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Cyanistes caeruleus; Dispersal and local patterns of adaptation play a major role on the ecological
dispersal; and evolutionary trajectory of natural populations. In this study, we employ
gene flow; a combination of genetic (25 microsatellite markers) and field-based infor-
population differentiation; mation (seven study years) to analyse the impact of immigration and local
sex-biased dispersal. patterns of adaptation in two nearby (< 7 km) blue tit (Cyanistes caeruleus)

populations. We used genetic assignment analyses to identify immigrant
individuals and found that dispersal rate is female-biased (72%). Data on
lifetime reproductive success indicated that immigrant females produced
fewer local recruits than their philopatric counterparts whereas immigrant
males recruited more offspring than those that remained in their natal loca-
tion. In spite of the considerably higher immigration rates of females, our
results indicate that, in absolute terms, their demographic and genetic
impact in the receiving populations is lower than that in immigrant males.
Immigrants often brought novel alleles into the studied populations and a
high proportion of them were transmitted to their recruits, indicating that
the genetic impact of immigrants is not ephemeral. Although only a few
kilometres apart, the two study populations were genetically differentiated
and showed strong divergence in different phenotypic and life-history traits.
An almost absent inter-population dispersal, together with the fact that both
populations receive immigrants from different source populations, is proba-
bly the main cause of the observed pattern of genetic differentiation. How-
ever, phenotypic differentiation (Psy) for all the studied traits greatly
exceeded neutral genetic differentiation (Fst), indicating that divergent nat-
ural selection is the prevailing factor determining the evolutionary trajectory
of these populations. Our study highlights the importance of integrating
individual- and population-based approaches to obtain a comprehensive
view about the role of dispersal and natural selection on structuring the
genotypic and phenotypic characteristics of natural populations.

Introduction

Dispersal is a life-history trait that plays a major role
in the demographic and evolutionary dynamics of spe-
cies, determining gene flow and the persistence and
Recursos Cinegéticos (CSIC-UCLM-JCCM), E-13071, Ciudad Real, diversification Of. pqpl}lations (reVieW?d in Clobert ef al.,
Spain. Tel.: +34 926 295300; fax: +34 926 295451; 2012). At the individual level, social pressures (e.g.
e-mails: vicente.garcianavas@uclm.es or vicente.garcianavas@gmail.com competition among relatives) have been hypothesized
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to be one of the proximate factors prompting dispersal
(Greenwood, 1980). This phenomenon may have an
adaptive significance, and some studies have found that
individuals obtain territories of better quality after
dispersal (Calabuig et al., 2008; Valcu & Kempenaers,
2008; Garcia-Navas & Sanz, 201la). In this sense,
several authors have pointed out that breeding dispersal
is promoted by breeding failure or low breeding perfor-
mance (e.g. after occupying a poor-quality territory),
which suggests that this decision — disperse or stay —
could be closely related to the individual’s own breed-
ing experience (Haas, 1998; Calabuig et al., 2008). By
moving away from their natal territory, individuals can
also reduce the chance of encountering and mating
with kin (e.g. Lambin, 1994) and increase the probabil-
ity of obtaining a genetically less similar partner (van
de Casteele & Matthysen, 2006; Ortego et al., 2008).
Dispersal — in particular, natal dispersal for its higher
frequency and importance on populations — has been
suggested as a behavioural mechanism that allows indi-
viduals to avoid close inbreeding (see Szulkin & Shel-
don, 2008 and references therein). However, in spite of
some potential advantages related to dispersal, the
movement from natal to breeding areas can also have
negative consequences on the fitness of dispersers.
Accordingly, some previous studies have shown that
the reproductive output of immigrants is often equal or
inferior to that of philopatric individuals (Julliard et al.,
1996, Verhulst & van Eck, 1996; Wheelwright &
Mauck, 1998; Orell et al., 1999; Marr et al., 2002; Hans-
son et al., 2004; Calabuig et al., 2008, 2010), suggesting
that site experience gives native individuals an advan-
tage over immigrants (Part, 1995; Bensch et al.,, 1998).
Other factors may also contribute to explaining the
existence of potential differences in performance
between immigrant and philopatric individuals. For
instance, immigrants may have unique genetic adapta-
tions or life-history strategies that may impair their fit-
ness when exposed to a novel environment (i.e. local
maladaptation; e.g. Dias & Blondel, 1996; Postma &
van Noordwijk, 2005; Nosil et al, 2005). Selection
against migrants has been suggested as a powerful force
that can lead to a substantial reduction in realized gene
flow among populations (Hendry, 2004). Thus, in spite
of the fact that dispersal is the proximate cause deter-
mining the genetic exchange among populations, immi-
gration cannot be strictly equated with gene flow
because the arrival of immigrants into a given popula-
tion does not always guarantee the successful establish-
ment of the alleles that they carry (Slatkin, 1985;
Mallet, 2001; Yu et al., 2010).

The role of gene flow in shaping the genetic composi-
tion of populations and its influence on different adap-
tive processes has been addressed by some authors (see
Garant et al., 2007; Garroway et al., 2013). Gene flow
can counteract the effect of natural selection by intro-
ducing foreign alleles into locally adapted populations,
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a process that is likely to prevent local population dif-
ferentiation in response to divergent selection pressures
(Slatkin, 1987; Langerhans ef al., 2003; Postma & van
Noordwijk, 2005). However, the importance of gene
flow in preventing the evolution of local adaptations
will depend on the strength of natural selection against
immigrants and the alleles that they carry (Lenormand,
2002). In this regard, few studies have revealed the
existence of intra-specific differentiation on breeding
and/or morphological traits at a small scale (but see
Blondel et al., 1999; Senar et al., 2006; Ortego et al.,
2012), and the primary evidence comes from studies
performed at large spatiotemporal scales (Garcia et al.,
2008; Mild et al., 2009; Smith et al., 2011; Edelaar et al.,
2012) or conducted on islands, where the homogeniz-
ing effects of gene flow may be more limited (Losos &
Ricklefs, 2009; Bertrand et al., 2013). In spite of the fact
that gene flow can potentially prevent the maintenance
of local adaptations, this phenomenon is also funda-
mental to avoid loss of genetic diversity, ensure the via-
bility of small and isolated populations and reduce
inbreeding and its negative consequences (Keller &
Waller, 2002). Immigration is generally considered as
the preponderant process that prevents the loss of
genetic diversity, or contributes to its recovery (‘genetic
rescue’) in bottlenecked populations (Keller et al.,, 2001;
Vila et al., 2003; Ortego et al, 2007). In this sense, a
limited number of immigrants can have a strong restor-
ative impact on the genetic and demographic viability
of a population (Vila er al, 2003; Bensch et al., 2006).
The arrival of foreign individuals can induce heterosis,
and positive selection on immigrant alleles can lead
them to be present in future generations at a higher
frequency than predicted from neutral expectations
(e.g. Ingvarsson & Whitlock, 2000; Ebert ef al, 2002;
Bensch et al,, 2006). Thus, under some circumstances,
the influx of new or rare alleles can result in a disparity
in fitness between immigrant and local genotypes as
already commented earlier (Bensch et al., 2006).

In this study, we combine molecular and capture—
mark-recapture data to study the consequences of
immigration and local adaptation on fine-scale pheno-
typic and genotypic divergence between two nearby
blue tit populations located close to the southern edge
of the species distribution range (Illera ef al., 2011). We
monitored these populations over seven consecutive
years, genotyped nearly all breeding individuals across
25 microsatellite markers and used this information to
identify immigrants and local individuals, determine
their genetic characteristics and estimate patterns of
gene flow. First, we studied the consequences of immi-
gration at the individual level, analysing differences
between immigrants and locally born individuals in
terms of phenotype, genotype, characteristics of
obtained mates and different components of fitness.
This allowed us to address the following specific ques-
tions: (i) Do dispersing individuals exhibit a superior
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phenotype or genotype compared to philopatric individ-
uals? (ii) Do dispersing individuals mate with geneti-
cally more compatible individuals compared to
immigrants? (iii) Do philopatric individuals have a
higher fitness in comparison with their philopatric
counterparts? Second, we study the impact of dispersal
and local patterns of adaptation at the population level
in terms of genotypic and phenotypic differentiation
and evaluate the wunderlying evolutionary scenario
shaping the observed patterns. A preliminary study
showed that the two analysed populations show a vir-
tually non-existent exchange of individuals (Ortego
et al, 2011a), and we hypothesize iv) the presence of
genetic and phenotypic differentiation between them
due to limited dispersal. Finally, v) we study the rela-
tive role of genetic drift and natural selection on
observed patterns of population differentiation in differ-
ent quantitative traits (viz. life-history and morphologi-
cal traits; Merila & Crnokrak, 2000).

Material and methods

Study area and general field methods

The study was carried out in two nest-box populations
located at Quintos de Mora (Montes de Toledo, central
Spain, Fig. 1): Gil Garcia (39°22'N 4°07'W) and Valde-
yernos (39°26'N 4°05'W). Both study areas are domi-
nated by deciduous oak forest, and each one contains
100 wooden nest boxes available for hole-nesting
passerines since 2006. The density of breeding pairs is

Montes de Toledo /= [
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Ciudad Real

similar in both woodlots (~4 pairs/ha) while nesting
opportunities for blue tits beyond these study plots are
expected to be low due to the absence of nest boxes
and the shortage of natural cavities (V. Garcia-Navas,
pers. obs.). These populations are separated by 7 km
(see Fig. 1), and the connecting landscape is an
unsuitable breeding habitat for blue tits: a river flood-
plain dominated by grassland and scattered trees in a
dehesa-like configuration (Tornero, 2003). See Garcia-
Navas & Sanz (2011b) for more details about the
study area.

During seven study years (2007-2013), we monitored
the breeding activity of blue tits from early April to
mid-June. Frequent inspections of nest boxes allowed
us to determine general breeding parameters: laying
date, clutch size, hatching success and fledgling success.
Routine fieldwork also included the capture of parents
while they were feeding their young (day 8 post-hatch-
ing) by means of spring traps. Adults were banded with
metal rings (if they were not already) and their sex and
age (yearling or older breeder) determined based upon
the presence/absence of a brood patch and plumage
characteristics (see Svensson, 1992), respectively. Birds
were weighed to the nearest 0.1 g using an electronic
portable balance, and their tarsus length was measured
to the nearest 0.01 mm using a digital calliper. The
same parameters were measured in nestlings on day 13
after hatching. Each nestling was also marked with an
individual metal ring. Blood samples (20-30 pL) from
the parents were collected by puncturing the brachial
vein and stored on FTA reagent-loaded cards

Toledo Province

Fig. 1 Map of the study area, which
& consists of a floodplain (denoted in
yellow) flanked by two mountain

~
S e

ranges (denoted in green) in which
both populations (A: Gil Garcia, B:
Valdeyernos) are located (photograph:
J. Caballero).

Province
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(Whatman Bioscience, Florham Park, NJ, USA) or in
Eppendorf tubes with 96% ethanol. In 2012, a subsam-
ple of nestlings (265 from 44 families) was also bled for
sex identification.

Molecular analyses

Birds were genotyped at 25 microsatellite markers (see
details in Electronic Supplementary Material). Genomic
DNA was isolated using a commercial kit (NucleoSpin
Blood Kit, Macherey-Nagel GmbH & Co, Duren, Ger-
many). PCRs were carried out in a 10 pL volume con-
taining 1x reaction buffer (67 mm Tris—=HCl, pH 8.3,
16 mm (NHy),SO,4, 0.01% Tween-20; EcoStart Reaction
Buffer, Ecogen, Barcelona, Spain), 2 mm MgCl,,
0.2 mm of each dNTP, 0.15 um of each dye-labelled pri-
mer (FAM, PET, NED or VIC), 0.1 U of Tag DNA Eco-
Start Polymerase (Ecogen) and 1 pL of template DNA.
The PCR profile consisted of 9 min of initial denaturing
at 95 °C followed by 40 cycles of 30 s at 94 °C, 45 s at
the annealing temperature (see Electronic Supplemen-
tary Material) and 45 s at 72 °C, ending with a 10-min
final elongation stage at 72 °C. Amplification products
were run on an ABI 310 Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA), and fragment size
was determined using cenemaprpeEr 3.7 (Applied Biosys-
tems). Nestling sex was determined by PCR amplifica-
tion of the CHD1-W and CHDI1-Z genes using the
primers 0057-F and 0002-R (Round et al., 2007). Prod-
ucts were separated on 2% agarose gels that were
stained with ethidium bromide and visualized under
UV light.

Identification of immigrants

We used the software cenecrass 2.0 (Piry et al., 2004)
to exclude or identify individuals as immigrants fol-
lowing two complementary methods. The first one
(‘frequency-based procedure’) allows the assessment
of the probability of each individual that is rejected
from reference populations. The second one (‘Bayes-
ian assignment procedure’) allows us to ascertain
population membership of individuals after the inclu-
sion of predefined (or candidate) populations. In
other words, this last method allows us to test
whether the origin population of a given individual
matches with the population in which it was sam-
pled. First, we detected first-generation migrants fol-
lowing the frequency-based method developed by
Paetkau et al. (2004). Likelihood computation was
performed by randomly generating 10 000 genotypes
in each population based on their allelic frequencies
(Monte Carlo resampling procedure, see Paetkau
et al., 2004). Only individuals assigned to one of the
two populations with a probability lower than 0.01
were considered as potential immigrants. Complemen-
tarily, we also performed an assignment test using
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the Bayesian method with the leave-one-out option
for dealing with missing alleles. Assignment tests cal-
culate the likelihood that the genotype of an individ-
ual matches the allelic profile of the population in
which it was sampled (Lj.,. Paetkau et al, 1995).
Thus, cenecrass is particularly useful to avoid false
positives because it considers the possibility that an
individual does not originate from a given sampled
source (Sunnucks, 2011). Results obtained from both
methods were collated with ringing data gathered in
the field (the ‘monringed as nestling” criterion, see
Verhulst & van Eck, 1996; Orell ef al, 1999). When
determining our immigrant pool, we opted for a con-
servative approximation and we only considered as
first-generation immigrants those individuals identified
as such by cenecrass and whose a priori population
(i.e. the population in which they were sampled) did
not match with the most likely population assigned
by the program. All unringed adults that were not
identified as first-generation immigrants by GENECLASS
were not included in the ‘immigrant vs. local’ analy-
ses, because we cannot rule out the possibility that
they are individuals born outside the border of the
study plot or unringed nestlings from overlooked nat-
ural nests. Thereby, we compared only individuals for
whom we had high confidence about their origin:
individuals ringed as nestlings and recruited as breed-
ing adults (local individuals) and individuals consis-
tently identified as immigrants using both genetic and
capture-mark-recapture methods.

Phenotypic and genotypic characteristics of
immigrants vs. locally born individuals

We compared the phenotypic and genotypic character-
istics of immigrants and locally born individuals to
determine whether dispersing individuals are superior
in terms of individual genetic diversity, size or body
mass in comparison with those that remain in their
natal site. We used homozygosity by loci (HL) as an
estimate of individual genetic diversity. This measure
improves heterozygosity estimates in open populations
by weighting the contribution of each locus to the
homozygosity value depending on their allelic variabil-
ity (see Aparicio et al., 2006 for more details). HL values
were calculated using cernicarLiN, an Excel spreadsheet
available at https://sites.google.com/site/joaquinortego
lozano/software-1. For morphometric data, we calcu-
lated an average value from measures obtained in dif-
ferent years, which were taken by the same observer
(VGN) and were highly repeatable (rpsus = 0.67;
Tmass = 0.48, P values < 0.01; Lessells & Boag, 1987).
Immigrants and locally born individuals (immigrants:
Gil Garcia @ 17 =26, & n = 7; Valdeyernos @ n =10, &
n = 7; locally born individuals: Gil Garcia @ n =24, &
n = 48; Valdeyernos @ n = 47, & n = 48) were compared
using ¢-tests.
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Complementarily, we compared pairwise relatedness
between immigrants and locally born individuals to
ascertain the possible existence of an advantage of
immigrants on philopatric individuals in terms of mate
quality (viz. genetic similarity). Pairwise relatedness (r,
Goodnight & Queller, 1999) is an estimate of the coeffi-
cient of kinship between two individuals (i.e. the pro-
portion of alleles shared between them) and was
computed using the program coancestry (Wang, 2011).

Fitness of immigrants vs. locally born individuals

We compared components of seasonal and lifetime
reproductive success between immigrants and locally
born individuals. We analysed the following components
of seasonal reproductive success (SRS): laying date,
clutch size, hatching success (= ratio of number of hatch-
lings to clutch size), fledgling success (= ratio of number
of fledglings to clutch size) and nestling condition (=
mean size-corrected body mass of nestlings on day 13).
As a measure of lifetime reproductive success (LRS), we
used the number of local recruits produced over an indi-
vidual’s lifetime. LRS was determined for all birds that
bred in 2007-2011. Those birds that bred for the first
time in 2011 might still have a few years ahead to
increase the number of recruited young. However, given
the short lifespan of this species (mean inter-annual sur-
vival rate: ~50%; mean life expectancy: 2 years) and the
fact that this source of bias is expected to affect equally
both immigrant and philopatric individuals, we included
all breeding individuals regardless of whether they were
at the beginning or end of their reproductive life. Due to
low sample size, we pooled recruitment data from both
populations for this particular analysis.

To test for differences in SRS and LRS between immi-
grants and locally born individuals, we constructed
models fitting the origin of individuals (local or immi-
grant) as a fixed factor. All models were built separately
for males and females. In models of SRS, we also con-
sidered a series of potential explanatory terms (covari-
ates: laying date, clutch size, brood size, tarsus length;
fixed factor: age; see Table 3 for details). We had multi-
ple records for the same individual in different years, so
we also included female/male identity and study year
as random effects in our models to avoid pseudoreplica-
tion. Linear models were carried out with the proc
mixep module in sas (SAS Institute, Cary, NC, USA)
using a normal error structure and an identity link
function. When random effects were present in a
model, denominator degrees of freedom for tests of
fixed factors were calculated using the Satterthwaite
method (Littell et al., 1996). The distribution of the
number of recruits resembles a Poisson distribution,
and therefore, LRS data were transformed [log (x + 1)]
and analysed by fitting a logarithmic model with Pois-
son error distribution. We started modelling by entering
all independent variables into our null model. All non-

significant terms were progressively removed in inverse
order of significance until we obtained a final model
that included all predictors whose addition improved
model fit.

We also analysed potential differences in inter-annual
survival rates between immigrants and locally born indi-
viduals. We estimated adult survival to the next breeding
season during 2007-2013 using the Cormack—Jolly—
Seber (CJS) method as implemented in MARK (White &
Burnham, 1999). Our predictions of interest focused
on the effects of origin (immigrant vs. locally born) on
survival probabilities. Therefore, to test the relative
importance of adult origin on survival probability, we
compared the fit of survival modelled as a function
of this factor vs. a model considering time dependence
in survival probability. See Electronic Supplementary
Material for more details.

Genetic and phenotypic population divergence

We examined inter-population differentiation at neutral
loci and phenotypic traits to determine whether limited
dispersal between these populations results in discern-
able genetic and/or phenotypic differentiation between
them. The amount of genetic differentiation between
populations was quantified using Weir and Cockerham’s
standardized Fsr (Weir & Cockerham 1984). We calcu-
lated the pairwise Fsr value between the two studied
populations and tested its significance with a Fisher’s
exact test after 9 999 permutations as implemented in
GENALEX version 6.5 (Peakall & Smouse, 2012). For each
locus and for each population, we also determined the
number of private alleles (alleles found in only one pop-
ulation) and allelic richness using Genarex 6.5 and FSTAT
2.9.3 (Goudet, 2002). In addition, we examined the pro-
portion of immigrants that carry novel (those observed
in the population for the first time) or rare (frequency
< 2%) alleles into our study populations and the fre-
quency with which they are transferred to their recruit-
ing progeny. Subsequently, we tested for differences in
phenotypic traits (reproductive and morphological
traits) between the two populations. Only locally born
individuals were included in these analyses.

Finally, we compared Fsr and Qst (~Pst) estimates to
examine the relative role of natural selection and
genetic drift in explaining the potential existence of
variation in life-history and morphological traits
between the two studied populations (Merila & Crno-
krak, 2000; Brommer, 2011; Oneal & Knowles, 2013).
Fsr estimates the extent of population genetic differen-
tiation, and Qs is an analogous measure of differentia-
tion in quantitative genetic traits (Spitze, 1993). Qsr
estimates can be approximated by the phenotypic diver-
gence in a trait across populations (Psy or ‘phenotypic’
Qst). We quantified phenotypic differentiation (Psr) for
three typical quantitative traits: laying date, clutch size
and tarsus length. This approach (Fsr—Psr comparison)
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allows us to study local adaptation and to test the rela-
tionship between molecular and quantitative genetic
variation among populations. When Fgsr = Pgr, there is
no evidence for geographically varying natural selec-
tion, and the relative effects of drift and selection on
population differentiation cannot be separated. Higher
relative divergence in quantitative traits than in neutral
markers (Fst < Pgr) is indicative of directional selection
favouring different phenotypes in ditferent populations,
whereas if Fsp > Pgr, it means that the same pheno-
types are favoured in different populations such that
divergence in additive genes is smaller than expected
on the basis of neutral divergence (i.e. stabilizing selec-
tion). Pgy values were estimated as described in McKay
& Latta (2002). We tested the difference between Qsr
and Fsy by comparing Qsr values with the distrib-
ution of values of Fsr (Whitlock, 2008). See Electronic
Supplementary Material for more details.

Results

Immigration patterns

A total of 675 adults were genotyped at 25 microsatel-
lite markers and included in our initial genotype data
set used for the identification of immigrants. We
detected 50 first-generation immigrants using GENECLASS.
We found that 92% (46/50) of individuals identified as
first-generation immigrants using the frequency
method were detected as ‘assignment mismatches’ in
the population assignment analysis, that is, individuals
assigned to a population other than the one in which
they were sampled. Thus, the degree of agreement
between the two methods was high. Except for two
cases, all individuals identified as immigrants involved
unringed birds. These exceptions corresponded to two
cases of dispersal between the studied populations: one
female ringed as nestling in Valdeyernos and captured
as breeding adult in Gil Garcia and a male that dis-
persed from Gil Garcia to Valdeyernos. Both cases were
identified as nonlocal individuals using both first-gener-
ation immigrants and assignment mismatch analyses in
GENECLASs. Immigration was female-biased (binomial
test, P <0.01), with immigrants accounting for 10%
(36/359) of females and 5% (14/316) of males present
in the studied populations (Table 1). The immigration
rate for Gil Garcia was higher than that reported for
Valdeyernos (10% vs. 4%; Table 1).

Phenotypic and genotypic characteristics of
immigrants vs. locally born individuals

Immigrant females arriving to Gil Garcia present slight
morphological differences with respect to local females
(Table 2a). We found that immigrant females are
marginally larger and tend to show a better body con-
dition than those locally born (Table 2a). In Valdey-
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ernos, there was no evidence that immigrant birds
present any phenotypic difference with respect to
locally born individuals (Table 2a). In Gil Garcia, immi-
grant females tended to be more heterozygous than
local females (Table 2a). We did not find a significant
difference between immigrant and local males with
respect to their level of genetic diversity (Table 2a).
Immigrants and locally born individuals settled in
Valdeyernos did not differ in terms of genetic diversity
(see Table 2a).

Regarding mate relatedness, our results indicate that
immigrant birds did not mate with more genetically dis-
similar individuals than those who did not disperse and
breeding in their natal area in any of the studied popu-
lations (Table 2a).

Fitness of immigrants vs. locally born individuals

In Gil Garcia, immigrant males seemed to do better
than locally born individuals in terms of offspring qual-
ity: nestlings raised by immigrant males fledged in bet-
ter condition than those raised by their local
counterparts (Table 2b). We did not find differences
with respect to the bird origin (local or immigrant) for
the rest of the analysed parameters in Gil Garcia
(Table 2b). The performance of female immigrants in
Valdeyernos differed from natives in terms of clutch
size; they laid on average 0.58 more eggs (Table 2b).
The remaining SRS parameters were similar for immi-
grants and locally born individuals (Table 2b).

When analysing survival data, we found that the
model including origin of individuals as factor did not
have a better fit to the data than the time-dependent
model (Gil Garcia: AAIC, 288.34 — 290.60 = —2.26; Val-
deyernos: AAIC, 367.34-367.92 = —0.58). Thus, adult
origin (immigrant; locally born) did not have a relevant
effect on survival probabilities.

The number of local recruits ranged between 0 and 3
offspring and did not differ between origin categories
(Wald * = 0.01, P = 0.96). However, there was a signif-
icant origin x sex interaction (Wald »*=4.83,
P =0.03). Post hoc comparisons revealed that immi-
grant females produced a lower number of local recruits
than philopatric females (mean number of local recruits,
immigrants: 0.14 £ 0.08, locally born: 0.46 £ 0.09;
tios = —1.99, P =0.048), whereas males exhibited the
opposite pattern (immigrants: 0.69 + 0.24, locally born:
0.25 £ 0.06; 1,5 =2.37, P=0.02). When analysing
both populations separately, we obtained very similar
results; there was no difference in LRS between immi-
grants and locally born individuals in any of the two
study areas (Gil Garcia: Wald 2 = 0.30, P = 0.58; Valde-
yernos: Wald x* = 0.02, P = 0.89), but the origin x sex
interaction remained significant (or marginally signifi-
cant) for both populations (Gil Garcia: Wald 3> = 4.80,
P = 0.03; Valdeyernos: Wald z* = 3.77, P = 0.052). The
number of local recruits produced by immigrant males
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Table 1 Number of immigrants arriving at each population over
the study period. Only new settlements are listed, and thus, the
total pool of immigrants for each year was greater than indicated,
that is, it was composed of new settlements or ‘newcomers’ plus
those individuals who arrived in previous years and survived to
the following breeding season.

Gil Garcia Valdeyernos

Immigrants Immigrants

Year Males Females Total Rate Males Females Total Rate

2007 0 3 20 015 4 1 25 0.02
2008 2 6 66 012 2 5 79  0.09
2009 1 3 67 006 O 0 72 0

2010 1 6 73 010 O 0 56 0

2011 2 4 72 0.08 1 0 43 0.02
2012 1 4 56 009 O 4 46 0.09
Overall 7 26 354 010 7 10 321 0.07

was significantly larger than that of immigrant females
(ta0 = 2.63, P=0.01). In absolute terms, immigrant
males produced the double of local recruits (8 vs. 4)
than immigrant females.

Genetic and phenotypic population divergence

The Fgsr value between the two studied populations
across the 25 typed loci and only considering locally
born individuals was significantly different from zero
(Fst = 0.033, P = 0.01). Fsr values calculated separately
for each locus ranged between 0.002 and 0.095 and
were significantly different from zero in all typed loci
(P < 0.01) but one (Pca4, Fsr = 0.002, P = 0.06).
Thirty-one of 50 (62%) individuals identified as
immigrants carried new or rare alleles. Female immi-
grants carried the majority of novel or rare alleles (23/
33, 69.7%), but the proportion of male immigrants car-
rying new or rare alleles was slightly greater than that
of the females (males: 10/14, 71.4%; females: 23/36,
63.8%). Immigrants introduced into the studied popu-
lations seven novel alleles from six loci (Pdo5, Pca2,
Pca3, Pca7, Pca8 and CcaTgu28), of which three (two
from two males and one from one female) were trans-
mitted to the recruiting offspring (# = 12 descendants
from immigrants). The occurrence of novel or rare
alleles within the pool of immigrants did not vary sig-
nificantly between populations (Gil Garcia: 22/34,
64.7%; Valdeyernos: 10/17, 58.8%; Chi-square = 0.16,
P =0.68). Most of these new or rare alleles (21/33,
63.6%) were specific to each population, that is, they
constituted private alleles (see Electronic Supplemen-
tary Material). Multilocus Fsp data revealed a margin-
ally significant genetic differentiation  between
immigrants arriving to Gil Garcia and those settled in
Valdeyernos (Fst = 0.006, P = 0.059), which suggests
that the source populations of immigrants for each of

the two studied population are genetically differentiated
(see also Electronic Supplementary Material).

We found significant differences in several pheno-
typic and reproductive traits between locally born indi-
viduals from the two studied populations (summarized
in Table 3). Both adult and nestling males from Gil
Garcia had larger tarsi in comparison with those from
Valdeyernos (Table 3). Clutches were earlier (around
6 days) and smaller in Gil Garcia than in Valdeyernos
(Table 3). Mean nestling condition at day 13 after
hatching also differed significantly between popula-
tions, being lower in Gil Garcia than in Valdeyernos
(Table 3). Differences in mean values for nestling mea-
surements can be partially explained taking into
account that offspring sex ratio (estimated as the pro-
portion of males) was higher in Gil Garcia than in Val-
deyernos (Table 3) and that nestling blue tits are
sexually dimorphic (males being larger than females;
Table 3, see also Mainwaring et al., 2011).

Comparison of genetically based quantitative trait dif-
ferentiation (Psy) with its expectation under neutrality
(Fst) revealed evidence of divergent selection (Psr »
Fst). When considering the null assumption where g/
K* =1 (i.e. the proportion of variation due to additive
genetic effects between populations, g, equals the pro-
portion within populations #?), we obtained higher Py
estimates (Pst, tarsus length: 0.66, laying date: 0.78,
clutch size: 0.78) than the global Fgr. For all traits (tar-
sus length, laying date and clutch size), the estimates
for Psr were higher than the global Fsr when altering
the assumptions about heritability and the magnitude
of additive genetic proportion (see Electronic Supple-
mentary Material). We compared the values of Psr with
the expected distribution of Fsr sensu Whitlock (2008).
The mean bootstrap value of Fsr (Fst = 0.032) was very
similar to the observed mean, which indicates that Psr
values for the traits are significantly different from the
distribution of neutral Fgr values. Our results thus were
robust to conclude that neutral genetic differentiation is
not sufficient to explain geographical differentiation in
some qualitative traits and suggest adaptation to local
different conditions in the presence of gene flow.

Discussion

Genetic assignment methods and capture—-mark-recap-
ture data indicate that both populations show a moder-
ate rate of annual immigration. When comparing the
characteristics of immigrant and philopatric individuals,
we found that immigrant females tend to be more het-
erozygous and larger than resident-hatched females in
one of our studied populations. A few studies have
shown that dispersers possess a higher phenotypic or
genotypic quality than philopatric individuals, which
could make them more skilled to travel (e.g. if gen-
ome-wide heterozygosity increases exploratory and dis-
persal propensity) or allow them to face the costs
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Table 3 Differences (mean + SE) in

Trait Gil Garcia Valdeyemos Test P morphological and reproductive traits
Female adult size (mm) 1550 £ 0.06 1546 + 010 Fy7q = 0.11 073  between the two studied populations. Only
Female nestling size on day 13 (mm) 1554 £ 0.11  15.37 £ 0.06  Fy105 = 1.51 00p  local recruits were included in these
Female adult mass (g) 979+008 971 +£013  Fys4 =027 060  Analyses (see Material and methods).
Female nestling mass on day 13 (g) 10.84 + 0.13 10.09 + 0.06 Fi107 = 21.41%  <0.001

Male adult size (mm) 16.12 £ 008  15.89 + 0.07  Figg = 5.60 0.03

Male nestling size on day 13 (mm) 16.14 + 0.18 15.76 + 0.05 F1131 =7.30 <0.01

Male adult mass (g) 9.65 + 0.08 9.98 + 0.07  Fj o7 = 9.25% <0.01

Male nestling mass on day 13 (g) 11.09 £+ 0.16 10.34 + 0.06 Fi 130 = 5.85% 0.02

Laying date (1 = 1st April 14.07 £ 11.34 2046 + 1111 Fi405=861°  <0.01

Clutch size 7.51 + 1.68 8.02 + 1.68 Fi128 = 17.39°  <0.001

Hatching success (%) 75.65 + 20.55 81.19 + 2256  Fj g0 = 1.52° 0.22

Fledgling success (%) 66.30 £ 28.93 7816 £ 27.12  Fy 439 = 3.58¢ 0.06

Mean nestling size (mm) 15.73 £ 0.04 15.54 + 0.05 Fi00 = 1.569 0.21

Mean nestling mass (g) 9.99 4+ 0.07 10.13 & 0.07 Fi120 = 11,51 <0.001

Sex ratio (male/female ratio, %) 32.46 £ 23.65 53.81 £25.36 F140=5.70 0.02

After controlling for: (a) tarsus length, (b) female age, (c) laying date and female age, (d)
laying date and brood size, (e) laying date, brood size and tarsus length. Female/male iden-
tity and study year were included as random effects except for adult size and condition

(only one value or an average value per individual).

associated with dispersing long distances. Our data are
concordant with that previously reported in Eurasian
eagle-owls (Bubo bubo; Delgado et al, 2010), naked
mole-rats (Heterocephalus glaber; O’Riain et al., 1996)
and roe deer (Capreolus capreolus; Debeffe et al., 2012),
finding that heavier individuals are more likely to
disperse than lighter individuals. A genotypic and phe-
notypic superiority of immigrants may contribute to
offset the energy constraints related to dispersal and
reduce the potential costs associated with the lack of
site experience that they might face when settling in a
new breeding place. Dispersal has been also suggested
as a mechanism that allows individuals to avoid mating
with relatives (Szulkin & Sheldon, 2008; Ortego ef al.,
2010). However, we did not find significant differences
in mate genetic relatedness between immigrants and
philopatric individuals although the former are
expected to come from somehow genetically differenti-
ated populations and a large proportion of them carry
novel alleles.

In concordance with the general pattern of female-
biased dispersal in birds, we observed that immigrants
were more frequent among females (Greenwood, 1980;
Orell et al., 1999; Mabry et al., 2013; but see Verhulst
& van Eck, 1996). Data on LRS indicate that immigrant
females produced fewer local recruits than philopatric
females, whereas immigrant males recruited more off-
spring than those that remained in their natal area. In
absolute terms, our results also indicate that the demo-
graphic and genetic impact of females in the receipting
populations is lower than that of immigrant males.
Thus, the importance of female immigrants in terms of
their contribution to future generations and population
dynamics is lower than expected according to the

observed immigration rate and indicates that sex-biased
dispersal does not necessarily equal sex-biased realized
gene flow (McCleery & Clobert, 1990; Verhulst & van
Eck, 1996; Orell et al, 1999; Prugnolle & de Meeus,
2002; Li & Merila, 2010). The fact that immigrant
males raise heavier nestlings than locally born individ-
uals in one of the study populations suggests that the
former may settle in better territories and produce
higher-quality offspring, which could increase their
survival prospects after fledgling and explain the
observed patterns of local recruitment (Monrds et al.,
2002; see also Orell et al.,, 1999; Julliard et al., 1996).
The lower LRS of immigrant females in comparison
with those locally born is counterintuitive with the fact
that the former laid larger clutches in one of the stud-
ied populations. Unfamiliarity with breeding habitat
and overestimation of local resources could result in
immigrant being foo optimistic when making decisions
related to reproductive investment (Dhondt et al,
1990; Dias & Blondel, 1996; Postma & van Noordwijk,
2005), which could explain the discrepancy between
the higher fecundity of immigrant females and their
poorer performance in terms of number of recruited
offspring. The low recruitment rate exhibited by female
immigrants may be linked to a shorter lifespan
(Verhulst & van Eck, 1996; Parn et al., 2009; but see
Clobert et al., 1988; Hansson et al., 2004). However, we
found that adult survival was not associated with adult
origin. An alternative hypothesis to explain this finding
is that immigrant females may be more likely to pro-
duce young that disperse over large distances before
establishment (Orell et al., 1999). Regarding this, it has
been suggested that LRS estimates of dispersing and
philopatric individuals may be subject to systematic
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biases due to within-individual consistency and parent—
offspring resemblance in dispersal behaviour, which
may have a genetic basis (Dingemanse et al., 2002;
Pasinelli et al, 2004; Korsten et al, 2010). Unfortu-
nately, we have no information about the frequency
with which young travelled beyond the limits of our
study area, which could lead to an underestimation of
LRS estimates of dispersing parents (Bélinchon et al.,
1996; Doligez & Pirt, 2008).

Capture-mark-recapture data showed that individu-
als very rarely travelled the 7 km that separates the
two studied populations, and microsatellite data also
indicate that gene flow between them is restricted (see
also Ortego et al, 2011a). We found a significant
genetic differentiation between the two populations,
with a pairwise Fsr value (0.03) similar to that reported
in a previous study analysing patterns of genetic struc-
ture between a mainland population of blue tit (the
nominal form C. c. caeruleus) and Corsican populations
of the C. c. ogliastrae subspecies (Fsr = 0.03-0.04) sepa-
rated ~ 400 km apart (Porlier ef al., 2012). Thus, the
observed level of genetic differentiation reported here is
much higher than expected on the basis of the short
distance that separates our study populations (7 km).
In spite of their geographical proximity, the suboptimal
habitat separating both populations could prevent dis-
persal between them or increase the energy expendi-
ture and risk of predation as a result of having to travel
through an unsuitable matrix (Harris & Reed, 2002;
McRae, 2006; Smith & Batzli, 2006; Baguette & Van
Dyck, 2007). Unfavourable or inhospitable habitats may
restrict dispersal and lead to genetic differences between
populations separated by short distances (Postma et al.,
2009; Oliveras de Ita et al., 2012).

When analysing population divergence in phenotypic
and life-history traits, we found significant differences
in terms of male and offspring body size, female fecun-
dity and offspring sex ratio. To the best of our knowl-
edge, few studies have previously reported a similar
pattern of differentiation at such fine spatial scale, and
most have been carried out considering insular popula-
tions (Chan & Arcese, 2003) or subpopulations differing
in habitat quality and leading to asymmetric or nonran-
dom gene flow (Shapiro et al, 2006, Camacho et al,
2013). In a recent study with forest thrushes (Turdus
lherminieri) on Guadeloupe (Lesser Antilles), differences
in body size were found between forest thrush popula-
tions from the western and eastern part of the island
(Arnoux et al., 2013). A similar case was reported on
Reunion Island where Mascarene grey white-eyes (Zo-
sterops borbonicus) inhabiting the highlands were shown
to be larger than those inhabiting the lowlands (Mila
et al., 2010). In previous studies on Corsican blue tits,
Blondel and colleagues revealed the existence of
marked differences in morphological traits (wing and
tarsus length, body mass) between mainland and insular
populations from 25 to 40 km apart (Blondel et al,
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1999). This scenario ditfers from that reported here
because in addition to the inter-landscape variation
(mainland vs. island), there is also an inter-habitat var-
iation (evergreen vs. deciduous woodland) (Blondel
et al., 1999; Blondel & Charmantier, 2006). According
to the ‘divergence-with-gene flow” model of speciation
(Maynard Smith, 1966), divergent selection pressures
may lead to local population differentiation because
habitat-specific selection regimes are presumably strong
enough to outweigh the effects of gene flow (Lamb-
rechts et al., 1997; Schluter, 2001; Porlier ef al., 2012),
a pattern that has been reported in previous studies
(Postma & van Noordwijk, 2005; Senar et al., 2006).
Accordingly, our comparison of quantitative and
molecular genetic variation suggests that the studied
traits are differentiated between populations to a
greater extent than expected due to genetic drift alone.
Evidence of phenotypic differentiation exceeding the
level of genetic divergence in birds is primarily based
on large-scale studies (e.g. see Leinonen et al., 2008 for
a review), and to the best of our knowledge, this is the
first study to show evidence of divergent selection
between populations located a very short distance from
each other. However, a number of important caveats
underlie Pst—Fsy comparison (Kekkonen ef al., 2012); it
means that our inferences regarding local adaptation as
a causal factor behind the observed geographical varia-
tion should be interpreted cautiously, and hence, such
conclusions remain tentative.

Overall, our study shows that the impact of immigrant
males is higher than that of females in terms of relative
and absolute number of recruited offspring, indicating
that the most dispersing sex does not necessarily contrib-
ute more to realized gene flow. To the best of our
knowledge, this is the first study showing such counter-
intuitive disparity between observed sex-biased dispersal
and its consequences on demography and realized gene
flow. Immigrants carried novel alleles into the receiving
populations, and a considerable proportion of them
(42.9%) were effectively transmitted to their recruiting
offspring, which suggests that the genetic impact of
immigrants is not ephemeral. The continuous influx of
immigrants may thus contribute to maintain local levels
of genetic diversity even when the absolute number of
immigrant’s offspring recruiting into the population is
small (e.g. Vila et al., 2003; Ortego et al., 2007, 2011b).
A low rate of inter-population dispersal, together with
the fact that both populations receive immigrants
from genetically differentiated source populations, has
probably resulted in the observed pattern of genetic dif-
ferentiation. However, inter-population phenotypic dif-
ferentiation exceeds the level of genetic differentiation,
indicating that the impact of divergent natural selection
is not counterbalanced by the homogenizing effects of
gene flow. Our study highlights the importance of inte-
grating individual- and population-based approaches to
understand the importance of immigration and local

JOURNAL OF EVOLUTIONARY BIOLOGY © 2014 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



1600 V. GARCIA-NAVAS ET AL.

selective regimes in driving fine-scale genetic and phe-
notypic divergence.

Acknowledgments

We are indebted to Carlos R. Vigal (Centro Quintos de
Mora — Organismo Auténomo Parques Nacionales) for
the facilities offered to work and live there. Pedro J.
Cordero kindly allowed us to carry out the genetic
analyses in his laboratory. We warmly thank Conchi
Caliz for her advice with genotyping. V. Garcia-Navas
was supported by a FPI doctoral scholarship from Min-
isterio de Ciencia e Innovacién and European Social
Fund during data collection, E. S. Ferrer was supported
by a doctoral scholarship from Junta de Comunidades
de Castilla-La Mancha-European Social Fund, and
J. Ortego benefited from a ‘Juan de la Cierva’ post-doc-
toral contract. This study was funded by Ministerio de
Ciencia e Innovacion (grant ref. CGL2010-21933-C02-
01) and Junta de Comunidades de Castilla-La Mancha
(grant ref. POIC10-0269-7632).

References

Aparicio, J.M., Ortego, J. & Cordero, P.J. 2006. What should
we weigh to estimate heterozygosity, alleles or loci? Mol.
Ecol. 15: 4659-4665.

Arnoux, E., Eraud, C., Thomas, A., Caballo, F., Garnier, S. &
Faivre, B. 2013. Phenotypic variation of Forest Thrushes
Turdus [herminieri in Guadeloupe: evidence for geographic
differentiation at fine spatial scale. J. Ornithol. 154: 977-
985.

Baguette, M. & Van Dyck, H. 2007. Landscape connectivity
and animal behavior: functional grain as a key determinant
for dispersal. Landsc. Ecol. 22: 1117-1129.

Bélinchon, S., Clobert, J. & Massot, M. 1996. Are there differ-
ences in fitness components between philopatric and dis-
persing individuals? Acta Oecol. 17: 503-517.

Bensch, S., Hasselquist, D., Nielsen, B. & Hansson, B. 1998.
Higher fitness for philopatric than for immigrant males in a
semi-isolated population of great reed warblers. Evolution 52:
877-883.

Bensch, S., Andrén, H., Hansson, B., Pedersen, H.-C., Sand, H.,
Sejberg, D. et al. 2006. Selection for heterozygosity gives
hope to a wild population of inbred wolves. PLoS ONE 1:
e72.

Bertrand, J.A.M., Bourgeois, Y.X.C., Delahaie, B., Duval, T.,
Garcia-Jiménez, R., Cornuault, J. et al. 2013. Extremely
reduced dispersal and gene flow in an island bird. Heredity
112: 190-196.

Blondel, J. & Charmantier, A. 2006. Population differentiation
on islands: a case study using blue tits in habitat mosaics.
Acta Zool. Sin. 52(Suppl): 267-270.

Blondel, J., Dias, P.C., Perret, P., Maistre, M. & Lambrechts,
M.M. 1999. Selection-based biodiversity at a small spatial
scale in an insular bird. Science 285: 1399-1402.

Brommer, J.E. 2011. Whither Psr? The approximation of Qsr
by Psr in evolutionary and conservation biology. J. Evol. Biol.
24: 1160-1168.

Calabuig, G., Ortego, J., Cordero, P.J. & Aparicio, J.M. 2008.
Causes, consequences and mechanisms of breeding dispersal
in the colonial lesser kestrel (Falco naumanni). Anim. Behav.
76: 1989-1996.

Calabuig, G., Ortego, J., Cordero, P.J. & Aparicio, J.M. 2010.
Colony foundation in the lesser kestrel: patterns and conse-
quences of the occupation of empty habitat patches. Anim.
Behav. 80: 975-982.

Camacho, C., Canal, D. & Potti, J. 2013. Non-random dispersal
drives phenotypic divergence within a bird population. Ecol.
Evol. 3: 4841-4848.

van de Casteele, T. & Matthysen, E. 2006. Natal dispersal and
parental escorting predict relatedness between mates in a
passerine bird. Mol. Ecol. 15: 2557-2565.

Chan, Y. & Arcese, P. 2003. Morphological and microsatellite
differentiation in Melospiza melodia (Aves) at a microgeo-
graphic scale. J. Evol. Biol. 16: 939-947.

Clobert, J., Perrins, C.M., McCleery, R.H. & Gosler, A.G. 1988.
Survival rate in the great tit Parus major in relation to sex,
age and immigrant status. J. Anim. Ecol. 57: 257-306.

Clobert, J., Baguette, M., Benton, T.G. & Bullock, J.M. 2012.
Dispersal Ecology and Evolution. Oxford University Press,
Oxford.

Debeffe, L., Morellet, N., Cargnelutti, B., Lourtet, B., Bon, R.,
Gaillard, J.-M. et al. 2012. Condition-dependent natal dis-
persal in a large herbivore: heavier animals show a greater
propensity to disperse and travel further. J. Anim. Ecol. 81:
1327-1337.

Delgado, M.M., Penteriani, V., Revilla, E. & Nams, V.O. 2010.
The effect of phenotypic traits and external cues on natal
dispersal movements. J. Anim. Ecol. 79: 620—632.

Dhondt, A.A., Adriaensen, F., Matthyssen, E. & Kempenaers, B.
1990. Nonadaptive clutch sizes in tits. Nature 348: 723-725.
Dias, P. & Blondel, J. 1996. Local specialization and maladapta-
tion in the Mediterranean blue tit (Parus caeruleus). Oecologia

107: 79-86.

Dingemanse, N.J., Both, C., Drent, P.J., van Oers, K. & van
Noordwijk, A.J. 2002. Repeatability and heritability of
exploratory behaviour in great tits from the wild. Anim.
Behav. 64: 929-937.

Doligez, B. & Part, T. 2008. Estimating fitness consequences of
dispersal: a road to ‘know-where’? Non-random dispersal
and the underestimation of dispersers” fitness. J. Anim. Ecol.
77: 1199-1211.

Ebert, D., Haag, C., Kirkpatrick, M., Riek, M., Hottinger, J.W.
& Pajunen, V.I. 2002. A selective advantage to immigrant
genes in a Daphnia metapopulation. Science 295: 485-488.

Edelaar, P., Alonso, D., Lagerveld, S., Senar, J.C. & Bjorklund,
M. 2012. Population differentiation and restricted gene flow
in Spanish crossbills: not isolation-by-distance but isola-
tion-by-ecology. J. Evol. Biol. 25: 417-430.

Garant, D., Forde, S.E. & Hendry, A.P. 2007. The multifarious
effects of dispersal and gene flow on contemporary adapta-
tion. Funct. Ecol. 21: 434-443.

Garcia, J.T., Suarez, F., Garza, V., Calero-Riestra, M., Hernan-
dez, J. & Pérez-Tris, J. 2008. Genetic and phenotypic varia-
tion among geographically isolated populations of the
globally threatened Dupont’s lark Chersophilus duponti. Mol.
Phyl. Evol. 46: 237-251.

Garcia-Navas, V. & Sanz, J.J. 2011a. Females call the shots:
breeding dispersal and divorce in blue tits. Behav. Ecol. 22:
932-939.

© 2014 THE AUTHORS. J. EVOL. BIOL. 27 (2014) 1590-1603

JOURNAL OF EVOLUTIONARY BIOLOGY © 2014 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



Garcia-Navas, V. & Sanz, J.J. 2011b. The importance of a main
dish: nestling diet and foraging behaviour in Mediterranean
blue tits in relation to prey phenology. Oecologia 165: 639—-649.

Garroway, C.J., Radersma, R., Sepil, I., Santure, A.W., De Cau-
wer, L., Slate, J. ef al. 2013. Fine-scale genetic structure in a
wild bird population: the role of limited dispersal and envi-
ronmentally based selection as causal factor. Evolution 67:
3488-3500.

Goodnight, K.F. & Queller, D.C. 1999. Computer software for
performing likelihood tests of pedigree relationship using
genetic markers. Mol. Ecol. 8: 1231-1234.

Goudet, J. 2002. FSTAT: A program to estimate and test gene
diversities and fixation indices, Version 2.9.3.2. Available at:
http://www.unil.ch/Jahia/site/dee/op/edit/pid/36921

Greenwood, P.J. 1980. Mating systems, philopatry and dis-
persal in birds and mammals. Anim. Behav. 28: 1140-1162.

Haas, C.A. 1998. Effects of prior nesting success on site fidelity
and breeding dispersal: an experimental approach. Auk 115:
929-936.

Hansson, B., Bensch, S. & Hasselquist, D. 2004. Lifetime fitness
of short- and long-distance dispersing great reed warblers.
Evolution 58: 2546-2557.

Harris, R.J. & Reed, J.M. 2002. Behavioral barriers to non-
migratory movements of birds. Ann. Zool. Fenn. 39: 275-290.
Hendry, A.P. 2004. Selection against migrants contributes to
the rapid evolution of ecologically dependent reproductive

isolation. Evol. Ecol. Res. 6: 1219-1236.

llera, J.C., Koivula, K., Broggi, J., Packert, M., Martens, J. &
Kvist, L. 2011. A multi-gene approach reveals a complex
evolutionary history in the Cyanistes species group. Mol. Ecol.
20: 4123-4139.

Ingvarsson, P.K. & Whitlock, M.C. 2000. Heterosis increases
the effective migration rate. Proc. R. Soc. Lond. B 267: 1321—
1326.

Julliard, R., Perret, P. & Blondel, J. 1996. Reproductive strate-
gies of philopatric and immigrant blue tits. Acta Oecol. 17:
487-501.

Kekkonen, J., Jensen, H. & Brommer, J.E. 2012. Morphomet-
ric differentiation across House Sparrow Passer domesticus
populations in Finland in comparison with the neutral
expectation for divergence. Ibis 154: 846-857.

Keller, L.F. & Waller, D.M. 2002. Inbreeding effects in wild
populations. Trends Ecol. Evol. 17: 230-241.

Keller, L.F., Jetfery, K.J., Arcese, P., Beaumont, M.A., Hocha-
cka, W.M., Smith, JN.M. et al. 2001. Immigration and the
ephemerality of a natural population bottleneck: evidence
from molecular markers. Proc. R. Soc. Lond. B 268: 1387-1394.

Korsten, P., Mueller, J.C., Hermannstadter, C., Bouwman,
K.M., Dingemanse, N.J., Drent, P.J. et al. 2010. Association
between DRD4 gene polymorphism and personality variation
in Great Tits: a test across four wild populations. Mol. Ecol.
19: 832-843.

Lambin, X. 1994. Natal philopatry, competition for resources,
and inbreeding avoidance in Townsend’s voles (Microtus
townsendii). Ecology 75: 224-235.

Lambrechts, M.M., Blondel, J., Hurtrez-Bousses, J., Maistre, M.
& Perret, P. 1997. Adaptive inter-population differences in
blue tit life-history traits on Corsica. Evol. Ecol. 11: 599-612.

Langerhans, R.B., Layman, C.A., Langerhans, A.K. & DeWitt,
T.J. 2003. Habitat-associated morphological divergence
in two Neotropical fish species. Biol. J. Linn. Soc. 80: 689—
698.

© 2014 THE AUTHORS. J. EVOL. BIOL. 27 (2014) 1590-1603

The role of immigration and local adaptation 1601

Leinonen, T., O’Hara, R., Cano, J.M. & Merild, J. 2008. Com-
parative studies of quantitative trait and neutral marker
divergence: a meta-analysis. J. Evol. Biol. 21: 1-17.

Lenormand, T. 2002. Gene flow and the limits to natural selec-
tion. Trends Ecol. Evol. 17: 183-189.

Lessells, C.M. & Boag, P.T. 1987. Unrepeatable repeatabilities:
a common mistake. Auk 104: 116-121.

Li, M.H. & Merila, J. 2010. Genetic evidence for male-biased
dispersal in the Siberian jay (Perisoreus infaustus) based on
autosomal and Z-chromosomal markers. Mol. Ecol. 19: 5281—
5295.

Littell, R.C., Milliken, G.A., Stroup, W.W. & Wolfinger, R.D.
1996. SAS System for Mixed Models. SAS Institute, Cary, NC.
Losos, J.B. & Ricklefs, R.E. 2009. Adaptation and diversifica-

tion on islands. Nature 457: 830-836.

Mabry, K.E., Shelley, E.L., Davis, K.E., Blumstein, D.T. & van
Vuren, D.H. 2013. Social mating system and sex-biased dis-
persal in mammals and birds: a phylogenetic analysis. PLoS
ONE 8: ¢57980.

Mainwaring, M.C., Dickens, M. & Hartley, L.R. 2011. Sexual
dimorphism and growth trade-offs in Blue Tit Cyanistes caeru-
leus nestlings. Ibis 153: 175-179.

Mallet, J. 2001. Gene flow. In: Insect Movement: Mechanisms and
Consequences (I.P. Woiwod, D.R. Reynolds & C.D. Thomas,
eds), pp. 337-360. CAB International, Wallingford, UK.

Marr, A.B., Keller, L.F. & Arcese, P. 2002. Heterosis and out-
breeding depression in descendants of natural immigrants to
an inbred population of song sparrows (Melospiza melodia).
Evolution 56: 131-142.

Maynard Smith, J. 1966. Sympatric speciation. Am. Nat. 100:
637-650.

McCleery, R.H. & Clobert, J. 1990. Differences in recruitment
of young by immigrant and resident Great Tits in Wytham
Wood. In: Population Biology of Passerine Birds;, an Integrated
Approach (J. Blondel, A.G. Gosler, J.-D. Lebreton & R.H.
McCleery, eds). Nato series G. Vol. 24, pp. 423-440.
Springer-Verlag, Berlin.

McKay, J.K. & Latta, R.G. 2002. Adaptive population diver-
gence: markers, QTL and traits. Trends Ecol. Evol. 17: 285—
291.

McRae, B.H. 2006. Isolation by resistance. Evolution 60: 1551—
1561.

Merila, J. & Crnokrak, P. 2000. Comparison of genetic differ-
entiation at marker loci and quantitative traits. J. Evol. Biol.
14: 892-903.

Mil4, B., Wayne, R.K., Fitze, P. & Smith, T.B. 2009. Divergence
with gene flow and fine-scale phylogeographical structure in
the wedge-billed woodcreeper, Glyphorynchus spirurus, a Neo-
tropical rainforest bird. Mol. Ecol. 18: 2979-2995.

Mil4, B., Warren, B.H., Heeb, P. & Thébaud, C. 2010. The geo-
graphic scale of diversification on islands: genetic and mor-
phological divergence at a very small spatial scale in the
Mascarene grey white-eye (Aves: Zosterops borbonicus). BMC
Evol. Biol. 10: 158-171.

Monr6s, J.S., Belda, E.J. & Barba, E. 2002. Post-fledging sur-
vival of individual great tits: the effect of hatching date and
fledging mass. Oikos 99: 481-488.

Nosil, P., Vines, T.H. & Funk, D.J. 2005. Reproductive isolation
caused by natural selection against immigrants from diver-
gent habitats. Evolution 59: 705-719.

Oliveras de Ita, A., Oyama, K., Smith, T.B., Wayne, R.K. & Mil4,
B. 2012. Genetic evidence for recent range fragmentation

JOURNAL OF EVOLUTIONARY BIOLOGY © 2014 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



1602 V. GARCIA-NAVAS ET AL.

and severely restricted dispersal in the critically endangered
Sierra Madre Sparrow, Xenospiza baileyi. Cons. Gen. 13: 283—
291.

Oneal, E. & Knowles, L.L. 2013. Ecological selection as the
cause and sexual differentiation as the consequence of spe-
cies divergence? Proc. R. Soc. Lond. B 280: 2012-2236.

Orell, M., Lahti, K., Koivula, K.I.,, Rytkonen, S. & Welling,
P. 1999. Immigration and gene flow in a northern wil-
low tit (Parus montanus) population. J. Evol. Biol. 12:
283-295.

O’Riain, M.J., Jarvis, J.U.M. & Faulkes, C.G. 1996. A dispersive
morph in the naked mole-rat. Nature 380: 619-621.

Ortego, J., Aparicio, J.M., Calabuig, G. & Cordero, P.J. 2007.
Increase of heterozygosity in a growing population of lesser
kestrels. Biol. Lett. 3: 585-588.

Ortego, J., Calabuig, G., Aparicio, J.M. & Cordero, P.J. 2008.
Genetic consequences of natal dispersal in the colonial lesser
kestrel. Mol. Ecol. 17: 2051-2059.

Ortego, J., Aguirre, M.P. & Cordero, P.J. 2010. Population
genetics of Mioscirtus wagneri, a grasshopper showing a highly
fragmented distribution. Mol. Ecol. 19: 472-483.

Ortego, J., Garcia-Navas, V., Ferrer, E.S. & Sanz, J.J. 2011a.
Genetic structure reflects natal dispersal movements at dif-
ferent spatial scales in the blue tit, Cyanistes caeruleus. Anim.
Behav. 82: 131-137.

Ortego, J., Yannic, G., Shafer, A.B.A., Mainguy, J., Festa-Bian-
chet, M., Coltman, D.W. et al. 2011b. Temporal dynamics of
genetic variability in a mountain goat (Oreamnos americanus)
population. Mol. Ecol. 20: 1601-1611.

Ortego, J., Aguirre, M.P. & Cordero, P.J. 2012. Genetic and mor-
phological divergence at different spatiotemporal scales in the
grasshopper Mioscirtus wagneri. J. Insect Cons. 16: 103-110.

Paetkau, D., Calvert, W., Stirling, I. & Strobeck, C. 1995. Mi-
crosatellite analysis of population structure in Canadian
polar bears. Mol. Ecol. 4: 347-354.

Paetkau, D., Slade, R., Burden, M. & Estoup, A. 2004. Direct,
real-time estimation of migration rate using assignment
methods: a simulation-based exploration of accuracy and
power. Mol. Ecol. 13: 55-65.

Parn, H. Jensen, H. Ringsby, T.H. & Sather, B.E. 2009.
Sex-specific fitness correlates of dispersal in a house sparrow
metapopulation. J. Anim. Ecol. 78: 1216-1225.

Part, T. 1995. The importance of local familiarity and search
costs for age- and sex-biased philopatry in the collared fly-
catcher. Anim. Behav. 49: 1029-1038.

Pasinelli, G., Schiegg, K. & Walters, J.R. 2004. Genetic and
environmental influences on natal dispersal distance in a
resident bird species. Am. Nat. 164: 660—-669.

Peakall, R. & Smouse, P.E. 2012. GenAIEx 6.5: genetic analysis
in Excel. Population genetic software for teaching and
research-an update. Bioinformatics 28: 2537-2539.

Piry, S., Alapetite, A., Cornuet, J.M., Paetkau, D., Baudouin,
L. & Estoup, A. 2004. GENECLASS2: a software for genetic
assignment and first-generation migrant detection. J. Hered.
95: 536-539.

Porlier, M., Garant, D., Bourgault, P., Perret, P., Blondel, J. &
Charmantier, A. 2012. Habitat-linked population genetic
differentiation in the Blue tit Cyanistes caeruleus. J. Hered.
103: 781-791.

Postma, E. & van Noordwijk, A.J. 2005. Gene flow maintains a
large genetic difference in clutch size at a small spatial scale.
Nature 433: 65-68.

Postma, E., Den Tex, R.-J., van Noordwijk, A.J. & Mateman,
A.C. 2009. Neutral markers mirror small-scale quantitative
genetic differentiation in an avian island population. Biol. J.
Linn. Soc. 97: 867-875.

Prugnolle, F. & de Meeus, T. 2002. Inferring sex-biased dis-
persal from population genetic tools: a review. Heredity 88:
161-165.

Round, P.D., Hansson, B., Pearson, D.J.,, Kennerley, P.R. &
Bensch, S. 2007. Lost and found: the enigmatic large-billed
reed warbler (Acrocephalus orinus) rediscovered after
139 years. J. Avian Biol. 38: 133-138.

Schluter, D. 2001. Ecology and the origin of species. Trends
Ecol. Evol. 16: 372-380.

Senar, J.C., Borras, A., Cabrera, J., Cabrera, T. & Bjorklund,
M. 2006. Local differentiation in the presence of gene flow
in the citril finch Serinus citrinella. Biol. Lett. 22: 85-87.

Shapiro, B.J., Garant, D., Wilkin, T.A. & Sheldon, B.C. 2006.
An experimental test of the causes of small-scale phenotypic
differentiation in a population of great tits. J. Evol. Biol. 19:
176-183.

Slatkin, M. 1985. Gene flow in natural populations. Annu. Rev.
Ecol. Syst. 16: 393-430.

Slatkin, M. 1987. Gene flow and the geographic structure of
natural populations. Science 236: 787-792.

Smith, J.E. & Batzli, G.O. 2006. Dispersal and mortality of
prairie voles (Microtus ochrogaster) in fragmented landscapes:
a field experiment. Oikos 112: 209-217.

Smith, T.B., Thomassen, H.A., Freedman, A.H., Sehgal,
R.N.M., Buermann, W., Saatch, S. et al. 2011. Patterns of
divergence in the olive sunbird Cyanomitra olivacea (Aves:
Nectariniidae) across the African rainforest-savanna ecotone.
Biol. J. Linn. Soc. 103: 821-835.

Spitze, K. 1993. Population structure in Daphnia obtusa: quan-
titative genetic and allozymic variation. Genetics 135: 367—
374.

Sunnucks, P. 2011. Towards modelling persistence of wood-
land birds: the role of genetics. Emu 111: 19-39.

Svensson, L. 1992. Identification guide to European Passerines.
Lars Svensson, Stockholm.

Szulkin, M. & Sheldon, B.C. 2008. Dispersal as a means of
inbreeding avoidance in a wild bird population. Proc. R. Soc.
Lond. B 275: 703-711.

Tornero, J. 2003. Los Quintos de Mora. Organismo Auténomo
Parques Nacionales, Madrid.

Valcu, M. & Kempenaers, B. 2008. Causes and consequences
of breeding dispersal and divorce in a blue tit, Cyanistes caeru-
leus, population. Anim. Behav. 75: 1949-1963.

Verhulst, S. & van Eck, H.M. 1996. Gene flow and immigration rate
in an island population of great tits. J. Evol. Biol. 9: 771-782.

vila, C., Sundqvist, A.-K., Flagstad, ©., Seddon, J., Bjorner-
feldt, S., Kojola, I. et al. 2003. Rescue of a severely bottle-
necked wolf (Canis Ilupus) population by a single immigrant.
Proc. R. Soc. Lond. B 270: 91-97.

Wang, J.L. 2011. COANCESTRY: a program for simulating,
estimating and analyzing relatedness and inbreeding coeffi-
cients. Mol. Ecol. Res. 11: 141-145.

Weir, B.S. & Cockerham, C.C. 1984. Estimating F-statistics for
the analysis of population structure. Evolution 38: 1358-
1370.

Wheelwright, N.T. & Mauck, R.A. 1998. Philopatry, natal
dispersal, and inbreeding avoidance in an island population
of savannah sparrows. Ecology 79: 755-767.

© 2014 THE AUTHORS. J. EVOL. BIOL. 27 (2014) 1590-1603

JOURNAL OF EVOLUTIONARY BIOLOGY © 2014 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



White, G.C. & Burnham, K.P. 1999. Program MARK: survival
estimation from populations of marked animals. Bird Study
46(Suppl): 120-138.

Whitlock, M.C. 2008. Evolutionary inference from Qgr. Mol.
Ecol. 17: 1885-1896.

Yu, H., Nason, J.D., Ge, X. & Zeng, J. 2010. Slatkin’s Paradox:
when direct observation and realized gene flow disagree. A
case study in Ficus. Mol. Ecol. 19: 4441-4453.

Supporting information

Additional Supporting Information may be found in the
online version of this article:

Appendix S1 Estimation of survival probabilities using
CJS mark-recapture models in MARK.

Appendix S2 Differences in genetic quality and phe-
notypic traits between immigrants arriving to both pop-
ulations.

Appendix S3 Phenotypic differentiation between pop-
ulations in comparison with the neutral expectations
for divergence (Fsr - Psy comparisons).

Table S1 Survival models (binomial error distribution
and logit link function) for both blue tit populations
Table S2 Percentage (%) of immigrant and locally-
born individuals that (a) survived to the following
breeding season.

© 2014 THE AUTHORS. J. EVOL. BIOL. 27 (2014) 1590-1603

The role of immigration and local adaptaton 1603

Table S3 Psr values for tarsus length, laying date and
clutch size under different assumptions.

Table S4 Panel of 25 microsatellite markers used in the
present study.

Table S5 GLMMs for genetic similarity and fitness-
related traits in relation to origin of adult blue tits
breeding at Gil Garcia.

Table S6 GLMMs for genetic similarity and fitness-
related traits in relation to origin of adult blue tits
breeding at Valdeyernos.

Figure S1 Tarsus length resemblance estimated by par-
ent-offspring regressions in the two studied blue tit
populations.

Figure S2 Pgr sensitivity analysis for variable estimates of
the additive genetic proportion of among population dif-
ferences in laying date, clutch size and tarsus length (g).
Figure S3 Pgy sensitivity analysis for variable estimates of
the additive genetic proportion of among population dif-
ferences in tarsus length (g) calculated using three differ-
ent heritability estimates.

Received 28 January 2014, revised 18 March 2014, accepted 11 April
2014

JOURNAL OF EVOLUTIONARY BIOLOGY © 2014 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



