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Abstract

The pied flycatcher is one of the most phenotypically variable bird species in Europe.

The geographic variation in phenotypes has often been attributed to spatial variation in

selection regimes that is associated with the presence or absence of the congeneric

collared flycatcher. Spatial variation in phenotypes could however also be generated by

spatially restricted gene flow and genetic drift. We examined the genetic population

structure of pied flycatchers across the breeding range and applied the phenotypic QST

(PST)–FST approach to detect indirect signals of divergent selection on dorsal plumage

colouration in pied flycatcher males. Allelic frequencies at neutral markers were found to

significantly differ among populations breeding in central and southern Europe whereas

northerly breeding pied flycatchers were found to be one apparently panmictic group of

individuals. Pairwise differences between phenotypic (PST) and neutral genetic distances

(FST) were positively correlated after removing the most differentiated Spanish and

Swiss populations from the analysis, suggesting that genetic drift may have contributed

to the observed phenotypic differentiation in some parts of the pied flycatcher breeding

range. Differentiation in dorsal plumage colouration however greatly exceeded that

observed at neutral genetic markers, which indicates that the observed pattern of

phenotypic differentiation is unlikely to be solely maintained by restricted gene flow

and genetic drift.
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Introduction

Geographic variation in traits with a genetic basis pro-

vides compelling evidence for spatial variation in

selection regimes (Haldane 1948; Slatkin 1973). Such

variation is of particular interest in highly mobile spe-

cies that have few barriers to dispersal and neverthe-

less exhibit stark population-specific patterning in

phenotypes. Apparently connected populations may

however be isolated or partially isolated when maxi-

mum capacity for dispersal is not realized (e.g. Avise

1996; Piertney et al. 1998, 1999). Consequently, spatial

variation in the propensity to disperse could lead to

isolation or partial isolation producing variation in

allele frequencies that is maintained with very little

selection or even solely by genetic drift (Lande 1976;

Lynch 1988; Vasemägi 2006). Understanding the rela-

tive contributions of these deterministic (natural selec-

tion) and stochastic (random genetic drift and

restricted gene flow) processes in the production and

maintenance of genetic differentiation is crucial to our

understanding of local adaptation and fundamentally,

evolution.

Despite the recent leap in our understanding of the

genetic basis of quantitative trait variation in natural

populations (e.g. Mundy et al. 2004; Chenoweth &

Blows 2006; Hoekstra et al. 2006; Gratten et al. 2008), in

the vast majority of cases not enough is known about

the genetic details of a trait and the selective factors

that influence it to be able to firmly conclude that the

trait is evolving non-neutrally (Leinonen et al. 2008).

Thus, one of the currently most accessible tools for

examining the contribution of non-neutral evolutionary

forces to quantitative trait variation is to compare dif-

ferentiation at quantitative traits (QST or its phenotypic

analogue, PST; Spitze 1993) to differentiation at puta-

tively neutral molecular markers (FST; Wright 1951).

The rationale behind this approach lies on the assump-

tion that population differentiation observed in selec-

tively neutral parts of the genome provides the null

model for the extent of differentiation that results from

migration and drift alone (Merilä & Cnokrak 2001;

McKay & Latta 2002; Leinonen et al. 2008). When differ-

entiation at these two estimators is equal (PST = FST) the

observed degree of differentiation at quantitative traits

could have been reached solely by genetic drift (Merilä

& Cnokrak 2001; Leinonen et al. 2008). One cannot,

however, firmly exclude selection as an underlying

cause of variation, but merely that it is not possible to

quantify the relative contributions of selection and drift

(Hendry 2002; Leinonen et al. 2008). If differentiation at

quantitative traits is more pronounced than that

observed for selectively neutral parts of the genome

(PST > FST) this is suggestive of directional selection
influencing the trait; when neutral marker variation is

greater than that observed for quantitative traits

(PST < FST), balancing selection is inferred (Merilä &

Cnokrak 2001; Leinonen et al. 2008). One of the main

criticisms raised concerning the PST–FST approach is

that the surrogate for the amount of additive genetic

variance utilized (PST), may be confounded by nonge-

netic (environmental or maternal) or genetic nonaddi-

tive (epistatic or dominance variance) effects when

measured from free-living individuals (Pujol et al.

2008). However, as common garden and reciprocal

transplant experiments are not feasible for a wide range

of species and morphological traits are known to exhibit

substantial additive genetic variance (Cnokrak & Roff

1995; Merilä & Cnokrak 2001) the methodology never-

theless provides a valuable starting point. PST–FST com-

parisons have been increasingly utilized to detect

signals of non-neutral evolution in a wide range of taxa

(Spitze 1993; Lynch et al. 1999; Storz 2002; Saint-Laurent

et al. 2003; Leinonen et al. 2006; Raeymaekers et al.

2007; Sæther et al. 2007).

We investigate the relative roles of selection and gene

flow and genetic drift on the breeding plumage colour

variation of pied flycatcher (Ficedula hypoleuca) males.

Male pied flycatchers vary in their dorsal breeding

plumage along a continuum ranging from a female-like

brown to completely black. The frequencies of differ-

ently coloured males vary across the breeding range

with brown individuals being very common in Central

Europe whereas darker males increase in frequency as

the distance from the Central European breeding areas

increases (Røskaft et al. 1986; Lundberg & Alatalo 1992;

Huhta et al. 1997). The dorsal plumage colour of pied

flycatcher males is a melanin-based (Lundberg & Alat-

alo 1992) heritable (Alatalo et al. 1994) trait that has

been indicated to be subjected to different selection

regimes depending on the presence or absence of the

dominant congeneric black-and-white collared fly-

catcher (Ficedula albicollis; Lundberg & Alatalo 1992;

Sætre et al. 1997). The high frequency of brown, female-

like males in the Central European areas of sympatry is

suggested to stem from selection for accurate species

recognition (Sætre et al. 1997) and reduced inter-specific

male–male aggression (Sætre et al. 1993; Alatalo et al.

1994). When the collared flycatcher is not present, the

frequency of more darkly coloured males increases and

dorsal plumage colour has been suggested to be sexu-

ally selected for. The direction of the preference has

not, however, been equivocally demonstrated and a

female preference for both dark males (Sætre et al.

1994) and brown males (Lifjeld et al. 1997) and the

absence of any obvious preference (Lundberg & Alatalo

1992; Rätti et al. 1995; Lifjeld et al. 1998; Lehtonen et al.

2009) have been reported.
� 2009 Blackwell Publishing Ltd
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In addition to spatial variation in dorsal plumage col-

ouration, pied flycatchers exhibit latitudinal variation in

their propensity to disperse (von Haartman 1960; Lund-

berg & Alatalo 1992). Natal philopatry in central and

southern Europe tends to be higher than that found in

northern Europe and similarly, female return rates

decrease with increasing latitude (von Haartman 1960;

Lundberg & Alatalo 1992; Sanz 2001). Latitudinal differ-

ences in dispersal propensity have been suggested to

reflect latitudinal differences in the ecological character-

istics of the breeding areas (Lundberg & Alatalo 1992).

Isolation or partial isolation between populations stem-

ming from patchy forest cover (Lundberg & Alatalo

1992) and ⁄ or altitude (Potti & Montalvo 1991) could

increase the probability of recruiting to the population

of origin if no appropriate alternative breeding areas

exist nearby.

In light of what is known about spatial variation in

selection pressures on the dorsal plumage colouration

in this species and spatial variation in the degree of

population isolation stemming from habitat characteris-

tics, our aim was to examine whether plumage colour

variation in pied flycatcher males is maintained by non-

neutral evolutionary forces or through restricted dis-

persal and random genetic drift. First, we quantify the

extent of neutral genetic differentiation across the pied

flycatcher breeding range. Then, we assess the extent of

population differentiation in dorsal plumage colour-

ation and compare this to the patterns of neutral genetic

variation.
Materials and methods

Sampling

A total of 631 pied flycatcher males belonging to 16 dif-

ferent nestbox populations were caught and sampled

during the breeding seasons of 1994–2008 (Fig. 1; see

Table 1 for population-specific information). The dorsal

colour of 576 of the males (no colour information avail-

able for the population sample from Lingen, Germany)

was classified according to the Drost scale (Drost 1936;

Lundberg & Alatalo 1992). The score has seven classes,

ranging from 1 (fully black head and back) to 7 (fully

brown head and back) and has been used as a standard

measure of flycatcher colouration for decades (Lund-

berg & Alatalo 1992). A blood or feather sample was

collected from each male for genetic analyses and

stored at )20 �C or room temperature respectively.
Molecular analyses

DNA was extracted with one of two methods: a modi-

fication of the salt extraction protocol of Aljnabi &
� 2009 Blackwell Publishing Ltd
Martinez (1997; blood samples) or with the Nucleospin

(Macherey-Nagel) extraction kit particularly suitable

for extracting from small quantities of starting material

(feather samples). All individuals were analysed at 19

microsatellite loci all of which have been isolated from

the pied flycatcher (FhU2 described as PTC2 in Elle-

gren 1992; all other loci, Leder et al. 2008; Appen-

dix S1). Markers were amplified in multiplex PCRs

(QIAGEN) in groups of 4–6. PCR conditions were as

outlined in Karaiskou & Primmer (2008) and primer

concentrations ranged from 0.15 to 14 lM. The PCR

profile was as follows: 95 �C for 15 min followed by

33–35 cycles at 94 �C for 30 s, 55 �C for 90 s, 72 �C for

1 min followed by a final step of 60 �C for 15 min.

The forward primer of each locus was labelled with

one of four fluorescent dyes (FAM, PET, NED, TET)

and the reverse primer always had a GTT-tail in its 3¢
end to enhance the polyadenylation of the amplified

fragment. The amplified fragments were divided into

three panels that were electrophoresed on an ABI 3130

fragment analyser (Applied Biosciences).
Data quality control and gene diversity indices

The presence of genotyping errors arising from techni-

cal artefacts, namely null alleles or large allele dropout

due to poor DNA quality was assessed using the pro-

gram MICRO-CHECKER (van Oosterhout et al. 2004). The

genotypes of all samples and loci that were indicated to

exhibit signs of either null alleles or allelic dropout

were re-examined for scoring errors. Errors arising from

family sampling were controlled for by examining each

population sample for the presence of full-sibs with the

COLONY 1.2 program (Wang 2004).

Allele frequencies, number of alleles, allelic richness,

and observed and expected heterozygosities were calcu-

lated for each sample and every locus using the MICRO-

SATELLITE TOOLKIT (Park 2001) Excel add-in and FSTAT 2.9.3

(Goudet 1995). The allelic richness calculation method

employed by the FSTAT 2.9.3 program corrects allele

number for sample size using the rarefaction method

outlined in El Mousadik & Petit (1996).

The program Genepop 3.4 (Raymond & Rousset 1995)

was utilized to test for statistically significant deviations

from the Hardy-Weinberg and genotypic linkage equi-

librium. A sequential Bonferroni type method

[a¢ = 1 ) (1 ) a)1 ⁄ k; Rice 1989; Gotelli & Ellison 2004]

was employed to correct for multiple testing.
Neutral genetic differentiation

The Genepop 3.4 program was further employed to cal-

culate a global FST value and pairwise FST (Weir &

Cockerham 1984) estimates for each population pair.



Fig. 1 A map of Europe and western Russia indicating the sampling sites and colour score frequencies of the population samples

used in this study. The large histogram is drawn from the total data set. The birds are scored according to the Drost scale (Drost

1936). The darker grey patch in the centre indicates the breeding range of the collared flycatcher (which overlaps with that of the

pied flycatcher for the most part) and the lighter grey area represents the breeding distribution of the pied flycatcher. Precise sam-

pling sites and population details are listed in Table 1. No colour data was available for Lingen, Germany.
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Fisher’s exact test as implemented in Genepop 3.4 was

used to test for differences in allelic frequency distribu-

tions between all sample pairs for every locus. Unbi-

ased estimates were obtained with 5000 iterations (Guo

& Thompson 1992). Probability values over all loci were

obtained by the Fisher method (Sokal & Rohlf 1995).

Additionally we calculated pairwise standardized FST

values (G0ST sensu Hedrick 2005) to measure population

differentiation standardized for the level of sub-popula-

tion heterozygosity. However, as FST and G0ST were

found to be highly correlated (r = 0.99, P = 0.001) and
standardized versions of FST are not applicable to PST–

FST comparisons (B. O’Hara, personal communication)

the G0ST values were not used in further analyses.

The maximum difference Monmonier’s algorithm of

Manni et al. (2004) as implemented in the program

BARRIER 2.2 was employed to locate geographical areas

associated with genetic discontinuities across the pied

flycatcher breeding range. The program connects the

samples according to Delauney triangulation using the

sampling co-ordinates of the populations. The edges of

the triangulation are then associated to a measure of
� 2009 Blackwell Publishing Ltd



Table 1 Population details and gene diversity statistics per population

Population details Genetic diversity

Area Country Abbreviation Co-ordinates Year N Rt He Group

Drenthe Netherlands Neth 52�52¢N 6�17¢E 2008 56 4.96 0.82 S

Jesenı́ky Mountains Czech Republic Czech 49�57¢N, 17� 09¢E 1994–2002 34 4.79 0.79 S

Karelia Russia Rus (Kar) 60�46¢N 32�48¢E 2008 62 4.95 0.82 N

Kilingi-Nõmme Estonia Est 58�8¢N 24�95¢E 2008 24 4.99 0.82 N

Kraslava Latvia Lat 55�53¢N 27�11¢E 2008 30 5.03 0.82 N

Moscow region Russia Rus (Mosc) 55�44¢N 36�51¢E 2008 53 4.91 0.80 N

La Hiruela Spain Sp (Hir) 41�4¢N 3�27¢W 2008 51 4.89 0.81 S

Lingen* Germany Ger 52�27¢N 7�15¢E 1998–1999 40 4.82 0.80 S

Lund Sweden Swe (Lu) 55�39¢N 13�55¢E 2008 34 5.05 0.82 N

Sørkedalen Norway Nor (Sør) 60�1¢N 10�37¢E 1995–2000 28 4.99 0.82 N

Skibotn Norway Nor (Ski) 69�20¢N 20�44¢E 2007 35 4.96 0.81 N

Revda Russia Rus (Rev) 56�51¢N 59�53¢E 2008 47 4.98 0.82 N

Ruissalo Finland Fin 60�26¢N 22�10¢E 2005–2006 37 4.96 0.81 N

Valsaı́n Spain Sp (Val) 40�52¢N 4�1¢W 2008 36 4.93 0.82 S

Vaud Switzerland Switz 46�50¢N 6�42¢E 2008 26 4.4 0.76 S

Öland Sweden Swe (Öl) 57� 10¢N 16�58¢E 2001–2004 24 4.93 0.81 N

Rt, allelic richness (mean allele number corrected for sample size); He, expected heterozygosity (gene diversity), Geographic group:

N, northern; S, southern (see text).

*No colour information available.
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genetic differentiation (FST ⁄ h, Weir & Cockerham 1984).

The algorithm allows the identification of areas ⁄ edges

with the highest rate of genetic change. The analysis

was performed with the pairwise FST values for each of

the loci individually and also with the entire data set.

Only barriers supported by a minimum of 10 of the loci

were retained.

To examine whether genetic differentiation could be

arising from a recent population bottleneck, Wilcoxon’s

test for heterozygote excess as implemented in the pro-

gram BOTTLENECK 1.2.02 was employed (Cornuet & Luik-

art 1996). During a population bottleneck there is a

reduction in the number of alleles and heterozygosity,

but the former is lost faster than the latter (Maruyama

& Fuerst 1985). In short, the test looks for signatures of

a bottleneck in the population sample by examining the

ratio of loci showing heterozygote excess to heterozy-

gote deficiency and comparing these to values obtained

from coalescent simulations given a particular mutation

model. The mutation model utilized was two-phased

with the frequency of stepwise mutation models set at

95% and the infinite allele model at 5% as recom-

mended by Piry et al. (1999).
Phenotypic differentiation at dorsal plumage
colouration

Under divergent selection, divergence at phenotypic

traits will be larger than that observed for neutral loci

(Leinonen et al. 2008). To examine the data set for indir-
� 2009 Blackwell Publishing Ltd
ect signals of divergent selection we calculated global

PST and pairwise PST values for all population pairs.

PST is analogous to QST and is utilized to quantify the

amount of between population phenotypic variance in

quantitative traits (Raeymaekers et al. 2007). PST was

estimated as:

PST ¼
gr2

GB

gr2
GB þ 2ðh2r2

GWÞ
;

where r2
GB is the variance between populations, r2

GW

is the variance within populations g is the proportion of

the differences among populations that is assumed to

have an additive genetic basis and h2 is the proportion

of differences among individuals within populations

assumed to have an additive genetic basis (narrow

sense heritability). As the data are purely phenotypic

the calculation requires an assumption of the amount of

additive genetic variance contributing to among (g) and

within (h2) population differences in plumage colour-

ation in our sampled populations. The heritability of a

trait is, in reality, a population-and environment-spe-

cific parameter. Of the 16 populations included in

this study, heritability estimates were available for La

Hiruela, Spain (h2 = 0.6, measured from 275 families;

J. Potti, unpublished data) and Karelia, Russia (h2 = 0.82

measured from 81 families; A. Artemyev, unpublished

data). The heritability of dorsal plumage colour in pied

flycatcher males has previously been reported to be 0.76

(Oka-Terrace Biospheric Reserve, Russia; located 120 km
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south-east of the Moscow region population included in

this study; Grinkov 2000) and 0.88 (Cumbria, England;

Alatalo et al. 1994). Since the observed heritability for

this character lies within a relatively narrow range and

obtaining a population-specific heritability estimate for

all of our samples was not possible, all of our calcula-

tions of PST assume the heritability of dorsal plumage

colouration to be the same for all populations. Similarly,

the additive genetic proportion (g) of differences

between populations is assumed to be uniform across

the breeding range. To examine the influence of variable

estimates of the amount of additive genetic variance on

our values of phenotypic divergence, a sensitivity analy-

sis simulating different estimates of g and h2 was per-

formed.

The Drost scores were examined on an ordinal scale

as they did not follow a normal distribution and the

rate of change from one colour class to the next is not

equal across classes (McCullagh & Nelder 1989; chapter

5). A Bayesian approach (Gelman et al. 2004) was used

to fit the data into the models, and the full posterior

distribution of all the parameters of interest was esti-

mated (rGB
2, rGw

2, PST). All the models were fitted

using a Gibb’s sampler with the WINBUGS 1.4 package

(Spiegelhalter et al. 2003). The prior distributions were

uninformative, while the posterior distributions were

obtained by running two chains (10 000 iterations after

a burn-in of 1000 iterations and convergence reached),

every second of the 2 · 10 000 iterations was taken to

give 2 · 5000 draws from the posterior distribution.

The confidence intervals of the PST values were then

compared to those obtained for neutral genetic differen-

tiation (FST). The difference was interpreted as signifi-

cant when the confidence intervals of the two

divergence estimators did not overlap.

The relationship between PST and FST was further

examined with a mantel test of matrix correspondence

(Mantel 1967) as implemented in GENALEX v. 6 (Peakall

& Smouse 2006). In short, the test quantifies the correla-

tion between two matrices (x and y) by first calculating

the sum of squares for both the x and the y matrices

[R(x – �x)2 and R(y – �y)2 respectively]. From this, the

sum of the cross products (SPxy) is then computed

[R(x – �x)(y – �y)] which is utilized in the calculation for

the correlation between the matrices (Rxy) using the for-

mula SPxy ⁄ (SSx · SSy)0.5. The significance of the tests

was obtained with 1000 permutations.
Results

The locus Fhy402 was found to consistently exhibit null

alleles in all population samples and was thus excluded

from further analyses. None of the populations or loci

exhibited consistent deviations from Hardy–Weinberg
expectations. The locus Fhy350 exhibited heterozygote

deficiency in the Dutch population, but as no such devi-

ation was observed in any of the other populations the

locus was not excluded from the data set. All of the loci

were in linkage equilibrium. The program COLONY 1.3

identified 14 fullsib pairs within the data set. One ran-

domly chosen individual from each full sib pair was

excluded from further analyses.
Gene diversity indices

The mean number of alleles per population ranged

from 8.06 (Vaud, Switzerland) to 14.89 (Karelia, Russia;

Table 1). Gene diversity (expected heterozygosity) val-

ues varied between 0.76 (Vaud, Switzerland) and 0.82

(Valsaı́n, Spain) and allelic richness ranged from 4.4

(Vaud, Switzerland) to 5.05 (Lund, Sweden; Table 1).

The number of alleles per locus was between 10 (FhU2,

Fhy468) and 48 (Fhy350; Appendix S1) and locus-spe-

cific heterozygosities varied between 0.56 (Fhy468) and

0.95 (Fhy228; Appendix S1)
Neutral genetic differentiation

The global FST value was 0.01 (95% C.I 0.007-0.014) and

the pairwise FST values ranged between zero (many of

the north–north pairs, Table 2) and 0.052 (Vaud, Swit-

zerland – Valsaı́n, Spain; Table 2). Overall, all pairwise

values including the Swiss sample or either of the Span-

ish samples were 10-fold larger than any of the other

values (Table 2). As the two Spanish and the Swiss

populations were much more differentiated and smaller

than the other populations, we examined whether the

higher differentiation could be stemming from a recent

population bottleneck. No indication of a bottleneck

was found in any of the populations.

Three areas of genetic discontinuity that were fully or

partially supported by 10 or more loci were identified

by the program BARRIER 2.2 (Fig. 2). The first, fully sup-

ported by 17 of the 18 loci separated the two Spanish

populations from all of the other populations. The

second break supported fully by nine loci and partially

by all other loci separated the Swiss population from

all other populations (Fig. 2). The third discontinuity,

supported by 10 loci separated the Dutch and German

populations from each other and the northern popula-

tions (Fig. 2).

The exact test for pairwise genic differentiation indi-

cated that 73 of the 120 population pairs were signifi-

cantly differentiated at the 5% level. Almost all of these

(70 ⁄ 73) were pairwise comparisons where either one or

both members of the pair belonged to the southern

group (see Table 1 for population groupings). Similarly,

the vast majority (42 ⁄ 47) of the population pairs that
� 2009 Blackwell Publishing Ltd
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Fig. 2 Areas of genetic discontinuity

identified by the program BARRIER. The

width of the barrier is proportional to

the number of loci supporting it. BARRIER

1 (separating the two Spanish popula-

tions) is wholly supported by 17 loci,

BARRIER 2 (separating the Swiss popula-

tion from the populations more north-

ern to it) and BARRIER 3 (separating the

German and Dutch populations from

each other and all other populations)

are fully or partially supported by 16

and 12 loci respectively.
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were undifferentiated in the pairwise comparisons were

pairs of northern populations.
Fig. 3 PST sensitivity analysis for variable estimates of the

additive genetic proportion of among population differences in

dorsal plumage colour (g) calculated using four different herit-

ability estimates (0.25, 0.5, 0.7, 1). The global FST is shown with

the solid line with the dashed lines indicating its 95% confi-

dence intervals.
Phenotypic differentiation and its association with
neutral genetic differentiation

The global PST values for the different heritability esti-

mates were 0.78 (h2 of 0.25: 95% highest posterior den-

sity interval (HPDI) 0.74–0.82), 0.64 (h2 of 0.5; 95%

HPDI 0.59–0.70), 0.55 (h2 of 0.75: 95% HPDI 0.49–0.60)

0.48 (h2 of 1: 95% HPDI 0.41–0.53; Fig. S1). The pair-

wise PST values (all calculated with h2 = 1 as this was

the most conservative estimate and g = 1) ranged from

0.05 (Karelia, Russia – Kraslava, Latvia) to 0.87 (La

Hiruela, Spain – Jeseniky Mountains, Czech Republic;

Table 2). The confidence intervals of the FST values did

not overlap with the confidence intervals of the PST val-

ues (Fig. S1). The sensitivity analysis showed that our

result was not affected by varying the additive genetic

proportion of differences between (g) or within (h2)

populations (Fig. 3) No association between inter-popu-

lation variation in phenotype (PST) and neutral genetic

variation (FST) was found for the entire data set

(SPxy = 0.032, Rxy = 0.09, P = 0.28; Fig. 4a). Rxy gives the

correlation between the 2 matrices. The analysis was

also performed without the three most differentiated

populations (La Hiruela, Spain; Valsaı́n, Spain; Vaud,

Switzerland) to enable us to examine the association at

a finer scale of genetic differentiation values. Upon

removing the three most highly differentiated popula-

tions, an indication of an association between genotypic

and phenotypic distance was found (SPxy = 0.02,

Rxy = 0.37, P = 0.024; Fig. 4b).
Discussion

We found a weak but significant signal of population

differentiation across the pied flycatcher breeding range

(FST = 0.01). More specifically, the pied flycatcher popu-

lations breeding in Northern and Eastern Europe and

Russia were not differentiated from each other even

over distances of thousands of kilometres. In stark con-

trast, populations breeding at distances of less than a

hundred kilometres in Central and southern Europe
� 2009 Blackwell Publishing Ltd



(a)

(b)

Fig. 4 Relationship between pairwise PST values and pairwise

FST values for all populations for which colour data were avail-

able (a); and all populations except the highly differentiated

Spanish and Swiss populations (b). The pairwise comparisons

including the highly differentiated Spanish and Swiss popula-

tions are on the right side of the grey dashed line (a).
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were found to be genetically differentiated. The com-

parison of the patterns of genetic differentiation with

the patterns of phenotypic differentiation revealed both

similarities and differences between the two. Pairwise

PST values were associated with pairwise FST values,

but only after the three most highly differentiated pop-

ulations (La Hiruela, Spain; Valsaı́n, Spain; Vaud, Swit-

zerland) were removed from the analysis. This is

consistent with genetic drift having some role in main-

taining the observed patterns of phenotypic differentia-

tion across the continuous part of the pied flycatcher

breeding range. However, as phenotypic differentiation

(PST) greatly exceeded that observed at neutral genetic

markers (FST) the trait also appears to be evolving non-

neutrally.

In the following we discuss first the potential factors

underlying the patterns of neutral genetic variation and

then the implications of the discrepancy between neutral

genetic differentiation and phenotypic differentiation.
Scenarios underlying the pattern of neutral genetic
variation

Pied flycatcher populations breeding in the northern

and eastern areas were found to be genetically uniform

whereas those in the more southern areas were geneti-

cally differentiated, the extent of which was shown by

relatively higher FST values. The magnitude of differen-
� 2009 Blackwell Publishing Ltd
tiation is in the same range as what has previously been

found in passerines using microsatellites (see, e.g. Bar-

nett et al. 2008; Pavlacky et al. 2009). FSTs reflect a com-

bination of the amount of genetic drift and gene flow

among populations. Our findings are thus indicative of

extensive historical and ⁄ or contemporary gene flow

between populations breeding in the northern and east-

ern areas.

As fossil records for birds are sparse, information on

range changes during and after the last glaciations must

be deduced from current day distributions together

with knowledge on historical changes in the availability

of suitable breeding habitat (Newton 2003). During the

peak of the last glaciation, European forest cover was

restricted to three areas – the Iberian, Italian and Balkan

peninsulas (Newton 2003). A possible explanation for

the pattern of genetic differentiation observed in our

study may thus be that existing pied flycatchers origi-

nate from individuals that were separated into three

different glacial refugia during the Pleistocene. If Span-

ish and Swiss pied flycatchers originate from the Ibe-

rian and Italian refuges respectively, and the northern

and eastern birds from the Balkan refuge, the patterns

of genetic differentiation seen here could be the rem-

nants of historical isolation in separate refugia. This pat-

tern of post-glacial range expansion is similar to that

suggested for other species including the grasshopper

(Chorthippus parallelus), the great crested newt (Triturus

cristatus) and the black alder (Alnus glutinosa; reviewed

in Hewitt 1999).

Pied flycatchers have previously been suggested to

have spread across Europe and Russia starting from the

Iberian glacial refugium and expanding towards the

north and east from there (Lundberg & Alatalo 1992).

Fennoscandia has been suggested to have been colo-

nized from the central parts of Europe (Haavie et al.

2000) only during the past 200 years (Lundberg & Alat-

alo 1992) and if the patterns of neutral genetic variation

are interpreted in light of this colonization hypothesis,

the genetically uniform eastern populations appear to

originate from the same source population. The homog-

enous population structure in the northern and eastern

areas could thus also be reflecting a recent rapid range

expansion to these areas (Hewitt 1999) This hypothesis,

however, leaves open the question of the origin of the

relatively highly differentiated Swiss pied flycatcher

population. It is possible that as the Swiss population is

one of the most recently founded populations included

in this study (<50 years ago; Ravussin et al. 2007), the

traces of a founder effect may still be apparent in the

population’s gene pool generating the observed pattern

of genetic differentiation.

The difference in the magnitude of differentiation

observed in the central and southern parts of the pied



4472 P. K. LEHTONEN ET AL.
flycatcher breeding range may in turn be stemming

from a combination of historical (Spain and perhaps

Switzerland) and more recent (Central Europe)

isolation. Pied flycatchers in Spain are patchily distrib-

uted at high altitudes and separated from the continen-

tal populations by the Pyrenees (Fig. 1). These factors

are likely to lead to the populations being smaller and

historically more isolated than most of the other popu-

lations included in this study. Spanish pied flycatchers

have in fact been suggested to be a separate subspecies

(Lundberg & Alatalo 1992) and previous analyses exam-

ining the genetic differentiation of Spanish pied fly-

catchers have produced results similar to ours (Haavie

et al. 2000). Like the Spanish populations, the relatively

highly genetically differentiated Swiss pied flycatchers

breed at higher altitudes than most of the other popula-

tions examined here. This could similarly lead to the

partial isolation of this population and subsequent

genetic differentiation but due to the above-mentioned

young age of the Swiss population it is not clear

whether their relatively higher genetic differentiation is

a signal of historical isolation or recent colonization.

In addition to isolation-by-altitude, the observed pat-

terns of genetic differentiation may be generated by

other factors influencing contemporary gene flow

between the populations. The anthropogenic effect on

habitat fragmentation in Central Europe may have led

to recent partial isolation of these populations, generat-

ing the patterns of genetic differentiation observed in

this area. Variation in habitat fragmentation across the

breeding range has also been suggested to underlie lati-

tudinal variation in natal dispersal ⁄ home-site fidelity in

pied flycatchers (Lundberg & Alatalo 1992). Interest-

ingly, estimates of the recruitment rates (measured as

the percentage of individuals banded as nestlings that

return to their natal site to breed) of these populations

appear to be associated with the extent of genetic diver-

gence between them. The most highly differentiated

Spanish and Swiss populations are estimated to have

the highest recruitment rates (La Hiruela 14%, Valsaı́n

7%, Switzerland 13%) followed by the Czech (5.2%)

and the Dutch (3.5-6%) populations. The estimated

recruitment rates for the northern and eastern popula-

tions vary from less than 1% to 2.4%. However, as each

of the populations has been monitored at varying inten-

sities over varying periods of time, performing a formal

test for an association between recruitment rates and

genetic differentiation was not possible.
Phenotypic versus neutral genetic differentiation

Phenotypic differentiation was found to greatly exceed

neutral genetic differentiation in the pied flycatcher

populations examined in this study. Patterns like these
are generally interpreted as an indirect signal of diver-

gent selection on the measured trait (Merilä & Cnokrak

2001; Leinonen et al. 2008). Such a pattern is commonly

found in comparisons of neutral genetic differentiation

and morphological differentiation between populations

or subspecies of birds (e.g. Seutin et al. 1995; Green-

berg et al. 1998; Questiau et al. 1998; Bensch et al.

1999; Chan & Arcese 2003; Nicholls et al. 2006). The

effect of drift cannot, however, be completely ruled out

in our study as neutral genetic variation was found to

be associated with phenotypic variation when the three

most differentiated populations were excluded from

the analysis. Nevertheless, based on the low overall

levels of neutral genetic differentiation, it seems reason-

able to conclude that geographic variation in plumage

colouration in pied flycatchers is unlikely to be solely

maintained by restricted gene flow and subsequent

drift. If phenotypically differentiated populations are

indeed differentially adapted to the local conditions, an

‘unadapted’ immigrant may be less likely to contribute

to the local gene pool (Nosil et al. 2005; Postma & van

Noordwijk 2005), but this may not be evident from the

patterns of neutral genetic variation. It seems plausible

that there is selection against the collared flycatcher

resembling black males that immigrate into the Central

European populations. Clutches produced by pairs

where one member is a hybrid exhibit substantially

reduced hatching success (Alatalo et al. 1990; Sætre

et al. 1999) and indeed, females in the Central European

populations have experimentally been shown to prefer

brown males over black males (Sætre et al. 1997).

It is noteworthy that we measured colouration from

free-living individuals, whose dorsal plumage colour is

not purely the product of additive genetic effects, but

may also be affected by environmental and nonadditive

genetic effects (Merilä & Cnokrak 2001; Pujol et al.

2008). Although melanin-based plumage colouration is

generally thought to be a genetically determined trait

(Alatalo et al. 1994; Roulin & Dijkstra 2003) melanin-

based ornaments have also been found to be influenced

by nongenetic factors such as calcium enrichment of the

diet (McGraw 2007) and environmental pollutants (Dau-

we & Eens 2008) in some species. Pied flycatcher males

moult into their breeding plumage on the wintering

grounds in Africa before initiating their migration to

Europe (Lundberg & Alatalo 1992). Not much is cur-

rently known about the amount of environmental varia-

tion the birds are exposed to before and during the

moult and the way in which the populations are distrib-

uted with respect to each other on the wintering

grounds. Consequently, we are unable to quantify the

extent to which environmental factors may have influ-

enced the dorsal plumage colouration of the birds

included in this study. It would seem unlikely however
� 2009 Blackwell Publishing Ltd



GENETIC DIFFERE NTIATION AND PLUMAGE CO LOURATION 4 47 3
that the high heritability estimates we observe through-

out the breeding range would be the outcome of sons

consistently being exposed to the very conditions their

fathers were exposed to on the wintering grounds dur-

ing a different year.

Also, in addition to the proportion of additive genetic

variance within populations, we do not have the means

to precisely quantify the manner in which phenotypic

variation among populations is partitioned into genetic

and environmental components. Again, however it

would seem unlikely that the huge variation in colour

score distributions among populations would be stem-

ming from consistent differences of corresponding mag-

nitude in wintering conditions. Furthermore, our

sensitivity analysis examining the influence of varying

assumptions of g showed that our results are not highly

sensitive to variation in this parameter. Thus we feel

confident that our interpretations of the results are not

affected to any substantial degree by the potential

influence of environmental conditions on estimates of

phenotypic variation.
Conclusions

In conclusion, we found plumage colour variation in

pied flycatchers to exhibit indirect signals of non-neutral

evolution. Populations breeding in Central and southern

Europe were found to be genetically differentiated,

whereas northern and eastern populations appear to be

one panmictic group of individuals. The results gener-

ally agree with the ideas of gradual increase in popula-

tion differentiation from habitats of high connectivity to

more fragmented areas and from recently isolated popu-

lations to ones subjected to historical isolation. These

patterns of neutral genetic divergence were however dif-

ferent and substantially less pronounced than the pat-

terns of differentiation for dorsal plumage colouration

observed in pied flycatcher males. Despite the con-

founding factors acknowledged to potentially affect PST

estimation, PST–FST comparisons nevertheless provide a

valuable first step in studies aiming to detect traits influ-

enced by divergent selection. Neutral genetic markers

do not, however – by definition – bear the imprint of

selection. An interesting next step in the quest to quan-

tify the influence of selection on dorsal plumage colour-

ation in pied flycatcher males would be to examine

population differentiation at portions of the genome that

may be expected to be more directly involved in plum-

age colouration such as various pigmentation genes.
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Sæther SA, Fiske P, Kålås JA et al. (2007) Inferring local

adaptation from QST-FST comparisons: neutral genetic and

quantitative trait variation in European populations of great

snipe. Journal of Evolutionary Biology, 20, 1563–1576.

Sætre G-P, Král M, Bı́cik V (1993) Experimental evidence for

interspecific female mimicry in sympatric Ficedula

flycatchers. Evolution, 47, 939–945.

Sætre G-P, Dale S, Slagsvold T (1994) Female pied flycatchers

prefer brightly coloured males. Animal Behaviour, 48, 1407–

1416.

Sætre G-P, Moum T, Bures S, Král M, Adamjan M, Moreno J

(1997) A sexually selected character displacement in

flycatchers reinforces premating isolation. Nature, 387, 589–

592.

Sætre G-P, Král M, Bures S, Ims RA (1999) Dynamics of a

clinal hybrid zone and a comparison with island hybrid

zones of flycatchers (Ficedula hypoleuca and F. albicollis).

Journal of Zoology, 247, 53–64.

Saint-Laurent R, Legault M, Bernatchez L (2003) Divergent

selection maintains adaptive differentiation despite high

gene flow between sympatric rainbow smelt ecotypes

(Osmerus mordax Mitchill). Molecular Ecology, 12, 315–330.

Sanz JJ (2001) Latitudinal variation in female local return rate

in the philopatric pied flycatcher (Ficedula hypoleuca). The

Auk, 118, 539–543.

Seutin G, Ratcliffe LM, Boag PT (1995) Mitochondrial DNA

homogeneity in the phenotypically diverse redpoll finch

complex (aves: Carduelinae: Carduelis flammea-hornemanni).

Evolution, 49, 962–973.

Slatkin M (1973) Gene flow and selection in a cline. Genetics,

75, 733–756.

Sokal RR, Rohlf FJ (1995) Biometry, 2nd edn. W.H. Freeman &

Cie, New York, NY.

Spiegelhalter DJ, Thomas A, Best NG, Lunn D (2003) WinBUGS

Version 1.4. User Manual. MRC Biostatistics Unit, Cambridge,

UK.

Spitze K (1993) Population structure in Daphnia obtusa:

quantitative genetic and allozymic variation. Genetics, 135,

367–374.

Storz J (2002) Contrasting patterns of divergence in

quantitative traits and neutral DNA markers: analysis of

clinal variation. Molecular Ecology, 11, 2537–2551.
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