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correlated with parental clutch size
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Life-history theory predicts that parents face a trade-o¡ between the number and viability of the
progeny they produce. We found evidence for an apparent trade-o¡ in a free-living population of Amer-
ican kestrels (Falco sparverius), as larger clutches produced more but lighter £edglings. However, while the
body mass of £edglings has traditionally been used as a measure of survival prospect, o¡spring immuno-
competence should also play an important role. We thus measured the T-cell-mediated immune response
of £edgling kestrels in relation to brood traits and nest-rearing conditions through a cross-fostering
experiment. The immune response was positively correlated with the body condition of £edglings, but
was also higher in those hatched from ¢ve-egg than four-egg clutches. These results were not in£uenced
by other brood traits, nor by current exposure to stressors and infectious agents, as measured by sero-
logical variables. Such ability to resist pathogens may account for why the probability of o¡spring
returning to the study area in subsequent years, when controlling for brood size, was higher for ¢ve-egg
than four-egg clutches. These results suggest an optimal clutch size through maternal e¡ects on o¡spring
immunocompetence rather than a trade-o¡ between the number and quality of the o¡spring.
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1. INTRODUCTION

Parents are thought to face a trade-o¡ between the
number and quality of the progeny they produce (Stearns
1992). Birds have been used extensively as study subjects
in such life-history investigations and compromises have
been detected between brood size and the mass of young
at independence (Lessells 1991; Stearns 1992). However,
¢nding other, more direct estimates of o¡spring viability
has been a challenge. Whereas body mass and, thus,
presumably energy stores may be indicative of the ability
of young birds to withstand periods of food deprivation
just after leaving the nest (Magrath 1991), other factors
may be more important determinants of survival. In
particular, immunocompetence, i.e. the ability of an
organism to minimize the ¢tness costs of an infection,
may be a better predictor than mass of long-term survival
prospects. Recent studies have shown a positive corre-
lation between the ability of the immune system to cope
with a novel antigen and further survival in adult birds
(Saino et al. 1997a; Soler et al. 1999). Therefore, the study
of o¡spring immunocompetence could o¡er new insight
into the classic trade-o¡ between the number and quality
of progeny (Owens & Wilson 1999).

We investigated the potential trade-o¡s between the
number and viability of young in the American kestrel, a
small falcon widely distributed in the New World. First,
we assessed the relationships between clutch size, brood
size and the mass of £edglings at independence. Then, we
challenged the cell-mediated immune response of £edg-
lings, one of the two main branches of the vertebrate
acquired immune system (Pastoret et al. 1998), through
the phytohaemagglutinin skin testing technique (e.g.
Smits et al. 1999). It is based on the injection of a novel

mitogen (phytohaemagglutinin) into the skin of a bird,
typically at the patagium. The mitogen induces a promi-
nent perivascular accumulation of T lymphocytes
followed by macrophage in¢ltration (Goto et al. 1978).
This technique is considered a useful method of evalu-
ating thymus-dependent immune function (Goto et al.
1978), is easily applied in the ¢eld and does not provoke
potential confounding e¡ects associated with physio-
logical stress (Merino et al. 1999). The intensity of skin
swelling as a response to the mitogen injection has been
proven to correlate with a number of components of
¢tness in free-living birds (Saino et al. 1997b, 1998; Sorci et
al. 1997; Christe et al. 1998; Moreno et al. 1998, 1999; Soler
et al. 1999). In addition, we measured serological para-
meters (total and di¡erential leucocyte counts and the
heterophil:lymphocyte ratio from thin blood smears).
These variables can be used as indicators of current expo-
sure to infectious agents and stressors such as food depri-
vation, inclement weather and psychological disturbance
(Maxwell 1993; Moreno et al. 1998; Ots et al. 1998) which
could in£uence the ability of birds to respond to the
mitogen. Finally, we analysed common factors between
our immune-related measure of o¡spring viability and
the probability of returning to the natal population in
subsequent years.

2. METHODS

(a) Study area and ¢eld procedures
We studied American kestrels from 1988 to 1997 in the boreal

forest of north-central Saskatchewan, Canada (55 8N, 106 8W)
(Gerrard et al. 1996). Although cavities were abundant, the
kestrels preferred nest-boxes and virtually all of the 150^200
pairs in the area laid in the 380 boxes available each year
(Bortolotti 1994; Wiebe & Bortolotti 1995). Our data on their
reproductive parameters and return rates are thus complete for
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this population. We determined nesting chronology for all birds
by repeated visits to the boxes, usually with an interval of two
days, starting before eggs were laid. After the ¢rst egg was laid,
we waited until the clutch was complete before visiting again to
record clutch sizes. The nests were revisited periodically to
determine hatching dates and, hence, nestling ages and the
number of young at £edging. To evaluate potential trade-o¡s
with clutch size, we used data from 1994 to 1997. For the analysis
of the number of o¡spring produced, we excluded nest failures
during incubation which were the result of predation or other
hazard casualties. For the analysis of £edgling mass we only
used data for nests where measurements were taken at a
comparable age (22^23 days old) and where there were no
brood manipulations (see ½ 2(b)). For the analyses concerning
£edging mass we computed the within-nest average mass for
males and females separately and, in doing so, avoided pseudo-
replication and accounted for sexual size dimorphism.

As all £edglings were banded, the subsequent return of these
birds to this population was determined by capture. Each year
we captured birds using bal-chati traps in the spring during the
pre-laying period and later by hand in the nest-boxes during
incubation (Bortolotti & Iko 1992). We believe we detected most
of the birds which both £edged and eventually returned to our
area, given that kestrels are short lived, we captured most of the
breeding birds each year and we analysed only those cohorts for
which at least ¢ve years had elapsed post-£edging (G. R. Borto-
lotti, unpublished data).

(b) Immune function
In 1997, we performed a cross-fostering experiment where

two randomly selected ¢ve-day-old nestlings were transferred
between nests (n ˆ 44) matched by hatching date and clutch size.
Nestlings not transferred between nests were removed and trans-
ported in the same manner and for the same length of time as
their siblings and then put back in their nests to control for the
potential e¡ects of handling stress.We identi¢ed each nestling as
an individual by coloured waterproof marks and later by metal
bands. The manipulation helps control for variable nest environ-
ments without complicating the clutch size and parental e¡ort
e¡ects (see Potti et al. 1999). Only clutches of four and ¢ve eggs
were studied given the rarity or absence of other sizes (see
below). We measured the immune function of 142 nestling
kestrels at 22 days old ( just prior to nest departure). At that age,
we weighed the birds (to the nearest gram) and measured the
length of the tenth primary (to the nearest millimetre). For the
determination of leucocyte di¡erentials, we extracted a drop of
blood and smeared it on a microscope slide, which was then air-
dried and ¢xed in absolute ethanol. We later stained these
smears with Wright^Giemsa stain and estimated the total white
blood cell count (WBC, cells £109 per litre) by taking the
average number of leucocytes in ¢ve ¢elds observed under a
£40 lens. The WBC was standardized to the number of red
blood cells and, to control for variability in the smear prepara-
tion, the ¢elds selected were only in an evenly distributed mono-
layer. The proportions of heterophils and lymphocytes and the
heterophil:lymphocyte ratio (H:L) were determined by identify-
ing 100 cells under £40 power.

To evaluate the T-cell-mediated immune response (CMI), we
injected 50 ml of 1mg ml71 phytohaematogglutinin-P (Sigma) in
phosphate-bu¡ered saline (PBS) intradermally in the right
wing web. The left wing web was injected with an equal quan-
tity of PBS as a control. We measured the thickness of each wing
web with a micrometer (to the nearest 0.001mm) four times just

prior to and 24 h ( § 16 min) after injection. As the repeatability
of the measurements was high (Smits et al. 1999), the mean was
used for statistical analysis. The CMI was the di¡erence in
wing-web swelling between the mitogen-injected and control
sites (Smits et al. 1999).

(c) Statistical approach
First, we assessed the relationships between clutch size, brood

size and the mass of £edglings at independence by using
ANOVA or Kruskal^Wallis ANOVA, depending on whether or
not the dependent variables were normally distributed. Second,
for multivariate analyses we performed generalized linear
models (GLMs) (McCullagh & Nelder 1983) using the GLIM
package (Crawley 1993). GLIM allows a simultaneous assess-
ment of the contribution of a number of continuous and catego-
rical explanatory variables and their interactions on a response
variable. This statistical procedure also permits the use of other
error formulations when the normal error for traditional regres-
sion is not applicable. Each explanatory variable is tested for
signi¢cance in turn following the stepwise branching modelling
procedure (e.g. Bustamante 1997). The result is the most
adequate model for explaining the variability in the response
variable, where only the signi¢cant explanatory variables are
retained. When data suggest no linear trends, explanatory vari-
ables are transformed and ¢tted again to try and improve their
contribution to the model.

We used the normal error and an identity link function (thus
approaching a multiple linear regression) for the immune func-
tion variables (which were normally distributed) and separate
models were performed for each response variable (the CMI,
WBC, leucocyte di¡erentials and arcsine H:L). The explanatory
variables for each £edgling were laying date, clutch size, ranked
hierarchy within the brood at ¢ve days old (rank 1 to the eldest
nestling and so on), sex, size (tenth primary length), mass, body
condition (the residuals from a linear regression of body mass
on the cube length of the tenth primary; r ˆ 0.44, F1,140 ˆ 15.15
and p 5 0.001) and the presence or absence of mortality in the
nest at 22 days old. In addition, two categorical variables distin-
guished birds hatched or reared in the same nest, respectively, to
account for potential nest e¡ects.

An improved GLM procedure was used (Crawley 1993; Tella
et al. 1999) for analysing the probability of £edglings returning
to the natal population in relation to clutch size in order to solve
the problem of larger clutch sizes producing more returns just by
chance because they produce more £edglings. Therefore, instead
of using the proportion of returning birds by nest, this GLM
procedure used the number of birds returning as the response
variable and brood size as the binomial denominator in order to
control for di¡erences in brood size. For this kind of binary data
(£edglings returning ˆ 1 and £edglings not returning ˆ 0), a
binomial error and a logistic link function are adequate,
resulting in a GLM which approaches a weighted logistic regres-
sion. We analysed the return rate of 1889 £edglings from 505
broods from the cohorts of 1988^1992. Cohort was included as
an explanatory variable to investigate year e¡ects.

3. RESULTS

From 1994 to 1997 the modal clutch size of 518 nests
was ¢ve eggs (67.6%), followed by four eggs (27.4%),
three eggs (3.5%), six eggs (1.2%) and two eggs (0.4%).
After excluding clutches of two and six eggs because of
the small sample, the number of £edglings per brood
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increased from three- to ¢ve-egg clutches (Kruskal^
Wallis ANOVA, w2

2 ˆ 11:52 and p ˆ 0.003) (¢gure 1a).
However, the £edging mass decreased with increasing
clutch size (two-way ANOVAs: for males, clutch size
F2,180 ˆ 3.16 and p ˆ 0.04, year F3,180 ˆ 3.09 and p ˆ 0.03
and interaction F4,180 ˆ 0.73 and p ˆ 0.57, and for females,
clutch size F2,170 ˆ 6.08 and p ˆ 0.003, year F3,170 ˆ 3.15
and p ˆ 0.03 and interaction F4,170 ˆ 1.83 and p ˆ 0.13)
(¢gure 1b).

A GLM model revealed that the CMI was only related
to the body condition of the £edglings (F1,141 ˆ12.96 and
p 5 0.001) and clutch size (F1,141 ˆ 15.22 and p 5 0.001).
This model accounted for 17% of the original deviance
(i.e. 17% of the variance), which was nearly equally
explained by clutch size (54%) and body condition
(46%). The immune response was positively correlated
with body condition and was higher in kestrels hatched
from ¢ve-egg than four-egg clutches, as shown by the
¢tted lines derived from the model (¢gure 2). No other
variables or interactions explained the variance in the
CMI. A nearly identical model resulted when mass
(F1,141 ˆ 12.77 and p 5 0.001) was used instead of body
condition. In contrast, the GLM models for the serolo-
gical parameters showed signi¢cant e¡ects for nest of
origin and nest of rearing (all p 5 0.001), but not for any
other explanatory variable. Given the complexity of the
GLM approach and to remove any question of potential
biases because multiple birds per nest were used, we have
included two simple statistical tests to support our conten-
tion of a clutch-size e¡ect. The within-nest average CMI

was higher in birds from ¢ve-egg (2.87 § 0.10 s.e. and
n ˆ 26 nests) than four-egg clutches (2.21 § 0.11s.e. and
n ˆ 8 nests) (Student’s t-test, t ˆ 3.47, d.f. ˆ 32 and p
ˆ 0.002). To control for the in£uence of body mass on the
CMI, we ¢rst obtained residuals from the regression of
the CMI on body mass (r ˆ 0.26, F1,140 ˆ 10.076 and
p ˆ 0.002). The within-nest average of these residuals for
birds from ¢ve-egg clutches (0.21 § 0.13 s.e.) was also signi¢-
cantly higher than the average from birds from four-egg
clutches (70.68 § 0.12 s.e.) (t ˆ 3.53, d.f. ˆ 32 and p ˆ 0.001).

Clutch size also proved to be relevant in explaining the
return rate of the kestrels. The GLM obtained showed
signi¢cant e¡ects of both clutch size (w2

4,500 ˆ 12:73 and
p 5 0.025) and year (w2

4,496 ˆ 9:59 and p 5 0.05) when
controlling for brood size. This model accounted for 8%
of the original deviance (57% corresponding to clutch
size and 43% to year) and did not show data overdisper-
sion (residual deviance/residual d.f. ˆ 0.54). Birds from
¢ve-egg clutches were more likely to return to the study
area compared to those from four-egg clutches (¢gure 3).

4. DISCUSSION

The body mass of nestlings is one of the most
commonly measured variables in evaluating avian repro-
ductive performance. Not only is it widely used as an
index of the growth and overall quality of the young
themselves, but it is also used as a measure of the quality
of parental care, habitat and the e¤cacy of reproductive
decisions to name but a few (Tinbergen & Boerlijst 1990;
Lessells 1991; Wiebe & Bortolotti 1994). The logic that
greater mass equates with higher body reserves at £ed-
ging and subsequently higher survival at independence is
intuitively appealing. However, empirical evidence has
not always supported an association between mass and
survival post-£edging (Magrath 1991), nor is it clear how
or if mass per se is causally responsible.

It is di¤cult to identify the e¡ects of body mass on
survival independently of brood size, feeding conditions
and other traits. Studies by Magrath (1991) and
Tinbergen & Boerlijst (1990) have supported the idea
that mass has a direct e¡ect on survival, but by what

Clutch size and o¡spring immunocompetence J. L.Tella and others 893

Proc. R. Soc. Lond. B (2000)

4.0

3.5

3.0

n 
fl

ed
gl

in
gs

2.5

2.0

6

67

136

6

4

49

48

3 4

clutch size

5

127

131

females
males

(a)

140

130

bo
dy

 m
as

s 
(g

)

120

110

(b)

Figure 1. (a) The number and (b) mass of £edglings in
relation to clutch size in American kestrels. The values shown
are means þ1 s.e. with the sample sizes of nests above bars.
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Figure 2. The relationship between the CMI response, clutch
size and body condition of 142 £edgling American kestrels.
The ¢tted lines are derived from a GLM model with a normal
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means is unknown. Our work (¢gure 2) and other recent
investigations (Saino et al. 1997b; Sorci et al. 1997; Christe
et al. 1998) have suggested a mechanism of explaining
survival in that nestlings in good body condition have
enhanced immunocompetence. The ¢nding that immune
function varies negatively with brood size and positively
with feeding rate (Saino et al. 1997b) is consistent with
Tinbergen & Boerlijst’s (1990) hypothesis that mass
directly a¡ects survival. In contrast to such immediate
environmental e¡ects on immunocompetence, we found
that birds from ¢ve-egg clutches, regardless of which nest
they were reared in and despite being lighter in mass
(¢gure 1), had an enhanced CMI and a substantially
higher return rate (¢gure 3). It is noteworthy that the
clutch size e¡ects on return rates were patent in ¢ve
cohorts exposed to di¡erent conditions of weather and
food availability (Wiebe & Bortolotti 1994), environ-
mental factors which could obscure potential maternal
e¡ects, such as clutch size, on survival (Lindstro« m 1999).
We did not detect any e¡ects of laying date or brood size
on the CMI as were found by Sorci et al. (1997) and Saino
et al. (1997b), respectively. However, those studies did not
take into account clutch size, a trait which typically
covaries with laying date and brood size in birds. Our
¢ndings were not the result of bias in exposure to infec-
tious agents or stressors because the serological para-
meters which evaluated health at the time of sampling
(Moreno et al. 1998; Ots et al. 1998) were unrelated to
clutch size. Because the return rates we documented were
lower than the expected survival rates, a fraction of the
birds probably dispersed. However, to our knowledge, the
e¡ects of clutch size on dispersal behaviour have not been
documented (Forero 1998), so the return rates here prob-
ably correlate with survival.

From the more traditional perspective of equating nest-
ling mass with quality (Smith et al. 1989), it would appear
that parental ¢tness in American kestrels could be inde-
pendent of the number of eggs laid (¢gure 1). However,
our immunological results (¢gure 2) and the analysis of
the return rates (¢gure 3) suggest an optimal clutch size.
The failure of six-egg clutches to produce recruits suggests
that immunocompetence may not increase linearly with

clutch size. Recent studies have shown that the quality
and recruitment probability of the young (Monaghan &
Nager 1997) and components of the immune system
(Ricklefs 1992) are a¡ected by events early in develop-
ment. It is known that female American kestrels with
large clutches have di¤culty in incubating their eggs
successfully and that embryogenesis is compromised
(Bortolotti & Wiebe 1993; Wiebe & Bortolotti 1993).
Otherwise, how young kestrels may have been endowed
with a robust CMI is not known. However, as the CMI
was explained by clutch size rather than more immediate,
proximal factors, such as the number of siblings in the
nest, maternal e¡ects on the eggs are implicated. It is
known in birds that both nutritional status and the diet of
females before laying a¡ect egg size, clutch size and even
breeding success (Selman & Houston 1996; Ramsay &
Houston 1998). Accordingly, female American kestrels
with better pre-laying body condition lay larger eggs and
that egg size correlates positively with clutch size (Wiebe
& Bortolotti 1995). In other bird species, physiologically
active compounds derived from maternal diets are known
to be incorporated into their eggs and subsequently
enhance the immunocompetence of neonates (Haq et al.
1996; Pastoret et al. 1998; Surai et al. 1998; Royle et al.
1999). In addition, as both clutch size (Stearns 1992) and
immunocompetence (Pastoret et al. 1998) have a genetic
basis, these traits could covary through selection for good
genes. Therefore, a female may have her biggest impact
on the viability of her o¡spring through her choice of
mate. American kestrels pair assortatively with respect to
condition (Bortolotti & Iko 1992) and morphological
characters thought to be involved in mate choice correlate
with parasite resistance (Wiehn 1997; Wiehn et al. 1997).
Our study suggests a direction for investigating selection
avenues for speci¢c resistance to parasites and emphasizes
that parents may focus on the viability rather than
number of their o¡spring (Wedekind 1994).

Studies of immune function have provided a new
perspective on o¡spring viability (Saino et al. 1997b;
Christe et al. 1998), while our results add evidence to the
recent claim that early development traits, such as clutch
size, may play an important role in the survival of birds
(Lindstro« m 1999). The degree to which nestling body
mass versus brood traits such as clutch size contributes to
the immune response may explain the lack of consistency
among studies of the e¡ects of mass, brood size and food
supply on post-£edging survival (Tinbergen & Boerlijst
1990; Lessells 1991; Magrath 1991). Similarly, manipula-
tions of reproductive parameters in detecting life-history
trade-o¡s or the cost of reproduction should be aware of
the potential confounding e¡ects of o¡spring quality
mediated by immune function.
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