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Building genetic networks using relatedness information:
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Abstract

Natal dispersal is an important life history trait driving variation in individual fitness,

and therefore, a proper understanding of the factors underlying dispersal behaviour is

critical to many fields including population dynamics, behavioural ecology and

conservation biology. However, individual dispersal patterns remain difficult to

quantify despite many years of research using direct and indirect methods. Here, we

quantify dispersal in a single intensively studied population of the cooperatively

breeding chestnut-crowned babbler (Pomatostomus ruficeps) using genetic networks

created from the combination of pairwise relatedness data and social networking

methods and compare this to dispersal estimates from re-sighting data. This novel

approach not only identifies movements between social groups within our study sites

but also provides an estimation of immigration rates of individuals originating outside

the study site. Both genetic and re-sighting data indicated that dispersal was strongly

female biased, but the magnitude of dispersal estimates was much greater using genetic

data. This suggests that many previous studies relying on mark–recapture data may have

significantly underestimated dispersal. An analysis of spatial genetic structure within

the sampled population also supports the idea that females are more dispersive, with

females having no structure beyond the bounds of their own social group, while male

genetic structure expands for 750 m from their social group. Although the genetic

network approach we have used is an excellent tool for visualizing the social and genetic

microstructure of social animals and identifying dispersers, our results also indicate the

importance of applying them in parallel with behavioural and life history data.
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found impact on the evolution and persistence of spe-

cies (Clobert et al. 2001). While the causes of dispersal

are much debated and include inbreeding avoidance

(Greenwood 1980; Clutton-Brock 1989), local mate com-

petition (Hamilton 1967) and dominance interactions

(Christian 1970), the consequences are well docu-

mented. Chief among these are the effects of dispersal

on population and genetic structure (Wright 1951;
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Slatkin 1987), mating systems (Greenwood 1980) and

levels of sociality (Emlen 1982). Such consequences ren-

der dispersal a trait that is central to multiple scientific

fields including population dynamics, behavioural ecol-

ogy and conservation biology. A key empirical problem

is that dispersal, by its very nature, is often difficult to

quantify in terms of its extent and success, particularly

at the individual level. Direct detection of movements

using mark–recapture techniques requires marking

large numbers of individuals because of low recapture

rates (Webster et al. 2002) and successful use of this

technique to quantify dispersal may require long time

spans (e.g. Koenig et al. 2000). Although indirect molec-

ular approaches have successfully used local genetic

structuring to identify the degree of sex-biased dis-

persal (e.g. Double et al. 2005), an important empirical

objective remains to identify individual dispersers and

dispersal events to investigate both the underlying

causes and life history consequences of individual dis-

persal decisions. Here, we validate a new method of

assessing dispersal, which will be particularly informa-

tive in any social species having kin structuring within

the population, such as the strong matriarchal or patri-

archal societies seen in many primates (Silk 2005), the

kin-based social alliances of cetaceans (Krützen et al.

2003) and lekking birds (Shorey et al. 2000), and the

family groups of mammalian (Archie et al. 2006) and

avian cooperative breeders (Stacey & Koenig 1990).

However, the method we present could also be applied

to any population to assess the degree of natal philopa-

try and characterize the degree of kin structuring in

either sex.

Dispersal is of particular interest in social animals

with some degree of kin structuring because individuals

often face a critical decision at some point in their life-

time about whether to stay with relatives in their natal

group or to strike out on their own. Kin structuring and

the benefits of social living are particularly highly

developed in the cooperatively breeding birds and

mammals, which tend to live in groups containing fam-

ily members (Emlen 1995; Hatchwell 2009) and where

helpers often direct their efforts towards kin (Cornwal-

lis et al. 2009). The associated constraints on dispersal

have been invoked repeatedly as important to the

understanding of the evolution and dynamics of these

systems (Koenig et al. 1992; Ekman et al. 2004). How-

ever, the study of dispersal in cooperatively breeding

systems poses several problems, which although not

unusual in isolation, are so in combination. First, under-

standing the evolutionary dynamics of cooperative soci-

eties requires intense longitudinal study because of the

need to evaluate lifetime opportunities and fitness

returns (Stacey & Koenig 1990; Solomon & French

1997). As a consequence, studies across genetically dis-
tinct populations required for traditional genetic

approaches to estimating dispersal are less common.

Second, an increase in levels of cooperative breeding

has been demonstrated to be associated with decreased

mortality in avian systems (Arnold & Owens 1998). As

a result of longer lifespan, studies of these species need

to be conducted over longer periods of time than for

shorter-lived species to gain a similar perspective of

traits such as dispersal. Therefore, despite the need for

longitudinal studies, the vast majority of studies on

cooperative breeders are likely to remain largely cross-

sectional with respect to the full lifetimes of many of

the focal individuals. Consequently, dispersal events

may be missed, before or after, the period of study.

Finally, studies of cooperative species tend to be com-

paratively restrictive in numbers of groups sampled

and the geographical area covered because of the inten-

sity of behavioural study and sometimes large numbers

of individuals per group.

Mark–recapture methods have been used extensively

to quantify dispersal directly in animal populations.

While this approach can have valuable application in

species where discrete populations can be sampled sys-

tematically, such as colonial seabirds (Votier et al.

2005), this is less useful in species in which populations

are contiguous, small subpopulations are sampled and

death and dispersal cannot be readily dissociated, as is

the case in most studies of cooperative breeders (Koenig

et al. 1996). Analyses of molecular data offer alterna-

tives and include methods that operate on a population

level, estimating the number of dispersers (Barton &

Slatkin 1986) or dispersal rate (Wilson & Rannala 2003),

as well as those that operate on an individual level

using assignment approaches, identifying individuals

that are genetic outliers (Pritchard et al. 2000; Piry et al.

2004). However, all of these approaches are problematic

in their application to cooperative breeders with the

characteristics outlined above because they require data

from multiple genetic groups (populations). While it

may be tempting to consider social groups as popula-

tions within species, this approach is inadvisable when

using population level analyses reliant upon accurate

estimates of allele frequencies (unlikely if group size is

below 30 individuals) and when using individual level

analyses when social groups are not genetically distinct

and sample sizes are below 50 (Paetkau et al. 2004).

Accordingly, the appropriateness of the assignment

methodology for within-population analyses has been

questioned, and the potential for pairwise relatedness

(R) estimates to provide a more accurate method of

assessing dispersal in single populations has been sug-

gested (Nutt 2008).

The high degree of kin structuring in many coopera-

tively breeding systems can make the application of
� 2012 Blackwell Publishing Ltd
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some molecular analyses more complicated because of

the level of shared alleles among sets of close relatives

(Double et al. 1997). However, a high level of shared

alleles within social groups also potentially provides

the opportunity to identify outsiders that have emi-

grated into such groups owing to their discordance

with the local genetic background of a social group

(Nutt 2008). Here, we analyse pairwise relatedness data

using social networking software to determine the

genetic structure of social groups within a single popu-

lation of a cooperatively breeding species and use this

information to identify dispersal events. The advantage

of adopting a genetically based social network approach

is that it can handle a large amount of molecular data

effectively. As well as analysing within-social group

relatedness (e.g. Nutt 2008), we are further able to ana-

lyse relationships between all individuals sampled

across all groups. This allows us to identify dispersers

between social groups in our study (intra-site dispers-

ers) as well as those originating from groups outside of

the study site (extra-site dispersers). Identifying extra-

site dispersers is particularly important because their

frequency, relative to that of intra-site dispersers, eluci-

dates the degree to which constraints on dispersal at

different scales might select for family living and the

degree to which these constraints might differ between

the sexes (Koenig et al. 1992; Ekman et al. 2004).

We validate the use of these genetic networks to iden-

tify dispersers based on molecular data from 4 years

against life history, banding and spatial data from

6 years of study of the chestnut-crowned babbler (Po-

matostomus ruficeps). The combination of genetic and

behavioural data to understand social systems has long

been advocated (Sugg et al. 1996), but not fully

explored. The techniques adopted in our study offer a

new perspective on the joint application of these data to

understand population structure and individual dis-

persal in family living and cooperatively breeding spe-

cies, where dispersal has repeatedly suggested to be

key, but seldom quantified accurately (Koenig et al.

1996). Furthermore, our study demonstrates a simple

and effective way to visualize genetic relationships

between socially interacting individuals. The use of

social networks is revolutionizing our perception and

understanding of the complex social interactions

between individuals in animal populations (e.g. Krause

et al. 2009). Our use of the same methodology to study

genetic structure promises to deliver a similar level of

insight into processes for which the relatedness of inter-

acting individuals is central, such as kin selection

(Hamilton 1964).

Specifically, we aimed to: (i) use pedigree information

(observational and genetic) to determine the most

appropriate estimator of pairwise relatedness for our
� 2012 Blackwell Publishing Ltd
data set and to determine a threshold value over which

all pairs (dyads) would be considered first-order rela-

tives; (ii) use these relatedness values in combination

with behavioural information regarding social group

membership and social networking software to con-

struct genetic networks showing connections between

first-order relatives; (iii) using these networks, identify

individuals that are not related to other members of

their social group (i.e. dispersers) and estimate dispersal

rates and levels of sex-biased dispersal; (iv) use spatial

autocorrelation to determine levels of spatial genetic

structure of each sex; and (v) and compare genetic esti-

mates of dispersal with those from re-sighting data.
Methods

Sampling methods

Chestnut-crowned babblers were studied in an area

within a 7 · 8 km area at the University of New South

Wales Arid Zone Research Station at Fowlers Gap in far

western New South Wales, Australia (141�42¢E, 31�06¢S).

Details of climate and habitat have been described else-

where (Portelli et al. 2009). The chestnut-crowned bab-

bler is a 50 g cooperatively breeding passerine bird

endemic to arid and semi-arid regions of southeastern

Australia, which lives in large social groups of one to

three breeding pairs and a variable number of non-

breeding associates of both sexes (Portelli et al. 2009).

All analyses conducted here were based at the social

group level. Babblers were captured in the nest as nes-

tlings and in mist-nets as juveniles and adults during

the breeding season (July to December) from 2004 to

2009 throughout the study area. Birds were banded

with a uniquely numbered metal band supplied by the

Australian Bird and Bat Banding Scheme and a unique

combination of colour bands, had a small (<100 lL)

blood sample taken using veni-brachipuncture and had

a small microchip (Trovan) implanted subcutaneously.

Blood samples were stored in 100% ethanol. The sur-

vival and location of birds were determined in subse-

quent years using a combination of observations,

captures and microchip readings at breeding and roost-

ing nests.
Molecular methods

DNA was extracted with a Gentra PureGene DNA (Qia-

gen) extraction kit according to manufacturer’s instruc-

tions. Sex was determined by molecular means

(Griffiths et al. 1998). We chose 14 microsatellite loci

designed for this species: Pru03, 05, 07, 11, 12, 15, 19,

21, 24, 25, 30, 34, 35 and 38 (Holleley et al. 2009), which

amplified well in three multiplex reactions designed in
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MULTIPLEX MANAGER version 1.0 (Holleley & Geerts

2009). We used a Qiagen Multiplex Kit and a step-down

PCR programme consisting of 10 cycles each at the fol-

lowing annealing temperatures: 64, 60, 56, 53 and 50 �C.

Samples were genotyped on an ABI 3730 (Applied Bio-

systems) using GS-500 (Liz) in each capillary as a size

standard. Allele sizes were estimated on GENEMAPPER

version 3.7 (Applied Biosystems). Microsatellite data

were tested for adherence to assumptions of down-

stream analyses, and those violation assumptions were

removed from further analyses (Supporting informa-

tion).

Using 20 breeding pairs from each year between 2005

and 2008 (N = 160), we tested for temporal genetic

structure, using P-values of pairwise FST across years

generated in ARLEQUIN version 3.11 (Excoffier et al.

2005). There was no evidence of temporal genetic struc-

ture (all pairs FST = 0.00), allowing us to pool individu-

als sampled across all years for population allele

frequency data used in estimating the power of markers

and for all pairwise relatedness (R) estimations. Esti-

mates of R are affected by heterozygosity, the number

of loci used, allele frequency distributions, the relation-

ship in question and the degree of relatedness within

the populations (Chakraborty & Jin 1993; Lynch & Rit-

land 1999; Wang 2002). We therefore calculated

expected heterozygosity (HE) and number of alleles per

locus using ARLEQUIN. The power of a suite of markers

to discriminate between two types of relationships (e.g.

full-sibling vs. unrelated) was estimated using KININFOR

version 1 (Wang 2006).
Estimation of pairwise relatedness

Pedigrees were reconstructed for each year between

2005 and 2008 using a combination of genetic and

behavioural data (Supporting information). To deter-

mine the most accurate estimator of R for this data set,

we chose 30 dyads of each of the following relation-

ships from the reconstructed pedigrees: parent–

offspring, full-sibling, half-sibling (maternal) and unre-

lated (individuals having no known relationship from

pedigree data). We generated R values for all 120 pairs

using COANCESTRY version 1.0 (Wang 2011). This pro-

gram estimates R using seven different approaches

including two likelihood methods (Milligan 2003; Wang

2007) and five moment estimators (Queller & Good-

night 1989; Li et al. 1993; Ritland 1996; Lynch & Ritland

1999; Wang 2002). COANCESTRY can utilize a set of known

population allele frequencies (i.e. other than those of

the individuals in question); in this study, across-year

population allele frequency data were used for all

downstream estimates of R. In a diploid species, par-

ent–offspring pairs are expected to share one allele per
locus that is identical by descent, resulting in a pedigree

relatedness value (r) of 0.5. Full-sibling pairs, on aver-

age, also share one allele per locus that is identical by

decent, but the variance around this value is larger than

parent–offspring pairs because some siblings will share

both alleles and some neither. The value of r for half-

sibling pairs is 0.25 and for unrelated pairs r is 0.00. We

tested the relationship between each genetic estimate of

R and r values generated from the pedigree using Pear-

son correlations in PASW STATISTICS 18.0 (SPSS Inc.,

Chicago, IL, USA) and used the estimator having the

highest coefficient of correlation for all downstream

analyses.

Estimates of R are robust when averaged over a large

number of pairs, but because of the associated variance,

cannot accurately describe individual relationships for all

dyads even when large numbers of markers are used

(Santure et al. 2010). However, if the biological question

requires the identification of only closely related individ-

uals with the exclusion of unrelated individuals but does

not require identification of all closely related individu-

als, then a high cut-off value of R can be used to identify

high-order relationships with a high degree of certainty

(Blouin et al. 1996). We created a robust distribution of R

values for unrelated individuals using genotypes of the

160 breeders described above for the temporal popula-

tion genetic analyses (12 720 dyads). We then used this

distribution to choose a threshold value of R (‡0.42, see

Results) above which only �1% of unrelated individuals

would fall. We assumed that it would be unlikely that

true relatives would be, by chance, classified as unrelated

to all family members and tested this assumption using a

subset of 20 ‘nuclear’ families (mother, father, full-sib-

lings) chosen from the pedigrees (Supporting informa-

tion). Of the 183 individuals from these 20 known

families, only one individual (0.5%) failed to have an

above-threshold value with any of its family members.

Although chestnut-crowned babblers are plural breeders,

resulting in the frequent occurrence of social groups con-

taining lower-order relatives (e.g. half-siblings), this does

not pose a problem for the method presented here

because these individuals will be connected to their natal

group in the genetic network through their common first-

order relative. Further, it is extremely unlikely that an

individual would be genetically connected to a non-natal

group in the network as a result of having above-thresh-

old R values to lower-order relatives while having

below-threshold values with all of their first-order rela-

tives.
Genetic identification of dispersers

We constructed genetic networks of 35 social groups

from 2007 (Fig. 1), which was the first year in which
� 2012 Blackwell Publishing Ltd
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Fig. 1 Map of sampling site. All social

groups included in genetic network

analysis (2007 focal year) are indicated

by black dots. Social groups that were

present in 2007 but not included in the

genetic sample are indicated by grey

dots. Dispersal events identified using

re-sighting data from 2004 to 2009 are

denoted by a solid (female) or dashed

(male) arrow.

Fig. 2 Genetic network showing two families. Social groups

are colour-specific. Lines connect related individuals and line

thickness indicates strength of relationship (values of R

assigned to one of seven line thickness bins with thinnest lines

indicating a value close to the threshold value of R = 0.42 and

thickest lines approaching an R value of 1). Triangles represent

females and squares represent males. Labels indicate family,

breeding status (‘M’ and ‘F’ are parents), brood number and

individual identifier for offspring. A single disperser is shown

(B1-a) as being related to the family B (right), but sampled as a

social group member of family A (left).
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we had pedigree information for the previous 2 years,

providing the necessary background information (dis-

cussed below). Additionally, 2007 was chosen as the

focal year for the genetic network analysis because

almost all individuals (96%) associated with focal

groups were banded in that year. Twelve social groups

that were poorly sampled in 2007 (mainly on the

periphery of our study site; Fig. 1) were excluded to

avoid false detection of dispersers. Of all individuals

banded in 2007, 90% of focal group members were

genetically sampled (range 69–100%). The average size

of focal groups was 19.14 (±7.54 SD) including juveniles

and nestlings. For the individuals included in focal

social groups, all R values exceeding the threshold

value described above were visualized using NETDRAW

version 2.097 (Borgatti 2002), which has been used

extensively to characterize social associations, but rarely

used to illustrate genetic relationships. An advantage of

using NETDRAW in this context is its ability to summa-

rize large amounts of relationship data. In a typical

population study, a very large number of relationships

will exist, and interpreting this amount of data can be

onerous and difficult to summarize. In these genetic

networks, because individuals are connected by lines to

their close relatives, but are colour-coded by their social

group, those individuals that disperse will be coded dif-
� 2012 Blackwell Publishing Ltd
ferently to their genetic relatives, making them easily

identifiable (Fig. 2). Essentially, this process identifies

individuals that are genetically dissimilar to other social

group members and hence have likely dispersed. For

the network analysis presented here, it is essential that

most individuals in the study area are sampled. Poorly
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sampled groups may contain individuals that appear to

be dispersers because they have no close relatives in the

network.

We identified those individuals having no R values

across all possible dyads greater than the threshold

value described above (‘isolates’). These individuals

were considered to be candidate dispersers originating

outside the study site. We checked the pedigrees to

determine whether any of these candidate dispersers

were true residents (i.e. sampled as a chick or juvenile

in its natal group). We then calculated R values for all

possible dyads between each of the remaining candi-

date dispersers and all individuals genotyped from the

whole population between 2005 and 2007 (including

those individuals that were not included in the 35 focal

social groups) to ensure that candidate dispersers were

not sole survivors of a genetic line that existed in the

study site prior to the 2007 focal sample. In these cases,

we would expect to see multiple above-threshold rela-

tionships between the putative disperser and indivi-

duals from a particular group having members not

sampled in focal social groups in 2007. Individuals not

having multiple relationships within a social group

greater than the threshold in 2005–2007 were then con-

sidered to be immigrants to the focal groups in our

study site (extra-site dispersers). These dispersers were

removed from the next stage of the network analysis,

leaving only those individuals that had an above-

threshold value with at least one other individual in the

2007 focal social groups (i.e. residents and intra-site dis-

persers) This allows intra-site dispersers to be easily

identified as outliers in the subarea networks.

The network containing all above-threshold relation-

ships in 2007 was complex, having many connections

(N = 2124). This level of complexity made it difficult to

visualize relationships within and between social

groups, so we divided the sampling area into geographi-

cal subareas to simplify the analysis of genetic relation-

ships. Subarea boundaries were drawn based on habitat

differences and included a similar number of individuals

per area, without separating individuals from the same

social group. This resulted in all connections being visi-

ble. As all extra-site dispersers had already been

removed by this point, all individuals identified as iso-

lates in subarea networks (i.e. having no above-threshold

values across all dyads within the subarea) would neces-

sarily have had an above-threshold value with at least

one other individual in the full 2007 network. Therefore,

these individuals were closely related to one or more

individual in a different subarea to that in which they

were sampled, suggesting that they have moved from

one social group within the study area to another (i.e.

they were intra-site dispersers). Likewise, those individ-

uals that were genetically connected to a different social
group within the subarea network than that in which

they were sampled were also considered intra-site dis-

persers. It should be noted that the placement of subarea

boundaries does not influence the outcome of network

analyses because putative intra-site dispersers are

defined as all individuals that are not directly genetically

connected to another member of their social group.

Using these principles, we identified intra-site dis-

persers across the entire study site sampled in 2007.

These individuals were then investigated using the ped-

igrees to determine whether there was evidence to sug-

gest that they were residents. The breeding status and

sex of dispersers were examined, and proportions of

dispersing individuals for each sex were calculated.

Essentially, these proportions represent a single point

estimate of those birds present in the population that

were born to a social group other than that where they

were sampled. We also calculated average within-group

pairwise values of R for each sex. If male and female

dispersal rates are equal, mean values of R within social

groups should be similar across the two sexes. We used

COANCESTRY to estimate the difference between R values

for males and females. This program uses bootstrapping

to create confidence intervals around the distribution of

simulated differences between the means of R from ran-

domly selected groups and compares the observed

mean to this distribution to test significance.
Dispersal estimates using re-sighting data

We used re-sighting data from all years included in the

study (2004–2009) to estimate independently observed

dispersal to corroborate and contrast with the geneti-

cally assigned dispersal. Only individuals originally

banded at their natal nest prior to 2007 were used for

this analysis because we were unable to determine the

age and dispersal history of individuals that were origi-

nally captured and marked as potentially dispersive

juveniles or adults. We identified individuals that were

re-sighted in subsequent years and calculated propor-

tions of dispersing individuals for each sex. This pro-

portion represents those individuals that have

dispersed during the course of our study.
Estimation of dispersal distance

Dispersal distance was inferred separately for each sex

using spatial autocorrelation analyses of genetic data

and using direct estimates of dispersal from re-sighting

data. Spatial autocorrelation analyses show genetic cor-

relations (pairwise genetic distance) as a function of

geographical distance (Smouse & Peakall 1999). Geo-

graphical distances were calculated from GPS coordi-

nates of the central point between all breeding nest
� 2012 Blackwell Publishing Ltd



Table 1 Primers used, absolute amount of primer per 5 lL

reaction (pM), expected heterozygosity (HE) and number of

alleles (NA). Mean and standard deviation (SD) are given for

HE and NA

Primer Amount (pM) HE NA

Pru05 1.0 0.827 11

Pru07 1.0 0.836 12

Pru35 1.0 0.863 19

Pru25 2.0 0.911 21

Pru30 2.0 0.744 11

Pru34 2.0 0.858 12

Pru11 2.0 0.862 15

Pru19 2.0 0.843 12

Pru38 2.0 0.905 16

0.85 (±0.049) 14.3 (±3.7)
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locations used by a given social group. The autocorrela-

tion coefficient (rc) was calculated for each pair of rela-

tionships within specified distance classes. Spatial

autocorrelation analyses were conducted in GENALEX

version 6.3 (Peakall & Smouse 2006). This program uses

a permutation test to create 95% confidence intervals

around the null hypothesis of no spatial genetic struc-

ture (rc = 0), and a more conservative bootstrapping

routine to estimate 95% confidence intervals around rc

(Peakall et al. 2003). Choice of distance class can

strongly affect the results of spatial autocorrelation

analyses. Distance classes that are much larger than true

dispersal distances may fail to identify evidence of spa-

tial genetic structure, while those that are too small

may result in a lack of power owing to small numbers

of comparisons. We have chosen distance classes of

250 m, specifically so that the first distance class

includes only within-social group comparisons. Sex-

specific direct estimates of dispersal distance were cal-

culated using dispersers identified from the re-sighting

data described above.
Results

Focal year population composition

In 2007, 50.87% of the individuals sampled were adults

(N = 294). Adults were classified as breeders (N = 112)

or nonbreeders (N = 182) based on reconstructed pedi-

grees. Only those adults having surviving offspring

were classified as breeders. Many social groups con-

tained multiple breeding pairs (N = 22 of 35) and social

group size ranged from 3 to 20 adults. Adult sex ratio

was strongly male biased (m:f = 1.70:1; v2 = 9.14,

P < 0.001). However, sex ratio was neither skewed in

nestlings (m:f = 1.04:1; v2 = 0.02, P = 0.89) nor juveniles

(m:f = 1.27:1; v2 = 0.16, P = 0.69). Of all offspring sam-

pled (N = 284), both parents were assigned to 79%, one

parent to 18% and neither parent was assigned to 3%.

Missing parents were either not sampled or not geno-

typed.
Estimation of pairwise relatedness

The nine microsatellite loci used for estimating pairwise

relatedness were highly variable (Table 1) having 11–21

alleles per locus (mean=14.3 ± 3.7 SD) and an average

expected heterozygosity of 0.85 (±0.049 SD). The esti-

mated power of this suite of markers to distinguish full-

sibling from unrelated dyads was 0.98. The highest cor-

relation between genetic (R) and pedigree (r) estimates

of relatedness was 0.80, using Queller & Goodnight’s

(1989) method. Additionally, using this method, mean

values of R were very close to predicted values of r (par-
� 2012 Blackwell Publishing Ltd
ent–offspring mean R = 0.51 ± 0.10 SD, full-sibling mean

R = 0.49 ± 0.20 SD, unrelated mean R = 0.006 ± 0.11

SD). However, the value of R was elevated for maternal

half-sibling dyads (half-sibling mean R = 0.35 ± 0.15

SD), which is consistent with expectations because sires

of half-siblings in this system are usually related and

not a random sample of the population. The variance in

R across dyads was predictably large, with all relation-

ship categories having overlapping values across cate-

gories except for parent–offspring and unrelated. Most

other estimators of R were similarly correlated with r

(range 0.73–0.79; Table S2, Supporting information)

with the exception of Ritland’s (1996) method which

had the lowest correlation with r (correlation coeffi-

cient = 0.51). We therefore used Queller & Goodnight’s

(1989) method for all further analyses. The mean R

value between the 160 male and female individuals in

the breeding pairs used for temporal analyses was

)0.006 (±0.14 SD) with 99% of R values falling below

0.42. We therefore set our threshold at R ‡ 0.42 to

distinguish closely related dyads.
Genetic identification of dispersers

From all individuals sampled in the focal social groups

in 2007 (N = 578), 18 had below-threshold R values

with all other individuals. A further two had above-

threshold values only with each other. Upon inspection

of the pedigree data, three of these 20 putative extra-site

dispersers were clearly not dispersers, while two were

intra-site dispersers. In the case of the former, these

individuals had been sampled as chicks or juveniles in

their natal groups (e.g. in 2005 or 2006), but their natal

group-mates were not present in the 2007 sample. The

latter had below-threshold R values for all pairs in

2007, but shared above-threshold R values with multi-

ple individuals from a single (different) social group in



1734 L. A. ROLLINS ET AL.
a previous year. These individuals’ relatives were not

sampled in 2007, so may have either died or dispersed

out of the study area by that time. The remaining 15

individuals were considered genuine extra-site dispers-

ers, including the two individuals that had below-

threshold values of R for all pairwise comparisons,

except between each other, suggesting they were co-

dispersers between social groups. All 15 of these indi-

viduals were female, and 14 of these were nonbreeders

in that year.

Analyses of subarea networks (e.g. Fig. 3) identified

63 individuals as potential intra-site dispersers, because

while they did not genetically match the social group

where they were sampled, they did match other indi-

viduals elsewhere in the sampled population. As was

the case above, consultation with the observational data

confirmed that most, but not all, of these 63 individuals

were genuine dispersers. For example, nine of these

individuals were sampled as nestlings and as adults in

the same group and were either offspring of a putative

disperser or had at least one unsampled parent, which

could account for their lack of genetic fit with the rest

of their social group. Six individuals from three social

groups were genetically dissimilar to their group-mates

despite being natal to their social group. The composi-

tion of these three groups changed considerably

between 2007 and previous years in the study, resulting

in a new genetic signature for each group so that the

original group members appeared to be outliers. In each

of these cases, neither parent was present in the 2007
Fig. 3 Example of a subarea network representing six social groups.

s7, diamonds; s8, overlapping triangles; s9, downward triangles; s10,

are connected by a line, with line thickness indicating strength of re

bins with thinnest lines indicating a value close to the threshold valu

are listed on the left and considered intra-site dispersers. Arrows in

social group member and are considered dispersers. A circle surroun

coalition. A box surrounds individuals who are natal to their socia

resulting in a loss of connection to a majority of other group member
sample and the groups had become dominated by other

breeding adults and their offspring. The remaining 48

individuals were considered to be genuine intra-site

dispersers, 44 of which were nonbreeders in 2007.

Additionally, three instances of potential dispersal coali-

tions were identified, where two or three highly related

individuals dispersed into the same social group and

presumably at the same time (e.g. Fig. 3). One coalition

consisted of two females (extra-site dispersers), one of

two males (intra-site dispersers) and the third contained

two males and one female (intra-site dispersers).

Breeding individuals that disperse are not easily

detected using the genetic method outlined here

because, after they have bred, their genes are quickly

integrated into their new social group through the natal

recruitment of their offspring. However, nonbreeding

dispersers will not be genetically integrated into their

new social group and will therefore provide better

information for dispersal identification and rate calcula-

tion. Our results indicate that of the 182 nonbreeding

adults sampled in 2007, 44 (14 extra-site dispersers and

30 intra-site dispersers) of the 57 females (77%) were

identified as dispersers, whereas only 14 of 125 males

(11%) appear to have dispersed, all of which were

intra-site dispersers (Table 2). Consistent with these

observations that indicate a higher level of female dis-

persal, within-group relatedness estimates for all adults

in a social group for the two sexes were significantly

different to one another. Mean R values for within-

group dyads was 0.30 for males and 0.06 for females
Shape represents social group (e4, circles; s3, upward triangles;

squares). Dyads having above-threshold relationships (R ‡ 0.42)

lationship (values of R assigned to one of seven line thickness

e of R and thickest lines approaching an R value of 1). Isolates

dicate individuals that are not directly connected to any other

ds two dispersers that are closely related, suggesting a dispersal

l group, but the group composition has changed significantly,

s.

� 2012 Blackwell Publishing Ltd



Fig. 4 Proportion of each sex re-sighted in successive years by

age. No females were re-sighted after 2 years of age.
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(Rmale ) Rfemale = 0.24), which exceeded the 95% confi-

dence limits of the random simulations (97.5% quan-

tile = 0.04).
Dispersal estimates using traditional re-sighting data

Between the breeding seasons of 2004 and 2009, 205 of

930 individuals that had been banded as nestlings were

re-sighted in a subsequent year. The sex ratio of re-

sighted 1-year-olds was not different from that of the

total adult sample from 2007 (v2 = 0.77, P = 0.38). How-

ever, of the 68 re-sighted females, 58 were re-sighted

only at age one and the remaining 10 were re-sighted

up to age 2. No females banded as nestlings were ever

re-sighted after their second year (i.e. by this point, they

had either died, dispersed or remained in the area but

were not re-sighted in any subsequent year; Fig. 4).

Conversely, of the 137 re-sighted males at age 1 year,

69% were also re-sighted in their second year, 23%

were re-sighted in their third year and 4% in their

fourth year, figures that presumably reflect both mortal-

ity and dispersal.

Disperser identification was generally concordant

across genetic and re-sighting methods, although the

genetic method identified more dispersing individuals

(Table 2). Within the study area, a total of 35 individu-

als (eight males and 27 females) were identified as dis-

persers on the basis of being re-sighted in a social

group different from that in which they were initially

captured (Fig. 1). Ten of these individuals were
Table 2 Dispersal estimates using genetic data from 2007 (the propo

ing data from 2004 to 2009 (the proportion of individuals that have d

are shown for 1, 2-year old and total dispersers

Genetic* Re-sighting 1 year

Male 11% (N = 125) 3% (N = 137)

Female 77% (N = 57) 32% (N = 68)

*Only includes nonbreeding adults.

� 2012 Blackwell Publishing Ltd
nonbreeders present in 2007 and were also identified as

dispersers using genetic networks (the remaining 25

individuals that were identified as dispersers from the

re-sighting data were not present in focal year of the

molecular analysis or dispersed after 2007). A single

breeding individual that was present in 2007 and identi-

fied as a disperser using re-sighting data was not iden-

tified as a disperser using genetic networks. This

individual had seven offspring sampled in 2007, which

would have obscured the genetic signature of a dis-

perser. All other resident individuals that appeared in

both the re-sighting data and in the 2007 genetic

network analyses were considered residents by both

methods. Overall, estimates of dispersal rates using

re-sighting data were 5.8% for males and 39.7% for

females (Table 2). Most females dispersed in their first

year (82%), whereas half of the dispersing males moved

in their first year and half in their second year

(Table 2). One incidence of a sibling dispersal coalition

involving two females was identified in the re-sighting

data set.
Estimation of dispersal distance

Spatial autocorrelation analyses indicate positive genetic

structure for males up to 750 m using the permutation

test or 500 m using the more conservative bootstrapping

errors (Fig. 5a). For females, positive genetic structure

was only found within social groups using either mea-

sure (Fig. 5b). Dispersal distances calculated from re-

sighting data (Fig. 1) were greater for females (range

1275–7212 m; N = 27) than for males (range 206–

2123 m; N = 8).
Discussion

A clear understanding of dispersal is vital to studies of

evolution and ecology but obtaining this information is

often challenging. Although recapture data have been

used extensively to estimate dispersal rates and dis-

tances, the potential biases associated with these meth-

ods are well known (Colbert 1995; Koenig et al. 1996).

Alternative approaches using genetic data to estimate

dispersal at both the population and the individual
rtion of postdispersal individuals present in 2007) and re-sight-

ispersed during these years). Rates from re-sighted individuals

Re-sighting 2 years Re-sighting total

3% (N = 137) 6% (N = 137)

8% (N = 68) 40% (N = 68)



(a)

(b)

Fig. 5 Correlograms show results of

spatial autocorrelation analyses for

adult males (a) and adult females (b).

Sample sizes shown in parentheses. The

solid line represents the genetic correla-

tion coefficient rc as a function of dis-

tance compared with permuted 95%

confidence intervals (dotted lines) about

the null hypothesis of no genetic struc-

ture. Error bars represent 95% confi-

dence intervals about rc determined by

bootstrapping.
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level are commonplace and have been demonstrated to

work well under particular conditions (Spong & Creel

2001; Berry et al. 2004). However, most dispersal analy-

ses using genetic data require multiple population sam-

ples, which may not be available in long-term studies

of social animals such as cooperative breeders. Spatial

autocorrelation has been used in many studies to

describe dispersal patterns qualitatively (Double et al.

2005; Temple et al. 2006; Ribeiro et al. 2012) and can be

used on a single population sample. Nutt (2008) sug-

gested that kinship analyses might provide a more use-

ful approach to understanding dispersal in social

systems and illustrated how within-group relatedness

analyses could be used to quantify dispersal. In this

study, we have analysed relatedness values between all

individuals sampled in one breeding season (N = 578)

in a single population of chestnut-crowned babblers

and demonstrated how this approach can be used in

conjunction with observational data to estimate sex-spe-

cific dispersal rates and to characterize relationships

between all focal groups sampled across our study site.

Population-wide pairwise analyses, such as were

used here, become increasingly cumbersome as sample

size increases and provide downstream analytical chal-

lenges. For example, in our data set from the focal

breeding season of 2007, a total of 167 331 dyads exist.

To characterize this large number of relationships and

to identify genetic outliers (dispersers), we have taken

the novel approach of analysing relationships within

and between multiple social groups across our study

site and using social networking software to visualize

these genetic relationships. This method not only char-

acterizes exchange between sampled social groups but
also can identify individuals that have emigrated from

outside the study area. To our knowledge, our

approach is the only method capable of identifying dis-

persers originating from outside the sampling area

using a single population sample. While we have

focused on the importance of such a technique to stud-

ies of cooperative breeders, more generally, it would

also be applicable to any animal living in extended fam-

ily groups wherein genetic outliers can be identified.

Sex-biased dispersal is not always correlated with a

sex bias in distance moved (Clarke et al. 1997); how-

ever, in our study, we conclude that both rates of move-

ment and distance moved are greater in females. Using

genetic networks, we identified 15 individuals as extra-

site dispersers, all of which were females and all but

one of which were nonbreeders. Further, most intra-site

dispersers were female. These observations are consis-

tent with other findings from genetic network analyses

(nonbreeding group members are mostly males, closely

related to many other group members), spatial autocor-

relation analyses (higher genetic structure observed

within males compared to females) and direct measures

of dispersal (females move farther than males). There-

fore, this species fits the general pattern in birds of

female-biased dispersal (Greenwood 1980). Interest-

ingly, no evidence of sex-biased dispersal was found in

the grey-crowned babbler (Pomatostomus temporalis)

(Blackmore et al. 2011), the only congener in which this

has been tested.

To accurately identify dispersers, our genetic network

approach must be used judiciously in combination with

behavioural data to overcome potential confounding

issues. These issues are likely to vary across systems
� 2012 Blackwell Publishing Ltd
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through parameters such as longevity, dispersal rates,

sampling intensity, and breeding and reproductive

skew. Individuals that are outliers to the genetic net-

work of a social group could be dispersers, but there

are alternative explanations for this pattern, which need

to be considered in each study. (i) Incomplete sampling.

Intra-site dispersers that were present but unsampled in

previous years might appear to be extra-site dispersers.

Even if sampling is incomplete in any single year, this

problem would be alleviated by sampling across multi-

ple years in situations where the social organization

and microgenetic structure is relatively stable, because

individuals could be networked to their genetic kin that

had been sampled in earlier years. (ii) Sedentary unre-

lated individuals. Individuals who were the sole survi-

vor of a family group that have failed to breed and

produce any direct relatives, and have been subse-

quently joined by other unrelated individuals, would

appear to be intra-site dispersers. In three specific cases,

individuals that were in their natal group and had

remained on their natal territory appeared to be dis-

persers on the basis of molecular data. In each case,

group composition had changed significantly as their

group had been supplemented with a number of out-

siders that had bred successfully and essentially chan-

ged the genetic network around these sedentary

individuals, to the point where they appeared to be the

outsiders. Multi-year behavioural data are required to

eliminate these individuals from the potential pool of

dispersers. Identifying groups where composition has

changed can be informative for the study of group sta-

bility across years and is facilitated by the genetic net-

work approach that visualizes the information nicely.

The degree to which this will be a problem in identify-

ing dispersers will vary with the fluidity and connectiv-

ity of social groups in any particular system. (iii)

Molecular mismatches with relatives. It is also conceiv-

able that a related individual, by chance, might carry a

combination of alleles that result in below average R

values for all intra-family relationships. For example,

here our threshold value of R (0.42) was at a level that

produced a single case (0.5% of real relatives in our test

data) that would have made an individual appear unre-

lated to its close relatives. As we have done, other stud-

ies can easily estimate error rates caused by this

problem. (iv) Reproduction by recent immigrants, or

floaters. In some cases, our method detected offspring

of dispersers that were natal to their social group, but

did not bear the genetic signature of other group-mates.

For example, if a female disperses into a group and the

offspring are fathered by a male from outside the social

group, then the chicks will mismatch with the group

(other than their mother). This could be a problem in

highly promiscuous systems, or where there is a high
� 2012 Blackwell Publishing Ltd
level of extra-group paternity, although eliminating

these chicks from the pool of potential dispersers is

straightforward if behavioural data are available. (v)

Failure to account for dispersal coalitions. In some spe-

cies, siblings disperse in coalitions (Koenig et al. 2000;

Sharp et al. 2008) and we found three instances in the

genetic data set where two or three highly related indi-

viduals dispersed into the same social group

(e.g. Fig. 3) and one instance of a sibling dispersal coa-

lition in the re-sighting data set. It would be more diffi-

cult to identify dispersers in a population using these

methods if the frequency of dispersal coalitions was

high, or the coalitions were large. However, even in

such cases, dispersers are still likely to stand out as

having no other connections within the population

other than to each other. It is possible that the method

presented here will underestimate the frequency of dis-

persal coalitions: in situations where the R value

between individuals in a coalition is below the thresh-

old, these individuals will be identified as dispersers,

but not as members of a coalition. (vi) Accounting for

breeders. Our data suggest that the genetic method of

identifying dispersers that we have demonstrated will

be difficult to use on individuals that have bred,

because after this point, their genes become integrated

into their new social group through their offspring.

However, we have only used genetic networks in a sin-

gle year (2007), and if networks were created across dif-

ferent years, then such individuals would be detected

before the point at which they surround themselves

with genetic offspring and essentially camouflage their

genetic background.

Overall, there are a number of potential issues in any

study wishing to determine dispersal and problems

associated with the approach we have presented will be

context-specific. Importantly, however, these issues can

generally be dealt with effectively by multi-year analy-

ses and by marrying genetic and behavioural data. One

advantage of the genetic method presented here is that

individuals do not need to be recaptured in order to be

detected as dispersers, enabling a higher number of dis-

persers to be identified efficiently compared to conven-

tional mark–recapture approaches. We compared our

genetic estimates of dispersal to the re-sighting data

that were available, which also indicated a female bias

in dispersal of similar proportions, but underestimated

the overall level of dispersal revealed by our genetic

network approach by approximately half. Estimates of

dispersal in most systems have been based on recapture

data, and our results indicate that dispersal in these

populations may be significantly underestimated. In

particular, dispersers emigrating into a study popula-

tion will never be detected as dispersers using recap-

ture data alone, and yet they are clearly identifiable



1738 L. A. ROLLINS ET AL.
using this genetic network approach. Additionally,

because of underlying behavioural differences between

them, it has been shown that philopatric individuals are

more likely to be recaptured than dispersers (Koenig

et al. 1996), again causing a bias that will be alleviated

using the genetic network approach we have demon-

strated.

Nonetheless, re-sighting data provided important

information about the age structure of dispersers in our

population, which genetic networks could not provide.

For example, re-sighting data indicated that the majority

of females are either dispersing and ⁄ or dying between

their first and second year (Fig. 4). The extreme sex bias

towards female dispersers estimated using genetics

(77% of females vs. 11% of males) supports the former;

however, differential mortality is also supported. There

was no significant difference in the sex ratio of nestlings

or juveniles in our study, but the adult population was

significantly skewed towards males. This differential

mortality may be caused by the risks associated with

dispersal or the physiological cost of breeding (Thom-

son et al. 1998); further analyses are required to distin-

guish between the two. It should be noted that the

proportions of dispersers discussed here represent dif-

ferent time frames. Estimates from re-sighting data rep-

resent the proportion of individuals that have dispersed

during the course of our study (2004–2009). Estimates

from genetic networks represent the proportion of post-

dispersal individuals present in 2007. These estimates

do not imply that the remaining individuals will never

disperse; in fact, the age structure information we

gained from re-sighting data (Fig. 4) suggests that all

females either disperse or die before age 3.

We have presented an alternative method for estimat-

ing dispersal using social networking software to ana-

lyse genetic data in a single, intensively studied

population. The importance of using observational data

to inform genetic studies has been stressed in other

studies (Sugg et al. 1996; Double et al. 2005; Harris

et al. 2009; Blackmore et al. 2011; Ribeiro et al. 2012),

and our study also indicates that either observational or

genetic data alone may result in erroneous conclusions.

Many years of dispersal research have been based

solely on mark–recapture data, and our results suggest

that conclusions from such traditional studies regarding

dispersal rates may need to be revisited because they

are likely to be biased towards detecting only short-

range dispersal (i.e. the few individuals that disperse

within the bounds of a study site). We have demon-

strated that our approach is as effective at identifying

both dispersers originating from within and from out-

side of our study site, and this will both improve the

sample size of dispersers and provide an unbiased win-

dow into this important behaviour. In addition, rather
than slowly accumulating evidence of dispersal over

years in real time using re-sighting data, our approach

can provide an effective way of taking a snapshot of

dispersal by identifying all individuals that are genetic

misfits with their social environment. These individuals

will include any disperser that has not reproduced suc-

cessfully. Therefore, this method can be used to accu-

rately identify dispersal across multiple years, when

used in conjunction with pedigree data. Dispersal rates

are likely to be temporally variable and can be influ-

enced by many factors including environmental hetero-

geneity and the quality of the home environment

(Dickinson & McGowan 2005; Baglione et al. 2006). Our

approach provides a logistically feasible way of being

able to capture dispersal estimates (and individual dis-

persers) across multiple years, or population samples,

permitting the study of social and environmental effects

on dispersal rates of this and other cooperative breeders

which live in environments that are often highly sto-

chastic across time (Rubenstein 2011). Finally, as well as

providing an innovative way of identifying dispersers,

our genetic network approach has proved an efficient

and effective way to document and visualize the genetic

and social structure of our species and study popula-

tion. This approach captures the complex social and

genetic landscape in which these highly social animals

live, and is particularly useful for helping to consider

and frame the most appropriate questions and experi-

ments to conduct in future work addressing the impor-

tance of various hypotheses in determining individual

decisions and behaviours.
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Ribeiro ÂM, Lloyd P, Feldheim KA, Bowie RCK (2012)

Microgeographic socio-genetic structure of an African

cooperative breeding passerine revealed: integrating

behavioural and genetic data. Molecular Ecology, 21, 662–672.

Ritland K (1996) Estimators for pairwise relatedness and

inbreeding coefficients. Genetical Research, 67, 175–186.

Rubenstein DR (2011) Spatiotemporal environmental variation,

risk aversion, and the evolution of cooperative breeding as a

bet-hedging strategy. Proceedings of the National Academy of

Sciences, 108, 10816–10822.

Santure AW, Stapley J, Ball AD et al. (2010) On the use of large

marker panels to estimate inbreeding and relatedness:

empirical and simulation studies of a pedigreed zebra finch

population typed at 771 SNPs. Molecular Ecology, 19, 1439–1451.

Sharp SP, Simeoni M, Hatchwell BJ (2008) Dispersal of sibling

coalitions promotes helping among immigrants in a

cooperatively breeding bird. Proceedings of the Royal Society B:

Biological Sciences, 275, 2125–2130.

Shorey L, Piertney S, Stone J, Hoglund J (2000) Fine-scale genetic

structuring on Manacus manacus leks. Nature, 408, 352–353.

Silk JB (2005) Practicing Hamilton’s rule: kin selection in

primate groups. In: Cooperation in Primates and Humans:

Mechanisms and Evolution (eds Kappeler P and van Schaik C),

pp. 25–46. Springer, New York.

Slatkin M (1987) Gene flow and the geographic structure of

natural populations. Science, 236, 787–792.

Smouse PE, Peakall R (1999) Spatial autocorrelation analysis of

individual multiallele and multilocus genetic structure.

Heredity, 82, 561–573.

Solomon NG, French JA (1997) Cooperative Breeding in

Mammals. Cambridge University Press, Cambridge.

Spong G, Creel S (2001) Deriving dispersal distances from

genetic data. Proceedings of the Royal Society of London. Series

B: Biological Sciences, 268, 2571–2574.

Stacey PB, Koenig WD (1990) Cooperative Breeding in Birds:

Long-Term Studies of Ecology and Behavior. Cambridge

University Press, Cambridge.

Sugg DW, Chesser RK, Dobson SF, Hoogland JL (1996)

Population genetics meets behavioral ecology. Trends in

Ecology & Evolution, 11, 338–342.

Temple HJ, Hoffman JI, Amos W (2006) Dispersal, philopatry

and intergroup relatedness: fine-scale genetic structure in the

white-breasted thrasher, Ramphocinclus brachyurus. Molecular

Ecology, 15, 3449–3458.

Thomson DL, Monaghan PAT, Furness RW (1998) The

demands of incubation and avian clutch size. Biological

Reviews, 73, 293–304.
Votier SC, Hatchwell BJ, Beckerman A et al. (2005) Oil

pollution and climate have wide-scale impacts on seabird

demographics. Ecology Letters, 8, 1157–1164.

Wang J (2002) An estimator for pairwise relatedness using

molecular markers. Genetics, 160, 1203–1215.

Wang J (2006) Informativeness of genetic markers for pairwise

relationship and relatedness inference. Theoretical Population

Biology, 70, 300–321.

Wang J (2007) Triadic IBD coefficients and applications to

estimating pairwise relatedness. Genetical Research, 89, 135–

153.

Wang J (2011) coancestry: a program for simulating, estimating

and analysing relatedness and inbreeding coefficients.

Molecular Ecology Resources, 11, 141–145.

Webster MS, Marra PP, Haig SM, Bensch S, Holmes RT (2002)

Links between worlds: unraveling migratory connectivity.

Trends in Ecology Evolution, 17, 76–83.

Wilson GA, Rannala B (2003) Bayesian inference of recent

migration rates using multilocus genotypes. Genetics, 163,

1177–1191.

Wright S (1951) The genetical structure of natural populations.

Annals of Eugenics, 15, 323–354.

L.R. is a molecular ecologist interested in dispersal and the use

of genetic analyses in understanding contemporary population

dynamics. L.B., J.S. and A.R. are behavioural ecologists inter-

ested in the evolution of cooperation and sociality. C.H.’s

research interests include the evolution of sex chromosomes,

reproduction-related traits and behaviour. S.G. is an evolution-

ary ecologist working on the evolution of mating systems and

life history variation in birds.
Data accessibility

Genotype and population allele frequency data: DRYAD entry.

doi:10.5061/dryad.52t0d4qm.
Supporting information

Appendix S1 Methods.

Table S1 Pairs of loci having significant results in linkage dis-

equilibrium tests.

Table S2 Correlation coefficients for comparisons between val-

ues of relatedness from pedigrees (r) and genetic estimates of

relatedness (R).

Please note: Wiley-Blackwell are not responsible for the content

or functionality of any supporting information supplied by the

authors. Any queries (other than missing material) should be

directed to the corresponding author for the article.
� 2012 Blackwell Publishing Ltd


