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Summary. By measuring daily intake of food, we
compared the cost of incubation for small and
large clutches in adult Bengalese finches (Lonchura
striata var. domestica). Natural clutches of captive
finches were experimentally manipulated to pro-
duce two egg or six egg clutches. While incubating
large clutches, parents ate significantly more food
and took longer to hatch their first egg than did
the same birds when provided with small clutches.
This supports the hypothesis that the cost of incu-
bation increases with clutch size. This cost should
influence other energy allocation decisions in birds
such as determination of clutch size and parental
investment decisions.

Introduction

During reproduction, an animal faces an array of
interrelated energy allocation decisions, such as
how large a clutch to make or how strongly to
defend an offspring. In theory, animals should
make these decisions to maximize the rate of return
on their investment of time or energy (Sargent and
Gross 1985; Coleman et al. 1985). To understand
how these decisions are made, it is therefore impor-
tant to identify both the benefit and the cost of
the investment into the behavior. The benefit of
a behavior is the contribution to lifetime reproduc-
tive success. The cost of a behavior refers to the
time or energy allocated to a behavior that could
have been allocated elsewhere. This recognizes that
time or energy, once allocated, is no longer avail-
able for other uses (Williams 1966). Of particular
importance is how these costs change with changes
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in other life history parameters of the animal, for
example with changes in offspring number or age
of the parent.

In this paper we examine whether the cost of
incubation increases with clutch size in birds.
While the benefits of incubation are well known,
few studies have addressed whether clutch size in-
fluences the cost. Does it cost a parent more to
incubate a larger clutch than a smaller one? If the
cost of incubation increases with clutch size, then
it will probably influence other energy allocation
decisions of birds such as determination of clutch
size.

There is good reason to predict that the cost
of incubation should increase with clutch size.
Each egg requires an input of heat energy to main-
tain a constant temperature (excluding the situa-
tion in hot environments where the function of
incubation is to remove excess heat from the eggs,
e.g. Walsberg and Voss-Roberts 1983), thus the
heat requirements of the clutch must increase with
clutch size (see Kendeigh 1963; Mertens 1977). If
heat production is an active process costing energy,
the cost of incubation should increase with clutch
size.

However, several researchers have suggested
that incubating birds can supply a large fraction
of the heat required for incubation from that pro-
duced as a by-product of their basal metabolism
(e.g. King 1973). If this is true, then the cost of
incubation should not increase with clutch size.
Others have assumed that because the cost of incu-
bation is small, it must not differ substantially for
different clutch sizes (e.g. Walsberg 1978; Robert-
son and Biermann 1979).

To resolve this controversy, we examined the
incubation behavior of captive Bengalese finches,
Lonchura striata var. domestica. Previous studies
of the cost of incubation have suffered from small



368

sample size or inadequately controlled experiments
(e.g. Gessaman and Findell 1979; Haftorn and
Reinertsen 1985). Our test involved ad lib feeding
under controlled conditions and assumed that
birds expending more energy would eat more. To
control for the numerous variables of reproduc-
tion, we always compared birds against themselves
using a manipulative paired experimental design.
This design reduced many possible sources of vari-
ation, It is important to manipulate clutch size
when examining the cost of incubation and other
costs of reproduction (see Reznik 1985) rather than
using natural variation because if we use the latter
(e.g., Finch 1984) we do not know whether a differ-
ence in energy expenditure or intake is due to dif-
ferent clutch sizes or merely the result of a corre-
lated factor. For example, parents which lay large
clutches may be in better condition than other par-
ents and thus have more energy to expend on incu-
bation (De Steven 1980). By varying clutch size
and measuring food consumption and time to
hatch of the first egg, we were able to test whether
the cost of incubation increases with larger
clutches.

The Bengalese finch

The Bengalese finch is a domesticated descendent
of the wild sharp-tailed munia (L. striata acuti-
cauda) (Eisner 1957). Adults are approximately
12 cm long, and breed readily and consistently in
captivity. The breeding biology of the Bengalese
finch is described in Eisner (1957, 1960a, 1960b,
1961, 1963, 1969), Slater (1970) and Henry (1971).
Wild birds build a spherical nest with a side en-
trance (Henry 1971), but captive birds will readily
nest in commercially available finch nests. Clutch
size ranges from 2-9 eggs, with 5-6 most frequent
(Eisner 1960a; Henry 1971). Eggs are typically laid
every day in the early morning, although females
occasionally skip a day. Both parents incubate the
eggs although neither sex develops a true brood
patch (Eisner 1960b). The parents equally divide
the time invested in incubating the clutch (Eisner
1961) and one of the parents is always on the nest
during incubation (Eisner 1961, 1969; Slater 1970).
During both the incubation and nestling stages,
the parent birds can often be observed together
on the nest, particularly at night (Eisner 1961,
1963).

Methods

The study was conducted in an enclosed 3.2 m by 2.7 m labora-
tory at the Vancouver Public Aquarium, starting February

1985. The windows were fitted with 2.5 cm thick styrofoam
to block external light and to minimize temperature gradients
inside the room. The temperature -averaged 24° C over the
course of the experiment. The room was lit with fluorescent
lighting from 0700 h to 1700 h.

Using vent characteristics and behavioral observations to
sex the birds, we set up fourteen pairs of finches in the lab.
Each pair was housed in a wood and wire-mesh cage
(34 x 30 x 30 cm), visually separated from all other pairs. Each
cage was equiped with the following: cuttlebone, pan with gran-
ite grit, water dispenser, food dish, and two perches. The food
dish was located high on the side of each cage to minimize
the possibility of the birds defecating in the dish. On the 15th
day after pairing, a 10 cm diameter wicker finch nest was added
to the back left-hand corner of each cage. Every few days after
that, small strips of paper toweling and hay were added to
the bottoms of the cages to encourage nest building activity.
Bedding was removed from some nests as soon as the birds
began to lay in order to make nests as similar as possible in
insulating ability.

Diet

From preliminary experiments, we chose the following diet both
for its nutritional qualities and for its resistance to scattering
by the finches.

7.5ml Dibasic Calcium Phosphate USP (Hydrate) powder
15 ml Vionate vitamin supplement (Rich Health Inc., Irvine
CA)

15 ml yeast culture

60 ml water

200 g Country Grains Bread

500 g hard-boiled egg, with shells

100 g carrot

350 g Finch Seed (Borden Mercantile, Victoria, B.C.)

These ingredients were thoroughly ground together in a food
processor with the seed added last and mixed in slowly, so
as not to break the husks. It was then bagged in 400 g portions
and refrigerated for a few days ahead of use.

Manipulations

Data were collected on 121 consecutive days after the final
diet had been selected, from March through June 1985.

Nests were examined in the morning. If an egg had been
laid overnight, it was numbered with a pencil, weighed, and
returned to the parents within a few minutes. Once a clutch
was complete, it was either reduced to two eggs (Small) or
reduced to or left at six eggs (Large). In one case a clutch
of five eggs was supplemented with a sixth egg from another
pair. Parents that incubated Large clutches in their first brood
cycle were given Small clutches the next cycle and vice versa.
Half the pairs incubated a Large clutch first, and half incubated
a Small clutch first.

Data collection

We used the daily food intake of the birds as a measure of
the cost of incubation. Every morning between 0700 h and
0800 h, the food dishes were removed and any remaining food
was weighed on a balance (accurate to 0.001 g). The dishes
were then cleaned and the new day’s allotment of food (25 g)
was returned to the birds. Food intake was calculated as the
difference between the 25 g and the weight of the remaining



food. Some of the food was not actually eaten, but was picked
out of the dish and dropped to the bottom of the cage. The
amount of “scattering” was not quantified, but appeared ap-
proximately equal for all pairs. Because both parents fed from
the same dish, this method of evaluating food intake combines
the intakes for both parents. In this experiment this is desirable
because both parents incubate the clutch (Eisner 1960b), and
determining their relative contributions was not central to this
research.

Food intake was measured for the first 10 days after manip-
ulations. Since Eisner (1969) found that incubation began with
the second to last or last egg, we were assured that full incuba-
tion was established by the time the clutch was completed. Only
the first 10 days of the typical 16 day incubation period were
used, to minimize the effects of embryo heat production.

The parent birds were weighed at the start of the experi-
ment, eight days before the first female began laying eggs. For
some of the breeding pairs, the weights of the male and female
were taken both before and after the 10-day measured incuba-
tion time. Molting was not observed in any of the birds during
the experiment.

To be used in the analysis, a pair of finches had to lay
two clutches of sufficient size to allow the manipulations. Of
the 14 pairs of finches, 7 did so. Other pairs laid 15 other
clutches but these could not be used for this experiment because
on six occasions the parents did not incubate consistently and
on nine occasions we did not obtain the corresponding data
(i.e. Small or Large) to make up a paired set. Data from these
other clutches were included in calculation of the average clutch
size. Because we compared the same parents on each of two
different clutch sizes, paired t-tests were used to compare sam-
ples, and the probability level for significant differences was
set at 0.05.

Results

At the start of the experimental period, females
weighed 14.8 g (SD=0.9, n=6) and males weighed
14.5 g (SD=0.9, n=7). The average clutch size was
5.3 eggs (SD=1.7, n=29), with clutches ranging
from one to eight eggs. The average weight of a
clutch was 6.15g (SD=0.44, n=26) or 44.9%
(SD=12.0, n=24) of each female’s pre-reproduc-
tive body weight.

The mean duration of incubation to hatching
of the first egg (using clutches which did not have
any eggs added to them) was 15.7 days (SD=1.7,
n=15) counting Day 1 as the day on which the
second to last egg was laid. This agrees with Eisner
(19604a). The eggs within a clutch usually hatched
on the same day, with on¢ or two hatching in the
next couple of days.

Before manipulation

For the two clutches laid by each female, there
was no significant difference in the size or weight
of the clutches before they were manipulated (Ta-
ble 1a). In three cases, the pair laid exactly the
same number of eggs in each of the two clutches,
in the other four cases the two clutches differed
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Table 1. a Comparison of clutch size and weight in the two
treatments before clutch size was manipulated. Two-tailed
paired -tests were employed to compare the two clutches laid
by each pair of birds used in the experiment. b Comparison
of parental food intake and time to hatch the first egg when
given a Small clutch versus the same parents when given a
Large clutch using one-tailed paired #-tests. Data are means
+SE

Small Large te P
a Before manipulations
Number of eggs laid 6.0 £0.4 6.3 +04 1.00 0.36
Weight of clutch 6.73£039 7.17+0.52 119 0.28
laid (g)
b After manipulations
Food intake 14.7940.31 15741038 2.36 0.03
(g-day*-pair 1)
Time to hatch (days) 153 +0.5 183 +0.6 520% 0.01
Number hatched 16 +03 27 £0.6 133 0.12

2 df=3 due to missing data for some pairs
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Fig. 1. The relationship between day after manipulation and
food intake. Error bars indicate 1 SE

by one egg. We concluded that the two clutches
laid by each female were therefore equivalent be-
fore manipulations. Of these, three pairs were giv-
en their Large clutch first and four pairs incubated
their Small clutch first.

After manipulation

Averaging food intake over the 10 days following
manipulation, parents incubating Large clutches
ate significantly more (6.5%) than when they were
incubating Small clutches (Table 1b). For the four
pairs on which we had hatching times for both
clutch sizes, all took longer (an average of 3 days)
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to hatch their first egg of a Large clutch than the
same parents when incubating Small clutches (Ta-
ble 1b).

There was no clear relationship between day
in the incubation phase and food intake for either
sample (Fig. 1). Similarly, the weights of the par-
ents did not change significantly over this period,
when considered either by sex or as a pair (un-
paired-z-tests, males: ¢, =1.47, P=0.19; females:
t;=0.29, P=0.78; pairs: 1, =0.65, P=0.54; paired
t-tests could not be used due to missing data).

Discussion

The results support the hypothesis that the cost
of incubation increases with clutch size. This agrees
with previous investigations of the cost of incuba-
tion in other avian species. Blagosklonov (1977)
manipulated clutch size in pied flycatcher (Ficedula
hypoleuca) nests and found that time spent incu-
bating increased with clutch size. Jones (1987)
switched eggs between two incubating female swal-
lows (Hirundo rustica) and also found a significant
increase in time spent incubating a larger clutch.
Biebach (1981, 1984) manipulated clutch size for
starlings (Sturnus vulgaris) and using a gas ex-
change technique found an increase in energy con-
sumption when the birds incubated larger clutches.
Similarly, Haftorn and Reinertsen (1985) found an
18% decrease in the oxygen consumption of a sin-
gle blue tit (Parus caeruleus) when its clutch of
13 eggs was reduced to 8 eggs and Weathers (1985)
found an increase in metabolic heat production
by three canaries (Serinus canaria) when incubat-
ing four or five egg clutches versus two egg
clutches.

By contrast, Brisbin (1969) failed to detect an
increase in daily food intake of pairs of ring doves
(Streptopelia risoria) incubating normal two-egg
clutches versus those incubating experimentally re-
duced clutches of one egg. As Brisbin (1969)
pointed out, however, the two eggs of the ring dove
weigh less than 7% of the female’s body weight.
In our study, the average clutch of 5.3 eggs was
45% of the female’s body weight. The proportion-
ately smaller eggs of the ring dove would make
clutch size-dependent effects more difficult to de-
tect than in Bengalese finches.

Some researchers have compared the resting
metabolism of incubating birds against that of
non-incubating birds outside the nest (e.g. Grant
and Whittow 1983), and suggested that this is evi-
dence against the existence of a cost of incubation
(Walsberg and King 1978a, 1978b). Others have
compared an incubating bird with a non-incubat-

ing bird in the nest (e.g. El-Wailly 1966; Vleck
1981; Haftorn and Reinertsen 1985). These studies
are difficult to interpret because the non-incubat-
ing bird is not equivalent to an incubating bird
without eggs (Walsberg 1983), and furthermore,
their approach addresses a different question than
the one we are concerned with here. They are ask-
ing which of a number of possible behaviors costs
less for a bird to do. We are asking, given that
a bird has to incubate its eggs for them to hatch
properly, will the number of eggs it is incubating
affect the cost to the parent.

Although we attempted to control the experi-
ment as tightly as possible, a few potential sources
of error remain. The most likely sources of error
are failure to control for either past energy expen-
ditures or anticipated future energy expenditures
in the two treatments. We were able to control
the immediate past energy expenditures of each
pair by using only parents that laid two clutches
of similar size. Although all Bengalese finch eggs
are not the same size (egg size tends to increase
with laying sequence, Coleman and Whittall, in
preparation), the increase is small relative to total
egg size. Since we compared clutches of two eggs
versus six eggs these differences should not adver-
sely affect our experiment. It is possible, however,
that differences in more distant past expenditures
such as clutch size in the previous brood were af-
fecting the results. Similarly, the results may be
confounded if a parent incubating a large clutch
eats more in anticipation of feeding a larger
number of hatchlings. However, if parental antici-
pation is important, it is most likely to show up
in the latter stages of incubation. Partly for this
reason we measured food consumption for only
the first part of the incubation period. It is note-
worthy that Fig. 1 shows no increase in feeding
rate as hatching approaches. It therefore remains
to be shown ‘that parents do anticipate feeding
hatchlings, especially several days before hatching.

Hatching success was low compared to many
species of birds, however, this result is consistent
with other studies of the Bengalese finch, both in
captivity (Eisner 1960a) and in the wild (Avery
1978).

An important assumption of cost of incubation
studies (including this one) is the use of short-term
correlates of lifetime reproductive success (¢.g. time
spent incubating, weight loss or food intake, time
to hatch) as measures of the cost of incubation.
For practical reasons, these experiments assume
that changes in these short-term allocations will
have predictable consequences on lifetime repro-
ductive success. This assumption is probably cor-



rect; however, an ideal test for a cost of incubation
would examine directly the effect of different
clutch sizes on lifetime reproductive success.

Although our study was performed on captive
birds, the cost of incubation is applicable to free-
living birds as well, though it may be manifested
in a different way than in captivity. In our experi-
ment the cost of foraging was small. In the wild,
where there may be a substantial cost to increased
foraging, birds incubating larger clutches will
probably lose more weight than birds on smaller
clutches (e.g. Jones 1987), rather than compensat-
ing for the cost of incubation by increasing food
intake.

How important is the cost of incubation? We
found a difference of 6.5% between the food intake
of parents incubating large clutches versus small
clutches. It is possible that this difference would
be intensified at lower temperatures (see Mertens
1987). Some studies have assumed that because the
cost of feeding nestlings is large, the smaller cost
of incubation is unimportant (e.g. Robertson and
Biermann 1979; Walsberg 1978). In Lack’s (1947)
discussion of the evolution of clutch size, he sug-
gested that a parent’s ability to produce and raise
offspring is limited by its ability to feed the nes-
tlings, not by its ability to incubate the eggs. This
fails to recognize that no matter how small the
difference between incubation costs for large and
small clutches, provided this difference is signifi-
cant and consistent, then natural selection can act
upon it, and it will be a component in the evolution
of avian life history. In fact, Nur (1986) recently
concluded from his extensive study of clutch size
in the blue tit that parents do not appear to adjust
their clutch size according to their ability to rear
nestlings, rather, he suggests that incubation may
be important. Yom-Tov and Hilborn (1981) con-
cluded from their model of the energetic con-
straints on avian breeding that the first period of
energetic stress occurred at the end of incubation
and that this stress was independent of clutch size.
However, their model assumed that the cost of in-
cubation was independent of clutch size, in con-
trast to our findings. Their model may yield differ-
ent resuits if a clutch-size dependent cost of incuba-
tion were incorporated.

Determining whether the cost of incubation in-
creases with clutch size is important not only for
our understanding of avian parental investment,
but it has become vital to testing general models
of parental investment theory. Recently, Sargent
and Gross (1985) determined that to resolve the
tradeoff between investment into present and fu-
ture reproduction, a parent should invest accord-
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ing to the value of its brood relative to its expected
future reproduction. To test this theory, they pro-
posed an experimental design that compared pa-
rental willingness to invest under different experi-
mental treatments. A key assumption of the design
was that parents with larger clutches perform some
behavior that causes them to invest at a higher
rate than parents with smaller clutches. To apply
the design to birds, Sargent and Gross suggested
that the cost of incubation increases with clutch
size. By contrast, in an earlier test of parental in-
vestment decision rules, Robertson and Biermann
(1979) assumed that the cost of incubation does
not increase with clutch size. In both cases the as-
sumption is critical to interpretation of the results.
The present study suggests that Robertson and
Biermann (1979) were incorrect in their assump-
tion. Because of this, their experimental design will
not uncouple the correlation between past invest-
ment and brood size: parents with large broods
will also have large past investment because of
their expenditures on incubation. Thus we cannot
determine whether it is past investment or brood
size (expected future benefits) that is responsible
for parental investment allocation decisions in
their experiment. By contrast, the experimental de-
sign of Sargent and Gross (1985) can be used for
testing general models of parental investment in
birds, as has been done for fishes by Coleman et al.
(1985).

Future research should determine the exact na-
ture of the relationship between clutch size and
the cost of incubation, i.e. does the cost accelerate,
decelerate or increase linearly with increases in
clutch size. Mertens’ (1977) model of incubation
predicts a deceleration of the curve at larger clutch
sizes because eggs may partially insulate one an-
other in large clutches. The only data that have
examined this, those of Biebach (1984) for star-
lings, found a linear increase in parental energy
expenditure with increases in clutch size. Biebach
suggests that the need to re-warm eggs not in con-
tact with the brood patch increases in larger
clutches and may counteract the insulating effect
in Mertens’ model. Further tests will be needed
to examine these factors to construct more realistic
life history models of avian parental investment.
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