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Abstract Within pinnipeds, phocids and otariids show
differing maternal care strategies. Phocids rear young out
of body stores in a yearly cycle with a single stay ashore
when the mother fasts while lactating, whereas otariids
provision their young by repeated foraging trips to sea
alternating with brief stays ashore where they suckle their
young. In a previous optimality model, these differences
have been interpreted as adaptations based on differing
energy requirements of large (phocid) and smaller (otariid)
species, and the time budget of the large elephant and the
much smaller Antarctic fur seal were correctly predicted.
Our refined model—extended to pinniped species of all
sizes—predicts lactation strategies to shift from attendance
cycles to 1-year cycles with increasing body mass and
provides an explanation for the finding that phocid pups are
weaned at lower relative mass than otariid pups. However,
other predictions do not correspond to empirical findings.
In particular, the model does not explain the behavior of
large otariids and small phocids. Thus, maternal metabolic
requirements alone appear insufficient to explain observed
lactation patterns. In the light of our results, we discuss
more generally the scope and limitations of optimality
models when applied in a comparative framework to a
group of related species.
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Introduction

Mammalian parental strategies evolved to deal with
extreme energy demands during brood care. In addition
to maintaining their own metabolism, female mammals
have to support a litter of dependent young through
lactation. Energy management strategies during this period
have been described as a continuum ranging from strict
“income” to “capital” breeding (Drent and Daan 1980).
Income breeders, as one extreme, support all of the
additional energy requirements for parental care out of their
daily food intake, whereas, capital breeders may fuel their
needs entirely, or partially, out of energy reserves stored in
the body during a previous time period. Small animals are
unable to store enough energy and, thus, must rely mainly
on the income strategy during brood care (see Meijer and
Drent 1999; Klaassen 2003 for a review of this continuum
in birds). In contrast, large animals can store sometimes
huge amounts of energy as fat stores (Lindstedt and Boyce
1985) out of which they may fuel all or most of the
additional costs during the breeding period.

In pinnipeds, lactation patterns have been described and
understood as closely related to phylogeny (Gentry and
Kooyman 1986): True seals (belonging to the family
Phocidae) were characterized as following the fasting
strategy in which mothers come ashore after a prolonged
period at sea, give birth, and stay with the pup, fasting until
weaning. This maternal strategy corresponds to extreme
capital breeding. In contrast, otariids (family Otariidae)
and, in a modified form, the walrus (family Odobenidae)
seem to follow an income strategy (Trillmich 1996; Boyd
2000). They stay only briefly with the pup after parturition
and, thereafter, follow an attendance cycle strategy in
which the mother alternates between fasting ashore while
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suckling the pup and foraging at sea away from the pup,
which stays ashore waiting for its mother’s return. This
cycle is repeated until weaning. Table 1 provides examples
for species of both families. Because rearing strategies
appear to correspond to the taxonomic division at the
family level, it was generally assumed that they represent a
phylogenetic constraint.

To explain these differences in maternal strategy along
the lines of taxonomic division, Costa (1993) explored how
optimal use of maternal resources leads to short lactation
periods in phocids to minimize the metabolic overhead,
i.e., the cost of maintenance metabolism of mother and pup
ashore during lactation. A lower metabolic overhead
should result in a more efficient lactational transfer of
resources from mother to pup. However, as pointed out by
Boyd (1998), this argument would imply that lactation
periods should be extremely short, as in the 4-day lactation
of the Hooded seal (Cystophora cristata; Bowen et al.
1985). In addition, some small phocid seals were found to
forage during the lactation period similar to otariid seals
(Lydersen and Kovacs 1993; Boness et al. 1994; Bowen et
al. 2001), suggesting that lactation patterns represent
adaptive suits related to body size. To resolve this problem,
Boyd (1998) took the argument one step further by
including time and energy costs to the mother, not only
those accruing ashore, but also those during foraging.

To understand the differences in maternal strategies of
phocids and otariids as adaptations to size-dependent
foraging conditions, Boyd (1998) developed an optimality
model suggesting that the different strategies relate to
inevitable, size-related differences in time–energy budgets.

He asked which maternal strategy (i.e., just one provision-
ing cycle per year, as in phocids, or multiple cycles per
year, as in otariids) would maximize the delivery rate of
energy to shore. Energy delivery rate was used as a fitness
criterion since a more efficient delivery of energy to shore
leads to more rapid growth of the pup, resulting in greater
mass at weaning and an increased chance of survival (Hall
et al. 2001; McMahon et al. 2000). Boyd applied his model
to two contrasting pinniped species, the Southern elephant
seal (Mirounga leonina), a large-sized capital breeder
(adult females weigh from about 400–900 kg) and the
much smaller (about 40-kg female body mass) Antarctic
fur seal (Arctocephalus gazella), which is a typical income
breeder following the attendance cycle strategy. The model
analysis revealed that elephant seals need much higher
food density (environmental quality) in the marine eco-
system to achieve a positive energy balance on short
foraging trips than the much smaller Antarctic fur seals,
even though elephant seals were assumed to have much
lower relative metabolic rates at sea than fur seals. Hence,
the two different provisioning strategies might indeed be
viewed as adaptations related to body size, as body size
determines the ability to make efficient use of a given food
resource close to or far away from the colony. In
conclusion, Boyd argued that the maternal strategies in
pinnipeds reflect size-related adaptations to environmental
circumstances rather than phylogenetic constraints.

To investigate the generality of Boyd’s arguments, we
extend his model to pinnipeds of all sizes. By using
allometric scaling relationships, all aspects of the maternal
strategy will be viewed as functions of a single variable,

Table 1 Time budget data for one cycle of foraging at sea (time at sea, ts) and attendance ashore (time ashore, ta) for some well-studied
otariids and phocids tt/2 (half travel time) estimates travel time from shore to foraging areas (see text)

Speciesa Mass (kg) Time ashore ta (days) Travel time tt/2 (days) Time at sea ts (days) Referencesc

Otariids
Galápagos fur seal 29 1.0 0.1 1.5 1
Antarctic fur seal 39 2.1 0.6 4.3 1
Northern fur seal 41 2.2 0.4 6.9 1
Juan Fernandez fur seal 48 5.3 0.5 12.3 2, 3
Subantarctic fur seal 50 3.8 1.4 12.0 3, 4
Steller sea lion 200 0.8 0.1 1.0 5, 6
Phocids
Harbor seal 85 (24.0)b – 341.0 3
Harp seal 139 12.0 – 353.0 3
Grey seal 190 15.5 – 349.5 3
Hooded seal 213 4.0 – 361 3
Weddell seal 447 47.0 – 318.0 3
Southern elephant seal 525 24.0 – 341.0 3

tt/2 (half travel time) estimates travel time from shore to foraging areas (see text). Note that the Harbour seal does not correspond well to the
classical phocid pattern as it tends to forage during lactation
aGalápagos fur seal (FS): Arctocephalus galapagoensis; Antarctic FS: A. gazella; Northern FS: Callorhinus ursinus; Juan Fernandez FS: A.
phillippii; Subantarctic FS: A. tropicalis; Steller sea lion: Eumetopias jubatus; harbor seal: Phoca vitulina; Harp seal: Pagophilus
groenlandicus; Grey seal: Halichoerus grypus; Hooded seal: Cystophora cristata; Weddell seal: Leptonychotes weddelli; Southern elephant
seal: Mirounga leonina
bHarbor seals are known to forage during lactation (Boness et al. 1994)
c(1) Gentry and Kooyman 1986; (2) Francis et al. 1998; (3) Schulz and Bowen 2004; (4) Georges et al. 2000; (5) Merrick and Loughlin
1997; (6) Calkins et al. 1998
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maternal body size. We also remove several unrealistic
aspects of Boyd’s model, including the lack of any
coupling between processes of storage at sea and delivery
ashore and the absence of an explicit starvation threshold
for the pup ashore. Even so, we still treat the pup in an
overly simplistic way. It is considered a passive receiver of
energy, and its developmental dynamics are not taken into
account. In the Discussion, we go back to the limitations
this implies. With the refined model, we will be able to
compare energy delivery to shore for animals of different
sizes, at different distances from food resources, and for
differing food abundance at sea. Based on this information,
we will determine which strategy optimizes energy deliv-
ery rates under various constraints and environmental
circumstances. By employing the simple allometric
relationship and, thereby, extending the model to a group
of related species, we avoid the danger of, perhaps, over-
fitting an optimality model to the life history of an
individual species and, thereby, getting close to adaptive
story telling. An explicit comparative approach should
allow judging the model results more critically in a broader
context and should make it easier to detect its short-
comings. By this refined analysis, we hope to get a better
idea whether, and to what extent, the diverse lactation
patterns found in pinnipeds can indeed be explained on the
basis of size-dependent metabolic requirements.

The model

We first briefly reiterate the salient features of Boyd’s
(1998) model, thereby pointing out some problems with
Boyd’s approach. To overcome these problems, we
reformulate the main assumptions in terms of the dynamics
of maternal body reserves. By solving the dynamical
equations, we then derive explicit formulations for the
maternal time allocation throughout the season and an
optimality criterion allowing us to calculate the time
allocation pattern maximizing the rate of energy delivery to
shore. In line with Boyd, we argue that the major model
parameters are related to maternal body size in a systematic
way. By deriving allometric scaling relationships for these
parameters from the literature, we arrive at a set of
predictions that should be applicable to pinnipeds of widely
varying sizes.

Boyd’s model

Boyd (1998) assumed that a foraging and lactation cycle of
length t can be subdivided into the time ta spent ashore
suckling the pup and the time ts spent at sea. The time at sea
can further be subdivided into the time tt spent travelling to
the foraging grounds and the time tf spent foraging. Hence,

t ¼ ta þ ts ¼ ta þ tt þ tf : (1)

The energy expenditure of the mother is given by

eðta; tsÞ ¼ ma ta þ ms ts; (2)

where ma and ms denote the maternal metabolic rates
ashore and at sea, respectively. Boyd assumed that the
metabolic rate ashore is three times the basal metabolic rate
(BMR), while the metabolic rate at sea strongly depends on
the size of the animal. In fact, he assumed that ms=1×BMR
for a large pinniped (400 kg), while ms=4×BMR for a
smaller animal (40 kg). Hence, larger animals have a
substantially lower specific energy expenditure at sea than
smaller ones.

When foraging, the mother gains energy at a rate α,
where the value of α reflects environmental quality. Hence,
the total energy gain during a foraging trip is

gðtf Þ ¼ α tf : (3)

Finally, the delivery of energy to the pup ashore was
assumed to be given by

dðtaÞ ¼ k � 1� e�β ta
� �

; (4)

where k corresponds to the energy storage capacity of the
mother, while β represents the rate of delivery of energy to
the pup.

Boyd assumed that pinnipeds tend to maximize the
delivery of energy to shore per time unit,

Fðta; tsÞ ¼ dðtaÞ
ta þ ts

; (5)

subject to the energy balance equation

dðtaÞ ¼ gðtf Þ � eðta; tsÞ (6)

i.e., subject to the constraint that total energy delivery to the
pup corresponds to the net energy gain of the mother. For a
fixed travel time tt, Eq. 6 is an equation of the two variables
ta and ts (as tf=ts−tt), allowing to write ta as a function of ts.
Hence, F(ta,ts) is essentially a function of the single vari-
able ta, and the value of ta maximizing F is readily calculated.

Although we agree, in general, with the above model
formulation, we see several points where the model does
not seem to be realistic:

(1) The linear gain function while foraging at sea (Eq. 3)
potentially leads to the accumulation of unreasonably
high energy reserves if a mother stays at sea for a long
period of time.

(2) The foraging efficiency of a female is solely deter-
mined by the parameter α indicating environmental
quality. Accordingly, the size of a female has no effect
on her foraging efficiency. However, it seems likely
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that larger females would be better at exploiting a given
food resource because larger animals are more efficient
divers (Kooyman 1989).

(3) In Boyd’s model, mothers can spend an unreasonably
long period of time at sea. While Boyd introduced
starvation thresholds for mothers ashore and pups
while the mother is at sea, these thresholds had no
influence on the maternal decision to return to the pup
while she was foraging. In reality, the mother’s
decision on when to return from the foraging grounds
should be affected by the fact that, in the meantime, the
pup might starve to death.

(4) To avoid delivery of excessive energy stores to the pup
ashore, the parameter k was introduced in Eq. 4 as an
upper limit to maternal body reserves. Assuming k to
be fixed corresponds to assuming that the maternal
body reserves are independent of maternal energy gain
and energy expenditure. In other words, this assump-
tion completely uncouples the dynamics of gain
processes at sea from unloading of reserves ashore.
We consider this lack of connection between the
loading and unloading of energy reserves the most
unrealistic aspect of Boyd’s model.

A model based on maternal energy reserves

Our model is similar in spirit to Boyd’s model, but it
systematically focuses on the dynamics of the body
reserves R of the mother. We assume the dynamics of R
is described by the differential equation

dR

dt
¼

�βR� ma

�ms

α� γR� ms

when delivering ashore
when traveling at sea
when foraging at sea

8<
: (7)

As in Boyd’s model, the mother has a fixed metabolic
rate ma ashore and a fixed metabolic rate ms at sea. When
delivering ashore, the pup extracts a fixed proportion β of
the maternal body reserves per time unit. When foraging,
the energy reserves increase due to food uptake that is
dependent on α, where α reflects environmental quality
and the foraging efficiency of the female (see below).
However, in contrast to Boyd, the transformation of food
into body reserves is assumed to proceed at a diminishing
rate characterized by the parameter γ. As a consequence,
energy storage is limited and can never exceed the value

Rmax ¼ α� ms

γ
: (8)

According to our model, a typical foraging cycle has the
following properties (Fig. 1). At time t=0 the mother comes
ashore with R0 body reserves. While ashore, the body
reserves are reduced due to energy intake by the pup and
the mother’s metabolism. In this period, the body reserves
change according to the equation

RðtÞ ¼ R0 � e�β t � ma

β
� 1� e�β t
� �

: (9)

At time ta, when the mother leaves again for the
following foraging cycle, her body reserves have been
depleted to the level Ra=R(ta). The mother has used an
amount mata for her own metabolism; the rest of the
reduction in reserves, R0−Ra has been delivered to the pup:

dðtaÞ ¼ R0 � Ra � mata: (10)
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Fig. 1 Maternal reserves (R) as a function of time ashore and time
at sea. At time t=0 the mother comes ashore with R0 body reserves.
When she leaves again after ta time units, her reserves have been
depleted to level Ra. During the trip to the foraging area, her reserves
are further depleted by an amount ct. Having arrived at the foraging
ground with reserves Rb ¼ Ra � ct, the female accumulates reserves

to a level Rc, which cannot exceed the asymptotic maximum Rmax.
After travelling back, the mother arrives ashore again with reserves
Rd ¼ Rc � ct. We assume Rd=R0, i.e., the state of the mother at the
end of a foraging and lactation cycle is the same as at the start of the
cycle
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During the trip to the foraging grounds, the maternal
body reserves are reduced linearly (with slope −ms),
yielding body reserves

Rb ¼ Ra � 1
2mstt ¼ Ra � ct (11)

upon arrival at the foraging grounds. The term ct ¼ 1
2mstt

corresponds to the metabolic cost of the trip to the forag‐
ing grounds, which takes 1

2tt time units. On the foraging
ground, body reserves increase again according to

RðtÞ ¼ Rb � e�γ t þ Rmax � 1� e�γ tð Þ; (12)

where, for simplicity of notation, the arrival time at the
foraging grounds corresponds to t=0. When the mother
leaves the foraging grounds after tf time units, her reserves
have increased to a level Rc=R(tf). The return trip to shore
reduce these reserves again by ct ¼ 1

2mstt; such that the
mother arrives ashore with reserves Rd ¼ Rc � ct:

Model analysis

In line with Boyd (1998), we assume that the maternal state
at the end of the cycle equals her state at the start: Rd=R0. In
other words, net energy storage when foraging has to equal
total energy expenditure when ashore and when travelling:

Rc � Rb ¼ R0 � Ra � 2 ct: (13)

Using this consistency requirement and assuming a fixed
travel time tt, we can now calculate the time ta spent ashore
to transfer a given amount of energy to the pup, thereby
reducing maternal energy reserves by R0–Ra,

ta ¼ 1

β
� ln R0 þ ma

β

� �
� ln Ra þ ma

β

� �� �
(14)

and the time at sea ts required to achieve the corresponding
energy gain

ts ¼ 1

γ
� ln Rmax þ 2 ct � Rað Þ � ln Rmax � R0ð Þ½ � :

(15)

For any given combination of R0 and Ra, we can now
calculate the corresponding time ashore ta and the resulting
amount of energy delivered to the pup (which is given by
Eq. 10). With the help of Eq. 15, we can also calculate the
time at sea and, hence, the total length of the foraging and
attendance cycle. Taken together, this yields F(ta,ts), the
amount of energy delivered to the pup per time unit (see
Eq. 5), which is assumed to be maximized by natural

selection. For each parameter combination, we can,
therefore, determine the optimal combination of R0 and
Ra and the corresponding optimal time budget ta and ts
(Fig. 2). In the following, this strategy will be called the
“unconstrained solution” of the optimality problem. We
will compare this solution with two other ones: the “ts-
constrained solution”, where only those combinations of ta
and ts are considered when the time at sea is below the
starvation threshold of the pup (see Fig. 2 and below), and
the “one-cycle solution”, where the situation of only one
cycle between sea and land within a given year is
considered (i.e., ta þ ts ¼ 360 ).

Parameterisation of the model

Boyd parameterized his model for two species, a 40-kg and
a 400-kg pinniped. By making plausible assumptions on
allometric relationships, we extend this range and make our
model applicable to the whole spectrum of pinniped
species. We take these two species (roughly corresponding
to a subpolar fur seal and an elephant seal) as broadly
delimiting the range of maternal body sizes, ignoring
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Fig. 2 Fitness isoclines for a species with body mass m=50 kg as a
function of maternal reserves when returning from a foraging trip
(R0) and when leaving again for the next trip (Ra). In this example,
fitness (F=energy delivery rate) is maximized for the combination
R0=245.5 MJ and Ra=50.5 MJ, corresponding to times ts=19.5 days
at sea and ta=4.4 days ashore. However, this maximum is not
feasible, as the pup starvation threshold (here ta=12.0 days) prevents
the mother from staying at sea until optimal body reserves are
acquired. In this time-at-sea constrained case, the optimal solution
corresponds to the combination R0=173.0 MJ and Ra=50.5 MJ that
maximizes fitness subject to the constraint ts=12.0 days (see the
dashed iso-ts-lines). At this constrained solution, ta=3.0 days. Other
parameters in this example: tt=6.0 days and EQ=40.0. The circle
marks the unconstrained optimum, the triangle the time-at-sea
constrained optimum
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potential differences, for example in lipid storage, between
phocids and otariids.

Metabolic costs ashore and at sea

Maternal metabolic costs are closely related to BMR.
Following Boyd, and as the general applicability of
Kleiber’s law has been questioned (Dodds et al. 2001),
we use the formula of Lavigne et al. (1986) that was
specifically derived for pinnipeds:

BMR ¼ 0:17 �M 0:87 MJ=d½ �;

where M denotes body mass in kilogram. Following
Boyd, we assume that metabolic rate ashore is three
times BMR:

ma ¼ 3 � BMR ¼ 0:5 �M 0:87:

From empirical data, Boyd argued convincingly that the
metabolic rate at sea, measured in multiples of BMR, will
be lower in larger animals. To implement this, we use the
allometric formula

ms ¼ 12 �M �0:3 � BMR ¼ 2:0 �M 0:57

This results in four times BMR for a 40-kg animal and
two times BMR for a 400-kg animal, a reasonable estimate
in the light of empirical evidence.

Foraging efficiency

Boyd implicitly assumed that energy intake and assimila-
tion are mainly dependent on food availability and, hence,
the productivity of the environment. Here, we take into
account that, in addition, the intake rate will strongly
depend on the size of the foraging animal. Larger pinnipeds
are more efficient foragers than smaller pinnipeds, partly
because the aerobic dive limit (ADL) increases with size
(Kooyman 1989). As a consequence, larger divers can stay
underwater longer without incurring an oxygen debt,
particularly at maximum depth where prey is most likely
encountered. To quantify the change in ADL and, hence,
foraging efficiency, with body mass, we used the formula

ADL ¼ 0:4 �M 0:25;

yielding a factor of 1.0 for a 40-kg animal and a factor of
1.8 for a 400-kg animal. We assume that energy intake rate

α is given by the product of ADL and EQ, a measure of
environmental quality or productivity:

α ¼ ADL � EQ:

This means that in the same environment of quality EQ, a
larger animal can achieve a higher intake rate than a smaller
one. The parameter γ that describes the transformation of
food into body reserves can be inferred from Eq. 8, as it is
inversely proportional to Rmax, the maximal storage
capacity of the mother. We assume that the maximal
storage capacity (i.e., transferable lipids, excluding blubber
layer lipids needed for thermoregulation, membranes, and
the like) is about 7 kg of lipids (at 38 MJ/kg) for a 40-kg
female and 115 kg for a 400-kg female (Costa 1993). Fitting
this to an allometric equation leads to

Rmax ¼ 3:3 �M 1:2 ½MJ �: (16)

Energy delivery

Following Boyd, we used actual data for various pinnipeds
(Boyd’s Fig. 1, excluding the outlying data point for the
Hooded seal) to estimate energy delivery to the pup per day
ashore [MJ/day] as a function of maternal body weight:

dðtaÞ=ta ¼ 8:0 �M 0:4

According to Eq. 7a, this corresponds to βR, where R is
the amount of energy stored by the mother. Taking 1

2 Rmax

as a representative value for R, we can estimate β by

β ¼ dðtaÞ=ta
1
2 Rmax

¼ 5:0 �M �0:8:

From the allometry of fat storage (Eq. 16) and that for
BMR ashore, we assume that a young pup of a 40-kg
pinniped, weighing about 4 kg, can starve for 10–12 days
and that of a 400-kg pinniped for about 20–25 days. If so,
the starvation threshold of the pup is given by

T ¼ 3:7 �M 0:3;

yielding about 11 days for the newborn pup of a 40-kg
pinniped and 22 days for that of a 400-kg pinniped.

Results

We demonstrate the model behavior by applying the model
to three body sizes corresponding to a small (40 kg, e.g.,
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Antarctic fur seal), an intermediate (200 kg, medium-sized
phocid or large otariid female), and a large-sized species
(400 kg, elephant seal-sized). These three examples cover
the range of female body sizes in pinnipeds quite well. We
will first use the allometric relationships outlined above
and later explore how variation of these relationships
affects our results.

Environmental quality

Figure 3 shows how the rate of energy delivery to shore
(Eq. 5) increases with environmental quality (EQ). Given a
fixed, intermediate travel time (tt=3 days), delivery to shore
initially increases rapidly with increasing EQ, but then
levels off much more rapidly in the small animal than in the
larger ones. At high EQ, delivery to shore is strongly and
positively related to body size due to allometric increase in
foraging efficiency and storage capacity. At low EQ, larger
females deliver ashore less than smaller females and finally
cannot achieve any positive energy gain at very low EQ
because metabolism at sea (ms) uses up more energy than
can be gained through foraging at such low food
availabilities. For a given travel time, small animals are
able to successfully exploit environments that do not
provide sufficient food for larger animals, even though the
latter are assumed to be more efficient foragers. In case of a
travel time of 1 day, for example, a 40-kg animal can
survive whenever the environmental quality is above
EQ=17, while a 200-kg and a 400-kg animal require an
EQ of at least 29 and 36, respectively. Notice that these
values are the thresholds for achieving energy balance
(survival), but will be insufficient for raising a pup.

Figure 4 shows how environmental quality influences the
time budget of females, again only considering a fixed travel
time of 3 days. Over a wide range of high environmental

qualities, time at sea ts and, in particular, time ashore ta
change little. It is only towards low values of environmental
quality that ts tends to increase, while ta simultaneously
decreases. The stronger decrease in ta at lower environmental
qualities is typical for the lower range of ts-constrained
solutions, i.e., those solutions where time at sea is
constrained in order to prevent starvation of the pup (ts<T).
In this range, model females cannot fully replenish reserves
in the available time at sea, and, therefore, deliver less energy
ashore which is depleted to Ct (the energy required for
travelling to the foraging area) much faster, and, thus, leads
to earlier departure from shore. At the very lowest
environmental quality at which an animal of a given size
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can still achieve a positive energy balance, a switch to a
yearly cycle occurs, which then leads to a sudden increase in
ta. When comparing animals of different sizes, it becomes
obvious that the optimal solution for larger animals always
favors longer cycles. In absolute time, loading and unloading
reserves take longer for larger animals.

Travel time

Travel time to the foraging area has the strongest influence
on female time budgets (Fig. 5). At low environmental
quality, as used in this figure (EQ=40), small mothers
(40 kg; Fig. 5a) can find an unconstrained solution up to

about a travel time of 0.5 days. At such low environmental
quality, the number of cycles possible within 1 year drops
rapidly with increasing travel time. Especially for the
smaller animals, for a broad range of travel time
(0.5<tt<5.5), the optimal time budget is ts-constrained,
i.e., time at sea corresponds to the starvation threshold T of
the pup. In that range, time ashore slowly declines with an
increase in travel time. As a consequence, the number of
cycles increases until tt>5.5, where a single yearly cycle is
the optimal solution. At the one-cycle solution, time ashore
increases again, but for a small animal, only allows about
5 days ashore. For larger animals (Fig. 5b,c), the pattern
remains essentially the same, but unconstrained solutions
do not exist at this low environmental quality. Even for
very low travel times, time at sea is constrained by pup
starvation, and the one-cycle solution becomes optimal at
travel times of 2–3 days. Larger animals have a wider range
of one-cycle solutions than small females and are found to
spend about twice as much time ashore. Delivery to shore
in the range of one-cycle solutions is marginal at best for a
small female. As environmental quality increases, the ts-
constrained solution becomes optimal over a wider range
of travel times, and it replaces the one-cycle solution until it
is, in turn, replaced by the unconstrained solution at EQ
values above 80 to 100. The larger the animal the higher the
environmental quality it needs to allow the unconstrained
and ts-constrained solution. Again, time ashore varies little.
In the majority of environmental circumstances, the model
produces optimal solutions in the range of multiple cycles.
At long travel times, it depends mainly on environmental
quality whether the optimal solution turns out to be a ts-
constrained or a one-cycle solution.

Delivery to shore as a function of travel time

Travel time, i.e., the time it takes a mother to swim to and
from the foraging site at sea to shore is the most decisive
factor for energy delivery to the pup ashore. As shown by
Fig. 6, females of all body sizes deliver increasingly less
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Fig. 5 The effect of travel time (tt) on optimal maternal time budget
and the resulting number of cycles per year for females of body
mass 40 (a), 200 (b), and 400 kg (c). EQ is always 40. Vertical
hatched lines separate the ranges where unconstrained, ts-con-
strained and one-cycle solutions are optimal
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(tt) for animals of three sizes. EQ=50

144



energy to shore as tt increases. The rate of energy delivery
to shore, d(ta)/t, approaches very low levels when the
yearly cycle becomes the optimal solution. For the 40-kg
animal, this is only a theoretical solution as delivery ashore
appears too small to raise a pup successfully. Note that
energy delivery is greater for the 200-kg than for the 400-
kg female up to a travel time of about 3.5 days, but is lower
when it comes to a yearly cycle. The 200-kg animal has
sufficiently lower metabolic rate at sea and ashore in the ts-
constrained range of solutions that it is able to transfer more
energy to its pup over all of this range than the larger 400-
kg animal.

From a pure energy efficiency point of view, a yearly
cycle is most efficient for the mother as delivery of energy
to the pup from body stores minimizes the energetic
overhead, which, otherwise, needs to be paid for travelling
to and from the foraging area and for metabolic expenditure
of mother and pup during the periods when the mother is at
sea replenishing her body stores for the next period ashore.
Nevertheless, the yearly cycle is always the solution with
lowest total energy delivery to shore. As demonstrated by
Fig. 7 in our model, energy delivery to the pup, almost
always, increases with the number of cycles, irrespective of
animal size. This effect is most dramatic for the smallest
animal. The next best solution, and one that is feasible
under a wide range of environmental qualities, is a ts-

constrained strategy. For females of all sizes, this becomes
the best strategy over a wide range of environmental
qualities. Unconstrained optimal solutions only occur at
high environmental quality and short travel times.

Range of accessible solutions with body size

Figure 8 shows that the minimal environmental quality
required for achieving a positive energy income solution
increases with body size (right ordinate). For a given
environment with low quality (EQ=40), larger animals
must switch to a yearly cycle at shorter travel times to
achieve a positive energy delivery. At higher environ-
mental quality (EQ=90), the yearly cycle becomes optimal
only at long travel times. Under those conditions, the
smallest and the largest females (from 300 kg upwards)
begin to switch to a yearly cycle as the optimal solution
before medium-sized animals. Again, the yearly cycle is
most probably not a solution that allows sufficient energy
delivery to shore for the smallest animals.

Robustness of the model predictions

Allometric relationships are important ingredients in our
model. While some of these relationships were directly
derived from empirical data, others had to be inferred in a
more indirect way. This holds, in particular, for the
parameters characterizing the allometric relationships for
the aerobic dive limit, ADL, the rate of energy delivery to
the pup, β, and the rate of energy storage, γ. To check the
robustness of our predictions, we increased and decreased
the parameters involved in the equations for ADL, β, and γ
by 50% and compared the results with those obtained for
our standard parameter settings. Varying the ADL-relation-
ship in this way changes the effect of body size on foraging
efficiency and, thereby, influences time at sea. When ADL
increases more steeply with body size, time at sea is
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reduced, allowing larger animals to operate at lower en-
vironmental qualities. For a given environmental quality,
larger animals can deliver more energy to shore. A decrease
of the parameters of the ADL-relationship has the opposite
effect. Qualitatively, however, the system behaves very
much the same as under standard parameter conditions.
The same holds for a change in the allometric relationships
for β and γ. Changing the relation between the rate of
energy delivery and body size has an obvious effect on time
ashore, but does not affect our results qualitatively. Finally,
changing the relation between the rate of energy storage
and body size shortens or increases time at sea and
increases or decreases delivery to shore per unit time, but
again does not change our qualitative conclusions.

Discussion

Our model extends the formulation presented by Boyd
(1998) and provides a continuous description for pinnipeds
of all sizes. Assuming that all processes can be described
by appropriate allometric equations, it couples gains at sea
with delivery to shore in a mechanistically meaningful way.
Modelling maternal provisioning strategy in such a way
can explain why small pinnipeds are more likely to
provision offspring by attendance cycle strategies and why
only larger ones can achieve a complete capital breeding
solution. In this respect, our results support Boyd’s (1998)
conclusion that the yearly cycle in large animals is a
consequence of large body size and long travel times.
Larger animals need higher food availability to achieve a
positive energy balance due to the higher metabolic rate at
sea of larger animals. Besides body size, environmental
quality and travel time to the foraging areas proved the
most influential parameters determining delivery of energy
to shore. The time-at-sea constrained solution proved an
option over a fairly substantial range of parameters,
extending the attendance cycle solution to lower environ-
mental quality and intermediate travel times.

Travel time is the factor which influences most the
maternal behavior in our model. Increasing travel time
between shore and foraging site influences the range of
feasible solutions even more than environmental quality.
Increasing travel time above 1 day makes the unconstrained
option unachievable for animals of most sizes. With
intermediate travel times (about 3 days), time-at-sea-
constrained solutions often proved optimal. Only at long
travel times did the yearly cycle become better than the time-
at-sea-constrained solution. For small animals, the one-cycle
solution seems unachievable because storage capacity
proves insufficient for fuelling the cost of travel, of maternal
metabolism ashore, and sufficient transfer to the pup. We
assumed that a 40-kg mother could store about 7 kg of lipids.
Even if this were a slight underestimate of maximal body
stores, it would constrain small pinnipeds to attendance cycle
strategies under most environmental conditions. Moreover,
for females of all sizes, the one-cycle solution leads to lower
total transfer of resources to the pup. This result of the model
is consistent across all body sizes. Even large animals, with

their correspondingly larger storage capacity (Lindstedt and
Boyce 1985), do not profit from one-cycle solutions unless
travel time is long or local environmental quality low.
Otherwise, large animals should choose the attendance cycle
strategy. This result of the model agrees with the empirical
finding (Costa 1993) that all phocid pups are weaned at
lower relative bodymass (around 30–35% ofmaternal mass)
than otariid pups (in the range of 40–55%). This finding
might also explain why smaller phocids follow a capital
breeder strategy only at the beginning of lactation (when pup
starvation threshold must be particularly low) and later on
increasingly switch to a foraging cycle strategy (Boness et al.
1994; Bowen et al. 2001).

In all simulations, time ashore in an attendance cycle
situation proved quite insensitive to the parameters and
varied least among conditions. This agrees with emprirical
observations, where, for example in Subantarctic fur seals
(Arctocephalus tropicalis), time at sea varies from a mean
of 10.8 days during summer to 22.7 days in winter,
whereas, time ashore stays the same (3.8 and 3.7 days)
(Georges et al. 2000).

Parameter estimates used here are surrounded by
considerable uncertainty like, for example, the estimates
of the influence of size on metabolic rate at sea and on
diving ability as expressed in ADL. How large exactly the
differences in environmental quality need to be to explain
the switch from an attendance cycle to the one-year cycle
with increasing body mass depends on the assumptions
about BMR at sea and the scaling of ADL to body size. If
large animals, relative to small ones, have lower metabolic
rates at sea (in terms of multiples of BMR), as we assumed
here, and if, at the same time, they are more efficient
foragers due to a higher ADL-effect of size, then the
difference between small and large animals in threshold
environmental quality needed to reach positive energy
balance is reduced. However, the model proves relatively
robust to moderate changes in the parameters used and,
therefore, the broad conclusions seem valid irrespective of
uncertainties in these parameters.

Discrepancies between model results and empirical
findings

While the model fits general trends quite well, closer
scrutiny reveals a number of discrepancies. Table 2 lists
predictions derived from the model (compare empirical
values in Table 1).

Throughout, time ashore proved difficult to fit as it
varied least with changing model circumstances. Only
drastic changes in milk transfer rate influence maternal
time ashore noticeably. Extreme rates of specific energy
transfer would enable quick unloading of maternal reserves
by the pup. Such an effect probably describes the
exceptional case of the hooded seal where pups are weaned
after only 4 days of nursing (Bowen et al. 1985). As this is
highly efficient because it enables maximum transfer of
reserves to the pup while the energy used up by maternal
metabolism on shore is kept minimal, one would expect
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that rates of transfer should always evolve to maximal
values. This obviously has not happened in most pinnipeds
and other mammals. There will be a cost to the fast transfer
of reserves from mother to pup: One possible trade-off
prohibiting such an adaptation of pup intake rate could lie
in an increased metabolic rate of a highly active intestine,
thus, inacceptably increasing costs to the pup during
fasting intervals. Also, pups with extremely high specific
intake rates will necessarily suffer a reduced ability to
assimilate maternal resources (especially protein) for use in
structural growth. This is supported by the observation that
among all seals, the hooded seal, with its extremely short
lactation period of only four days, has the highest relative
lean body mass at birth and the lowest milk protein content
(Oftedal et al. 1988), i.e., transfer after birth concerns lipids
and hardly any structural growth is possible from birth to
weaning. Thus, the patterning of milk flow may be
important for the development of the pup, particularly
with respect to protein transfer and growth of lean body
mass, and not only total delivery to shore, as assumed here.

In contrast to the range over which we found the time-at-
sea-constrained solution to be optimal, it seems the
exception rather than the rule in real pinnipeds. Even
though we do not have experimental measures of starvation
thresholds, it is clear from observations on abandoned
Galápagos fur seal pups that newborn pups will usually
succumb after about 10–14 days without food (Trillmich,
personal observation). Only the Juan Fernandez (A. phil-
lippii) (Francis et al. 1998) and the Subantarctic fur seal (A.
tropicalis) (Georges and Guinet 2000) might follow the
solution where maternal time at sea is constrained by pup
fasting capacity (Table 2). Such a strategy produces lower
delivery to shore than unconstrained multiple cycles, and
appears risky if mother’s return always cuts close to the

starvation threshold of the pup. Simultaneously, it max-
imizes the cost of pup maintenance metabolism even if pup
metabolism is curbed by specific adaptations to prolonged
fasting periods, like reduced activity or maintenance of
increased lipid reserves (Beauplet et al. 2003; Arnould et
al. 2003). Furthermore, our analysis does not consider the
risk of starvation to the mother under conditions of
stochastic food returns. This may also influence maternal
provisioning strategies as shown by Dall and Boyd (2002).

Model predictions deviate most from empirical observa-
tions for the Steller sea lion (Eumetopias jubatus). We have
to assume extremely high environmental quality to
approximate the observed time budget (Table 2). Of
course, there is quite some uncertainty in the empirical
data as well. For an apparently simple measurement like
body mass, different authors provide widely differing
means: Schulz and Bowen (2004) report mean body mass
of Steller sea lion females as 275 kg, whereas, Calkins et al.
(1998) report a mean of about 200 kg for fully adult
females (estimated from Fig. 5 in Calkins et al. 1998).
Similar variance surrounds estimates of travel time and
time ashore. Nevertheless, the large discrepancy in the
Steller sea lion values suggests that this species is
following a different strategy. Steller sea lions do not
follow the lipid storage allometry, which we assumed.
They are relatively lean, with female body lipid content
estimated at between 5 and 14% only (Pitcher et al. 2000),
in strong contrast to the much fatter fur seals (about 25%;
Costa and Trillmich 1988) and especially the phocids
where lipid reserves are greater than 30% and may go up to
47% (Bowen et al. 2001; Beck et al. 1993).

Aspects of the dynamics of pup growth and development
to independence are not addressed in our model, and this as
well as our lack of attention to the increase in pup size over

Table 2 Model predictions for a few pinniped species

Species Mass (kg) Time ashore ta (days) Time at sea ts (days) Environmental quality

Otariids
Galápagos fur seal 29 1.5 2.0 100
Antarctic fur seal 39 2.9 4.3 140
Northern fur seal 41 2.9 7.0 57.5
Juan Fernandez fur seal 48 3.2 11.3b 42.5
Subantarctic fur seal 50 3.6 11.4b 57.5
Steller sea lion 200 3.1 1.4 1000
Phocids Time ashore Travel time, tt Environmental quality
Harbor seala 85 11.1 2.5 30
Harp seal 140 12.0 6 30
Grey seal 190 15.3 2 35
Weddell seala 450 26.5 6 70
Southern elephant seal 525 24.0 7 57.5

Compare with empirical values in Table 1. Abbreviations refer to variables in the model. For otariids travel time—as the most
influential parameter—was taken from observed values (Table 1). Subsequently, EQ was changed systematically to search for those
values of time at sea and time ashore that best approximate the observed values. For phocids, time ashore was taken as the fixed value
and travel time and EQ varied to provide the closest possible fit
aAs expected, time ashore for Harbor seals and Weddell seals fits poorly, as these two species are known to feed during lactation
bts-constrained solution
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the lactation period may lead to deviations from empirical
facts. We also ignored that pup starvation threshold must
increase as the pup grows. Including the costs and benefits to
the pup (its growth strategy) in the model should help
to clarify advantages and disadvantages of the different
strategies.

Optimality criteria

By restricting the model—for the time being—to maternal
steady state, we have ignored that in subpolar otariids
maternal mass may change over the lactation period (Boyd
et al. 1997). Following Boyd (1998), our model uses a
fitness criterion that only considers immediate benefits of
maternal strategy, namely, energy delivery to the pup per
unit time. This fitness criterion lacks a life history
perspective and does not allow for trade-offs in terms of
maternal survival or future fertility. We are fully aware of
this limitation, and the discrepancies between model
predictions and empirical findings mentioned above
indicate that the model needs to be extended in terms of
maternal reproductive value. It is known for several species
that lactation leads to life history costs through reduced
fertility in the next reproductive cycle (Trillmich 1986,
1990; Boyd et al. 1995; Sydeman and Nur 1994). To
exclude a long-term life history perspective from the
model might cause part of the discrepancies mentioned.

To explain the behavior of medium sized animals in the
range of 200 kg, we need to build more detail into the
model. Besides introducing a broader life history perspec-
tive, such modifications should also consider the pup as an
active player in this game. Obviously, pups are not passive
vessels into which maternal care is being pumped, but are
under selection for an optimal growth strategy and storage
dynamic themselves. Mother–offspring conflict might,
therefore, also influence the solutions observed in nature.
A combined mother and offspring life history perspective
might allow conclusions, for example, why Steller sea
lions store little lipid and follow the otariid pattern
whereas equally large phocid seals maintain major lipid
stores and evolved towards using the capital breeder
strategy. Such discrepancies appear to point to physiolog-
ical adaptations in pinniped lactation strategies, which are
not directly related to energetic constraints as a conse-
quence of size as suggested by Boyd (1998).

Concluding remarks

Frequently, the optimality approach has been accused of
adaptive story-telling (Gould and Lewontin 1979). This
criticism implies that models can be adjusted to the point
where everything eventually fits. Modelling important
aspects of a life history strategy for a whole group of
animals avoids this trap. Deriving quantitative predictions
from an explicit model for a larger group of animals, as we

have done in this study for one aspect of pinniped life history,
submits the model to a much harder, empirical test. Our
attempt here serves as an example of the potential and the
limits of such an approach. On one hand, we show that using
relatively simple allometric considerations we can widen the
scope of the optimality model qualitatively and quantita-
tively to a broader group of animals. On the other hand, the
model has become quite complex even though we restricted
ourselves to a simple optimality criterion (delivery of energy
ashore) which while intuitively appealing does not include
life history trade-offs. Such a simplification is not unusual in
this research area, even though it has been shown (Houston
and McNamara 1999) that energetic considerations can at
best serve as a proxy to the real currency—reproductive
value. Ideally, the model should be re-evaluated using
reproductive value as the fitness criterion, an approach
necessitating the inclusion of life history trade-offs. In
addition, as pointed out above, a comprehensive model
should also include the pup’s perspective and, thereby,
parent–offspring conflict between mother and pup.

Although superior in principle, a more comprehensive
and refined modelling approach would have to face serious
problems. The resulting models would become complex to
the extent that the advantages of the optimality approach
(elegance, heuristic value, and reduction of complex trade-
offs to simple cost-benefit considerations) would largely
disappear. Even more importantly, explicit modelling of the
life-history nexus would necessarily shift the focus to
aspects that vary qualitatively from species to species (e.g.,
mating system, sex differences, and differences in physi-
ology and ecology). Such differences can no longer be
captured by simple allometric equations, making it difficult,
if not impossible, to apply the same optimality model to a
broad class of organisms.

This highlights a general dilemma: in principle, a com-
plete realization of the optimality approach based on the
best available fitness criterion, reproductive value, is by
far the most desirable option. There is little doubt that this
should be the preferred choice in conceptual “toy
models”. In practical applications, however, such an
approach is only applicable to individual species, as it
relies on ecological and life history details that cannot
easily be extrapolated from one species to the next. In
such a limited context, the question again arises whether
this does not end in adaptive story-telling as the model can
be adjusted until it fits. It was just for this reason why we,
and others, advocate the use of systematic inter-specific
comparisons. To escape the dilemma indicated above, we
can only hope that, despite of their theoretical limitations,
simple energy considerations in combination with simple
allometric relationships will turn out to be useful guiding
principles for the understanding of allocation decisions in
natural populations. Thus, the optimality approach may
indeed be most useful when it makes qualitative and
quantitative predictions in interspecific comparisons.
However, the limitations mentioned above indicate that
such modelling will be much more complex than perhaps
expected a few years ago.

148



Acknowledgements We greatly appreciate the help of Ian Boyd,
who provided his original program, discussed the results of our
model with FT, and critically read the manuscript. Sasha Dall, Hanna
Kokko, and one anonymous reviewer also provided much appre-
ciated criticism of a previous version of the manuscript. Christoph
Guinet pointed out diverse aspects of physiological adaptations of
pups to the variable schedule of maternal milk transfer. FTwould like
to thank Rudi Drent and Jan Komdeur for providing room and
interesting discussions at the University of Groningen and expresses
special thanks to the Theoretical Biology Group at the University of
Groningen for a most stimulating stay.

References

Arnould JPY, Luque SP, Guinet C, Costa DP, Kingston J, Shaffer SA
(2003) The comparative energetics and growth strategies of
sympatric Antarctic and Subantarctic fur seal pups at Îles
Crozet. J Exp Biol 206:4497–4506

Beauplet G, Guinet C, Arnould JPY (2003) Body composition
changes, metabolic fuel use, and energy expenditure during
extended fasting in Subantarctic fur seal (Arctocephalus
tropicalis) pups at Amsterdam Island. Physiol Biochem Zool
76:262–270

Beck GG, Smith TG, Hammill MO (1993) Evaluation of body
condition in the Northwest Atlantic harp seal (Phoca
groenlandica). Can J Fish Aquat Sci 50:1372–1381

Boness DJ, Bowen WD, Oftedal OT (1994) Evidence of a maternal
foraging cycle resembling that of otariid seals in a small phocid,
the harbor seal. Behav Ecol Sociobiol 34:95–104

Bowen WD, Oftedal OT, Boness DJ (1985) Birth to weaning in
4 days: remarkable growth in the hooded seal, Cystophora
cristata. Can J Zool 63:2841–2846

Bowen WD, Iverson SJ, Boness DJ, Oftedal OT (2001) Foraging
effort, food intake and lactation performance depend on
maternal mass in a small phocid seal. Funct Ecol 15:325–334

Boyd IL (1998) Time and energy constraints in pinniped lactation.
Amer Nat 152:717–728

Boyd IL (2000) State-dependent fertility in pinnipeds: contrasting
capital and income breeders. Funct Ecol 14:623–630

Boyd IL, Croxall JP, Lunn NJ, Reid K (1995) Population de-
mography of Antarctic fur seals: the costs of reproduction and
implications for life-history. J Anim Ecol 64:505–518

Boyd IL, McCafferty DJ, Walker TR (1997) Variation in foraging
effort by lactating Antarctic fur seals: response to simulated
increased foraging costs. Behav Ecol Sociobiol 40:135–144

Calkins DG, Becker EF, Pitcher KW (1998) Reduced body size of
female Steller sea lions from a declining population in the Gulf
of Alaska. Mar Mamm Sci 14:232–244

Costa DP (1993) The relationship between reproductive and
foraging energetics and the evolution of the pinnipedia. Symp
Zool Soc Lond 66:293–316

Costa DP, Trillmich F (1988) Mass changes and metabolism during
the perinatal fast: a comparison between Antarctic (Arctoce-
phalus gazella) and Galápagos fur seals (Arctocephalus
galapagoensis). Physiol Zool 61:160–169

Dall SRX, Boyd IL (2002) Provisioning under the risk of starvation.
Evol Ecol Res 4:883–896

Dodds PS, Rothman DH, Weitz JS (2001) Re-examination of the
“3/4-law” of metabolism. J Theor Biol 209:9–27

Drent R, Daan S (1980) The prudent parent. Ardea 68:225–252

Francis J, Boness DJ, Ochoa-Acuna H (1998) A protracted foraging
and attendance cycle in female Juan Fernández fur seals. Mar
Mamm Sci 14:552–574

Gentry RL, Kooyman GL (eds) (1986) Fur Seals: maternal strategies
on land and at sea. Princeton University Press, Princeton, New
Jersey

Georges J-Y, Guinet C (2000) Maternal care in the subantarctic fur
seals on Amsterdam Island. Ecol 81:295–308

Georges J-Y, Bonadonna F, Guinet C (2000) Foraging habitat and
diving activity of lactating Subantarctic fur seals in relation to
sea-surface temperatures at Amsterdam Island. Mar Ecol Progr
Ser 196:291–304

Gould SJ, Lewontin RC (1979) The spandrels of San Marco and the
Panglossian paradigm: a critique of the adaptationist pro-
gramme. Proc R Soc Lond B 205:581–598

Hall AJ, McConnell BJ, Barker RJ (2001) Factors affecting first-
year survival in grey seals and their implications for life history
strategy. J Anim Ecol 70:138–149

Houston AI, McNamara JM (1999) Models of adaptive behaviour.
Cambridge University Press, Cambridge

Klaassen M (2003) Relationships between migration and breeding
strategies in arctic breeding birds. In: Berthold P, E. Gwinner E,
Sonnenschein E (eds) Avian migration. Springer, Berlin
Heidelberg New York, pp 237–249

Kooyman GL (1989) Diverse divers. Springer, Berlin Heidelberg
New York

Lavigne DM, Innes S, Worthy AJ, Kovacs KM, Schmitz OJ, Hickie
JP (1986) Metabolic rates of seals and whales. Can J Zool 64:
279–284

Lindstedt SL, Boyce MS (1985) Seasonality, fasting endurance, and
body size in mammals. Amer Nat 125:873–878

Lydersen C, Kovacs KM (1993) Diving behaviour of lactating harp
seal, Phoca groenlandica, females from the Gulf of St.
Lawrence, Canada. Anim Behav 46:1213–1221

McMahon CR, Burton HR, Bester MN (2000) Weaning mass and
the future survival of juvenile southern elephant seals,
Mirounga leonina, at Macquarie Island. Antarctic Science 4:
393–398

Meijer T, Drent R (1999) Re-examination of the capital and income
dichotomy in breeding birds. Ibis 141:399–414

Merrick RL, Loughlin TR (1997) Foraging behavior of adult female
and young-of-the-year Steller sea lions in Alaskan waters. Can
J Zool 75:776–786

Oftedal OT, Boness DJ, Bowen WD (1988) The composition of
hooded seal (Cycstophora cristata) milk: an adaptation for
postnatal fattening. Can J Zool 66:318–322

Pitcher KW, Calkins DG, Pendleton GW (2000) Steller sea lion
body condition indices. Mar Mamm Sci 16:427–436

Schulz TM, Bowen WD (2004) Pinniped lactation strategies:
evaluation of data on maternal and offspring life history traits.
Mar Mamm Sci 20:86–114

Sydeman WJ, Nur N (1994) Life history strategies of female
Northern Elephant seals. In: LeBoeuf BJ, Laws RM (eds)
Elephant seals. University of California, Berkeley, pp 137–153

Trillmich F (1986) Maternal investment and sex-allocation in the
Galápagos fur seal, Arctocephalus galapagoensis. Behav Ecol
Sociobiol 19:157–164

Trillmich F (1990) The behavioral ecology of maternal effort in fur
seals and sea lions. Behaviour 114:3–20

Trillmich F (1996) Parental investment in pinnipeds. Adv Study
Behav 25:533–577

149


	Lactation patterns of pinnipeds are not explained by optimization of maternal energy delivery rates
	Abstract
	Introduction
	The model
	Boyd’s model

	A model based on maternal energy reserves
	Model analysis
	Parameterisation of the model
	Metabolic costs ashore and at sea
	Foraging efficiency
	Energy delivery


	Results
	Environmental quality
	Travel time
	Delivery to shore as a function of travel time
	Range of accessible solutions with body size
	Robustness of the model predictions

	Discussion
	Discrepancies between model results and empirical findings
	Optimality criteria
	Concluding remarks

	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AardvarkPSMT
    /AceBinghamSH
    /AddisonLibbySH
    /AGaramond-Italic
    /AGaramond-Regular
    /AkbarPlain
    /Albertus-Bold
    /AlbertusExtraBold-Regular
    /AlbertusMedium-Italic
    /AlbertusMedium-Regular
    /AlfonsoWhiteheadSH
    /Algerian
    /AllegroBT-Regular
    /AmarilloUSAF
    /AmazoneBT-Regular
    /AmeliaBT-Regular
    /AmerigoBT-BoldA
    /AmerTypewriterITCbyBT-Medium
    /AndaleMono
    /AndyMacarthurSH
    /Animals
    /AnneBoleynSH
    /Annifont
    /AntiqueOlive-Bold
    /AntiqueOliveCompact-Regular
    /AntiqueOlive-Italic
    /AntiqueOlive-Regular
    /AntonioMountbattenSH
    /ArabiaPSMT
    /AradLevelVI
    /ArchitecturePlain
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMTBlack-Regular
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeLight
    /ArialUnicodeLight-Bold
    /ArialUnicodeLight-BoldItalic
    /ArialUnicodeLight-Italic
    /ArrowsAPlentySH
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /Asiana
    /AssadSadatSH
    /AvalonPSMT
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /AvantGardeITCbyBT-Medium
    /AvantGardeITCbyBT-MediumOblique
    /BankGothicBT-Light
    /BankGothicBT-Medium
    /Baskerville-Bold
    /Baskerville-Normal
    /Baskerville-Normal-Italic
    /BaskOldFace
    /Bauhaus93
    /Bavand
    /BazookaRegular
    /BeauTerrySH
    /BECROSS
    /BedrockPlain
    /BeeskneesITC
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BenguiatITCbyBT-Bold
    /BenguiatITCbyBT-BoldItalic
    /BenguiatITCbyBT-Book
    /BenguiatITCbyBT-BookItalic
    /BennieGoetheSH
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardBoldCondensedBT-Regular
    /BernhardFashionBT-Regular
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /Bethel
    /BibiGodivaSH
    /BibiNehruSH
    /BKenwood-Regular
    /BlackadderITC-Regular
    /BlondieBurtonSH
    /BodoniBlack-Regular
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /BodoniBT-Bold
    /BodoniBT-BoldItalic
    /BodoniBT-Italic
    /BodoniBT-Roman
    /Bodoni-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Regular
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolFive
    /BookshelfSymbolFour
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /BookwomanDemiItalicSH
    /BookwomanDemiSH
    /BookwomanExptLightSH
    /BookwomanLightItalicSH
    /BookwomanLightSH
    /BookwomanMonoLightSH
    /BookwomanSwashDemiSH
    /BookwomanSwashLightSH
    /BoulderRegular
    /BradleyHandITC
    /Braggadocio
    /BrailleSH
    /BRectangular
    /BremenBT-Bold
    /BritannicBold
    /Broadview
    /Broadway
    /BroadwayBT-Regular
    /BRubber
    /Brush445BT-Regular
    /BrushScriptMT
    /BSorbonna
    /BStranger
    /BTriumph
    /BuckyMerlinSH
    /BusoramaITCbyBT-Medium
    /Caesar
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-Italic
    /CalligrapherRegular
    /CameronStendahlSH
    /Candy
    /CandyCaneUnregistered
    /CankerSore
    /CarlTellerSH
    /CarrieCattSH
    /CaslonOpenfaceBT-Regular
    /CassTaylorSH
    /CDOT
    /Centaur
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturyOldStyle-BoldItalic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Cezanne
    /CGOmega-Bold
    /CGOmega-BoldItalic
    /CGOmega-Italic
    /CGOmega-Regular
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /Charting
    /ChartreuseParsonsSH
    /ChaseCallasSH
    /ChasThirdSH
    /ChaucerRegular
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /ChildBonaparteSH
    /Chiller-Regular
    /ChuckWarrenChiselSH
    /ChuckWarrenDesignSH
    /CityBlueprint
    /Clarendon-Bold
    /Clarendon-Book
    /ClarendonCondensedBold
    /ClarendonCondensed-Bold
    /ClarendonExtended-Bold
    /ClassicalGaramondBT-Bold
    /ClassicalGaramondBT-BoldItalic
    /ClassicalGaramondBT-Italic
    /ClassicalGaramondBT-Roman
    /ClaudeCaesarSH
    /CLI
    /Clocks
    /ClosetoMe
    /CluKennedySH
    /CMBX10
    /CMBX5
    /CMBX7
    /CMEX10
    /CMMI10
    /CMMI5
    /CMMI7
    /CMMIB10
    /CMR10
    /CMR5
    /CMR7
    /CMSL10
    /CMSY10
    /CMSY5
    /CMSY7
    /CMTI10
    /CMTT10
    /CoffeeCamusInitialsSH
    /ColetteColeridgeSH
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CommercialPiBT-Regular
    /CommercialScriptBT-Regular
    /Complex
    /CooperBlack
    /CooperBT-BlackHeadline
    /CooperBT-BlackItalic
    /CooperBT-Bold
    /CooperBT-BoldItalic
    /CooperBT-Medium
    /CooperBT-MediumItalic
    /CooperPlanck2LightSH
    /CooperPlanck4SH
    /CooperPlanck6BoldSH
    /CopperplateGothicBT-Bold
    /CopperplateGothicBT-Roman
    /CopperplateGothicBT-RomanCond
    /CopticLS
    /Cornerstone
    /Coronet
    /CoronetItalic
    /Cotillion
    /CountryBlueprint
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CSSubscript
    /CSSubscriptBold
    /CSSubscriptItalic
    /CSSuperscript
    /CSSuperscriptBold
    /Cuckoo
    /CurlzMT
    /CybilListzSH
    /CzarBold
    /CzarBoldItalic
    /CzarItalic
    /CzarNormal
    /DauphinPlain
    /DawnCastleBold
    /DawnCastlePlain
    /Dekker
    /DellaRobbiaBT-Bold
    /DellaRobbiaBT-Roman
    /Denmark
    /Desdemona
    /Diploma
    /DizzyDomingoSH
    /DizzyFeiningerSH
    /DocTermanBoldSH
    /DodgenburnA
    /DodoCasalsSH
    /DodoDiogenesSH
    /DomCasualBT-Regular
    /Durian-Republik
    /Dutch801BT-Bold
    /Dutch801BT-BoldItalic
    /Dutch801BT-ExtraBold
    /Dutch801BT-Italic
    /Dutch801BT-Roman
    /EBT's-cmbx10
    /EBT's-cmex10
    /EBT's-cmmi10
    /EBT's-cmmi5
    /EBT's-cmmi7
    /EBT's-cmr10
    /EBT's-cmr5
    /EBT's-cmr7
    /EBT's-cmsy10
    /EBT's-cmsy5
    /EBT's-cmsy7
    /EdithDaySH
    /Elephant-Italic
    /Elephant-Regular
    /EmGravesSH
    /EngelEinsteinSH
    /English111VivaceBT-Regular
    /English157BT-Regular
    /EngraversGothicBT-Regular
    /EngraversOldEnglishBT-Bold
    /EngraversOldEnglishBT-Regular
    /EngraversRomanBT-Bold
    /EngraversRomanBT-Regular
    /EnviroD
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErasITC-Ultra
    /ErnestBlochSH
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EuroRoman
    /EuroRomanOblique
    /ExxPresleySH
    /FencesPlain
    /Fences-Regular
    /FifthAvenue
    /FigurineCrrCB
    /FigurineCrrCBBold
    /FigurineCrrCBBoldItalic
    /FigurineCrrCBItalic
    /FigurineTmsCB
    /FigurineTmsCBBold
    /FigurineTmsCBBoldItalic
    /FigurineTmsCBItalic
    /FillmoreRegular
    /Fitzgerald
    /Flareserif821BT-Roman
    /FleurFordSH
    /Fontdinerdotcom
    /FontdinerdotcomSparkly
    /FootlightMTLight
    /ForefrontBookObliqueSH
    /ForefrontBookSH
    /ForefrontDemiObliqueSH
    /ForefrontDemiSH
    /Fortress
    /FractionsAPlentySH
    /FrakturPlain
    /Franciscan
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /FranklinUnic
    /FredFlahertySH
    /Freehand575BT-RegularB
    /Freehand591BT-RegularA
    /FreestyleScript-Regular
    /Frutiger-Roman
    /FTPMultinational
    /FTPMultinational-Bold
    /FujiyamaPSMT
    /FuturaBlackBT-Regular
    /FuturaBT-Bold
    /FuturaBT-BoldCondensed
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-ExtraBlack
    /FuturaBT-ExtraBlackCondensed
    /FuturaBT-ExtraBlackCondItalic
    /FuturaBT-ExtraBlackItalic
    /FuturaBT-Light
    /FuturaBT-LightItalic
    /FuturaBT-Medium
    /FuturaBT-MediumCondensed
    /FuturaBT-MediumItalic
    /GabbyGauguinSH
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Antiqua
    /Garamond-Bold
    /Garamond-Halbfett
    /Garamond-Italic
    /Garamond-Kursiv
    /Garamond-KursivHalbfett
    /Garcia
    /GarryMondrian3LightItalicSH
    /GarryMondrian3LightSH
    /GarryMondrian4BookItalicSH
    /GarryMondrian4BookSH
    /GarryMondrian5SBldItalicSH
    /GarryMondrian5SBldSH
    /GarryMondrian6BoldItalicSH
    /GarryMondrian6BoldSH
    /GarryMondrian7ExtraBoldSH
    /GarryMondrian8UltraSH
    /GarryMondrianCond3LightSH
    /GarryMondrianCond4BookSH
    /GarryMondrianCond5SBldSH
    /GarryMondrianCond6BoldSH
    /GarryMondrianCond7ExtraBoldSH
    /GarryMondrianCond8UltraSH
    /GarryMondrianExpt3LightSH
    /GarryMondrianExpt4BookSH
    /GarryMondrianExpt5SBldSH
    /GarryMondrianExpt6BoldSH
    /GarryMondrianSwashSH
    /Gaslight
    /GatineauPSMT
    /Gautami
    /GDT
    /Geometric231BT-BoldC
    /Geometric231BT-LightC
    /Geometric231BT-RomanC
    /GeometricSlab703BT-Bold
    /GeometricSlab703BT-BoldCond
    /GeometricSlab703BT-BoldItalic
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /GeometricSlab703BT-Medium
    /GeometricSlab703BT-MediumCond
    /GeometricSlab703BT-MediumItalic
    /GeometricSlab703BT-XtraBold
    /GeorgeMelvilleSH
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansBC
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSansCondensed-Bold
    /GillSansCondensed-Regular
    /GillSansExtraBold-Regular
    /GillSans-Italic
    /GillSansLight-Italic
    /GillSansLight-Regular
    /GillSans-Regular
    /GoldMinePlain
    /Gonzo
    /GothicE
    /GothicG
    /GothicI
    /GoudyHandtooledBT-Regular
    /GoudyOldStyle-Bold
    /GoudyOldStyle-BoldItalic
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleExtrabold-Regular
    /GoudyOldStyle-Italic
    /GoudyOldStyle-Regular
    /GoudySansITCbyBT-Bold
    /GoudySansITCbyBT-BoldItalic
    /GoudySansITCbyBT-Medium
    /GoudySansITCbyBT-MediumItalic
    /GraceAdonisSH
    /Graeca
    /Graeca-Bold
    /Graeca-BoldItalic
    /Graeca-Italic
    /Graphos-Bold
    /Graphos-BoldItalic
    /Graphos-Italic
    /Graphos-Regular
    /GreekC
    /GreekS
    /GreekSans
    /GreekSans-Bold
    /GreekSans-BoldOblique
    /GreekSans-Oblique
    /Griffin
    /GrungeUpdate
    /Haettenschweiler
    /HankKhrushchevSH
    /HarlowSolid
    /HarpoonPlain
    /Harrington
    /HeatherRegular
    /Hebraica
    /HeleneHissBlackSH
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HenryPatrickSH
    /Herald
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HogBold-HMK
    /HogBook-HMK
    /HomePlanning
    /HomePlanning2
    /HomewardBoundPSMT
    /Humanist521BT-Bold
    /Humanist521BT-BoldCondensed
    /Humanist521BT-BoldItalic
    /Humanist521BT-Italic
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-Roman
    /Humanist521BT-RomanCondensed
    /IBMPCDOS
    /IceAgeD
    /Impact
    /Incised901BT-Bold
    /Incised901BT-Light
    /Incised901BT-Roman
    /Industrial736BT-Italic
    /Informal011BT-Roman
    /InformalRoman-Regular
    /Intrepid
    /IntrepidBold
    /IntrepidOblique
    /Invitation
    /IPAExtras
    /IPAExtras-Bold
    /IPAHighLow
    /IPAHighLow-Bold
    /IPAKiel
    /IPAKiel-Bold
    /IPAKielSeven
    /IPAKielSeven-Bold
    /IPAsans
    /ISOCP
    /ISOCP2
    /ISOCP3
    /ISOCT
    /ISOCT2
    /ISOCT3
    /Italic
    /ItalicC
    /ItalicT
    /JesterRegular
    /Jokerman-Regular
    /JotMedium-HMK
    /JuiceITC-Regular
    /JupiterPSMT
    /KabelITCbyBT-Book
    /KabelITCbyBT-Ultra
    /KarlaJohnson5CursiveSH
    /KarlaJohnson5RegularSH
    /KarlaJohnson6BoldCursiveSH
    /KarlaJohnson6BoldSH
    /KarlaJohnson7ExtraBoldCursiveSH
    /KarlaJohnson7ExtraBoldSH
    /KarlKhayyamSH
    /Karnack
    /Kartika
    /Kashmir
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KeplerStd-Black
    /KeplerStd-BlackIt
    /KeplerStd-Bold
    /KeplerStd-BoldIt
    /KeplerStd-Italic
    /KeplerStd-Light
    /KeplerStd-LightIt
    /KeplerStd-Medium
    /KeplerStd-MediumIt
    /KeplerStd-Regular
    /KeplerStd-Semibold
    /KeplerStd-SemiboldIt
    /KeystrokeNormal
    /Kidnap
    /KidsPlain
    /Kindergarten
    /KinoMT
    /KissMeKissMeKissMe
    /KoalaPSMT
    /KorinnaITCbyBT-Bold
    /KorinnaITCbyBT-KursivBold
    /KorinnaITCbyBT-KursivRegular
    /KorinnaITCbyBT-Regular
    /KristenITC-Regular
    /Kristin
    /KunstlerScript
    /KyotoSong
    /LainieDaySH
    /LandscapePlanning
    /Lapidary333BT-Bold
    /Lapidary333BT-BoldItalic
    /Lapidary333BT-Italic
    /Lapidary333BT-Roman
    /Latha
    /LatinoPal3LightItalicSH
    /LatinoPal3LightSH
    /LatinoPal4ItalicSH
    /LatinoPal4RomanSH
    /LatinoPal5DemiItalicSH
    /LatinoPal5DemiSH
    /LatinoPal6BoldItalicSH
    /LatinoPal6BoldSH
    /LatinoPal7ExtraBoldSH
    /LatinoPal8BlackSH
    /LatinoPalCond4RomanSH
    /LatinoPalCond5DemiSH
    /LatinoPalCond6BoldSH
    /LatinoPalExptRomanSH
    /LatinoPalSwashSH
    /LatinWidD
    /LatinWide
    /LeeToscanini3LightSH
    /LeeToscanini5RegularSH
    /LeeToscanini7BoldSH
    /LeeToscanini9BlackSH
    /LeeToscaniniInlineSH
    /LetterGothic12PitchBT-Bold
    /LetterGothic12PitchBT-BoldItal
    /LetterGothic12PitchBT-Italic
    /LetterGothic12PitchBT-Roman
    /LetterGothic-Bold
    /LetterGothic-BoldItalic
    /LetterGothic-Italic
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Regular
    /LibrarianRegular
    /LinusPSMT
    /Lithograph-Bold
    /LithographLight
    /LongIsland
    /LubalinGraphMdITCTT
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /LydianCursiveBT-Regular
    /Magneto-Bold
    /Mangal-Regular
    /Map-Symbols
    /MarcusHobbesSH
    /Mariah
    /Marigold
    /MaritaMedium-HMK
    /MaritaScript-HMK
    /Market
    /MartinMaxxieSH
    /MathTypeMed
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /MaudeMeadSH
    /MemorandumPSMT
    /Metro
    /Metrostyle-Bold
    /MetrostyleExtended-Bold
    /MetrostyleExtended-Regular
    /Metrostyle-Regular
    /MicrogrammaD-BoldExte
    /MicrosoftSansSerif
    /MikePicassoSH
    /MiniPicsLilEdibles
    /MiniPicsLilFolks
    /MiniPicsLilStuff
    /MischstabPopanz
    /MisterEarlBT-Regular
    /Mistral
    /ModerneDemi
    /ModerneDemiOblique
    /ModerneOblique
    /ModerneRegular
    /Modern-Regular
    /MonaLisaRecutITC-Normal
    /Monospace821BT-Bold
    /Monospace821BT-BoldItalic
    /Monospace821BT-Italic
    /Monospace821BT-Roman
    /Monotxt
    /MonotypeCorsiva
    /MonotypeSorts
    /MorrisonMedium
    /MorseCode
    /MotorPSMT
    /MSAM10
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MSReference1
    /MSReference2
    /MTEX
    /MTEXB
    /MTEXH
    /MT-Extra
    /MTGU
    /MTGUB
    /MTLS
    /MTLSB
    /MTMI
    /MTMIB
    /MTMIH
    /MTMS
    /MTMSB
    /MTMUB
    /MTMUH
    /MTSY
    /MTSYB
    /MTSYH
    /MT-Symbol
    /MTSYN
    /Music
    /MVBoli
    /MysticalPSMT
    /NagHammadiLS
    /NealCurieRuledSH
    /NealCurieSH
    /NebraskaPSMT
    /Neuropol-Medium
    /NevisonCasD
    /NewMilleniumSchlbkBoldItalicSH
    /NewMilleniumSchlbkBoldSH
    /NewMilleniumSchlbkExptSH
    /NewMilleniumSchlbkItalicSH
    /NewMilleniumSchlbkRomanSH
    /News702BT-Bold
    /News702BT-Italic
    /News702BT-Roman
    /Newton
    /NewZuricaBold
    /NewZuricaItalic
    /NewZuricaRegular
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NigelSadeSH
    /Nirvana
    /NuptialBT-Regular
    /OCRAbyBT-Regular
    /OfficePlanning
    /OldCentury
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OpenSymbol
    /OttawaPSMT
    /OttoMasonSH
    /OzHandicraftBT-Roman
    /OzzieBlack-Italic
    /OzzieBlack-Regular
    /PalatiaBold
    /PalatiaItalic
    /PalatiaRegular
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /PalmSpringsPSMT
    /Pamela
    /PanRoman
    /ParadisePSMT
    /ParagonPSMT
    /ParamountBold
    /ParamountItalic
    /ParamountRegular
    /Parchment-Regular
    /ParisianBT-Regular
    /ParkAvenueBT-Regular
    /Patrick
    /Patriot
    /PaulPutnamSH
    /PcEncodingLowerSH
    /PcEncodingSH
    /Pegasus
    /PenguinLightPSMT
    /PennSilvaSH
    /Percival
    /PerfectRegular
    /Pfn2BlackItalic
    /Phantom
    /PhilSimmonsSH
    /Pickwick
    /PipelinePlain
    /Playbill
    /PoorRichard-Regular
    /Poster
    /PosterBodoniBT-Italic
    /PosterBodoniBT-Roman
    /Pristina-Regular
    /Proxy1
    /Proxy2
    /Proxy3
    /Proxy4
    /Proxy5
    /Proxy6
    /Proxy7
    /Proxy8
    /Proxy9
    /Prx1
    /Prx2
    /Prx3
    /Prx4
    /Prx5
    /Prx6
    /Prx7
    /Prx8
    /Prx9
    /Pythagoras
    /Raavi
    /Ranegund
    /Ravie
    /Ribbon131BT-Bold
    /RMTMI
    /RMTMIB
    /RMTMIH
    /RMTMUB
    /RMTMUH
    /RobWebsterExtraBoldSH
    /Rockwell
    /Rockwell-Bold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /RomanC
    /RomanD
    /RomanS
    /RomanT
    /Romantic
    /RomanticBold
    /RomanticItalic
    /Sahara
    /SalTintorettoSH
    /SamBarberInitialsSH
    /SamPlimsollSH
    /SansSerif
    /SansSerifBold
    /SansSerifBoldOblique
    /SansSerifOblique
    /Sceptre
    /ScribbleRegular
    /ScriptC
    /ScriptHebrew
    /ScriptS
    /Semaphore
    /SerifaBT-Black
    /SerifaBT-Bold
    /SerifaBT-Italic
    /SerifaBT-Roman
    /SerifaBT-Thin
    /Sfn2Bold
    /Sfn3Italic
    /ShelleyAllegroBT-Regular
    /ShelleyVolanteBT-Regular
    /ShellyMarisSH
    /SherwoodRegular
    /ShlomoAleichemSH
    /ShotgunBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SignatureRegular
    /Signboard
    /SignetRoundhandATT-Italic
    /SignetRoundhand-Italic
    /SignLanguage
    /Signs
    /Simplex
    /SissyRomeoSH
    /SlimStravinskySH
    /SnapITC-Regular
    /SnellBT-Bold
    /Socket
    /Sonate
    /SouvenirITCbyBT-Demi
    /SouvenirITCbyBT-DemiItalic
    /SouvenirITCbyBT-Light
    /SouvenirITCbyBT-LightItalic
    /SpruceByingtonSH
    /SPSFont1Medium
    /SPSFont2Medium
    /SPSFont3Medium
    /SpsFont4Medium
    /SPSFont4Medium
    /SPSFont5Normal
    /SPSScript
    /SRegular
    /Staccato222BT-Regular
    /StageCoachRegular
    /StandoutRegular
    /StarTrekNextBT-ExtraBold
    /StarTrekNextPiBT-Regular
    /SteamerRegular
    /Stencil
    /StencilBT-Regular
    /Stewardson
    /Stonehenge
    /StopD
    /Storybook
    /Strict
    /Strider-Regular
    /StuyvesantBT-Regular
    /StylusBT
    /StylusRegular
    /SubwayRegular
    /SueVermeer4LightItalicSH
    /SueVermeer4LightSH
    /SueVermeer5MedItalicSH
    /SueVermeer5MediumSH
    /SueVermeer6DemiItalicSH
    /SueVermeer6DemiSH
    /SueVermeer7BoldItalicSH
    /SueVermeer7BoldSH
    /SunYatsenSH
    /SuperFrench
    /SuzanneQuillSH
    /Swiss721-BlackObliqueSWA
    /Swiss721-BlackSWA
    /Swiss721BT-Black
    /Swiss721BT-BlackCondensed
    /Swiss721BT-BlackCondensedItalic
    /Swiss721BT-BlackExtended
    /Swiss721BT-BlackItalic
    /Swiss721BT-BlackOutline
    /Swiss721BT-Bold
    /Swiss721BT-BoldCondensed
    /Swiss721BT-BoldCondensedItalic
    /Swiss721BT-BoldCondensedOutline
    /Swiss721BT-BoldExtended
    /Swiss721BT-BoldItalic
    /Swiss721BT-BoldOutline
    /Swiss721BT-Italic
    /Swiss721BT-ItalicCondensed
    /Swiss721BT-Light
    /Swiss721BT-LightCondensed
    /Swiss721BT-LightCondensedItalic
    /Swiss721BT-LightExtended
    /Swiss721BT-LightItalic
    /Swiss721BT-Roman
    /Swiss721BT-RomanCondensed
    /Swiss721BT-RomanExtended
    /Swiss721BT-Thin
    /Swiss721-LightObliqueSWA
    /Swiss721-LightSWA
    /Swiss911BT-ExtraCompressed
    /Swiss921BT-RegularA
    /Syastro
    /Sylfaen
    /Symap
    /Symath
    /SymbolGreek
    /SymbolGreek-Bold
    /SymbolGreek-BoldItalic
    /SymbolGreek-Italic
    /SymbolGreekP
    /SymbolGreekP-Bold
    /SymbolGreekP-BoldItalic
    /SymbolGreekP-Italic
    /SymbolGreekPMono
    /SymbolMT
    /SymbolProportionalBT-Regular
    /SymbolsAPlentySH
    /Symeteo
    /Symusic
    /Tahoma
    /Tahoma-Bold
    /TahomaItalic
    /TamFlanahanSH
    /Technic
    /TechnicalItalic
    /TechnicalPlain
    /TechnicBold
    /TechnicLite
    /Tekton-Bold
    /Teletype
    /TempsExptBoldSH
    /TempsExptItalicSH
    /TempsExptRomanSH
    /TempsSwashSH
    /TempusSansITC
    /TessHoustonSH
    /TexCatlinObliqueSH
    /TexCatlinSH
    /Thrust
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldOblique
    /Times-ExtraBold
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Oblique
    /Times-Roman
    /Times-Semibold
    /Times-SemiboldItalic
    /TimesUnic-Bold
    /TimesUnic-BoldItalic
    /TimesUnic-Italic
    /TimesUnic-Regular
    /TonyWhiteSH
    /TransCyrillic
    /TransCyrillic-Bold
    /TransCyrillic-BoldItalic
    /TransCyrillic-Italic
    /Transistor
    /Transitional521BT-BoldA
    /Transitional521BT-CursiveA
    /Transitional521BT-RomanA
    /TranslitLS
    /TranslitLS-Bold
    /TranslitLS-BoldItalic
    /TranslitLS-Italic
    /TransRoman
    /TransRoman-Bold
    /TransRoman-BoldItalic
    /TransRoman-Italic
    /TransSlavic
    /TransSlavic-Bold
    /TransSlavic-BoldItalic
    /TransSlavic-Italic
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TribuneBold
    /TribuneItalic
    /TribuneRegular
    /Tristan
    /TrotsLight-HMK
    /TrotsMedium-HMK
    /TubularRegular
    /Tunga-Regular
    /Txt
    /TypoUprightBT-Regular
    /UmbraBT-Regular
    /UmbrellaPSMT
    /UncialLS
    /Unicorn
    /UnicornPSMT
    /Univers
    /UniversalMath1BT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Italic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-CondensedOblique
    /UniversExtended-Bold
    /UniversExtended-BoldItalic
    /UniversExtended-Medium
    /UniversExtended-MediumItalic
    /Univers-Italic
    /UniversityRomanBT-Regular
    /UniversLightCondensed-Italic
    /UniversLightCondensed-Regular
    /Univers-Medium
    /Univers-MediumItalic
    /URWWoodTypD
    /USABlackPSMT
    /USALightPSMT
    /Vagabond
    /Venetian301BT-Demi
    /Venetian301BT-DemiItalic
    /Venetian301BT-Italic
    /Venetian301BT-Roman
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /VinetaBT-Regular
    /Vivaldii
    /VladimirScript
    /VoguePSMT
    /Vrinda
    /WaldoIconsNormalA
    /WaltHarringtonSH
    /Webdings
    /Weiland
    /WesHollidaySH
    /Wingdings-Regular
    /WP-HebrewDavid
    /XavierPlatoSH
    /YuriKaySH
    /ZapfChanceryITCbyBT-Bold
    /ZapfChanceryITCbyBT-Medium
    /ZapfDingbatsITCbyBT-Regular
    /ZapfElliptical711BT-Bold
    /ZapfElliptical711BT-BoldItalic
    /ZapfElliptical711BT-Italic
    /ZapfElliptical711BT-Roman
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZappedChancellorMedItalicSH
    /ZurichBT-BlackExtended
    /ZurichBT-Bold
    /ZurichBT-BoldCondensed
    /ZurichBT-BoldCondensedItalic
    /ZurichBT-BoldItalic
    /ZurichBT-ExtraCondensed
    /ZurichBT-Italic
    /ZurichBT-ItalicCondensed
    /ZurichBT-Light
    /ZurichBT-LightCondensed
    /ZurichBT-Roman
    /ZurichBT-RomanCondensed
    /ZurichBT-RomanExtended
    /ZurichBT-UltraBlackExtended
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


