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Abstract

Cultural transmission of migratory traditions enables species to deal with their environ-

ment based on experiences from earlier generations. Also, it allows a more adequate and

rapid response to rapidly changing environments. When individuals break with their

migratory traditions, new population structures can emerge that may affect gene flow.

Recently, the migratory traditions of the Barnacle Goose Branta leucopsis changed, and

new populations differing in migratory distance emerged. Here, we investigate the popu-

lation genetic structure of the Barnacle Goose to evaluate the consequences of altered

migratory traditions. We used a set of 358 single nucleotide polymorphism (SNP) mark-

ers to genotype 418 individuals from breeding populations in Greenland, Spitsbergen,

Russia, Sweden and the Netherlands, the latter two being newly emerged populations.

We used discriminant analysis of principal components, FST, linkage disequilibrium and

a comparison of geneflow models using MIGRATE-N to show that there is significant popu-

lation structure, but that relatively many pairs of SNPs are in linkage disequilibrium,

suggesting recent admixture between these populations. Despite the assumed traditions

of migration within populations, we also show that genetic exchange occurs between all

populations. The newly established nonmigratory population in the Netherlands is char-

acterized by high emigration into other populations, which suggests more exploratory

behaviour, possibly as a result of shortened parental care. These results suggest that

migratory traditions in populations are subject to change in geese and that such changes

have population genetic consequences. We argue that the emergence of nonmigration

probably resulted from developmental plasticity.
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Introduction

Long-distance migration, in which individuals travel

seasonally between breeding and nonbreeding locations,

is a widespread phenomenon (Milner-Gulland et al.
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2011) and can be found in species ranging from insects

to birds to mammals. The mode of transmission of

migratory behaviour plays a crucial role in the evolu-

tion of migration and in how migration changes in

response to environmental change. Generally, there are

two distinct modes of transmission of migration

(Sutherland 1988), genetic (e.g. Helbig 1991; Pulido &

Berthold 2010) and cultural (Sutherland 1998; Guttal &

Couzin 2010).

In the case of culturally transmitted migration, social

or kin groups follow a migratory route acquired by

tradition (Raveling 1979; Nelson 1995; Palac�ın et al.

2011) or selected by majority decisions (Prins 1996).

Offspring generally travel where their parents have

travelled and breed where they were born (Van der

Jeugd et al. 2002). Traditions and natal philopatry can

limit gene flow between colonies or populations,

thereby increasing the rate of divergence (Friesen et al.

2007; Riesch et al. 2012). Culturally transmitted migra-

tion is widespread and is especially prominent in long-

lived species because longevity allows an individual to

profit from acquired information. Learning from par-

ents is especially beneficial, as their behaviour demon-

strably produced offspring and was thus successful.

Overlapping generations and a relatively stable envi-

ronment (McNamara & Dall 2011) are a prerequisite

for cultural transmission. The more generations over-

lap, the greater the benefit for individuals that learn

migration (or any other behaviour) culturally as

compared to individuals that do not, because there are

more informed generations available for naive

individuals.

Migratory routes or schedules are, however, by no

means fixed/unalterable across generations (Berthold &

Helbig 1992; Pulido 2007), and in both genetic and cul-

tural transmissions, mechanisms have evolved that

allow for changes in migratory behaviour. Interestingly,

those species able to adjust their migratory behaviour

rapidly are the ‘cultural’ migrants (Sutherland 1998) as

traditions change more quickly than genes. A change in

migratory tradition can result in the emergence of new

migratory routes or new populations, and the question

arises how a change in migration tradition affects the

population genetic structure of a species. We expect

that the discovery of novel breeding areas or migratory

routes (and subsequent establishment of new breeding

populations) may lead to genetic differentiation due to

subsequent natal philopatry, whereas the mixing of pre-

viously (culturally) separated breeding areas or flyways

may lead to population admixture. Here we study how

a change in migratory traditions affected the popula-

tion genetic structure of a long-distance migrant, the

Barnacle Goose Branta leucopsis, which has gone

through several major changes in migration.

In geese, parental care extends up to nearly a year.

These close family bonds and cultural inheritance of

migratory behaviour are assumed to have caused ‘the

closest kind of inbreeding’ (Mayr 1942 p.242) among Arctic

or sub-Arctic birds, with the emergence of many differ-

ent races as a result (Mayr 1942; Hochbaum 1955; Kear

1970; Baker 1978; Owen 1980). An example of this

mechanism of cultural transmission is that of the lesser

white-fronted goose Anser erythropus. Eggs of this spe-

cies were placed in nests of barnacle geese upon which

the young adopted the migration strategy of their foster

parents (Von Essen 1991). Recently, the migration sys-

tem of the Barnacle Goose has gone through a number

of striking changes. In the middle of the twentieth cen-

tury, there were three Arctic breeding populations

(Greenland, Spitsbergen and Russia) with distinct fly-

ways (Fig. 1). The Arctic populations have rapidly

increased and expanded their breeding ranges within

the Arctic over the past few decades (Fox et al. 2010).

New breeding colonies established on Gotland, Sweden,

in the 1970s (Larsson et al. 1988). Later in the 1980s and

1990s, the number of colonies increased in the Baltic

region as well as in the southwest of the Netherlands in

the 1980s. The populations breeding in Russia, Sweden

and the Netherlands all winter mainly in the Nether-

lands. Additionally, the barnacle geese migrating from

the Netherlands to Russia have since the 1990s delayed

their commencement of spring migration by approxi-

mately one month, although there was considerable vari-

ation in commencement of migration before the 1990s

already. The cause of this delay is subject to debate as

both competition for food (Eichhorn et al. 2008) and

predation danger (Jonker et al. 2010) are proposed.

Recently, the population wintering in Scotland and

breeding on Spitsbergen have also started to delay the

commencement of spring migration (Loonen et al.

unpublished data). This delay in migration has the

potential to affect the cultural transmission of migratory

behaviour, possibly causing the establishment of new

migration routes or breeding areas. Here, we study the

consequences of these dramatic changes in migratory

behaviour on the population genetic structure of the

Barnacle Goose. We use genetic samples from the five

main global populations, and we make use of the avail-

ability of a new set of 358 single nucleotide polymor-

phism (SNP) markers with genomewide coverage

(Jonker et al. 2012b).

Materials and methods

Study populations and sampling

We used previously collected samples of the five main

populations of the Barnacle Goose: Greenland (GL),

© 2013 John Wiley & Sons Ltd
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Spitsbergen (SP), Russia (RU), Sweden (SE) and the

Netherlands (NL). The Swedish and Russian popula-

tions use the Netherlands as wintering area, but mainly

use the north of the Netherlands for wintering, whereas

the Dutch population mainly uses the southwest of the

Netherlands as breeding area. All samples were col-

lected at the breeding site during the moult after breed-

ing, and the vast majority of individuals were sampled

as adult (388 of 418). For Greenland, tissue samples col-

lected from the foot sole were used. These were col-

lected in the 1970s and were obtained from the

collection of the Zoological Museum in Amsterdam. For

all other populations, we used ethanol-preserved

whole-blood samples.

Samples from Spitsbergen were collected in 2007 from

the colonies near Nordenskioldkysten, Ny-�Alesund and

Longyearbyen. Russian samples originated from the

colony of the Kolokolkova Bay near Tobseda (Van der Je-

ugd et al. 2003) and were collected in 2007 and 2008.

Swedish samples were collected from the Gotland popu-

lation (Larsson et al. 1988) in 2009. Samples from the

Netherlands were collected in the Krammersche Slikken

in 2007 and 2008 (Table 1). All samples were collected

following national and institutional rules. Because

barnacle geese have an average life expectancy of

8–15 years (depending on population), the collected sam-

ples represent a cross-section from these populations

covering up to one decade before the moment of sam-

pling. We isolated DNA using Proteinase-K and the Gen-

tra Systems Puregene DNA purification kit, described in

detail elsewhere (Kraus et al. 2011a; Jonker et al. 2012b).

We used the Illumina Golden Gate� genotyping

assay on an Illumina� BeadXpress with VeraCodeTM

technology to genotype each individual for 384

single nucleotide polymorphisms (SNPs) (Jonker et al.

2012b) and the program Genome Studio (Illumina

Inc.) for allele calling (clustering) for each SNP

individually.

General population genetic analyses

We tested all SNP markers for deviation from Hardy–

Weinberg equilibrium (HWE) in each population sepa-

rately using the package Adegenet 1.2-8 (Jombart 2008)

in R (R Development Core Team 2013). We calculated

pairwise FST for all populations with pp.fst from the

package hierfstat (Goudet 2005) in R. We tested the sig-

nificance of these observed FST values using a bootstrap

procedure using 100 000 bootstraps using boot.ppfst

from the same package and calculated 95% confidence

intervals of these FST values.

Discriminant analysis of principal components

We used discriminant analysis of principal components

(DAPCS) (Jombart et al. 2010) to analyse the popula-

tion structure. This method allows identification of

genetic clusters and unravelling complex population

Table 1 Overview of origin of samples of individuals

Location Lat/lon Number of individuals

Greenland 70.4° N/22.3° W 5

Spitsbergen 78° N/12° E 117

Russia 70° N/50° E 107

Sweden 57.27° N/18.45° E 55

The Netherlands 51.6° N/4.2° E 134

Fig. 1 Map of Barnacle Goose populations.

Colours correspond with the colours in

the other figures. The separate migratory

flyways are indicated in grey.
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structures. Because DAPC is not sensitive to underlying

family structures, we did not remove related individuals

from the analysis. We used the percentage of successful

assignment as a measure of group differentiation, cor-

rected for the number of retained principal components

(function a.score in R-package Adegenet version 1.3-5).

Because using too many principal components leads to

overfitting of the model, the successful assignment is

corrected for the number of principal components. We

determined the optimal number of retained principal

components using the function optim.a.score (with 20

simulations per principal component). In our study, we

retained 50 principal components cumulatively explain-

ing 45% of the variance.

We ran two DAPC analyses. First, we assigned each

individual a priori to its population of origin (a priori

population assignment) and obtained for each individ-

ual the probability of assignment to their populations of

sampling. This allowed us to test which of the prior

populations an individual could be assigned to best

and showed us whether individuals recently moved

from one population to another, indicating admixture.

Thereafter, we used the find.clusters function, to deter-

mine the number of clusters and assign each individual

to a cluster without providing any a priori population

assignment. Similar to the a priori population assign-

ment, we then obtained a probability of assignment to

each cluster for each individual a posteriori (a posteriori

population assignment). This removes the effect of

assigning populations a priori on the eventual assign-

ment to clusters and offers an unbiased interpretation

of population structure.

Linkage disequilibrium

We used COANCESTRY (Wang 2011), with standard set-

tings unless mentioned differently, to calculate related-

ness between all individuals in our data set. Of the

pairs that had relatedness higher than 0.2, we randomly

removed one individual to remove possible family sub-

structure from the data set. Then we tested for each

pair of SNPs whether there was significant linkage dis-

equilibrium using LD from the R-package Genetics

(Warner & Leisch 2002) to estimate ‘D’. Only those

markers polymorphic within each population were

tested. Bonferroni correction for multiple pairwise com-

parisons thus resulted in a different P-value threshold

(0:05= n�ðn�1Þ
2

� �
, with n being the number of polymor-

phic loci) per population because in some populations,

more SNPs were polymorphic than in others. To test

for physical linkage as explanation for linkage disequi-

librium, we have mapped the LD pairs on the genome

(SNP positions as inferred from comparisons with the

chicken genome, for details see Jonker et al. (2012b)) to

see how many of the LD pairs were within and

between chromosomes. To test for inbreeding as a cause

for LD, we calculated the average inbreeding coefficient

using dyadic maximum-likelihood estimator (DyadML)

(Milligan 2003) using COANCESTRY, which was lower

than 0.06 for all populations.

GeneFlow model selection

We used the program MIGRATE-N (Beerli 2009) to com-

pare different models of gene flow among the popula-

tions (Beerli 2012) to test different scenarios on the

evolution of migratory flyways of the Barnacle Goose

and obtain insight into whether some populations have

stronger traditions (i.e. lower relative emigration) or are

difficult to immigrate into because of differences in life

history. We excluded samples from Greenland in these

analyses because they were collected before the Swed-

ish and Dutch populations emerged, which makes infer-

ence of gene flow between these populations from

present-day data questionable.

We defined seven candidate models constraining the

presence and directionality of gene flow between the

four populations: Spitsbergen, Russia, Sweden and

the Netherlands. Model 1 allowed gene flow between

all possible population pairs (full island model). In

model 2, there was no gene flow between Spitsbergen

and any other population, except to and from the Neth-

erlands. Two-way gene flow was possible among Rus-

sia, Sweden and the Netherlands. Model 3 was similar

to model 2, but did not allow gene flow from Spitsber-

gen to the Netherlands. Model 4 reflects the situation

before the emergence of the additional populations in

the 1970s. At that time, only the Russian and Spitsber-

gen (and Greenland) populations were present, which

are assumed to have had some exchange. From the Rus-

sian population, the Swedish and Dutch populations

emerged, which is reflected in our model by allowing

gene flow between these populations. Model 5 is differ-

ent from model 4 in that there is no direct gene flow

from Russia to the Netherlands. This model represents

the situation that there is gene flow between Russia and

Sweden, and between Sweden and the Netherlands.

Model 6 reflects gene flow between Russia and the

Netherlands and Sweden, without allowing any gene

flow between Sweden and the Netherlands. In model 7,

one-way gene flow from the Netherlands to Sweden is

added to those possible in model 6 (Table 4 and Fig. S1

(Supporting information) for a visual representation of

the seven models).

We compared the models using Bayes factors (Beerli

& Palczewski 2010; Beerli 2012), which are marginal

likelihoods over the complete parameter range (Newton

& Raftery 1994). We ranked the Bayes factors of all

© 2013 John Wiley & Sons Ltd
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models using:

BF ¼ e
HMmodeli

�HMmodelj

� �

in which model i is the model with the lowest harmonic

mean (HM) of the marginal likelihood and model j is

each of the other models. This difference between two

harmonic means is denoted as dHM (Table 4). Subse-

quently, we calculated the probability of each model

using

Probmodeli ¼
mLmodeliPn
j mLmodelj

in which mLmodeli is the maximum likelihood of modeli
and

Pn
j mLmodelj is the sum of the maximum likelihoods

of all the other models.

Results

The number of polymorphic SNPs for the entire sample

(all populations combined) was 358. In the Greenland

samples, only 282 SNPs were polymorphic, whereas the

other populations had more than 350 polymorphic

SNPs. The vast majority of polymorphic SNPs did not

deviate significantly from Hardy–Weinberg equilibrium

(GL: 100%, SP: 96%, RU: 95%, SV: 98%, NL: 95%,

a = 0.05). Calculations of pairwise FST values reveal sig-

nificant population structure. Although the FST values

are low (between 0.006 and 0.035), they are significantly

different from 0 (Table 2). The FST analyses show that

Greenland is most separated from the other populations

with values ranging from 0.028 to 0.034. However, the

confidence intervals of these estimates are much larger

compared with those from other populations, so we

need to be cautious with such conclusions because of

the low sample size of this population. The Spitsbergen

population is least differentiated from the Russian pop-

ulation (Fig. 2, FST = 0.020) and equally differentiated

from the Swedish and Dutch populations (Fig. 2, FST,

respectively, 0.026 and 0.027). The Swedish population

and the Russian population are the two least differenti-

ated populations with an FST of 0.006. The FST values

from the Dutch population indicate that the Russian

and Dutch populations are similarly differentiated

(FST = 0.015) compared with the Dutch and Swedish

populations (FST = 0.018).

Discriminant analysis of principal components

The DAPC analysis, which explained 45% of the variance

in our data of prior clusters, confirms the presence of

the genetic structure as indicated by the FST analysis.

Both the FST values and the PCA plot indicate that

Spitsbergen is relatively differentiated from the other

populations. Furthermore, these results show that

Sweden and Russia are closer to each other than to the

Dutch cluster (Fig. 3A). The probability of assignment

of individuals to their original sampling locality

(Fig. 4A) shows that the individuals from Greenland

were all assigned to the Greenland clusters with proba-

bilities close to 1. For Spitsbergen, most individuals (113

of 117) were assigned to the Spitsbergen cluster, but

some individuals had a high probability of being

assigned to the Russian genetic cluster (3 of 117). In the

Russian population, most individuals had the highest

probability of being assigned to the Russian cluster (93

of 107), but a relatively large proportion of individuals

show a substantial probability (>0.3) of assignment to

the Dutch (5 of 107) and Swedish clusters (8 of 107).

The results for the Swedish population show that most

were assigned to Sweden (42 of 55), and many of the

individuals were assigned to the Russian (8 of 55). Also,

there were a number of individuals for which the prob-

ability of assignment to Sweden and Russia differed lit-

tle (3 of 55). Only few Swedish individuals had high

probabilities of assignment to the Dutch cluster (2 of

55). Of the Dutch population, most individuals (124 of

134) were assigned with high probabilities to the Dutch

cluster, and number of individuals had high assignment

probabilities to the Russian cluster (10 of 134). Only

very few individuals (2 of 134) had some assignment

probability (>0.3) to the Swedish genetic cluster.

The a posteriori DAPC analysis (Fig. 3B and 4B) shows

that most individuals (111 of 117) of the Spitsbergen

population were assigned to the same cluster (cluster

2), where the ones assigned to other clusters were also

Table 2 FST values between population pairs. All calculated FST values were significant at the P < 0.0001 threshold. Values in

between brackets indicate the lower and upper 95% confidence limits

Greenland Spitsbergen Russia Sweden

Greenland —

Spitsbergen 0.029 (0.016–0.043) —
Russia 0.028 (0.015–0.043) 0.020 (0.016–0.023) —

Sweden 0.035 (0.020–0.051) 0.026 (0.021–0.031) 0.006 (0.004–0.008) —
Netherlands 0.035 (0.021–0.049) 0.027 (0.022–0.031) 0.015 (0.012–0.017) 0.018 (0.014–0.021)

© 2013 John Wiley & Sons Ltd
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assigned to other populations in the a priori assignment

procedure. The individuals of the Russian and Swedish

population were also assigned mostly to one cluster

(cluster 1, 147 of 162). Cluster 6 consists of individu-

als originating from Russia (4), Sweden (7) and the

Netherlands (69). Most remaining individuals (45) from

the Netherlands are assigned to clusters 3, 4 and 5.

These clusters contain, except for one Swedish individ-

ual, no individuals from other populations than the

Dutch population.

Linkage disequilibrium

We detected linkage disequilibrium between SNPs in

all but the Greenland population. The absence of LD in

the Greenland population is probably due to low sam-

ple size. In the Spitsbergen population, 63 pairs of SNPs

(0.05%) showed linkage disequilibrium. Also in the Rus-

sian population (40 pairs, 0.03%), the Swedish popula-

tion (33 pairs, 0.03%) and the Dutch population (130

pairs, 0.10%), a higher proportion of SNPs than would

be expected by chance were in linkage disequilibrium

(Table 3). Of the 247 unique LD pairs, 45 were within
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tions. Cluster 2 corresponds largely with Spitsbergen and cluster 1 corresponds to Russia and Sweden together. In cluster 6, individ-

uals from all populations are present, but mainly from the Netherlands; clusters 3, 4 and 5 almost completely consist of individuals

from the Netherlands. The colours in Fig. 3A correspond with the colours in Fig. 4A, and the colours of Fig. 3B correspond with the

colours of Fig. 4B. The bar graph insets indicate the amount of variance explained by the two discriminant eigenvalues used for plot-
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chromosomes. The median distance between these

within chromosome LD pairs was 2.7 Mb (Fig. S2–S6,

Supporting information).

Migration rate model comparison

Our comparison of candidate models of gene flow

between populations showed that the full geneflow

model (model 1) fitted our data best (Table 4). The large

difference in harmonic mean of the marginal likeli-

hood between the models results in a probability of

1 (1–0.1*10�27) for this model. Hence, we further only

report results for model 1. For convenience, we scaled

all geneflow measures relative to the smallest, which is

MSE?SP (Migration from Sweden (SE) to Spitsbergen

(SP), unscaled M: 922). Consequently, all further conclu-

sions from this analysis are based on relative differ-

ences in gene flow. A number of patterns become clear

from these geneflow measures (Fig. 5). The geneflow

measures to Sweden (MSP?SE, MRU?SE, MNL?SE) are all

relatively high (average: 2.08), whereas the geneflow

measures from Sweden are relatively low (average:

1.17). For the Netherlands, the pattern is the opposite.

The geneflow measures to the Netherlands (MSP?NL,

MRU?NL, MSE?NL) are relatively low (average: 1.30),

whereas the geneflow measures from the Netherlands

are relatively high (average: 1.93). The geneflow mea-

sures from Spitsbergen (MSP?RU, MSP?SE, MSP?NL) are

relatively higher (average: 1.75) than geneflow measures

to Spitsbergen (average: 1.43). Finally, the geneflow

measures from Russia (MRU?SP, MRU?SE, MRU?NL) are

similar (average 1.53) to the geneflow measures to

Russia (average: 1.57).

Discussion

Our FST analysis and the structure analysis of the DAPC

show that the five populations of barnacle geese are
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Table 3 Number of pairs of markers in linkage disequilibrium

(LD) and associated P-value thresholds (0.05/((n*n-1)/2)) for

LD. The number of polymorphic SNPs in each population is n.

The number of individuals is the number that remained in the

analysis after removing the closely related individuals

Nr of pairs

in LD

P-value

threshold n (SNPs)

# of

individuals

Greenland 0 1.262E-06 282 5

Spitsbergen 63 8.048E-07 353 112

Russia 40 8.002E-07 354 103

Sweden 33 8.140E-07 351 49

Netherlands 130 8.094E-07 351 79
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differentiated populations. However, the presence of

linkage disequilibrium among a number of the SNPs

suggests admixture (Hartl & Clark 2007) between the

populations. The alternative explanations for linkage

disequilibrium, physical linkage, low recombination rate

or selection for particular SNPs, are unlikely to explain

this. Because the minimum physical distance between

the SNPs ranged from a 100–200 kb (Jonker et al. 2012b),

it is unlikely this could have caused linkage disequilib-

rium, which is also shown by the distance between

LD pairs within chromosomes (Fig. S6, Supporting

information). Differences in recombination rates

between the populations are unlikely, and linkage dis-

equilibrium caused by selective sweeps would have

resulted in a nonrandom pattern of distribution of LD

pairs over the genome, which is not the case (Fig. S2–S5,

Supporting information). Linkage disequilibrium in the

Spitsbergen population could potentially have been

caused by small population size in the past, while link-

age disequilibrium in the Dutch and Swedish popula-

tions could have been caused by small populations of

founders. In the Russian population, such a cause is

Table 4 Bayes factors model comparison of migration models

Model Model parameters Harmonic mean (HM) dHM Probability

Model 1 **** **** **** **** �5899 0 1

Model 2 *00* 0*** 0*** **** �7428 �1530 0

Model 3 *00* 0*** 0*** 0*** �6537 �639 0

Model 4 **00 **** 0*** 0*** �7076 �1177 0

Model 5 **00 ***0 0*** 00** �8178 �2279 0

Model 6 **00 **** 0**0 0*0* �8191 �2293 0

Model 7 **00 **** 0*** 0*0* �7819 �1920 0

In this model comparison, four populations were used: (i) Spitsbergen, (ii) Russia, (iii) Sweden, (iv) the Netherlands. Model parame-

ters code as follows: the first four signs indicate migration to the first population from populations 1, 2, 3 and 4. The second four

signs indicate migration to the second population from 1,2,3 and 4. The first sign of the first quartet and the second of the second

quartet indicate estimation of theta for populations 1, 2, etc. An asterisk indicates that that particular migration rate was estimated

by the model, and a 0 indicates that no migration was allowed. For example, for model 2: no migration from Russia and Sweden to

Spitsbergen was estimated, and no migration from Spitsbergen to Russia and Sweden was estimated. For each model, we used 4

heated chains with 1, 1.5, 3, 1 000 000 heating scheme. The sampling increment in the prior was set to 20, the number of steps dis-

carded (burn-in) was 2.000.000, and the number of steps analysed was 5.000. Prior thetas were generated from a uniform distribution

ranging from 0 to 15, and prior migration rates were generated from a uniform distribution ranging from 0 to 4000. These settings

resulted in converged posterior distributions with a clear maximum for each estimate (Supplementary File 1 for model 1).
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unlikely because of the large population size in the past.

However, our explanation of admixture is consistent

with the assignment probabilities in the DAPC analysis

that showed that in most populations a considerable

number of individuals have a high assignment probabil-

ity to a population different from their sampling popula-

tion and with the gene flow estimated by MIGRATE-N.

These findings suggest that over the past few genera-

tions, individuals have moved from one population to

another, which implies that a number of individuals

broke with their migratory traditions. We argue that

this is a recent event, because otherwise linkage dis-

equilibrium would already have disappeared. Evidence

for recent population exchange via dispersal also comes

from (sparse) data of ring recoveries. Based on ring

recoveries, exchange rates between the Spitsbergen and

Greenland populations were estimated at (0.0010 and

0.0011 (probability of dispersal to destination popula-

tion, taking into account source population specific sur-

vival and recapture probabilities, see for more details

Black et al. 2007), but most individuals that dispersed

(40–90%) returned to their population of origin after

one or several years (Black et al. 2007). The probability

for a Russian individual immigrating into the Spitsber-

gen population was much lower at 0.00014 and 0.0008

in the other direction, with fewer birds returning

(9–39%). No evidence for exchange between the Russian

and Greenland populations based on resightings was

found (Black et al. 2007). These data illustrate that dis-

persal events occur, creating opportunities for interpop-

ulation breeding pairs to establish. Our genetic analysis

allow for much more fine-grained analysis of exchange

rates between populations than based on ring resigh-

tings and suggest that exchange rates are generally

higher than previously assumed.

Both the DAPC analysis and the FST analysis showed

that the genetic distance between the Spitsbergen popu-

lation and the Russian, Swedish and Dutch populations

is larger than among the last three populations, with

the Russian population being closest to Spitsbergen of

these three. This suggests that the Swedish and Dutch

population recently diverged from the Russian popula-

tion. Moreover, the result that the FST between Russia

and Sweden is the smallest of all pairwise comparisons

indicates that most exchange of individuals occurs

between Russia and Sweden. This is also supported by

the DAPC analysis, which shows that many birds sam-

pled in Sweden have a high probability of being

assigned to the Russian population. During wintering

in the Netherlands, individuals from the Russian and

Swedish populations mainly reside in the north of the

Netherlands, while individuals from the Dutch popula-

tion mainly reside in the south as indicated from the

ring recoveries (Jonker et al. 2012a). This could explain

the strong connection between the Swedish and Russian

populations. Van Der Jeugd & Litvin (2006) documented

long-distance dispersal from the Baltic based on ring

resightings and recoveries and estimated that 6.6% of all

Baltic juveniles dispersed over long distances, mainly to

the Russian population.

At the same time, the three identified groups of Dutch

barnacle geese in the a posteriori DAPC analysis may lead

one to believe that minor mixing with individuals of a

captive origin (Lensink 1996), or possibly hybridisation

with cackling geese Branta hutchinsi (HvdJ pers obs)

have occurred. If this were the case, however, the FST
between the Dutch population and the other popula-

tions would be expected to be higher than FST values

among the other populations. In either case, this popula-

tion structure within the Dutch population is an interest-

ing observation that warrants further research in the

future.

Additionally, our MIGRATE-N analysis indicates that a

full island model (bidirectional gene flow between all

populations) is best supported, while dispersal between

all populations, and especially between the three fly-

ways, is very unlike traditionally inherited migration

systems (Mayr 1942; Anderson et al. 1992). The

exchange between the flyways could in time lead to a

pattern of general lack in flyway structure already pres-

ent in Mallard Anas platyrhynchos (Kraus et al. 2011b,

2013) depending on overall migration rates. The rela-

tively large emigration from and low immigration to

the Netherlands suggests high exploration rates for

individuals from this population and a certain con-

straint to immigrate into this population. Potentially,

the difference in seasonally migratory behaviour of the

Dutch population, as compared to all the others (the

Dutch population is the only nonmigratory population),

reduces the chance of settling permanently in the Dutch

population, because adults who already adopted a

migratory tradition may not be likely to lose it. Further,

population differences in the timing of breeding and

moult (Van der Jeugd et al. 2009) may reduce the fitness

of individuals that settle into a new population because

these events can have strong fitness consequences (Prop

et al. 2003), and individuals have shown to not easily

adjust the timing of moult (Loonen & Follestad 1997).

The seemingly high emigration rate from the Dutch

population could be caused by the very short duration

of parental care in this nonmigratory population (Jonker

et al. 2012a). Whereas parents in the (migratory) Russian

population provide parental care until approximately

early March, the parents in the (nonmigratory) Dutch

population provide parental care only until the end of

November. As juveniles are suggested to venture on

exploratory trips after being released from the family

(Baker 1978), this increases the exploratory potential for
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the Dutch population. Because linkage disequilibrium

due to admixture disappears very rapidly (halving each

generation), our results suggest that this mixing did not

start longer than a few generations ago, which fits the

timescale of the behavioural changes in migration and

parental care duration (Jonker et al. 2010, 2011). More-

over, the convergence of populations, resulting from the

reduced cultural transmission of migration, probably

reversed the ongoing differentiation of populations

caused by the strong natal philopatry and conserva-

tism of migratory traditions in populations. This race-

forming is thought to be exceptionally high in geese

(Mayr 1942), although the genetic consequences of

migratory traditions have been rarely studied in detail

and on the large spatial scale as in our study. Harrison

et al. (2010) studied whether the strong natal philopatry

affected the dispersal distance between parents and off-

spring within one flyway of the light-bellied brent geese

Branta bernicla hrota. They show that dispersal distances

were indeed smaller than expected based on random

dispersal distances, confirming natal philopatry. Subse-

quently, among 1127 individuals, there was no apparent

population structure, in contrast to what they expected

based on natal philopatry and dispersal distances.

Although a large part of their individuals studied

hardly dispersed from the natal area, there was a long

tail in the distribution of dispersal distances, which

would explain the lack of population structure in their

analysis. This suggests that only few broken traditions

can make a population appear panmictic, a phenome-

non compatible with the often quoted ‘one migrant per

generation’ rule (Mills & Allendorf 1996). Similarly, a

study on lesser kestrels Falco naumanni that combined

capture–recapture and genetic analysis using microsat-

ellites showed that very small-scale natal philopatry

(<100 km) did not lead to genetic differentiation

(Alcaide et al. 2009). Contrastingly, in greater snow

geese Chen caerulescens atlantica, it was shown, using

AFLP markers, that even on this small spatial scale,

genetic differentiation occurred as a result of natal

philopatry (Lecomte et al. 2009).

An important aspect in understanding gene flow

between goose populations is the pair formation in

winter. As the individuals in our study from the

Russian, Swedish and Dutch populations winter in

the Netherlands, there is considerable potential for

exchange between these populations. Pairs between

individuals from the same population will be most

common as barnacle geese prefer to mate with individ-

uals familiar from earlier in life (Choudhury & Black

1994). However, pair formation with unfamiliar mates

can and does occur (Kurvers et al. 2013). Because of the

strong female natal philopatry in geese (Van der Jeugd

et al. 2002), a male from another population is most

likely to accompany its new mate to her population.

Interestingly, Lecomte et al. (2009) showed that in

greater snow geese, distances of 10–30 km at the rearing

site resulted in differentiation even though the pairing

took place almost 3000 km away, indicating that pair-

ing mostly occurred between individuals of the same

rearing site.

Changes of traditions in populations have been

reported before, but not always have population genetic

consequences. In herring Clupea harengus, the removal

of adult individuals as a result of overfishing caused

young individuals to explore new spawning grounds,

whereas they would normally spawn at the traditional

locations used by the older individuals (Corten 2002).

The spawning ground was the tradition, and hatched

larvae disperse easily, after which young herring join

existing schools (McQuinn 1997). Consequently, the loss

or acquisition of traditions would not likely have popu-

lation genetic consequences. Also, in Canada geese

Branta canadensis, nonmigratory populations have

emerged. In some cases, this can be attributed to the

re-introduction programmes from captive bred geese,

which lacked traditions of migration (Mowbray et al.

2002). It has also been shown that young Canada geese

made so-called reversal migration, which could play an

important role in exchange between populations (Ravel-

ing 1976). Some populations of Pacific flyway brant

geese Branta bernicla nigricans also lost their migratory

behaviour. Unlike the Dutch population of barnacle

geese that remain year-round in their traditional

wintering habitat, they remain in their breeding area

year-round (Ward et al. 2009), most likely because of

increasing temperatures in the breeding area in winter.

Thus, despite long-standing ideas of strong natal

philopatry and high winter site fidelity in geese, in

recent years, a variety of dramatic changes in migratory

behaviour have been witnessed in several species of

geese. Studying the population genetic consequences in

these systems with migratory change, as well as in sys-

tems without much migration changes have taken place

(Humphries et al. 2009), may provide insights into the

generality of our findings.

We hypothesize that our results provide an elegant

example of the emergence of novelty as a result of

developmental plasticity as proposed by West-Eberhard

(2003, 2005). Developmental plasticity means that the

phenotype of individuals develops during their lifetime

as a result of a particular sensitivity to their environ-

ment. Our results are comparable with Kondo et al.

(2008) who compared two recently diverged long-dis-

tance and short-distance migrant Neotropical species to

test which of these two species was the ancestral

type, that is, whether short-distance migration emerged

from long-distance migration as a result of a loss of
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migration or vice versa. Their analysis suggested that the

short-distance migrants recently diverged from the

long-distance migrant via a founder event (although

Jacobsen & Omland (2011) note that the species tree in

this genus is not yet completely understood). They

argued that the difference in the experienced year-

round environment of the short-distance migrant led to

altered natural selection, resulting in divergence

between the two species, which supported the theory of

speciation by developmental plasticity. In our case, we

argue for the opposite effect of this developmental plas-

ticity, that is, because of the reduced transmission of

migratory traditions and the increased exploration, pos-

sibly leading to increased gene flow between popula-

tions, the likely ongoing differentiation between the

different populations of barnacle geese might have been

reversed.

Finally, cultural transmission mechanisms are most

likely to evolve in occasionally fluctuating environ-

ments in which changes persist for a number of gener-

ations (Feldman et al. 1996). This suggests that geese,

which primarily transmit migration strategy culturally,

have evolved in an environment that has frequently

changed before with intermediate periods of stability,

bringing ‘new’ traditions into populations following

events of environmental change. Following this argu-

mentation, we hypothesize that the loss and acquisi-

tion of migration behaviour in geese has occurred

before. In the Netherlands, there is currently a debate

about the status of nonmigratory geese because geese

are not ‘supposed’ to be nonmigratory with conse-

quent persecution measures. We show that traditions

in populations are not fixed and loss of traditions may

lead to gene flow between traditional migration routes

or lead to the emergence of nonmigration. We argue

that this is not probably the result of a newly evolved

trait, but of developmental plasticity. It is hoped that

this insight will lead to a less conservative attitude

towards wild populations in a rapidly changing

environment.
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