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Foraging and provisioning in Antarctic fur
seals: interannual variability in time-energy
budgets

I. L. Boyd
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This study examined three competing hypotheses to explain how lactating Antarctic fur seals (Arctocephalus gazella) respond to
changes in the level of resource availability. Antarctic fur seals have episodic bouts of suckling (1–3 days), alternating with
foraging trips (3–10 days). Foraging time budgets varied significantly (p , .001) among 8 consecutive years at Bird Island, South
Georgia. Foraging trip duration increased during periods of relative food shortage. Time spent ashore was more consistent
among years than foraging trip duration but declined during a year of particularly low food availability. In 4 of the 8 years,
there was a significant positive correlation between time spent ashore and foraging trip duration. In the other years, the
relationship was close to statistical significance. Energy delivery to pups during suckling bouts followed an asymptotic power
function. Energy gain during foraging trips was estimated from diving behavior, which suggested that the energy gain function
was linear. Distance traveled during foraging trips was correlated with foraging trip duration, and long foraging trips were
associated with reduced foraging intensity. There was support for the hypothesis that lactating Antarctic fur seals compensate
for reduced resources by increasing the foraging trip duration rather than working harder and increasing their energy expen-
diture. However, there was most support for the hypothesis that lactating Antarctic fur seals adjust time spent ashore as well as
foraging trip duration, possibly to maximize the delivery of food to their offspring. Lactation appears to impose constraints on
provisioning of offspring that differ from those of seabirds foraging in the same environment and often on the same prey. Key
words: Arctocephalus gazella, Antarctic fur seals, lactation, optimization, provisioning, time budgets. [Behav Ecol 10:198–208
(1999)]

Provisioning of young is a central component of parental
care in many birds and mammals (Clutton-Brock, 1991),

but there appear to be few generalizations about how parents
adjust their foraging under different natural levels of resource
availability (Wright et al., 1998). In the specific case of marine
predators, parental foraging time budgets appear to vary in
relation to the resources available (Burger and Piatt, 1990;
Cairns, 1987; Croxall et al., 1988; Gentry, 1998; Gentry and
Kooyman, 1986; Monaghan, 1996; Monaghan et al., 1994;
Montevecchi, 1993; Trillmich et al., 1991; Wanless and Harris,
1992). Consequently, parental time foraging budgets have
been used as indicators of variability in marine resources (Ag-
new, 1997; Montevecchi, 1993).

There are at least three ways for foragers to respond to
varying conditions of resource availability. They may (1) in-
crease their energy expenditure by working harder under
conditions of low food availability to provide a constant level
of resources to young (e.g., Costa and Gentry, 1986; Harris
and Wanless, 1990; Monaghan, 1996; Trillmich, 1990), (2) in-
crease the time they spend foraging (e.g., Croxall et al., 1988;
Montevecchi, 1993), or (3) they may optimize their foraging
time budget, including the time allocated to different activi-
ties, to maximize the rate of food delivery to young under all
conditions (Houston et al., 1996). These hypotheses are de-
veloped more formally in the appendix. In the case of a lac-
tating mammal, the first hypothesis would result in a constant
time spent with the offspring delivering a consistent load of
milk up to the point at which parental foraging effort reached
a maximum (Hammond and Diamond, 1997). After the max-
imum effort has been reached, time spent delivering the load
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will decline as the load declines. Offspring growth rate would
also then decline. The second hypothesis would produce grad-
ually declining offspring growth rates because, although the
load size delivered to the offspring may be constant, the av-
erage rate of delivery will decline across the whole of the pe-
riod of offspring dependency. The response, if the third hy-
pothesis holds, is more difficult to predict but will most prob-
ably lead to adjustments of the time spent delivering the load
and the load size in relation to the foraging conditions. These
predators may be maximizing their efficiency or rate of energy
delivery to the offspring (Houston, 1995; Schmid-Hempel et
al., 1985) rather than their effort.

The present study tested these hypotheses in lactating Ant-
arctic fur seals (Arctocephalus gazella) by examining foraging
time budgets together with estimates of rates of energy deliv-
ery to the pup and energy gain during foraging trips. Past
studies have shown that foraging trip duration increases as
food availability declines, and this is matched by declines in
pup growth rate (Croxall et al., 1988; Lunn et al., 1993),
which supports the hypothesis that female fur seals simply in-
crease the proportion of time devoted to foraging in response
to reduced food availability. Energetics studies of the northern
fur seal (Callorhinus ursinus), a species with close behavioral
and ecological similarities to Antarctic fur seals, suggested that
foraging effort increased in response to reduced food avail-
ability, whereas it did not increase in Antarctic fur seals be-
cause they normally operate close to the metabolic maximum
(Costa et al., 1989). The explanation for this difference has
been that northern fur seals spend more time resting than
Antarctic fur seals, and they have a greater capacity to increase
their foraging effort (Costa et al., 1989; Trillmich, 1990). How-
ever, Antarctic fur seals also rest at the surface for long periods
when at sea (Boyd et al., 1997), and the energetic costs during
foraging trips are negatively related to the intensity of forag-
ing as measured by diving behavior (Arnould et al., 1996c).
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Table 1
Number of female Antarctic fur seals in which the foraging cycle
was measured during a minimum of six consecutive foraging cycles
for each year from 1988–1989 to 1995–1996

Year

Number
of
females

Mean
foraging
trip duration
(days)

Mean
time
ashore
(days)

1988–1989 19 4.97 6 1.23 2.37 6 0.62
1989–1990 103 4.37 6 0.95 2.02 6 0.52
1990–1991 37 8.23 6 1.45 1.88 6 0.47
1991–1992 20 4.62 6 1.08 2.00 6 0.32
1992–1993 17 5.06 6 1.38 1.68 6 0.42
1993–1994 9 9.23 6 4.02 1.12 6 0.44
1994–1995 14 5.89 6 1.19 2.15 6 0.51
1995–1996 20 3.77 6 0.89 1.96 6 0.51

Only in 1993–1994 were a minimum of three consecutive foraging
cycles used. Also shown are the means and standard deviations for
foraging trip duration and time spent ashore in each year.

In addition, foraging trip duration and the time spent ashore
between foraging trips are positively correlated (Boyd et al.,
1991), which suggests that Antarctic fur seals may be adjusting
the whole of their time budget to maximize delivery of food
to their pups under all conditions. Time spent ashore between
foraging trips is highly consistent in northern fur seals but
was extended when females were prevented from reuniting
with their pups (Gentry, 1998). This shows that the duration
of time ashore depends on the rate of energy transfer to the
pup so that time ashore is not constant. Moreover, foraging
trip duration in this species is related to the distance to the
edge of the continental shelf where these animals feed, sug-
gesting that distance to the foraging ground is an important
component of trip duration (Gentry, 1998). Therefore, over-
all it appears that foraging trip duration depends on food
availability (amount, distance, and accessibility) but that the
time ashore depends on the load of milk delivered.

The present study examined evidence for the competing
hypotheses in Antarctic fur seals provisioning. A simple energy
balance model (appendix) for a central-place forager (Orians
and Pearson, 1979; Wetterer, 1989) was used to develop the
expected patterns of behavior if fur seals are optimizing their
time budgets to maximize delivery to their pups. The study
was carried out over 8 consecutive years at Bird Island, South
Georgia. In addition, I used extensive previously published
data about the energy expenditures of lactating fur seals at
this site (Butler et al., 1995; Arnould et al., 1996c; Costa and
Trillmich, 1998; Costa et al., 1989), milk production and pup
growth (Arnould and Boyd, 1995a,b; Arnould et al., 1996a),
body composition (Arnould et al., 1996b), and foraging range
(Boyd et al., 1998).

Among mammals, fur seals and sea lions are unusual in
having episodic lactation normally involving 1–2 days of milk
production and suckling alternating with periods of 3–10 days
without suckling while the mother forages at sea (Bonner,
1984; Oftedal et al., 1987). Although the underlying physiol-
ogy of this process is not understood, it appears that mothers
reduce or stop milk production while foraging and that en-
ergy gained is mainly stored as adipose reserves which are
subsequently incorporated into milk on return to the pup (Ar-
nould and Boyd, 1995a). Therefore, these mammals have de-
veloped a lactation strategy similar to the provisioning of nest-
lings in many oceanic seabirds (Croxall and Briggs, 1991; Pen-
nycuick et al., 1984) because of the necessity to forage at long
distances (.100 km) from the offspring.

It was assumed that, within years, resource levels available
are more similar than they are among years. The Antarctic fur
seal has the advantage of simplicity in that a single parent
provisions a single offspring and, in the case of animals in the
present study, they mainly eat a single type of prey, Antarctic
krill (Euphausia superba; Croxall and Pilcher, 1984; Reid and
Arnould, 1996). The delivery phase of the time budget can
also be measured accurately, as can the total energy delivered
as milk. In addition, lactating Antarctic fur seals and their
pups at South Georgia have few, if any, significant predators
during pup rearing, although there are additional survival
costs accrued to adults due to reproduction (Boyd et al.,
1995). Antarctic fur seals have the disadvantage that it is dif-
ficult to divide foraging into its components of time spent
traveling and time spent foraging, and it is not yet possible to
measure the energy gained during individual foraging events.
Nevertheless, indices of these, using remote recording of div-
ing behavior (e.g., Boyd, 1996), are available for Antarctic fur
seals.

This study examined variability in foraging time budgets (1)
among individuals within years, when foraging conditions
were likely to be broadly similar for all individuals, and (2)
among groups of individuals from the same population in dif-

ferent years, when foraging conditions were known to have
varied significantly among years (Brierley et al., 1997).

MATERIALS AND METHODS

Foraging–lactation cycles

A foraging–lactation cycle was defined as a single period of
foraging at sea (foraging trip) followed by a single period
spent ashore in the company of the pup. The behavioral time
budgets of lactating female Antarctic fur seals were measured
during eight consecutive reproductive seasons from, 1989 to,
1996 at Bird Island, South Georgia (548 S, 388 W), each re-
productive season being referred to by the year in which the
austral summer ended. A total of 2305 foraging–lactation cy-
cles from 239 individuals were measured (Table 1). Annual
samples were independent because individuals were only sam-
pled in a single year. The foraging time budgets of individuals
were averaged over a minimum of six foraging–lactation cycles
starting from the first time a female departed to sea after giv-
ing birth. Thus, animals were sampled at the same stage of
the reproductive season in each year. Only in, 1994 were a
minimum of three foraging–lactation cycles used because
large numbers of pups died due to low food availability (Boyd
et al., 1995), causing many study animals to be lost from the
sample.

The time spent ashore (the lactation phase of the cycle)
and at sea (the foraging phase of the cycle) were measured
either by direct observation (accurate to the nearest 0.5 days
and used to supplement observations made in, 1989–1990) or
by monitoring the presence or absence of mothers from the
beach using an automated data logger in all years. The data
logger detected signals from radio transmitters attached to the
fur of the mothers (accurate to 30 min; Boyd et al., 1991).
Other studies at this site have shown that these females only
come ashore at the breeding site where monitoring took place
(Boyd et al., 1998).

Energy delivery

The rate of energy delivery and the form of the energy deliv-
ery function, D(ta) (see appendix), was investigated by serially
weighing pups in, 1996 after they were reunited with their
mothers. Six mother–pup pairs were captured when the moth-
er arrived back from a foraging trip (in all cases the first or
second trip after birth) and placed in an enclosure (3 m 3 4
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m) to ensure that pups could be recaptured and weighed at
predetermined intervals (4–24 h) and that mothers could be
kept with the pups for a set period (72 h). I assumed that the
digestive efficiency of the pups when feeding on milk was
close to 100% and that the pups remained in water balance,
as shown by analyses of total body water (Arnould et al.,
1996a). Although the relative proportion of fat and protein
in milk changes through lactation bouts (Arnould and Boyd,
1995b), the magnitude of this change is not large enough to
have a significant effect on the use of mass gain as a measure
of energy transfered to the pup. Thus, mass gained by the
pup during the period when mothers and pups were kept
together was representative of the milk consumption by the
pup minus the mass loss due to the maintenance metabolic
costs of the pup. Pup mass was measured to the nearest 50 g
(;0.7% of total mass). There was also no evidence that the
disturbance caused by serial weighings of pups influenced the
rate of growth because the growth rates obtained in this study
were similar in magnitude to those in the study of Arnould et
al. (1996a), in which weighing was carried out before the re-
turn of the mother and then again after her departure.

Mothers returned to sea voluntarily when released and were
then observed to continue normal foraging–lactation cycles.
The mass change of pups continued to be measured for a
further 24–48 h after separation from the mother. The rate
of mass loss during this time was added to the mass gained
while pups were accompanied by their mothers. This com-
pensated for the costs, in terms of pup mass lost, of mainte-
nance metabolism during the time that mothers were with
their pups.

An asymptotic growth model (appendix) was fitted to the
measurements of mass gained by each of the six pups during
the period they spent with their mothers. This used the Mar-
quardt-Levenberg algorithm to find the minimum sum of
squares between the observed and expected value (SAS Insti-
tute, 1990).

Energy gain

Arnould and Boyd (1995a) provided information about the
absolute amount of energy gained by lactating female fur seals
during foraging. However, the form of the energy gain func-
tion (i.e., the rate of gain through the foraging trip) has not
been estimated previously. Time-depth recorders (TDRs; TDR
Mk V, Wildlife Computers, Redmond, Washington, USA) were
used during January to March 1996 to examine the distribu-
tion of time spent foraging during foraging trips. Here, I as-
sume that foraging mainly occurs when diving is detected and
that the amount of time spent diving is proportional to energy
gain, as shown by Arnould et al. (1996a; but see Francis et al.,
1998). The time-depth recorders are small enough (7 cm 3
5 cm 3 2 cm, 50 g, ,0.2% of body mass) that they probably
have no significant effect on diving and swimming behavior.
TDRs sampled depth every 5 s (for TDR) or 10 s (for satellite-
linked TDR). Data were recovered from both types of TDRs
when females returned to the pup. In some cases, the memory
of the TDR was filled before a female returned to the pup.
Only data from records of complete foraging trips were used.

The rate of energy gain was assumed to be proportional to
the time spent feeding. Although it is not yet possible to mea-
sure food intake directly in fur seals, because fur seals feed by
diving, the pattern of diving has been used to indicate feeding
(Boyd, 1996; Croxall et al., 1985). It was not possible to test
this assumption directly but, as lactating female Antarctic fur
seals at South Georgia are mainly monophagous on Antarctic
krill (Euphausia superba) that occur in dense swarms, I have
assumed that female fur seals will only feed on prey patches
when the patches satisfy some minimum threshold of net en-

ergetic gain. Thus the gain function with foraging trip dura-
tion, g(ts), was assumed to be directly proportional to tsub, the
time spent submerged, or to tbout, the time spent in bouts of
diving. Bouts were defined by the method given by Boyd et
al. (1994). This used a sequential search of the diving record
to define surface intervals that increased significantly com-
pared with the set of past surface intervals that had occurred
since the previous significant increase. These significant
changes in surface interval were designated as defining the
end of bouts of diving. The slopes of the functions, tsub/ts or
tbout/ts were assumed to be proportional to the rate of energy
gain.

Foraging range at sea

I measured the distance that females traveled to forage from
locations of females during foraging trips tracked using the
Argos satellite system. During 1996 lactating females were
tracked during two consecutive foraging trips. These were the
same individuals used to examine the diving time budgets dur-
ing foraging trips. Platform transmitter terminals (PTTs; Wild-
life Computers, 1 W, 250–500 g, and Telonics ST-10, 0.5 W,
200 g) were attached to the hair using epoxy glue along the
dorsal midline between the scapulae. Boyd et al. (1997)
showed that the largest versions of these PTTs (12 3 5 3 4.5
cm) significantly reduce swimming speed and cause an in-
crease in foraging trip duration. The PTTs had a minimum
transmission interval of 45 s, and they only operated when a
saltwater switch, located close to the base of the antenna,
showed that the antenna was out of the water. The location
of the transmitter was calculated to a precision of 0.0018 of
latitude and longitude (;111 m). The maximum error asso-
ciated with locations was 8.6 km (Boyd et al., 1998).

Time–energy budget models

A simple set of models of the time-energy budgets of lactating
Antarctic fur seals was constructed to test the three hypotheses
examined in the present study. The models, which are de-
tailed in the appendix, combine all the relevant information
about time and energy in this species within a single theoret-
ical framework. In this case, the time budget was treated as
the dependent variable and the rates of energy gain, delivery,
and energy expenditures during different activities were the
independent variables in the model. All the model parameters
are described in the appendix. The optimization model (mod-
el 3) has a similar construct to energy balance models pro-
posed by Houston and Carbone (1992) and Wetterer (1989).

Statistics

Many of the variables used in the analysis were not normally
distributed. Consequently, I used appropriate nonparametric
statistical tests for hypothesis testing.

RESULTS

Foraging–lactation cycles

Foraging trip duration and the time spent ashore varied sig-
nificantly among years (Table 1; Kruskal-Wallis test, ashore x2

5 34.85, df 5 7, p , .001; at sea x2 5 104.38, df 5 7, p ,
.001). The variability in foraging trip duration was mainly
caused by particularly long foraging trips in, 1990–1991 and
1993–1994. However, there was no correlation among years in
the foraging trip duration and the time spent ashore (Spear-
man rank correlation coefficient, r 5 .536, p 5 .181), sug-
gesting that the factors influencing variability in foraging trip
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Figure 1
The relationship between time spent ashore and foraging trip
duration by lactating Antarctic fur seals during 8 consecutive years.
Each point is the mean for an individual fur seal (see Table 1 for
sample sizes). These relationships are split between three diagrams
to improve the clarity of the illustration, and there is no
significance to the groupings of years in each diagram. The
expected relationship for two values of a, the rate of energy gain
while foraging, is shown in the bottom diagram, and these are
based on model 3 (appendix), which uses the rates of energy gain,
expenditure, and delivery to the pup to predict the relationship
between time spent ashore and foraging trip duration. Note that
these model data are not fitted to the empirical relationships in the
bottom diagram but are overlain to illustrate the qualitative
congruence of the relationship.

Figure 2
Mass gained by pups after being reunited with their mothers after a
foraging trip. The asymptotic growth model fitted to these data is
described in the appendix, and the parameter values are given in
Table 2. Compensation for mass lost due to maintenance
metabolism of the pups was carried out by adding the rate of mass
decline in the absence of the mother to the growth rate in the
presence of the mother.

duration were independent of the factors affecting variability
in the time spent ashore.

There was a significant positive relationship among individ-
uals between time spent ashore and foraging trip duration in
4 of 8 years (Spearman rank correlation coefficient, p , .05);
the relationship was nearly significant in the other years (p ,
.1). Although it is likely that foraging trip duration and time
spent ashore are not related in a linear manner, possibly ac-
counting for the nonsignificant relationship in some years,
this relationship suggests that individuals making long forag-
ing trips also spent longer ashore (Figure 1).

Energy delivery

The mass gained by pups when with their mothers followed
an asymptotic power function (appendix; Figure 2, Table 2).
In all cases the model explained .89% of the variation in the
data, and in four of the six individuals .95% of the variation
was explained by the model. Therefore, pups gained mass

and, by implication, energy at a faster rate over the first 12 h
after being reunited with their mothers than during the sub-
sequent time spent together; it appeared that the decline in
delivery rates to pups occurred gradually during the time
spent ashore by mothers. Based on the milk composition es-
timates of Arnould and Boyd (1995b), the average asymptotic
energy delivered was 50.2 6 5.2 MJ (Table 2), which is in the
middle of the range of measured values given by Arnould et
al. (1996a).

Energy gain

During foraging trips, energy gain, as indicated by diving ac-
tivity, occurred intermittently (Figure 3). When averaged over
a whole foraging trip, however, there was no indication of a
systematic change in the average rate of energy gain between
different stages of the foraging trip. This is illustrated in Fig-
ure 3 by the diving records of six representative individuals.
These records show significant variation among individuals in
the slopes of both diving indices (see Figure 3).

The foraging trip duration was inversely related to the pro-
portion of time spent diving (i.e., time submerged) (Figure
4). This relationship is unlikely to be linear because the pro-
portion of time spent diving cannot be zero in individuals that
are balancing their energy budgets, and the foraging trip du-
ration cannot be zero at the same time as there is a positive
rate of energy gain. The most intuitive relationship between
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Table 2
Parameter values (6SE) obtained from the least-squares fit of the asymptotic growth model (see Appendix) to the change in mass of pups
when reunited with their mothers after the mother had returned from a foraging trip

Pup
number b

k

kg MJa n

Coefficient

% of b % of k r 2

1 0.079 6 0.020 1.748 6 0.116 37.67 10 25.1 6.6 .898
2 0.041 6 0.006 2.709 6 0.149 58.37 10 14.0 5.5 .976
3 0.013 6 0.003 3.301 6 0.580 71.14 11 26.0 17.6 .988
4 0.053 6 0.009 2.137 6 0.118 46.05 8 18.6 5.5 .957
5 0.042 6 0.006 2.251 6 0.113 48.51 8 13.9 5.0 .985
6 0.087 6 0.025 1.792 6 0.123 38.62 7 25.8 6.9 .945

Mass change was adjusted for mass used for maintenance metabolism while pups were with their mothers. The parameter b is the slope
parameter, k is the asymptotic mass change, which is also given in units of energy, and n is the number of data points.

a This assumes that the pup mass gain is 50% fat, 10% protein,and 40% water (Arnould and Boyd, 1995a). Using the energy equivalence of
39.5 MJ/kg for fat and 18 MJ/kg for protein (Schmidt-Nielsen, 1975), mass gain was assumed to have an energy density of 21.55 MJ/kg. The
metabolic rate for pups was 2 W/kg (equivalent to 1.4 MJ/day for an 8-kg pup), based on standard allometry (Lavigne et al., 1986).

Figure 4
The relationship between foraging trip duration by 17 lactating
Antarctic fur seals and the proportion of time spent diving, which is
assumed to be proportional to energy gained while foraging. Data
were from female fur seals tracked during January–March 1996, and
only data from foraging trips in which all dives were recorded are
included. The regression model (shown by the solid line) was fitted
by least squares regression and is given by ts 5 c exp(2grs), where c
is the intercept, rs is the nominal rate of energy gain (defined as
tsub/ts), and g is the slope of the regression. The fitted values of c
and g were 19.59 6 3.03 and 4.83 6 0.66, respectively, and r2 5
.809. The dotted lines show the predicted relationship, based on
the model given in the appendix (model 3), between foraging trip
duration and the proportion of time spent feeding for two values of
a, the rate of energy gain during foraging.

Figure 3
Cumulative time spent in bouts of dives (a) and spent submerged
(b) in relation to cumulative time spent at sea by six lactating
Antarctic fur seals during January–March 1996. There was
significant variation in the slopes of these relationships (panel a:
F5,532 5 2.75, p , .018; panel b: F5,1125 5 22.06, p , .001).

these parameters is a form of negative exponential, which is
the line illustrated in Figure 4. This model explained slightly
more of the variation in the foraging trip duration than a
linear model (least-squares regression; exponential model r2

5 .809; linear model r2 5 .784).

Foraging range

Tracks of female fur seals at sea showed that individuals tend-
ed to travel away from the location of the pup along a roughly
constant bearing and then return along a bearing within 0–
308 of the reciprocal of the outgoing bearing. Representative
examples of these tracks are illustrated for two individuals in
Figure 5. The maximum distance traveled during a foraging
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Figure 5
Examples of tracks of two lactating Antarctic fur seals foraging to
provision their pups located on Bird Island, at the west end of
South Georgia during January–March 1996. In each case two
foraging trips are illustrated (trip 1, solid dot; trip 2, shaded dot),
and the direction of movement is indicated by the arrows.

Figure 7
The predicted relationships between foraging time (a), time ashore
(b), energy delivery per day (c), and energy delivery per cycle (d)
and the foraging trip duration based on the model 3 described in
the appendix. Each line within individual diagrams is the
relationship for different values of a, the rate of energy gain during
foraging.

Figure 6
The relationship between the maximum distance traveled during a
foraging trip made by lactating Antarctic fur seals and the duration
of the foraging trip. Data were from female fur seals tracked during
January–March 1996. The model fitted to the data is a third-order
polynomial that was forced through the origin (maximum distance
5 17.94x2 2 1.49x3 2 14.20x, where x is the foraging trip duration;
r2 5 .738).

trip was positively related to foraging trip duration (Figure 6),
showing that the distance traveled during a foraging trip was
an important component of trip duration.

Time–energy budget model

The predicted time budget was estimated for model 3 (ap-
pendix) to examine the pattern expected if mothers were op-
timizing their trip duration and time ashore in relation to
rates of energy gain and delivery. Travel time, foraging time,
and time ashore were varied in the model to maximize the
gross rate of energy delivery to the pup at different levels of
energy gain (appendix, model 3). This process was indepen-
dent of the measurements made of time ashore and foraging
trip duration. The main predictions produced by the model
are shown in Figure 7, which illustrates relationships for ani-
mals maximizing the net rate of energy delivery to the pup.
The relationships for gross rate of energy delivery and effi-
ciency were qualitatively similar to those shown. In quantita-
tive terms, a currency involving the net rate of delivery was
always inferior to maximization of efficiency or gross rate of
delivery, but the differences between the effects of maximiz-
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Table 3
Predicted rate of energy delivery to pups (MJ/day) by lactating
female Antarctic fur seals with energy intake rates of 2, 4, 8, and 16
MJ/h while foraging

tt Gross Net Efficiency Gross Net Efficiency

a 5 2 a 5 4

0.25 9.41 9.51 9.49 16.16 16.30 16.23
1.0 6.41 6.57 6.55 10.39 10.62 10.53
2.0 4.73 4.92 4.90 7.44 7.71 7.66
4.0 3.16 3.38 3.37 4.86 5.17 5.14

a 5 8 a 5 16

0.25 20.45 20.61 20.48 22.91 23.08 22.90
1.0 12.70 12.95 12.81 13.95 14.21 14.04
1.5 8.95 9.25 9.16 9.74 10.06 9.95
4.0 5.77 6.12 6.07 6.24 6.61 6.55

Values are given for individuals maximizing the gross rate of
delivery, net rates of delivery, and the efficiency of delivery
(Appendix, model 3,) over different travel times (tt), expressed in
days.

ing these currencies were small (Table 3). The model pre-
dicted that time spent traveling or foraging, time ashore, and
the energy delivered per foraging cycle increased in relation
to foraging trip duration, whereas the energy delivered per
day declined with increasing foraging trip duration (Figure
7). Foraging time, time ashore, and energy delivered per for-
aging cycle were sensitive to the rate of energy gain (Figure
7). The time spent ashore and the energy delivered per for-
aging cycle both declined as the rate of energy gain declined,
whereas the time spent foraging increased. The model also
predicted that the foraging trip duration should be a declin-
ing curvilinear function of the proportion of time spent for-
aging (Figure 4). Therefore, the empirical relationship illus-
trated in Figure 4 may represent the optimal time budgets for
individuals foraging over a wide range of rates of energy gain.

DISCUSSION

This study has shown a relationship between time spent
ashore and foraging trip duration together with differences
in the foraging time budgets of lactating Antarctic fur seals
among years (Figure 1), which are likely to be related to var-
iations in food availability. For example, during, 1993–1994,
when the slope of the relationship between foraging trip du-
ration and time spent ashore was particularly low (Figure 1)
and when large numbers of fur seal pups died (Boyd et al.,
1995), independent measures from ship-based surveys showed
that krill abundance was lower than normal (Brierley and Wat-
kins, 1996). Similarly, in 1990–1991, which was another year
of long foraging trips (Table 1), measures of body condition
in fish that predate krill also suggested that krill abundance
was reduced (Kock et al., 1994). Conversely, in 1995–1996,
when foraging trips were short in relation to time spent
ashore, independent measures of krill abundance showed that
krill was particularly abundant in that year, with an estimated
krill biomass some 20 times that observed in 1993–1994
(Brierley et al., 1997).

Competing hypotheses

The study was constructed to test several competing hypoth-
eses of how foraging behavior is likely to vary with changes in
food availability. Because foraging trip duration appeared to

increase as food availability declined, the hypothesis that for-
aging effort is increased to compensate for reduced food avail-
ability (appendix, model 1) is not supported by the data. This
is perhaps not surprising since most studies of Antarctic fur
seal energetics (Arnould et al., 1996c; Butler et al., 1995; Cos-
ta et al., 1989) suggest that these animals operate close to the
maximum sustained metabolic rate while foraging (Ham-
mond and Diamond, 1997).

Apart from 1993–1994 (Table 1, Figure 1), there was a nar-
row range of variation in time spent ashore, suggesting that
in most circumstances the amount of milk delivered at each
visit was independent of foraging trip duration. Moreover,
Boyd et al. (1997) simulated increased foraging costs in fe-
male fur seals by adding drag and found that this increased
foraging trip duration but had no effect on either the amount
of energy delivered to the pups or the time spent ashore be-
tween trips. These results tend to support the hypothesis that
mothers adjust the length of foraging trips to deliver a con-
stant load of milk to the pup at each visit (appendix, model
2). However, variation in time spent ashore was as great within
years as it was among years, so there is some doubt if the
statistical power existed to detect differences between time
spent ashore among years, except in the case of, 1993–1994
which was clearly an extreme.

During half of the years examined, there was a positive re-
lationship between time spent ashore and foraging trip du-
ration. This accords with the observations of Boyd et al.
(1991) and would support the hypothesis that, within years,
female Antarctic fur seals may be optimizing their time bud-
gets by adjusting the time spent ashore and the amount of
food delivered at each visit in order to maximize the average
rate of energy delivery to offspring (appendix, model 3). The
two scenarios from the optimization model illustrated in Fig-
ure 1 also support the optimization of the time budget as an
explanation for differences among years. The results of dif-
ferent levels of energy gain (a 5 1 and a 5 20) are illustrated.
The curves in Figure 1 are not an explicit fit of the model to
data because of uncertainties about the form of the energy
gain function. However, they illustrate the expected pattern
of behavior under different conditions of food availability
when using the empirical observations of energy expenditures
and delivery rates from this species. They also illustrate the
different patterns of behavior expected if the energy gain var-
ied directly with the magnitude of the measured difference
in krill biomass between 1995–1996 and 1993–1994 (Brierley
et al., 1997), and they suggest a high degree of congruence
between the behavior expected from the optimization model
and the observed differences among these two years. In gen-
eral, these observations provide support for the hypothesis
that Antarctic fur seals optimize their time budgets (appendix,
model 3).

A further complication with these interpretations is that
mothers can increase the energy content of their milk after
longer foraging trips (Arnould and Boyd, 1995b). This could
be interpreted as a maternal strategy to maintain a constant
rate of delivery of milk, even when foraging trip duration in-
creases because increased milk energy density would most
likely increase the slope of the milk energy delivery function
and tend to reduce the time spent ashore by mothers. This
effect was incorporated explicitly into model 3 (appendix)
and may be part of a time-energy budget optimization process.

Any increase in foraging effort should have survival costs in
addition to energetic costs. In starlings (Sturnus vulgaris) the
pattern of food allocation to chicks gave a better fit to a model
that maximized lifetime reproductive success than to the max-
imization of delivery to the offspring (Kacelnik and Cuthill,
1990) and, as in Antarctic fur seals (Boyd et al., 1995), most
of the detrimental effects of food shortage are passed to the
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offspring (Wright et al., 1998). Food allocation to maternal
growth was included in the metabolic costs of the mother (ap-
pendix) because metabolic rate and energy gain were net of
these costs, but it is likely that this quantity varied between
individuals, possibly in relation to their reproductive value.
However, if Antarctic fur seals are operating close to their
metabolic maximum under normal conditions of food avail-
ability, then this may explain the large proportion of maternal
mortality (40–50%) due to reproduction in this species (Boyd
et al., 1995). The apparently high survival cost of reproduc-
tion may mean that Antarctic fur seals are more likely to risk
their own survival to maintain investment in offspring than is
the case with other closely related species (Trillmich, 1990).

Foraging trip duration declined with an increasing propor-
tion of time spent foraging. The optimization model of for-
aging time budgets suggesting that part of the reason for the
form of this relationship was because of variable rates of en-
ergy gain between individuals. Based on the predicted rela-
tionships for different values of a (Figure 4), animals that had
lower rates of energy gain would have spent a greater pro-
portion of time foraging than those with high rates of energy
gain. The difference between proportion of time spent diving
(which is what was measured) and proportion of time spent
foraging (which is what was modeled) makes quantitative
comparisons between the observed and predicted relation-
ships unrealistic. However, the presence of this relationship
in the data supports the assumption that foraging trip dura-
tion is a function of the rate of energy gain, at least to the
extent that this is represented by diving activity (Figure 4).

Overall, it appears that there is greater support for the time-
energy optimization hypothesis (appendix, model 3) than for
the other two alternatives, but with two important caveats.
First, the assumption that energy gain is broadly linear across
the whole of a foraging trip was only testable using an index
(time spent diving). Introducing nonlinearities into the en-
ergy gain function could result in different and more complex
relationships than currently predicted (Stephens and Krebs,
1986; Wetterer, 1989). Second, although optimization models
often explain patterns of behavior, they may not provide im-
portant insights into the mechanism used by animals like fe-
male Antarctic fur seals to actually achieve, or approach, an
optimal time-energy budget (Stephens and Krebs, 1986).
There is a distinction, apparently missed by Pierce and Olla-
son (1987), between using an optimization model to examine
the type of strategy possibly being used by an animal and con-
cluding that, because an optimization model explains a great-
er proportion of the variance in the data than alternatives,
the animals concerned are foraging optimally.

Sources of variability in time budgets

The distance traveled to a foraging site has been suggested as
one of the major limiting factors in the evolution of foraging
patterns of guilds of some marine predators (Houston et al.,
1996). The distance to foraging sites and the richness of prey
patches are the two main extrinsic variables that affect for-
aging time budgets. In a diving predator such as a fur seal,
the depth of the prey patch is also a factor determining its
richness (Houston and Carbone, 1992; Kramer, 1988). For
many species, especially birds and flying insects, the intrinsic
limitation on the delivery of food to offspring is the load that
can be carried (e.g., Schmid-Hempel et al., 1985; Wetterer,
1989). For fur seals, the major intrinsic limiting factor is likely
to be the time taken to transfer energy from mother to off-
spring rather than load size. This is because there is an upper
limit to the rate at which milk can be synthesized and deliv-
ered, and fat storage capacity is potentially large compared
with the total energy delivered during a visit to the pup. For

example, Arnould et al. (1996b) showed that lactating Ant-
arctic fur seals can have 6 kg of fat stores, which compares
with an average delivery during a visit ashore of approximately
1.5 kg (Arnould et al., 1996a).

Variability between individuals in their time and energy
budgets will be caused by a combination of extrinsic and in-
trinsic factors. Intrinsic variability will result partly from vari-
ability in the milk delivery function but also because of dif-
fering individual quality relating to, for example, parasite
load, health, or age. Variation in the values of b (rate of de-
livery) and k (asymptotic amount of energy delivered) involv-
ing the way in which milk was delivered to the pup could
account for much of the intra-annual variation illustrated in
Figure 1. Extrinsic factors causing variability between individ-
uals are likely to be those causing different rates of energy
gain. Temporal variability in marine resources will mean that
prey patches encountered during one foraging trip will prob-
ably not be present during subsequent trips because of poten-
tially high rates of krill flux through the region (Murphy,
1995). It appears that females may adopt a simple strategy of
swimming away from the colony along a constant bearing (Fig-
ure 5), and the rate at which prey are encountered deter-
mines the time spent diving and, by implication, the energy
gain (Figure 4). Those that encounter high prey densities
have high rates of energy gain and make short trips in terms
of both distance and time (Figure 6). It is also possible that
individuals follow foraging strategies that are more successful
than others.

Lactation as a method of energy delivery

The energy delivered per foraging cycle was predicted to in-
crease with the length of foraging trip (Figure 7d). Arnould
and Boyd (1995a) showed that total energy delivery per for-
aging trip increased with foraging trip duration. They also
showed that mothers stored energy ultimately destined for
milk as adipose tissue, even though it would probably be sim-
pler and energetically more efficient for them to have made
milk directly from the food eaten when at sea. This study has
suggested that mothers are flexible in the proportion of en-
ergy they pass to their pups during a visit ashore and that
maintaining their energy stores as adipose tissue, rather than
milk, which cannot be used for purposes other than feeding
the pup, allows mothers to have this flexibility.

Few mammals appear to be as restricted as fur seals in the
time they have available to feed their young. In general, mam-
mals tend not to uncouple foraging from provisioning in such
a clear-cut way. Although bats feed milk to their offspring, in
their case the limiting factor is likely to be time available for
foraging and the optimum load carried, rather than the time
they spend with their offspring (e.g., Swift, 1980). Lago-
morphs have a lactation strategy close to that of fur seals be-
cause offspring are fed for only a few minutes each day (Zar-
row et al., 1965), but in this case foraging location is not un-
coupled from the region in which the pups are located, as it
is in fur seals. The spotted hyena (Crocuta crocuta) is probably
the only other mammal in which there is a strong parallel
with otariid seals in that nursing occurs periodically between
long foraging trips by the mother (Hofer and East, 1993). As
found in this study, trip duration in hyenas is related to food
availability (Hofer and East, 1993).

Comparison with seabirds

Some of the principles applied to analyzing the foraging time
budgets of birds feeding nestlings (Houston, 1987; Houston
et al., 1996; Kacelnik and Cuthill, 1990) can be applied to a
mammal following a similar strategy, but with two main dif-
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ferences. First, the time spent with the offspring becomes a
more significant part of the time budget. Unlike a bird that
can deliver a load of food to a chick as a bolus produced from
its crop, a seal delivers food as milk that must be synthesized
and secreted. Thus, a seal may have to spend a few days feed-
ing its pup, whereas seabirds may spend only a few minutes
feeding their chicks at each visit to the nest. Second, this ap-
parent disadvantage to seals is offset by the advantage that the
amount of food delivered to the offspring is not limited by
crop size or the mass that can be carried during flight; i.e.,
the load capacity is large and transport costs are negligible.

Houston et al. (1996) suggested that, among murres, the
most important factor limiting chick growth rate was the dis-
tance that parents had to travel on a foraging trip because of
the high transport costs of flight. It is likely that this conclu-
sion applies generally to flighted seabirds. Penguins would ap-
pear to be less constrained than either flying seabirds or fur
seals because they have neither the costs of flight to contend
with nor the limitations imposed by lactation on the time tak-
en to deliver food to the offspring (Prince and Harris, 1988).
However, owing to physical limitations on gut capacity, they
are probably more constrained than fur seals in terms of the
amount of energy they can deliver at each foraging trip, and
this will restrict the time and the distance to which penguins
can forage. Among fur seals, there will also be an upper limit
to the distance at which mothers can forage from the colony
(Boyd et al., 1998), mainly because of the time constraint due
to the potential starvation duration of the pup (Boness and
Bowen, 1996; Boyd, in press). This intrinsic limit to the degree
to which fur seals can compensate for changing prey distri-
bution by adjusting their time–energy budgets probably ex-
plains the observation that pup growth rate declines with in-
creased foraging trip duration when trip duration is .5 days
(Lunn et al., 1993).

Conclusions

These results suggest that female Antarctic fur seals are lim-
ited in their rate of energy delivery to the pup by a combi-
nation of factors, including the milk delivery function and the
availability of prey. Differences in foraging time budgets across
years are most probably caused by changes in the level of prey
availability between years. Although there may be other ex-
planations for the observed behavior, the results of the pres-
ent study are generally consistent with the hypothesis that
mothers adjust their behavior to maximize energy delivery to
the pup. These results provide potential insight into the caus-
es of variability in foraging performance, and therefore fit-
ness, between individuals and within populations across years.
However, they also illustrate some of the difficulties that exist
with matching theoretical predictions to empirical data. Ide-
ally, all the model parameters should be measured in each
individual, but the technical difficulties of measuring field
metabolic rates, energy delivery functions, and behavioral
time budgets in the same individual make this impractical. As
a result, it is only possible to examine the fit of models to data
averaged across individuals.

These results also provide an insight into the major factors
that are likely to limit the provisioning rate of pups by female
fur seals in comparison with other predators that operate in
a similar way, especially in the marine environment. This study
suggests that the evolution of strategies for provisioning off-
spring in pinnipeds has been driven, at least in part, by the
constraints imposed by the limitations on the rate of energy
transfer during lactation. The production of concentrated
milk by pinnipeds (Oftedal et al., 1987), including fur seals
(Arnould and Boyd, 1985a; Trillmich and Lechner, 1986), is

likely to be an adaptation to increasing the value of b, the
rate of energy delivery to the pup.

APPENDIX

The time budget of a foraging, lactating fur seal was divided
into four types of activities: ta, time spent ashore; ts, foraging
trip duration; tt, time spent traveling (and inclusive of time
spent at rest), and tf, time spent feeding. In practice tt and tf

were assumed to be accumulated across whole foraging trips
and were considered as the total amount of time allocated to
each of those activities during a foraging trip. Energy was used
as the most important currency, even though it is probable
that other constituents of milk are important. The rate of en-
ergy expenditure while ashore was described as ma, which was
set at three times the basal metabolic rate (BMR 5 0.293 3
mass0.75 where the units are MJ/day; Costa and Trillmich,
1988; Lavigne et al., 1986) and while at sea it was ms, which
was set at BMR 3 5 (Arnould, 1995; Butler et al., 1995; Costa
et al., 1989). The rate of energy expenditure while animals
were at sea was assumed to be the same whether the seals were
swimming or at rest (Butler et al., 1995). Therefore,

ts 5 tt 1 tf, (1)

and the total maternal metabolic costs will be mata 1 ms(tt 1
tf). The energy delivered to the pup in milk, D(ta), will be

D(ta) 5 k[1 2 exp(2bta)], (2)

where k is a constant representing the asymptotic energy de-
livery to the pup that also minimizes the cost to the mother
in terms of her own survival and b is the parameter repre-
senting the rate of delivery of energy to the pup. Conversely,
the net energy gained when at sea will be

G(ts) 5 atf 2 mstf 2 mstt, (3)

where a is the rate of energy gain during foraging. If, on
average, energy is balanced over foraging cycles, then

D(ta) 5 G(ts) 2 mata. (4)

The assumption that energy is balanced over foraging cycles
is generally upheld by observation. Arnould (1995) weighed
females at regular intervals throughout lactation and, al-
though there was a slow increase in mass, the cost of this
involved a ,13% addition to daily energy intake. Therefore,
for simplicity, this was assumed to be contained within the
value of ms.

Model 1: Adjustment of foraging effort to compensate for
reduced food availability

Mothers may increase their foraging effort to compenstate for
reduced food availability. If the rate of gain declines from a1

to a2 then the rate of energy gain must increase by a1 2 a2

5 d in order to compenstate for the change. From Equation
3, this can be represented as

G(ts) 5 (a2 1 d 1 j)tf 2 (ms 1 j)tf 2 mstt, (5)

where j is the additional rate of energy expended in order to
achieve the the additional rate of energy gain d. The net result
will be that D(ta) remains constant up to the maximum sus-
tainable metabolic rate (Hammond and Diamond, 1997), af-
ter which D(ta) will decline. The way in which a varies with
ms is likely to depend on circumstances but this relationship
is likely to be asymptotic because the potential value of a is
limited by the absolute prey abundance. However, if the time
spent ashore depends on the load of milk delivered, this mod-
el predicts that time spent ashore should remain constant up
to the point at which the maximum sustained metabolic rate
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is reached and it should then begin to decline. It also predicts
that foraging trip duration should remain constant.

Model 2: Adjustment of foraging trip duration to
compensate for reduced food availability

Mothers may increase the time they spend foraging to com-
pensate for a reduced rate of enegy gain. In terms of Equation
3, this represents an increase in tf and, by implication, also of
ts, the total time spent at sea. Therefore, although the total
energy gained during a foraging trip may be the same as when
the value of a was greater, the total trip duration is increased.
Overall, mothers will deliver less energy to their pups because
they are able to make fewer trips during lactation. Conse-
quently, we would expect foraging trip duration to increase as
a declines but that the time spent ashore should be insensitive
to a because mothers will deliver the same amount of energy
at each visit.

Model 3: Optimization of time spent ashore and trip
duration

An alternative hypothesis is that mothers adjust both the time
spent ashore and the foraging trip duration to maximize the
amount of energy delivered to the pup under any circum-
stances. The optimal time spent ashore (ta*) is given by the
marginal value theorem (Charnov, 1976) such that

D(t*)aD9(t*) 5 ; (6)a t* 1 ta s

i.e., when the rate at which energy is being delivered to the
pup falls to the average rate of expenditure when the animal
is not foraging. Therefore, if

D9(ta) 5 kb exp(2bta), (7)

then, because energy is assumed to be balanced over foraging
cycles, it also follows that

G(t ) 2 m ts a aD9(t ) 5 . (8)a t 1 ta t

Optimal conditions will occur to maximize the rate of energy
delivery to the pup when

G(t ) 2 m t*a a akb exp(2bt*) 2 5 0. (9)a t* 1 ta s

Hence, from Equations 2, 3, and 4 we can derive the time
spent foraging

k[1 2 exp(2bt )] 1 m t 1 m ta a a s tt 5 . (10)f a 2 ms

Arnould and Boyd (1995b) showed that milk energy content
increased with increasing foraging trip duration. I therefore
made b vary with foraging trip duration such that b 5 ts·r
where r was set to 0.015 and 0.015 , b , 0.090 based on the
lower and upper limits of b in Table 2. Assuming that values
of k and b are known, it is possible to derive tf from Equation
9 by iterating tt and ta for different values of a that maximize
the gross rate of energy gain by the mother given by

at f
. (11)

t 1 ta s

Alternatively, it is also possible that net rate of delivery of en-
ergy to the pup or the maternal energetic efficiency may be
maximized. These are given as the values of

at 2 m t 2 m tf a a s s
(12)

t 1 ta s

and

at f
(13)

m t 1 m ts s a a

that maximize D(ta), respectively.
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