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Summary

1.

 

Long-tailed tits (

 

Aegithalos caudatus

 

) are a cooperatively breeding species in which
helpers often invest effort in the provisioning of young that are not their own.

 

2.

 

We quantified the lifetime reproductive success (LRS) and the individual fitness,
lambda, of 228 long-tailed tits using 8 years of field data. Calculation of lambda took
account of the effect of helpers on reproductive success, and thus lambda estimates the
inclusive fitness of individuals. We examined the relationships between the fitness esti-
mators and the provisioning effort, cohort, body size and dispersal status of individuals.

 

3.

 

LRS of individuals which bred successfully varied between 0 and 13 local recruits
(mean 0·71 

 

±

 

 0·11 SE); lambda varied between 0 and 2·54 (mean 0·28 

 

±

 

 0·04). The meas-
ures were highly correlated, and their distributions were strongly skewed. Helping by
individuals contributed little to their fitness, but one-fifth of birds that accrued fitness
did so only through helping. In general, individuals that gained fitness from helping did
not gain fitness directly.

 

4.

 

Both LRS and individual fitness were significant predictors of the number of grand-
offspring that an individual had, but they accounted for only about one-third of  the
variation.

 

5.

 

When variance in LRS was partitioned between length of breeding life span, average
fecundity and offspring survival, the latter component was the most important in
accounting for variance in LRS.

 

6.

 

Offspring local survival was positively related to the provisioning effort of mothers,
but was unrelated to that of fathers. As a result, the fitness of females was positively
related to their provisioning effort.

 

7.

 

Immigrant birds tended to be more reproductively successful than philopatric ones.
Among females, only immigrant birds accrued any LRS or individual fitness.

 

8.

 

The probability that an individual had at least one offspring recruit to the local breeding
population varied among cohorts, probably as a result of variation among years in off-
spring local survival. This resulted in variation among cohorts in the individual fitness
of females, but not in their LRS, nor in the LRS or individual fitness of males.
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Introduction

 

A defining aspect of cooperatively breeding species is
that some individuals invest effort in the rearing of young
that are not their own offspring. An important com-

ponent of this effort is often the provisioning of offspring
with food (Stacey & Koenig 1990; Clutton-Brock 

 

et al

 

.
2001). Many studies have demonstrated that helpers can
increase the production of offspring by helped pairs,
and their authors have thus claimed that inclusive fitness
gains play an important role in the evolution of co-
operative breeding. However, few studies have been able to
examine the contribution of helping to fitness over the
lifetime of individuals (Fitzpatrick & Woolfenden 1988).

Measurement of  fitness of  individuals in natural
populations is not trivial (Grafen 1988; McGraw &
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Caswell 1996). The total number of offspring produced
over a lifetime, ‘lifetime reproductive success’ (LRS)
(McGregor, Krebs & Perrins 1981; Clutton-Brock 1988)
has often been used as an estimate. In numerous
detailed empirical studies LRS has usually been shown
to have a high degree of skew among individuals and
this has been used to draw conclusions about selection
on life-history traits (Clutton-Brock 1988; Newton
1989). However, LRS and fitness are not the same thing
(Grafen 1988). LRS has been criticized as a measure of
fitness principally because it does not take account of
the timing of reproductive events (McGraw & Caswell
1996). This problem can be overcome by explicit incor-
poration of age at reproduction in the calculation of a
measure that has come to be called ‘individual fitness’
(McGraw & Caswell 1996; Brommer, Merila & Kokko
2002). McGraw & Caswell (1996) used empirical data
to demonstrate how conclusions about selection on
life-history traits could be altered substantially by con-
sidering individual fitness instead of LRS. However,
individual fitness has been criticized in its turn because
it, also, is not a perfect measure of fitness because for
example, it is sensitive to the age at which offspring are
censused, which LRS is not (Brommer 

 

et al

 

. 2002).
In cooperatively breeding species the measurement

of  fitness is complicated further by the need to take
account of the social situation of individuals. Attempt-
ing to estimate inclusive fitness is the recognized way to
do this (Hamilton 1964), but this has proved to be con-
troversial in practice (Grafen 1982; Creel 1990; Queller
1996). Oli (2003) has recently published an adaptation
of  McGraw & Caswell’s (1996) method that allows
inclusive fitness to be accounted for when calculating
individual fitness. In this study of  the cooperatively
breeding long-tailed tit 

 

Aegithalos caudatus

 

 (L.) we use
Oli’s (2003) method to calculate individual fitness, and
we also calculate the LRS of individuals. We compare
the distributions of these fitness estimators, examine
the relationship between them and compare their
ability to predict the production of grand-offspring.
We then explore how they vary among individuals. We
do this in two ways. We first partition variance in LRS
among component terms to assess their relative con-
tributions to LRS, following Brown (1988). We then
examine the relationship of these components, of LRS
itself  and of individual fitness to variables which have
been found previously to be related to fitness in other
species, such as body size, cohort and dispersal status.
In long-tailed tits higher levels of provisioning effort by
parents and helpers are associated with increased
survival of  fledglings, and we have found that the
provisioning effort of  parents is heritable (MacColl
& Hatchwell 2003a). We were therefore interested in
quantifying the relationship between provisioning effort
and fitness.

Although there are now several studies that have
evaluated LRS and/or individual fitness in natural
avian populations (Clutton-Brock 1988; Newton 1989;
Brommer 

 

et al

 

. 2002), there are few studies of these

measures of fitness for cooperative breeders, and those
that do exist have been unable to control for the com-
plication of extra-pair parentage. This analysis enables
us to assess the main determinants of  variation in
fitness in long-tailed tits and to compare the relative
importance of direct and indirect components of inclu-
sive fitness. We are also able to make the first test of the
hypothesis that in cooperative breeders the sex with
the greater variance in reproductive success should be
more likely to help, because individuals are more likely
to die without breeding, and thus helping may be their
only route to gaining inclusive fitness (Koenig, Mumme
& Pitelka 1983).

 

Methods

 

   

 

A population of 18–53 pairs of long-tailed tits was
studied between 1994 and 2002 in the Rivelin Valley,
Sheffield, UK. (53

 

°

 

23

 

′

 

N 1

 

°

 

34

 

′

 

W). The study area
occupies a 3-km long section of the valley which is
approximately 1 km wide and runs West to East. Suit-
able habitat for long-tailed tits within this part of the
valley consists of about 160 ha of interconnected patches
of woodland and scrub. The part which is not wood-
land is almost entirely grassland (agricultural pasture
and golf  course) that is unsuitable habitat for long-
tailed tits. Woodland in the study area is connected at
both ends by narrow corridors to poorer-quality habitat.

Long-tailed tits spend most of the year, from June to
January, in flocks of 10–30 individuals. These flocks
break up when pairs form in late winter. All long-tailed
tits attempt initially to breed in pairs, but the rate of
nest failure is high because of  predation by corvids.
As a result some individuals abandon independent
breeding, and help a close relative to raise their brood.
The major contribution of helpers to nestlings is in the
provisioning of food. For further details of the study
area, species and social system see Hatchwell 

 

et al

 

.
(2001, 2004) and MacColl & Hatchwell (2002).

Unringed adults were colour-ringed and weighed
before breeding started, or in some cases during the
nestling period. Birds ringed as adults in the first year
of the study (1994) were not included in our calcula-
tions of fitness. Birds ringed as adults in all subsequent
years were classed as immigrants, and were assumed to
be 1 year of age when first recorded breeding. Helpers
from outside the study area were colour-ringed soon
after first appearance at a nest. Birds that were caught
were weighed (to 0·1 g) and had their right tarsus meas-
ured (to 0·1 mm). Nests were located by observation
of pairs and checked at least every other day. If  a pair
failed in a breeding attempt we relocated the birds and
any subsequent nest by extensive searching of the study
area. Chicks were counted (‘number of fledglings’),
weighed to 0·1 g (‘nestling weight’) and ringed with
unique colour combinations when 10–13 days old.
Ninety per cent (

 

n

 

 = 104 broods) were weighed at
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11 days. The survival of chicks in nests which were not
depredated was very high (97·7% from hatching to day
11; Hatchwell 

 

et al

 

. 2004). Chicks were sexed using a
molecular technique (Griffiths 

 

et al

 

. 1998), using blood
taken by brachial venipuncture at the time of ringing.

Chicks that were known to have fledged were counted
as recruits to the local breeding population if  they were
resighted during intensive fieldwork at the beginning of
each breeding season. As well as the study area itself  we
searched the first few hundred metres of the woodland
areas adjacent to the study area at its East and West
ends in several years of the study as time allowed. Very
few marked birds were ever found. To the North the
study area is bounded almost entirely by pasture, and
we believe that there is little dispersal in that direction.
To the South the study area is bounded by residential
housing, and most short-distance dispersal out of the
study area probably takes place into the gardens of
these houses. It is difficult to quantify this dispersal
because this land is privately owned. However, neither
public appeals for sightings nor the personal observa-
tions of the second author (B. J. H.) on adjacent public
land have ever provided any records of colour-ringed
birds. These facts, coupled with a previous formal
survival analysis on this population that indicated a
between-year resighting probability of close to one for
living adults (McGowan, Hatchwell & Woodburn 2003),
suggests that few birds disperse just past the margins of
the study area. We were unable to control for longer dis-
tance dispersal in our calculations, although we have no
reason to believe that this should effect our conclusions.

The complete reproductive histories of birds which
hatched between 1994 and 2000 and had died by 2002
were recorded. Long-tailed tits raise a maximum of one
brood per year, and always attempt to breed in every
year from the age of 1 year. Lifetime reproductive suc-
cess and individual fitness of birds were estimated from
the number of their offspring that recruited to the local
breeding population. We believe that recruits are
the correct unit of reproductive success in this species
because of  the extended period of  parental care
(Brommer 

 

et al

 

. 2002). Previous work has shown that
helpers do not affect the number of chicks that fledge
from the nest where they help because they arrive too
late to affect clutch size, while nestling mortality due to
causes other than catastrophic predation is generally
very low. However, helpers do increase the number of
fledglings that recruit locally (Hatchwell 

 

et al

 

. 2004).
Extra-pair paternity and intraspecific brood para-

sitism are rare in long-tailed tits (< 5% of offspring), and
unlikely to affect estimates of fitness. However, in cal-
culations all known extra-pair young were assigned to
their most likely true parents (Hatchwell 

 

et al

 

. 2002).
Nests containing nestlings were watched every other

day from hatching (day 0) to fledging (day 16 or 17),
usually for a period of 1 h (mean total observation time
per nest 

 

±

 

 SE = 523 

 

±

 

 30 min). In this way the rates at
which individual carers brought food to nestlings were
recorded. For each individual parent a simple linear

regression line was then fitted to the relationship between
hourly feeding rate and age of nestlings, and ‘provision-
ing effort’ was estimated as the area under the regres-
sion line between 0 and 16 days (MacColl & Hatchwell
2003a). The effort of individuals is repeatable across
years (MacColl & Hatchwell 2003a), so the mean of
all estimates of provisioning effort over an individual’s
lifetime was used to calculate ‘mean provisioning effort’.
Provisioning effort is related only weakly to the size of
the brood that was provisioned (

 

R

 

2

 

 = 0·05) (MacColl &
Hatchwell 2003b). However, in analyses where mean
provisioning effort was used as a predictor variable, the
analyses were repeated using the residuals of provison-
ing effort from brood size instead. This did not alter the
conclusions. Only the results from analyses using mean
provisioning effort itself  are presented, as these are
more easily understandable.

 

  

 

Lifetime reproductive success

 

Lifetime reproductive success is the sum of all local
recruits produced by an individual in its lifetime.
Following Brown (1988), in the partition of variance in
LRS among components (see below) only those birds
that succeeded in fledging at least one offspring were
considered. It was then necessary to calculate the
contribution of these individuals to overall variance in
LRS, compared with that of the ‘invisible fraction’ that
fledge no young (Grafen 1988). For 

 

n

 

t

 

 total birds, of which

 

n

 

b

 

 succeeded in fledging at least one offspring, the over-
all variance in LRS for all birds is given by: 

 

p

 

 · V(LRS) +

 

p

 

 · (1 

 

−

 

 p) · LRS

 

2

 

, where 

 

p

 

 = 

 

n

 

b

 

/

 

n

 

t

 

, and V(LRS) is the
variance in LRS of  birds that fledged at least one off-
spring (Brown 1988). The first term in this equation
gives the proportion of the variance accounted for by
those that fledged young, the second term gives the pro-
portion accounted for by all other birds that attempted
to breed.

 

Individual fitness

 

Data on the annual reproductive success and survival
of  each bird were used to construct individual pro-
jection matrices according to the method of McGraw
& Caswell (1996). The individual fitness of  each bird
was then calculated as the dominant eigenvalue of its
matrix (using 

 



 

 5·0 (Fausett 2002)). In this way
the fitness of each bird was calculated using three dif-
ferent methods to estimate their annual reproductive
success. First, half  the number of local recruits from
each year was used to calculate ‘recruit fitness’ 

 

λ

 

r

 

, under
the assumption that the relatedness of parents and off-
spring was 0·5. The direct fitness (

 

λ

 

d

 

) of individuals was
then calculated by stripping from each the component
of  its annual reproductive success that was due to
having been helped (see below). This indirect fitness
component was divided among the helpers at each nest
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in accordance with their relatedness, and these frac-
tions were added to their annual reproductive success
values (

 

λ

 

d

 

) to calculate inclusive, or individual fitness
(

 

λ

 

i

 

) for all birds (Hamilton 1964; Oli 2003).
To calculate the component of an individual’s annual

reproductive success that was attributable to having
been helped a logistic regression model was con-
structed of  the relationship between the proportion
of fledglings that recruited locally and the number of
helpers at a nest (Hatchwell 

 

et al

 

. 2004). The model
controlled for year effects, lay date and the sex ratio of
the brood at fledging. This model was used to find the
predicted proportion of fledglings that would have
recruited locally from nests with helpers if  they had had
either no helpers or their observed number of helpers.
Following Fitzpatrick & Woolfenden (1989), these two
quantities were used to calculate the proportion of
observed local recruitment from these nests that was
due to the effect of helping.

To understand better the usefulness of LRS and
individual fitness as measures of fitness, their ability to
predict the number of  grand-offspring (fledglings)
produced by individuals was examined. The number of
grand-offspring produced by a sample of individuals
whose offspring had all completed their reproductive
life spans were counted.

 

Partition of variance in LRS

 

A ‘Brownian’ partition of variance (Brown 1988) was
used to assess the relative importance of three com-
ponent terms: breeding life span (L), fecundity (F) and
offspring local survival (S) and their products to overall
variation in LRS. Breeding life span was the number of
breeding seasons in which an individual attempted to
breed. Fecundity was the average number of fledglings
produced by an individual per season over its breeding
life span, and offspring local survival was the total
number of local recruits produced by an individual
divided by the total number of fledglings. The product
of  L, F and S was therefore lifetime reproductive
success.

 

Correlates of variation in components of fitness

 

A series of statistical models was used to examine how
individual fitness and LRS and its components were
related to cohort effects and to the provisioning effort
of parents, their sex, body size and their ‘dispersal sta-
tus’ (philopatric or immigrant). There were many pairs
of  males and females in the data set which had the
same LRS and/or individual fitness because all their
successful nesting attempts (in most cases only a single
attempt) were with each other. In analyses where we
judged that there was a problem of pseudoreplication
the data for males and females were split and analysed
separately. Generalized linear models (GLMs) were
used to examine relationships. These were performed
using 

 

 

 

 in SAS (SAS Institute 1999; Der &

Everitt 2002). The significance of terms and relevant
two-way interactions was assessed from analysis of
deviance when terms were fitted last in models. Error
distributions and link functions were chosen to be
appropriate for each dependent variable, and residuals
were checked for normality by visual inspection of
residual and normal probability plots (Der & Everitt
2002).

 

Results

 

  

 

The complete reproductive histories of 228 birds (

 

n

 

t

 

)
were recorded: 119 females and 109 males from seven
cohorts. The sample comprised at least 90% of  the
individuals from each cohort except 2000 (1994, 100%;
1995, 100%; 1996, 97%; 1997, 97%; 1998, 94%; 1999,
91%; 2000, 55%). Ninety-eight birds (

 

n

 

b

 

) (54 females
and 44 males) fledged at least one offspring. Fifty-five
birds had at least one offspring recruit to the study
population. The mean (variance) LRS of birds that
fledged at least one offspring was 1·70 (6·14) for females
and 1·61 (3·68) for males (Wilcoxon’s two-sample test

 

t

 

 = 0·17, 

 

P

 

 = 0·87). According to Brown’s (1988) equa-
tion 76% of the variance in overall breeding success can
then be attributed to breeders.

 

 

 

In the model that was used to estimate the effect of
helping on annual reproductive success, the proportion
of fledglings from a brood that recruited in the study
area was positively related to the number of helpers
that worked at the nest, the lay date and the brood sex
ratio (Table 1). It varied between years and there was a
significant interaction between year and lay date.

Seventy birds had non-zero individual fitness. Fif-
teen individuals (13 males) that had zero LRS accrued
non-zero inclusive fitness by helping at the nests of
others (mean 

 

λ

 

i

 

 = 0·18 

 

±

 

 0·04). This compared with a
mean 

 

λ

 

i

 

 of  1·10 

 

±

 

 0·08 for 55 individuals with non-zero
LRS. The average contribution of indirect fitness to
individual fitness was 22 

 

±

 

 5%; however, this was
distributed unevenly among individuals. Only two
individuals (one bird of each sex) that gained fitness
directly also gained fitness by helping. Mean 

 

λ

 

r

 

 for 98

Table 1. Estimate of the effect of helping on annual repro-
ductive success. The proportion of fledglings from a brood
that recruited in the study area was modelled as binomial in a
GLM with a logit link function, for N = 88 nests
 

Effect d.f. χ2 P

No. of helpers 1 6·81  0·009
Year of fledging 7 35·59 < 0·0001
Lay date 1 16·07 < 0·0001
Brood sex ratio 1 22·89 < 0·0001
Year × lay date 7 32·46 < 0·0001
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birds that fledged at least one offspring was 0·70 

 

±

 

 0·08
(SE). There was no difference between males (0·73 

 

±

 

 0·13,

 

N

 

 = 44) and females (0·68 

 

± 

 

0·11, 

 

N

 

 = 54) (Wilcoxon’s
two-sample test 

 

t

 

 = 0·27, 

 

P

 

 = 0·78). The two other
measures of individual fitness, 

 

λ

 

f

 

 and 

 

λ

 

I

 

, were highly
correlated with 

 

λ

 

r

 

 (0·98 and 0·97, respectively, both

 

P

 

 < 0·0001, 

 

N

 

 = 228). The correlation between 

 

λ

 

i

 

 and
LRS was also high (0·90, 

 

P

 

 < 0·0001, 

 

N

 

 = 228), and this
fell only slightly when individuals which neither fledged
young nor accrued fitness by helping were excluded
(0·88, 

 

P

 

 < 0·0001, 

 

N

 

 = 112). The distribution of LRS
and individual fitness did not differ significantly (Fig. 1,
Kolmogorov–Smirnov 

 

D

 

 = 0·066, 

 

P

 

 = 0·71).
Both LRS and 

 

λ

 

i

 

 significantly predicted the number
of  grand-offspring that a bird produced (for males

 

F

 

1,12

 

 = 5·64, 

 

P

 

 = 0·035 and 

 

F

 

1,12

 

 = 7·24, 

 

P

 

 = 0·02, respect-
ively; for females 

 

F

 

1,14

 

 = 21·18, 

 

P

 

 = 0·0004 and 

 

F

 

1,14

 

 =
5·39, 

 

P

 

 = 0·036), but they accounted for only about
a third of  the variation (

 

R

 

2

 

 = 0·32, 0·38, 0·60, 0·28,
respectively). The stronger relationship between grand-
offspring produced by females and their LRS was
the result of a single outlying point, without which

 

R

 

2

 

 = 0·15.

    

The data on the components of LRS are summarized in
Table 2. The average breeding life span of these indi-
viduals was about 2 years, during which long-tailed tits
produced on average about six-and-a-half  fledglings
per year. About one in seven of these survived to recruit
in the study area. The average LRS was 1·66 offspring
recruited. The most important single component of
variance in LRS [V(LRS), see G′ in Table 2] was off-
spring local survival (S), because if  breeding life span
(L) and average fecundity (F) were set equal to their
means, LRS would have had variance almost exactly
the same as that (101%) when variation in all three
components was allowed (Brown 1988). In the same
way, only 13% of V(LRS) was accounted for by varia-
tion in F only, and variation in life span also contrib-
uted little (24%). Both products involving S (LS and

FS) also demonstrate the importance of  S in deter-
mining V(LRS), and the contribution of the product
LF was very small.

Table 3 gives a breakdown of the variances of the
original components after scaling by their means,
expressed as a percentage of V(LRS). The diagonal in
this table thus represents the same information about
the single components of LRS, as shown in the last col-
umn of Table 2. The two component contributions are
shown as the below-diagonal entries, and accounted for
a moderate amount of the overall variation, although
some of  the contributions were negative. Thus, for
example, the extra variance induced in the product by
joint variation in L and S, in excess of the sum of their
single-component contributions (24% + 101% = 125%),
is 13%, giving a total for these two components of 138%
(Table 2). This means that if  the average fecundity
of each long-tailed tit were set to 6·5, the LRS would
have had a variance of 138% of its value when all three
components took their real values. The 13% by which
this is greater than the sum of  the individual com-
ponent contributions can be broken down further into
more meaningful terms, depending on the degree of
correlation between L and S.

Table 4 shows the partition of two component con-
tributions into simultaneous independent terms and

Fig. 1. The distribution of estimates of LRS (× 0·5, filled
bars) and individual fitness (λi, open bars) for 228 long-tailed
tits hatched between 1994 and 2000 which attempted to breed
in our study area.

Table 2. Means and variances of individual components of
lifetime reproductive success and their products for long-
tailed tits. L = beeding life span (seasons), F = fecundity
(fledglings per season), S = offspring survival to local
recruitment. G gives the variances of individual variables and
their products after the individual variables have been divided
by their means. G′ gives the G-values as a percentage of the G-
value for LRS
 

 

Table 3. Percentage contribution of the components of
lifetime reproductive success to variation in LRS. This gives a
breakdown of the variances of the original components after
scaling by their means, expressed as a percentage of V(LRS).
The two component contributions are shown as the below-
diagonal entries.They give the extra variance induced in the
product by joint variation, in excess of the sum of the single-
component contributions
 

 

Component Mean Variance G G′

L 1·89 1·28 0·358 23·6
F 6·52 8·22 0·194 12·8
S 0·15 0·03 1·529 101·0
LF 10·45 24·52 0·162 10·7
LS 0·29 0·16 2·083 137·6
FS 1·02 2·09 2·262 149·4
LFS 1·66 4·99 1·514 100·0

Component L F S

L 23·6
F −25·7 12·8
S 13·0 35·7 101·0
LFS −60·3
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covariation terms. The simultaneous independent
contribution of L and F was small, other terms were of
moderate size. The breeding life span and fecundity of
long-tailed tits were negatively correlated such that
the variance of their product LF was less, by 30% of
V(LFS) than it would have been if  they were independ-
ent. The variance of the three-way product was also
much less than it would have been if  the components
were independent. Variations in fecundity and offspring
local survival were slightly (16%) synergistic, suggest-
ing that fledglings from larger broods survive better.

     
 

Life span

There was significant variation among cohorts in the
length of the reproductive life span (L), although this
was mainly because of short apparent life spans of
birds from the last two cohorts (1999 and 2000) for
which data were censored (Table 5a). There was no
difference between the sexes in the length of the repro-
ductive life span (Fig. 2), nor was there a difference
between philopatric and immigrant birds. The length
of the breeding life span was unrelated to mean provi-
sioning effort or the interaction between sex and effort
(Table 5a). However, parameter estimates suggested a
negative relationship between length of the breeding
life span and effort for females (β = −0·004 ± 0·0024
seasons per provisioning unit). In a subset of 90 philo-
patric birds, breeding life span was unrelated to the
weight or tarsus length of  an individual at fledging
(  = 0·18, P = 0·67;  = 0·33, P = 0·57) and was
unrelated to whether it had been raised in a nest with
helpers (  = 0·15, P = 0·70).

Fecundity

The probability that an individual which attempted to
breed would successfully fledge offspring of its own at
some time during its reproductive life was positively
related to the number of seasons during which it
attempted to breed (Fig. 3; Table 5b) and was higher
for immigrant than philopatric birds. The probability
of fledging at least one offspring did not differ between

the sexes or between cohorts (Table 5b). In a subset of
87 philopatric birds the probability of fledging at least
one offspring was related to number of breeding seasons
(  = 5·54, P = 0·019) and to the bird’s own tarsus length

Table 4. The partition of  two component contributions
into independent variation and covariation in components
of lifetime reproductive success. Simultaneous independent
terms are shown below the diagonal (bold), and covariation
terms above the diagonal (italic). The three variable term is
partitioned at the bottom of the table
 

 

Component L F S

L 23·6 –30·3 −23·2
F 4·6 12·8 16·1
S 36·2 19·6 101·0
LFS ind 7·0 covar −67·3

χ1
2 χ1

2

χ1
2

Table 5. Correlates of variation in components of fitness for
individual long-tailed tits that attempted to breed at least
once. (a) Results of a GLM (Poisson errors, logarithm link)
for life span (L) defined as the number of seasons in which an
individual attempted to breed; (b) results of a GLM (binomial
errors, logit link) for the binary probability of producing at
least one fledgling; (c) results of a GLM (normal errors,
identity link) for average fecundity (F) of females, defined as
the total number of fledglings produced divided by L; (d)
results of a GLM (binomial errors, logit link) for offspring
survival (S) defined as the offspring that recruited locally as a
proportion of those that fledged
 

 

Effect d.f. N χ2 P

(a) Life span (number of breeding seasons)
Cohort 6 228 15·89  0·014
Sex 1 228 0·0  0·99
Dispersal 1 228 0·06  0·81
Provisioning effort 1 228 0·93  0·34
Sex × effort 1 228 2·24  0·13

(b) Probability that a bird fledged at least one offspring
Life span 1 228 28·5 < 0·0001
Cohort 6 228 3·96  0·68
Sex 1 228 0·01  0·93
Dispersal 1 228 4·05  0·044

(c) Average fecundity of females
Life span 1 54 15·1 < 0·0001
Cohort 6 54 3·04  0·80
Dispersal 1 54 2·22  0·14
Provisioning effort 1 54 2·86 < 0·09
Tarsus length 1 54 1·09  0·30

(d) Survival of the offspring of females to local recruitment
No. fledged 1 54 6·12  0·013
Cohort 6 54 19·01  0·0042
Dispersal 1 54 7·16  0·0074
Provisioning effort 1 44 7·64  0·0057
Tarsus length 1 44 1·95  0·16

Fig. 2. Log-linear survivorship curves for philopatric male
(N = 72, triangles) and female (N = 23, circles) long-tailed tits
that were known to have attempted to breed at least once.
Birds seen breeding in 1994, and those of unknown
provenance (‘immigrants’) are omitted.

χ1
2
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at fledging (Fig. 4;  = 5·96, P = 0·015), but unrelated
to its own fledging weight (  = 0·67, P = 0·41). There
was a weak tendency for birds which were reared in
nests at which helpers were present to be less likely to
fledge offspring of  their own (  = 2·89, P = 0·09).

For females that fledged at least one offspring, the
total number of offspring fledged was positively related
to the length of the breeding life span (Table 5c). There
was a non-significant positive relationship between
total offspring fledged and mean provisioning effort.
Total offspring fledged did not vary between cohorts or
between philopatric and immigrant birds. There was
no relationship between total offspring fledged and
adult tarsus length (Table 5c). The patterns for 44 males
were almost identical.

Offspring local survival

For females that fledged at least one offspring, the
probability that at least one offspring recruited to the
breeding population in the study area was positively
related to the number of offspring fledged (Table 5d),

and varied among cohorts. The chance of at least one
offspring recruiting locally was lower for philopatric
than for immigrant birds. Figure 5 shows that this was
because only immigrant females mothered local recruits.
Females with higher mean provisioning effort had a
greater chance of at least one offspring recruiting locally
(Fig. 6), and there was no relationship between local
recruitment and adult tarsus length (Table 5d).

χ1
2

Fig. 3. Probability of fledging at least one chick as a function
of number of breeding seasons. Filled triangles (solid line)
show the data (fit) for philopatric birds (N = 62, 17, 9, 2, 4, 1,
respectively), open circles (dashed line) show the data (fit) for
immigrants (N = 95, 27, 14, 5, 2, respectively).

Fig. 4. The relationship between probability of fledging
young as an adult, and length of tarsus at fledging, for
individuals which bred in a single season. The model was
fitted to the binary data for individuals, but for clarity, mean
probabilities for binned data are shown, with N = 4, 6, 13, 16,
16, 7 for points from left to right, respectively. The fitted line
covers the full range of the data.

χ1
2

χ1
2

Fig. 5. Distribution of lifetime reproductive success, measured
as number of recruits to the local breeding population, for (a)
female and (b) male philopatric (open bars) and immigrant
(filled bars) long-tailed tits that attempted to breed.

Fig. 6. The relationship between the probability of at least
one fledgling recruiting in the local breeding population and
the mother’s feeding effort. The model was fitted to the binary
data for individuals, but for clarity, mean probabilities for
binned data are shown, with N = 6, 7, 13, 10, 9, 5 for points
from left to right, respectively. The fitted line covers the full
range of the data.
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For males that fledged at least one offspring, the
probability that at least one offspring recruited to the
breeding population in the study area was positively related
to the number of offspring fledged (  = 5·52, N = 44,
P = 0·019 in a GLM with binomial errors and logit link
function), but did not vary among cohorts, between
philopatric and immigrant birds, with mean provision-
ing effort, or with adult tarsus length (all P > 0·30).

Lifetime reproductive success

For females that had at least one offspring recruit
locally, the number of offspring recruited locally (LRS)
was positively related to the length of the breeding life
span (L) (Table 6a), was higher for females with higher
average fecundity (F) and increased as average off-
spring survival increased. LRS was not related to the
female’s mean provisioning effort or to adult tarsus and
did not vary among cohorts (Table 6a). Only immi-
grant females gained any LRS. For males that had at
least one offspring recruit locally, LRS was positively
related to offspring local survival (S) (Table 6b), but
was not related to any of the other explanatory variables.

Individual fitness

Non-zero measures of individual fitness (λi) were square
root-transformed for analysis. For females λi was posi-
tively related to the length of the breeding life span,
average fecundity and offspring local survival (Table 6a).
Individual fitness was higher for females with higher
mean provisioning effort (Fig. 7), and varied signi-
ficantly among cohorts (Fig. 8, Table 6a).

For males with non-zero individual fitness (λi), fit-
ness was positively related to the length of the breeding
life span, average fecundity and offspring local survival
(Table 6b). Individual fitness of males was not related
to their mean provisioning effort (Fig. 7) or their adult

tarsus length, and did not vary significantly among
cohorts (Fig. 8, Table 6b).

Discussion

  

As in most previous studies of bird species (Newton
1989; McGraw & Caswell 1996; Brommer, Pietiainen &

χ1
2

Table 6. Results of GLMs of measures of fitness for females and males. LRS was modelled with Poisson errors and logarithm
link. Individual fitness was square root-transformed and modelled with normal errors and identity link
 

 

Effect

LRS Individual fitness (λi) 

d.f. N χ2 P d.f. N χ2 P

(a) Females
Life span 1 30 27·28 < 0·0001 1 27 30·52 < 0·0001
Fecundity 1 30 13·19  0·0003 1 27 16·35 < 0·0001
Offspring survival 1 30 22·64 < 0·0001 1 27 26·87 < 0·0001
Cohort 5 30 0·76  0·98 5 27 19·49  0·0016
Provisioning effort 1 30 0·06  0·80 1 27 19·38 < 0·0001
Tarsus length 1 30 0·35  0·55 1 26 0·99  0·32

(b) Males
Life span 1 25 0·01  0·93 1 38 24·28 < 0·0001
Fecundity 1 25 0·03  0·86 1 38 12·21  0·0005
Offspring survival 1 25 16·95 < 0·0001 1 38 49·36 < 0·0001
Cohort 5 25 5·55  0·48 6 38 3·13  0·79
Dispersal 1 24 0·18  0·67 1 38 0·46  0·50
Provisioning effort 1 24 1·14  0·29 1 26 0·01  0·91
Tarsus length 1 24 0·14  0·71 1 18 0·60  0·44

Fig. 7. The relationship between individual fitness and mean
provisioning effort for female (a) and male (b) long-tailed tits.
The line is the fitted estimate for females. There was no
relationship for males.
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Kolunen 1998), lifetime reproductive success and
individual fitness were strongly skewed in long-tailed
tits. Most individuals that attempted to breed were
unsuccessful in producing local recruits, or even fledg-
lings, during their lifetimes. Means were similar for
males and females, as expected in a short-lived monog-
amous animal. The variance in LRS was slightly higher
for females, and there was no evidence of a difference in
variance in individual fitness. This contradicts directly
the hypothesis that sex ratio bias among helpers results
from individuals of the sex with higher variance in suc-
cess helping in order to attain inclusive fitness (Koenig
et al. 1983), as in long-tailed tits most helpers are male
(Hatchwell et al. 2004).

Individual fitness and LRS were highly correlated
in this species, probably because the majority of birds
have only a single breeding season. As a result infer-
ences about patterns of selection on life history traits
are broadly similar, irrespective of  whether LRS or
individual fitness are considered, although there are
important exceptions to this, notably with respect to
provisioning effort. This underscores the point made
by McGraw & Caswell (1996) that the interpretation of
analyses of selection can change when individual fit-
ness is considered instead of LRS. The differences that
McGraw & Caswell (1996) found between individual
fitness and LRS were greater for both sparrowhawks
(Accipiter nisus) and blue tits (Parus caeruleus) than we
have found for long-tailed tits. Both those species
often have several successful breeding attempts, and
this makes consideration of the timing of reproduction
more important.

It is not clear from our results whether either LRS or
individual fitness is useful as a predictor of subsequent
spread of an individual’s genes through a population
(Brommer et al. 2002). Neither accounted for very
much of the variation in the number of grand-offspring
produced. This may be partly a problem of using data

from a finite study area to estimate fitness. The errors
that inevitably occur are bound to amplify with each
passing generation. Such random error could disguise
any relationship between predictors of fitness and true
fitness. Studies of island populations, from which there
is less dispersal, may give more reliable estimates of this
relationship.

About one-fifth of  birds with non-zero individual
fitness accrued their only fitness by helping, and the
magnitude of the fitness they gained was less than a fifth
of that accrued by birds which gained fitness through
direct reproduction. This confirms our previous assess-
ment that helping in this species is a best-of-a-bad-job
tactic (MacColl & Hatchwell 2002; Hatchwell et al.
2004). The distribution of fitness in long-tailed tits may
therefore resemble that in other species with ‘redirected
helping’, in which birds become helpers after failing
to breed independently (e.g. Lessells 1990; Dickinson,
Koenig & Pitelka 1996; Sloane 1996). However, there
are no complete descriptions of lifetime fitness in any of
these species.

    

Variation in the survival of fledglings to local recruit-
ment is clearly the single most important source of
variation in LRS for long-tailed tits. This is similar to
results for other short-lived passerines [e.g. great tits
Parus major (van Noordwijk & van Balen 1988); song
sparrows Melospiza melodia (Smith 1988)]. For a non-
migratory, insectivorous passerine the size of a long-
tailed tit the many uncertainties of  weather, food
supply and predation make the first winter a hazardous
time (McGowan et al. 2003), and chance must be impor-
tant in determining whether individuals survive. How-
ever, we have consistently found evidence which suggests
that the social circumstances of fledglings affects their
probability of survival. The positive synergism between
fecundity and survival in this study suggests that fledg-
lings from larger broods survive better. Although we
have not found this in previous analyses (e.g. MacColl
& Hatchwell 2002), such a pattern could easily come
about because of the benefits that long-tailed tits obtain
from foraging and roosting together (McGowan 2002).
We intend to explore this possibility in a future analysis
of long-tailed tit demography and population dynamics.

The small contribution of average fecundity and
breeding life span to determining LRS is unsurprising.
Clutch size in long-tailed tits is comparatively invariant
and nestling mortality (excluding predation) is low
(Hatchwell et al. 2004), while the high rate of predation
on long-tailed tit nests devalues the contribution of
additional years of breeding. However, as in any lottery
you have to buy a ticket to win, and longer-lived birds
reaped the benefit by increasing their probability of
having at least one year in which they fledged offspring.
The negative correlation between breeding life span
and fecundity suggests that individuals with lower
average fecundity may have longer breeding life spans.

Fig. 8. Variation in mean (± 95% CI) individual fitness
among cohorts for female (open bars, N = 4, 6, 6, 5, 4, 0, 2) and
male (filled bars, N = 6, 7, 4, 7, 8, 4, 2) long-tailed tits. Values
are estimates from a GLM with other covariates set to their
mean values. Estimates for males are from a model containing
cohort as a factor, for comparison with females, although
there was no significant variation between cohorts for males.
No females from 1999 bred in the study area.
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However, this probably arises from a sampling bias,
because the analysis uses only those individuals that
successfully produced at least some offspring, and thus
the average fecundity of birds which produced offspring
in only a single year is almost certain to be higher than
that of birds which produced over more seasons, but
were likely to have failed in at least one of these.

We also found evidence of negative covariance between
life span and offspring local survival among long-tailed
tits, and we cannot think of  a sampling explanation
for this. This suggests that birds that live longer have
offspring that survive less well. It is consistent with the
suggestion in our data that females with higher provi-
sioning effort have shorter breeding life spans, and may
throw light on the mechanism that maintains heritable
variation in effort (MacColl & Hatchwell 2003a). We
consider this in more detail below.

     
 

The large contribution of offspring local survival to
LRS gives rise to the potential for anything that improves
survival of fledglings to be strongly selected. This is of
particular interest in a cooperatively breeding species
in which the social system is based around the care of
young, and it is tempting to infer that helping has arisen
as an evolutionary mechanism to reduce variance in
fledgling survival. Variation in offspring survival is also
a major contributor to variation in LRS in some non-
cooperatively breeding passerine species (e.g. great tits,
van Noordwijk & van Balen 1988; and song sparrows,
Smith 1988) which makes it unlikely that high variabil-
ity in offspring survival is a general explanation for
helping behaviour. It is still possible that behaviours
that increased offspring survival in long-tailed tits have
arisen as evolutionary solutions to the ‘problem’ of
high variance in offspring survival.

We have found previously a relationship between the
total care invested in a brood by parents and helpers
and offspring local survival (MacColl & Hatchwell
2003a). The present analysis suggests that this effect
was due mainly to the efforts of the mother, and that
these efforts increase females’ fitness. This makes our
previous observation of heritable variation in effort all
the more surprising (MacColl & Hatchwell 2003a).
Such variation in effort could be maintained by trade-
offs between different components of  reproductive
investment by females. Trade-offs among components
of investment should not lead to a relationship between
overall fitness and any single component such as effort
across individuals, although such correlations might be
apparent in a finite sample. In the present analysis there
was some suggestion of a trade-off  between mean pro-
visioning effort and the length of  the breeding life
span for females, although this was not significant. This
pattern would be most likely to result directly from the
effort involved in parental care, as there does not
appear to be any cost to retaining philopatric offspring

over winter (McGowan 2002; McGowan et al. 2003).
Another possibility is that effort and fitness are asso-
ciated because both are linked to condition. Unfor-
tunately condition is hard to define or quantify, but we
were unable to find any relationship between effort and
simple biometric measures of the condition of males
(e.g. weight/tarsus3) in our previous analysis (MacColl
& Hatchwell 2003a). We were unable to calculate even
these simple measures of condition for females because
they were usually weighed close to laying when weight
fluctuates substantially.

Differences in fitness or quality between philopatric
and dispersing individuals have been found often in
studies which have looked for them. In some species
philopatric individuals are of  higher quality (Brown
& Brown 1992; Wauters, Bijnens & Dhondt 1993;
Wheelwright & Mauck 1998; Hansson et al. 2001),
while in others they are of lower quality than immi-
grant or dispersing individuals (Lena et al. 1998; Heeb
et al. 1999; Altwegg, Ringsby & Saether 2000), and at
least one study has found an interaction between dis-
persal status and habitat quality (Verhulst, Perrins &
Riddington 1997). This latter study is of particular
interest in the present context, because in a previous
analysis of a different subset of years (MacColl &
Hatchwell 2002) we found that philopatric recruitment
in our population was greater for heavier and earlier-
fledged birds, suggesting that better-quality long-tailed
tits are more likely to be philopatric. This is apparently
at odds with the finding in the present study, that immi-
grant females have higher fitness than philopatric ones.
At least three possible explanations might account for
this discrepancy. (1) A habitat by dispersal interaction
of the kind found by Verhulst et al. (1997): because our
study area is relatively high-quality long-tailed tit hab-
itat (the reason it was chosen as a study area), on the
basis of the pattern observed by Verhulst et al. (1997)
we would expect immigrants to be high-quality birds,
but philopatric birds to be a mix of low and high qual-
ity, and this could contribute to a difference in fitness
between the two groups. (2) An interaction between sex
and quality in determining dispersal: it may be that
high-quality males are philopatric while low-quality
ones disperse, but that the opposite is true for females.
In our previous analysis, the relationship between
measures of quality and recruitment was driven mainly
by males, as a higher proportion of them are philopat-
ric (MacColl & Hatchwell 2002). (3) In our analyses
survival and dispersal are partially confounded, because
the probability of local recruitment that we call local
survival is actually a combination of  survival and
philopatry. This means that quality could appear to be
positively related to dispersal when in reality it is only
associated with survival, or vice versa. In this respect,
the measure of dispersal status used in this paper is a
better estimate of true dispersal status than is our
measure of local recruitment.

Variation in fitness among cohorts has also been
found commonly in empirical studies (Clutton-Brock,
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Albon & Guiness 1988; Smith 1988), where it has been
related to variations in food supply (van Noordwijk &
van Balen 1988; Korpimaki 1992; Brommer et al. 1998)
or density (Coltman et al. 1999). For long-tailed tits
there was little variation among cohorts in the fledging
of offspring, but significant variation among cohorts
for females in the probability of offspring recruiting
locally. This again reflects the relatively invariant
nature of  fecundity in long-tailed tits and the large
variation among years in offspring survival, which is
affected strongly by weather (McGowan et al. 2003).

Our results show that there is a large amount of
variance in fitness among long-tailed tits. This is partly
because many individuals do not manage to fledge
young, which is mainly the result of random predation
events. Variance is still large even among those tits that
succeed in fledging young, and most of this variance is
due to the variability in offspring local survival. Much
variation in offspring local survival is undoubtedly the
result of environmental conditions, in particular the
weather between fledging and recruitment (McGowan
2002). However, the local survival of offspring is also
related to the amount of effort invested in feeding
them, at least by their mothers. This results in females
which put more effort into feeding their offspring
having higher fitness. The opportunity for selection
that is created by large variation in offspring local
survival and its effect on fitness also means that indi-
viduals which fail in independent reproduction can
accrue indirect fitness by provisioning offspring in the
nests of relatives.
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