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Abstract We analyzed the levels of genetic variability in a
long-distance migratory reed warbler, the Marsh Warbler
Acrocephalus palustris, by using nucleotide sequences of the
mitochondrial cytochrome c oxidase subunit I gene (COI; 611
nucleotides [nt]).We obtained sequences from 229 individuals
from ten sampling sites that include breeding, wintering, and
migrating birds. Overall, 44 haplotypes were detected, which
reflect high levels of genetic variation in this species, but most
of this variation corresponds to individual differences within
collecting sites. We also analyzed 829 nt of cytochrome b (cyt
b) from 49 selected individuals of different sampling sites to
evaluate the reliability of the COI results. Our analyses based
on both mtDNA loci could not detect any population subdi-
vision or phylogeographic structure, indicating high levels of
gene flow between breeding sites (Nm=13.69). The split
between the Marsh Warbler and its sister species, the
Eurasian Reed Warbler Acrocephalus scirpaceus, could be
dated for the Lower Pliocene (about 3.8 million years ago).
The time to the most recent common ancestor (TMRCA)
among Marsh Warbler haplotypes was estimated as 0.45
million years, indicating their bottleneck during the last glacial
periods. Low nucleotide diversity, a shallow phylogenetic
tree, a star-like haplotype network, and a unimodal mismatch
distribution point to a sudden increase of the effective

population size (probably after the last glaciation period) and
a recent range expansion likely from a single refuge.
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Introduction

Organisms live in an environment that is changing over
time. The current patterns of diversity are affected by
both past environmental history like climatic and envi-
ronmental fluctuations, and current population processes
such as population size and dispersal ability. The late
Pleistocene has been considered to have had profound
effects on diversification patterns of avian species as a
result of population fragmentation and isolation in
refugia (Hewitt 2004). On the other hand, the impact
of the Pleistocene ice age on phylogeography varies on
different species; even in co-distributed species different
evolutionary histories may appear (Zink 1996).

It has been proposed that in birds, migratory species
will show low genetic structure along the migration
route because gene flow is facilitated by migration
(He l b i g 2003 ) bu t i n s eden t a r y Th r e e - t o ed
Woodpeckers (Zink et al. 2002b) or Great Spotted
Woodpeckers (Kryukov 2010) no phylogeographic struc-
ture was found over a large area of Eurasia. In contrast,
long migratory Great Reed Warbler (Hansson et al.
2008), Chiffchaffs (Helbig et al. 1996), and flycatchers
(Hogner et al. 2012; Lehtonen et al. 2009) as well as
many other avian species (Avise and Walker 1998)
showed deep population structures across Eurasian
breeding ranges. Hence, it is of interest to conduct more
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phylogeographic studies of Eurasian birds in order to
find general patterns of genetic variation.

Marsh Warblers Acrocephalus palustris are Old World
warblers of the family Acrocephalidae. They are small war-
blers with a plain olive-brown plumage. Because of dull
colors and lack of distinctive characters, the individuals of
this species can be easily misidentified with close relatives.
Marsh Warblers occupy a large distribution area; breed
throughout Western Europe (excluding the Iberian
Peninsula) to Southern Scandinavia, North-western Russia,
and Western Asia (Fig. 1). Central and eastern Europe com-
prises of more than 75 % of the global breeding range.
Although declines were reported for some European popula-
tions during 1990–2000 (BirdLife 2009), the species is clas-
sified as Least Concern (LC) on the IUCN Red List (BirdLife
2012). Marsh Warblers are long-distance migrants and winter
in south-east Africa (del Hoyo et al. 2006; Leisler and
Schulze-Hagen 2011).

Assessments of population genetic structure are cur-
rently lacking for the Marsh Warblers. This study is

the first to use molecular genetics techniques to mea-
sure the degree of genetic differentiation between the
populations in order to understand the factors that have
shaped present day genetic patterns and current distri-
butions of this species. Mitochondrial genes are widely
used in phylogeographic studies due to the maternal
inheritance, conserved structure, fast mutation rate, and
non-recombining nature of the haplotypes which reflect
patterns of historical fragmentation and changes in
population size and distribution (Avise 1989, 2000;
Zink et al. 2008).

In the present study, we analyzed 611 nt of the
mitochondrial COI for a total of 229 Marsh Warblers,
and furthermore, we added 829 nt of mitochondrial cyt
b of 49 individuals from different sampling sites in
order to confirm the results. We aimed to (a) evaluate the
genetic structure and levels of gene flow, (b) estimate the time
since the Marsh Warbler diverged from its sister species, and
(c) reconstruct the demographic history of the population
including possible past expansion.

Fig. 1 Approximate locations of
the sampling sites of A. palustris.
Breeding (yellow) and wintering
(light blue) distributions (del
Hoyo et al. 2006). The names of
localities are abbreviated as in
Table 1. Germany includes
Franconia, Treysa, and Saar
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Materials and methods

Sampling, amplification and sequencing

Blood samples of 220 Marsh Warblers were collected during
the breeding, migration, and winter time from ten collecting
sites (Table 1) ranging from Western Asia to Western Europe
and Eastern Africa (Fig. 1). We amplified and sequenced 611
nt of COI from all individuals and 829 nt of cyt b from 49
selected individuals from the same sample collection. Nine
COI sequences of Norway and Russia, and four cyt b se-
quences from Oman were obtained from other studies
(Johnsen et al. 2010; Kerr et al. 2009; Leisler et al. 1997).

Genomic DNA was extracted from 100 μL blood
using standard proteinase K (Merck, Darmstadt,
Germany) and phenol-chloroform extraction protocols
(Sambrook et al. 1989). The DNA was adjusted to a
concentration of 100 ng/μL and stored at −20 °C until
use. The COI gene was amplified using PasserF1/
PasserR1 and ExtF/BirdR2 (Johnsen et al. 2010;
Sheldon et al. 2009) and L14990/H16065 (Hackett
1996; Kocher et al. 1989) for cyt b. PCR amplifications
were carried out in the following reaction mixture (total
volume of 50 μL): 1.5 mmol/L MgCl2, 10 mmol/L Tris
(pH 8.5), 50 mmol/L KCl, 100 μmol/L dNTPs, 0.2
units of Taq DNA polymerase (Bioron, Ludwigshafen,
Germany), 200 ng DNA, and 5 pmol of primers. Optimal
annealing temperatures were established by gradient PCR in a
TGradient thermocycler (Biometra, Gottingen, Germany). The
samples were denatured at 94 °C for 5 min followed by 35 cy-
cles at 94 °C for 1 min, 51.5 °C for 1 min, and 72 °C for 1 min,
followed by a final elongation step at 72 °C for 10 min. PCR
products were precipitatedwith 4MNH4Ac and ethanol (1:1:6)
and centrifuged for 15 min (13,000 rpm). Sequencing was
performed on ABI 3730 automated capillary sequencer
(Applied Biosystems, CA, USA) with the ABI Prism Big
Dye Terminator Cycle Sequencing Ready Reaction Kit 3.1
(carried out by STARSEQ GmbH, Mainz, Germany).

Sequencing was carried out in both directions, and the same
primers were used for both PCR and sequencing reactions. The
sequences were deposited at GenBank under the accession
numbers listed in Table S1.

Phylogenetic and population genetic analyses

Sequences were aligned using Clustal W (Thompson et al.
1994) and confirmed by visual inspection in BioEdit version
7.0.9.0 (Hall 1999). For phylogenetic reconstruction, wemade
use of maximum likelihood implemented in MEGA version
5.1 (Tamura et al. 2011). The phylogenetic reconstruction was
rooted with closely related to taxa (Leisler et al. 1997) such as
Acrocephalus scirpaceus, Acrocephalus baeticatus,
Acrocephalus dumetorum, Acrocephalus agricola ,
Acrocephalus concinens, and Acrocephalus tangorum, while
node support was evaluated by 1,000 bootstrap replicates. The
phylogeographic structure was assessed by constructing a
median-joining network with Network version 4.6.1.1
(Bandelt et al. 1999).

Within collecting sites, the genetic diversity was mea-
sured by the number of haplotypes, number of segre-
gating sites, haplotype diversity, average number of
pairwise differences, and nucleotide diversity using
Arlequin version 3.5.1.2 (Excoffier and Lischer 2010).
We performed two neutrality tests of Tajima’s D (Tajima
1989) and Fu’s Fs (Fu 1997) which are based on allele
frequency. Mismatch distr ibutions (Rogers and
Harpending 1992) and the time of population expansion
(τ=2 μT) were also estimated in Arlequin with 1,000
bootstrap replicates and compared statistically against
models of sudden population expansion (100 replicates)
using the sum of squared deviations test. We calculated
overall and pairwise FST with AMOVA (Excoffier et al.
1992) in order to obtain population differentiation. The
significance of the variance components was determined
using 1,000 permutations. The R2 test (Ramos-Onsins
and Rozas 2002) and gene flow (Nm based on FST)
among sampling sites (Hudson et al. 1992) were con-
ducted with DnaSP version 5.1 (Librado and Rozas
2009). None of the diversity indices were calculated
for small population sizes (N<6).

Divergence time and the age of the most recent common
ancestor (TMRCA) were estimated in BEAST version 1.7.5
(Drummond and Rambaut 2007) assuming a population expan-
sion model, uncorrelated log-normal relaxed clock, and GTR
substitution model as the best model of molecular substitutions,
which was explored by using JModelTest (Posada 2008). We
made use of the standard universal clock with a mutation rate
uniform distribution ranging from 0.01105 to 0.02500
substitutions/site/lineage/million years equivalent to the diver-
gence rate of 2–5 % per million years (Arbogast et al. 2006),
which has recommended for the estimation of rates of evolution

Table 1 Localities, number of samples, and collectors

Code Sample site N Status Collector

Fra Franconia, Germany 77 Breeding B. Leisler

Tre Treysa, Germany 44 Migrant H.-H. Witt

Saa Saar, Germany 25 Migrant R. Klein, F. Feß, L. Hayo

Slo Slovakia 37 Breeding H. Hoi

Ken Kenya 24 Wintering G. Nikolaus

Oma Oman 7 Migrant G. Nikolaus

Rus Russia 6 Breeding Kerr et al. (2009)

Ukr Ukraine 4 Migrant G. Nikolaus

Nor Norway 3 Migrant Johnsen et al. (2010)

Gre Greece 2 Migrant D. Ristow
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for mtDNA in birds (Neto et al. 2012; Weir and Schluter 2008).
We conducted an analysis consisting of 20 million generations
sampled at intervals of 1,000. BEASTwas also used tomodel the
demographic changes of sampling sites using the Bayesian sky-
line plot analysis (Drummond et al. 2005) with a chain length of
100 million generations sampled every 2,000. Effective sample
size (ESS) values of at least 200 were evaluated with Tracer
version 1.5 (http://beast.bio.ed.ac.uk/Tracer). Ten percent of the
initial samples were removed as burn-in and maximum clade
credibility trees were reconstructed with TreeAnnotator 1.7.5
(http://beast.bio.ed.ac.uk/TreeAnnotator) and visualized using
FigTree 1.4.1 (http://beast.bio.ed.ac.uk/FigTree).

Results

Diversity indices

Among the 611 nucleotides ofCOI from a total of 229 individuals,
47 polymorphic sites were detected leading to the definition of 44
haplotypes (Table S2). Themost frequent haplotypeH1was found
in all sampling sites (N=152), 17 haplotypes were shared between
7 and 2 individuals, and 25 haplotypes were unique for single
birds. For each site, the genetic diversity was relatively high (Hd=
0.43–0.80) while the nucleotide diversity was low (π=0.0009–
0.0020). Genetic diversity and nucleotide diversity were both
lowest in Saar, while Russia showed the highest diversity for these
parameters (Table 2). Sequence analyses of 49 individuals based
on cyt b gene showed 31 polymorphic sites among 24 haplotypes.
The first and second most frequent haplotypes were found in all
collecting sites (N=22) and 15 haplotypes were unique for differ-
ent individuals (Table S3).

Population genetic structure

Considering breeding populations, AMOVA indicates that
98.21 % of the total genetic variability was distributed within
sites (ΦST=0.01787, P=0.05; Table 3). Pairwise FST values
were low between breeding sites: Franconia/Slovakia
(0.01071), Franconia/Russia (0.03480), and Slovakia/Russia
(0.05042) and was significant only between Franconia and
Slovakia (P<0.05).

AMOVA shows a lack of geographic structure in
Marsh Warbler which agrees with high levels of gene
flow, for instance, between breeding sites (Franconia-
Slovakia-Russia; Nm=13.69). Moreover, the star-like
haplotype-spanning network (Fig. 2) shows low levels of
sequence divergence (differences of 1–2 nucleotides be-
tween individuals), a high frequency of single haplotypes
radiating from the most common haplotype (H1) and no
indication of haplotype clusters. A maximum likelihood
analysis recognised A. palustris as a well-supported
monophyletic lineage with little structure among haplo-
types (not shown).

Demographic analysis

Tajima’s D values and Fu’s Fs estimates were negative for
each population and highly significant for the complete sam-
ples rejecting the null hypothesis of constant size (Table 2).
These results were also supported by the agreement between
observed and expected mismatch distributions assuming a
model of sudden expansion (Fig. 3). Additionally, the
Bayesian Skyline Plot (Fig. 3) indicates a gradual population
growth of this species with a faster expansion in the last

Table 2 Diversity indices (±SD) across different populations of A. palustris based on COI

Locality N H S Hd K π Fu’s Fs Tajima’s D R2 τ

Franconia (breeding) 77 21 27 0.611±0.067 1.227±0.788 0.0020±0.0014 −20.375*** −2.412*** 0.0254*** 0.113

Treysa (migrant) 44 14 17 0.539±0.092 0.857±0.618 0.0014±0.0011 −14.003*** −2.490*** 0.0400*** 0.791

Saar (migrant) 25 6 6 0.427±0.122 0.553±0.470 0.0009±0.0009 −3.854*** −1.950** 0.0826 ns 0.504

Slovakia (breeding) 37 12 11 0.647±0.090 0.946±0.663 0.0015±0.0012 −9.993*** −1.975** 0.0438*** 0.998

Kenya (wintering) 24 7 6 0.504±0.123 0.576±0.482 0.0009±0.0009 −5.403*** −1.940** 0.0690*** 0.703

Oman (migrant) 7 4 4 0.714±0.181 1.143±0.835 0.0019±0.0016 −1.217ns −1.434ns 0.1821ns 1.250

Russia (breeding) 6 4 3 0.800±0.172 1.200±0.883 0.0020±0.0017 −1.454* −0.447ns 0.1805* 1.371

All breeding populations 120 31 33 0.629±0.053 1.150±0.749 0.0019±0.0013 −29.204*** −2.448*** 0.0179*** 1.557

Population 229 44 47 0.558±0.041 0.924±0.641 0.0015±0.0012 −29.917*** −2.578*** 0.0104** 0.760

Summary statistics includeN sample size;H number of haplotypes; S number of segregating sites;Hd haplotype diversity;K average number of pairwise
differences; π nucleotide diversity; R2 Ramos-Onsins and Rozas test; τ time of population expansion (τ=2 μT)

Diversity indices were not calculated for populations with small sample sizes, i.e., Ukraine, Norway, and Greece

ns not significant

***P<0.001

**P<0.01

*P<0.05
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5,000 years (the time after the last glaciation when most parts
of Europe became suitable for Marsh Warblers). The phylo-
genetic analysis showed that A. palustris diverged from its
sister species, A. scirpaceus, approximately 3.8 million years
ago (95 % HPD: 1.6–6.2 million years ago), and we estimated
0.45 million years for the time to the most recent common
ancestor (TMRCA) of A. palustris (Fig. 4).

Inconsistency between field identification and genetic
analyses

In the present study, we sequenced all samples which were
identified as A. palustris by ringers and were available in the
DNA collection of IPMB (Institute of Pharmacy andMolecular
Biotechnology). After alignment, we found out that some sam-
ples (a total of 4.1 %) were not A. palustris. Phylogenetic
analysis revealed that they belong to the other species mostly
Acrocephalus scirpaceus (3.2 %). These misidentified speci-
mens were deleted from the further analyses.

Discussion

Our genetic analyses revealed high levels of variation within
Marsh Warbler collecting sites and low levels of differentia-
tion among sites. The lack of genetic structure observed in two
loci of the mitochondrial genome may be due to high levels of
gene flow among breeding sites (Edwards 1993; Zink 1994),
and/or historical demographic events such as bottleneck and
insufficient time to differentiate genetically (Rogers 1995).

In our study, different analyses collectively revealed a
recent population expansion, most likely from a single glacial
refuge, as a consequence of homogeneity across collecting
sites (Ruegg and Smith 2002). Such a range expansion from a
population of small effective size can be visualized by shallow
phylogenetic trees and star-shaped haplotype networks with
single high-frequency haplotypes and numerous low-
frequency variants that differed from each other by a few
mutations (Slatkin and Hudson 1991). Poisson distribution
of pairwise nucleotide differences among haplotypes
(Rogers and Harpending 1992), and a smooth and unimodal
shape of a mismatch distribution also support the idea of a
recent range expansion. Finally, negative and significant
values of neutrality tests in A. palustris together with high
haplotype diversity and low levels of nucleotide diversity
point to the same hypothesis (Avise 2000; Grant and Bowen
1998; Rogers and Harpending 1992).

The genetic makeup of Marsh Warblers has probably been
changed within a young coalescent scenario, as revealed by
short divergence times to the most recent common ancestor

Table 3 Analysis of molecular variance (AMOVA) for COI haplotypes
among breeding populations (Franconia, Slovakia, and Russia)

Source of variation d.f. SS Variance % var. Φ-stat. P

Among populations 2 1.750 0.01036 1.79 0.01787 0.05

Within populations 117 66.650 0.56966 98.21

Total 119 68.400 0.58003
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(TMRCA=0.45 million years). This shallow time frame
might have been not long enough for the establishment of
distinct phylogeographic lineages considering the vagrant be-
havior of the species.

High levels of gene flow among breeding sites (Birky et al.
1983) and low FST values indicate high degree of admixture,
enough to avoid allele fixation and strong divergence
(Hedrick 2000; Wang 2004). Gene flow may increase the
genetic variability within a population by introducing alleles
from the other populations, but it results in high genetic
similarity between localities and shallow population subdivi-
sion by decreasing the influence of genetic drift (Hutchison
and Templeton 1999; Ramakrishnan et al. 2010). The pattern
of low genetic structure is expected for species with high
dispersal capacity and of recent range expansion.
A. palustris is a long-distance migrant, for which long-
geographical distances or landscape obstructions do not rep-
resent significant barriers to gene flow, leading to a lack of a
phylogeographic pattern over our study area. Moreover, many
breeding populations are connected seasonally by overlapping
migration routes and shared wintering areas, enhancing the
exchange of individuals among populations (Grinnell 1922;
Helbig 2003). Lack of phylogeographical structure due to
recent expansion during the Pleistocene and high levels of
gene flow due to long-distance dispersal has been reported in
close relatives. Studies of the genetic structure in breeding
populations of Paddyfield Warbler A. agricola from NE
Bulgaria, SE Russia, and S Kazakhstan, based on mitochon-
drial control region sequences and five microsatellite loci
(Zehtindjiev et al. 2011) and in Eurasian Reed Warbler
A. scirpaceus populations across Europe by comparing ten
polymorphic microsatellite loci (Procházka et al. 2011), show
relatively low levels of genetic differentiation among popula-
tions in these species. Also, limited availability of refugia and
repeated mixing of populations during the climate fluctuations
explains low levels of diversification in species of the
Northern Hemisphere (Webb and Bartlein 1992). Moreover,
extensive regions of Europe were either covered by ice or had
steppe tundra vegetation until 12,000 years ago that was not

suitable as breeding areas forMarshWarblers. Thus, only after
climate warming, new habitats appeared that could have been
recently colonized by Marsh Warblers giving place to a sce-
nario of low genetic differentiation.

In contrast, the other species that occur in similar habitats
exhibited some levels of differentiation among populations.
Analyses of mitochondrial DNA (mtDNA) sequence data
from Great Reed Warbler Acrocephalus arundinaceus popu-
lations revealed two major clades in Western Europe and the
Middle East which explain their independent postglacial ex-
pansions from two isolated refugia (Hansson et al. 2008). A
phylogeographic survey carried out on Savi’s Warblers
Locustella luscinioides also showed two major mitochondrial
lineages that originated in the Pleistocene probably from two
refugia located on the Iberian Peninsula and the Balkan re-
gion. Their analyses even indicated the existence of refugia-
within-refugia in the Iberian Peninsula during the last glacial
period (Neto et al. 2012). In the Reed Bunting Emberiza
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schoeniclus, populations of two Iberian subspecies indicated
different patterns. The subspecies lusitanica showed no ge-
netic differentiation between populations, whereas the subspe-
cies witherbyi was highly structured, highlighting the conse-
quence of different amounts of gene flow among populations
within these subspecies (Kvist et al. 2011). Mitochondrial
phylogeography of five widespread Eurasian bird species
revealed that only one species, the common sandpiper Actitis
hypoleucos, exhibited the absence of population genetic struc-
ture over a considerable large distribution range, suggesting
no geographic barriers to gene flow. The other species such as
Red-breasted Flycatcher Ficedula parva, Reed Bunting
E. schoeniclus, Long-tailed Tit Aegithalos caudatus, and
Skylark Alauda arvensis displayed high levels of population
subdivisions, pointing to survival in separate glacial refugia
and geographically isolated lineages (Zink et al. 2008).

Extensive research on the evolutionary history of 63 avian
species done by Avise andWalker (1998) showed that 59% of
the taxa presented deeply divergent mtDNA lineages within a
species and 76 % of these separations dated to the Pleistocene
glaciations. The remaining taxa exhibited shallow genetic
differentiation at the population level. They concluded that
multiple distinct phylogroups within a species or species
complex often indicate the occupancy of multiple glacial
refugia. In contrast, a shallow mtDNA difference indicates
occupation of a single glacial refugium during the Pleistocene
(Avise and Walker 1998).

Furthermore, among our sequenced samples, we detected
4.1 % of misidentifications, especially between A. palustris
and A. scirpaceus. The identification of birds, especially of
warblers, is often difficult because specific distinctive mor-
phological characteristics may not be visible at the time of
observation, particularly for co-occurring taxa and species
similar in appearance. The next plausible explanation is mito-
chondrial introgression due to hybridization, which seems to
occur quite regularly in these birds, for instance, A. palustris ×
A. scirpaceus (Lemaire 1977; Otterbeck et al. 2013),
A. palustris × Acrocephalus schoenobaenus (Lifjeld et al.
2010), and A. palustris × Acrocephalus dumetorum
(Koskimies 1980; Lindholm et al. 2007; Loon and Keijl
2001; Trnka 2004). Mitochondrial introgression among close-
ly related species is well documented in birds (Taylor et al.
2012). Mislabeled samples, of course, can be the third source
for ambiguous results.

In conclusion, our investigation of the population structure
of Marsh Warblers revealed limited differentiation among
sampling sites due to both historical and current-day process-
es. Population bottlenecks caused by Pleistocene glaciations,
and the concomitant loss of genetic diversity, may be followed
by postglacial rapid expansion, large population sizes, high
dispersal capabilities, and thus high levels of gene flow, all
leading to a genetically homogeneous population without
phylogeographically defined lineages.

We are aware that due to the uneven sampling, the overall
phylogeography pattern could have been missed and the re-
sults are not conclusive. Therefore, a more comprehensive
sampling of breeding populations would be necessary in order
to better reconstruct the phylogeographic history of this wide-
spread species.
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