2 d for both species) compared
to Bird Island (4 d on average). We can therefore
hypothesise that during foraging trips taking place
close to the colony, as in our study, fur seals tend to

come back on land to rest and suckle their pup, rather
tl1an resting at sea. The relationship between foraging
trip duration and the proportion of time females spent
resting and the relationship between foraging trip
duration and the maximum distance from the colony
support this assumption.

Foraging trip distribution in relation to
oceanographic parameters

Maximum location densities were identified using
the main foraging areas of the 2 species. The technique
used may be biased, as the at-sea, night-time locations
do not necessarily correspond to a foraging location.
However, as the foraging activity is maximal at night,
we can consider that these locations reveal the foraging areas of both species.
As ocean currents encounter topographic features
such as seamounts, oceanic islands, or ridges, cold and
deep nutrient-rich waters can be brought into the
g·enerally nutrient-poor surface water, enhancing
primary production. Topographic features can also
induce local aggregation of marine organisms (Lavoie
et a!. 2000). Advection processes would induce the
aggregation process at medium to large scale, over
several months, while at a smaller scale appears to
result mainly from accumulation processes and behavioural and/or physiological adaptation (Mackas et al.
1985). Local aggregations are generally related to
small-scale processes that are often related to a
topographic change, which may indirectly act on the
marine organisms.
The Subantarctic fur seals tended to forage both in
an area located over the deeper water of the channel
between Possession Island and Hog Island and in an
area close to shore, while the Antarctic female fur seals
linlited their foraging to a much smaller area located
on the northern edge of the 'Crete de Ia Meurthe', a
sub-marine ridge close to Possession Island. A complementary study on the diet of the 2 species at Crozet
(Y. Cherel unpubl. data) showed that the Antarctic
and Subantarctic fur seals fed on the same myctophid
prey organisms (principally Gymnoscopelus sp. and
Electrona sp.).
The distribution of surface chlorophyll a over the
study period indicates that the highest concentration
lakes place in December over that channel, and the
fact that both species concentrate their foraging activity over or very close to that area from December to
early March suggests that the myctophids are probably aggregated over that area in relation to some still
unknown physical processes.
The absence of major differences, both in diving
behaviour (S. Luque unpubl. data) and diet (Y. Cherel
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unpubl. data) , suggests that both species are exploiting
similar p rey in a similar way, but in different locations.
At this stage we cannot tell if this behaviour results
from active competition exclusion processes and/or the
selection of different qualities of foraging habitat by
the 2 species. We can hypothesise that the Antarctic fur
seals, which have higher needs per unit of time, could
restrict their foraging behaviour to higher density prey
patches, located on the northern edge of the 'Crete de
Ia Meurthe', compared to Subantarctic fur seals, which
use a less efficient foraging mode because of greater
transit time (temporally shorter and spatially longer
trips). Only a myctophid sampling survey like the one
cond ucted at Kerguelen Island (Duhamel1987, Guinet
et al. 2001) will clarify these patterns.

CONCLUSIO S

Interestingly, when these 2 species are confronted
with the same environmental conditions, they tend to
show similar foraging behaviour, while the same species in different environments exhibit very different
foraging behaviours. These observations strongly support the assertion that the foraging behaviour of fur
seal species is mainly m ediated by local environmental
conditions.
This study also found, like another one at Macquarie Island (Robinson et al. 2002), that these sympatric fur seals exploited the marine environment in
similar ways. However, the higher proportion of time
spent at sea by fema le Antarctic fur seals compared
to Subantarctic fur seals suggests that lactating
female Antarctic fur seals expend more energy to
acquire m ore energy per unit of time to match the
higher energetic requirement of their p ups compared
to Subantarctic fur seals. This higher energy expenditure assumed in lactating female Antarctic fur seals is
con sistent with a shorter lactation period that still
allows pups to grow to a weaning mass similar to that
of Subantarctic fur seal pups over a longer lactation
period.
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C.2 Pup metabolism
This,Pap r was prepared as a complem ntary, concurr nt, project comparing the
metabolism of pups of both specie

which includes a preliminary comparison of

body campo ition b tween AFS and SFS. I participated in all field activities for this
study, and a second author of the paper, contributed revision and comments on
drafts during the publication process.
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Summa r y
T he period of maternal dependence is a t ime during
which mammalian infants must optimise both their
growth a nd the d evelopment of behavioural skills in order
to successfully meet the demands of independent living.
The ra te a nd duration of maternal provisioning, postweaning food availability and climatic conditions are all
factors likely to influence the growth strategies of infants.
While numerous studies have d ocumented differences in
growth strategies at hig h taxonomic levels, few have
investigated those of closely r elated species inhabiting
similar environments. The present study examined the
body composition, meta bolism a nd indices of physiological
development in pups of A ntarctic fur seals (A rctocephalas
ga:ella) and suba ntarctic fur seals (A rclocepha/us
lropica/is), congeneric sp ecies with different weaning ages
(4 months a nd 10 months, respectively), during their
overlap in lacta tion at a sympatric breeding site in the lies
Crozet. Body lipid reserves in pre-moult pups were
significantly greater (tzs=2.73, P <0.01 ) in subantarctic
(26 % ) than A ntarctic fur seals (22%). Anta rctic fur
seal pups, however, had significantly higher (lz6=3.82,
P<0.001) in-air resting metabolic rates (RM R;
17. 1±0.6 ml 0 2 kg- 1 min- 1) than subantarctic fu r seal
pups ( 14.1±0.5 ml Oz kg- 1 min- 1) . While in-wa ter sta nda rd
metabolic rate (SMR; 22.9±2.5 ml Oz kg- 1 min- 1) was

gr eater th an in-air RM R for Antarctic fur seal p ups
(19=2.59, P<0.03), ther e wer e no significant differe nces
between in-air R M R a nd in-wa ter SM R for subantar ctic
fur seal pups (112=0.82, P>0.4), altho ug h this is unlikely to
r eflect a greater ability for pre-m oult pups of t he latter
species to thermor egulate in water. Pup d aily energy
expendit ure was also significan tly greater (lz7=2.36,
P<0.03) in Antarctic fur seals (638±33 kJ kg- 1 d a 1) th an
in subantarctic fur seals (533±33 kJ kg- 1 d ay- 1), which
cor r obor ates observations that pups of th e former species
spend considerably more time actively learning to swim
and d ive. Consistent with this obser vation is the fi nding
that b lood o xygen stor age cap acity was significa ntly
gr eater (19=2.81 , P<0.03) in Antarctic (1 1.5%) t han
subantar ctic fur seal (8.9 % ) pups. T hese results suggest
that, compared with subantarctic fur seals, Antarct ic fur
seal pups adopt a strategy of faster lean growth and
physiologica l d evelopment, coup led with g reater amounts
of metabolically expensive behavioural activity, in order to
acquire the necessar y fo raging skills in time for their
younger weaning age.
Key words: matcmal provisioning, metabolic mte, growth strategy,
resource partitioning, energetics, weaning, fur seal. Arctocephalus
gazella. Arctocephalus tropicalis.

Int roductio n
Throughout the period of maternal dependence, mammalian
infants must balance the demands of lean body growth, lipid
storage and energy expendintre for behavioural development
from the finite nutritional resources (milk or solid food)
provided by their mother (Loudon and Racey, 1987; Martin,
1984; Peaker. 1989). Trade-offs, however, exist in devoting
nutritional resources to various developmental pressures. For
example, rapid lean growth may confer advantages to the
infant in being large at weaning (e.g. enhanced defence of food
resources or against predators) but limits the amount of ene rgy

that can be devoted to physica l actiVlty due to the high
maintenance metabolism costs associated with a large lean
body mass (Biaxter, 1989; Innes and Millar. 1995).
Converse ly, high levels of energy expenditure devoted to
behavioural development (usually through play) may enhance
hunting ability or predator avoidance but limit the storage of
body lipids that could be cntcial to post-weaning survival
during Jhe early period of nutritional independence when
foraging efficiency may still be low (Birgcrsson and Ekvall,
1997; Fisher et al. , 2002). Furthermore, the ability of infants
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to direct resources to vatious expenditures may depend on the
composition (protein. lipid, carbohydrate) of the maternally
provided nutrition and its rate of delivery (McAdam and
Millar, 1999; Owens et al., 1993; Price and White, 1985).
Therefore, as mortality in mammals is generally highest during
the post-weaning stage (Ciutton-Brock et al. , 1987; Coulson et
al., 200 I: Le Boeuf et al. , 1994; Van Ballenberghe and Mech,
197 5). knowledge of infant growth strategies and how they
differ according to environmental and maternal constraints
may provide important insights into mechanisms influencing
juvenile survival and life history.
Otariid seals (fur seals and sea lions) are an ideal group to r
investigating this topic, as females give birth to a single
offspring, there is no post-weaning maternal care. and
offspring are entirely dependent on milk for nutrition
throughout most of lactation (Bonner, 1984). Furthennore,
lactation in these species is characterised by mothers
alternating between short nursing periods ashore and long
foraging trips to sea during which their pup must fast (Gentry
and Kooyman, 1986). Consequently. the nutritional resources
delivered to the dependent pups must be allocated for growth.
storage and behavioural development (e.g. learning to swim)
during fasting periods as well as when the mother is ashore.
Lactation in otariid seals generally lasts 10- 12 months,
although in some species offspring may be suckled for up to
3 years (Bonner, 1984). Exceptions to this pattern are the
Antarctic fur seal (Arctocephalus gaze/la) and the northern fur
seal (Callorhinus ursinus), which have lactation periods lasting
only 4 months. The brevity of lactation in these two species is
thought to have evolved to exploit the predictably high but brief
productivity of the subpolar summer and to maximise maternal
transfer and offspring growth before the onset of the polar
winter (Gentry and Kooyman, 1986). By contrast, the longer
lactation periods of the other otariid species are thought to have
evolved in response to the low seasonal variation but less
predictable nature of the temperate and sub-tropical marine
environments they inhabit. At three locations in the subantarctic
region, however, there is the surprising situation where species
representative of each strategy breed sympatrically. Macquarie
Island, Marion lsland and lies Crozet are the northern and
southern extents, respectively, of the Antarctic fur seal and
subantarctic fur seal (Arctocephalus tropicalis) breeding ranges
(Guinet et al. , 1994; Kerley, 1984; Robinson ct al.. 2002). At
these sites, the majority of pupping for each species occurs in
December but, despite similarity in their maternal masses and
pup birth masses (Goldsworthy et al. , 1997; Kerley. 1985),
Antarctic fur seal pups wean at the end of the Austral summer
(March- Apri l) whereas subantarctic fur seal pups wean in
late winter (August- September). There arc few examples
worldwide of such closely related sympallic species having
such divergent lactation strategies (Dempster et al.. 1992; Innes
and Millar, I 994).
Numerous studies have investigated the maternal
characteristics (e.g. diet. foraging behaviour, foraging areas,
colony attendance patterns and milk composition) and pup
responses (e.g. growth rate and weaning mass) of Antarctic and

subantarctic fur seals at their sympatric sites in order to
understand dte mechanisms driving the divergent strategies
and their impacts (Goldsworthy. 1999; Goldsworthy and
Crowley. 1999; Goldsworthy et al., 1997; Green et al., 1990;
Kerley. 1983, 1984, 1985; Klages and Bester. 1998; Robinson
et al. , 2002). At Macquarie Island and Marion Island, no
differences have been found in maternal diet, foraging areas o r
diving behaviour between the species during their summer
lactational overlap (Goldsworthy and Crowley, I 999;
Goldsworthy et al. , 1997; Klages a nd Bester, 1998: Robinson
et al.. 2002) yet. over the same time period, growth rates of
Antarctic fur seal pups are significantly greater than those of
subantarctic fur seals at all sympatric sites (Goldsworthy and
Crowley, 1999; Kerley. 1985; S. P. Luque et al., unpublished
data). Goldsworthy and Crowley ( 1999) suggested that the
difference in growth rates could refl ect either a higher milk
consumption rate in Antarctic fur seals or greater metabolic
expenditure by subantarctic fur seals. However, the limi ted
information on pup metabolic rates for the species is restricted
to their allopatric sites (making comparisons difficult) and
there is no information on their milk consumption rates at
sympatric sites (Arnould et al.. 1996a. 2001 ; Beauplet et al. ,
2003; Georges ct al., 200 I; Guinet et al. , 1999). Funhcrmore,
while mass gain differs between the species, it is not known
whether the divergent lactation strategies influence the
composition of growth and development (Owens et al., 1993;
Spray and Widdowson. 1950).
The aims of this study, therefore, were to detennine
whether differences in body composition, metabolism and
physiological development exist between sympatric Antarctic
and subantarctic fur seal pups.
Materials and methods

Study site and animals
The study was conducted at La Mare aux Elephants
(46°22'29" S, 5 1°40' 13" E), Possession Island (lies Crozet),
during the 200 1/2002 breeding season. Population growth rates
for both Antarctic fur seals (Arctoceplta/us gttze//a Peters)
and subantarctic fur seals (Arctocephalus tropicalis Gray) on
Possession Island are currently - 18% per annum (Guinet et
al.. 1994). Annual pup productions at La Mare aux Elephants
were 164 and 80 for Antarctic and subantarctic fur seals,
respectively. in 2001 /2002 and peak-pupping dates were 5
December and 25 December, respectively.
During the pupping period, 95 Antarctic and 58 subantarctic
fur seal newborn pups were sexed and identified by a unique
numbered piece of plastic tape glued to the fur on the top of
the head (Georges and Guinet, 2000a). At about one month of
age, each of these pups was tagged in the trailing-edge of both
tore-flippers with an individually numbered plastic tag (Dalton
Rototag, Nettlebed, UK). As part of concurrent studies, the
attendance patterns of mothers of marked pups were monitored
from birth until the end of March by visual inspection of the
natal colony three times per day (09:00 h, I 2:00 h and 17:00 h
local time).

275

C Co-authored publications

Growth strategies in jitr seal pups 4499
instrumentation ( LabYiew40 4 .0; National Instruments
Corporation). Ambient atmospheric pressure, temperature and
humidity readings were manually entered into the software
package as they were recorded. Water temperature was
measured with a glass thennometer (±0. I •c ; Hanna
lnstnunenrs Ltd Pty, Keysborough, VIC. Australia) prior to.
and immediately after, the pup was in lhe basin. For logistical
reasons, the body temperature of study pups was not recorded.
The pups were introduced into the chamber and left to rest
and acclimatise for I h. Measurements of 0 2, humidity.
temperature, pressure and flow were taken continuously
throughout the duration of the experiment but for calculations of
resting rates the values from the I 0 min of minimum oxygen
consumption after the hour of acclimatisation were used.
Confirmation that the pup was resting but not sleeping was made
by visual inspection through the Plexiglas window, which was
usually kept covered. Once the measurements in air had been
completed, the pup was placed in the water-fi lied basin and left
to acclimatise for I h, and. thereafter. values from the I 0 min of
minimum oxygen consumption were used to calculate in-water
standard rates. Due to equipment problems, in-air and in-water
metabolic rdtes were nor measured for all pups.
Oxygen consumption ( Vo1 ) was calculated using the
equation of Withers (I 977):

Sampling was conducted in February 2002 and was
staggered by 10-15 days between the species in order to
cover similar pup ages. Mean ambient and sea surface
temperature during sampling were s .o•c and 8.o•c,
respectively (http//ingrid.Jdgo.columbia.edu!). For all aspects
of the study, selected pups were captured 1- J days after the
mother's departure to sea following a normal suckling period
in order to allow sufficient time for complete voiding of
ingested milk from the stomach (A mould el al.. I 996a;
Donohue et al., 2002: Oftedal and Iverson. I 987). Each study
pup was selected at random from the population of marked
individuals and sampled for only one aspect of the study.
Upon each capture, pups were weighed in a sack with an
electronic suspension balance (±0.0 I kg) . All the study pups
still had the black natal pelage and, based on close
examination of the pelage, all individuals were considered to
be at the pre-moult stage.

Respiromet1y and resting metabolic rate
Oxygen consumption. determined by an open circuit
respirometry system (Butler and Woakes, 1982), was used
to measure the resting metabolic rates (RMR) of pups.
Pups were placed in a wooden respirometry chamber
(80 crnx 60 cmx50 em; sealed with silicone and varnish) that
was equipped with a small Plexiglns window and large fan that
ensured complete and rapid mixing of air. Foam rubber seals
ensured an air-light junction between the door and the body of
the respirometer. The chamber had a removable floor below
which there was a basin 60 em deep. The basin was filled with
fresh water to within I 0 em of the rim and covered by a sheet
of wire grating when a pup was placed in it.
Air was drawn through the respirometer using an air pump
(8 I 05; Charles Austen Pumps, Byflcet, Surrey, UK), and flow
rate (maintained at 50 I min 1) wa measured using a rotameter
(Fisher-Rosemount Ltd. Catham. Kent, UK). A subsample of
the outlet air flow was passed through Drierite (CaS04) and
C02 absorbent (Baralyme ) to an 02 analy er (SJ03 ; Qubit
Systems Inc., Kingston, Ontario, Canada). Sampling of
ambient air was conducted every I 0 min by manually
switching a valve in the chamber outlet airflow line. The 02
analyser was calibrated prior to each measurement period with
atmospheric air and nitrogen (Air Products PLC, Crewe,
Cheshire, UK). Ambient atmospheric pres ure, temperature
and humidity were measured on a digital barometer (Model
BA 116; Oregon Scientific Pty Ltd, Sydney, NSW, Australia)
and recorded every I 0 min. A humidity/temperature sensor
was affixed inside the chamber.
The output signals from the 02 analyser and the
humidity/temperature sensor passed through a purpose-built
interface box that amplified the signals to a range of - 10 V to
+ I 0 V and then transferred them to an analogue-digital
converter unit (DAQPad- 1200: National Instruments
Corporation, Austin, TX, USA) in a desktop computer. The
computer sampled the outputs I 00 times per second, took a
mean of these values and saved them to a file every I s with
a program developed using a software package for automatic

.
Vo,=

Vsrro X (Fo1.Amb- Fo1 ,Exp)
I - Foz.Amb + RQ X (Fo 1 ,Amb- Fo1 .Exp)

,

(I)

where Vsrro is the flow rate of dty air through the respirometer
(in ml min 1) corrected for standard temperature and pressure,
Fo,,Exp and Fo1 ,Amb are the fractional concentrations of 0 2 in
outlet and ambient air, respectively, and RQ is the respiratory
quotient. Assuming a diet of milk, an RQ of 0.71 was
calculated with the following metabolic constants:
2.1091 0 2 g 1 lipid. 0.976102 g 1 protein, I .433 I C02 g 1
lipid and 0.783 I C02 g 1 protein (Costa. I 987).

Body composition, daily energy expenditure and milk
consumption
The body composition and daily energy expenditure (DEE)
rates of pups were measured using hydrogen isotope dilution
and doubly labelled water (DLW) techniques (Costa, I 987).
After weighing upon capture, a background blood sample
(5 ml) was collected into a heparinised syringe from each pup
by venipuncture of an inter-digital vein in a hind-flipper. They
were then given an intramuscular injeclion of a weighed dose
(±0.01 g) of tritiated water (HTO; - 1 ml, 7.4 mBq ml 1). Each
animal was also given an oral dose, by stomach tube, of
15- 20 ml H2180 10% AP (lsotec Inc., Miamisburg, OH .
USA). Pups were then kept in an enclosure for 3 h before an
equilibration blood sample (5 ml) was collected, to detennine
the total body water (TBW) pool size and initial pla>ma 180
levels, before being released at the point of capture, left
undisturbed and allowed to suckle nonnally during the next
visit ashore by their mother. Each pup was recaptured 2- 3 days
after the departure of the mother on her subsequent foraging
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trip to sea (4--6 days after initial capture), weighed and a final
blood sample (5 ml) was collected.
All blood samples were kept at 4°C for several houn; before
being centrifuged (3000 r.p.m., for I 0 min) and the plasma
fraction separated. Aliquot samples (2- 5 ml) of plasma were
stored frozen (- 20°C) in plastic screw-cap vials (with silicon 0rings; Sarstedt Inc., Newton, C. USA) until analysis. For
tritium analysis, thawed sub-sample aliquots of plasma (0.2 ml)
were distilled into pre-weighed scintillation vials following the
procedures of0t1iz eta!. ( 1978). The vials were then re-weighed
to obtain the mass of the sample water (±0 .1 mg). Scintillant
(10 ml Ultima Gold; Canberra Packard, Mt Waverly, VIC,
Australia) was added to the vials. which were then counted for
5 min in a Packard Tri-Carb 21 OOTR liquid scintillation analyser
(Canberra Packard) with correction for qltenching by means of
the sample channels ratio and an external standard to set the
counting window for each vial. Samples were analysed in
duplicate and each vial was counted twice. Sub-samples (0.2 ml)
of the injectant were counted in the same way, and at the same
time, as the water from the plasma samples to detem1ine the
specific activity of the tritium injected. The 180 enrichment of
plasma water was determined by Metabolic Solutions (Nashua,
NH, USA) using gas isotope ratio mass spectrometry.
TBW was calculated from HTO dilution space using an
equation determined empirically in Antarctic fur seal pups
(A mould et al. , 1996b). Lean body mass (LBM) was calculated
from TBW assuming a hydration constant of 74.7% (A mould
et al., 1996b), and total body lipid {TBL) was calcu lated by
subtracting LBM from total body mass. Total water influx
{TW 1) rates were calculated from the decrease in specific
activity of HTO and equations 5 and 6 in Nagy and Costa
( 1980), assuming an exponentially changing TBW. Carbon
dioxide production rates were calculated using equation 3 of
Nagy (1980). DEE was calculated from COz production
assuming a conversion factor of 27.44 kJ I 1 COz (Costa,
1987). Oxygen consumption was detennined by dividing COz
production by the RQ (0.71; see above). Metabolic water
production (MWP) rates were calculated from the metabolic
rate determined by DLW assuming a conversion factor of
0.02629 g HzO kJ I (Schmidt-Nielsen, 1983).
Milk consumption rates were calculated using the following
equation (Ortiz. 1987):
TWJ -M WP
Milk consumption rate = Milk water content

(2)

Milk composition does not differ significantly between
Antarctic and subantarctic fur seals at the study site, and mean
milk water and energy contents during the study period were
41.5% and 18.9 kJ g 1, respectively (S. P. Luque et a!.,
unpublished data). Similar findings have been reported on
Macquarie Island (Goldsworthy and Crowley. 1999).

period of maternal dependence (Bums, 1999; Horning and
Trillmich, 1997a,b). In the pre ent study, therefore, factors
affecting oxygen storage [haematocrit (Hct), haemoglobin
(Hb) and total blood volume] were measured and used as
indices of physiological development.
After weighing upon capture, a background blood sample
(5 ml) was collected into a heparinised syringe from each pup
by venipuncmre of an inter-digital vein in a hind-flipper
and stored cool (4°C) until all samples were centrifuged
(see below). Each pup was then given an intravenous
injection (- 1 ml) of a weighed dose of Evans Blue dye
(0.5 mg kg- 1 body mass; Sigma-A ldrich, StLouis, MO. USA)
to measure total blood volume (El-Sayed et al.. 1995). After
completing the injection but before removing the needle from
the blood vessel, the syringe was flushed with blood 2- 3 times
to ensure that all dye was administered. erial blood samples
(5 ml) were collected at 10 min, 20 min and 30 min postinjection to measure the equilibration and dilution of the dye
(El-Sayed et al. , 1995).
Prior to centrifugation, each background blood sample was
thoroughly mixed by gentle agitation. An 20 111 sample was
placed in 2 .5 ml of Drabkins reagent (Sigma kit 525A: SigmaAldrich) and later assayed for Hb concentration by colorimetric
analysis. Absorbance was measured in duplicate samples
on a Spectronic 1001 (Milton Roy. Ivyland. PA, USA)
spectrophotometer at a wavelength of 540 nm. Hb
concentration of each sample was determined by comparison
with a dilution curve created from protein standards. Hct was
measured in triplicate from an aliquot of the whole blood a
the packed red blood cell volume in capillary tube following
centrifugation for 5 min at II 500 r.p.m.
Total blood volume was measured by colorimetric analysis of
the Evans Blue dilution. Following centrifugation at 3000 r.p.m.
for 10 min. aliquots of plasma were separated and stored frozen
(- 20°C) in plastic vials until analysis several months later. In the
laboratory, the thawed samples were agitated and centrifuged
again at 3000 r.p.m. for 5 min. The absorbance of the decanted
dyed plasma was determined on a Spectronic I 001 (Milton Roy)
spectrophotometer at 624 nm and 740 nm following procedures
outlined in Foldager and Blomqvist ( 1991 ). Dye concentrations
were detennined from a serial dilution curve of Evans Blue
standards measured at both wavelengths. It is common practice
to back-calculate the dye concentration at the time of injection
by determining the intercept of a regression line between dye
concentration of each serial sample and the time it was collected
(Costa et al. , 1998; El-Sayed et al.. 1995; Foldager and
Blomqvist, 1991). This method was not used because the
regression between dye concentration and time post-injection for
most of the seals was not statistically significant (P>0 .05).
Therefore, a mean dye concentration using all three samples (i.e.
I0 min, 20 min and 30 min post-injecrion) was calculated and
used for detennination of blood volume. Plasma volume was
calculated as follows:

Blood volume
The physiological ability of infant pinnipeds to make
foraging dives has been shown to increase throughout the

(m;)
[Ce) '

V=P
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where (mi] is the initial quantity (mg) of Evans Blue dye
injected, [Co] is the concentrntion of Evans Blue dye (mg I 1)
obtained from the mean of the serial samples and Vp is plasma
volume (litres). Total blood volume (Jib) was then calculated
as:
Vb = Jlp[IOO(I - Hct)] - 1 ,
(4)
where Hct is haematocrit expressed as a fraction of whole
blood.
Statistical analyses were perfom1ed using the Systatill
statistical software (Version 7.0.1; SPSS Inc., Richmond, CA .
USA). The Kolmogorov- Smirnov test was used to determine
whether the data were normally distributed, and an F test was
used to confirm homogeneity of vatiances (P>0.2 in all cases).
Differences between linear regressions were tested by analy,is
of covariance (A COVA) after testing for homogeneity of
slopes. nles otherwise stated, data are presented as means ±
I s.E.M. and results considered significant at the ? <0.05 level.

Results
Resting metabolic rate
Measurements of in-air resting metabolic rate (RMR) were
obtai ned for 14 Antarctic (six female, eight male) and 14
subantarctic (seven fema le, seven male) fur seal pups. Mean
ambient air temperature during measurements was l 0.5±0.6°C
(range: 6- I5°C). In-air RMR of pups was significantly
positively related to body mass in Antarctic fur seals (,.2- 0.58,
P<0.02) but not subantarctic fur seals (P>0.2; Fig. 1). Massspecific in-air RMR did not differ significantly between the
sexes in either species (P>O.I in both cases) so the data
were combined (Table 1). Mean mass-specific in-air RMR
of pups was significantly greater in Antarctic fur seals
1000

y=38. 7(.r0.64)
, 2 =0.58
-;

·ec
0
.§.

100

~

( 17.1± 0.6 ml 0 2 kg t min I) than subantarctic fur seals
(14.1 ± 0.5 ml 02 kg 1 min 1; 126= 3.82, P <O.OOJ).
Measurements of in-water standard metabolic rate (SMR)
were obtained for 12 Antarctic (six female, six male) and 15
subantarctic (seven female. eight male) fur seal pups. Mean
water temperature during the measurements was I 0.0±0.6°
(rdnge: 9- I2°C). There was no relationship between body mass
and in-water SMR in either species (P>O. I in both cases).
Mass-specific in-water SMR did not differ significantly
bet\veen the sexes in either species (P>O. I in both cases) so
the data were combined (Table I). Mean mass-specific inwater SMR of pups was significantly greater in Antarctic
(22. 9± 2.5 ml 0 2 kg I min I) than subantarctic fur seals
(14.6± 1.0 ml 0 2 kg 1 min 1; 12s= 3.41, ? <0.003).
Measurements of both in-air RMR and in-water SMR were
made in I 0 Antarctic and 13 subantarctic fur seal pups. Mean
in-water SMR was significantly greater than in-air RMR for
Antarctic fur seal pups (paired /-test. 19=2.59, P<0.03) but not
for subantarctic fur seal pups (112~0.82 , ?>0.4).

Body compositiun,

dai~v

energy expenditure and milk

CO/ISUillpliflll

Body composition upon capture was dctennined for a total
of 16 (eight male. eight female) Antarctic and 14 subantarctic
(seven male, seven females) fur seal pups. No significant
differences were detected between the sexes in either species
(P>0.2 in both cases) so the data were combined. As expected,
significant positive correlations were found bet\veen total body
water (TBW) and body ma sin both species (Fig. 2). However,
the regressions differed significantly between the species
(ANCOVA, Ft .27=5.82, ? <0.02), with Antarctic fur eal pups
having higher TBW per unit rna s and, thus. relatively lower
TBL stores (22.2± 1.0%) than subantarctic fur seal pups
(26. 1± 1.0%; 12s= 2.73 , P<0.02; Table 2).
With the exception of one female Antarctic fur seal pup ( 180
levels were too close to background upon recapture), field
metabolic rate measurements were obtained for all of the above
individuals. There were no significant differences in C02
production between the sexes for either species (P>O. I in
both cases) so data were combined. Antarctic fur seal pups
Table t . Mass-specific metabolic rates of A ntar~ric and
subantarctic fur seal pups on Pusses>·ion Island, lies Crozet

rx:
~
~

fur seal

N

Subantarctic
fur seal

N

9.64±0.43
64± 1
17.1±0.6•

14
14
14

9.45±0.31
62± 1
14.1±o.s•

15
15
14

22.9±2.5!

12

14.6± 1.ot

15

Antarctic

•

Antarctic fur seal

0

Subantarctic fur seal

Body mass (kg)
Age (days)
In-air RMR
(ml 0 2 kg 1 min
In-water SMR
(ml Oz kg 1 min

10+---~~--~~-.-------------,
5
10
20
Body mass (kg)
Fig. 1. The relationship between in-air resting metabolic rate (RMR)
and body mass of Antarctic and subantarctic fur seal pups at
Possession Island, iles Crozet. The equation given is for Antarctic
fur seal pups. o significant relationship was found for subantarctic
fur seals.
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Values are means ± S. E.M.

• and t denote significant differences at P<O.OO I and ? <0.003,
respectively.
RMR, resting metabolic rate; SMR, standard metabolic rate.
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Table 2. Energy expenditure and milk consumption rates of
Antarctic and subantarctic fur seal pups on Possession Island,
iles Crozet

A

9

eo

6

8
7

~

;l

"'

6

~

;.,

-g
..0
g
0

4
3

1-

• Antarctic fur seal
0 Subantarctic fur seal
0
6

9

10

II

12

13

14

15

B
4
Cii

.,c

Body mass (kg)
Age (days)
Total body lipid(%)
C02 production (ml g 1 h 1)
Daily energy expenditure
(kJ kg 1 day I)
0 2 consumption (m l g 1 h 1)
Total water influx (ml kg 1 day I)
Metabolic water production
(ml kg 1 day 1)
Milk water intake (ml kg I day 1)
Milk consumption (ml kg 1 day 1)
Milk consumption (ml bout 1)

Antarctic fur
seal (N= 15)

Subantarctic fur
seal (N=14)

10.05.i0.35
64± 1
22.2± 1.ol.t
0.97±0.05°
638±33°

10.47±0.49
66±2
26. 1± 1.01
0.8 1±0.05°
533±33°

1.36±0.07•
51.2±2.71
16.8±0.8•

1.14±0.07•
40.7±3.51
14.0±0.9°

34.4±3.0
82.9±7. I
3879±260

26.2±3.9
63.2±9.5
3637±544

• and t denote significant differences between the species at
P <0.03 and P <0.02, respectively. ln=l6 (see text for details) .

0

:§.

.,,.,
..8
g

between the species in the amount of milk consumed per day
by pups during the study petiod (127~ I.70, P>O. I ; Table 2). The
amount of milk consumed per maternal attendance bout also
did not differ signifieanlly between the species (t27= l. 70.
1'>0.1).

2

0

1-

•

Antarctic fur seal

0

Subantarctic fur seal

0

Blood mlume
6

8

9

10

II

12

13

14

15

Body mass (kg)
Fig. 2. The relationship between body mass and (A) total body water
and (B) total body lipid in Antarctic (solid lines) and subantarctic
(broken lines) fur seal pups at Possession Island. lies Crozet.
Regression statistics for both species in A: y=0.50x+O.70 (rl- 0.93,
P<O.OOO I) and y=0.55x-O.O I (r-2=0.93. P<O.OOO I ). respectively.
Regression statistics for both species in B: y=0.32<-0.94 (r-2=0.75.
P<O.OOO I ) and )=0.26x-i O.Q2 (r2 =0.63, P <O.OOOJ ), respectively.

had a significantly higher mean C02 production rate
(0.97±0.05 ml g 1 h 1) than subantarctic fur seal pups
(0.81±0.05 ml g 1 h 1; 127=2.36, P<0.03). These values
represent mean daily energy expenditure (DEE) and 02
consumption rates, respectively, of 638±33 kJ kg 1 day- ! and
I .36±0.07 ml g 1 h 1
for
Antarctic
fur
seals
and
533± 33 kJ kg 1 day- 1 and I . 14±0.07 ml g-1 h 1 for subantarctic
fur seal pups (Table 2). The higher DEE of Antarctic fur seal
pups resulted in them having significantly greater metabolic
water production (MWP) rates ( 16.8±0.8 ml kg 1 day I) than
subantarctic fur eal pups ( 14.0±0.9m l kg I day- 1; 12,=2.36,
P<0.03). Mean milk water intake (MWl), however. did not
differ significantly bclween the species (/27= !.66, P>O. I;
Table 2). Consequently, as milk composition did not differ
between the species (S. P. Luque. J. P. Y. Arnauld and C .
Guinet, unpublished data), there was no significant difference

Haematocrit (Hct) and haemoglobin (Hb) values were
obtained for 10 (five male, five female) Antarctic and eight
subantarctic (five male, three female) fur seal pups. There were
no significant difference in either Hct or Hb between the sexes
for either species (P>O. I in all cases) o data were combined.
Mean Hct did not differ significantly between Antarctic
(50.2± 0.9%) and subantarctic (48.1 ± 1.0%) fur seal pups
(tt 6= 1.5, P>O. I ). Similarly, there was no significant difference
in Hb content between Antarctic ( 14.5±0.3 g d l 'l and
subantarctic (14 .6±0.4 g dl 1) fur seal pups (/t6= 0 .25. P>0.8).
Blood volume e timatcs were obtained for five Antarctic
(two male, three female) and s ix subantarctic (four male, two
female) fur seal pups. Blood volume a a proportion of body
mass was significantly greater in Antarctic ( 11.5±0.8%) than
subantarctic (8.9±0 .5%) fur seal pup (19'=2 .8 1, P <0 .03).
Assuming the same mean body composition for these pups as
determined above, the difference in blood volume bel:\veen the
species was still significant when considered as a proponion of
LBM (tq=2.35, 1'<0.05).

Discussion

Body composition. resting metabolic rate and dai~v energy
expenditure
In contrast to numerous recent studies that have documented
higher mass-specific body lipid contents in female than male
fur seal pups (A mould et al. , 1996a. 200 I; Arnould and
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H indell, 2002; Beauplet et al., 2003 ; Donohue et al. , 2002), no
significant differences in body composition were observed
between the sexes of either species in the present study.
However. as with the lack of sex differences in other variables
measured in the present study (e.g. mass-specific in-air RMR
and in-water SMR), this i likely to be due to low statistical
power because, with the small sample sizes used, only
differences of >30% would have been detected (at an alpha of
0.05 and a power of 0.9). The TBL of Antarctic fur seal pups
observed in the present study (22%) is within the range
previously recorded for conspecific pups at South Georgia and
lies Kerguelen (Arnould et al. , 1996a, 200 1; Lea et al. , 2002).
By contrast, the TBL of subantarctic fur seal pups (26%) is
substantially greater than that recorded for conspecific pups of
approximately the same age at Amsterdam Island (8- 12%;
Beauplet et al. , 2003). This difference may reflect a reduced
need for subcutaneous blubber insulation in the wanner
temperate climate of Amsterdam Island. Interest ingly, despite
similar maternal foraging trip durations during the present
study (S. P. Luque. J. P. Y. A mould and C. Guinet, unpublished
data). subantarctic fur seal pups had significantly greater TBL
than Antarctic fur seal pups. These data are consistent with
those collected from a larger sample size (N=41 and 47,
respectively, for the two species) throughout the summer
overlap in lactation (S. P. Luque, J. P. Y. Amould and C.
Guinet, unpublished data).
The in-water SMR of Antarctic fur seal pups was
significantly greater than their in-air RMR . Similar findings
have been reported in comparable ambient and water
temperutmes for similar-aged pre-moult northern fur seals
(Donohue et al.. 2000). The ratio of in-water SMR to in-air
mass-specific RMR, however, was substantially lower in
Antarctic fur seals (1.3) than in northern fur seals (2.4), due
primarily to the greater in-water mass-specific SMR
(37 ml Oz kg 1 min 1) yet similar RMR (15 ml 0 2 kg 1 min 1)
of the latter species. Baker and Donohue (2000) found that premoult northern fur seal pups spent little time in water, and
Donohue et al. (2000. 2002) suggested that this was due to their
inability to thermoregulate efficiently in water at that age. By
contmst, Antarctic fur seal pups in the present study spent
considerable amounts of time swimming in shallow water close
to the shore (S. P. Luque, J. P. Y. Arnould and C. Guinet.
unpublished data), and similar-aged pups on South Georgia
have been recorded as spending up to 50% of their time in the
water (McCafferty et a!., 1998). It is possible. therefore, that
pre-moult Antarctic fur seals are better able to thern10regulate
in water than northern fur seal pups. Indeed, the higher body
lipid content (22%) of Antarctic fur seal pups in the present
s111dy compared with that of northern fur seal pups ( 15%;
Donohue et al. , 2000) is likely to provide them with greater
subcutaneous them1al insulation .
Unexpectedly, in contrast to Antarctic fur seal pups, in-water
SMR of subantarctic fur seal pups was not significantly greater
than their in-air RMR. This could indicate that pre-moult
subantarctic fur seal pups have better thermoregulatory
capabi lities than Antarctic fur seal pups. If this was the case,

pre-moult subantarctic fur seal pups might be expected to
spend considerable amounts of time in water developing
important swimming and diving skills (Baker and Donohue,
2000; McCafferty eta!.. 1998). However, while the 4% greater
body lipid content of subantarctic fur seal pups might provide
them with some advantage in tl1ermal insulation, they were
rarely seen in water during the study (S. P. Luque, J. P. Y.
Arnould and C. Guinet, unpublished data. see below),
suggesting that they do not have exceptionalthennoregulatory
capabilities. An alternative explanation is that pre-moult pups
of this species have less developed thermoreg ulatory ability
than Antarctic fur seal pups, and immersion in water,
representing a severe thennal challenge they would not
nonnally experience. resulted in metabolic depression (Boily
and Lavigne, 1996: Lee et al.. 1997). Unfortunately, core body
tempemture could not be measured in the present study, so this
proposition cannot be investigated. Additional sl1tdics
determining the thermal conductance of subantarctic fur seal
pups both in water and in air are required to elucidate the
reasons behind the unexpected findings of their similar in-air
RMR and in-water SMR.
A further surprising finding of the present study was that
Antarctic fur seal pups had a mean in-air mass- pecific RMR
2 1% higher than that of subantarctic fur seal pups. The higher
TBL of subantarctic fur seals may have provided them with
some thermoregulatory advantage and, conversely, the
corresponding higher LBM of Antarctic fur seals would result
in a greater metabolically active mass and. thus, higher
metabolic costs. On their own, however. these factors are
unlikely to account for the large differences in RMR. One
possibility is that the higher RMR of Antarctic fur seal pups is
related to their generally greater levels of activity (see below).
Numerous studies with humans and rats have shown that
sustained increases in daily activity levels result in the
elevation of RMR (Byrne and Wilmore, 200 I ; Poehlman and
Danforth, 1991; Tremblay et al. , 1992).
Concomitant with a higher ma s-specific RMR, Antarctic
fur seal pups also had a daily energy expenditure 20% greater
than that of subantarctic fur seal pups. This is consistent with
opportunistic observations at the study site of subantarctic fur
seal pups spending ignificantly less time in both teiTestrial and
aquatic activities than Antarctic fur seal pups, preferring
instead to sleep (S. P. Luque, J. P. Y. Arnould and C. Guinet,
unpublished data). Indeed, the low DEE recorded for
subantarctic fur seal pups at Amsterdam Island (see below) has
been attributed to their low activity levels (Beauplet et al. ,
2003). The ratio of D ' E to in-air RMR was 1.3 for both
species, which is less than the ratio of I. 7 reported for premoult Antarctic fur seal pups at South Georgia and northern
fur seal pups (Arnould et al , 200 I ; Donohue et al. . 2002). The
DEE of Antarctic fur seal pups in the present study
( 638 kJ kg 1 day 1) is less than the DEE reported for freeranging pre-moult northem fur seal pups (700 kJ kg I day 1;
Donohue et al. , 2002) and conspecific pups of similar age on
South Georgia (1044 kg t da 1; calculated from MWP values
in Arnould et al. , 200 I). These differences may reflect the
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colder ambient and sea water temperatures during summer
at the Pribilof Islands (5°C and 4°C, respectively;
http://ingrid.ldeo.columbia.edu/SOURCES/.JGOSS/) and South
Georgia {4°C and 3°C, re pectively: British Antarctic
Survey, unpubli;.hed data) in comparison with those during
the
present
study
(8°C
and
8°C,
respectively;
http:/lingrid.ldeo.columbia.edu/ SOURCES/. IGOSS/), leading
to higher thennoregulat01y costs. Similarly, the difference
between the DEEs of pre-moult subantarctic fur seal pups in
the present study (533 kJ kg 1 day 1) and on Amsterdam Island
(416 kJ kg 1 day 1; Beauplet et at., 2003) may reflect the
substantially warmer summer climate of the latter ( I7°C and
I8°C for ambient and sea water temperatures. respectively:
Meteo France, unpublished data).
Errors in calculating DEE from C02 production values can
alise if incorrect RQ values are assumed (Costa. 1988: agy,
1980). Indeed, differences in body composition may reflect
differences in metabolic fuel use (Beauplet et at. , 2003;
Blaxter. 1989) such that differences in calculated DEE could
be an artefact of RQ assumptions. In the present study,
however, if subantarctic fur cal pups were catabolising
proportionately more protein than were Antarctic fur seal pups
{as might be suggested by their body composition differences)
then the difference in DEE between the species would actually
be greater.
Milk consumplion and growth slralegy
The lack of any significant difference in daily or per bout
milk consumption between Antarctic and subantarctic fur seal
pups is consi tent with the similarity in foraging tlip durations
of their mothers (S. P. Luque, J. P. Y. Amould and . Guinet,
unpublished data). The mean daily milk energy consumption by
Antarctic fur seal pups in the present study (1.6 MJ kg 1 day I)
is the same as that recorded for pre-moult conspecific pups at
South Georgia ( 1.6 MJ kg 1 day 1; Arnould et al.. 1996a) and
simi lar to that reported for pre-moult northern fur seal pups
( 1.4 MJ kg 1 day 1; Donohue et al., 2002). By contrast,
consumption by subantarctic fur seal pups (1.2 MJ kg 1 day I)
is greater than reported for similar-aged pre-moult pups of
the Australian fur seal (A. pusillus doriferus Jones:
0.8 MJ kg 1 day 1), a temperate species with a comparable
lactation length (Amould and Hindell. 2002). Unfortunately,
milk consumption estimates are not available for other fur seal
species or for subantarctic fur seals at allopatric colonies, so it
cannot be ascertained whether pups of this nominally temperate
species norrnally consume such quantities of milk or if this only
occurs at the subantarctic breeding sites. Comparison of
subantarctic fur seal pup growth rates during the first four
months at sympatric colonies (e.g. present study site,
70 g day- 1, S. P. Luque, .1. P. Y. Arnould and C. Guinet,
unpublished data; Marion Island, 72 g day 1, Kerley, 1985)
with those at allopatric colonies further north (Gough Island.
58 g cia 1, Kirkman et al., 2002; Amsterdam Island,
54 g day 1• Guinet and Georges, 2000), however. would tend to
suggest a greater milk consumption by pups at the subantarctic
sites duling this period.

As has been reported on Marion and Macquarie islands
(Goldsworthy and Crowley, 1999; Kerley, 1985), Antarctic fur
seal pup growth rates are significantly greater than those of
subantarctic fur seals at the present study site on Possession
Island (80 g day 1 and 70 g day 1, respectively; S. P. Luque, J.
P. Y. Amould and C. Guinet, unpublished data). This finding
appears inconsistent with the observed parity in milk
consumption. especially in conjunction with the observed
differences in the rates of energy expenditure. Differences in
body composition, however, could account for this apparent
contradiction. As adipose tissue is more energy dense than lean
mass, its deposition requires greater amounts of nutrition
(Blaxter, 1989). This is e ·pecially so in infant mammals, where
the hydration of lean body mass is 3-4% greater than in
physiologically mamre adults (Adolph and Heggeness, 1971 ;
Arnould et al., 1996b: Reilly and Fedak, I 990). Furthennore.
if the observed body composition differences reflect
differences in metabolic substrate use, as has recently been
shown for sex-based body composition differences in
subantarctic fur seals at Amsterdam Island (Beauplet et al..
2003 ), preferential lipid catabolism could provide Antarctic fur
seals with the additional energy to account for their greater
metabolic expenditure. Consequently, it is feasible that equal
milk energy consumption could produce the differing growth
rates.
A question that the findings of this study pose is why do
Antarctic fur seal pups not conse1ve energy and accumulate
greater lipid reserves to sustain them once they are weaned,
especially as food availability may be reduced during the
colder winter months? Why do they have higher energy
expenditure rates than their sympatric congenerics? Pups of
this species only have four months in which to develop all
the swimming and diving skills neccs ary to forage
independently (Bonner, I 984). While greater lipid reserves
would provide some advantages {e.g. thermal insulation,
'nutritional buffer' ). their benefit would be limited if pups did
not have any ability to dive and know how to hunt at weaning.
He nce, selection should favour the early acquisition of
necessaty behavioural kills relative to species with longer
maternal dependence. Comparison of the diving behaviour of
Antarctic and subantarctic fur seal pups at Possession I land
indicates that the forn1er do indeed spend greater amounts of
time in water and learning to dive at an earlier age (S. P.
Luque. J. P. Y. Amould and . Guinet, unpublished data).
Such increased activity would lead to a higher energy
expenditure (Baker and Donohue, 2000; Donohue. 1998).
Consistent with this earlier development of diving behaviour
in Antarctic fur seals is the finding of the presen t study that
pups of this species have greater mass-specific blood volumes
than do subantarctic fur seal pups. As Hb and Hct content did
not vary between the species, the larger blood volume
translates into greater blood oxygen stores in Antarctic fur
seal pups (El-Sayed et al.. 1995). Blood oxygen storage
capacity in pinnipeds generally increa es with age until
maturity {Costa et al. , 1998; Homing and Trillmich. 1997a;
Jorgensen et al.. 200 I). Consequent ly. the results of the
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present study s uggest that physiological development is fa~ter
in Antarctic than in subantarctic fur seal pups.
The converse question posed by the findings of the present
study is, as pups of both species appear to receive simi lar
amounts of nutrition during the summer overlap in lactation,
why do subantarctic fur seal pups not devote more resources
to faster behavioural and physiological development? The
answer may lie in the ·anticipation' of a reduced rate of
nutrient delivery during the winter months. While there is no
corresponding information available for the present study site
on Possession Island, average winter maternal foraging trips
of subantarctic fur eals at both Amsterdam Is land and
Marion Island are the longest recorded for any otariid ~pecics
(23- 28 days; Georges and Guinet, 2000b; Kirkman et al..
2002). The fasting durations experienced in winter by pups
at the e sites. therefore, are some of the most extreme for any
infant mammal tGuinct and Georges, 2000). Pups endure
these fasts by greatly reducing activity, adopting protein
conserving pathways and relying mainly on lipid catabolism
for metabolic energy (Beauplet et al., 2003). Furthermore,
initial body lipid stores and daily mass loss in these pups arc.
respectively. positively and negatively related to the fasting
durations endured (G. Beauplet, unpublished data: Guinet
and Georges, 2000). Hence, a strategy of limiting energy
expenditure and directing nutritional resources to adipose
tissue growth by subantarctic fur seal pups during the summer
months may be an adaptation for accumulating sufficient
lipid reserves to urvive repeated extreme fasts later in
lactation.
In summary. the results of the present study indicate that
differences exist in the resting metabolic rates, total energy
expenditure and development between Antarctic and
subantarctic fur seal pups. two closely related congeneric
species (Wynen et al., 2001). at a sympatric breeding site.
These differences arc consistent with adaptations for rapid
development of foraging abilities necessary for the earlier
nutritional independence in the former and extended periods of
fasting during prolonged maternal dependence in the latter.
The mechanisms controll ing the physiological difference
observed between the two species are unknown but are likely
to involve thyroid hormones, wh ich are known to play an
important role in regulating metabolism and development in
neonatal mammals (Bernal and Refetoff. 1977). While thyroid
honnones have been shown to vary throughout development,
lactation and between seasons in phocid seals (Haulena et al..
1998; John et a l. , 1987; Little, 1991 : Litz et al. , 200 I; Ortiz et
al. , 2001; Woldstad and Jenssen, 1999), their dynamics in
otariid seals remain to be investigated.
We are gra tefu l to the members of the 38th research
mission to Crozet tor their assistance in the field . This
research program was conducted under the eth ics and
scientific approval of the IPEV Ethics Committee (Program
I 09). The work wa supported financially and logistically by
Terres Austral et Antarctiques Fran~aises and the lnstirut
Paul-Emil Victor.
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