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Phylogeography and population structure of the ant Formica exsecta was studied
across Eurasia by using mtDNA sequences and microsatellite genotypes. The phylog-
eny based on 1.5 kb mtDNA fragment including the cytochrome b and part of the ND6
gene showed significant division (1.63% of nucleotide divergence) between a haplo-
type from Tibet and all other haplotypes. Similar to findings in diverse array of species
associated with forest in Eurasia, the mtDNA phylogeny revealed no evidence for
vicariant events due to separation in different forest refugia over glacial periods. The
haplotype network includes several small clades (with 2—4 haplotypes in each) with
geographically limited distribution, but one geographical region may have received
haplotypes from two or more of such clades. This pattern could indicate mixing of
different gene pools during postglacial colonization of Europe from different forest
refugia or from an ancestral source with some spatial genetic differentiation. The gene-
alogy and the haplotype frequencies suggest postglacial colonization of Siberia from a
single refugial source of limited size. Maternal and biparental DNA markers indicated
a moderate but significant level of population differentiation (mtDNA @ = 0.42,
microsatellite Fo = 0.13) across Eurasia. However, no correlation between genetic
differentiation estimated for mtDNA and microsatellites was found among the popula-
tions. Considerable reduction in microsatellite genetic diversity was found in the small
population of F. exsecta in England, giving some basis to classify this population as
near threatened.
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Introduction

Quaternary environmental changes strongly
influenced the geographical distribution, demo-
graphic history and pattern of genetic variation
in extant species (Hewitt 1996, Bennett 1997).
During cold and dry glacial periods, most of
northern Eurasia was covered by treeless vegeta-
tion (West 2000) and the distribution ranges of
forest species were restricted to refugial areas.
Palaeoecological evidence suggests that the
forest species could have survived during the
glacial periods not only in southern peninsular
refugia (Iberia, Italy and Balkans, Hewitt 1999)
but also in other forest refugia located in central
Europe (the Carpathians, Willis et al. 2000), the
north east coast of the Azov and Black Seas, the
southern Urals, south Siberian mountains and
Mongolia (Tarasov et al. 2000). The past isola-
tion in separate glacial refugia and the routes of
post-glacial colonization are reflected in the geo-
graphic patterns of intraspecific genetic variation
(Hewitt 1996). Several phylogeographic studies
have addressed the refugial history of boreal
forest species in Eurasia. While some species
of small mammals ecologically associated with
temperate deciduous forests demonstrated phy-
logeographic divisions in Europe (Deffontaine
et al. 2005, Kotlik et al. 2006, Michaux et al.
2003), no phylogeographic structure was found
across the Eurasian taiga zone, a continuous
belt of coniferous trees from Scandinavia to the
Pacific coast, in several avian species (Kvist et
al. 2001, 2003, Zink et al. 2002a, 2002b), the red
wood ant Formica lugubris (Goropashnaya et al.
2004b) and the flying squirrel Pteromys volans
(Oshida et al. 2005), all of which are associated
with the boreal forest. Another species of the red
wood ants, Formica pratensis, demonstrated the
phylogeographic split in central Europe but no
substantial structure across a vast geographic
area from Finland to Baikal Lake (Goropashnaya
et al. 2004b). Taken together, the limited phylo-
geographic structure across the most of northern
Eurasia and genetic signs of a demographic
expansion imply contraction of the distribution
range of each species to a single refugial area at
different times during the late Pleistocene. This
pattern of genetic differentiation gives no indica-
tion for vicariant separation in numerous forest

refugia suggested by palaeoecological evidence.
Co-distributed species can respond differently
to the same historical environmental changes
and it is necessary to study phylogeography of a
number of species to elucidate general patterns in
the biotic history of the Eurasian boreal forest.

The Palaearctic ant Formica exsecta Nylander,
1846 is a common species that lives in the con-
tinuous zone of mixed and deciduous forests all
over Eurasia, often at the forest edges and forest
openings.

The species shows substantial phenotypic
polymorphism throughout its Palaearctic range
which is reflected by publication of nine taxo-
nomic names since 1846 (Dlussky 1967, Seifert
2000). Only one of these taxa — F. mesasiatica
Dlussky, 1964 that occurs in the Central Asian
mountains — has actually been recognized as a
sister species because of differing, homogene-
ous morphology and assumed geographical isola-
tion (Dlussky 1967). Seifert (2000) provisionally
accepted Dlussky’s position but noted incom-
plete discrimination and expressed the need for
reassessment. Recent morphological investigation
of extended material did not provide convincing
clarification of this issue (B. Seifert unpubl. data).

We studied geographic patterns of mtDNA
and microsatellite variation to address the fol-
lowing questions. First, we examined the phylo-
geography, association between genealogy and
geographic distribution of mtDNA haplotypes,
to reveal signs of possible vicariant separation
in different glacial refugia and routes of post-
glacial colonization, including both F. exsecta
and F. mesasiatica. Second, we used population
level analysis combining mtDNA haplotype fre-
quencies with haplotype genealogies, and allele
frequencies in microsatellite loci to assess popu-
lation differentiation possibly reflecting refugial
separation over the shallow historical time that
was too short for generating phylogeographic
structure.

Previous studies have described F. exsecta as
socially polymorphic, i.e. some populations con-
sist of colonies with a single queen (monogyny)
and some of colonies with many queens (polyg-
yny) (Pamilo & Rosengren 1984, Seppi et al.
2004). Such shift in the social type may reflect
behavioural plasticity depending on environ-
mental factors, but it can also be to some extent
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Fig. 1. The map showing the sampling localities of Formica exsecta and F. mesasiatica. The distribution area of F.
exsecta is shown according to Dlussky (1967). The locality numbers are same as those in Table 1. The localities
containing haplotypes from the geographic groups A-C (Fig. 2) are indicated with the following symbols: group
A with a star, group B with a white circle, and group C with a black circle. The triangle designates a locality from

Tibet.

genetically determined (Krieger & Ross 2002).
We analysed the social organization of colonies
in different geographical areas and considered
its association with distinct phylogeographic or
population groups to infer possible effects of
population history on social organization.

Material and methods
Sampling and molecular techniques

For mtDNA analyses we examined samples (one
specimen per nest) from 86 nests of Formica
exsecta from 17 localities over most of the spe-
cies distribution in Eurasia and from four nests
of F. mesasiatica in Kyrgyzstan (Fig. 1 and
Table 1). Exact geographic positions of sampling
localities are available from the first author on
request. All samples were stored in 70% ethanol
until DNA extraction. Total genomic DNA was
extracted from only the head and alitrank of
single individuals with the DNeasy Tissue Kit
(QIAGEN 1Inc.) or using Chelex-100 protocol
(Thorén et al. 1995). A 1.5 kb mtDNA frag-
ment including the cytochrome b gene (cyt b)
and part of the NADH dehydrogenase subunit
6 (ND6) was amplified and sequenced with the
following primers: Cytb-Fe-F (Liautard & Keller
2001), CB1, CB2, CB3, tRS (Jermiin & Crozier
1994), and CB-11059, CB-11178, and CB-11449
(Goropashnaya et al. 2004b). Polymerase chain
reaction (PCR) was carried out in 25 ul volumes

containing 1 X PCR buffer, 2.0 mM MgCl,, 0.4
ug/ul BSA, 0.2 mM dNTPs (Promega), 0.4
M of each primer and 1.0 UTaq polymerase
(Promega). A program for the amplification in
a thermal cycler was used as follows: 3 min at
94 °C, 35 cycles of 30 sec at 92 °C, 30 sec at
45 °C, 1-2 min at 68 °C, and 10 min at 72 °C.
Successful PCR products were cleaned with the
QIAquick Gel Extraction Kit (QIAGEN Inc.)
and then sequenced on an Applied Biosystems
3100 automated DNA sequencer using the ABI
Prism Dye Terminator Cycle Sequencing Ready
Reaction Kit (Applied Biosystems). In total,
1481 base pairs were scored in 90 individuals.

Microsatellite variation in six populations of
F. exsecta (localities 1-4, 6, 7; Fig. 1 and Table
2) was examined at six loci: FL.20, FL.21, FLL29
(Chapuisat 1996), FE13, FE19, and FE49 (Gyl-
lenstrand et al. 2002). The PCR was carried out
for 4-5 workers from each nest (59 nests in total)
according to Chapuisat (1996) and Gyllenstrand
et al. (2002). The PCR products were analysed
on 6% polyacrylamide gels and visualized using
standard silver staining protocol (Bassam et al.
1991). Microsatellite data for Sweden (locality
5) were taken from the locality Bagskyttebana in
Uppsala (Seppi et al. 2004).

Data analyses

Sequence variation and substitution patterns
of the 1.5 kb mtDNA fragment were analysed
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using the program MEGA ver. 2 (Kumar et al.
1993). Since the examined mitochondrial frag-
ment combined two coding regions, we analyzed
the segment both by treating each nucleotide site
equally and according to the codon position, and
included both transitions and transversions into
the analyses. Genetic distances based on Jukes-
Cantor substitution model (Nei & Kumar 2000)

were calculated with the MEGA program. We
chose Jukes-Cantor distances because they give
similar values with lower variances than other
distances when the estimates are smaller than
0.05 (Nei & Kumar 2000: p. 112). Estimates of
divergence between haplotypes based on Kimura
2 parameter and Tamura Nei substitution models
were similar to Jukes-Cantor distances.

Table 1. Haplotype frequencies, haplotype (h) and nucleotide (1) diversities with their standard deviations (SD) for
the sampling localities of Formica exsecta. N is the number of individuals sequenced for a 1.5 kb mtDNA fragment
including cyt b and part of ND6. The number of common haplotypes that are shared by at least two localities (H3,
H4, H7, H17, H27) are shown in separate columns, unique haplotypes are listed for each locality (the number of
individuals in parentheses if > 1). The haplotype codes are same as those in Fig. 2, and the locality numbers as
those in Fig. 1.

Locality N Common haplotypes Unique h (SD) 7 (SD) %
haplotypes
H3 H4 H7 H17 H27
1. England 10 - 2 - - - He6, H23(6), H24 0.64 (0.15)  0.29 (0.08)
2. Switzerland 11 3 - - 1 - H1, H18(4), H22(2)  0.82 (0.08)  0.37 (0.05)
3. Romania 10 - - - 8 1 H16 0.38 (0.18)  0.11 (0.07)
4. Germany 10 3 - - - - H21(7) 0.47 (0.13)  0.31(0.09)
5. Sweden 11 2 1 - 2 - H2, H5(2), H11(3) 0.89 (0.16)  0.28 (0.03)
6. Aland 1 - 1 - - -
7. N.Sweden 3 - - - - - H12, H30, H31 1.00 (0.27)  0.53 (0.18)
8. Moscow 1 - - - - - H19
9. Ural 7 - - - - 2 H13(2), H20, H25(2) 0.86 (0.10)  0.24 (0.04)
10. Kazakhstan 5 - - 1 - - H10, H15(2), H26 0.90 (0.16)  0.39 (0.08)
11. Kyrgyzstan* 4 - - 1 - - H8, H9(2) 0.83 (0.22) 0.07 (0.02)
12. Novosibirsk 1 - - - - 1
13. Mongolia 1 - - - - 1
14. Baikal 1 - - - - - H29
15. Chita 1 - - - - 1
16. Kolyma 11 - - - - 7 H14(2), H28(2) 0.58 (0.14)  0.23 (0.09)
17. Kamchatka 1 - - - - 1
18. Tibet 1 - - - - - H32

* Formica mesasiatica samples.

Table 2. Microsatellite variation and relatedness among worker nestmates (r + SE) in the Formica exsecta popula-
tions. N_is the number of nests, N, is the total number of individuals from a population, n, is the average number of
alleles per locus and H; is average expected heterozygosity. Minimum and maximum values for relatedness are in
boldface.

Population (locality) N, N, n, H, r+ SE

England (1) 10 50 3.3 0.45 0.72 £ 0.07
Switzerland (2) 11 55 8.7 0.67 0.10 £ 0.05
Romania (3) 10 50 5.7 0.59 0.22 £ 0.06
Germany (4) 10 50 7.5 0.64 0.02 £0.03
Sweden (5)* 38 190 7.3 0.65 0.01 £+ 0.01
Ural (9) 7 35 6.3 0.71 0.54 £ 0.09
Kolyma (16) 11 53 6.0 0.65 0.72 £ 0.05

* Data from Seppa et al. (2004).
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We compared the log likelihood scores of
trees constructed with and without molecular
clock assumption (Felsenstein 1988) to evalu-
ate constancy in rate of the mtDNA sequence
evolution among lineages. Overall mean diver-
gence within group, average divergence, and
net distances between phylogenetic groups
were estimated. Maximum parsimony median-
joining haplotype network, designed primarily
for intraspecific data, was constructed with the
Network 3.1.1.1 program weighing characters
equally (Bandelt et al. 1999).

Haplotype (h) and nucleotide () diversities
and their variances within populations were cal-
culated using the program DnaSP ver. 3 (Rozas &
Rozas 1999). As only one nest of F. exsecta was
available in each of the localities 6, 8, 12-15, 17,
18 (Table 1), these localities were excluded from
the population analysis. In order to reveal any
geographic structure, pairwise @ distances that
include nucleotide differences were calculated
using the program Arlequin (Schneider et al.
2000) and a minimum spanning network was
constructed with a matrix of these distances
as input. In order to assess the distribution of
mtDNA variation, we used the analysis of molec-
ular variance (AMOVA, Excoffier et al. 1992)
both for the haplotype frequencies only (Fj)
and also incorporating nucleotide divergence
between the haplotypes (@ ). The two measures
of differentiation were compared with the pro-
gram PERMUT 2 (Pons & Petit 1996). Values
of @ significantly larger than F indicate that
haplotypes with a small genetic divergence are
commonly found in the same population or geo-
graphic region. Significance of genetic differen-
tiation was tested by permuting the haplotypes
among the populations. A hierarchical three-
level analysis was performed by partitioning the
total sum of squares into components represent-
ing variation among groups of genetically close
populations, among populations within groups
and among individuals within populations. Sig-
nificance of genetic differentiation was tested by
permuting the haplotypes among the populations
for 1000 times.

The data set for a population analysis of
microsatellites (localities 1-5, 9, 16; Fig. 1)
comprised all genotyped individuals from the
polygynous nests (see below) and a single ran-

domly chosen individual from each monogy-
nous nest (total of 229). Only one worker indi-
vidual from a monogynous colony could be
taken for the population analysis because only
one matriline is present in the colony and the
worker genotypes are not independent. Linkage
disequilibrium, genetic diversity, and popula-
tion differentiation were estimated using GENE-
POP ver. 3.1d (Raymond & Rousset 1995). The
Markov chain exact test was used to estimate the
significance of deviation from Hardy-Weinberg
expectations (Guo & Thompson 1992). Genetic
diversity in populations was estimated as an
average number of alleles per locus and average
expected heterozygosity (H,). Heterozygosity
under Hardy-Weinberg equilibrium was calcu-
lated by (1 — Zp)2n/(2n — 1), where p, is the
frequency of the ith allele and n is the number of
individuals in the sample (Li 1976). We created
another set of data with five individuals from
each nest and calculated genetic differentiation
(as F; Weir & Cockerham 1984) by sampling
randomly one individual from each nest and
repeating such sampling a hundred times. This
method removes redundant genotypes from the
analysis and reduces the sample size. Mean F
values and their standard errors were obtained by
jackknifing over loci.

Minimum spanning networks with a matrix
of pairwise ® . and F . values as an input
were constructed with the MinSpNet available
at http://www.cmpg.unibe.ch/services/software.
htm.

The genetic relatedness among nestmate
workers was estimated with the method of
Queller and Goodnight (1989) by using the pro-
gram Relatedness 5.0 (Goodnight 1994) and
weighting the nests equally. Standard errors were
obtained by jackknifing over nests and loci. The
relatedness among single queen broods in F.
exsecta has been estimated as 0.64 (Sundstrém
et al. 1996, Seppa et al. 2004). Therefore, nests
with relatedness greater than 0.64 were con-
sidered as monogynous and lower than 0.64 as
polygynous.

Correlation between pairwise genetic dis-
tances estimated for mtDNA and microsatellites
as well as the association between genetic and
geographic distances among populations were
tested with the Mantel test (Sokal & Rolf 1995).
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Fig. 2. Median-joining net-
work showing phylogenetic
relationships between the
Formica exsecta and F.
mesasiatica mtDNA haplo-
types. Letters A—C indicate
the geographical groups of
haplotypes (Fig. 1), haplo-
types H1—H32 same as in
Table 1, and the number
of substitutions between
H32 and the closest hypo-
thetical haplotype is 21.

Circled areas are approxi-
mately proportional to
the number of individuals
bearing a particular haplo-
type. The numbers in the
parentheses correspond
to the haplotype frequen-
cies. Branch lengths are
approximately proportional
to the number of substi-
tutions involved between
haplotypes. Shaded cir-
cles represent haplotypes
of the Siberian clade.

Results

Geographical distribution of the
haplotypes

We found 32 different haplotypes among 86 For-
mica exsecta and 4 F. mesasiatica ants (Table 1).
Over the entire 1481-bp region excluding sites
with alignment gaps and missing data, 61 nucle-
otide positions were variable with 25 parsimony
informative sites. There were ten non-synony-
mous substitutions out of 43 in the 1122-bp cyt
b gene and five out of 11 in the 289-bp part of
ND6. One deletion was found in the haplotype
H32 from Tibet in a 3"-flanking region of cyt
b. The comparison of the likelihood scores of
trees constructed with and without molecular
clock assumption showed that the sequences
have evolved at roughly constant rates (P >
0.05). Therefore, variation in mtDNA is suitable
for approximate dating of historical events.

The haplotype H32 from Tibet (locality 18)
was clearly distant to all the others, with a mini-
mum of 22 nucleotide differences. The average
distance between H32 and all the other haplo-
types (H1-H31) was 1.63% + 0.31%. Using H32

for rooting, it was possible to recognize several
clades in the haplotype network (Fig. 2). The
haplotype H13 had a central position in the net-
work and several of the clades could be derived
from it. Based on their geographical distribution
the haplotypes can be tentatively grouped in
three groups (A, B and C, Fig. 2): the group A
contains haplotypes from Kyrgyzstan and Kaza-
khstan (locations 10, 11), the group B is distrib-
uted from the Urals across Siberia to Kamchatka
(locations 9, 12—17) and the group C includes the
haplotypes observed in Europe (locations 1-9).
Haplotypes H7-H9 (geographic group A)
found in the individuals morphologically regarded
as F. mesasiatica represented a non-reciprocally
monophyletic group relative to the F. exsecta
haplotypes. One individual of F. exsecta from
Kazakhstan (locality 10) shared a haplotype (H7)
with this clade. The average net distance between
the F. mesasiatica (H7-H9) and all the other F.
exsecta excluding the Tibetian H32, was 0.10%
+ 0.07%, and this estimate was lower than the
average divergence estimate of 0.48% =+ 0.09%
among all the F. exsecta haplotypes without H32.
The samples from the Urals, Siberia, and
Mongolia had only haplotypes belonging to the
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geographic group B (Fig. 1). Most of haplotypes
found in Kazakhstan also belonged to the group
B, and one haplotype (H27) was found in Roma-
nia. The clade of the mainly Siberian haplotypes
H25-H29 resembled a star-like internal topology
with the most common and widespread haplo-
type H27 (localities 3, 9, 12, 13, 15-17; Fig. 2)
in the centre. Haplotypes in this Siberian clade
represented 78% of all haplotypes observed in
eastern Eurasia. The nucleotide diversity within
the Siberian clade of haplotypes was 0.062%
+0.02%. The only other haplotype found in
Siberia was H14 which could be derived directly
from the central (putatively ancestral) type H13
(Fig. 2).

The geographic group C included phyloge-
netically diverse set of haplotypes observed in
Europe. Three haplotypes (HI-H3) from Swit-
zerland, Germany and Sweden (localities 2, 4
and 5) as well as some haplotypes (H4-H6)
from England, Sweden and the island of Aalnd
in Finland (localities 1, 5 and 6), and four
haplotypes (H21-H24) from Germany, England
and Switzerland formed three separate clades,
respectively. Notably, the insular population in
England contained haplotypes from two differ-
ent clades (H4 + H6 and H23 + H24). Northern
Sweden had three haplotypes representing two
clades. One of these clades (H30 + H31) was
found only in northern Sweden, the other clade
(H11 + H12) was present both in northern and
southern Sweden.

Even though it was possible to distinguish
several small clades (for example H30 — H31)
with restricted geographical distributions (Fig.
2 and Table 1), all major geographical areas
had haplotypes from at least two such clades.
Thus, the clades did not represent distinct phy-

logeographic groups with allopatric distribution
ranges.

Population structure

The populations of Formica exsecta showed
mtDNA haplotype diversity ranging from 0.38
+ 0.18 in Romania (locality 3) to 1.00 £+ 0.89 in
northern Sweden (locality 7) (Table 1). Nucle-
otide diversity varied from 0.11% +0.07% in
Romania (locality 3) to 0.53% + 0.18% in north-
ern Sweden (locality 7). Both haplotype and
nucleotide diversities were highest in northern
Sweden, Sweden, Switzerland and the Urals
(localities 7, 5, 2, 9). The insular population in
England (locality 1) also showed relatively high
mtDNA diversity (Table 1).

The permutation test showed that all pairwise
@ estimates based on mtDNA sequence diver-
gence and haplotype frequencies were significant
except for two pairs: Switzerland—Sweden and
Urals—Kolyma (localities 2 & 5 and 9 & 16,
Table 3). We clustered the populations into three
regional groups according to the minimum span-
ning network of the populations: Urals—Kolyma,
Sweden—Switzerland—Romania and Germany—
England. Most of variation was found within
populations (58.03%), smaller part of the varia-
tion was due to differentiation among the regions
(30.39%), and 11.57% of variation was found
among populations within the regions (Table 4).
The analysis revealed moderate differentiation
among all the populations of F. exsecta (g, =
0.420; P=0.001 and F,, =0.333; P < 0.001). The
estimate that included the number of nucleotide
differences among haplotypes (@) was slightly
higher than the estimate based only on haplo-

Table 3. Pairwise mtDNA & (below the diagonal) and microsatellite F; (above the diagonal) values among For-
mica exsecta populations. Values non-significantly different from zero are in boldface.

1 2 3 4 5 9 16

England (1) 0.230 0.290 0.242 0.250 0.236 0.233
Switzerland (2) 0.339 0.014 0.036 0.100 0.043 0.075
Romania (3) 0.625 0.185 0.062 0.109 0.048 0.079
Germany (4) 0.176 0.286 0.610 0.096 0.022 0.106
Sweden (5) 0.404 0.066 0.367 0.383 0.101 0.112
Ural (9) 0.319 0.259 0.557 0.309 0.332 0.057
Kolyma (16) 0.375 0.376 0.604 0.366 0.441 0.041
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type frequencies (F,), but the difference between
these two estimates was insignificant (P = 0.128).
This similarity implied that most of geographical
differentiation was due to differences in the hap-
lotype frequencies among populations.

All six microsatellite loci were polymorphic
in each of the seven populations in which they
were screened (Table 2). The Markov chain
exact test revealed a significant deficiency of
heterozygotes in five out of 42 locus—population
combinations after Bonferroni correction. The
test showed no evident association of the het-
erozygote deficiency with any particular locus or
population, so we kept all the loci in the analy-
ses. The exact test for linkage disequilibrium
between pairs of loci within the populations gave
significant results in only three out of 105 tests
(15 locus pairs in 7 populations). Genetic inde-
pendence of the loci was therefore assumed for
the following analyses.

The number of alleles per microsatellite locus
per population ranged from 2 to 15 (data on H
estimates and allele frequencies at each locus
are available from the authors on request). The
average number of alleles per locus ranged from
3.3 in England (n = 10, locality 1) to 8.7 in
Switzerland (n = 11, locality 2), and the average
expected heterozygosity across all the loci from
0.45 in England (locality 1) to 0.71 in the Urals
(locality 9) (Table 2).

Moderate population differentiation was
found at the microsatellites. The overall F esti-
mate was 0.126 £ 0.022. The pairwise F values
(Table 3) varied from 0.014 between Switzerland
(locality 2) and Romania (locality 3) to 0.290
between England (locality 1) and Romania (local-
ity 3). The minimum spanning network of the
populations based on the pairwise F values did
not distinctively group the populations, except
that the population from England (locality 1) was
clearly separated from all the others.

A matrix comparison between all pairs of
populations revealed no association between the
genetic distances estimated from mtDNA (pair-
wise @ ) and microsatellites (pairwise F: r
= -0.30, P = 0.120). No correlation between
genetic differentiation and geographic distances
was found among the F. exsecta populations
either for mtDNA or microsatellites (r = 0.19, P
=0.180; r =-0.18, P = 0.210, respectively).

Geographical distribution of the social
types

Mean genetic relatedness among nestmate work-
ers varied from 0.01 in Switzerland (locality 2)
to 0.72 in both England (locality 1) and Kolyma
(locality 16) (Table 2). The expected related-
ness among single queen brood in F. exsecta is
0.64 (Sundstrom et al. 1996, Seppi et al. 2004).
Therefore, colonies in the populations in England
(locality 1) and Kolyma (locality 16) were con-
sidered monogynous (Table 2), whereas the pop-
ulations from Switzerland, Romania, Germany,
and Sweden (localities 2—-5) with low relatedness
estimates were regarded as polygynous. Related-
ness in the Romanian population was somewhat
elevated apparently due to one monogynous nest
(inferred from the worker genotypes). Related-
ness in the population from the Urals (locality 9)
was somewhat lower than expected under strict
monogyny, probably due to two polygynous
nests among the seven nests sampled. This popu-
lation was considered as socially polymorphic.

Discussion
Taxonomical implications

MtDNA variation of F. exsecta was studied

Table 4. Hierarchical analysis of mtDNA diversity in Formica exsecta populations. Groups were based on the mini-

mum spanning network of the populations.

Variance component % of total variance O-statistics P

Among groups 30.39 @, =0.304 0.008
Among populations within groups 11.57 ®,. =0.167 < 0.001
Within populations 58.03 @ . =0.420 0.001
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across most of the species distribution range.
There are two divergent mitochondrial lineages
one of which is represented by only one individ-
ual from Tibet. The divergence estimate of 1.63%
+ 0.31% between the two lineages of F. exsecta
is close to the mean interspecific divergence
estimate of 0.98% =+ 0.15% in the Formica rufa
group ants (Goropashnaya et al. 2004a). This
finding may indicate high level of intraspecific
mtDNA divergence, existence of two cryptic spe-
cies within morphologically defined F. exsecta or
introgression of mtDNA from unknown species.
However, with only one sample studied from
Tibet, we cannot draw strong conclusions. This
sample is not outside the range of phenotypic
variation of Palaearctic F. exsecta in any of the
15 morphological characters tested but it shows
some character expressions rarely seen (B. Seif-
ert unpubl. data).

On the contrary, haplotypes of the morpho-
logically distinct species F. mesasiatica formed
a weakly differentiated monophyletic group
among the F. exsecta haplotypes. This probably
indicates that the time of geographic isolation of
F. mesasiatica from F. exsecta in Kyrgyzstan has
been too short to generate reciprocally mono-
phyletic species. Since these two species are
largely allopatric, extent of reproductive isola-
tion is unknown. However, this study, even with
small sample size from the interspecific contact
zone in Kazakhstan (location 10), shows that
one individual of F. exsecta had a F. mesasi-
atica haplotype (H7) and suggests either transfer
of mtDNA between two morphological species
through hybridization or incomplete lineage sort-
ing since the separation of the populations.

Phylogeography and refugial history

This study revealed no strong phylogeographic
structure in F. exsecta. This pattern is similar to
species-wide phylogeography reported for sym-
patrically distributed species of the red wood
ant F. [ugubris but different from the phylo-
geographic structure in F. pratensis that clearly
demonstrated phylogenetic division between
haplotypes from western Europe and the rest of
Eurasia (Goropashnaya et al. 2004b). As in the
ants F. exsecta and F. lugubris, no strong phylo-

geographic structure across most of the Eurasian
taiga zone was reported in other boreal forest
taxa studied to date, including several avian spe-
cies (Kvist et al. 2001, 2003, Zink et al. 2002a,
2002b) and the flying squirrel Pteromys volans
(Oshida et al. 2005). This similarity across a
diverse array of organisms implies a general
pattern for many species ecologically associated
with the boreal forest in Eurasia. The lack of
pronounced phylogeographic structure gives no
evidence for vicariant events due to separation in
different forest refugia over glacial periods.

Rooting the obtained haplotype network with
the sequence found in Tibet suggests that the
basal haplotypes of the other F. exsecta include
H13 which is central in the haplotype network
(Fig. 2). H13 and some other closely related to
it haplotypes (H10, H15, H20) were found in
the Urals or in Kazakhstan south of the Urals.
We calculated the time of coalescence among
all haplotypes (H32 from Tibet excluded) using
the p statistic (Saillard et al. 2000), the average
distance to the basal node (H13). Under the con-
ventional insect mtDNA divergence rate of 2%
per Myr (DeSalle et al. 1987), the substitution
rate for the whole sequence is one substitution
every 67.5 kyr. The average distance to the root
4.1 £0.76 substitutions gives the coalescence
time estimate of 276.6 + 51.4 kyr. This time esti-
mate is approximate but suggests that the time to
common ancestry exceeds the time span of the
last glaciation (10-115 kyr; Anderson & Borns
1997). It is tempting to suggest that the current
populations of F. exsecta originateed from the
south Urals (Fig. 1) prior to the last glaciation,
became spatially separated with sorting of the
derived haplotype clades and later colonized the
continent in several waves from these genetically
slightly differentiated sources.

While phylogeography based on relatively
slow evolving insect mtDNA has a limited
resolving power over the shallow time span of
the last glaciation, an analysis combining the
haplotype genealogies with haplotype frequen-
cies provides an insight to the recent refugial his-
tory. Most of the haplotypes (78%) found to the
east of the Urals belonged to the Siberian clade
resembling a star-like internal phylogeny (Fig.
2) with the most common (72%) and geographi-
cally widespread haplotype H27 in the centre
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surrounded by rare haplotypes differing by a
small number of substitutions (not more than 3).
The star-like phylogeny and low mtDNA diver-
gence in the sample containing most haplotypes
from the Siberian part of species distribution
range indicate a reduction in its historical effec-
tive size followed by a population expansion
(Slatkin & Hudson 1991). The time to common
ancestry in recently expanded population can be
estimated from nucleotide diversity divided by
the divergence rate for mtDNA (Rogers & Jorde
1995). Using the divergence rate of 2% per Myr,
the expansion time could be estimated as 31 kyr
(95% CI = 11-50 kyr). While this time estimate
is highly approximate, its 95% confidence inter-
val includes the beginning of the glacial retreat
(13-14 kyr) and the shift towards the Holocene
environment in Eurasia (Andersen & Borns
1997). It is reasonable, therefore, to assume that
the ancestors of the Siberian haplotypes went
through reduction of effective size surviving the
last glaciation in a single forest refugium that
later served as the main source for postglacial
colonization of a vast area to the east of the
Urals. This finding is consistent with genetic
signs of range contraction followed by demo-
graphic expansion at different times during the
Pleistocene reported for a taxonomically diverse
set of forest-associated species, such as the ants
of the Formica rufa group (Goropashnaya et al.
2004a, 2004b) birds (Kvist et al. 2001, 2003,
Zink et al. 2002a, 2002b), and the Siberian newt
(Berman et al. 2005).

Another approach to infer the recent refugial
history is to analyse genetic differentiation at
the population level by taking into account both
haplotype genealogies and haplotype frequen-
cies. The estimates of population differentiation
among all populations of F. exsecta were signifi-
cant and close to those (® . = 0.56, F = 0.43)
reported for F. lugubris, another ant species
without significant phylogeographic structure
across Eurasia (Goropashnaya et al. 2004a). A
considerable part of total mtDNA variation was
allocated among the three groups of populations
revealed by the minimum-spanning network (not
shown) based on pairwise @ distances.

The two populations studied in north Asia,
the Urals and Kolyma, were not significantly
differentiated from each other and formed a tight

group separated from the European populations.
It is notable that among all the pairwise compari-
sons, the populations from the Urals and Kolyma
did not differ significantly from each other by
either mtDNA or microsatellite distances. Close
genetic affinities between the two populations
separated by a distance over 4500 km imply
recent historical connections and further sup-
port postglacial colonization of most of Siberia
from a single refugial source. According to the
palaeoecological evidence, forest refugia were
located during the last glaciation in the southern
Urals, south Siberian mountains and northern
Mongolia (Grichuk 1984, Efimik 1996, Tarasov
et al. 2000).

The analysis of population differentiation
in Europe revealed two groups of populations
without obvious correspondence to geographic
positions: Sweden—Switzerland—Romania, Ger-
many-England. This pattern could indicate
mixing of different gene pools during postgla-
cial colonization from different forest refugia.
Recently, a glacial forest refugium in the Car-
pathians was revealed by palaeoecological and
phylogeograpic studies (cf. Goropashnaya et
al. 2004b). As compared with species strictly
associated with forest environment, F. exsecta
could potentially survive glacial periods in larger
refugial areas in Europe. While F. exsecta is
confined to the forest zone and mountain intra-
zonal forest, this species prefers forest openings
and builds nest mounds mainly of grass stems
(Dlussky 1967). According to palacoecological
reconstructions, during the last glaciation grassy
parkland with patches of forest covered much of
continental Europe south of the Alps (Andersen
& Borns 1997) and could represent additional
refugial areas for F. exsecta. A population level
study with a more detailed sampling design is
required to reveal the detailed refugial history of
this species in Europe.

Population structure and social types

Unlike mtDNA data, analysis of population dif-
ferentiation by the use of microsatellite allele
frequencies did not reveal any clear association
between geographic positions and genetic affini-
ties among populations. The estimates obtained
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in our study for the microsatellite ¥ (0.13) and
mtDNA & (0.42) are close to those observed
for F. exsecta on a small local scale in Sweden
(Fy, = 0.11, ® = 0.31; Seppd et al. 2004). A
number of studies in other ant species showed
contrasting difference between microsatellite
and mtDNA estimates of genetic differentiation
on a local scale, with microsatellite ' being
much lower than mtDNA ®_ . Examples include
Solenopsis invicta and Leptothorax rugatulus,
two ant species with both monogynous and
polygynous colony types (F. = 0.03, & =0.21,
Ross et al. 1997; F = 0.00, ® = 0.25, Riippell
et al. 2003; respectively), Formica lugubris (F,
=0.03, &, =0.72; Gyllenstrand & Seppi 2003),
Diacamma cyaneiventre (Fy = 0.26, ® = 0.97;
Doums et al. 2002), Nothomyrmecia macrops
(Fi, = 0.06, & = 0.98; Sanetra & Crozier
2003). The substantial and consistent differences
between values of these estimates are largely
due to restricted female gene flow induced by
dependent colony foundation. It is notable that
strong mtDNA structure was observed in F.
exsecta on a local scale in Switzerland (Liautard
& Keller 2001) with @ estimate of 0.72 consid-
erably exceeding the estimate of 0.42 reported
for differentiation on continental scale in our
study. Strong differentiation on a local scale
reflects local colonization dynamics, where suit-
able habitat patches can be colonized by few
queens, resulting in a strong effect of stochastic
events on the haplotype diversity. On the global
scale, at least some of our geographic samples
were from areas larger than a single habitat
patch. This implies larger effective population
size, weaker effect of genetic drift and, therefore,
smaller estimates of genetic differentiation as
compared with differentiation on a small spatial
scale.

The relatedness estimates showed that all
four populations studied from continental Europe
were of the polygynous social type. The popula-
tions from the opposite limits of species distribu-
tion range (England and Kolyma) demonstrated
the monogynous type of social organization.
This is consistent with the previous finding of
variation in social structure between geographic
populations of F. exsecta (Pamilo & Rosengren
1984). Both types of social organization were
found in the population from the Urals. Previ-

ously, social polymorphism was described in
population from Sweden sampled over the area
comparable to the size of the sampling site in
the Urals (Seppé et al. 2004). No clear associa-
tion between the type of social organization and
geographic location of populations can be seen
from our data.

The presence of mtDNA haplotypes from
two different phylogenetic clades and relatively
high mtDNA diversity estimates in the popula-
tion in England gave no indication for reduc-
tion of historical effective size due to founder
events during postglacial colonization. Only
a few populations of F. exsecta are currently
known in England (Collingwood 1979) and they
have probably undergone reduction in the effec-
tive population size due to habitat fragmenta-
tion. Moreover, our study clearly shows that
the English population consists of monogynous
colonies and this, together with a small number
of nests, implies a small current effective popu-
lation size. Even though the level of mtDNA
diversity was still high in England, microsatellite
polymorphism was greatly reduced compared to
the continental populations. The estimates of the
average number of alleles per locus and average
heterozygosity were the lowest in the English
population (Table 2). It is somewhat unexpected
that the reduction of nuclear diversity in Eng-
land was not paralleled with a similar reduction
in mtDNA diversity, even though the smaller
effective population size should make mtDNA
variation sensitive to a reduction of population
size (Birky et al. 1989). Nevertheless, sparsity of
populations in England and the observed reduc-
tion in nuclear genetic diversity give some basis
to classify F. exsecta as near threatened similar
to several other Formica ants, e.g. F. lugubris, F.
rufa, and F. aquilonia (Hilton-Taylor 2000).
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