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Kin selection is a major force in social evolution, but dispersal is often assumed to reduce its impact by

diluting kinship. In most cooperatively breeding vertebrates, in which more than two individuals care for

young, juveniles delay dispersal and become helpers in family groups. In long-tailed tits (Aegithalos

caudatus), however, offspring disperse to breed and helpers are failed breeders that preferentially aid kin.

Helping also occurs among immigrants, but their origins are unknown and cooperation in these cases is

poorly understood. Here, we combine long-term demographic and genetic data from our study population

to investigate immigration and helping in this species. We first used a novel application of parentage

analysis to discriminate between immigrants and unknown philopatric recruits. We then cross-checked

sibship reconstruction with pairwise relatedness estimates to show that immigrants disperse in sibling

coalitions and helping among them is kin biased. These results indicate that dispersal need not preclude

sociality, and dispersal of kin coalitions may help maintain kin-selected cooperation in the absence of

delayed dispersal.
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1. INTRODUCTION

Kin selection plays a key role in the evolution of social

behaviour (Hamilton 1964; Maynard Smith 1964; Emlen

1997), although the generality of its importance has been

the source of much debate (Cockburn 1998; Clutton-Brock

2002; Griffin & West 2003). One ubiquitous biological

process that may reduce the potential influence of kin

selection is dispersal, which is often assumed to inhibit

sociality by diluting kinship (Emlen 1997; Perrin & Goudet

2001; Ross 2001; Gardner & West 2006). However,

evidence suggests that in several social species, relatives

may disperse together in coalitions (Packer & Pusey 1993;

Heinsohn et al. 2000; Koenig et al. 2000; Williams &

Rabenold 2005; Bradley et al. 2007), a process that must

have a strong impact on population kin structure and

therefore selection for social behaviour (Johnson & Gaines

1990; Ross 2001; Walters et al. 2004; Gardner & West

2006). Surprisingly, precise estimation of the prevalence of

dispersal in kin coalitions and its consequences have rarely

been investigated, and the relationship between dispersal,

kinship and sociality remains poorly understood (Ekman

et al. 2004; Walters et al. 2004).

Cooperative breeding systems, in which helpers assist

breeders in caring for their offspring, are an excellent model

for studying these processes (Stacey & Koenig 1990; Emlen

1997; Griffin&West 2003). Inmost cooperative vertebrates,

offspring delay dispersal and become helpers in family

groups; in many species, however, helping also occurs

among dispersing individuals. For example, long-term
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population studies of various cooperatively breeding birds

have revealed that immigrants regularly become helpers

(Stacey & Koenig 1990). Unfortunately, the origins of these

individuals are usually unknown. Furthermore, the sugges-

tion that cohorts of immigrants may comprise groups of

relatives is confounded by the difficulty of distinguishing

between true immigrants and philopatric recruits that for

some reason are not marked.

Recently developed molecular procedures have provided

powerful tools for studying dispersal and sociality beyond

the well-documented limits of observational data (Koenig

et al. 1996; Ross 2001; Blouin 2003). In this study, we

combine these techniques with long-term demographic

data in order to investigate helping among immigrants in

cooperatively breeding long-tailed tits (Aegithalos caudatus).

Unusually among cooperative birds, offspring in this species

do not delay dispersal or breeding and all helpers are failed

breeders, with help consisting almost exclusively of nestling

provisioning (Hatchwell et al. 2004). Helpers use vocal cues

to recognize and preferentially aid close relatives in the

absence of spatial cues to kinship (Hatchwell et al. 2001a;

Russell & Hatchwell 2001; Sharp et al. 2005), gaining

indirect fitness benefits by increasing the productivity of

helped broods (Hatchwell et al. 2004; MacColl &

Hatchwell 2004); no significant direct fitness benefits of

helping have been identified (McGowan et al. 2003;

Hatchwell & Sharp 2006). Such strong evidence for the

importance of kin selection in this system is potentially

undermined by relatively high immigration rates (Russell

2001). On average, immigrants make up approximately

44% of our study population (S. P. Sharp & B. J. Hatchwell

2006, unpublished data), but the frequent occurrence of

helping among these birds has hitherto remained
This journal is q 2008 The Royal Society
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unexplained. Here, we (i) use a novel application of

parentage analysis to discriminate between immigrants

and unknown philopatric recruits, (ii) use genetic data to

determine the relatedness of confirmed immigrants, and

(iii) analyse the pattern of helping among these birds in

order to test the hypothesis that dispersal inhibits kin-

selected cooperation.
2. MATERIAL AND METHODS
(a) Study population

We studied a marked population of 17–72 pairs of long-tailed

tits in the Rivelin Valley, Sheffield, UK (53823 0 N 1834 0 W)

from 1994 to 2005. The breeding attempts of all individuals

were closely monitored every year, and nestlings were given

unique colour ring combinations. Any unringed birds present

at the start of each breeding season were trapped using mist

nests and also colour ringed. Previously, it was assumed that

all such birds were immigrants (Hatchwell & Sharp 2006).

However, 0–3 pairs with inaccessible nests are known to

fledge unringed young each year, and successful nests in the

study site on average fledge 7.94G2.25 (mean Gs.d.) chicks;

any philopatric recruits from inaccessible nests will thus have

been mistakenly classified and this would clearly bias any

analysis of relatedness among birds assumed to be immi-

grants. Therefore, in this study, we initially classified all of

these individuals as putative immigrants only.

Blood samples were taken from all nestlings and putative

immigrants caught (under Home Office licence), and through

this samples were available for 80.3G10.3% of individuals in

the breeding population each year, including 74.1G9.0% of

putative immigrants. In order to detect and identify helpers,

all nests were observed for a minimum of 30 min but usually

1 h on alternate days of the nestling period from hatching

until fledging or failure of the breeding attempt. For more

details of the study system and general methods, see

Hatchwell et al. (2004) and Hatchwell & Sharp (2006).

(b) Genetic analysis

Genomic DNA was extracted from blood and amplified as

previously described (Simeoni et al. 2007). All sampled

individuals were sexed using standard techniques (Griffiths

et al. 1998) and genotyped at nine microsatellite loci. The

following loci were selected from a recently characterized set

of 20 (Simeoni et al. 2007) according to their degree of

polymorphism and avoiding deviations from Hardy–Weinberg

equilibrium, null alleles, linkage disequilibrium and sex

linkage: Ase18; Ase37; Ase64; Hru2; Hru6; LOX1; Pca3;

Pma22 and Ppi2. Wherever appropriate, the long-term

pedigree established for our study population was used to

guide the application of molecular procedures and the

interpretation of results as described below; integrating

pedigree and genetic data in this way provides one of the

most powerful methods of investigating evolutionary proces-

ses in wild populations (Kruuk & Hill 2008; Pemberton 2008).

(c) Parentage analysis

We used the new likelihood approach in CERVUS v. 3.0

(Kalinowski et al. 2007) to determine whether parentage

assignments could be made for any genotyped putative

immigrants that appeared in the population from 1997

to 2005; analysis was done on a year by year basis, and

1994–1996 were excluded due to inadequate sampling and

pedigree data early in the project. Allele frequencies were
Proc. R. Soc. B (2008)
generated using all genotyped individuals from all years to

maximize accuracy in estimating the frequency of rare alleles

and to ensure a non-zero frequency for all alleles in the

dataset. For each year, CERVUS was run with the following

simulation parameters: 100 000 offspring, the true number

and sampled proportion of candidate parents (see below),

0.92 of loci typed (calculated from the allele frequency data),

5 as the minimum number of typed loci and a mistyping

rate of 0.01. The latter value is conservative, as previous

analyses have shown that the true error rate is less

than 1% (M. Simeoni, S. P. Sharp & B. J. Hatchwell 2007,

unpublished data). We classed putative immigrants as

‘offspring’ and all breeders from the population in the

previous year as ‘candidate parents’; at one or two nests per

year neither parent was sampled, but none of these nests were

known to produce fledglings. We then carried out parent pair

analysis with known sexes (but no prior information about

how parents were paired) using critical LOD scores for 99%

confidence derived from the simulations. The critical LOD

scores for assigning a mother alone, father alone and parent

pair averaged across years were 3.91G0.53, 2.99G0.82 and

11.39G0.93, respectively.

(d) Sibship reconstruction

Long-tailed tits disperse in their first year and rarely thereafter

(McGowan et al. 2003), so all immigrants in a given year are

likely to be from the same generation. Furthermore, extra-

pair paternity is rare in this species (Hatchwell et al. 2002), so

half-siblings are unlikely to occur. In order to determine

whether cohorts of confirmed immigrants contained groups

of close relatives, we therefore tested for the presence of full

siblings among the confirmed immigrants in each year using

sibship reconstruction algorithms. Various methods are

available, but few have been adequately tested or applied to

field data (Blouin 2003; Butler et al. 2004; Berger-Wolf et al.

2007). We applied two of the most widely used procedures,

the ‘Descending Ratio’ algorithm implemented in KINGROUP

v. 2 (Konovalov et al. 2004) and Wang’s (2004) algorithm

in COLONY v. 1.2. We first tested and compared the two

methods by applying each to our established pedigree and

trying to assign philopatric recruits to their correct sibling

groups (i.e. natal nests); the methods were then used to

identify sibships among the confirmed immigrants. The allele

frequencies calculated for the parentage analysis were used

for sibship reconstruction of both philopatric recruits and

confirmed immigrants. In both KINGROUP and COLONY, a

primary hypothesis of full siblings was tested against a null

hypothesis of unrelated pairs; separate analyses were carried

out for each year from 1997 to 2005. In COLONY, we

incorporated a genotyping error rate of 0.01 for each locus;

this is conservative as discussed previously.

Having identified sibships among each cohort of confirmed

immigrants, we compared the results with those derived from

pairwise relatedness estimates calculated for each possible pair

of immigrants; cross-checking like this is often recommended

and has recently been successfully applied elsewhere (Blouin

2003; Langmore et al. 2007). The performance of different

pairwise relatedness measures varies (Blouin 2003; Csillery

et al. 2006), but we used KINGROUP to test for full-sibling

relationships using likelihood ratio tests based on Queller and

Goodnight’s r (Queller & Goodnight 1989; Goodnight &

Queller 1999; Konovalov et al. 2004), which was found to

be reliable when tested using our pedigree (M. Simeoni,

S. P. Sharp & B. J. Hatchwell 2007, unpublished data). The
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primary and null hypotheses from the sibship reconstruction

were again used and 10 000 simulations were carried out. The

results from the sibship reconstruction were considered to

match those from likelihood ratio tests if individuals in a dyad

with a significant likelihood ratio ( p!0.05) were placed in the

same sibling group or if those in a dyad with a non-significant

likelihood ratio were placed in different groups.

(e) Analysis of helping

In the Rivelin Valley, failed breeders usually re-nest early in

the season but later on will either abandon independent

breeding until the following year or become helpers; this

switch from re-nesting to helping occurs at the beginning of

May (MacColl & Hatchwell 2002), with very few nesting

attempts started after 30 April. It was therefore possible to

identify pairs of individuals between which helping could

potentially have occurred. From the confirmed immigrant

siblings for which complete nesting histories were available,

we identified those dyads in which one individual failed on or

after 30 April and the other had a nest with chicks at or later

than this time. We then examined all cases of helping and

calculated the proportion of immigrants with the opportunity

to help a sibling that did so. Similarly, for those individuals

that dispersed into the population alone and for which

complete histories were available, we identified individuals

that failed on or after 30 April; these birds had no known

sibling in the population and thus no opportunity to help

close kin. We therefore calculated the proportion that became

helpers and the number of these that helped a relative

(rR0.25) according to Queller & Goodnight’s (1989) r.
3. RESULTS
(a) Parentage analysis

Of 244 putative immigrants over 9 years (27.11G9.56

per year), we found parental matches from the previous

year’s breeding population for 41 (16.8%; 4.56G3.84 per

year). Of these, 16 (39.0%) cases were easily explained

because the individuals were assigned to parents with

inaccessible nests that were known to fledge unringed

chicks, either to both members of the pair (eight cases) or

to one parent with an unknown or unsampled partner

(eight cases), thus providing independent evidence that

our application of parentage analysis was successful. In the

remaining 25 (61.0%) cases, individuals were assigned to

parents whose nests in the previous year either failed or

fledged ringed young; these individuals may have been

born to their assigned parents in a previous year, either at

an unknown nest or a nest just outside the study site

boundary, or they may have been assigned to relatives of

their true parents (Marshall et al. 1998). However, in

order to be conservative all 41 individuals were excluded

from any further analyses. This left 203 confirmed

immigrants (22.56G8.50 per year), 127 (62.6%) of

which were female; this is a significant bias (Binomial

test with normal approximation: ZZ3.58, p!0.001).

(b) Sibship reconstruction

When applied to our pedigree of philopatric recruits,

KINGROUP and COLONY produced identical results except

for one individual that was known to be an extra-pair

offspring (M. Simeoni, S. P. Sharp & B. J. Hatchwell 2007,

unpublished data); KINGROUP assigned this bird to its

paternal half siblings and COLONY to its maternal half
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siblings. Each programme assigned 140/148 (94.6%)

individuals to the correct sibling group, indicating that

both methods could be reliably applied to the confirmed

immigrants alongside likelihood ratio tests for each

possible pair (nZ2477 dyads). The results of these tests

matched the output of KINGROUP marginally more closely

than that of COLONY (matched results for 2353 dyads

(95.0%) versus 2339 (94.4%), respectively); the results

from KINGROUP were thus used for subsequent analyses

and are presented here.

A significant proportion of immigrants in any given

year belonged to groups of full siblings, with 107/203

(52.7%) belonging to sibships of between two and seven

individuals (mean group size 2.89G1.13 siblings; figure 1).

Out of 37, 28 (75.7%) of the sibling groups identified were

sex biased (19 female biased, 9 male biased), with 18

(48.7%) consisting entirely of one sex (14 females, 4

males). To test the significance of these sex biases, we first

calculated the absolute deviation of the sex ratio from 0.5

for each sibling group, and then tested these values against

a null value of zero. Across all groups, sex ratio deviations

from 0.5 were highly significant (Wilcoxon signed-rank

test: nZ37, WZ406.0, p!0.001); groups containing an

odd number of siblings cannot have a sex ratio of 0.5, but

the result still held when all such groups were excluded

from the analysis (Wilcoxon signed-rank test: nZ22,

WZ91.0, pZ0.002).

(c) Analysis of helping

Across all of the kin groups identified, there were 90

sibling dyads and complete nesting histories were available

for both individuals in 54 (60.0%) of them. Of the failed

breeders that had the opportunity to help at least one

sibling (nZ22), seven (31.8%) did help a sibling; only two

(9.1%) helped other birds and the rest did not become

helpers (figure 2). Pedigree and genetic data were

unavailable for those helped birds that were not siblings,

but they may have been related in some other way;

importantly, no individual helped a known non-relative.

Complete histories were available for 70/96 (72.9%) of

those individuals that did not disperse in sibling groups.

Of the failed breeders (nZ34), only four (11.8%) became

helpers and in no case where genetic data were available

(5/8 possible dyads) did one of these helpers aid a relative.
4. DISCUSSION
To our knowledge, this is the first time parentage analysis

has been used to discriminate between true immigrants

and unknown philopatric recruits. The results strongly

suggest that this procedure was successful and may be a

useful technique for other study populations with

incomplete sampling. The significant predominance of

females among the confirmed immigrants supports

previous findings that dispersal is female biased in long-

tailed tits (Russell 2001; Sharp et al. 2008), just as it is in

the majority of bird species (Greenwood 1980; Clarke

et al. 1997). Sex-biased dispersal is widely thought to have

evolved at least in part as an inbreeding avoidance

mechanism, especially in kin-structured populations

such as those of social species (Pusey 1987; Perrin &

Goudet 2001). The causes and consequences of female-

biased dispersal in long-tailed tits are discussed in greater

detail elsewhere (Russell 2001; Sharp et al. 2008).
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Figure 1. The size of all sibling groups identified among
confirmed immigrants using KINGROUP.
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Figure 2. The outcome of all cases where an immigrant failed
breeder had the opportunity to help a sibling.
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The results of the sibship reconstruction show that

groups of immigrant siblings enter the population

together. A previous study of the same population showed

that philopatric siblings tend to disperse similar distances

and in similar directions, even after controlling for study

site boundary effects (Sharp et al. 2008). The prolonged

period of post-fledging association in this species is

conducive to siblings remaining together during dispersal

(Gaston 1973; Hatchwell et al. 2001b), but the appearance

of sibling immigrants in a population may result at least in

part from the predominance of short-distance natal

dispersal movements. However, much of the habitat on

the edge of the study site is unsuitable for breeding long-

tailed tits (Hatchwell et al. 2001b), and many of the

individuals that do breed just outside the site have been

genotyped, so their offspring would probably have been

excluded from our analyses after assigning parentage. The

results therefore provide strong evidence that immigrant

long-tailed tits often disperse in sibling coalitions.

Dispersal coalitions have been reported in other social

species; the majority are mammals and in particular

primates and social carnivores (Packer & Pusey 1993;

Lambin et al. 2001; Bradley et al. 2007), but there

are several examples in cooperatively breeding birds

(Heinsohn et al. 2000; Koenig et al. 2000; Williams &

Rabenold 2005). In the majority of species, these

coalitions are composed of a single sex only; in this

study, however, coalitions were found to be sex biased but

some were female biased and some male biased. Thus,

despite the overall female bias in dispersal reported here

and elsewhere, males still disperse in sufficient numbers

such that brothers may do so in groups. Dispersal in sex-

biased sibling coalitions may minimize the risk of
Proc. R. Soc. B (2008)
inbreeding in kin-structured populations while maintain-

ing a high degree of relatedness among members of each

sex (Pusey 1987; Lambin et al. 2001; Perrin & Goudet

2001). This impact on population kin structure potentially

facilitates the evolution and maintenance of social

behaviour (Johnson & Gaines 1990; Ross 2001; Walters

et al. 2004), and the results from this and other studies

together suggest that dispersal patterns in long-tailed tits

are indeed reflected by the pattern of helping in this

species (Russell 2001; Sharp et al. 2008).

If the dispersal of sibling coalitions promotes kin-biased

cooperation, helping should at least sometimes occur

among immigrant siblings, which we have shown to be the

case here. In fact, the pattern of helping among confirmed

immigrants is comparable with that of philopatric recruits:

most helping occurs between siblings, but more than half

of all failed breeders, including many that have the

opportunity to help a relative, do not become helpers;

this is perhaps because they never encounter their close

kin (Hatchwell et al. 2001a; Russell & Hatchwell 2001;

Hatchwell et al. 2004). Helping also occurs occasionally

among non-kin, which is thought to result from kin

recognition errors (Hatchwell et al. 2001a; Sharp et al.

2005). Regardless, kin-directed helping occurs among

members of immigrant sibling groups, thereby enabling

these dispersers to gain indirect fitness through kin

selection when their own reproductive attempts fail, just

as philopatric recruits do (MacColl & Hatchwell 2004).

In conclusion, the dispersal of immigrants in sibling

coalitions provides the opportunity for kin-biased helping

in the absence of delayed dispersal. These results offer some

of the first empirical support for theoretical evidence that

dispersal in kin coalitions can play a key role in the evolution

of cooperative behaviour (Gardner & West 2006). There is

probably strong selection pressure maintaining this dispersal

pattern in long-tailed tits, because for many individuals

helping provides the sole source of fitness (MacColl &

Hatchwell 2004). It is possible that there is a heritable

component to dispersal behaviour as has been suggested in

other species (Hansson et al. 2003; Pasinelli et al. 2004), but

this has not yet been explored. The results presented here

demonstrate the value of integrating molecular data,

pedigrees and field observations for understanding the

relationship between dispersal, kinship and sociality. Future

studies of this kind may reveal that kin associations and kin-

biased social behaviour are more common among dispersing

individuals than is generally recognized.

We thank all researchers and assistants who have worked on
the long-tailed tit project for their invaluable help in the field
and the laboratory; Deborah Dawson, Terry Burke and the
Sheffield Molecular Genetics Facility for their assistance with
genetic analysis and Sheffield City Council, Yorkshire Water
and Hallam Golf Club for permission to work on their land.
We are grateful to Roger Butlin and Jon Slate for their useful
discussions and comments on an earlier version of the
manuscript. This work was funded by the Natural Environ-
ment Research Council.
REFERENCES
Berger-Wolf, T. Y., Sheikh, S. I., DasGupta, B., Ashley,

M. V., Caballero, I. C., Chaovalitwongse, W. & Putrevu,
S. L. 2007 Reconstructing sibling relationships in wild
populations. Bioinformatics 23, i49–i56. (doi:10.1093/
bioinformatics/btm219)

http://dx.doi.org/doi:10.1093/bioinformatics/btm219
http://dx.doi.org/doi:10.1093/bioinformatics/btm219


Dispersal coalitions in long-tailed tits S. P. Sharp et al. 2129
Blouin, M. S. 2003 DNA-based methods for pedigree
reconstruction and kinship analysis in natural populations.
Trends Ecol. Evol. 18, 503–511. (doi:10.1016/S0169-
5347(03)00225-8)

Bradley, B. J., Doran-Sheehy, D. M. & Vigilant, L. 2007
Potential for female kin associations in wild western
gorillas despite female dispersal. Proc. R. Soc. B 274,
2179–2185. (doi:10.1098/rspb.2007.0407)

Butler, K., Field, C., Herbinger, C. M. & Smith, B. R. 2004
Accuracy, efficiency and robustness offour algorithms allowing
full sibship reconstruction from DNA marker data. Mol. Ecol.
13, 1589–1600. (doi:10.1111/j.1365-294X.2004.02152.x)

Clarke, A. L., Saether, B. E. & Roskaft, E. 1997 Sex biases in
avian dispersal: a reappraisal. Oikos 79, 429–438. (doi:10.
2307/3546885)

Clutton-Brock, T. H. 2002 Breeding together: kin selection,
reciprocity and mutualism in cooperative animal societies.
Science 296, 69–72. (doi:10.1126/science.296.5565.69)

Cockburn, A. 1998 Evolution of helping behavior in
cooperatively breeding birds. Annu. Rev. Ecol. Syst. 29,
141–177. (doi:10.1146/annurev.ecolsys.29.1.141)

Csillery, K., Johnson, T., Beraldi, D., Clutton-Brock, T.,
Coltman, D., Hansson, B., Spong, G. & Pemberton, J. M.
2006 Performance of marker-based relatedness estimators
in natural populations of outbred vertebrates. Genetics 173,
2091–2101. (doi:10.1534/genetics.106.057331)

Ekman, J., Dickinson, J. L., Hatchwell, B. J. & Griesser, M.
2004 Delayed dispersal. In Ecology and evolution of
cooperative breeding in birds (eds W. D. Koenig & J. L.
Dickinson), pp. 35–47. Cambridge, UK: Cambridge
University Press.

Emlen, S. T. 1997 In Behavioural ecology: an evolutionary
approach (eds J. R. Krebs & N. B. Davis), pp. 228–253,
4th edn. Oxford, UK: Blackwell Science.

Gardner, A. & West, S. A. 2006 Demography, altruism, and
the benefits of budding. J. Evol. Biol. 19, 1707–1716.
(doi:10.1111/j.1420-9101.2006.01104.x)

Gaston, A. J. 1973 The ecology and behaviour of the long-
tailed tit. Ibis 115, 330–351. (doi:10.1111/j.1474-919X.
1973.tb01974.x)

Goodnight, K. F. & Queller, D. C. 1999 Computer software
for performing likelihood tests of pedigree relationship
using genetic markers. Mol. Ecol. 8, 1231–1234. (doi:10.
1046/j.1365-294x.1999.00664.x)

Greenwood, P. J. 1980 Mating systems, philopatry and
dispersal in birds and mammals. Anim. Behav. 28,
1140–1162. (doi:10.1016/S0003-3472(80)80103-5)

Griffin, A. S. & West, S. A. 2003 Kin discrimination and the
benefit of helping in cooperatively breeding vertebrates.
Science 302, 634–636. (doi:10.1126/science.1089402)

Griffiths, R., Double, M. C., Orr, K. & Dawson, R. J. G. 1998
A DNA test to sex most birds. Mol. Ecol. 7, 1071–1075.
(doi:10.1046/j.1365-294x.1998.00389.x)

Hamilton, W. D. 1964 The genetical evolution of social
behaviour I, II. J. Theor. Biol. 7, 1–52. (doi:10.1016/0022-
5193(64)90038-4)

Hansson, B., Bensch, S. & Hasselquist, D. 2003 Heritability
of dispersal in the great reed warbler. Ecol. Lett. 6,
290–294. (doi:10.1046/j.1461-0248.2003.00436.x)

Hatchwell, B. J. & Sharp, S. P. 2006 Kin selection, constraints
and the evolution of cooperative breeding in long-tailed
tits. Adv. Study Behav. 36, 355–395.

Hatchwell,B. J.,Ross,D. J.,Fowlie,M.K.&McGowan,A.2001a
Kin discrimination in cooperatively breeding long-tailed tits.
Proc. R. Soc. B 268, 885–890. (doi:10.1098/rspb.2001.1598)

Hatchwell, B. J., Anderson, C., Ross, D. J., Fowlie, M. K. &
Blackwell, P. G. 2001b Social organization of coopera-
tively breeding long-tailed tits: kinship and spatial
dynamics. J. Anim. Ecol. 70, 820–830. (doi:10.1046/
j.0021-8790.2001.00541.x)
Proc. R. Soc. B (2008)
Hatchwell, B. J., Ross, D. J., Chaline, N., Fowlie, M. K. &

Burke, T. 2002 Parentage in the cooperative breeding

system of long-tailed tits, Aegithalos caudatus. Anim.

Behav. 64, 55–63. (doi:10.1006/anbe.2002.3033)

Hatchwell, B. J., Russell, A. F., MacColl, A. D. C., Ross,

D. J., Fowlie, M. K. & McGowan, A. 2004 Helpers

increase long-term but not short-term productivity in

cooperatively breeding long-tailed tits. Behav. Ecol. 15,

1–10. (doi:10.1093/beheco/arg091)

Heinsohn, R., Dunn, P., Legge, S. & Double, M. 2000

Coalitions of relatives and reproductive skew in coopera-

tively breeding white-winged choughs. Proc. R. Soc. B 267,

243–249. (doi:10.1098/rspb.2000.0993)

Johnson, M. L. & Gaines, M. S. 1990 Evolution of dispersal:

theoretical models and empirical tests using birds and

mammals. Annu. Rev. Ecol. Syst. 21, 449–480. (doi:10.

1146/annurev.es.21.110190.002313)

Kalinowski, S. T., Taper, M. L. & Marshall, T. C. 2007

Revising how the computer program CERVUS accommo-

dates genotyping error increases success in paternity

assignment. Mol. Ecol. 16, 1099–1106. (doi:10.1111/

j.1365-294X.2007.03089.x)

Koenig, W. D., van Vuren, D. & Hooge, P. N. 1996

Detectability, philopatry, and the distribution of dispersal

distances in vertebrates. Trends Ecol. Evol. 11, 514–517.

(doi:10.1016/S0169-5347(96)20074-6)

Koenig, W. D., Hooge, P. N., Stanback, M. T. & Haydock, J.

2000 Natal dispersal in the cooperatively breeding acorn

woodpecker. Condor 102, 492–502. (doi:10.1650/0010-

5422(2000)102[0492:NDITCB]2.0.CO;2)

Konovalov, D. A., Manning, C. & Henshaw, M. T. 2004

KINGROUP:aprogramfor pedigree relationship reconstruction

and kin group assignments using genetic markers. Mol. Ecol.
Notes 4, 779–782. (doi:10.1111/j.1471-8286.2004.00796.x)

Kruuk, L. E. B. & Hill, W. G. 2008 Introduction.

Evolutionary dynamics of wild populations: the use of

long-term pedigree data. Proc. R. Soc. B 275, 593–596.

(doi:10.1098/rspb.2007.1689)

Lambin, X., Aars, J. & Piertney, S. B. 2001 Dispersal,

intraspecific competition, kin competition and kin facili-

tation: a review of the empirical evidence. In Dispersal (eds

J. Clobert, E. Danchin, A. A. Dhondt & J. D. Nichols),

pp. 110–122. Oxford, UK: Oxford University Press.

Langmore, N. E., Adcock, G. J. & Kilner, R. M. 2007 The

spatial organization and mating system of Horsfield’s

bronze-cuckoos, Chalcites basalis. Anim. Behav. 74,

403–412. (doi:10.1016/j.anbehav.2006.09.019)

MacColl, A. D. C. & Hatchwell, B. J. 2002 Temporal

variation in fitness payoffs promotes cooperative breeding

in long-tailed tits Aegithalos caudatus. Am. Nat. 160,

186–194. (doi:10.1086/341013)

MacColl, A. D. C. & Hatchwell, B. J. 2004 Determinants of

lifetime fitness in a cooperative breeder, the long-tailed tit

Aegithalos caudatus. J. Anim. Ecol. 73, 1137–1148. (doi:10.

1111/j.0021-8790.2004.00887.x)

Marshall, T. C., Slate, J., Kruuk, L. E. B. & Pemberton, J. M.

1998 Statistical confidence for likelihood-based paternity

inference in natural populations. Mol. Ecol. 7, 639–655.

(doi:10.1046/j.1365-294x.1998.00374.x)

Maynard Smith, J. 1964 Group selection and kin selection.

Nature 201, 1145–1147. (doi:10.1038/2011145a0)

McGowan, A., Hatchwell, B. J. & Woodburn, R. J. W. 2003

The effect of helping behaviour on the survival of juvenile

and adult long-tailed tits Aegithalos caudatus. J. Anim. Ecol.

72, 491–499. (doi:10.1046/j.1365-2656.2003.00719.x)

Packer, C. & Pusey, A. 1993 Dispersal, kinship and inbreeding

in African lions. In The natural history of inbreeding and

outbreeding (ed. N. W. Thornhill), pp. 375–391. Chicago,

IL: University of Chicago Press.

http://dx.doi.org/doi:10.1016/S0169-5347(03)00225-8
http://dx.doi.org/doi:10.1016/S0169-5347(03)00225-8
http://dx.doi.org/doi:10.1098/rspb.2007.0407
http://dx.doi.org/doi:10.1111/j.1365-294X.2004.02152.x
http://dx.doi.org/doi:10.2307/3546885
http://dx.doi.org/doi:10.2307/3546885
http://dx.doi.org/doi:10.1126/science.296.5565.69
http://dx.doi.org/doi:10.1146/annurev.ecolsys.29.1.141
http://dx.doi.org/doi:10.1534/genetics.106.057331
http://dx.doi.org/doi:10.1111/j.1420-9101.2006.01104.x
http://dx.doi.org/doi:10.1111/j.1474-919X.1973.tb01974.x
http://dx.doi.org/doi:10.1111/j.1474-919X.1973.tb01974.x
http://dx.doi.org/doi:10.1046/j.1365-294x.1999.00664.x
http://dx.doi.org/doi:10.1046/j.1365-294x.1999.00664.x
http://dx.doi.org/doi:10.1016/S0003-3472(80)80103-5
http://dx.doi.org/doi:10.1126/science.1089402
http://dx.doi.org/doi:10.1046/j.1365-294x.1998.00389.x
http://dx.doi.org/doi:10.1016/0022-5193(64)90038-4
http://dx.doi.org/doi:10.1016/0022-5193(64)90038-4
http://dx.doi.org/doi:10.1046/j.1461-0248.2003.00436.x
http://dx.doi.org/doi:10.1098/rspb.2001.1598
http://dx.doi.org/doi:10.1046/j.0021-8790.2001.00541.x
http://dx.doi.org/doi:10.1046/j.0021-8790.2001.00541.x
http://dx.doi.org/doi:10.1006/anbe.2002.3033
http://dx.doi.org/doi:10.1093/beheco/arg091
http://dx.doi.org/doi:10.1098/rspb.2000.0993
http://dx.doi.org/doi:10.1146/annurev.es.21.110190.002313
http://dx.doi.org/doi:10.1146/annurev.es.21.110190.002313
http://dx.doi.org/doi:10.1111/j.1365-294X.2007.03089.x
http://dx.doi.org/doi:10.1111/j.1365-294X.2007.03089.x
http://dx.doi.org/doi:10.1016/S0169-5347(96)20074-6
http://dx.doi.org/doi:10.1650/0010-5422(2000)102%5B0492:NDITCB%5D2.0.CO;2
http://dx.doi.org/doi:10.1650/0010-5422(2000)102%5B0492:NDITCB%5D2.0.CO;2
http://dx.doi.org/doi:10.1111/j.1471-8286.2004.00796.x
http://dx.doi.org/doi:10.1098/rspb.2007.1689
http://dx.doi.org/doi:10.1016/j.anbehav.2006.09.019
http://dx.doi.org/doi:10.1086/341013
http://dx.doi.org/doi:10.1111/j.0021-8790.2004.00887.x
http://dx.doi.org/doi:10.1111/j.0021-8790.2004.00887.x
http://dx.doi.org/doi:10.1046/j.1365-294x.1998.00374.x
http://dx.doi.org/doi:10.1038/2011145a0
http://dx.doi.org/doi:10.1046/j.1365-2656.2003.00719.x


2130 S. P. Sharp et al. Dispersal coalitions in long-tailed tits
Pasinelli, G., Schiegg, K. & Walters, J. R. 2004 Genetic and
environmental influences on natal dispersal distance in a
resident bird species. Am. Nat. 164, 660–669. (doi:10.
1086/424765)

Pemberton, J. M. 2008 Wild pedigrees: the way forward.
Proc. R. Soc. B 275, 613–621. (doi:10.1098/rspb.2007.
1531)

Perrin, N. & Goudet, J. 2001 Inbreeding, kinship, and the
evolution of natal dispersal. In Dispersal (eds J. Clobert,
E. Danchin, A. A. Dhondt & J. D. Nichols), pp. 123–142.
Oxford, UK: Oxford University Press.

Pusey, A. E. 1987 Sex-biased dispersal and inbreeding
avoidance in birds and mammals. Trends Ecol. Evol. 2,
295–299. (doi:10.1016/0169-5347(87)90081-4)

Queller, D. & Goodnight, K. 1989 Estimating relatedness
using molecular markers. Evolution 43, 258–275. (doi:10.
2307/2409206)

Ross, K. G. 2001 Molecular ecology of social behaviour:
analyses of breeding systems andgenetic structure.Mol.Ecol.
10, 265–284. (doi:10.1046/j.1365-294x.2001.01191.x)

Russell, A. F. 2001 Dispersal costs set the scene for helping in
an atypical avian cooperative breeder. Proc. R. Soc. B 268,
95–99. (doi:10.1098/rspb.2000.1335)

Russell, A. F. & Hatchwell, B. J. 2001 Experimental evidence
for kin-biased helping in a cooperatively breeding
vertebrate. Proc. R. Soc. B 268, 2169–2174. (doi:10.
1098/rspb.2001.1790)
Proc. R. Soc. B (2008)
Sharp, S. P., McGowan, A., Wood, M. J. & Hatchwell, B. J.

2005 Learned kin recognition cues in a social bird. Nature

434, 1127–1130. (doi:10.1038/nature03522)

Sharp, S. P., Baker, M. B., Hadfield, J. D., Simeoni, M. &

Hatchwell, B. J. In press. Natal dispersal and recruitment

in a cooperatively breeding bird. Oikos.

Simeoni, M., Dawson, D. A., Ross, D. J., Chaline, N., Burke,

T. & Hatchwell, B. J. 2007 Characterisation of 20

microsatellite loci in the long-tailed tit Aegithalos caudatus

(Aegithalidae, AVES). Mol. Ecol. Notes 7, 1319–1322.

(doi:10.1111/j.1471-8286.2007.01868.x)

Stacey, P. B. & Koenig, W. D. 1990 Cooperative breeding in

birds: long-term studies of ecology and evolution. Cambridge,

UK: Cambridge University Press.

Walters, J. R., Cooper, C. B., Daniels, S. J., Pasinelli, G. &

Schiegg, K. 2004 Conservation biology. In Ecology and

evolution of cooperative breeding in birds (eds W. D. Koenig &

J. L. Dickinson), pp. 197–209. Cambridge, UK: Cambridge

University Press.

Wang, J. 2004 Sibship reconstruction from genetic data with

typing errors. Genetics 166, 1963–1979. (doi:10.1534/

genetics.166.4.1963)

Williams, D. A. & Rabenold, K. N. 2005 Male-biased

dispersal, female philopatry, and routes to fitness in a

social corvid. J. Anim. Ecol. 74, 150–159. (doi:10.1111/

j.1365-2656.2004.00907.x)

http://dx.doi.org/doi:10.1086/424765
http://dx.doi.org/doi:10.1086/424765
http://dx.doi.org/doi:10.1098/rspb.2007.1531
http://dx.doi.org/doi:10.1098/rspb.2007.1531
http://dx.doi.org/doi:10.1016/0169-5347(87)90081-4
http://dx.doi.org/doi:10.2307/2409206
http://dx.doi.org/doi:10.2307/2409206
http://dx.doi.org/doi:10.1046/j.1365-294x.2001.01191.x
http://dx.doi.org/doi:10.1098/rspb.2000.1335
http://dx.doi.org/doi:10.1098/rspb.2001.1790
http://dx.doi.org/doi:10.1098/rspb.2001.1790
http://dx.doi.org/doi:10.1038/nature03522
http://dx.doi.org/doi:10.1111/j.1471-8286.2007.01868.x
http://dx.doi.org/doi:10.1534/genetics.166.4.1963
http://dx.doi.org/doi:10.1534/genetics.166.4.1963
http://dx.doi.org/doi:10.1111/j.1365-2656.2004.00907.x
http://dx.doi.org/doi:10.1111/j.1365-2656.2004.00907.x

	Dispersal of sibling coalitions promotes helping among immigrants in a cooperatively breeding bird
	Introduction
	Material and methods
	Study population
	Genetic analysis
	Parentage analysis
	Sibship reconstruction
	Analysis of helping

	Results
	Parentage analysis
	Sibship reconstruction
	Analysis of helping

	Discussion
	We thank all researchers and assistants who have worked on the long-tailed tit project for their invaluable help in the field and the laboratory; Deborah Dawson, Terry Burke and the Sheffield Molecular Genetics Facility for their assistance with geneti...
	References


