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Brood size of Eurasian Treecreepers Certhia familiaris was manipulated in three years
that differed in food abundance in order to detect factors that limit clutch size. The Tree-
creeper parents were able to successfully raise enlarged broods only in a year with good
food availability, but even then, the nestlings were of lower body weight than in reduced
broods. Among the enlarged broods, the lowest breeding success was observed in a year
with the lowest food abundance. Treecreepers with enlarged broods depleted their food
supply in a year with scarce food, but not when food was abundant, and changes in forag-
ing behaviour were observed only when food was scarce. Females and males did not in-
crease their provisioning rates with brood size, but the responses of the sexes differed be-
tween years. Our results support Lack’s hypothesis of clutch-size regulation: when food
was scarce, Treecreepers laid the maximal number of eggs that they were able to raise suc-
cessfully to fledging. However, trade-offs between current and future reproduction may
also be important in clutch size determination of this species. Food abundance and limited
foraging time seem to play major roles in limiting the clutch size of Treecreepers, but the
importance of these factors differs among years.

frequently able to raise a larger brood than their
original brood size, but often at the expense of

Life-history theory views reproduction as a pro-
blem of optimization with trade-offs between costs
and benefits of reproductive effort (Roff 1992,
Stearns 1992). In altricial birds, this optimization
includes the determination of clutch size. David
Lack (1947) initially suggested that clutch size is
set by the number of young parents can adequately
provision. Subsequent experiments using manipu-
lation of brood size have shown that parents are

their own residual reproductive value (Gustafsson
& Sutherland 1988, Pettifor et al. 1988, 2001,
Dijkstra et al. 1990, Lessells 1991, Roff 1992,
Stearns 1992).

Despite the extensive effort devoted to brood
size manipulation experiments (Lindén & Meller
1989, Dijkstra et al. 1990, Lessells 1991) in order
to reveal the costs of reproduction (Williams
1966), the mechanisms that limit clutch size and
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through which the trade-off between current and
future reproduction comes about are still poorly
understood. One possible mechanism for the nega-
tive effects of brood enlargements is food deple-
tion in the territory during the nestling period
(Martin 1987). If food majorly constrains the abil-
ity of parents to feed their young, the parents
should adjust their clutch size according to the
availability of food in the territory. Thus, an exper-
imental increase of brood size should result in a de-
crease in either the amount or quality of food dur-
ing the nestling stage. However, direct evidence
for such food depletion is lacking.

In order to affect reproductive success, food
limitation must act through changes in individual
body condition, foraging behaviour or parental
care. If food depletes in the territory, the profitabil-
ity of food patches decreases, which should lead to
changes in individual foraging behaviour (Ste-
phens & Krebs 1986). Food scarcity may thus limit
the ability of the parents to find enough food of
sufficiently high quality to their nestlings. On the
other hand, parental feeding frequency may reflect
atrade-off between fledgling and parental survival
(Nur 1984, 1987). Because parental investment is
related to the reproductive value of the brood, the-
oretical models of optimal allocation strategies
predict that the total parental effort should increase
with brood size up to an asymptote, whilst effort
per young should decrease (Houston & Davies
1985, Winkler 1987). In addition, the magnitude
of'a parent’s response to a reduction in its partner’s
contribution should increase, and the parental re-
sponse per young should decrease, as brood size
increases.

Some investigations of the relationship be-
tween parental effort and reproductive output of
manipulated broods have found parents to in-
crease their effort and thereby compensate for the
increased food demand in the enlarged broods
(e.g., Wright & Cuthill 1990, Cucco & Malacarne
1995, Moreno et al. 1995, Orell et al. 1996). Con-
versely, other studies have shown that parents may
not respond to the brood manipulation by adjust-
ing effort to nestling demand (e.g., Korpiméaki
1988, Smith ef al. 1988, Tolonen & Korpimaki
1994), probably in order to avoid survival costs
during reproduction (Tuomi 1990). However, only
few studies have documented the effects of brood
size manipulation on the foraging behaviour of the
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parents, together with measurements of parental
care and food supply (e.g., Cucco & Malacarne
1995, Tolonen & Korpiméki 1996).

In the present experiment, our aim was to find
factors that limit reproduction in different environ-
mental conditions, and to explore mechanisms be-
hind fitness consequences caused by brood en-
largements. We manipulated the brood size of the
Eurasian Treecreeper (Certhia familiaris) in three
years differing in food conditions. We aimed to test
the effects of brood enlargement on foraging be-
haviour and parental care of parents, and on the
subsequent breeding success and available food
supply in the territory. If food depletion is the
mechanism that limits clutch size in Treecreepers,
brood enlargement should result in decreased
abundance and/or quality of food at the end of the
nestling period. The Eurasian Treecreeper forages
exclusively on tree trunks; thus, altered food avail-
ability should result in changes in foraging behav-
iour on these foraging patches. Finally, we tested
whether Treecreeper parents are able to increase
their feeding rates in response to brood enlarge-
ment.

2. Material and methods
2.1. Study species and site

The Eurasian Treecreeper is a cavity-nesting, dou-
ble-brooded and insectivorous passerine that
breeds throughout the northern coniferous zone
(Suhonen & Kuitunen 1991a). It is specialized to
search for its food on tree trunks and prefers the
largest tree trunks in the forest (Suhonen &
Kuitunen 1991b). Its foraging behaviour is there-
fore easy to observe and the abundance of the
available food supply can be measured easily
(Kuitunen 1989).

The fieldwork was done at the vicinity of the
Konnevesi Research Station, Central Finland
(62°37°N, 26°20’ E) during the summers of 1991,
1992 and 1995. The study area is mainly covered
by Norway spruce (Picea abies) and Scots pine
(Pinus sylvestris) forests, mixed with birches
(Betula pendula and B. pubescens) and other de-
ciduous tree species. In our study area, Treecreep-
ers often breed in specifically designed nest boxes
(Fig. 1). Each breeding pair had access to extra
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Fig. 1. Nest box design for the treecreepers used
e.g. in this study (Certhia familiaris, C. brachydac-
tyla, and C. americana) (© Markku T. Kuitunen)

nest boxes for a second breeding attempt. Food
abundance at the breeding sites of Treecreepers
was highest in 1995 and lowest in 1992, and was
low also in 1991 (e.g., Jantti et al. 2001, 2007a,
2007b).

2.2. Basic data collecting
and experimental design

Data on laying date, clutch size, date of hatching,
nestling mortality and number of fledglings were
collected for each nesting attempt in each study
year. We caught breeding females and males dur-
ing the early nestling stage and marked them indi-
vidually with aluminium and colour rings. Mor-
phological characteristics, such as wing, tarsus,
and bill lengths and body mass, were measured.
Study nests were randomly assigned into three
treatment categories: (1) an increase in the number
of nestlings (hereafter enlarged broods); (2) a de-
crease in the number of nestlings (reduced

broods); and (3) an unaltered number of nestlings
(control broods; see below). Twelve nests (four
per treatment) were studied in 1991 and 1995 and
fifteen nests (five per treatment) in 1992. The ran-
domization was done as follows: nests with the
same hatching date either became untouched con-
trols, or one of the two types of manipulated nests:
the number of nestlings was either increased or de-
creased by adding (from an adjacent, to-be-re-
duced brood nest) or removing one two-day old
nestling (to be moved to an adjacent, to-be-en-
larged brood nest). No nestling mortality was in-
volved, and we did not observe parents to discrim-
inate between their own and foster young. Because
the diameter of spruce trunks determines the Tree-
creeper foraging site selection (Suhonen & Kuitu-
nen 1991b), we applied several criteria (the pro-
portions of different tree species, density of trees,
and size distribution of trees) in order to obtain
similar Treecreeper territories for control and ex-
perimental nests. The treatments did not signifi-
cantly differ in any of these variables between each
of the study years. This is a predictable outcome
because the forests in the study area, used for the
nest box experiment, are generally quite homoge-
nous. The number of wood ants per tree trunk did
not significantly vary between the territories of
each of the different treatment groups (see Aho et
al. 1997, 1998, 1999, 2009).

2.3. Behavioural observations

The foraging behaviour of Treecreeper parents
feeding their 12—14 days old nestlings were ob-
served in 1991 and 1995. For each observed indi-
vidual we recorded four foraging variables: tree
species used for foraging, diameter of tree trunks
at the height of one meter, foraging distance from
the nest, and time spent on each tree. We used tree-
specific visiting frequencies and mean values of
the foraging variables of each individual bird (at
least 30 spruce trees foraged on per individual) as
independent observations for statistical tests.

We collected data on parental care in 1991 and
1992.1In 1991, feeding activity was determined by
counting the feeding frequency of the parents for
one hour between 10 AM and 6 PM, until the nest-
lings were 12 days old, by direct observations. In
1992, feeding frequencies and load sizes were
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measured using a small video camera installed be-
side the nest entrance. The size of each load was
determined in relation to the bill length of the feed-
ing parent from the video tapes. From a total time
of two hours that each nest was video taped, we
used the period of one hour (beginning 30 minutes
after the start of the tape) for the determination of
both feeding frequencies and load sizes.

We experienced occasional data losses. In one
experimentally enlarged brood in 1991, all the
nestlings died at the age of 8 days and therefore we
could not obtain behavioural data for this nest
(hence N =11 pairs). In two experimental nests in
1995, we did not get enough foraging observations
for males (hence N = 12 females and 10 males). In
1992, we obtained no video data for one control
and one enlarged brood. In addition, one control
female, one control male and three males of en-
larged broods did not feed the nestlings at all, and
therefore data on load sizes and foraging times per
bout are missing for these individuals. The sample
sizes in 1992 are thus 13 females and 13 males
(feeding frequencies), and 12 females and 9 males
(load sizes and foraging times/bout).

2.4. Breeding success and food abundance

Reproductive success of each nest was determined
each year by weighing the nestlings just before
fledging (at the age of 12—13 days) and recording
the number of nestlings that died or survived to
fledge. We visited all the nest boxes regularly
throughout the breeding seasons in order to check
the initiation and fate of the second clutches.

We gathered data on food abundance in the ter-
ritories after the experiments in 1991 and 1995.
Just after fledging, we collected arthropod samples
from six randomly-selected tree trunks that were
larger than 30 c¢cm in diameter at breast height
(trunks of this size are preferred by foraging Tree-
creepers; Suhonen & Kuitunen 1991b) within 20—
30 m range from the nest in each territory. The
trunk surface at the height of 0.5-1.5 m was vac-
uum-cleaned for invertebrates by a 12 V battery-
operated vacuum cleaner (see Kuitunen 1989), the
diameter of each trunk was measured, and the re-
sults were afterwards transformed to correspond to
a trunk area of one m’. Invertebrates larger than 1
mm in size were identified to the family level. The
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Fig. 2. Mean number (a) and body length (b) of ar-
thropods in Treecreeper territories of reduced (—1),
control (0) and enlarged (+1) broods after fledging
in 1991 and 1995. Vertical lines denote standard
deviations.

mean number and body length of the food items on
six trunks in each territory were used as indicators
of the amount of food remaining on tree trunks in
each territory. The vacuum-cleaning was always
done during good weather conditions. Differences
in food abundance between each of the treatment
groups were analysed separately for years 1991
and 1995, because the variances differed remark-
ably between years. Within years, the original data
was log-transformed to equalize the variances.
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Table 1. Mean + SD of clutch size and number of hatched young prior to manipulation, and nestling mortality (% nest-
lings that died), frequency of second broods, and total number of fledglings produced in a breeding season (first and sec-
ond broods pooled) after the manipulation among brood-size treatments and study years (see text).

1991 1992 1995

Treatment Reduced  Control Enlarged  Reduced Control Enlarged  Reduced Control Enlarged

4 4 4 5 5 5 4 4 4
Prior to manipulation
Clutch size 5.8+0.5 50+0.0 55%0.6 52+08 56+05 54+05 50+08 58+05 53%1.0
No. hatchlings 50+14 45+06 50108 50+07 50+10 50+12 48+10 53+05 4805
After manipulation
Brood size 40+14 4506 6.0+08 4007 5010 6.0+1.2 38+10 5305 5805
Nestling mortality (%) 15.0+£30.0 20.0+23.1 47.1+429 40+89 4.0+89 369+385 00+0.0 125+250 0.0+0.0
Second broods 75.0 50.0 0.0 40.0 20.0 20.0 100.0 25.0 50.0
Fledglings 75+21 55+26 33128 58+26 6.0+24 46+37 85+37 63+25 85%35

2.5. Statistical testing

The differences in foraging and parental behaviour
were analysed using Kruskal-Wallis tests, because
many variables were not normally distributed or
the compared variances were different. The effects
of the foraging behaviour (the four variables; see
above) were analysed separately for years 1991
and 1995, on the feeding frequency for years 1991
and 1992, and on the load size and foraging time
on each bout for 1992 only.

The differences in original clutch sizes and
number of hatched young, and number of nestlings
after their manipulation among brood treatments
were analysed using two-way ANOVA with the
treatment and year as factors. The effects of brood-
size manipulation on the mean body mass and
number of fledglings, produced from the first and
second broods, were also analysed by two-way
ANOVA.

The fledgling success among years and brood
treatments was analysed using logistic regression.
Two models were used, and year 1995 was se-
lected to represent the year to which the compari-
sons were made. The first model evaluated differ-
ences among the brood treatments over the three
years, and compared the success of the broods in
1991 and 1992 to the success of the broods in
1995. The second model included interaction
terms between treatments and years, and this
model was also used to test treatment effects on
fledging success in 1995.

Data on the frequency of second broods were
pooled over the three years due to the scarcity of
observations, and analysed using Chi-square test.
The number of broods included in the analysis of
reproductive parameters was 39 (12 in 1991, 15 in
1992 and 12 in 1995) except in the analysis of nest-
ling body mass, where the number of broods was
34(11in 1991, 12 in 1992 and 11 in 1995). In two
of the enlarged broods all the nestlings died before
the age of 12 days, and in four other nests we did
not obtain data on nestling weights.

3. Results
3.1. Food abundance

In 1991, the brood-size manipulation affected the
number of invertebrates on tree trunks (F ho= 4.46,
P =0.045; Fig. 2a). Tukey’s a posteriori compari-
son revealed that there were fewer food items left
on the largest tree trunks in territories of enlarged
broods compared with reduced broods (df=9, P=
0.038). The average size of food items did not sig-
nificantly differ among the treatments (£, ,=0.04,
P=0.96; Fig. 2b). In 1995, we did not find signifi-
cant effects of the manipulation on the number of
invertebrates (FZ,9 =0.45, P = 0.65; Fig. 2a), but
the manipulation had a marginally significant ef-
fect on the mean body length of the food items (F° 2o
= 3.98, P = 0.058; Fig 2b). Tukey’s a posteriori
comparison revealed that the food items were on
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after manipulation. Treatment = control, enlarged or reduced brood, and Year = 1991, 1992 or 1995. N = 39 broods.

Source

Clutch size

Brood size at hatching

Brood size after manipulation

SS F P df

SS

F p df SS F p

Treatment

Year

Treat*Year

Error

2 0.114 0.138
2 0.047 0.057 0.945
4 2.579 1.554 0.212
0

12.45 3

0.872

O NN

0.000
0.186
1.333
25.25 3

25.71
0.186
1.333
25.25

15.28
0.110
0.396

0.000
0.110
0.396

1.000
0.896
0.810

oOh NN

average smaller at sites of enlarged broods com-
pared with sites with reduced broods (df =9, P =
0.049).

3.2. Breeding success

The original clutch size and the mean original
number of nestlings did not differ significantly
among the treatments or study years (Tables 1-2).
Mean nestling weight, however, differed both
among treatments and years, and the interaction
between treatment and year was significant (Table
3, Fig. 3).

For mean nestling weight, Tukey’s multiple
comparisons showed that the years 1991 and 1992
differed from 1995 (df = 25, P =0.024 and P =
0.004, respectively). To detect pair-wise differ-
ences between each of the treatments in each year,
we applied sequential Bonferroni tests (Sokal &
Rohlf 1995). In 1991, there were no differences in
mean nestling weight between each of the treat-
ments. However, in 1992, the nestlings of the en-
larged broods had significantly lower body weight
than had nestlings of the control or reduced broods
(df=25, P=0.001 for both comparisons). In 1995

Nessling weight (g)

0 L L L

1991 1992 1995

Fig. 3. The effect of brood-size manipulation on the
mean nestling weight of Treecreepers in 1991,
1992 and 1995. Vertical lines denote standard devi-
ations.

the only significant difference was that nestlings in
the reduced broods were heavier than nestlings in
the enlarged broods (df =25, P =0.005; Fig. 3).
A logistic regression for the relationship in the
proportions of fledglings and nestlings showed
that, over all years, reduced broods were as suc-
cessful as control broods (coefficient = 0.60, P =

Table 3. Two-way ANOVA for the effects of brood size manipulation (Treatment) and year (1991, 1992 or
1995) on the body mass of nestlings (N = 34) and number of fledglings (N = 39) of Treecreepers.

Mean nestling mass

Number of fledglings

Source df SS F p df SS F P
Treatment 2 5.144 6.745 0.005 2 2.781 0.642 0.533
Year 2 5.449 7.144 0.004 2 10.83 2.499 0.099
Treat*Year 4 5.878 3.853 0.014 4 9.400 1.085 0.382
Error 25 9.534 30 65.00

0.000
0.896
0.810
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Table 4. Effects of brood-size manipulation on the observed feeding rates (FR) of Treecreeper females, males and both

parents summed in 1991 and 1992, and on the load size (LS; mm?®) and foraging time/bout (FT: min) of females and

males in 1992. Mean £ SD values and Kruskal-Wallis statistics (H and p) are shown. Numbers of females and males

(f/m) are shown below each figure.

1991 1992
Treatment Reduced  Control Enlarged H Reduced Control Enlarged H p
FR, female 135+25 800+6.2 10.7+4.0 170 043 76011 11.0+£8.0 17.0+9.7 3.10 0.21
FR, male 8.75+56 108+4.6 10.3+3.5 091 0.64 8.60+38 7.75x7.0 1.50+3.0 4.92 0.09
FR, sum 22.3+6.7 188+10.521.0+6.1 0.33 0.85 16.2+4.0 188+9.0 185+89 0.65 0.72
N(f/m) 4/4 4/4 3/3 5/5 4/4 4/4
LS, female 75.7+235 1128%+51.0 929+17.2 239 0.30
LS, male 156.7 £+ 69.6 162.2+95.7 84.0 1.35 0.51
FT, female 6.9+1.3 3.7+0.6 40+20 7.19 0.028
FT, male 8.9+6.0 6.0+3.5 7.7 0.34 0.84
N (f/m) 5/5 3/3 4/1

0.36), but the success of enlarged broods was sig-
nificantly lower than the control broods (coeffi-
cient=—1.13, P=0.016; Fig. 4). However, the suc-
cess of the broods in 1991 and 1992 differed from
the success of the broods in 1995 (coefficient ,,, =
—2.23, P = 0.0009; coefficient,,,, = -1.51, P =
0.025; Fig. 4). The second regression model with
interaction terms included revealed no differences
in fledging success among the treatments in 1995.
Comparisons of the two models showed that the
interactions between years and treatments were
significant (log likelihood ratio statistic: y” = 13.4,
df=4, P=0.009). Thus, fledging success was sig-
nificantly lower in the enlarged than in the control
or reduced broods in 1991 and 1992, but this dif-
ference was non-significant in 1995.

Over all years, the probability of laying a sec-
ond clutch during the same breeding season de-
creased as the brood size increased (y” = 6.57, df =
2, P=0.037; Table 1). However, the total number
of fledglings produced in one breeding season did
not significantly differ among treatments or years
(Tables 1 and 3).

3.3. Parental care

In 1991, the brood-size manipulation did not sig-
nificantly affect the observed feeding frequencies
of parents (Table 4). However, in terms of relative
feeding rate (feeding rate/hour/chick), the feeding
rate in females marginally decreased as the brood

size increased (H,,=5.21,P=0.07; Fig. 5). Males
did not significantly change their relative feeding
frequencies (H, ;= 0.38, P=0.83; Fig. 5). Conse-
quently, chicks were fed at approximately equal
rates in different treatments (Table 4; relative feed-
ing frequency: H, = 1.96, P=0.37; Fig. 5).

In 1992, the manipulation did not significantly
affect the observed (Table 4) or the relative feeding
frequencies of females (H, = 0.47, P=0.82; Fig.
5). Males, however, fed the nestlings of enlarged
broods marginally less than control or reduced
broods, both in absolute numbers (Table 4) and per
chick (H, , = 5.64, P = 0.06; Fig. 5). In 1992,

,10

0.8 -

0.6 4

Fledlings/territory

0.4 4

0.2

0.0
40+ 40 #H 40 o+

1991 1992 1995

Fig. 4. Mean number of Treecreeper fledglings pro-
duced in territories of reduced (—1), control (0) and
enlarged (+1) broods in 1991, 1992 and 1995. Ver-
tical lines denote standard deviations.
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Table 5. The effects of brood-size manipulation on the frequency of spruce usage, foraging distance from
the nest and inter-patch distance of female and male Treecreepers. Values are mean + SD.

1991 1995
Treatment Reduced Control Enlarged Reduced Control Enlarged
N, females/males 4/4 4/4 3/3 4/4 4/4 4/2
% spruce, female 86.9+126 924+549 834+250 853+100 953+7.2 78.8+14.2
% spruce, male 53.4+30.8 594+216 559+444 86.1+518 915%85 74.8 £29.6
Foraging distance (m)
Female 185+6.47 255+6.18 274+109 220+11.0 176+891 126+6.10
Male 351+129 423+251 193+576 233636 209119 1741834
Inter-patch distance (m)
Female 9.86 £1.7 10.3+1.6 11.3+x21 6.78 £2.2 102+27 8.19+25
Male 104 £ 2.1 11.6+3.6 9.64 +0.3 6.52+2.1 8.81+25 8.73+£3.5

chicks of different treatments were fed at nearly
equal rates (Table 4; relative feeding frequency:
H, ,=0.77, P=0.68; Fig. 5). We found no differ-
ences in mean load sizes of females or males
(Table 4). Time that male treecreepers spent forag-
ing on each bout did not differ was constant among
treatments, but females of reduced broods seemed
to spend more time per each bout as compared with
control and enlarged-brood females (Table 4), al-
though the a posteriori comparison of mean ranks
did not detect significant differences between each
of the treatments.

6 .
Il Female
[ Male

5 —&— Total

Feedings/nestling/h
w
L

N
1

0 - T T T
-1 0

1991

N

3.4. Foraging behaviour

In 1991, spruce was the most frequently used tree
species by female and male treecreepers in all
treatments (Table 5). Spruce usage among the
treatment groups was quite similar for females and
males (H,,=0.84, P=0.65 and H, = 0.05, P =
0.97, respectively). Females of enlarged broods
foraged on thinner spruce trunks than did females
of the reduced broods (Hz’8 =7.48, P=0.024, pair-
wise comparisons of mean ranks; Fig. 6a). Fe-
males of enlarged broods spent on average less

Feedings/nestling/h

. it

T T T

-1 0 1
1992

Fig. 5. The effects of Treecreeper brood-size manipulation on the relative hourly feeding rate (feed-
ings/chick/h) of females and males in 1991 and 1992. Vertical lines denote standard deviation, and the hor-
izontal line above bars denotes the combined relative feeding rate of females and males.
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Fig. 6. The effects of Treecreeper brood-size manipulation on the foraging-site selection of (a) females in
1991, (b) females in 1995, (c) males in 1991, and (d) males in 1995.

time in foraging per trunk, while the females of re-
duced broods foraged longer (H,, = 6.14, P =
0.046; Fig. 7a), although a posterior comparisons
of mean ranks did not detect significant differ-
ences between each of the treatments. Males, how-
ever, did not change their foraging strategy in re-
sponse to the brood-size manipulation (H, ;= 0.40,
P =0.82; Fig. 6¢), but males of enlarged broods
spent less time on each tree than did the control
males (H, = 6.55, P=0.038; Fig. 7c). There were

no significant differences in the distance between
foraging trees and the nest for females (H, = 1.75,
P =0.42; Table 5), but males of enlarged broods
foraged on average slightly closer to the nest than
did males of control and reduced broods (Hz,s =
4.21,P=0.12; Table 5). We did not find significant
differences in the inter-patch travelling distance
among treatments either in females or males (H, .=
1.55, P =0.46 and H2,8 =0.18, P = 0.91, respec-
tively; Table 5).
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Fig. 7. The effects of Treecreeper brood-size manipulation on the foraging time per trunk of (a) females in
1991, (b) females in 1995, (c) males in 1991, and (d) males in 1995.

In 1995, the brood-size manipulation did not
significantly affect the foraging behaviour of par-
ent Treecreepers. Spruce was the most frequently
used tree species of both sexes in all treatments
(H2,9 =4.54, P=0.10 and H2,7 =0.74, P=0.69; re-
spectively; Table 5) and the diameter of the trunks
used for foraging did not differ significantly either
(females: H2,9 =2.35, P=0.31; males: H,, = 2.51,
P=0.29; Figs. 6b, 6d). Foraging times per trunk of

females did not significantly differ among treat-
ments (£,, = 0.50, P = 0.78; Fig. 7b). Control-
brood males spent on average the longest time for-
aging per trunk, but the difference was not statisti-
cally significant (£, , = 4.55, P = 0.10; Fig. 7d).
The manipulation did not significantly affect the
foraging distances of females or males (Hz’() =2.0,
P =037 and H,, = 0.74, P = 0.69, respectively;
Table 5) or the inter-patch travelling distances (fe-
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males: /,, =3.5, P=0.17; males: H, = 1.72,P=
0.42; Table 5).

3.5. Observational data on the relationships
between food abundance, foraging behaviour
and breeding success

We did not obtain data on food abundance in the
territories of the manipulated nests in 1992, but
data from other territories during that year (mean
number £ SD of arthropods/trunk over 14 territo-
ries: 9.1 + 4.7) suggests that food abundance was
as low as in 1991 (mean number + SD of arthro-
pods in the enlarged group: 9.1 £2.9, Fig. 2a; Jantti
et al. 2001). In 1992, the success of enlarged
broods was also the lowest: parents could not raise
added nestlings, and the nestlings of enlarged
broods were also of lower body weight than other
broods. In 1991, parents were unable to success-
fully raise enlarged broods to fledging, but the ma-
nipulation did not affect nestling body mass. In
1991 with low food abundance, parents apparently
depleted their food supply and changed their for-
aging behaviour.

In 1995, a year with higher food abundance,
parents were able to raise enlarged broods to fledg-
ing, but the nestlings of these broods weighed less
than did nestlings of reduced broods. Food abun-
dance in the territories with enlarged broods did
not markedly deplete, but food items were on aver-
age smaller in these territories as compared with
territories with control or reduced broods. Forag-
ing behaviour of parents did not significantly dif-
fer among treatments that year.

4. Discussion
4.1. Food abundance and breeding success

Our results revealed that the brood-size manipula-
tion had differential effects on the reproductive
success and behaviour of Treecreepers in different
years. These differences may be related to food
abundance, which varied between years. In 1991,
when food abundance was relatively low, Tree-
creepers could not raise the extra nestlings to the
fledgling stage, but the body weights of the nest-
lings were approximately equal between each of

the three treatments. In 1995, when food abun-
dance was higher, Treecreepers were able to raise
also the extra nestlings, but the average weight of
the nestlings was lower in enlarged than in reduced
broods. Also in 1992, when food was most scarce,
Treecreepers with enlarged broods could not raise
the additional nestlings to the fledging stage, and
the mean nestling weight was also lowest in the en-
larged broods. Thus, in the year with good food
conditions, the offspring in the enlarged broods
did generally better than in the years with low food
abundance, but were still of lower body weight
than in the reduced broods. There might be a trade-
off between the number and quality of offspring,
with the outcome varying from the inability to
raise extra young to the production of lower-qual-
ity fledglings across years. However, generally our
results support Lack’s (1947) hypothesis of
clutch-size regulation; Treecreepers apparently
laid the maximal number of eggs they were able to
raise successfully to fledging.

4.2. Food abundance and foraging behaviour

In 1991, when food abundance was low, Tree-
creepers raising enlarged broods seemed to de-
plete their food supply, as we observed fewer food
items per trunk area than we observed in the con-
trol or reduced-brood territories. This food deple-
tion in the largest trunks may have forced females
of enlarged broods to forage also on thinner
trunks, which they do not usually prefer (Suhonen
& Kuitunen 1991b). In 1995, when food was more
abundant, the number of arthropods did not signif-
icantly differ among the treatments, but the mean
size of items was smaller in the territories with en-
larged broods. Thus, in poor food conditions the
brood-size manipulation apparently made Tree-
creepers to deplete their food supply and forced
the females to switch to smaller foraging trees,
whereas in better food conditions the brood-size
manipulation did not markedly affect food abun-
dance or foraging behaviour of the parents, but the
largest food items seemed to have depleted from
the territories of enlarged broods.

In 1991, females with the enlarged broods also
foraged for shorter time periods per trunk than did
females with reduced broods. This may be a result
of optimal foraging considerations in a situation
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with low food abundance and greater food demand
of the nestlings (Stephens & Krebs 1986). Re-
duced time available for foraging, may have
forced the parents with enlarged broods to become
less selective, that is, to include also smaller prey
in their diets. On the other hand, reducing handling
time by switching prey type (Houston 1985a,
1985b) or being less selective and increasing the
frequency of feeding events can be optimal strate-
gies in reducing the probability of starvation, de-
spite an overall decrease in biomass delivered
(Houston & McNamara 1985a, 1985b). In tree-
creepers, both strategies would lead to short patch
residence times observed in the territories with en-
larged broods. A laboratory experiment in Zebra
Finches (Taeniopygia guttata) found a cost of re-
production in modification of reproductive inter-
val under unrestricted access to food, which
showed that factors other than food may also re-
strain reproduction (Deerenberg et al. 1996). The
authors suggested that the available foraging time
potentially limits the amount of food that can be
collected and transported to the young, and
thereby restrict brood size. Although the time con-
straint did not seem to apply for Zebra Finches, it
may apply in field conditions where other ecologi-
cal factors, such as predation risk (e.g., Lima
1987), also affect individual behaviour. In Tree-
creepers, the relatively short residence times in
foraging patches by parents with enlarged broods
suggest that the time available for foraging may be
limited with large broods, at least if food abun-
dance is low. In addition, females rearing reduced
broods in 1992 spent clearly the longest time on
each foraging bout, suggesting that foraging time
is limited only with larger broods or in conditions
of low food abundance.

The response of males to the brood-size ma-
nipulation was somewhat different than that of fe-
males. Males of both enlarged and reduced broods
tended to spend a shorter time per trunk than did
control males both in 1991 and 1995. For the males
with enlarged broods, the greater food demand of
nestlings may have contributed to the short forag-
ing times and distances from the nest, as discussed
earlier for females. Conversely, due to the lower
food demands of nestlings of reduced broods,
males may have allocated more time to other activ-
ities, such as territory or nest defence, and thus re-
duced their foraging times on each patch.
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4.3. Parental care in different years

There were no differences in the patterns of male
parental care among treatment groups in 1991,
suggesting that males contributed equally in nest-
ling feeding regardless of brood size. Females did
not change their observed feeding rates either, but
the resulting feeding rate per chick decreased as
brood size increased. This suggests that females
were not able or willing to increase their effort in
order to meet the demands of the enlarged brood.
This may have resulted from food scarcity and
consequent changes in foraging behaviour of fe-
males. The summed contribution of each pair to a
chick was thus lowest (albeit statistically non-sig-
nificant) in the enlarged broods, and this is likely to
have contributed to the inability of raising all the
chicks from enlarged broods to fledging.

In 1992, males decreased their feeding rates as
brood size increased, thus investing less in the
chicks of enlarged broods. In fact, three males with
enlarged broods did not feed their nestlings at all
during our observation periods, whereas only one
control male and none of the males with reduced
broods did not care for young. Parental feeding
frequency is supposed to reflect a trade-off be-
tween fledgling and parental survival (Nur 1984,
1987). However, optimal levels of parental effort
of each sex may vary according to the value of the
brood (Houston & Davies 1985, Winkler 1987),
which may differ owing to the degree of related-
ness to the brood (e.g., Houston & Davies 1985,
Alatalo et al. 1988) or to the different costs of feed-
ing nestlings due to sexual dimorphism (e.g.,
Hughes & Hughes 1986). Also, when food is
scarce, males may invest relatively more in self-
maintenance and less in the offspring than females
(e.g., Jones 1987). In 1992, food abundance in the
studied Treecreeper territories was low, and the
optimal strategy for males may have been to invest
less in the care of the enlarged brood, whose value
may be less than that of control and reduced
broods (indicated by the lower number and body
mass of fledglings), and perhaps in that way be
able to survive to the a new breeding attempt under
more favourable conditions (second broods;
Kuitunen 1987, 1989, Kuitunen et al. 1996). Re-
nesting and raising a second brood during the same
breeding season is costly (e.g., Antczak et al.
2009) and not so productive even in Treecreepers
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(Kuitunen 1987). In conditions with very low food
abundance, it may also be more costly for larger
than for smaller males to feed nestlings (e.g.,
Hughes & Hughes 1986), although the size dimor-
phism in this species is small.

Females showed no significant differences in
feeding rate between each of the three treatments
in 1992, although they showed slightly higher
feeding rates per chick in enlarged broods. This
way the females may have compensated for the re-
duced amount of care by males, and consequently
the chicks may have achieved roughly equal
amounts of care in all treatments. Nevertheless, the
lower breeding success of the enlarged broods in
1992 than in 1991 or 1995, suggests differences in
the quality of parental care. Although we did not
find differences in the amount of food brought by
the females, the smaller average prey size in terri-
tories with enlarged broods may have affected the
quality of the food loads and thereby reduced the
condition of nestlings (see Aho et al. 1997, Jantti et
al. 2001). Apparently the care given by females
was not sufficient to fully compensate for the re-
duced level of paternal care given to the enlarged
broods.

Our results support the models of evolutionary
stable or optimal investment strategies (Houston
& Davies 1985, Winkler 1987) which predict that
amember of a pair should compensate for the loss
of parental care by its partner, and that the compen-
sation is usually incomplete. We have earlier docu-
mented such incomplete compensation in Tree-
creepers in a male removal experiment (Aho et al.
1997, 2009). However, the optimal level of invest-
ment by each sex seems to differ among years, and
may be related to the value of the current brood,
food abundance, and consequent abilities to pro-
duce a second clutch during the same breeding
season. Male contribution to caring for the young
in the enlarged broods was lowest in 1992, when
food abundance and frequency of second broods
were low, and when the brood enlargement had
most detrimental effects on the reproductive suc-
cess of Treecreepers.

The reproductive success was lower in the en-
larged than in the control or reduced broods also in
1995, when food was abundant and no changes in
foraging behaviour were detected. However, al-
though food was plentiful in numbers, depletion
may have occurred in the quality of food, since the

food items sampled in the territories after fledging
of enlarged broods were on average smaller than in
the other treatments. The amount and quality of
parental care may have differed among the treat-
ments also in this year. Also, the actual produced
brood size may already be at the physiological lim-
its of the parents’ ability to care for young, and
therefore the maximum working capacity of par-
ents may limit brood size even if food is plentiful
(e.g., Drent & Daan 1980, Deerenberg et al. 1996).

4.4. Conclusions

Our results support Lack’s (1947) hypothesis that
clutch size is set by the number of young the par-
ents can adequately provision: when food was
scarce, Treecreepers laid the maximum number of
eggs they were able to raise successfully to fledg-
ing. However, trade-offs between current and fu-
ture reproduction may also be important determi-
nants of clutch size in this species. We also found
some support for our prediction of food limitation;
Treecreepers raising enlarged broods depleted
their food supply, whereas in better food condi-
tions some depletion occurred only in the size of
potential food items. When food was scarce, par-
ent birds changed their foraging behaviour in a
predictable way, but with abundant food no
changes in foraging behaviour was observed. In
conditions with low food abundance, parent Tree-
creepers did not increase their feeding rate with re-
spect to brood size, indicating that they were either
already working at their maximal capacity with
their normal-sized broods, or that they traded off
the survival of their fledglings to that of their own.
The latter seems to be a more plausible explana-
tion, because there were changes in the relative
contributions of each sex to the parental duties.

To sum up, in years with scarce food, the fac-
tors that limit clutch size seem to be food depletion
and possibly also limited foraging time, whereas in
better food conditions the quality of food, limited
time and parental working capacity may play ma-
jor roles. Our results support the earlier findings
that factors limiting clutch size may vary in differ-
ent environmental conditions (e.g., Korpimaki
1988), although in Treecreepers these seem to be
more predictable than in the birds of prey, or pas-
serines gleaning the hardwood foliage.
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Pesyekoon méiriytyminen ravinto-
ja aikarajoitteisella puukiipijallia

miliaris) poikuekokoa kokeellisesti kolmena
vuonna siten, ettd samanaikaisilla poikueilla siir-
rettiin yksittdisid poikasia peséstd toiseen joko li-
sadmalld poikueita yhdelld poikasella tai vihenta-
maélla niitd yhdella poikasella. Kontrollipesissé to-
teutettiin vain normaalit tutkimustoimenpiteet.
Tutkimuksen tarkoituksena oli selvittdd pesyeko-
koa rajoittavien ympéristotekijoiden merkitysti
jélkeldisten kelpoisuuteen. Talld lajilla on aiem-
missa vertailevissa tutkimuksissa todettu, etti kes-
keisid selittdvia tekijoita lajin pesyekoon taustalla
ovat ravinnon saatavuus ja ravinnonhankintaan
kéytettdvissd oleva aika. Kdytdnndssd siirrettéva
poikanen siirrettiin samanaikaiseen toiseen poi-
kueeseen. Yhden poikasen siirtiminen katsottiin
riittdvaksi, koska aiempien tutkimusten perusteel-
la tiedetddn, ettd selkdrangattomien maérdt ovat
niukkoja puiden rungoilla touko—kesékuussa, jol-

Tutkimuksessa kaytettiin erikoisvalmisteisia
pesdponttdja. Parien pesintdaikataulu selvitettiin
jakaikki linnut sekd merkittiin ettd mitattiin. Emo-
lintujen ravinnonhankinta- ja ruokintakdyttayty-
minen maritettiin seuraamalla emolintuja ja vide-
oimalla ruokintakerrat. Videoilta médritettiin
myds ravintolastin koko. Lopuksi keréttiin pesin-
nén jélkeen ravintondytteet puiden rungoilta imu-
roimalla jokaiselta reviiriltd systemaattisesti kuusi
satunnaista kuusen runkoa. Selkdrangattomat
maédritettiin heimotasolle.

Saadut tulokset olivat jonkin verran vaihtele-
via eri vuosina, mutta lisdtyt poikueet néyttivit
menestyvén vain niind vuosina, jolloin ravintoa oli

ORNIS FENNICA Vol. 87,2010

riittdvasti tarjolla. Pesintdmenestystd arvioitiin
poikasten painon, lentokykyisten poikasten ja
toisten pesyeiden maéran avulla. Poikasten keski-
paino erosi merkitsevésti sekd koeryhmien etté
vuosien vililld. Sekd kokeen ettd vuoden yhteis-
vaikutus oli my6s merkitseva. Kaikkina tutkimus-
vuosina todenndkdisyys munia toinen poikue sa-
mana vuonna laski poikuekoon kasvaessa.
Naaraiden ruokintamddrdt myos kasvoivat
suuremmilla poikueilla, mutta koiraan ruokinta-
kayttaytymisessa ei havaittu vastaavaa kayttayty-
mismuutosta. Poikasille kannettavan ravintolastin
suuruudessa ei havaittu eroja, mutta naaraan ra-
vinnonhankinta-ajat pitenivét vdhennetyilld poi-
kueilla. Ravinnonhankinta kéyttdytymisessd ha-
vaittiin, ettd suosituin ruokailupuu oli kuusi sekd
koiraalla ettd naaraalla. Seké koiras ettd naaras
myos ruokailivat ohuemmilla rungoilla ja lyhyem-
maén aikaa per runko silloin, kun poikuekokoa oli
kasvatettu. Ravinnontarjonta puiden rungoilla oli
vahdisempdd vuosina 1991 ja 1992 kuin vuonna
1995. Lisétyn poikueen huonoin pesintdmenestys
olikin niind vuosina, jolloin ravintoa oli véhiten
saatavilla. Niiss tilanteissa havaittiin myds muu-
toksia emojen ravinnonhankintakéyttdytymisessa.
Tulokset tukevat David Lack’ in hypoteesia
maalisen pesyekoon, jonka ne myos kykenevit
saamaan lentokykyisiksi. Kuitenkin voimavarojen
allokoinnin vaihtelu nykyisen ja tulevan lisdanty-
mismahdollisuuden vililld voi olla tirked tekija
pesyekoon maédrittdjand. Saatavilla olevan ravin-
non méaird ja rajallinen ruokailuaika néyttavét ole-
van merkittdvimmat tekijat, jotka rajoittavat puu-
kiipijan pesyekokoa, vaikka ndiden tekijoiden
merkittdvyys vaihtelee jonkin verran vuosien vi-
lilld riippuen tarjolla olevan ravinnon méérésta.
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