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CLUTCH SIZE AND PARENTAL EFFORT IN THE GREAT TIT
PARUSMAJOR
S. VERHULST1,2 & I.M. TINBERGEN2
Verhulst S. & J.M. Tinbergen 1997. Clutch size and parental effort in the
Great Tit Parus major. Ardea 85: 111-126.
We experimentally reduced clutch size of Great Tits Parus major to investigate the effects on parental care (including Daily Energy Expenditure,
DEE, measured with doubly labelled water), and the relationship between
DEE and the residual reproductive value. The length of a working day was
not affected, but the nestling phase was 0.7 days (4%) shorter in experimental clutches. Males fed reduced broods at a lower rate, but DEE and
mass (loss) were not significantly affected by the experiment. However,
male DEE was positively correlated with feeding frequency, and this relationship did not differ between control and experimental cJ cJ. This suggests that the experiment resulted in a slight reduction in male DEE, and
lack of statistical significance can be attributed to the power of the test applied. Females fed reduced broods at a lower rate, but female DEE and
mass (loss) were not affected by the clutch size manipulation. Female DEE
was not correlated with feeding frequency, the original number of eggs in
the nest or the actual number of young. The division of labour (feeding rate,
DEE) was not affected by the clutch size manipulation. Female DEE was
significantly higher than male DEE, and this could be caused by the fact
that only the 9 roosts with the young. There was no consistent relationship
between DEE and parental survival or future reproductive success. Since
the experimental reduction in clutch size led to an increase in residual reproductive value (more second clutches), but not to a decrease in DEE, this
costs of reproduction is apparently not contingent on increased rate of energy turnover. It is suggested that birds with equal DEE may differ in their
residual reproductive value as a consequence of variation in energy allocation between reproductive effort and e.g. aspects of physiological maintenance and repair.
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INTRODUCTION
Raising offspring is associated with both costs
and benefits (Clutton-Brock 1991), and hence parental effort can be expected to be optimized
(Williams 1966, Chamov & Krebs 1974, Houston
& Davies 1985, Lazarus & Inglis 1986, Winkler
1987, Daan et at. 1990, Kacelnik & Cuthill 1990,

Lessells 1993). Parental effort is often assumed to
be proportional to clutch size (e.g. Chamov &
Krebs 1974), but this relationship may be more
complex (Winkler & Wallin 1987). Then the contribution of the clutch to the parents' fitness is a
function of both clutch size and parental effort,
while the residual reproductive value (the contribution to the parents' fitness of future reproduc-
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tive attempts) is a function of only parental effort.
Therefore, to understand the relationship between
clutch size and residual reproductive value, it is
necessary to have knowledge of the relationship
between clutch size and parental effort, as well as
the relationship between parental effort and the
residual reproductive value.
Feeding rate is often used as a measure of parental effort, and feeding rate usually increases
with manipulated brood size (Lessells 1993).
However, feeding is only one aspect of parental
care, and an estimate of parental effort should
also include resources allocated to other forms of
parental care such as brooding, deterring predators and territorial behaviour. This is important
because there may be trade-offs between different
forms of parental care (Verhulst 1995). Furthermore, parents may change their foraging behaviour in response to brood size manipulation (e.g.
Tinbergen 1981), in which case the effort per feed
is no longer comparable between brood sizes. Energy expenditure, which can be measured in freeliving birds using the doubly labelled water technique (Lifson et al. 1955), integrates various aspects of parental care such as feeding and brooding, and thereby provides a potential currency for
parental effort. To our knowledge there are only
three studies of the relationship between (manipulated) brood size and parental energy expenditure
(Williams 1987, Deerenberg et al. 1995, Moreno et
al. 1995).
We manipulated clutch size in Great Tits Parus major and measured daily energy expenditure
(DEE) of both parents during brood rearing. Manipulations are required because natural variation
in brood size may be confounded with variation
in individual and/or environmental quality (Grafen 1988, Gustafsson & Sutherland 1988, Tinbergen & Daan 1990). Clutch size manipulations
solve this problem, as long as parents respond
similarly as to a natural intra-individual change in
clutch size. The effect of the clutch size manipulation on feeding frequency and time spent brooding young was also studied, because these activities can potentially playa role in the explanation
of the experimental effects on DEE. Furthermore,

with respect to the investment of time, the number
of hours per day that parents fed their young was
recorded, as well as the total duration of the nestling period.
The experimental reduction in clutch size enhanced the residual reproductive value of the parents: experimental pairs were more likely to start
a second clutch, and experimental pairs were
more successful in fledging young from second
clutches (Verhulst 1995). To investigate the role of
DEE in the mechanisms mediating the costs of reproduction, the relationship between DEE and
components of the residual reproductive value
was evaluated.
The relationship between parental effort and
residual reproductive value may differ between
the sexes, which could result in a differential response of the sexes to the clutch size manipulation (Moreno et al. 1995). Therefore the effect of
the clutch size manipulation on the division of labour will also be evaluated.

METHODS
Study area and standard methods
Field work was carried out on Vlieland, an island in the Dutch Wadden Sea. There is one large
woodland on Vlieland (the village wood), and
four smaller woodlands. Woodlands consist mainly of pine, with patches of oak. See Verhulst &
van Eck (1996) for more information. Experiments were carried out in all woodlands, but DEE
measurements and behavioural observations were
restricted to the village wood. Nest boxes were
checked at least once a week during the breeding
season. Laying date and clutch size were recorded. Nests were checked daily around the expected day of hatching to establish the hatching
date. Adults were captured with spring traps when
the young were 7-14 days old, and subsequently
identified, weighed and measured. When the
young were 15 days old they were ringed. At the
same time mass, tarsus and wing length were
measured. Broods were visited daily in late afternoon from day 16 onwards to establish fledging
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date. Ages are in days after hatching (day of
hatching = 0).
Clutch size manipulations
The experiments were carried out during three
years (1989-1991). Dyads of clutches with approximately the same laying date (maximum difference of two days) and clutch size (maximum
difference of one egg) were selected. Taking laying date, clutch size and distribution of the
clutches over the different woods into account, in
each dyad one randomly chosen clutch was manipulated. Fifty percent of the eggs were replaced
by artificial eggs, approximately six days after the
last egg was laid. There were no clutch enlargements. Prior to egg-replacement the nest-box was
observed from a distance until the Q was seen to
leave the nestbox. Then the eggs were replaced as
quickly as possible to avoid detection by the
breeding pair. The artificial eggs were removed
from the nest with the same procedure one day after the eggs hatched. The effect of the experiment
on components of fitness is described elsewhere
(Verhulst 1995). In addition to the clutch size manipulations experiments were carried out with
second clutches in 1990 and 1991. Pairs with manipulated second clutch were omitted from the
analysis of the relationship between DEE and
components of the residual reproductive value after the second clutch was laid.
Recording parental behaviour
The number of hours between the first and the
daily last visit of the nest box was recorded using
a threshold attached to a microswitch placed in
the nest entrance. Visits to the nestbox were marked on a paper sheet strapped around a rotating
cylinder (see Kluyver 1933 for a drawing). Initially, the threshold would be below the nest entrance and one or two days after the threshold was
installed it would be placed a little higher, in such
a way that the tits would activate the switch when
going through the nest entrance. Nest boxes were
observed to record parental behaviour from as
great a distance as vegetation permitted (usually
50-100 m). As a rule, each observation period las-
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ted two hours. Each visit of the nest box, and the
time of visit, was recorded for both sexes. Feeding visits usually take only a few seconds, but the
Q (never the (J), sometimes remained in the nest
box for a longer period, presumably brooding the
young. Variation in time spent brooding is discussed elsewhere (Verhulst 1995).
Data analysis
Analysis of effects of different parameters on
variation in parental behaviour was carried out
with means per nest box to avoid pseudo-replication. Averages of observations were taken per nest
for different age-categories and analysed separately for different age categories. Male and female feeding frequency were also analysed separately. The experimental effect on feeding and
brooding was evaluated in multiple regression
models, including year and age of the young, regardless of the significance of these parameters.
Before calculation of the means, it was investigated if feeding frequency depended on time of
day and if the effect of nestling age on feeding
frequency was curvilinear. All observations on
first broods were used except those which were
carried out to see if (J (J resumed work after being injected with doubly labelled water (see below). These tests were carried out by adding variables to a model containing year (as a factor), manipulation category and age of the young. Age
squared was not significantly correlated with
feeding rate ((J (J: F 1 ,264 = 0.2, N.S.; Q Q: F 1 ,264 =
0.8, N.S.). Time of day half-way the observation
was taken as time, but this did not correlate significantly with feeding rate ((J (J: F 1 ,264 = 0.4,
N.S.; Q Q: F 1 ,264 = 0.3, N.S.). Feeding rate may
for example be high early morning and/or late
afternoon, but time of day squared when added to
the model containing time of day did not explain
a significant part of the variance ((J (J: F 1,263 =
0.5, N.S.; Q Q: F 1263 = 0.2, N.S.). Thus we conclude that feeding rate was linearly related to
nestling age, and independent of time of day.
Energy expenditure
DEE was measured simultaneously in a con-
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trol bird and an experimental bird that hatched
their young on the same day. The original dyads
in the experiment could not always be used because the control and experimental pair could
breed in different woodlands, while DEE was
measured in the village wood only. New dyads
were formed of a control and an experimental pair
with the same hatching date and approximately
equal laying date and clutch size. In 1989, with
one exception, DEE was measured in only one
bird of each breeding pair. In later years we attempted to measure DEE of both members of a
pair simultaneously.
Males were captured during the day when the
young were eleven days old with a radio-activated trapping device that was installed in the
nest box one or two days before capture. The
birds were weighed, injected with doubly labelled
water, and kept in a cloth bag for one hour for
equilibration of the isotopes in the body fluid
(Williams & Nagy 1984, Williams 1985). After
equilibration, the first blood sample was taken
and the (j (j were released. The (j (j were recaptured to collect the second blood sample 48 hours
later. The whole brood was weighed and the number of young was counted when blood samples
were taken. Approximately 1-2 hours after the initial blood sample of the (j was taken we returned
to the nest box to check if the (j (j had resumed
feeding. Feeding rates could be compared with
similar observations that were done in the morning before the (j was captured. The (j (j resumed
feeding in most cases, although they usually appeared cautious at first. However, some (j (j did
not resume feeding at a normal rate during these
observations, and were obviously reluctant to enter the nest box. When this happened (2 (j (j in
1989, 2 (j (j in 1990,0 (j (j in 1991), we abandoned that measurement, and did not measure
DEE of the 9.
In addition to the observations of feeding rate
before and after the initial blood sample was collected, data on feeding rate were also collected on
the next day, and on the third day, prior to collection of the final blood sample. The observations
that were carried out to check if the (j had re-

sumed feeding were not used in any of the analyses.
Females roost with the young. On the night
between the 11 th and the 12th day after hatching
the 9 was taken from the nest. The 9 9 were
weighed, and doubly labelled water was injected.
After injection, the whole brood was weighed, the
number of young was counted, and the 9 was returned to the nest. We returned an hour after the
injection to collect the first blood sample. After 24
hours we returned, again weighed the bird and the
brood, and collected the second blood sample.
Thus, energy expenditure of the (j (j was measured over a period of 48 hours, and energy expenditure of the 9 9 was measured over a period of
24 hours, which fell completely within the period
that male energy expenditure was measured. Data
on feeding rate were collected during the day between the collection of the first and second blood
sample. Some 9 9 did not sleep in the nest box
during the night that the second blood sample
would otherwise be taken. In these cases the 9
was captured the next morning to collect the second blood sample. The proportion of 9 9 that did
not sleep in the nestbox during the second night
did not differ between control (3 out of 15) and
experimental (3 out of 16) 99.
Blood was drawn from the brachial vein on
the wing, or from a vein on the leg, and collected
in heparinized glass capillaries that were sealed
directly after sampling. Concentration of 180 and
Deuterium was determined by mass spectrometry
(Masman & Klaassen 1987) at the Centre for Isotope Physics of the University of Groningen. Calculation of CO 2 production was done according to
Lifson & McClintock (1966), using an RQ of
0.75, and an energy equivalence of 19.9 kJ(L 2>1. The water content of individuals was assumed
to be 66% of the body mass (Mertens 1987). The
time elapsed between the collection of the initial
and the final sample was rarely an exact multiple
of 24 hours. For 9 9, the ratio of night to day
hours increased as the period of measurement increases, while for (j (j this ratio decreased. Because a systematic difference in energy expenditure between day and night can be expected this
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used in calculation of DEE for 1989 and 1991, instead of the mean of the annual means, the absolute changes in DEE were smaller than one per
cent (cJ cJ: x = 0.9%, SD = 0.2, n = 19; QQ: x =
0.3%, SD = 0.8, n = 20). This suggests that consequences of possible errors in the estimates of
background levels can be ignored.

needs to be corrected for. For Q Q, measurements
were adjusted following the procedure of Tinbergen & Dietz (1994). The absolute change in DEE
caused by this correction was only 1.4% of uncorrected DEE (SD = 2.7%, n = 31). This method
could not be applied to cJ cJ because no independent estimate of day-time metabolism is available. However, energy expenditure per 24 hours
was independent of the duration of the measurement-period (R2 = 0.01, n = 35, F1,33 = 0.2, N.S.),
possibly because variation in the measurementperiod was small (Table 3A). We conclude that a
possible bias is sufficiently small to be ignored.

RESULTS

The number of hours between the first and the last
recorded visit ofthe day was 15.3 h (SD = 0.49, n
= 24 broods), and did not differ between years
(F221 = 0.3, P = 0.6). A working-day was slightly
sha'rter for parents feeding an experimentally reduced brood but this difference was not significant (control pairs: x= 15.45 h, SD = 0.48, n = 13;
experimental pairs: x = 15.14 h, SD = 0.47, n =
11, F Z,22 = 2.5, P = 0.1). Controlling for date did
not change this result.
With some exceptions, all young of a brood
fledged on the same day. The mean age at which
broods fledged was 18.4 days (Table 1; range 1525 days). Experimental broods fledged 0.7 days
earlier than control broods (Table 1; Fl,109 = 4.1,
P < 0.05, controlling for year: F2 ,109 = 4.9, P <
0.01).

Background concentrations of 180 and Deuterium
In each year blood samples were collected
from birds where no doubly labelled water was
injected to measure the background concentration
of J 80 and Deuterium. These values are used in
the calculation of the CO 2 -production. Due to an
accident, background samples of 1990 were not
available, and therefore all calculations were carried out with background levels as measured in
1989 (n = 4) and 1991 (n = 8). Background levels
of Deuterium differed significantly between years
(t-test, P < 0.01), but there was no significant difference between years in background level of 180
(t-test, P = 0.2). The mean of the annual mean isotope enrichment (in %0 relative to Standard Mean
Ocean Water) was used for both isotopes in all
calculations of CO 2 -production (Deuterium:
7.108 %oSMOW; 180: 2.0634 %oSMOW). The absence of background samples for 1990 could result in biased estimates of CO 2 production. However, when year specific background values were
Table 1.

Feeding frequency in cJ cJ
Age-ranges used are I: 1-5 days (n = 25 nests,
98 hours of observation), II: 6-10 days (n = 37
nests, 105 h) and III: 11-14 days (n = 65 nests,
270 h). The number of young during the observations was significantly lower in experimental
clutches in all three age-categories (Table 2; con-

Fledging age (in days) of young in control and experimental clutches. At day of hatching age = O.
Control clutches

1989
1990
1991

Experimental clutches

:x

SD

n

:x

SD

n

18.5
18.5
19.4

1.3
1.3
2.4

23
16
15

17.9
17.6
18.9

1.3
2.1
1.7

22
18
19
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Table 2. Reproductive parameters, feeding frequency (feeds h- I ) and proportion of time spent brooding of control
and experimental birds. (A) Age-category I, 1-5 days. (B) Age-category II, 6-10 days. (C) Age-category III, 11-14
days after hatching.
1989
Control
(A) Age-category I
Age of nestlings (days)
Number of nestlings
Hours observed
Male feeding rate, cJ' h- I
Female feeding rate, cJ' h- I
Female brooding

x

SD

1989
Reduced
n

x

SD

(B) Age-category II
Age of nestlings, days
Nestlings, n
Hours observed
Male feeding rate, cJ' h- I
Female feeding rate, cJ' h- I
Female brooding

(C) Age-category III
Age of nestlings, days
Nestlings, n
Hours observed
Male feeding rate, cJ' h- I
Female feeding rate, cJ' h- I
Female brooding

12.0 0.6
6.3 1.7
3.5 1.9
21.6 11.9
24.914.2
0.060.06

12
12
12
12
12
12

12.1 0.4
3.8 0.7
3.6 1.4
19.3 7.3
14.9 10.0
0.070.08

1990
Control

x

1991
Control

1990
Reduced

x

1991
Reduced

x

n
5
5
5
5
5
5

x

SD

3.6 1.1
8.4 1.1
3.2 1.8
- 11.8 8.5
6.5 4.4
0.520.24

3.6
3.4
3.9
6.6
3.3
0.45

0.9
1.0
2.1
5.2
1.0
0.35

n
6
6
6
6
6
6

3.2 0.6
7.4 1.2
3.9 1.2
7.1 2.7
4.7 2.2
0.440.08

n
7
7
7
7
7
7

3.2 0.6
3.6 1.1
4.4 1.6
5.4 2.6
3.9 3.5
0.560.19

n
7
7
7
7
7
7

8.7 1.2
8.1 1.9
2.8 1.1
24.6 7.5
14.4 5.9
0.040.05

10
10
10
10
10
10

7.4
3.6
2.9
10.7
6.5
0.41

1.4
1.1
1.6
5.4
6.0
0.30

7
7
7
7
7
7

7.1
7.4
2.7
15.1
12.0
0.20

1.5
1.2
1.0
9.3
8.1
0.13

9
9
9
9
9
9

7.5 1.2
3.5 1.0
3.0 1.6
8.4 5.4
8.0 7.6
0.330.22

11
11
11
11
11
11

13 11.8 0.5
13 8.4 1.0
13 4.7 2.1
13 30.610.1
13 25.8 8.3
13 0.010.02

12
12
12
12
12
12

11.8 5.9
4.1 1.0
4.0 1.8
9.8 7.7
14.8 5.9
0.060.11

10
10
10
10
10
10

12.2 0.4
6.0 1.3
4.8 0.9
19.4 8.5
14.5 10.0
0.010.02

7
7
7
7
7
7

12.2
3.9
4.7
13.9
16.7
0.03

11
11
11
11
11
11

n

trolling for year, all P < 0.0001). Laying date,
original clutch size, hatching date and age of
young during the observations did not differ significantly between control and experimental pairs
in any age-category. Experimental (j' (j' fed their
broods at a lower rate than control (j' (j' in all
three age categories (Fig. IA), and this effect was
significant in the two oldest categories (age-category I: b = -3.3 feeds h- 1, P < 0.09; II: b = -9.2
feeds h-I, P < 0.001; III: b = -9.7 feeds h-I, P <
0.001). The experimental effect differed significantly between years in the oldest age category (P
< 0.001), but not in the other two categories.
Daily energy expenditure in (j' (j'
The individual (j' (j' whose DEE was measured were a subset of all birds used in the experi-

SD

SD

SD

0.3
0.7
1.3
8.6
8.0
0.03

ment. However, control and experimental cJ cJ
did not differ significantly in the criteria used in
the selection of the original dyads: laying date
and clutch size (Table 3A), and there was no significant difference in hatching date between control and experimental broods (Table 3A). Male
DEE was on average 85.2 kJ d- I (SD = 14.9, n =
35). Males did not significantly alter their DEE in
response to the clutch size manipulation (Fig. 2A;
F l ,3l = 2,2, P = 0.15; controlling for year: F2 ,3l =
3,5, P < 0.05), and there was no significant interaction between year and the clutch size manipulation (F2 ,29 = 0.2, P = 0.8). Comparing DEE of
control and experimental cJ cJ within dyads
measured simultaneously with a paired t-test
could provide a more sensitive test, since it accounts for day-to-day variation in DEE, but this
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(non-significant) value of -6.9 kJ that was found.
This suggests the absence of a significant experimental effect on male DEE was due to insufficient
sample sizes, and not due to an inconsistency in
the data. This is confinned by a power-analysis
(following Zar 1984), which showed that, given
our sample sizes and variance, the probability of
detecting a difference of9.8 kJ was only 55%.
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35
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~
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5
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6
8
10
age young (days)

12

14

Fig. 1. Feeding rate (± SE) of (A) cJ cJ and (B) 99
rearing control or experimentally reduced clutches at
different ages. 1989: 0 control, • reduced; 1990: L.
control, ... reduced; 1991: 0 control, • reduced. N.S.
not significant, * P < 0.05, ** P < 0.01, *** P < 0.001.

did not change the result (n = 11 dyads, P = 0.8).
Furthennore, DEE was not correlated with the
number of young in the nest at the time of measurement, with the clutch size before or after manipulation, or with the mass of the whole brood.
Experimental cJ c5' fed their broods at a lower
rate, and feeding rate was significantly correlated
with DEE (Fig. 3A; b = 0.6 kJ per visit h-l, P <
0.005, controlling for year). This correlation contrasts with the absence of an experimental effect
on DEE, because this relationship (Fig. 3A) did
not differ in slope or elevation between control
and experimental c5' c5'. On the basis of the relationship between feeding rate and DEE among
control c5' c5' , and the experimental effect on feeding rate, an experimental effect on DEE of -9.8 kJ
would have been expected, which is close to the

Mass and mass loss in c5' c5'
Male mass (n = 156) was not significantly correlated with the time of day or nestling age at capture. More importantly, there was no significant
effect of the experiment on male mass (Table 3A;
b = 0.03 g, SE = 0.11, n = 156, controlling for
year). In agreement with these results, the change
in mass between the first and second blood sample in c5' c5' where DEE was measured was not
significantly different from zero (b = 0.09 g, SE =
0.06, n = 35), and not significantly affected by the
experiment.
Feeding frequency in Q Q
Feeding rate of control Q Q was higher than
feeding rate of experimental Q Q in all three age
categories (Fig. IB), and this effect was significant in the two oldest categories (age-category I:
experimental effect -1.8 feeds h- l , P < 0.09; II: experimental effect -5.2 feeds h- l , P < 0.03; III: experimental effect -7.2 feeds h-l, P < 0.01). The effect of the manipulation on feeding rate did not
differ significantly between years in any age category (although the interaction was close to significance in the oldest age-category: P < 0.08).
Daily energy expenditure in Q Q
Clutches of control and experimental Q Q did
not significantly differ in laying date, clutch size
or hatching date (Table 3B). DEE was on average
97.0 kJ d- l (SD = 15.0, n = 31), and was not affected by the experiment (Fig. 2B; F j ,27 = 0.0, P >
0.9, controlling for year F2 ,27 = 0.3, P = 0.7). The
interaction between year and the experiment approached significance (F225 = 2.9, P < 0.08). DEE
was also compared within experimental dyads
with a paired-t-test, but this yielded the same re-
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Table 3. Reproductive parameters, daily energy expenditure and mass of control and experimental birds. Hatching date is in April days, counting on from April 1st. (A) cJ cJ, (B) 9 9. Notes: a) Adult mass at the start of measurement of DEE. b) Mass of all birds captured when young were 7-14 days old.

(A) d'd'

1989

1989

1990

1990

1991

1991

Control

Reduced

Control

Reduced

Control

Reduced

32.0 4.1
9.0 0.8
53.0 3.5
7.3 1.0
18.0 0.3
17.8 0.6
49.0 0.9
92.4 18.2

n
4
4
4
4
4
33
4
4

29.8
8.6
50.8
4.2
18.0
17.8
49.3
90.0

n
3.9 5
0.5 5
4.8 5
0.8 5
0.3 5
0.7 28
1.0 5
8.3 5

25.5 6.8
7.8 0.5
45.8 5.3
6.3 2.1
17.7 0.3
17.5 0.7
26.6 4.7
105.6 13.2

4
4
4
4
4
30
4
4

27.2
8.0
47.8
3.8
17.6
17.4
24.4
86.3

6.9 5
0.7 5
6.5 5
0.8 5
0.3 5
0.9 33
0.4 5
14.2 5

X

Laying date
Clutch size
Hatching date
Nestlings, n a
Massa, g
Massb , g
Hours between samples
DEE,kJ d-!

SD

X SD

n
6.0 9
0.9 9
5.3 9
1.0 9
0.9 9
0.723
0.8 9
18.3 9

X SD

18.8
9.0
40.3
8.6
18.0
17.8
48.8
82.4

X SD

n
6
6
6
6
6
26
6
6

X

X

SD

20.8
9.2
42.0
4.5
17.6
17.7
48.1
72.6

4.8
1.3
4.2
0.8

n
6
6
6
6
6
20
6
6

21.2
8.7
43.3
7.0
18.4
17.6
48.3
92.7

0.7
0.7
0.8
5.5

22.0
9.4
43.2
4.6
17.5
17.6
30.8
103.1

3.4 5
1.5 5
2.5 5
0.9 5
0.6 5
0.6 23
6.0 5
15.4 5

19.5
9.0
41.3
7.0
17.6
17.2
24.4
88.6

1.9 4 21.5 4.6 6
0.8 4 9.2 0.4 6
3.0 4 43.5 4.4 6
1.4 4 3.8 0.8 6
0.5 4 17.8 0.6 6
0.9 28 17.5 1.1 26
0.6 4 24.2 0.1 6
7.1 4 100.216.2 6

1.1

0.8
1.7
16.1

3.1
1.0
4.1
1.1

20.0
9.2
42.2
3.8
18.2
17.8
48.0
85.8

n
3.1 5
0.4 5
3.3 5
0.8 5
0.6 5
0.6 26
0.9 5
10.9 5
SD

(B) Q Q

Laying date
Clutch size
Hatching date
Nestlings, n"
Mass", g
Massb , g
Hours between samples
DEE,kJd-!
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sult (P = 0.4, n = 10 dyads). Furthennore, the
number of young in the nest, the mass of the
whole brood or clutch size before or after manipulation did not significantly correlate with female
DEE. Considering sample sizes and variance in
our study, an experimental effect of 15.7 kJ would
have been detected in 80% of cases (calculated
following Zar 1984). Thus it is reasonable to assume that if an (undetected) experimental effect
exists it is probably smaller than 15.7 kJ. However, there was no significant correlation between
feeding rate and DEE (Fig. 3B; P > 0.6, controlling for year), which is in agreement with the absence of an experimental effect on DEE.

L-

Fig. 2. Daily energy expenditure (DEE) of parents
rearing control or experimental clutches in the three
years of study. (A) cJ cJ. (B) 99.

Mass and mass loss in QQ
Controlling for year, Q Q increased in mass
during the day (b = 0.10 g h-l, SE = 0.02, n = 160,
P < 0.00l), and decreased in mass in the course of
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pairs; paired-t-test, t 24 = 3.4, P < 0.003), and in
the middle age-category (d d: x = 14.9, SD =
9.4; Q Q: x = 10.4, SD = 7.4, n = 37 pairs; pairedt-test, t36 = 3.3, P < 0.003). In the oldest age-category male and female feeding rates were very
similar (d d: x = 19.4, SD = 11.1; Q Q: x = 19.0,
SD = 10.7, n = 65 pairs, paired-t-test, t 64 = 0.6, P
= 0.6). The proportion of female feeds (of the total feeding rate) did not significantly differ between control and experimental pairs in any agecategory (all P > 0.3). This suggests that the response to the experiment did not differ between
the sexes.
DEE of d d and Q Q was compared within
pairs (n = 21). Female DEE was higher than male
DEE (within pair comparison: difference: 13.8 kJ
d- l , paired-t-test: t 20 = 3.2, P < 0.005), despite the
fact that d d had higher mass (difference: 0.6 g,

FEMALES
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40
feeding rate (hour- 1)
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Fig. 3. Residual daily energy expenditure (DEE)
(corrected for variation between years) and feeding frequency of (A) c5' c5' and (B) 99 rearing control or experimental.
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the nestling period (b = -0.14 g d- , SE = 0.05, P <
0.006). Controlling for these variables, there was
no significant effect of the experiment on female
mass (b = 0.19 g, SE = 0.13, N.S.). There was no
significant interaction between the experiment
and the age of the nestlings at the day of capture.
The change in mass between the collection of the
two blood samples was -0.22 g (SE = 0.06, n =
31), significantly smaller than zero (P < 0.01),
and of the order expected on the basis of the analysis of all captures (see above). The change in
mass was not significantly affected by the experiment, and not significantly correlated with the
number of young, feeding rate or DEE.
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Division of labour
Male feeding rate was higher than female
feeding rate in the youngest age-category, (d d :
x = 7.4, SD = 5.2; Q Q: x = 4.5, SD = 3.0, n = 25

10
20
30
40
female feeding rate

0

•
70
90
110
female DEE (kJ·d- 1)

130

Fig. 4. Within-pair comparison of (A) feeding rate,
(B) daily energy expenditure.
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paired-t-test: t 20 = 3.1, P < 0.01). Male and female
feeding frequency were significantly correlated in
this data-set (Fig. 4B; R2 = 0.38, n = 21, P <
0.003), but there was no correlation between male
and female DEE (Fig. 4B; R2 = 0.02, n = 21, P >
0.5).

DEE and the residual reproductive value in
dd

The relationship between DEE and components of the residual reproductive value was evaluated. The fitness-components that were studied
are: the occurrence of second clutches, clutch size
and success of the second clutch, and parental
survival until the next breeding season (survival
was defined as being recaptured in the next breeding season). In 1989 only one d of which DEE
was measured started a second clutch, and therefore the analysis of the relationship between male
DEE and multiple breeding was restricted to 1990
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Fig. S. Daily energy expenditure and clutch size of
the second clutch of (A) d' d' and (B) 99 rearing control or experimental clutches.

(60% with second clutch, n = 15) and 1991 (82%
with second clutch, n = 11). Controlling for year,
the occurrence of second clutches was not significantly correlated with male DEE (DEE of d d
with second clutch was 0.2 kJ higher, SE = 6.5, n
= 26, P > 0.9). However, male DEE was negatively correlated with clutch size of the second
clutch (Fig. SA; b = -0.05 egg kJ-l d- 1, SE = 0.02,
n = 18, P < 0.02, controlling for year, overall R2 =
0.38). The number of young that fledged from the
second clutch was not significantly correlated
with male DEE (b = -0.07, SE = 0.05, n = 11, P =
0.2), although the slope of the regression line was
approximately the same as in the regression of
clutch size on male DEE. (Sample size is smaller
than in the previous analysis, because second
clutches that were manipulated were omitted).
There was no difference in DEE between surviving and non-surviving d d (t33 = 0.6, P = 0.6).

DEE and the residual reproductive value in
QQ
In 1989 no second clutch was started by a Q
where DEE was measured, while in 1991 all Q Q
started a second clutch, and this hampers the analysis of the relationship between DEE and multiple breeding. In 1990 multiple breeding was not
correlated with female DEE (one clutch: x =
102.2 kJ d- 1, SE = 7.0, n = 5; two clutches: x =
98.2 kJ d- 1, SE = 6.3, n = 7, tlO = 0.4, P = 0.7),
suggesting there is no relationship between DEE
and multiple breeding. This is confirmed by two
other comparisons. Firstly, DEE did not differ between 1989 and 1991, which differed greatly in
the proportion of pairs that started a second clutch
(1989, no second clutch: x = 94.9 kJ d- 1, SE = 5.5,
n = 9; 1991, all Q Q second clutch: x = 95.6 kJ d1, SD = 4.5, n = 10, t 17 = 0.1, P = 0.9). Secondly,
hatching date and the clutch size manipulation,
two factors that are strongly related to the occurrence of second clutches (Verhulst 1995, Verboven & Verhulst 1996), were not related to female DEE (multiple regression analysis, controlling for year, both P > 0.4).
DEE was not significantly correlated with
clutch size of the second clutch (b = -0.02 egg kJ-
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Fig. 6. Daily energy expenditure and fledging success
(number of fledglings/number of eggs) of the second
clutch of 9 9 of which the first clutch was a control
clutch or an experimental clutch. Line calculated with
logistic regression.

d- l , SE = 0.02, n = 17, P = 0.4, controlling for
year). The number of young that fledged from the
second clutch was correlated with female DEE,
but this correlation was positive (b = 0.16, SE =
0.04, R2 = 0.69, n = 9, P < 0.01). This was due to
a correlation between female DEE and fledging
success (= number of fledglings/number of eggs,
Fig. 6; analysed with arcsine transformed values,
R2 = 0.66, n = 9, P < 0.01), and not due to a relationship between female DEE and clutch size
(Fig. 5B). There was no difference in DEE between surviving and non-surviving Q Q (t29 = 0.4,
P = 0.7).
1

DISCUSSION
Young from experimental broods fledged at a
younger age (as in Smith et at. 1987). Parental
care continues after fledging, but in our study the
duration of post-fledging care was not affected by
the experiment (Verhulst & Hut 1996). The experimental effect on the duration of the nestling
phase could largely be explained by enhanced development of flight-feathers in experimental
broods (Verhulst 1995), in accordance with other
studies that showed correlations between feather
development and fledging age (e.g. Lack 1956,
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Gibb & Betts 1963, Smith et at. 1987, Nilsson
1990, Viiiuela & Bustamante 1992, Keller & van
Noordwijk 1994). This relationship implies that
birds can deliver food at a lower rate, in combination with a prolongation of the nestling phase:
there is a trade-off between the duration and intensity of parental care. The optimal solution to
this trade-off will depend on the fitness-consequences for the young of variation in growth rate,
and the consequences for the residual reproductive value of the parents of different combinations
of duration and intensity of parental care.
Division of labour
When the young were small the Q spent a
large proportion of her time brooding (Verhulst
1995), and cJ cJ took a larger share in food provisioning. At higher ages the Q brooded the young
only a small proportion of the day, and the difference in feeding rate between cJ cJ and Q Q disappeared. However, male DEE was 9% lower than
female DEE, despite the fact that cJ cJ had higher
mass. Only the female roosts with the young and
it seems possible that the Q expends energy on
brooding, which could explain the difference between the sexes in DEE. It must be noted that a
difference between the sexes in DEE does not
necessarily imply a difference in parental investment (Trivers 1972), because cJ cJ take more risk
during brood defence (e.g. Curio & Onnebrink
1995).

In species with biparental care, the optimal level of investment depends on the level of investment of the partner (Chase 1980, Houston & Davies 1985, Winkler 1987). Theoretically, a negative correlation between the effort of two pairmembers is expected. In contrast to this prediction, feeding rate of cJ cJ and Q Q was positively
correlated, while there was no significant correlation between male and female DEE (Fig. 4). In retrospect, this is not surprising when we take into
account that this concerns natural variation in
feeding rate and DEE. Both members of a pair
breed in the same environment (e.g. raise the
same number of young) and therefore a positive
correlation in feeding rate is not surprising. Due
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to confounding variables, the relationship between level of investment of the two members of
a pair can only be investigated through manipulation of the level of investment of one of the birds
(see e.g. Wright & Cuthill 1989).
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Clutch size and energy expenditure
The clutch size manipulation did not have a
significant effect on male DEE, although DEE of
experimental (J (J was lower in each of the three
years (Table 3A). Males reduced their feeding
rate when clutch size was experimentally reduced
(Fig. IA), and male DEE was significantly correlated with feeding rate (Fig. 3A). The reduction in
DEE of experimental (J (J was in agreement with
what would have been expected on the basis of
the relationship between DEE and feeding rate,
but a power-analysis revealed that the probability
of significantly detecting such an effect was only
55%. This suggests that the experiment did have
an effect on male DEE, and that lack of statistical
significance can be attributed to the power of the
test applied.
Female DEE was not affected by the clutch
size manipulation, which is consistent with the
absence of a correlation between DEE and feeding rate in Q Q (Fig. 3B). The absence of an experimental effect contrasts with the results of a
comparable study carried out with Great Tits
breeding in the Roge Veluwe, The Netherlands,
where experimental reduction of brood size resulted in a significant decrease in female DEE
(Tinbergen & Verhulst unpubl.). The absence of a
decrease in DEE could arise because Q Q with reduced broods are already investing in the second
clutch, but this does not seem likely because in
the Roge Veluwe study the experimental effect on
second clutches was approximately the same as
on Vlieland, while clutch size reduction did result
in a decrease in female DEE. Furthermore, interclutch interval was not correlated with DEE, and
there was no manipulation X interval interaction
(Verhulst unpubl.).
Why would Great Tits on Vlieland and the
Roge Veluwe differ in their response to a clutch
size manipulation? Winkler & Wallin (1987) pre-

R
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/ /Veluwe
/

/
I
I

Hoge

/
I

I
brood size

Fig. 7. Hypothetical relationship between brood size
and optimal parental effort on Vlieland and the Hoge
Veluwe (broken lines). Solid circles are a schematic
representation of DEE of <;> <;> with control broods (C)
and experimentally reduced broods (R) on Vlieland and
the Hoge Veluwe.

dicted on theoretical grounds that optimal effort
increases with increasing brood size, but at a decreasing rate. Thus at some point a substantial
change in brood size would lead to only a small
change in effort. A possible explanation of the absence of an experimental effect on female DEE is
that the optimal effort had already levelled off,
and the difference between this study and the results obtained on the Roge Veluwe suggest the
curve representing optimal effort as a function of
brood size differs between Vlieland and the Roge
Veluwe (Fig. 7). It is not clear what caused this
shift, but the brood size at which optimal effort
levels off is determined by the relationship between parental effort and the associated costs and
benefits, and either of these relationships could
differ between the two populations studied.
A differential response to brood size manipulation between the sexes has previously been recorded in Pied Flycatchers Ficedula hypoleuca
(Moreno et al. 1995) and Collared Flycatchers F.
albicollis (Verhulst & Gustafsson unpubl.), but
studies of Great Tits (Smith et al. 1988) and Starlings Sturnus vulgaris (Wright & Cuthill 1990)
failed to find an effect of brood size manipulation
on the division of labour. In our study there was a
suggestion that only (J (J responded to the manipulation with a reduction in DEE, but the sexes did
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not differ significantly in this respect. This suggests that in great tits there is no large difference
between the sexes in the costs associated with
variation in feeding rate and/or DEE.
Mass
Parental mass may reflect aspects of their
physiological state, parental effort prior to the
measurement and/or a strategic decision to regulate flight costs (Freed 1981, Norberg 1981, Houston 1993). Birds rearing young often lose mass
(Moreno 1989), and we found that Q Q, but not
c5' c5' , lost mass during the nestling period. However, clutch size manipulation did not significantly affect female mass. This is in agreement
with the results of the Great Tit brood size manipulation studies of Tinbergen (1987) and Smith et
al. (1987), but not with the results of Linden
(1990), who found that Q Q with experimentally
reduced broods had slightly higher mass. The absence of an experimental effect on female mass
loss confirms that Q Q did not change their energy
expenditure in response to the clutch size manipulation.

Parental effort, energy expenditure and the
costs of reproduction
The experimental reduction in clutch size led
to an increase in residual reproductive value (increased production of second clutches, Verhulst
1995), but not to a decrease in DEE, which shows
that there are costs of reproduction which are apparently not contingent on increased rate of energy turnover. This is in agreement with the results of a comparative analysis, which also failed
to reveal associations between metabolic rate and
life history traits (Trevelyan et al. 1990). An alternative mechanism for the experimental effect on
second clutches involves the effect of brood size
on the trade-off between investment in successive
clutches, and this is discussed elsewhere (Verhulst & Hut 1996, Verhulst et al. 1997).
It is a longstanding issue as to how reproductive effort should be defined (Hirshfield & Tinkle
1975, Kozlowski 1991). Some authors have advocated the use of daily energy expenditure, because
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in this way various aspects of parental care can be
integrated (e.g. Drent & Daan 1980). In our study
there was no clear relationship between DEE and
(components of) the residual reproductive value
and this argues against this suggestion. However,
the absence of such an effect does not necessarily
imply that energy expenditure does not playa role
in mediating the costs of reproduction. Since we
found no clear experimental effects on DEE we
studied in essence the effect of natural variation in
DEE on fitness components, and natural variation
in DEE may have been confounded with variation
in environmental and/or phenotypic quality. This
reasoning is supported by the study of Deerenberg et al. (1995) of the Kestrel Falco tinnuncuIus, in which birds adjusted their DEE to manipulated brood size, and hence a negative correlation
between DEE and the residual reproductive value
emerged.
An alternative explanation for the absence of a
correlation between DEE and the residual reproductive value is compensation of hard work with
energy-savings on other energy-consuming processes. Birds that feed their offspring at a high
rate may for example compensate energy allocated to work with a reduction in, e.g. immunological defence (Sheldon & Verhulst 1996),
physiological maintenance and repair (e.g. feather
regrowth, White et al. 1991) or reducing body
temperature at night (e.g. Reinertsen & Haftorn
1986, Daan et al. 1989). Compensation could also
be achieved by altering behaviour, e.g. by foraging for cheaper prey (Tinbergen 1981). Variable
results have been obtained in studies that have related DEE to feeding frequency (Bryant 1988,
Part et al. 1992, Fig. 3 in this study), and compensation processes could potentially explain this
variation (Wilson & Culik 1993).
Thus birds with equal DEE may differ in their
residual reproductive value as a consequence of
variation in energy allocation between reproductive effort and e.g. aspects of physiological maintenance and repair. This is in agreement with the
proposition of Gadgil & Bossert (1970) that reproductive effort is the proportion of resources that is
allocated to reproduction. This does not rule out
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the possibility that the absolute level of energyflow also plays a role (Drent & Daan 1980, Deerenberg et al. 1995), in which case ultimately combined knowledge of the absolute level of metabolism, and the energy-allocation may be required
to understand the relationship between DEE, the
concept of parental effort, and the costs of reproduction.
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SAMENVATTING
Door het aantal eieren kunstmatig te verminderen werd
de relatie tussen legselgrootte en de inspanning van de
ouders bij het verzorgen van de jongen bestudeerd bij

Koolmezen op Vlie1and. Het aanta1 men per dag dat de
jongen werden gevoerd veranderde niet wanneer er
minder jongen waren, maar verkleinde broedsels v10gen weI op jongere leeftijd uit. Vrouwen voerden verkleinde broedsels minder vaak, maar gaven niet minder
energie uit. Mannen voerden verkleinde broede1s ook
minder vaak, en er was een tendens dat ze minder energie uitgaven. De manipulatie had geen effect op het gewicht van de ouders. Paren met een verkleind broedsel
maakten vaker en sneller tweede broedse1s, ondanks het
feit dat ze (in energie uitgedrukt) niet minder hard gewerkt hadden. Dit geeft aan dat de kosten van reproduktie niet zonder meer worden veroorzaakt door veranderingen in het niveau van de dagelijkse energiebesteding.
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