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Summary

1.

 

Offspring sex ratio may be an unpredictable component of life history that might
select for behavioural plasticity in parental care. If  the parents do not have such plas-
ticity and the two sexes of offspring differ in size, individuals in a brood or litter biased
towards the larger sex offspring may suffer from food shortage. Sibling sex ratio could
also affect the young through asymmetric sex-related sibling competition.

 

2.

 

We created single-sex broods of sexually size-dimorphic Eurasian kestrels (

 

Falco tin-
nunculus

 

 L.) with mixed-sex control broods in order to test whether parents have behav-
ioural plasticity to respond to the sex ratio of their brood and whether smaller male
chicks suffer from reduced health status because their larger female siblings outrival
them in sibling competition. The experiment was conducted during two years (2000 and
2001) that differed in the abundance of voles, the main natural prey of kestrels.

 

3.

 

No obvious effects of the brood sex ratio manipulation on parental effort were
detected, as there were no differences in prey delivery rate, biomass of prey brought to
the nest, body mass or heterophile/ lymphocyte ratio of the parents.

 

4.

 

Female chicks in all-female broods had lower haematocrit levels than those in mixed-sex
broods in a year of low vole abundance. As haematocrit is an index of nutritional condition
and health state, this result indicates that in the year of low vole abundance the female
chicks in all-female broods fledged in poorer condition than those in mixed-sex broods.

 

5.

 

These results indicate that when the parents do not alter their level of parental effort
in response to the sex ratio of their brood, the young in a brood biased towards the larger
sex offspring can be reared successfully when food is abundant, while they may suffer
under food shortage situations.

 

6.

 

Kestrel chicks of both sexes had low haematocrit levels and T cell-mediated immune
responses in the year of low vole abundance. This result indicates that poor health state
at fledging may provide a causal link for low recruitment of kestrels hatched in years of
low vole abundance.
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Introduction

 

The theory of sex allocation predicts that parents are
under selection to vary their level of investment in sons
and daughters when the fitness returns are different for

the two sexes of offspring (Charnov 1982; Frank 1990;
Hardy 2002). There are two different ways for the parents
to bias sex allocation: to produce unequal numbers
of  male and female offspring or to vary the level of
resource allocation between sons and daughters. Pro-
ducing an optimal offspring sex ratio may be difficult,
for example, for birds because the correlation between
environmental cues at the time of egg-laying and the
environmental conditions at the time of offspring rear-
ing might be low and unpredictable (Nager, Keller &
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van Noordwijk 2000). It is also unclear as yet how well
sex determination mechanisms are under parental con-
trol in birds in general (Krackow 1995; Palmer 2000),
although there is good evidence for preovulation con-
trol in one species (Komdeur, Magrath & Krackow
2002). Therefore in species with extensive parental
care, such as altricial birds, brood sex ratio may be an
unpredictable component of life history (Clutton-
Brock 1991). When the two sexes of offspring differ in
their cost of rearing, it may not be the same for the
future survival and reproduction of the parents
whether they rear a brood consisting of offspring of the
smaller or of the larger sex (Myers 1978; Frank 1990;
Stearns 1992). On the other hand, future survival and
reproductive success of the offspring are likely to
depend on the amount of parental care they receive
(Lindström 1999; Metcalfe & Monaghan 2001). It
is thereby of  substantial interest in the study of  life-
history evolution whether parents have behavioural
plasticity to respond to the sex ratio of the brood they rear.

The sex ratio of  the brood or litter may also affect
the young through sibling competition. Siblings that
are reared in discrete nurseries compete for parental
resources, and not all siblings can compete equally well
or receive equal amounts of parental care (Mock &
Parker 1997). Lack (1954) suggested that in sexually
size-dimorphic birds the nestlings of the larger sex are
able to survive better because of a competitive advant-
age in sibling competition, which may result in a sex
ratio biased in favour of the larger sex. This prediction
has been corroborated for some species (Anderson

 

et al

 

. 1993; Oddie 2000; Hipkiss 

 

et al

 

. 2002), but more
often it has been found that the larger-sex offspring
are more prone to die because of  unmet energetic
requirements (e.g. Clutton-Brock, Albon & Guinness
1985; Slagsvold, Røskaft & Engen 1986; Weatherhead
& Teather 1991). Whether larger size is an advantage
or a disadvantage may depend on resource levels and
on who controls food allocation: parents or nestlings
(Clutton-Brock 1991).

While there are many reports on fledgling sex
ratios, the possible consequences of  brood sex ratio or
sex-related sibling competition on the health condition
of  fledging chicks have received far less attention.
Substantial mortality occurs during the first year
of independent life (Newton 1998) and fledging condition
(traditionally measured as body mass) predicts survival
throughout this critical period (reviewed by Martin
1987). The ability to resist pathogens through immune
function is an important component of survival (e.g.
Saino, Bolzern & Møller 1997; Hõrak 

 

et al

 

. 1999). As
the development and maintenance of immune function
is costly energetically and nutritionally (Lochmiller &
Deerenberg 2000), the immune function may be impaired
when food becomes scarce (e.g. Saino 

 

et al

 

. 1997; Hõrak

 

et al

 

. 1999). It has been suggested that immunity may
be a general causal link mediating trade-offs among
various life-history traits (Sheldon & Verhulst 1996;
Norris & Evans 2000). Trade-offs between immunity

and other resource-demanding functions could thus be
the underlying factor explaining intersexual differences
in the growth and mortality patterns of young birds.
The question, however, has been little explored.

Raptor species (

 

Falconiformes

 

) which exhibit
reversed sexual size dimorphism, i.e. with females
larger than males, are interesting objects for a study of
sibling competition. Raptor parents commonly cease
to divide food among the chicks in the late nestling
period; thereafter it is sibling competition that deter-
mines within-brood food allocation (Newton 1979;
Mock & Parker 1997). There seem to be no consistent
patterns in the fledgling sex ratios of  raptors, but
in some cases they are female-biased (reviewed by
Newton 1979; Olsen & Cockburn 1991). It has been
suggested that this is due to female chicks outcom-
peting the males in competition for food (Lack 1954;
Anderson 

 

et al

 

. 1993).
We manipulated experimentally the brood sex ratios

of Eurasian kestrels 

 

Falco tinnunculus

 

 L. (hereafter kes-
trel), with some nests having only male or female chicks
while in others males were growing together with their
female siblings. Kestrel females are 

 

c

 

. 20% heavier than
males (Village 1990; this study) and the total energy
consumption of female offspring during the nestling
period is 11% higher than that of male offspring in our
study population (Visser 

 

et al

 

. 2000). We conducted the
experiment during two years with different levels of
natural food supply and examined the effects of the
brood sex ratio on potential estimators of parental
effort and fledgling condition. We predicted the follow-
ing possible outcomes for the experiment (Maynard
Smith 1980; Lessells 1998, 2002): (1) if  the ‘need’ of the
offspring determines parental resource allocation, kes-
trel parents would invest more in broods containing
only larger female chicks; (2) if  the parents would not
respond to the manipulation, female chicks would fledge
in poorer condition in the all-female nests, with the
effect being stronger in the year of lower food supply;
(3) if  sex-related sibling competition results in poorer
health condition of male than of female fledglings,
males growing with their sisters would exhibit poorer
health status than males growing among themselves.

We used prey delivery, body mass and heterophile/
lymphocyte (H/L) ratio of parents as estimators of
parental effort. From the fledglings we measured body
mass, H/L ratio, haematocrit and T cell-mediated
immune response. Prey delivery rate and prey size and
type were recorded to estimate the amount of food
brought to the nest. Body mass was measured because
several experimental increases of the needs of the
brood have resulted in lower body mass and survival of
either the parents or the offspring (see Stearns 1992 for
a review). Heterophiles and lymphocytes are two dif-
ferent types of leucocytes that function in the immune
defence of an organism, protecting it from harmful
antigens. Heterophiles are non-specific phagocytos-
ing cells, while lymphocytes are involved in specific
immune responses (Ots, Murumägi & Hõrak 1998).
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The ratio of heterophiles over lymphocytes (H/L ratio)
increases with stress and is a commonly used stress esti-
mator in studies on poultry and wild birds (Maxwell
1993; Ots 

 

et al

 

. 1998). Haematocrit level quantifies the
number of red blood cells in the blood volume (Ots

 

et al

 

. 1998). It is used as a long-term index of nutri-
tional condition and health state in studies on wild
birds, with low values indicating poor condition (e.g.
Svensson & Merilä 1996; Potti 

 

et al

 

. 1999). T cell-mediated
immunity (CMI) is one of the three major components
of  the avian immune system, which can be assessed

 

in vivo

 

 in the field with a benign skin test (Goto 

 

et al

 

.
1978; Smits, Bortolotti & Tella 1999).

We predicted that if  our manipulation alters the level
of parental effort, it would show in an increase in prey
delivery and H/L ratio and in a decrease in body mass
of parents rearing broods with female chicks only. We
also predicted that if  sex-related sibling competition
is a causal factor affecting health condition of  male
and female fledglings, males growing with their sisters
would exhibit low CMI-responses and haematocrit
levels and high H/L ratios compared with males grow-
ing among themselves (Maxwell 1993; Moreno 

 

et al

 

.
1998; Ots 

 

et al

 

. 1998).

 

Methods

 

 

 

The study was conducted during the summers of
2000 and 2001 in the Kauhava region in western Finland
(

 

c

 

. 63

 

°

 

N, 23

 

°

 

E), where kestrels breed in nestboxes
mounted on barn gables in agricultural areas (see
Korpimäki & Wiehn 1998 for details). Kestrels feed
mainly on voles of the genera 

 

Microtus

 

 (Korpimäki
1986), whose population densities in our study area
fluctuate in 3-year cycles characterized by years of low,
increasing and decreasing vole abundance (Korpimäki
& Wiehn 1998; Korpimäki 

 

et al

 

. 2002). Breeding densi-
ties and breeding success of kestrels are markedly lower
in years of low than in years of increasing or decreas-
ing vole abundance (Korpimäki 1984; Korpimäki &
Wiehn 1998). The study years can be classified as years
of decreasing (2000) and low (2001) vole abundance
(Korpimäki 

 

et al

 

. 2002).
Kestrel males provide food for the female and the

brood while females incubate the eggs and brood the
young until about 1·5–2 weeks after hatching, when
they start to hunt along with their mates (Village 1990).
Like many raptors, kestrel parents cease to divide food
among nestlings in the middle of the nestling period
when the chicks are 

 

c

 

. 2 weeks old. After that the par-
ents drop the prey items in from the nest entrance and
chicks fight for food among themselves (Village 1990).

 

 

 

Hatching dates were determined during regular visits
to the nest at hatching time and hatchlings were

marked individually with coloured ink on the wing
feathers. A drop of blood (20–50 

 

µ

 

L) was collected
from each nestling within 2 days of hatching by bra-
chial vein puncture and stored in ethanol. Sex of the
chicks was determined from the samples with molecu-
lar methods as described by Fridolfsson & Ellegren
(1999) in a molecular laboratory at the Section of Eco-
logy, Department of Biology, University of Turku.
Samples taken from breeding adult male (

 

n

 

 = 16) and
female parents (

 

n

 

 = 26) were all sexed correctly with
this method when the person determining sex from the
samples was blind to their origin. The sexes of all
hatchlings of a nest were known 1–2 days after hatch-
ing of the last chick of the brood. We created three
brood sex-ratio categories: an all-male group (sex ratio
= 1), an all-female group (sex ratio = 0) and a mixed-
sex control group (original sex ratio). Each nest was
assigned to one of  the two experimental groups or
to the mixed-sex group with similar hatching dates
and brood sizes at hatching (Table 2). Nestlings were
swapped between two or three experimental nests to
create nests that contained only male chicks or only
female chicks. The mean 

 

±

 

 SE age (days) of the chicks
in these nests at the time of the swap was 6·23 

 

±

 

 0·15 in
2000 and 4·21 

 

±

 

 0·14 in 2001. Brood sizes were not
changed in the swaps, and hatching asynchrony was
kept as close to the original as possible (mean 

 

±

 

 SE dif-
ference in age range before and after the manipulation:
0·04 

 

±

 

 0·12 days, Wilcoxon signed-rank test: 

 

s

 

 = 17·5,

 

n

 

 = 66, 

 

P

 

 = 0·79). In 2000, in many cases we swapped
more than half  of the chicks between nests (e.g. if  there
were two male and three female chicks in one nest and
vice versa in the other, we switched three chicks more
often than two). The original brood sex ratio was there-
fore different for the treatments in 2000 (Table 2). In
2001 there was no difference in the original brood sex
ratio between the sex-ratio groups before swapping
(Table 2). Some chicks of each mixed-sex brood were
taken from the nest for 20 min and then returned to the
nest in order to create a similar level of disturbance as
that experienced in the sex ratio-manipulated broods.

 

  

 

Parent kestrels were captured with a swing-door trap
attached to the nest box 13–14 days after hatching of
the first chick of the brood, which is the time of the
highest capture success (E. Korpimäki, unpublished).
Parents were aged as 1 year old or older, and their body
mass and tarsus length were measured. A small drop
of blood was collected by brachial vein puncture in a
capillary tube and smeared on a microscope slide for
analysis of  the H/L ratio. The microscope slide was
air-dried immediately and fixed in ethanol later on the
same day. Proportions of  heterophiles and lympho-
cytes were assessed from the slides later in the lab-
oratory by examining with a microscope a total of 100
leucocytes from azure-eosin–stained samples under oil
immersion.
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Prey delivery rates of  parent kestrels were recorded
15–17 days after hatching date with a video camera
attached to the side wall of the nestbox (see Wiehn 

 

et al

 

.
2000 for details). Kestrels are not disturbed by the cam-
era and continue feeding the chicks normally (Wiehn

 

et al

 

. 2000). The recorded period varied from 11·5 to
24 h; for comparison of all recordings we estimated
prey delivery rate per h using only the time between
05.00 h and 23.00 h when 96·5% of prey deliveries
occurred. From a total of 1000 prey deliveries during
948 h, 824 could be identified (Table 1). Parents often
consume part of the prey delivered to the nest, so to
estimate prey biomass we estimated visually the pro-
portion of each prey that had been eaten by the parents.
For largest prey items, water voles 

 

Arvicola terrestris

 

(L.) and brown rats 

 

Rattus norwegicus

 

 (Berkkenhaut),
five (

 

c

 

. 0, 20, 40, 60, 80% eaten), and for other prey
items three (

 

c

 

. 0, 33, 66% eaten) size categories were
used. Common lizards 

 

Lacerta vivipara

 

 (Jacquin),
common shrews 

 

Sorex araneus

 

 (L.) and water shrews

 

Neomys fodiens

 

 (Pennant) were always delivered whole
to the nest. Prey size was related to the average weight
of the prey taxon (see Table 1 for mean weights and

their sources). Some prey items could be identified only
as mammals or small rodents, and for these cases the
average weight was calculated separately for each year
based on the frequency of  different species in each
category in the data of that year (Table 1). Prey bio-
mass (g) per h for each nest was then calculated by multi-
plying the average prey mass of that nest with the prey
delivery rate.

 

   

 

Twenty-five days after the hatching of  the first chick
in the brood, i.e. just before fledging, several variables
were measured from the chicks. A blood sample was
taken by brachial vein puncture into two 75 mL capil-
lary tubes. The first capillary was taken full and cen-
trifuged for 5 min at 8500 r.p.m. within 15 min of
sampling. Haematocrit was defined as the proportion
of packed red blood cells from the summed length of
packed red blood cells and plasma in the capillary,
which were both measured with a sliding calliper to the
nearest 0·02 mm. The second capillary was used to
collect a small drop of blood for analysis of the H/L
ratio, which was measured and defined as for the parents
(see above). Tarsus length was measured to the nearest

 

Table 1.

 

Features of the experimental design and effects of the sex ratio manipulation on parental and chick characteristics. On the left side are means
(

 

±

 

 SE) of nest characteristics before the manipulation (design), parental characteristics after the manipulation (adults), and chick mortality (chicks) for
each sex ratio group and year. On the right side are the results of two-way 

 



 

s and 

 



 

s for the same variables. For hatching date 1 = 1 April. Sex
ratio is the proportion of males in the brood. Reported size-corrected male and female masses are least-square means estimated using tarsus length as a
covariate in the 

 



 

 model (tarsus length: 

 

F

 

1,70

 

 = 5·75, 

 

P

 

 = 0·02 for males and 

 

F

 

1,84

 

 = 6·34, 

 

P

 

 = 0·01 for females). H/L ratios were log

 

10

 

-transformed for
the 

 



 

 model. The models were first performed with the interaction term ‘sex ratio group 

 

×

 

 year’, which was not significant for any of the variables and
subsequently removed from the final models. 

 

F

 

- (or 

 

χ

 

2

 

) statistics and 

 

P

 

-values for are given for sex ratio group (fixed factor d.f. = 2) and year (fixed factor
d.f. = 1). For chick mortality and original sex ratio the test statistic is 

 

χ

 

2

 

 from logistic regression (logit link and binomial distribution) performed in SAS

 



 

. In the last column are the degrees of freedom for error terms of each model

Mean 

 

±

 

 SE Statistics 

Sex ratio group Sex ratio group Year

Variable Design Year All-male

 

n

 

Control

 

n

 

All-female

 

n F

 

 (

 

χ

 

2

 

)

 

P F

 

 (

 

χ

 

2

 

)

 

P

 

Error d.f.

Hatching date 2000 70·7 

 

± 

 

1·7 17 71·4 

 

± 

 

1·6 19 70·8 

 

± 

 

1·6 18 0·01 0·99 12·92 0·0005 95
2001 75·7 

 

± 

 

1·0 15 74·7 

 

± 

 

1·3 15 75·3 

 

± 

 

1·1 15
Brood size 2000 5·1 

 

± 

 

0·3 17 4·8 

 

± 

 

0·2 19 5·2 

 

± 

 

0·2 18 0·17 0·84 4·08 0·05 95
2001 4·5 

 

± 

 

0·2 15 4·9 

 

± 

 

0·2 15 4·6 

 

± 

 

0·2 15
Original sex ratio 2000 0·32 

 

± 

 

0·04 17 0·41 

 

± 

 

0·06 19 0·60 

 

± 

 

0·06 18 13·39 0·001 – – 51
2001 0·51 

 

± 

 

0·06 15 0·51 

 

± 

 

0·05 15 0·48 

 

± 

 

0·06 15 0·26 0·87 – – 42

Response variable
Size-corrected male mass (g) 2000 175·00 

 

± 

 

2·5 17 178·13 

 

± 

 

2·5 16 183·82 

 

± 

 

2·8 12 2·7 0·07 4·61 0·05 70
2001 172·66 

 

± 

 

2·9 12 172·14 

 

± 

 

3·2 7 176·47 

 

± 

 

2·9 11
Size-corrected female mass (g) 2000 212·3 

 

± 

 

4·3 17 211·8 

 

± 

 

3·9 19 212·8 

 

± 

 

4·0 18 0·03 0·97 12·69 0·0006 84
2001 198·8 

 

± 

 

4·5 13 198·4 

 

± 

 

4·6 10 199·5 

 

± 

 

4·7 12
H/L ratio of males 2000 0·94 

 

± 

 

0·15 12 1·34 

 

± 

 

0·23 13 1·19 

 

± 

 

0·21 9 1·48 0·24 8·26 0·006 59
2001 1·89 

 

± 

 

0·44 11 2·28 ± 0·57 7 2·02 ± 0·42 11
H/L ratio of females 2000 1·32 ± 0·24 13 1·95 ± 0·24 17 1·80 ± 0·27 17 1·32 0·27 0·40 0·53 77

2001 1·70 ± 0·25 12 1·67 ± 0·41 11 2·10 ± 0·26 11
Prey delivery rate h−1 2000 0·83 ± 0·09 11 0·73 ± 0·06 15 0·84 ± 0·12 9 1·91 0·16 15·46 0·0002 56

2001 1·24 ± 0·19 8 0·98 ± 0·17 6 1·43 ± 0·18 11
Prey biomass g h−1 2000 36·8 ± 3·4 11 30·7 ± 2·9 15 32·1 ± 3·8 9 0·69 0·51 6·28 0·02 56

2001 19·8 ± 4·0 8 19·2 ± 4·7 6 23·1 ± 3·4 11
Mortality chicks/nest 2000 0·30 ± 0·17 14 0·22 ± 0·13 18 0·24 ± 0·11 17 0·69 0·71 4·11 0·04 86

2001 0·29 ± 0·16 14 0·73 ± 0·30 11 0·47 ± 0·24 15
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0·01 mm. Body mass was measured with a Pesola
spring balance (accurate to 0·1 g).

A commonly used and benign phytohaemagglutinin-
P (PHA) injection assay was used to evaluate in vivo
T cell-mediated immunity (CMI) (Goto et al. 1978;
Smits et al. 1999). Kestrel chicks were injected intra-
dermally in the wing web with 0·3 mg of PHA dissolved
in 0·1 mL of phosphate buffered saline. The thickness
of  the wing web was measured three times with a
sliding digital calliper (to the nearest 0·01 mm) at the
injection site before and 20–24 h after injection. Mean
values of  each set of  three measurements were used
in the analyses. The difference between initial wing
web thickness and swelling is used as a response esti-
mate (Smits et al. 1999). J.A.F. and T.L. practised
the measurements together in 2000. J.A.F. measured
CMI-responses in 2000 and T.L. with exactly the same
method in 2001. Chick mortality was observed at nest
visits and by examining nest remains after fledging.

 

Statistical analyses were performed with SAS version
8·2 (SAS Institute Inc., Cary, NC, USA). Effects of the
experimental treatment and study year on parental
response variables were analysed with general linear
models. As we measured two different prey delivery
variables and two different condition measures from
the parents, we set the significance level for these tests
to P  = 0·013. The interaction term treatment × year
was not significant in any of the models (P > 0·1) and it
was removed from the final models. Because the ori-
ginal sex ratio was different among the sex-ratio groups
in year 2000, we performed the analyses also using the
original sex ratio as a covariate. The results of these
models are not reported because original sex ratio
appeared not to be associated with any response vari-
able (P > 0·1) and it did not affect the significance level
of the other explanatory variables in the models. Results
from models with parental age (1 year old/older) as a
factor are also not reported because the results did not
change qualitatively. The results did not change qual-
itatively when we used only one randomly selected
observation of the seven male and four female parents
that belonged to one of our three sex-ratio categories in
both years of the study; only the analyses including all
observations are reported. In analyses of parental body
mass we controlled for the size of the individual includ-
ing tarsus length as a covariate in the models.

In the case of fledglings, we first performed analyses
to explore environmental variables or individual
characteristics possibly affecting the condition of the
chicks. As such variables we considered hatching date
of the brood, brood size at hatching and at fledging,
hatching rank, age, tarsus length, brood mortality (yes/
no), residual body mass from the regression of body
mass on tarsus length (for the physiological variables)
and study year. Analyses were performed with linear
mixed models (MIXED procedure in SAS), in which

the brood identity was included as a random effect
because the nestlings within the same brood share a
common growth environment and are therefore not
independent of each other. We tested the significance of
each variable one by one, and added variables in the
order of significance until no additional variable or
interaction reached significance. From these analyses
only those indicating a connection between the ana-
lysed variables are presented.

To be sure that parents did not discriminate between
fostered and original chicks, we performed linear
mixed models in which the two-category term ‘origin’
was a fixed factor and ‘brood identity’ a random factor
to account for among-brood differences. There were no
obvious differences in any measured variable between
fostered and original nestlings (all P > 0·05), and they
were pooled for the following analyses.

Single-sex broods were compared to mixed-sex broods
separately for male and female chicks in two sets of
linear mixed models where the sex ratio-group and
study year were fixed factors and brood identity was a
clustering random factor. As four different condition
variables were measured from the chicks, we set the
significance level of these tests to P  = 0·013. The inter-
action term sex ratio-group × year was first entered into
the model but removed when not significant.

Four broods in each year failed to raise any chicks,
and three broods in 2001 raised less than half  of the
nestlings, most probably because one parent deserted
the brood or was predated after the mid-nestling
period. These broods were included in the analyses of
parental responses if  a parent was captured at the nest
before brood failure, but they were not used in the ana-
lyses of chick mortality or fledging condition.

Results

   

Body masses of female parents were similar among sex-
ratio groups, but higher in 2000 than in 2001 (Table 2).
Body masses of  male parents were similar among
sex-ratio groups and tended to be higher in 2000 than
in 2001 (Table 2). There were no obvious differences in
H/L ratios of  either male or female parents among
sex-ratio groups, but the H/L ratio of males was higher
in 2001 than in 2000 (Table 2). Biomass of prey brought
to the nest did not differ among sex-ratio groups, but it
was higher in 2000 than in 2001 (Table 2).

    


Haematocrit levels of both male and female chicks
were higher in 2000 than in 2001 (Fig. 1, see below). In
male chicks haematocrit tended to decrease with later
hatching date of the brood (year: F1,46·9 = 11·01, P =
0·002; hatching date: F1,42·1 = 4·61, P = 0·037). In females,
the chicks higher in the age hierarchy of  the brood
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had lower H/L ratios (hatching rank: F1,169 = 11·82, P =
0·0007) and tended to have higher haematocrit values
(year: F1,60·2 = 21·45, P < 0·001; hatching rank: F1,174 =
5·56, P  = 0·019). CMI-responses of both sex fledglings
increased with residual body mass (males: F1,181 = 18·1,
P < 0·001; females: F1,202 = 30·55, P < 0·001) and were
markedly higher in 2000 than in 2001 (Fig. 1; Table 3).
Body mass of male chicks increased with tarsus length
and tended to decrease with hatching date (tarsus: F1,156 =
31·80, P < 0·0001; hatching date: F1,47 = 4·35, P = 0·04). In
female chicks body mass increased during fledgling period
with tarsus length and age and decreased with hatching

date (tarsus: F1,188 = 22·66, P < 0·0001; age: F1,186 = 14·71,
P = 0·002; hatching date: F1,56·1 = 8·09, P = 0·006).

-    
 

There was no difference in chick mortality among sex-
ratio groups, but the mortality of chicks was higher in
2001 than 2000 (Table 1). There was no difference in
the mortality of male and female chicks in the mixed-
sex broods (four male and six female chicks died,
χ2 = 0·12, P = 0·73).

Table 2. Mean body masses used for each prey species or group of species and the numbers of different prey items in the prey
delivery data in 2000 and 2001. Sources for mean weights are as follows: water vole Arvicola terrestris (juveniles), field and sibling
voles Microtus agrestis (L.) and M. rossiaemeridionalis (Ognev), bank vole Clethrionomys glareolus (Schreber), harvest mouse
Micromys minutus (Pallas), house mouse Mus musculus (L.), water shrew Neomys fodiens, and common shrew Sorex araneus are
from long-term snap-trapping data collected in the study area (Norrdahl & Korpimäki 2002), brown rats Rattus norvegicus
(juveniles) from trapping data collected in dump sites of SW Finland (n = 1054, J. Valkama unpublished), common lizard L.
vivipara from van Damme, Bauwens & Verheyen (1991); and birds from Korpimäki (1985)

Prey item
Mean 
weight

No. prey 
in 2000

% prey 
in 2000

No. prey 
in 2001

% Prey 
in 2001

1. Arvicola terrestris 78·2 178 43·6 10 2·4
2. Rattus norvegicus 66·2 7 1·7 0 0·0
3. Microtus sp. 24·4 48 11·8 17 4·1
4. Clethrionomys glareolus 18·3 7 1·7 17 4·1
5. Mus musculus 15·0 4 1·0 2 0·5
6. Micromys minutus 9·5 0 0·0 25 6·0
7. Neomys fodiens 18·8 1 0·2 7 1·7
8. Sorex araneus 9·0 3 0·7 55 13·2

Mammala 63·7 (2000) 42 10·3 28 6·7
18·0 (2001)

Small rodentb 23·0 (2000) 51 12·5 23 5·5
16·3 (2001)

9. Lacerta vivipara 3·1 28 10·3 157 37·7
10. Amphibia 36·0 0 0 4 1·0
11. Aves 60·0 39 9·6 71 17·1
Total identified 408 416

aAverage weight calculated from weighed means of 1–8. bAverage weight calculated from weighed means of 3–6.

Table 3. Results of mixed-model s comparing health state and condition indices of male and female kestrel fledglings in
different sex-ratio groups. Statistics for haematocrits of female chicks are presented separately for each year because sex-ratio
group differently affected their haematocrit in the two study years (interaction F1,63·8 = 6·74, P = 0·012)

Variable Sex-ratio group Year

d.f. F P d.f. F P

Males
CMI-response 1,52·4 3·44 0·069 1, 50·6 33·38 < 0·0001
H/L-ratio 1,47·3 6·22 0·016 1, 42·6 0·84 0·36
Haematocrit 1,49·9 0·29 0·59 1, 44·2 17·72 < 0·0001
Body mass† 1,47·7 0·38 0·54 1, 46·8 0·00 0·97

Females
CMI-response 1,55·9 1·04 0·31 1, 53·3 40·52 < 0·0001
H/L-ratio 1,51 0·34 0·56 1, 47·3 0·71 0·40
Haematocrit year 2000 1,31·1 0·18 0·67 – – –
Haematocrit year 2001 1,29·8 6·93 0·013 – – –
Body mass† 1,59·3 0·01 0·91 1, 59 0·17 0·68

†Tarsus length as covariate in the analyses.
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Fig. 1. Haematocrit levels (a), heterophile/lymphocyte ratios (b), T cell-mediated immune responses (c) and body masses (d) of
male and female kestrel chicks in different sex ratio-groups (means + SE) in 2000 and 2001. Haematocrits of female chicks were
lower in all-female broods than in mixed-sex broods in 2001 but not in 2000, and overall higher in 2000 than in 2001.
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Sex-ratio group affected haematocrit of female
chicks differently in the two study years (interaction
F1,63·8 = 6·74, P = 0·012). The female chicks in mixed-
sex broods had higher haematocrit levels than females
in all-female broods in 2001 (Fig. 1; Table 3), but not in
2000 (Fig. 1; Table 3). Including hatching rank (see above)
as a covariate did not change these results qualitatively
(sex-ratio group × year: F1,63 = 6·50, P = 0·013; sex-ratio
group: F1,63·7 = 3·55, P = 0·06; year: F1,62·9 = 17·22, P
< 0·0001; hatching rank: F1,173 = 5·73, P = 0·02). There
were no interactions between hatching rank, sex-ratio
group and year. There were no obvious differences in
CMI-response, H/L ratio or body mass between females
in mixed-sex and all-female broods (Fig. 1; Table 3).

In the pooled data from two years, male chicks in
the mixed-sex broods tended to have higher H/L ratios
than those in all-male broods, but this difference was
marginally non-significant (Fig. 1; Table 3). There was
a marginally non-significant interaction in CMI-responses
of males between sex-ratio group and year (F1,52·5 = 3·11,
P = 0·08), and a tendency for males in mixed-sex broods
to have lower CMI-responses than males in all-male
broods (Table 3). There were no obvious differences in
haematocrit levels or body masses between males in
mixed-sex and all-male broods (Fig. 1; Table 3).

Discussion

       


Our interpretation of the results is that parent kestrels
did not alter the amount of prey delivered to the chicks
in response to our experimental manipulation of their
brood sex ratios. As a consequence, the female chicks in
all-female broods appeared to fledge in poorer condi-
tion in the year of low food supply, as indicated by their
lower haematocrit values compared with female chicks
in mixed-sex broods. This result is in accordance with
the prediction that the larger female chicks should fare
worse in all-female broods in poor food conditions, as
it is then more difficult for the parents to compens-
ate for their greater needs. It is difficult to evaluate to
what extent the differences in haematocrit values of
the female fledglings will turn into differences in their
fitness, because direct fitness consequences of haem-
atocrit are not known. Haematocrit is, however, used
commonly as a long-term estimate of  nutritional
condition and health state in birds, with low values
indicating poor condition (e.g. Jones 1983; Svensson &
Merilä 1996; Potti et al. 1999; Piersma et al. 2000). As
there is increasing evidence that nutrition during
growth can be a major fitness determinant (Lindström
1999; Metcalfe & Monaghan 2001), the nutritional
differences indicated by haematocrit levels may also
indicate fitness consequences.

Correlative studies have indicated that parental
effort may covary with brood sex ratio (e.g. Westneat,
Clark & Rambo 1995; Nishiumi et al. 1996), but obser-

vational studies cannot determine the causal relation-
ships involved. For example, if  the primary sex ratio is
adjusted in response to the level of a parental attribute,
differential effort may be rather the cause than the con-
sequence of  the sex ratio. Therefore, as in the study
of any life-history or behavioural trait, experimental
studies are needed to distinguish between causes and
consequences (Hasselquist & Kempenaers 2002; Komdeur
& Pen 2002). Only few experimental manipulations
of offspring sex ratios have been conducted, as it has
been difficult to determine gender at birth or to mani-
pulate the sex ratio of  broods or litters in many
organisms. The few studies that have manipulated off-
spring sex ratios have so far found little evidence for
parental responses to the manipulations (Fiala 1981;
Røskaft & Slagsvold 1985; Leonard et al. 1994;
Lessells, Oddie & Mateman 1998; but see Green 2002).
Fiala (1981) and Røskaft & Slagsvold (1985) found
higher mortality of the larger sex nestlings, but they also
had enlarged brood sizes from the normal. Leonard
et al. (1994) manipulated brood sex ratios for only a
day, and thus did not study the effect of the experiment
on the chicks. Green (2002) observed in sexually
size-dimorphic Brown thornbills Acanthiza pusilla that
parental response might depend on adult sex and pair
bond duration. He did not detect effects on the chicks,
but the sample sizes were low for this comparison. The
most thorough of the studies that have manipulated
offspring sex ratios, with reasonable sample sizes on
parental responses, has been that of  Lessells et al.
(1998) on sexually nearly size monomorphic great tits
Parus major. They measured several behavioural and
fitness-related variables from parent birds but found no
effect of experimental manipulations of brood sex ratio
on them; the effect of the experiment on the chicks was
not reported. Our study is thereby the first to report
effects of  brood sex composition per se on fledging
condition, and with regard to quantified variation in
natural food supply.

-  

We did not detect intersexual differences in the mortal-
ity of kestrel chicks in this study or in a previous study
in which clutch sizes were reduced or enlarged experi-
mentally (Fargallo et al. 2002). Apparently the degree
of sexual size dimorphism in kestrels does not give
female chicks a level of dominance that would lead to
starvation of male chicks, and the importance of food
abundance clearly overrides such effects. Therefore the
suggestion that sex-related sibling competition would
explain female-biased fledgling sex ratios of raptors in
some populations or years (Lack 1954; Anderson et al.
1993) remains to be verified in a wild population.
Nevertheless, experimental brood enlargements in
kestrels have had more negative effects on body mass
(Dijkstra et al. 1990) and immune response (Fargallo
et al. 2002) of male than female fledglings. These results
suggested that when sibling competition was increased
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experimentally, the females outcompeted the males.
However, an alternative is that under food restriction
the males traded the energy to the development of some
male-specific character. Here we intended to test experi-
mentally the alternative, that female dominance in
sibling competition has a more severe effect on the
fledging health status of male than of female kestrel
chicks. Our present results are not sufficient to confirm
sex-related sibling competition as the causal reason for
the poorer performance of male chicks in food short-
age situations, although the H/L ratios and CMI-
responses of males tended to point in this direction. An
interesting result was, instead, that with the lower posi-
tion of female chicks in the nest hierarchy the stress
indicated by the H/L ratio increased and nutritional
condition, as estimated by body mass and haematocrit,
decreased. These results suggest that size-mediated domin-
ance was advantageous, at least in female–female
competition.

        
  

Of the two years of the study, year 2000 had better food
conditions for kestrels than 2001. In female parents,
body masses were lower in 2001 than in 2000. In male
parents, body masses tended to be lower and H/L ratios
were higher in 2001 than in 2000. These measure-
ments suggest that parents invested more from self-
maintenance to brood rearing in harsher food
conditions. Despite that, chick mortality was higher and
the chicks had lower CMI-responses and haematocrit
levels in 2001 than in 2000. This is an interesting result, as
we are not aware of any previous study reporting inter-
annual variation in these health variables. In the case
of kestrels, the lower health condition of fledglings in
the year of  low vole abundance is well in line with
the smaller biomass of prey delivered by the parents
(Table 1, see also Fargallo et al. 2003) and much lower
recruitment rate of chicks hatched in these years of the
vole cycle (Korpimäki & Wiehn 1998; E. Korpimäki
unpublished data). The immune function of nestlings
measured through CMI-response has been found to
predict survival probability in many bird species (e.g.
Saino et al. 1997; Hõrak et al. 1999; Tella et al. 2000;
Christe et al. 2001). Our results suggest therefore that
in addition to the risk of starvation, a reduced ability to
resist parasites and pathogens may be a mechanistic
link leading to the low recruitment of kestrel fledglings
from low vole years. It is interesting to note that if  we
had used only the traditional estimate of body condi-
tion at fledging, body mass corrected by size (Martin
1987; Stearns 1992), the effects of year and sibling com-
petition on the fledging condition of the chicks would
not have been detected. Our results indicate therefore
that the integration of physiological condition esti-
mates may provide a valuable extension to ecological
studies. On the other hand, it should also be noted that
the results were not consistent with the predictions for

all variables. We are not able to provide a satisfying rea-
son for this inconsistency. It is clear that many aspects
need to be explored before the use of these still rather
new condition estimates will be on solid ground and
inconsistencies in their variation will be understood
(Ots et al. 1998).

Conclusions

Our results are in line with previous studies that have
found little evidence for parental responses to experi-
mental manipulations of sex ratio of the brood they
rear. When the parents work at a fixed level, the sex
ratio of the brood per se affects fledging condition, the
effect being dependent on environmental conditions.
This should obviously select for adjustment of the
brood sex ratio to environmental conditions already at
the egg-laying stage. Indeed, it seems currently that
biased sex allocation in birds occurs at the egg-laying
stage rather than at brood-rearing stage, but experi-
mental evidence from the latter phase is as yet too
scarce to make definitive conclusions. Now that mole-
cular tools are provided for sexing the young, more
experimental studies should be conducted at varying
environmental conditions in order to cast more light on
vertebrate sex allocation.
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