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We studied morphological variation among western Palaearctic species of
woodmice (genus Apodemus). Twenty one dental and skull variables were
measured and evaluated using multivariate statistical approaches. A total of
501 specimens of the following 9 species of wood mice were examined: A. her-
monensis, A. hyrcanicus, A. uralensis (= microps), A. flavicollis, A. sylvaticus,
A. epimelas, A. mystacinus, A. peninsulae, A. agrarius. Species occupying
large geographic areas were represented by two or three geographically
distant populations. The analyses, based both on original and size adjusted
data, revealed congruence between morphological evolution and phylogenetic
relationships.

The integrity of major clades was supported by morphometric trees.
Conspecific samples showed a clear tendency to cluster together regardless of
ecological differences and geographical distances. This finding may suggest
that studied traits exhibit evolutionary conservatism, and therefore are not
fully determined by actual selective pressures. Besides this, we demonstrated
that morphological differentiation of taxa belonging to the subgenus Sylvaemus
was more pronounced in Central Europe than in the Near East. This observed
phenomenon could be of adaptive nature.
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or three Asian clades and a single European
clade. Most species of the genus Apodemus found
in Europe, North Africa and Western Asia belong

Wood mice of the genus Apodemus Kaup, 1829
are common murid rodents in the Palaearctic
region (cf Musser et al. 1996, Mitchell-Jones et
al. 1999). Their initial radiation most likely
started somewhere in Central or Eastern Asia
(Musser et al. 1996, Serizawa et al. 2000, Suzuki
et al. 2003) and resulted in divergence into two
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to the European clade which comprises the sub-
genera Karstomys Martino, 1939 (including two
petricolous species: A. mystacinus (Danford et
Alston, 1877) and A. epimelas (Nehring, 1902))
and Sylvaemus Ognev, 1924 (including at least
six species as discussed below, Musser et al.
1996, for genetic support see eg Martin et al.
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2000, Michaux et al. 2002, Bellinvia 2004). The
only Western Palaearctic representative of the
East Asian clade (subgenus Apodemus) is A. ag-
rarius (Pallas, 1771), a field-dwelling species that
extended its range from Eastern Asia westwards
to Europe relatively recently in the Holocene
(Bohme 1978). In the western Palaearctics, field
identification of the three subgenera is easy (A.
agrarius — black vertebral stripe, Karstomys —
large size and grey pelage, Sylvaemus — uniform
brown pelage on the back), but species identifi-
cation of specimens of the subgenus Sylvaemus
has been a perpetual problem for both field
zoologists and rodent taxonomists (see Frynta et
al. 2001). The degree of morphological differ-
entiation among these species is relatively low
and can be successfully distinguished only when
advanced multivariate methods of skull mor-
phometrics are employed (eg Janzekovi¢ and
Krystufek 2004 and those cited below). However,
recent allozyme data suggest that individual
Sylvaemus species are genetically well differenti-
ated and maintain their genetic identity through-
out their entire geographic ranges (Filippucci
et al. 1989, Mezhzherin 1990, Mezhzherin and
Zykov 1991, Filippucci 1992, Vogel et al. 1992,
Filippucci et al. 1996, Mezhzherin 1997b, Ma-
cholan et al. 2001, Filippucci et al. 2002). No
cases of obvious genetic introgression have been
reported so far (but see Hille et al. 2002).
Evaluation of phylogenetic tree of Sylvaemus
revealed no agreement among independent al-
lozyme analyses, but DNA sequence data provide
fairly congruent and reliable phylogenies (eg
Chelomina et al. 1998, Martin et al. 2000, Mi-
chaux et al. 2002, Reuter et al. 2003, Bellinvia
2004). A. hermonensis Filippucci, Simson, and
Nevo, 1989 represents the basal clade (Michaux
et al. 2002, Reuter et al. 2003, Bellinvia 2004, in
accordance with the earlier results obtained with
RAPD technique: Bellinvia et al. 1999). A. syl-
vaticus (Linnaeus, 1758) forms the next offshot
(but see Martin et al. 2000). According to Mi-
chaux et al. (2002), who examined two genes
(12SrRNA and cytochrome b), the remaining
species, ie A. flavicollis, A. alpicola Heinrich,
1952, and A. uralensis (Pallas, 1811), including
A. microps Kratochvil and Rosicky, 1952, form
the third distinct clade of the Sylvaemus group.

Bellinvia (2004), who examined the control
region (D-loop) of mt DNA of several Sylvaemus
species/populations (some of them were identical
to our samples), supports the close relationships
among A. flavicollis, A. alpicola and A. uralensis.
Moreover, she suggests the following relation-
ships within this clade: (a) sister relationships
between A. alpicola and A. flavicollis; (b) con-
siderable differences (on subspecific level) be-
tween populations of A. flavicollis from Near
East and Europe (see also Michaux et al. 2004);
(c) close relationship between Apodemus sp.
sample from Kirghyzstan and A. uralensis from
Central Europe and Anatolia; and (d) clear dis-
tinction but uncertain position of A. hyrcanicus
(possibly sister species of either flavicollis-
alpicola clade or alternatively A. uralensis).
Individual Apodemus species and/or popula-
tions and especially those in the Sylvaemus
clade occupy various habitats from open steppe
to lowland mountain forest, and consequently
they are likely to be exposed to different selec-
tive pressures associated with these environ-
ments. Their habitat preferences are usually
species-specific — A. flavicollis (eg Steiner 1968,
Montgomery 1978, Marsh and Harris 2000) and
A. hyrcanicus (our data, Vorontsov et al. 1992)
are consistently forest dwellers, A. sylvaticus is
most abundant in ecotones and shrubs (eg Zejda
1965, Steiner 1968, Cihdkova et al. 1993, Frynta
et al. 1994), A. hermonensis regularly inhabits
open habitats including alpine zones, steppes
and semideserts (Filippucci et al. 1989, 1996,
Macholan et al. 2001, D. Frynta, P. Mikulova
and V. Vohralik, unpubl.). Less frequently dis-
tant populations of a single species exhibit dif-
ferent habitat requirements, eg A. uralensis in
Central Europe is mostly confined to fields
(eg Kratochvil 1962, Stanko 1994) while the
same species is restricted to forests in Anatolia
(Macholan et al. 2001). Even when the habitat
preferences are identical, different populations
might be subjected to different selective pres-
sures as a result of local environmental (eg cli-
matic and landscape) and ecological (eg diverse
muroid rodent assemblages) conditions. There-
fore, we expect that some species and/or popula-
tions of the genus Apodemus have been subjected
to rapid adaptive morphological evolution capa-
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ble of outweighing the phylogenetic signal. The
question is whether some traits evolved in such
an adaptive manner or, alternatively, were sub-
jected to non-adaptive processes (eg a gradual
morphological evolution coinciding with the mo-
lecular variation). Corroborated phylogenetic
hypotheses and extensive knowledge of Apodemus
ecology and general biology provide an opportu-
nity to use Apodemus morphology as an appro-
priate evolutionary model.

Up to now, a morphometric analysis that in-
cludes a more complete set of species and/or pop-
ulations has not been undertaken yet. Previous
multivariate morphometric studies were re-
stricted to a limited subset of species or geo-
graphic areas, eg the Alps (Reuter et al. 1999),
Italy (Filippucci et al. 1984, Panzironi et al. 1994),
Bulgaria (Popov 1993), Turkish Islands (Ozkan
and Kry§tufek 1999), Daghestan (Lavrenchenko
and Likhnova 1995), Near East (Frynta et al.
2001), and consequently, they do not allow direct
comparison between morphometric evolution
and phylogeny.

The aim of this study is to: (1) analyse
morphometric variation of cranial and dental
characteristics in the majority of Apodemus spe-
cies of the Western Palaearctics; (2) assess
intra- and interspecific components of this vari-
ation; (3) compare morphometric results and ex-
isting phylogenetic relationships and (4) discuss
possible causes underlying determinants of ob-
served morphometric differentiation.

Material and methods

The majority of European A. sylvaticus, A. flavicollis,
A. uralensis, A. agrarius and A. epimelas as well as all
Apodemus from Near East were collected by D. F., V. V. and
colleagues during field studies in the Czech Republic and
expeditions to the Balkans (1977-1999) and Middle East
(1989-2001). These specimens have been deposited in the
collections of the Department of Zoology, Charles University
in Prague. Other specimens were provided by the National
Museum in Prague (majority of A. agrarius, A. uralensis
from Kirghyzstan) and Institute of Vertebrate Biology of the
Czech Academy of Sciences in Brno (majority of European
A. uralensis).

Mice were wild caught or they were of the first genera-
tion (except the control A. sylvaticus sample). Taking into
account, that age may affect both size and shape, we
decided to restrict our analyses just to fully grown animals.
Although laboratory studies suggest that the growth of

wood mice is indeterminate, the growth rates are fairly
small in aged animals (see Frynta and Zizkova 1992). Thus
we included only the individuals of high abrasion category
(mostly category 4 and 5 sensu Steiner 1968 — all individu-
als of A. sylvaticus and A. flavicollis populations from Cen-
tral Europe; of A. epimelas, A. agrarius, A. sylvaticus, A.
flavicolllis populations from Balkans; of A. uralensis popu-
lation from Kirghyzstan) or we kept individuals in captivity
for several months until they approached their asymptotic
size (some field trapped individuals or individuals of first
captive born genaration of A. mystacinus, A. hermonensis,
A. hyrcanicus, A. flavicollis, A. uralensis population from
Near East and of A. agrarius, A. uralensis populations from
Central Europe). This procedure enabled us to rule out the
effect of growth while the size component of the variation
remained unchanged in the analyses. To evaluate morpho-
logical changes in captive-born individuals we also included
sample of A. sylvaticus from laboratory colony with individ-
uals of first, second and third generation (further referred
as control population) in our analyses.

Altogether, we investigated 501 specimens of the fol-
lowing 9 species:

Apodemus uralensis: Central Europe — 44 specimens
from the Czech Republic (southern Moravia: Dyjakovicky
15, Podvorov 3, Luzice 6, éejkovice 7, Dubniany 2, Lednice
3, Zaje¢i 1, Dolni Bojanovice 1, M. Zizkov 2, Bavory 2,
Vranovice 1, Dolni Dunajovice 1); Near East — 38 specimens
from eastern Turkey (Seyfe 10, Giizyurdu 2, Yalnizcam
Gegidi 5, Bagdasan 3, Damar 8, Kabaca 8), Armenia (sur-
roundings of Erevan 1) and Azerbaijan (Zakataly Reserve
1); Kirghyzstan — 29 specimens from Osh area.

Apodemus hermonensis: Near East — 52 specimens from
eastern Turkey (Seyfe 1, Giizyurdu 4, Yalnizcam Gegidi 1,
Bagdasan 4, Aydcglu 1, Damar 1, Kabaca 2, Sirbasan 8) and
Iran (Vali Abad 3, Gholaman 7, Yasuj 13, Abshar 2, Sivand
1, Shiraz 4). Note: recently, Krystufek (2002) suggested the
use of the oldest available synonym A. iconicus Heptner,
1948.

Apodemus flavicollis: Central Europe — 36 specimens
from the Czech Republic (Prague); Balkans — 75 specimens
from Bulgaria (Gorna Breznica 23, Knizovnik 3, Kresna 2,
Krumovo 1, Zornica 1), northern Greece (Kato Vermion 2,
Kastania 11, Rentina 4, Nea Mechaniona 2, Kalivia 11,
Stavropouli 7, Agios Ioannis Prodromos 5, Sminthi 2 and
Thassos 1); Near East — 15 specimens from Armenia (sur-
roundings of Erevan 3), eastern Turkey (Giizyurdu 1, Kabaca
1), Iran (Gholaman 9) and Syria (Slinfeh 1). Note: some au-
thors suggest that flavicollis-like populations from the neigh-
bouring Transcaucasus region belong to the distinct species
A. ponticus Svirindenko, 1936 (cf Mezhzherin 1991, 1997a).

Apodemus cf. hyrcanicus: Near East — 29 specimens
from Iran (Asalem 17, Now Kandeh 12). Note: A. hyrcanicus
was described from the Hyrcanian Reserve in Azerbaijan
(Vorontsov et al. 1992) approximately 80 km north of
Asalem. Therefore, it is possible, that it is conspecific
with other specimens from Iran (cf Macholdan et al. 2001,
Bellinvia 2004).

Apodemus sylvaticus: Central Europe — 37 wild-caught
specimens from the Czech Republic (Prague), 38 specimens
from the laboratory colony (established from wild animals
captured in Prague) of first, second or third generation.
This group was used as a control for comparison with previ-
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ous group. Balkans — 16 specimens from Bulgaria (Gorna
Breznica 10, Knizovnik 3, Ardal) and Greece (Langadas 1,
Maronia 1).

Apodemus mystacinus: Near East — 29 specimens from
Syria (Quanawat 17, Bloudan 3, Slinfeh 5) and Jordan
(Ajlun 4).

Apodemus epimelas: Balkans — 26 specimens from Bul-
garia (Gorna Breznica).

Apodemus agrarius: Central Europe — 27 specimens
from Slovakia (Vihorlat Mts. 13, Kapusany 8, Belad 1, Ruska
Poruba 1) and the Czech Republic (Broumov 2, Opava 1,
Liberec 1), Balkans — 8 specimens from Bulgaria (Iskra 2,
Petri¢ 1, Sandanski 1) and Macedonia (Skopje 3, Strumica 1).

Apodemus peninsulae: 4 specimens from Russian Far
East (in the vicinity of Vyazemskiy, district Khabarovsk).

For schematic map of the studied localities see Fig. 1;
details of the localities are given in the following papers:
the Balkans — Vohralik (1985); Vohralik and Sofianidou
(1987, 1992a, b); the Near East — Frynta et al. (2001);
Prague — Mikulova and Frynta (2001); Karstomys — Vohralik
et al. (2002).

In order to evaluate intraspecific variation, we included
samples from geographically distant populations (for phylo-
geography see Michaux et al. 2003, 2004, 2005), ie from the
Central-Europe, the Balkans and the Near East.

Most of the Sylvaemus specimens from Near East were
identified using genetic methods (allozymes, 78 specimens,

Macholan et al. 2001) or they were descendants of identified
individuals (for list of these specimens see Frynta et al.
2001). The species identity of other specimens from Near
East was assigned according to the discriminant function
analysis based on skull and body measurements (Frynta et
al. 2001). Specimens from Kirghyzstan were identified as A.
uralensis sensu lato, since it is the only Apodemus to in-
habit that region (Mezhzherin 1997a). Our decision was
confirmed by sequencing the control region (D-loop) of
mtDNA (Bellinvia 2004).

Identification of A. sylvaticus and A. flavicollis from the
Balkans was based on the position of posterior edges of
foramina incisiva in relation to the anterior roots of M'
(Filippucci et al. 1984, Popov 1993) and on the allometry
between facial length and length of foramen incisivum
(Tvrtkovié 1979, Krystufek and Stojanovski 1996).

The skulls were cleaned using Dermestes larvae. Thir-
teen cranial characters were measured using callipers with
an accuracy of 0.1 mm (9 characters) or stereomicroscope to
the nearest 0.05 mm (FI, PAL, BULL) or 0.014 mm (MZ),
for details see Frynta et al., 2001: CBL — condylobasal
length, FL — facial length, ZYG — zygomatic breadth, RW
— rostral width (maximum distance), IOW - interorbital
width (minimum distance), BCW — brain-case width, IBW —
interbullar width (shortest distance between left and right
porus acusticus externus), RH - rostral height, BCH —
brain-case height, FI — length of foramen incisivum, PAL
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Fig. 1. Schematic map of the studied localities. Russian Far East (A. peninsulae) and Kirghyzstan (A. uralensis) are not depicted.
Bigger sizes of symbols indicate more than one important localities where larger number of animals were collected.
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— palatal length, BULL - bulla length and MZ - width
of choanae. We used a stereomicroscope to obtain the
following eight dental measurements (molars measured on
the crowns as maximal distances): UML — upper molar row
length (to the nearest 0.025 mm), RM'L — first right upper
molar length, RM'W — first right upper molar width, RM’L
— third right upper molar length, RM®W — third right upper
molar width, RM;L — first right lower molar length, RM;W
— first right lower molar width, INCW — upper incisor width
(measured from the side view below os incisivum) (to the
nearest 0.014 mm). Molar abrasion was assessed using a
stereomicroscope following Steiner (1968).

The software STATISTICA Analysis System (release 6.0)
was used for most calculations. We tested the data for nor-
mality prior to the statistical analyses. Deviations from nor-
mality were small, and most distributions were both unimodal
and symmetrical as required for multivariate procedures.

The data were log-transformed and missing values were
replaced with those predicted from regression analyses us-
ing condylobasal length or length of the first upper molar
for tooth measurements as an independent variables. Each
population was treated separately. To rule out the effect of
growth and size, two different methods were used: (1) the
Mosimann method of size adjustment (Mosimann 1970), in
which the generalised size of each specimen has been calcu-
lated as the mean of log — transformed variables included in
the analysis and each particular log-transformed measure-
ment (natural logarithm) was standardised by subtracting

the general size of the specimen or (2) residuals from re-
gression on PC 1 (Burnaby 1966). These data sets are here-
after referred to as size-free. ZYG was omitted in size-free
analyses to comply with software requirements.

Both the log-transformed and size-free data were used
for computing squared Mahalanobis distances (under the
Discriminant Analysis subroutine of the STATISTICA)
among all 16 samples. UPGMA (STATISTICA) clustering
was used to construct phenetic trees.

Next, we performed Discriminant Function Analyses
(DFA) and Canonical Analysis for all Sylvaemus species (11
populations/samples). Scores of the first two canonical roots
were used to visualise morphometric relationships between
Sylvaemus populations in a biplot. The next axes (Root 3
and higher ones) were not suggested due to their low
explanatory values (eigenvalues approached (Root 3) or
dropped below the critical value 1).

Results

Genus Apodemus

Phenetic comparisons based on log-trans-
formed data (see Appendix 1 for matrix of
squared Mahalanobis distances, and Fig. 2 for
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Fig. 2. Phenetic tree from UPGMA cluster analysis, based on Mahalanobis distances computed from original log-transformed
data. Sixteen samples belonging to 3 subgenera were processed (Apodemus: A. agrarius, A. peninsulae; Karstomys: A.
epimelas, A. mystacinus; Sylvaemus: A. sylvaticus, A. flavicollis, A. uralensis, A. hermonensis, A. hyrcanicus). CE — Central
Europe, B — Balkans, NE — Near East, K — Kirghyzstan, C — laboratory colony.
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Fig. 3. Phenetic tree from UPGMA cluster analysis, based on Mahalanobis distances computed from size — adjusted data by
using the Mosimann method. Sixteen samples belonging to 3 subgenera were processed (Apodemus: A. agrarius, A. peninsulae;
Karstomys: A. epimelas, A. mystacinus; Sylvaemus: A. sylvaticus, A. flavicollis, A. uralensis, A. hermonensis, A. hyrcanicus).
CE - Central Europe, B — Balkans, NE — Near East, K — Kirghyzstan, C — laboratory colony.

UPGMA tree) revealed clear distinctions of
subgenera Karstomys (with most basal posi-
tion), Apodemus (two subsequent branches) and
Sylvaemus (terminal position). Moreover, mul-
tiple samples of a single species clustered ac-
cording to their species identity. Samples in the
subgenus Sylvaemus formed three groups: fla-
vicollis-hyrcanicus (branching first), sylvaticus
and uralensis-hermonensis. A. hyrcanicus clus-
tered with A. flavicollis from Near East and A.
hermonensis with A. uralensis from Kirgyzstan.
Next, we repeated the above analyses using
data from which size component was subtracted.
Data that were size-adjusted by using Mosimann
method (see Appendix 1 for matrix of squared
Mahalanobis distances, and Fig. 3 for UPGMA
tree). The resulting tree supported the distinc-
tiveness of the Sylvaemus and Karstomys sub-
genera, the latter clustered within species of the
Apodemus subgenus. Within Sylvaemus, A. syl-

vaticus represented the basal branch and the re-
maining samples formed a uralensis group and a
flavicollis-hyrcanicus-hermonensis group, re-
spectively. Nevertheless, the position of A. Aer-
monensis was sensitive to the clustering method
used, eg, single Linkage placed it again into A.
uralensis cluster.

The tree constructed from residuals on PC1
(see Appendix 1 for matrix of squared Maha-
lanobis distances, and Fig. 4 for UPGMA tree)
differs from the previous one in the position of
Karstomys (both species clustered within Syl-
vaemus). A. hermonensis clustered with A. ura-
lensis from Kirgyzstan in congruence with trees
constructed from size-in data.

Subgenus Sylvaemus

In order to evaluate detailed relationships
among Sylvaemus species and/or samples, we
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Fig. 4. Phenetic tree from UPGMA cluster analysis, based on Mahalanobis distances computed from residuals on PC 1.
Sixteen samples belonging to 3 subgenera were processed (Apodemus: A. agrarius, A. peninsulae; Karstomys: A. epimelas, A.
mystacinus; Sylvaemus: A. sylvaticus, A. flavicollis, A. uralensis, A. hermonensis, A. hyrcanicus). CE — Central Europe, B —
Balkans, NE — Near East, K — Kirghyzstan, C — laboratory colony.
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Fig. 5. Projection of 11 samples of five Sylvaemus species onto the first two canonical variates as derived from original log-trans-
formed measurements. K — Kirghyzstan, C — laboratory colony, B — Balkans, NE — Near East. Solid circles depict sample means.
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Table 1. Canonical variate loadings for 21 cranial and tooth
measurements. Analysis based on original log-transformed
data. See Material and methods for measurement abbrevia-
tions.

Cranial and tooth

D. Frynta et al.

performed separate canonical analyses of sam-
ples belonging to this subgenus. The positions of
individual samples in the morphospace of the
first two canonical roots computed from size-in
data are provided in Fig. 5 (for loadings see

measurements Root 1 Root 2 . . .
Table 1). A. uralensis, A. sylvaticus and A. flavi-
FI 0.255 0.525 collis populations from Central Europe are well
UML 0.674 0.108 separated. The position of Balkan populations of
RM W 0.439 0.154 A. flavicollis and A. sylvaticus resembled those
RM L 0.565 0.153 . .
RMEW 0.396 _0.001 of their conspecifics from Central Europe. In
RM®L 0.413 _0.071 sharp contrast, Near East populations of A. ura-
PAL 0.535 -0.398 lensis, A. hermonensis, A. hyrcanicus, A. flavi-
5{1‘;@ 8'2(1)‘51 8’123 collis as well as A. uralensis from Kirghyzstan
RM,W 0.367 0.094 were situated W.1th1n the triangle formed by the
BULL 0.563 -0.017 European species and tend to overlap each
INCW 0.538 —0.236 other. Comparable analyses carried out using
CBL 0.569 -0.158 . . ..
FL 0.560 0,152 size-free data produced fairly similar patterns
RW 0.463 0.001 (residuals from PC1 - Fig. 7, for loadings see
IOW 0.331 -0.136 Table 3; data adjusted using the Mosimann
BCW 0.455 —0.010 method — Fig. 6, for loadings see Table 2) with
IBW 0.438 -0.079 ies/ lati bei d with
RH 0.390 —0.992 species/populations being more compressed wit
BCH 0.516 0.281 each other.
ZYG 0.462 -0.265
6
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Fig. 6. Projection of 11 samples of five Sylvaemus species onto the first two canonical variates as derived from from size — ad-
justed data by using the Mosimann method. K — Kirghyzstan, C — laboratory colony, B — Balkans, NE — Near East. Solid cir-

cles depict sample means.
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Table 2. Canonical variate loadings for 20 cranial and tooth
measurements. Analysis based on data adjusted by using
the Mosimann method. See Material and methods for mea-
surement abbreviations.

Table 3. Canonical variate loadings for 20 cranial and tooth
measurements. Analysis based on original residuals on
PC1. See Material and methods for measurement abbrevia-
tions.

Cranial and tooth

Cranial and tooth

Root 1 Root 2 Root 1 Root 2
measurements measurements
FI 0.670 -0.085 FI -0.642 -0.351
UML 0.101 -0.290 UML -0.214 0.010
RM'W 0.298 0.022 RM'W -0.232 -0.098
RM'L 0.119 -0.275 RM'L -0.227 0.061
RM*W ~0.040 -0.143 RM*W -0.028 0.071
RM°L -0.123 -0.115 RM’L 0.048 0.016
PAL —-0.478 -0.014 PAL 0.427 0.116
RM,L 0.167 -0.193 RM,L -0.235 -0.074
Mz -0.193 0.009 MZ 0.142 -0.132
RM,W 0.254 0.093 RM,W -0.174 -0.210
BULL -0.106 -0.260 BULL 0.041 0.610
INCW -0.333 -0.119 INCW 0.251 0.241
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Fig. 7. Projection of 11 samples of five Sylvaemus species onto the first two canonical variates as derived from residuals on PC
1. K — Kirghyzstan, C — laboratory colony, B — Balkans, NE — Near East. Solid circles depict sample means.
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Discussion

The phenetic trees based on size-in (log-
transformed) and size-free (Mosimann method,
residuals on PC1) data reveal a similar branch-
ing pattern. This pattern is more or less congru-
ent with current phylogenetic hypotheses.

As expected, species of the Apodemus sub-
genus tend to maintain basal position and those
of the Sylvaemus subgenus form a single cluster.
However, the position of the subgenus Karstomys
was highly dependent on the computation method:
size-in analysis placed this subgenus on the tree
base, while the size-free method based on re-
siduals on PC1 placed it within the Sylvaemus
subgenus. These dichotomous results may be
attributed to the large body size of Karstomys
species. It is not surprising that including the
size component into the analysis of morphometric
distances may affect the position of species that
exhibit extreme body sizes. In contrast, expla-
nation of the latter case is less trivial. There is a
potential problem with estimation of inter-
specific allometric relationships in taxa with
biased distribution of body size. The slope of
linear least-square regression line is heavily
influenced by outstanding points (those far from
the main cluster). The value of residuals in
species with extreme body size may be con-
sequently shifted to zero. This explanation is
indirectly supported by the distinct position of
the Karstomys subgenus in the other size-free
analysis (Mosimann) corrected for isometric
growth.

Morphometric distances between A. epimelas
and A. mystacinus are comparable to those
found between traditionally recognized Sylvae-
mus species. Thus, their elevation from a sub-
species to a species level seems to be supported
(Mezhzherin 1997a, Vohralik et al. 2002, Bellinvia
2004, Michaux et al. 2005).

Most surprising was the clustering of sam-
ples within the subgenus Sylvaemus. In spite of
a high level of morphological similarity among
species and substantial differences in local eco-
logical conditions to which individual popula-
tions are exposed, samples representing a single
species clustered together in most cases. More-
over, the sister relationship between the A. fla-

vicollis (possibly including A. hyrcanicus) and A.
uralensis groups, as well as more basal position
of A. sylvaticus as suggested by molecular data
(Bellinvia 2004), were clearly supported by
morphometric analyses of size-free data. In
size-in analysis, however, body size was more
important than the shape component and, con-
sequently, the A. flavicollis group (including
A. hyrcanicus) clustered separately from the re-
maining Sylvaemus species which share smaller
body sizes. Interestingly, our morphometric
results support also the phylogeographic sub-
division of A. flavicollis into the Near East and
European branch, recently presented by Michaux
et al. (2004). The apparent discrepancy between
sister relationship of A. hermonensis with the
respect to remaining species of the subgenus Syl-
vaemus suggested by DNA phylogenies (Bellinvia
et al. 1999, Bellinvia 2004), and morphometric
similarity of this species to A. uralensis and/or
A. hyrcanicus-A. flavicollis may suggest that this
species has conserved more ancestral phenotype
than A. sylvaticus. The latter species probably
underwent a rapid evolution as also evident
from high values of phenetic distances between
A. sylvaticus and other Sylvaemus reported by
allozyme studies (Macholan et al. 2001).

Above mentioned congruence between morpho-
metric and phylogenetic trees is surprising,
nevertheless, it has been reported previously, eg
in the genus Mus (Macholan 2001). Such a
concordance may suggest that the evaluated
morphometric traits exhibit phylogenetic con-
servatism and therefore are not completely de-
termined by selective pressures and correspond-
ing episodes of adaptive evolution.

Besides the phylogenetic pattern, there is
also a subtle, but remarkable, morphometric di-
vergence on a regional scale. We found that Eu-
ropean species of the subgenus Sylvaemus are
well separated in a morphospace (most appar-
ently in size-in analysis), while those inhabiting
the Near East occupy an intermediate position
and overlap with each other. Moreover, the same
trend can be demonstrated within a particular
species. When A. flavicollis or A. uralensis from
both regions are compared, the Near East popu-
lations are somewhat shifted towards other spe-
cies/populations in this region.
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The observed phenomenon cannot be at-
tributted to phylogeny itself because, neither
European nor Near East assamblage of Sylvae-
mus taxa represents an exclusive clade (Bellinvia
et al. 1999, Bellinvia 2004). The possible expla-
nations are (1) gene introgression among sym-
patric species in the Near East and/or (2) con-
vergent evolution of multiple clades in the Near
East and/or (3) divergent evolution in European
taxa combined with persistence of ancestral
phenotypes in the Near East.

The first scenario may be ruled out because
all Sylvaemus species maintain their genetic
identity throughout their entire geographic
ranges (Filippucci et al. 1989, Mezhzherin 1990,
Mezhzherin and Zykov 1991, Filippucci 1992,
Vogel et al. 1992, Filippucci et al. 1996, Me-
zhzherin 1997b, Macholan et al. 2001, Filippucci
et al. 2002). When considering the second and
the third scenario we bear following facts in
mind. Divergent evolution (third scenario) may
be caused by almost every evolutionary mecha-
nism, while conditions for convergent evolution
(second scenario) are more restrictive — it re-
quires similar selective pressures (or constraints)
operating in populations of different taxa. Never-
theless we have no direct evidence in favour of
divergent (more probable) or convergent scenario,
so we futher discuss both above mentioned
alternatives equally.

Convergence/divergence may be caused by
adaptive (genetic and/or phenotypic plasticity cf
West-Eberhard 1989, 2003) as well as non-adap-
tive processes (genetic drift etc.). Although hav-
ing no direct evidence, we consider the adaptive
cause more probable (adaptation is directional
as it seems to be the morphological change).

Putative selective pressures influencing the
direction and degree of adaptive morphological
changes can be a result of ecological (eg diverse
muroid rodent assemblages) or local environ-
mental (eg climatic and landscape) conditions.
Divergence due to character displacement is an
unlikely explanation. In Europe, the sympatric
occurrence of A. flavicollis and A. sylvaticus (eg
Marsh and Harris 2000) as well as A. uralensis
and A. sylvaticus is frequently reported and
sometimes all three species can be found to-
gether (Spitzenberger and Steiner 1967, Obrtel

and Holisova 1983). However, in Central Europe
we failed to demonstrate character release in A.
sylvaticus occupying localities where A. flavi-
collis is absent (Mikulova and Frynta 2001). Al-
though we did not analyse mice from sympatric
and allopatric populations separately, it is evi-
dent, that at least in some regions of the Near
East, two or even three morphologically similar
Sylvaemus species occur in closer sympatry
(without visible separation on microhabitat
scale) than in Europe (A. hermonensis, A. fla-
vicollis and A. uralensis in the northern part of
Anatolia or A. hermonensis and A. flavicollis in
the Zagros Mts; Filippucci et al. 1996, Frynta et
al. 2001, Macholan et al. 2001). On the other
hand, our samples from Kirghyzstan and from
the Hyrcanian forests along the Caspian Sea
represent only a single species (A. uralensis and
A. hyrcanicus, respectively).

We can only speculate about possible ecologi-
cal causes of small interspecific variation in the
Middle East when compared to that in Europe.
Obviously, habitats suitable for the survival of
Sylvaemus species are more differentiated in
European landscapes (field - shrub - forest) than
in the Near East, where both margins of this
habitat scale are reduced as consequence of arid
climate and deforestation. Moreover, fields are
often densely inhabited by other seed eating ro-
dents, such as Mus macedonicus and/or Mus
domesticus in the Near East. Consequently,
adaptive zones of Near East taxa may be corre-
spondingly reduced and potentially resulting in
enhanced morphological similarity among the
Near East Apodemus species.

This finding is not easily interpreted in the
terms of performance (sensu Garland 1994)
because the morphometric differences among
Sylvaemus populations are generally subtle, of a
multivariate nature (comprising size as well as
shape component, but no single trait inter-
pretable in functional context) and appropri-
ate characteristics (behaviour, performance) of
studied taxa are not available. Moreover, our
explanation of the adaptive variation is based
solely on present ecological conditions. The land-
scapes of the Western Palaeartics have under-
gone considerable changes since the divergence
of Sylvaemus, which was estimated to 850 000



150 D. Frynta et al.

and 1-1.5 Myr BP on the basis of the Nei genetic
distances (Filippucci et al. 1996, Mezhzherin
1997Db, respectively) or 2 — 4 Myr BP based on
DNA sequence divergence (Serizawa et al. 2000,
see also Michaux et al. 2002). Unfortunately,
there is a significant absence of relevant data
that would allow us to assess the relationship
between skull morphometrics and landscape
ecology during the course of history.
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Appendix 1. Mahalanobis squared distances computed from residuals on PC 1 ("size free” data) — above diagonal and from
original log-transformed data — under diagonal. CE — Central Europe, B — Balkans, NE — Near East, K — Kirghyzstan, ag — A.
agrarius, ur — A. uralensis, sy — A. sylvaticus, fl — A. flavicollis, he — A. hermonensis, hy — A. hyrcanicus, pe — A. peninsulae,
my — A. mystacinus, ep — A. epimelas.

agCE agB urCE urK urNE ep my fICE flB {INE sy syCE syB he hy pe

ag CE - 80 657 666 695 689 751 379 479 715 843 793 784 674 715 905
ag B 17.0 - 622 645 633 686 70.7 385 434 688 788 751 740 62.7 634 919
urCE 76.1 101.1 - 8.0 86 170 119 238 1566 252 231 250 249 204 201 872
ur K 67.8 682 26.6 - 9.7 243 177 240 171 225 287 320 319 103 210 90.8
ur NE 698 763 156 125 - 28.1 21.0 29.7 186 195 274 377 375 122 13.8 70.8
ep 281.9 202.8 334.5 206.6 258.6 - 238 346 326 51.8 182 165 165 43.1 535 1121
my 2275 157.9 2545 1443 1883 289 - 456 345 403 31.0 272 271 292 448 1219
flCE 534 393 750 32.1 50.2 1482 1164 - 42 192 282 251 247 302 228 98.0
flB 724 471 824 320 493 1257 89.2 5.2 - 103 20.1 213 206 203 13.1 963
fINE 822 689 674 273 344 180.0 122.7 196 132 - 26.1 350 348 17.0 13.0 104.4
sy 844 864 352 294 281 2239 1772 417 422 352 - 10.1  10.0 37.6 40.8 126.3
syCE 785 854 330 340 375 240.8 189.2 433 490 481 104 — 12.8 451 455 1452
sy B 815 758 44.7 269 344 1904 1455 30.1 285 32.6 13.1 185 - 44.8 39.8 122.7
he 719 635 490 113 19,5 1987 1338 335 283 183 41.0 513 45.0 - 156.7 945
hy 87.0 642 713 291 342 167.1 1156 228 141 135 544 641 449 19.0 - 81.8

pe 1156.6  95.9 155.0 106.1 102.2 204.0 175.7 99.2 96.3 107.4 149.0 1743 133.8 102.9 82.9 -

Appendix 2. Mahalanobis squared distances computed from size — adjusted data by Mosimann method. CE — Central Europe,
B — Balkans, NE — Near East, K — Kirghyzstan, ag — A. agrarius, ur — A. uralensis, sy — A. sylvaticus, fl — A. flavicollis, he — A.
hermonensis, hy — A. hyrcanicus, pe — A. peninsulae, my — A. mystacinus, ep — A. epimelas.

agCE agB urCE urK urNE ep my fICE flB fINE sy syCE syB he hy pe

agCE - 107 675 658 695 1139 1192 392 509 722 839 784 763 683 727 853
ag B - - 715 670 672 935 955 37.7 426 684 832 778 757 631 626 87.0
wCE - - - 78 9.7 820 766 30.1 252 303 220 259 175 256 264 83.9
ur K - - - - 89 731 633 265 216 242 289 313 261 11.1 234 894
uwNE - - - - - 773 693 319 229 210 266 375 267 137 159 66.1
ep - - - - - - 224 638 564 840 738 66.0 764 765 828 1484
my - - - - - - - 724 559 702 832 754 795 616 716 151.7
fICE - - - - - - - - 44 192 324 271 279 300 228 962
1B - - - - - - - - - 110 267 251 230 209 134 955
fINE - - - - - - - - - - 292 365 318 167 13.1 1019
sy - - - - - - - - - - - 95 10.6 39.6 450 126.0
syCE - - - - - - - - - - - - 120 466 479 141.0
sy B - - - - - - - - - - - - — 449 426 1235
he - - - - - - - - - - - - - - 155  90.0
hy - - - - - - - - - - - - - - - 800

pe - - - - - - - - - - - - - - - -
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