
In tro duc tion

Wood mice of the ge nus Apodemus Kaup, 1829
are com mon murid ro dents in the Palaearctic
re gion (cf Musser et al. 1996, Mitch ell-Jones et

al. 1999). Their ini tial ra di a tion most likely
started some where in Cen tral or East ern Asia
(Musser et al. 1996, Serizawa et al. 2000, Suzuki
et al. 2003) and re sulted in divergence into two

or three Asian clades and a sin gle Eu ro pean
clade. Most spe cies of the ge nus Apodemus found
in Eu rope, North Af rica and West ern Asia be long
to the Eu ro pean clade which com prises the sub -
gen era Karstomys Martino, 1939 (in clud ing two
petricolous spe cies: A. mystacinus (Danford et
Alston, 1877) and A. epimelas (Nehring, 1902))
and Sylvaemus Ognev, 1924 (in clud ing at least
six spe cies as dis cussed be low, Musser et al.

1996, for ge netic sup port see eg Mar tin et al.
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We stud ied mor pho log i cal vari a tion among west ern Palaearctic spe cies of
woodmice (ge nus Apodemus). Twenty one den tal and skull vari ables were
mea sured and eval u ated us ing multivariate sta tis ti cal ap proaches. A to tal of
501 spec i mens of the fol low ing 9 spe cies of wood mice were ex am ined: A. her-

monensis, A. hyrcanicus, A. uralensis (= microps), A. flavicollis, A. sylvaticus,

A. epimelas, A. mystacinus, A. peninsulae, A. agrarius. Spe cies oc cu py ing
large geo graphic ar eas were rep re sented by two or three geo graph i cally
dis tant pop u la tions. The anal y ses, based both on orig i nal and size ad justed
data, re vealed con gru ence be tween mor pho log i cal evo lu tion and phylo gen etic
re la tion ships.

 The in teg rity of ma jor clades was sup ported by morphometric trees.
Conspecific sam ples showed a clear ten dency to clus ter to gether re gard less of
eco log i cal dif fer ences and geo graph ical dis tances. This find ing may sug gest
that stud ied traits ex hibit evo lu tion ary con ser va tism, and there fore are not
fully de ter mined by ac tual se lec tive pres sures. Be sides this, we dem on strated
that mor pho log i cal dif fer en ti a tion of taxa be long ing to the sub ge nus Sylvaemus

was more pro nounced in Cen tral Eu rope than in the Near East. This ob served
phe nom e non could be of adap tive na ture. 
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2000, Michaux et al. 2002, Bellinvia 2004). The
only West ern Palaearctic rep re sen ta tive of the
East Asian clade (sub ge nus Apodemus) is A. ag-

rarius (Pallas, 1771), a field-dwell ing spe cies that
ex tended its range from East ern Asia west wards 
to Eu rope rel a tively re cently in the Ho lo cene
(Böhme 1978). In the west ern Palaearctics, field
iden ti fi ca tion of the three sub gen era is easy (A.

agrarius – black ver te bral stripe, Karstomys –

large size and grey pel age, Sylvaemus – uni form
brown pel age on the back), but spe cies iden ti fi -
ca tion of spec i mens of the sub ge nus Sylvaemus

has been a per pet ual prob lem for both field
zo ol o gists and ro dent tax on o mists (see Frynta et

al. 2001). The de gree of mor pho log i cal dif fer -
en ti a tion among these spe cies is rel a tively low
and can be suc cess fully dis tin guished only when
ad vanced multivariate meth ods of skull mor-
phometrics are em ployed (eg Janžekoviæ and
Kryštufek 2004 and those cited be low). How ever,
re cent allozyme data sug gest that in di vid ual
Sylvaemus spe cies are ge net i cally well dif fer en ti -
ated and main tain their ge netic iden tity through -
out their en tire geo graphic ranges (Filippucci
et al. 1989, Mezhzherin 1990, Mezhzherin and
Zykov 1991, Filippucci 1992, Vogel et al. 1992,
Filippucci et al. 1996, Mezhzherin 1997b, Ma-
cholán et al. 2001, Filippucci et al. 2002). No
cases of ob vi ous ge netic introgression have been
re ported so far (but see Hille et al. 2002). 

Eval u a tion of phylo gen etic tree of Sylvaemus

re vealed no agree ment among in de pend ent al-
lozyme anal y ses, but DNA se quence data pro vide
fairly con gru ent and re li able phylogenies (eg
Chelomina et al. 1998, Mar tin et al. 2000, Mi-
chaux et al. 2002, Reuter et al. 2003, Bellinvia
2004). A. hermonensis Filippucci, Simson, and
Nevo, 1989 rep re sents the basal clade (Michaux
et al. 2002, Reuter et al. 2003, Bellinvia 2004, in
ac cor dance with the ear lier re sults ob tained with
RAPD tech nique: Bellinvia et al. 1999). A. syl-

vaticus (Linnaeus, 1758) forms the next offshot
(but see Mar tin et al. 2000). Ac cord ing to Mi-
chaux et al. (2002), who ex am ined two genes
(12SrRNA and cytochrome b), the re main ing
spe cies, ie A. flavicollis, A. alpicola Hein rich,
1952, and A. uralensis (Pallas, 1811), in clud ing
A. microps Kratochvíl and Rosický, 1952, form
the third dis tinct clade of the Sylvaemus group.

Bellinvia (2004), who ex am ined the con trol
re gion (D-loop) of mt DNA of sev eral Sylvaemus

spe cies/pop u la tions (some of them were iden ti cal
to our sam ples), sup ports the close re la tion ships
among A. flavicollis, A. alpicola and A. uralensis.
More over, she sug gests the fol low ing re la tion -
ships within this clade: (a) sis ter re la tion ships
be tween A. alpicola and A. flavicollis; (b) con -
sid er able dif fer ences (on subspecific level) be -
tween pop u la tions of A. flavicollis from Near
East and Eu rope (see also Michaux et al. 2004);
(c) close re la tion ship be tween Apodemus sp.
sam ple from Kirghyzstan and A. uralensis from
Cen tral Eu rope and Anatolia; and (d) clear dis-
tinction but un cer tain po si tion of A. hyrcanicus

(pos si bly sis ter spe cies of ei ther flavicollis-

alpicola clade or al ter na tively A. uralensis). 
In di vid ual Apodemus spe cies and/or pop u la -

tions and es pe cially those in the Sylvaemus

clade oc cupy var i ous hab i tats from open steppe
to low land moun tain for est, and con se quently
they are likely to be ex posed to dif fer ent se lec -
tive pres sures as so ci ated with these en vi ron -
ments. Their hab i tat pref er ences are usu ally
spe cies-spe cific – A. flavicollis (eg Steiner 1968,
Mont gom ery 1978, Marsh and Har ris 2000) and
A. hyrcanicus (our data, Vorontsov et al. 1992)
are con sis tently for est dwell ers, A. sylvaticus is
most abun dant in ecotones and shrubs (eg Zejda
1965, Steiner 1968, Èiháková et al. 1993, Frynta 
et al. 1994), A. hermonensis reg u larly in hab its
open hab i tats in clud ing al pine zones, steppes
and semideserts (Filippucci et al. 1989, 1996,
Macholán et al. 2001, D. Frynta, P. Mikulová
and V. Vohralík, unpubl.). Less fre quently dis -
tant pop u la tions of a sin gle spe cies ex hibit dif -
fer ent hab i tat re quire ments, eg A. uralensis in
Cen tral Eu rope is mostly con fined to fields
(eg Kratochvíl 1962, Stanko 1994) while the
same spe cies is re stricted to for ests in Anatolia
(Macholán et al. 2001). Even when the hab i tat
pref er ences are iden ti cal, dif fer ent pop u la tions
might be sub jected to dif fer ent se lec tive pres -
sures as a re sult of lo cal en vi ron men tal (eg cli -
ma tic and land scape) and eco log i cal (eg di verse
muroid ro dent as sem blages) con di tions. There -
fore, we ex pect that some spe cies and/or pop u la -
tions of the ge nus Apodemus have been sub jected
to rapid adap tive mor pho log i cal evo lu tion ca pa -
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ble of out weigh ing the phylo gen etic sig nal. The
ques tion is whether some traits evolved in such
an adap tive man ner or, al ter na tively, were sub -
jected to non-adap tive pro cesses (eg a grad ual
mor pho log i cal evo lu tion co in cid ing with the mo -
lec u lar vari a tion). Cor rob o rated phylo gen etic
hy poth e ses and ex ten sive knowl edge of Apodemus

ecol ogy and gen eral bi ol ogy pro vide an op por tu -
nity to use Apodemus mor phol ogy as an ap pro -
pri ate evo lu tion ary model. 

Up to now, a morphometric anal y sis that in -
cludes a more com plete set of spe cies and/or pop -
u la tions has not been un der taken yet. Pre vi ous
multivariate morphometric stud ies were re -
stricted to a lim ited sub set of spe cies or geo -
graphic ar eas, eg the Alps (Reuter et al. 1999),
It aly (Filippucci et al. 1984, Panzironi et al. 1994),
Bul garia (Popov 1993), Turk ish Is lands (Özkan
and Kryštufek 1999), Daghestan (Lavrenchenko 
and Likhnova 1995), Near East (Frynta et al.

2001), and con se quently, they do not al low di rect 
com par i son be tween morphometric evo lu tion
and phy log eny. 

The aim of this study is to: (1) ana lyse
morphometric vari a tion of cra nial and den tal
char ac ter is tics in the ma jor ity of Apodemus spe -
cies of the West ern Palaearctics; (2) as sess
intra- and interspecific com po nents of this vari -
a tion; (3) com pare morphometric re sults and ex -
ist ing phylo gen etic re la tion ships and (4) dis cuss
pos si ble causes un der ly ing de ter mi nants of ob -
served morphometric dif fer en ti a tion. 

Ma te rial and methods

The ma jor ity of Eu ro pean A. sylvaticus, A. flavicollis,

A. uralensis, A. agrarius and A. epimelas as well as all
Apodemus from Near East were col lected by D. F., V. V. and 
col leagues dur ing field stud ies in the Czech Re pub lic and
ex pe di tions to the Bal kans (1977–1999) and Mid dle East
(1989–2001). These spec i mens have been de pos ited in the
col lec tions of the De part ment of Zo ol ogy, Charles Uni ver sity
in Prague. Other spec i mens were pro vided by the Na tional
Mu seum in Prague (ma jor ity of A. agrarius, A. uralensis

from Kirghyzstan) and In sti tute of Ver te brate Bi ol ogy of the
Czech Acad emy of Sci ences in Brno (ma jor ity of Eu ro pean
A. uralensis). 

Mice were wild caught or they were of the first gen er a -
tion (ex cept the con trol A. sylvaticus sam ple). Tak ing into
ac count, that age may af fect both size and shape, we
decided to re strict our anal y ses just to fully grown an i mals.
Al though lab o ra tory stud ies sug gest that the growth of

wood mice is in de ter mi nate, the growth rates are fairly
small in aged an i mals (see Frynta and Žižková 1992). Thus
we in cluded only the in di vid u als of high abra sion cat e gory
(mostly cat e gory 4 and 5 sensu Steiner 1968 – all in di vid u -
als of A. sylvaticus and A. flavicollis pop u la tions from Cen -
tral Eu rope; of A. epimelas, A. agrarius, A. sylvaticus, A.

flavicolllis pop u la tions from Bal kans; of A. uralensis pop u -
la tion from Kirghyzstan) or we kept in di vid u als in cap tiv ity 
for sev eral months un til they ap proached their as ymp totic
size (some field trapped in di vid u als or in di vid u als of first
cap tive born genaration of A. mystacinus, A. hermonensis,
A. hyrcanicus, A. flavicollis, A. uralensis pop u la tion from
Near East and of A. agrarius, A. uralensis pop u la tions from
Cen tral Eu rope). This pro ce dure en abled us to rule out the
ef fect of growth while the size com po nent of the vari a tion
re mained un changed in the anal y ses. To eval u ate mor pho -
log i cal changes in cap tive-born in di vid u als we also in cluded 
sam ple of A. sylvaticus from lab o ra tory col ony with in di vid -
u als of first, sec ond and third gen er a tion (fur ther re ferred
as con trol pop u la tion) in our anal y ses.

 Al to gether, we in ves ti gated 501 spec i mens of the fol -
low ing 9 spe cies:

 Apodemus uralensis: Cen tral Eu rope – 44 spec i mens
from the Czech Re pub lic (south ern Moravia: Dyjákovièky
15, Podvorov 3, Lužice 6, Èejkovice 7, Dubòany 2, Lednice
3, Zajeèí 1, Dolní Bojanovice 1, M. Žižkov 2, Bavory 2,
Vranovice 1, Dolní Dunajovice 1); Near East – 38 spec i mens 
from east ern Tur key (Seyfe 10, Güzyurdu 2, Yalnizcam
Geçidi 5, Ba¡gdaºan 3, Damar 8, Kabaca 8), Ar me nia (sur -
round ings of Erevan 1) and Azerbaijan (Zakataly Re serve
1); Kirghyzstan – 29 spec i mens from Osh area. 

 Apodemus hermonensis: Near East – 52 spec i mens from 
east ern Tur key (Seyfe 1, Güzyurdu 4, Yalnizcam Geçidi 1,
Ba¡gdaºan 4, Aydo¡glu 1, Damar 1, Kabaca 2, Sirbasan 8) and
Iran (Vali Abad 3, Gholaman 7, Yasuj 13, Abshar 2, Sivand
1, Shi raz 4). Note: re cently, Kryštufek (2002) sug gested the
use of the old est avail able syn onym A. iconicus Heptner,
1948. 

 Apodemus flavicollis: Cen tral Eu rope – 36 spec i mens
from the Czech Re pub lic (Prague); Bal kans – 75 spec i mens
from Bul garia (Gorna Breznica 23, Knižovnik 3, Kresna 2,
Krumovo 1, Zornica 1), north ern 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 spec i mens from Ar me nia (sur -
round ings of Erevan 3), east ern Tur key (Güzyurdu 1, Kabaca 
1), Iran (Gholaman 9) and Syria (Slinfeh 1). Note: some au -
thors sug gest that flavicollis-like pop u la tions from the neigh -
bour ing Transcaucasus re gion be long to the dis tinct spe cies
A. ponticus Svirindenko, 1936 (cf Mezhzherin 1991, 1997a). 

Apodemus cf. hyrcanicus: Near East – 29 spec i mens
from Iran (Asalem 17, Now Kandeh 12). Note: A. hyrcanicus

was de scribed from the Hyrcanian Re serve in Azerbaijan
(Vorontsov et al. 1992) ap prox i mately 80 km north of
Asalem. There fore, it is pos si ble, that it is conspecific
with other spec i mens from Iran (cf Macholán et al. 2001,
Bellinvia 2004). 

Apodemus sylvaticus: Cen tral Eu rope – 37 wild-caught
spec i mens from the Czech Re pub lic (Prague), 38 spec i mens
from the lab o ra tory col ony (es tab lished from wild an i mals
cap tured in Prague) of first, sec ond or third gen er a tion.
This group was used as a con trol for com par i son with pre vi -
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ous group. Bal kans – 16 spec i mens from Bul garia (Gorna
Breznica 10, Knižovnik 3, Arda1) and Greece (Langadas 1,
Maronia 1).

Apodemus mystacinus: Near East – 29 spec i mens from
Syria (Quanawat 17, Bloudan 3, Slinfeh 5) and Jor dan
(Ajlun 4).

Apodemus epimelas: Bal kans – 26 spec i mens from Bul -
garia (Gorna Breznica).

Apodemus agrarius: Cen tral Eu rope – 27 spec i mens
from Slovakia (Vihorlat Mts. 13, Kapušany 8, Belá 1, Ruská 
Poruba 1) and the Czech Re pub lic (Broumov 2, Opava 1,
Liberec 1), Bal kans – 8 spec i mens from Bul garia (Iskra 2,
Petriè 1, Sandanski 1) and Mac e do nia (Skopje 3, Strumica 1).

Apodemus peninsulae: 4 spec i mens from Rus sian Far
East (in the vi cin ity of Vyazemskiy, dis trict Khabarovsk). 

For sche matic map of the stud ied lo cal i ties see Fig. 1;
de tails of the lo cal i ties are given in the fol low ing pa pers:
the Bal kans – Vohralík (1985); Vohralík and Sofianidou
(1987, 1992a, b); the Near East – Frynta et al. (2001);
Prague – Mikulová and Frynta (2001); Karstomys – Vohralík
et al. (2002). 

In or der to eval u ate intraspecific vari a tion, we in cluded
sam ples from geo graph i cally dis tant pop u la tions (for phylo-
geography see Michaux et al. 2003, 2004, 2005), ie from the
Cen tral-Eu rope, the Bal kans and the Near East. 

Most of the Sylvaemus spec i mens from Near East were
iden ti fied us ing ge netic meth ods (allozymes, 78 spec i mens,

Macholán et al. 2001) or they were de scen dants of iden ti fied 
in di vid u als (for list of these spec i mens see Frynta et al.

2001). The spe cies iden tity of other spec i mens from Near
East was as signed ac cord ing to the discriminant func tion
anal y sis based on skull and body mea sure ments (Frynta et

al. 2001). Spec i mens from Kirghyzstan were iden ti fied as A. 

uralensis sensu lato, since it is the only Apodemus to in -
habit that re gion (Mezhzherin 1997a). Our de ci sion was
con firmed by se quenc ing the con trol re gion (D-loop) of
mtDNA (Bellinvia 2004). 

 Iden ti fi ca tion of A. sylvaticus and A. flavicollis from the 
Bal kans was based on the po si tion of pos te rior edges of
fo ram ina incisiva in re la tion to the an te rior roots of M1

(Filippucci et al. 1984, Popov 1993) and on the allometry
be tween fa cial length and length of fo ra men incisivum
(Tvrtkoviæ 1979, Kryštufek and Stojanovski 1996).

The skulls were cleaned us ing Dermestes lar vae. Thir -
teen cra nial char ac ters were mea sured us ing callipers with
an ac cu racy of 0.1 mm (9 char ac ters) or stereomicroscope to
the near est 0.05 mm (FI, PAL, BULL) or 0.014 mm (MZ),
for de tails see Frynta et al., 2001: CBL – condylobasal
length, FL – fa cial length, ZYG – zygomatic breadth, RW
– rostral width (max i mum dis tance), IOW – interorbital
width (min i mum dis tance), BCW – brain-case width, IBW –
interbullar width (short est dis tance be tween left and right
porus acusticus externus), RH – rostral height, BCH –
brain-case height, FI – length of fo ra men incisivum, PAL
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Fig. 1. Sche matic map of the stud ied lo cal i ties. Rus sian Far East (A. peninsulae) and Kirghyzstan (A. uralensis) are not de picted. 
Big ger sizes of sym bols in di cate more than one im por tant lo cal i ties where larger num ber of an i mals were col lected.
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– pal a tal length, BULL – bulla length and MZ – width
of choanae. We used a stereomicroscope to ob tain the
fol low ing eight den tal mea sure ments (mo lars mea sured on
the crowns as max i mal dis tances): UML – up per mo lar row
length (to the near est 0.025 mm), RM1L – first right up per
mo lar length, RM1W – first right up per mo lar width, RM3L
– third right up per mo lar length, RM3W – third right up per
mo lar width, RM1L – first right lower mo lar length, RM1W
– first right lower mo lar width, INCW – up per in ci sor width 
(mea sured from the side view be low os incisivum) (to the
near est 0.014 mm). Mo lar abra sion was as sessed us ing a
stereomicroscope fol low ing Steiner (1968). 

The soft ware STATISTICA Anal y sis Sys tem (re lease 6.0)
was used for most cal cu la tions. We tested the data for nor -
mal ity prior to the sta tis ti cal anal y ses. De vi a tions from nor -
mal ity were small, and most dis tri bu tions were both unimodal 
and sym met ri cal as re quired for multivariate pro ce dures. 

The data were log-trans formed and miss ing val ues were 
re placed with those pre dicted from re gres sion anal y ses us -
ing condylobasal length or length of the first up per mo lar
for tooth mea sure ments as an in de pend ent vari ables. Each
pop u la tion was treated sep a rately. To rule out the ef fect of
growth and size, two dif fer ent meth ods were used: (1) the
Mosimann method of size ad just ment (Mosimann 1970), in
which the gen er al ised size of each spec i men has been cal cu -
lated as the mean of log – trans formed vari ables in cluded in 
the anal y sis and each par tic u lar log-trans formed mea sure -
ment (nat u ral log a rithm) was stand ard ised by sub tract ing

the gen eral size of the spec i men or (2) re sid u als from re -
gres sion on PC 1 (Burnaby 1966). These data sets are here -
af ter re ferred to as size-free. ZYG was omit ted in size-free
anal y ses to com ply with soft ware re quire ments. 

Both the log-trans formed and size-free data were used
for com put ing squared Mahalanobis dis tances (un der the
Discriminant Anal y sis sub rou tine of the STATISTICA)
among all 16 sam ples. UPGMA (STATISTICA) clus ter ing
was used to con struct phenetic trees. 

Next, we per formed Discriminant Func tion Anal y ses
(DFA) and Ca non i cal Anal y sis for all Sylvaemus spe cies (11
pop u la tions/sam ples). Scores of the first two ca non i cal roots 
were used to visu al ise morphometric re la tion ships be tween
Sylvaemus pop u la tions in a biplot. The next axes (Root 3
and higher ones) were not sug gested due to their low
ex plan a tory val ues (eigenvalues ap proached (Root 3) or
dropped be low the crit i cal value 1). 

Re sults

Ge nus Apodemus

Phenetic com par i sons based on log-trans -
formed data (see Ap pen dix 1 for ma trix of
squared Mahalanobis dis tances, and Fig. 2 for
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Fig. 2. Phenetic tree from UPGMA clus ter anal y sis, based on Mahalanobis dis tances com puted from orig i nal log-trans formed
data. Sixteen sam ples be long ing to 3 sub gen era were pro cessed (Apodemus: A. agrarius, A. peninsulae; Karstomys: A.

epimelas, A. mystacinus; Sylvaemus: A. sylvaticus, A. flavicollis, A. uralensis, A. hermonensis, A. hyrcanicus). CE – Cen tral
Eu rope, B – Bal kans, NE – Near East, K – Kirghyzstan, C – lab o ra tory col ony.



UPGMA tree) re vealed clear dis tinc tions of
sub gen era Karstomys (with most basal po si -
tion), Apodemus (two sub se quent branches) and
Sylvaemus (ter mi nal po si tion). More over, mul -
ti ple sam ples of a sin gle spe cies clus tered ac -
cord ing to their spe cies iden tity. Sam ples in the
sub ge nus Sylvaemus formed three groups: fla-

vicollis-hyrcanicus (branch ing 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 re peated the above anal y ses us ing

data from which size com po nent was sub tracted. 
Data that were size-ad justed by us ing Mosimann
method (see Ap pen dix 1 for ma trix of squared
Mahalanobis dis tances, and Fig. 3 for UPGMA
tree). The re sult ing tree sup ported the dis tinc -
tive ness of the Sylvaemus and Karstomys sub -
gen era; the lat ter clus tered within spe cies of the
Apodemus sub ge nus. Within Sylvaemus, A. syl-

vaticus rep re sented the basal branch and the re -
main ing sam ples formed a uralensis group and a 
flavicollis-hyrcanicus-hermonensis group, re -
spec tively. Nev er the less, the po si tion of A. her-

monensis was sen si tive to the clus ter ing method
used, eg, sin gle Link age placed it again into A.

uralensis clus ter. 
The tree con structed from re sid u als on PC1

(see Ap pen dix 1 for ma trix of squared Maha-
lanobis dis tances, and Fig. 4 for UPGMA tree)
dif fers from the pre vi ous one in the po si tion of
Karstomys (both spe cies clus tered within Syl-

vaemus). A. hermonensis clus tered with A. ura-

lensis from Kirgyzstan in con gru ence with trees
con structed from size-in data.

Sub ge nus Sylvaemus

In or der to eval u ate de tailed re la tion ships
among Sylvaemus spe cies and/or sam ples, we
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Fig. 3. Phenetic tree from UPGMA clus ter anal y sis, based on Mahalanobis dis tances com puted from size – ad justed data by
us ing the Mosimann method. Six teen sam ples be long ing to 3 sub gen era were pro cessed (Apodemus: A. agrarius, A. peninsulae;
Karstomys: A. epimelas, A. mystacinus; Sylvaemus: A. sylvaticus, A. flavicollis, A. uralensis, A. hermonensis, A. hyrcanicus).
CE – Cen tral Eu rope, B – Bal kans, NE – Near East, K – Kirghyzstan, C – lab o ra tory col ony.
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Fig. 4. Phenetic tree from UPGMA clus ter anal y sis, based on Mahalanobis dis tances com puted from re sid u als on PC 1.
Sixteen sam ples be long ing to 3 sub gen era were pro cessed (Apodemus: A. agrarius, A. peninsulae; Karstomys: A. epimelas, A.

mystacinus; Sylvaemus: A. sylvaticus, A. flavicollis, A. uralensis, A. hermonensis, A. hyrcanicus). CE – Cen tral Eu rope, B –
Bal kans, NE – Near East, K – Kirghyzstan, C – lab o ra tory col ony.

Fig. 5. Pro jec tion of 11 sam ples of five Sylvaemus spe cies onto the first two ca non i cal vari ates as de rived from orig i nal log-trans -
formed mea sure ments. K – Kirghyzstan, C – lab o ra tory col ony, B – Bal kans, NE – Near East. Solid cir cles de pict sam ple means. 
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per formed sep a rate ca non i cal anal y ses of sam -
ples be long ing to this sub ge nus. The po si tions of
in di vid ual sam ples in the morphospace of the
first two ca non i cal roots com puted from size-in
data are pro vided in Fig. 5 (for load ings see
Ta ble 1). A. uralensis, A. sylvaticus and A. flavi-

collis pop u la tions from Cen tral Eu rope are well
sep a rated. The po si tion of Bal kan pop u la tions of 
A. flavicollis and A. sylvaticus re sem bled those
of their conspecifics from Cen tral Eu rope. In
sharp con trast, Near East pop u la tions of A. ura-

lensis, A. hermonensis, A. hyrcanicus, A. flavi-

collis as well as A. uralensis from Kirghyzstan
were sit u ated within the tri an gle formed by the
Eu ro pean spe cies and tend to over lap each
other. Com pa ra ble anal y ses car ried out us ing
size-free data pro duced fairly sim i lar pat terns
(re sid u als from PC1 – Fig. 7, for load ings see
Ta ble 3; data ad justed us ing the Mosimann
method – Fig. 6, for load ings see Ta ble 2) with
spe cies/pop u la tions be ing more com pressed with 
each other.
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Fig. 6. Pro jec tion of 11 sam ples of five Sylvaemus spe cies onto the first two ca non i cal vari ates as de rived from from size – ad -
justed data by us ing the Mosimann method. K – Kirghyzstan, C – lab o ra tory col ony, B – Bal kans, NE – Near East. Solid cir -
cles de pict sam ple means.

Ta ble 1. Ca non i cal variate load ings for 21 cra nial and tooth
measurements. Anal y sis based on orig i nal log-trans formed
data. See Ma te rial and meth ods for mea sure ment ab bre vi a -
tions.

Cranial and tooth
measurements Root 1 Root 2

FI 0.255   0.525
UML 0.674   0.108
RM1W 0.439   0.154
RM1L 0.565   0.153
RM3W 0.396 –0.001
RM3L 0.413 –0.071
PAL 0.535 –0.398
RM1L 0.504   0.152
MZ 0.215 –0.183
RM1W 0.367   0.094
BULL 0.563 –0.017
INCW 0.538 –0.236
CBL 0.569 –0.158
FL 0.560 –0.152
RW 0.463    0.001
IOW 0.331  –0.136
BCW 0.455  –0.010
IBW 0.438 –0.079
RH 0.390 –0.222
BCH 0.516   0.281
ZYG 0.462 –0.265



Evolution of the skull shape in Apodemus 147

Ta ble 2. Ca non i cal variate load ings for 20 cra nial and tooth
mea sure ments. Anal y sis based on data ad justed by us ing
the Mosimann method. See Ma te rial and meth ods for mea -
sure ment ab bre vi a tions.

Cranial and tooth
measurements Root 1 Root 2

FI   0.670  –0.085
UML   0.101 –0.290
RM1W   0.298   0.022
RM1L   0.119 –0.275
RM3W –0.040 –0.143
RM3L –0.123 –0.115
PAL –0.478 –0.014
RM1L   0.167 –0.193
MZ –0.193   0.009
RM1W   0.254   0.093
BULL –0.106 –0.260
INCW –0.333 –0.119
CBL –0.014   0.250
FL –0.008   0.258
RW –0.004 –0.103
IOW   0.079   0.310
BCW   0.340   0.428
IBW   0.135   0.290
RH –0.118   0.233
BCH   0.396  –0.089

Ta ble 3. Ca non i cal variate load ings for 20 cra nial and tooth
mea sure ments. Anal y sis based on orig i nal re sid u als on
PC1. See Ma te rial and meth ods for mea sure ment ab bre vi a -
tions.

Cranial and tooth
measurements Root 1 Root 2

FI –0.642 –0.351
UML –0.214   0.010
RM1W –0.232 –0.098
RM1L –0.227   0.061
RM3W –0.028   0.071
RM3L   0.048   0.016
PAL   0.427   0.116
RM1L –0.235 –0.074
MZ   0.142 –0.132
RM1W –0.174 –0.210
BULL   0.041   0.610
INCW   0.251   0.241
CBL   0.184 –0.074
FL   0.170 –0.147
RW   0.005   0.347
IOW  0.129 –0.011
BCW –0.062 –0.290
IBW  0.060 –0.095
RH  0.235 –0.138
BCH –0.373   0.111

ROOT 1 (42%)

R
O

O
T

 2
 (

2
5

%
)

-6

-4

-2

0

2

4

6

-6 -4 -2 0 2 4 6

sylvaticus

sylvaticus C

flavicollis

uralensis

flavicollis NE

hyrcanicus

hermonensis

uralensis NE

uralensis K

sylvaticus B

flavicollis B
Europe

Near East

Fig. 7. Pro jec tion of 11 sam ples of five Sylvaemus spe cies onto the first two ca non i cal vari ates as de rived from re sid u als on PC 
1. K – Kirghyzstan, C – lab o ra tory col ony, B – Bal kans, NE – Near East. Solid cir cles de pict sam ple means.



Dis cus sion

The phenetic trees based on size-in (log-
trans formed) and size-free (Mosimann method,
re sid u als on PC1) data re veal a sim i lar branch -
ing pat tern. This pat tern is more or less con gru -
ent with cur rent phylo gen etic hy poth e ses.

As ex pected, spe cies of the Apodemus sub -
ge nus tend to main tain basal po si tion and those
of the Sylvaemus sub ge nus form a sin gle clus ter. 
How ever, the po si tion of the sub ge nus Karstomys

was highly de pend ent on the com pu ta tion method:
size-in anal y sis placed this sub ge nus on the tree
base, while the size-free method based on re -
sid u als on PC1 placed it within the Sylvaemus

sub ge nus. These di chot o mous re sults may be
attributed to the large body size of Karstomys

spe cies. It is not sur pris ing that in clud ing the
size com po nent into the anal y sis of morphometric
dis tances may af fect the po si tion of spe cies that
ex hibit ex treme body sizes. In con trast, ex pla -
na tion of the lat ter case is less triv ial. There is a
po ten tial prob lem with es ti ma tion of inter-
specific allometric re la tion ships in taxa with
bi ased dis tri bu tion of body size. The slope of
lin ear least-square re gres sion line is heavily
in flu enced by out stand ing points (those far from
the main clus ter). The value of re sid u als in
spe cies with ex treme body size may be con -
se quently shifted to zero. This ex pla na tion is
in di rectly sup ported by the dis tinct po si tion of
the Karstomys sub ge nus in the other size-free
anal y sis (Mosimann) cor rected for iso met ric
growth. 

Morphometric dis tances be tween A. epimelas

and A. mystacinus are com pa ra ble to those
found be tween tra di tion ally rec og nized Sylvae-

mus spe cies. Thus, their el e va tion from a sub -
spe cies to a spe cies level seems to be sup ported
(Mezhzherin 1997a, Vohralík et al. 2002, Bellinvia
2004, Michaux et al. 2005). 

Most sur pris ing was the clus ter ing of sam -
ples within the sub ge nus Sylvaemus. In spite of
a high level of mor pho log i cal sim i lar ity among
spe cies and sub stan tial dif fer ences in lo cal eco -
log i cal con di tions to which in di vid ual pop u la -
tions are ex posed, sam ples rep re sent ing a sin gle 
spe cies clus tered to gether in most cases. More -
over, the sis ter re la tion ship be tween the A. fla-

vicollis (pos si bly in clud ing A. hyrcanicus) and A. 

uralensis groups, as well as more basal po si tion
of A. sylvaticus as sug gested by mo lec u lar data
(Bellinvia 2004), were clearly sup ported by
morphometric anal y ses of size-free data. In
size-in anal y sis, how ever, body size was more
im por tant than the shape com po nent and, con -
se quently, the A. flavicollis group (in clud ing
A. hyrcanicus) clus tered sep a rately from the re -
main ing Sylvaemus spe cies which share smaller
body sizes. In ter est ingly, our morphometric
re sults sup port also the phylogeographic sub -
di vi sion of A. flavicollis into the Near East and
Eu ro pean branch, re cently pre sented by Michaux 
et al. (2004). The ap par ent dis crep ancy be tween
sis ter re la tion ship of A. hermonensis with the
re spect to re main ing spe cies of the sub ge nus Syl-

vaemus sug gested by DNA phylogenies (Bellinvia
et al. 1999, Bellinvia 2004), and morphometric
sim i lar ity of this spe cies to A. uralensis and/or
A. hyrcanicus–A. flavicollis may sug gest that this
spe cies has con served more an ces tral phe no type
than A. sylvaticus. The lat ter spe cies prob a bly
un der went a rapid evo lu tion as also ev i dent
from high val ues of phenetic dis tances be tween
A. sylvaticus and other Sylvaemus re ported by
allozyme stud ies (Macholán et al. 2001). 

Above men tioned con gru ence be tween morpho-
metric and phylo gen etic trees is sur pris ing,
nev er the less, it has been re ported pre vi ously, eg 
in the ge nus Mus (Macholán 2001). Such a
con cor dance may sug gest that the eval u ated
morphometric traits ex hibit phylo gen etic con -
ser va tism and there fore are not com pletely de -
ter mined by se lec tive pres sures and cor re spond - 
ing ep i sodes of adap tive evo lu tion.

Be sides the phylo gen etic pat tern, there is
also a sub tle, but re mark able, morphometric di -
ver gence on a re gional scale. We found that Eu -
ro pean spe cies of the sub ge nus Sylvaemus are
well sep a rated in a morphospace (most ap par -
ently in size-in anal y sis), while those in hab it ing
the Near East oc cupy an in ter me di ate po si tion
and over lap with each other. More over, the same 
trend can be dem on strated within a par tic u lar
spe cies. When A. flavicollis or A. uralensis from
both re gions are com pared, the Near East pop u -
la tions are some what shifted to wards other spe -
cies/pop u la tions in this re gion. 
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The ob served phe nom e non can not be at-
tributted to phy log eny it self be cause, nei ther
Eu ro pean nor Near East assamblage of Sylvae-

mus taxa rep re sents an ex clu sive clade (Bellinvia
et al. 1999, Bellinvia 2004). The pos si ble ex pla -
na tions are (1) gene introgression among sym-
patric spe cies in the Near East and/or (2) con -
ver gent evo lu tion of mul ti ple clades in the Near
East and/or (3) di ver gent evo lu tion in Eu ro pean
taxa com bined with per sis tence of an ces tral
phe no types in the Near East. 

The first sce nario may be ruled out be cause
all Sylvaemus spe cies main tain their ge netic
iden tity through out their en tire geo graphic
ranges (Filippucci et al. 1989, Mezhzherin 1990,
Mezhzherin and Zykov 1991, Filippucci 1992,
Vogel et al. 1992, Filippucci et al. 1996, Me-
zhzherin 1997b, Macholán et al. 2001, Filippucci 
et al. 2002). When con sid er ing the sec ond and
the third sce nario we bear fol low ing facts in
mind. Di ver gent evo lu tion (third sce nario) may
be caused by al most ev ery evo lu tion ary mech a -
nism, while con di tions for con ver gent evo lu tion
(sec ond sce nario) are more re stric tive – it re -
quires sim i lar se lec tive pres sures (or con straints)
op er at ing in pop u la tions of dif fer ent taxa. Nev er - 
the less we have no di rect ev i dence in fa vour of
di ver gent (more prob a ble) or con ver gent sce nario,
so we futher dis cuss both above men tioned
al ter na tives equally. 

Con ver gence/di ver gence may be caused by
adap tive (ge netic and/or phenotypic plas tic ity cf
West-Eberhard 1989, 2003) as well as non-adap -
tive pro cesses (ge netic drift etc.). Al though hav -
ing no di rect ev i dence, we con sider the adap tive
cause more prob a ble (ad ap ta tion is di rec tional
as it seems to be the mor pho log i cal change). 

Pu ta tive se lec tive pres sures in flu enc ing the
di rec tion and de gree of adap tive mor pho log i cal
changes can be a re sult of eco log i cal (eg di verse
muroid ro dent as sem blages) or lo cal en vi ron -
men tal (eg cli ma tic and land scape) con di tions.
Di ver gence due to char ac ter dis place ment is an
un likely ex pla na tion. In Eu rope, the sympatric
oc cur rence of A. flavicollis and A. sylvaticus (eg
Marsh and Har ris 2000) as well as A. uralensis

and A. sylvaticus is fre quently re ported and
some times all three spe cies can be found to -
gether (Spitzenberger and Steiner 1967, Obrtel

and Holišová 1983). How ever, in Cen tral Eu rope 
we failed to dem on strate char ac ter re lease in A.

sylvaticus oc cu py ing lo cal i ties where A. flavi-

collis is ab sent (Mikulová and Frynta 2001). Al -
though we did not ana lyse mice from sympatric
and allopatric pop u la tions sep a rately, it is ev i -
dent, that at least in some re gions of the Near
East, two or even three mor pho log i cally sim i lar
Sylvaemus spe cies oc cur in closer sympatry
(with out vis i ble sep a ra tion on microhabitat
scale) than in Eu rope (A. hermonensis, A. fla-

vicollis and A. uralensis in the north ern part of
Anatolia or A. hermonensis and A. flavicollis in
the Zagros Mts; Filippucci et al. 1996, Frynta et

al. 2001, Macholán et al. 2001). On the other
hand, our sam ples from Kirghyzstan and from
the Hyrcanian for ests along the Cas pian Sea
rep re sent only a sin gle spe cies (A. uralensis and
A. hyrcanicus, re spec tively). 

We can only spec u late about pos si ble eco log i -
cal causes of small interspecific vari a tion in the
Mid dle East when com pared to that in Eu rope.
Ob vi ously, hab i tats suit able for the sur vival of
Sylvaemus spe cies are more dif fer en ti ated in
Eu ro pean land scapes (field - shrub - for est) than 
in the Near East, where both mar gins of this
hab i tat scale are re duced as con se quence of arid
cli mate and de for es ta tion. More over, fields are
of ten densely in hab ited by other seed eat ing ro -
dents, such as Mus macedonicus and/or Mus

domesticus in the Near East. Con se quently,
adap tive zones of Near East taxa may be cor re -
spond ingly re duced and po ten tially re sult ing in
en hanced mor pho log i cal sim i lar ity among the
Near East Apodemus spe cies. 

This find ing is not eas ily in ter preted in the
terms of per for mance (sensu Gar land 1994)
be cause the morphometric dif fer ences among
Sylvaemus pop u la tions are gen er ally sub tle, of a 
multivariate na ture (com pris ing size as well as
shape com po nent, but no sin gle trait in ter -
pret able in func tional con text) and ap pro pri -
ate char ac ter is tics (be hav iour, per for mance) of
stud ied taxa are not avail able. More over, our
ex pla na tion of the adap tive vari a tion is based
solely on pres ent eco log i cal con di tions. The land - 
scapes of the West ern Palaeartics have un der -
gone con sid er able changes since the di ver gence
of Sylvaemus, which was es ti mated to 850 000
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and 1–1.5 Myr BP on the ba sis of the Nei ge netic
dis tances (Filippucci et al. 1996, Mezhzherin
1997b, re spec tively) or 2 – 4 Myr BP based on
DNA se quence di ver gence (Serizawa et al. 2000,
see also Michaux et al. 2002). Un for tu nately,
there is a sig nif i cant ab sence of rel e vant data
that would al low us to as sess the re la tion ship
be tween skull morphometrics and land scape
ecol ogy dur ing the course of his tory.

Ac knowl edge ments: We thank M. G. Filippucci (Rome) and
M. Macholán (Brno) for the bio chem i cal iden ti fi ca tion of the 
spec i mens. We are in debted to our col leagues M. Macholán
(Czech Acad emy of Sci ence, Brno), P. Benda, Z. Hodková
(Na tional Mu seum, Prague), J. Flegr, I. Horáèek, P.
Munclinger, P. Nová, J. Sádlová, H. Tøeštíková, R. Volfová
(Charles Uni ver sity, Prague), P. Kodym (In sti tute of Pub lic
Health, Prague) and other par tic i pants of the Czech ex pe di -
tions to Tur key and Iran for their kind help in the field. We
thank also T. Jezkova (Uni ver sity of Ne vada, Las Ve gas) for 
com ments on the manu script and help with Eng lish. Fi nal
stages of the pro ject were sup ported by the Grant Agency of 
the Czech Acad emy of Sci ences (pro ject No. A6111410) and
by GAÈR (pro ject No. 206/05/2334). 

References

Bellinvia E. 2004. A phylo gen etic study of the ge nus Apode-

mus by se quenc ing the mi to chon drial DNA con trol re gion. 
Jour nal of Zoo log i cal Sys tem at ics and Evo lu tion ary
Re search 42: 289–297.

Bellinvia E., Munclinger P. and Flegr J. 1999. Ap pli ca tion
of the RAPD tech nique for a study of the phylo gen etic
reletionships among eight spe cies of the ge nus Apode-

mus. Folia Zoologica 46: 193–199.
Böhme W. 1978. Apodemus agrarius (Pallas, 1771) – Brand- 

maus. [In: Handbuch der Säugetiere Europas, Band I.,
Nagetiere 1. J. Niethammer and F. Krapp, eds]. Aka-
demische Verlagsgesellschaft, Wiesbaden: 368 – 381.

Burnaby T. P. 1966. Growth-in vari ant discriminant func -
tions and gen er al ized dis tances. Biometrics 22: 96–110.

Chelomina G. N., Suzuki H., Tsuchiya K., Moriwaki K.,
Lyapunova E. A. and Voronstov N. N. 1998. Se quenc ing
of the mt DNA cytochrome b gene and re con struc tion of
the ma ter nal re la tion ships of wood and field mice of the
ge nus Apodemus (Muridae, Rodentia). Genetika 34:
650–661. [In Rus sian with Eng lish sum mary] 

Èiháková J., Exnerová A., Sádlo J. and Frynta D. 1993.
Many-sided eval u a tion of the ex ten sive syn chro nous
sam pling of small mam mals (Insectivora, Rodentia) in
low land for est. Acta Societatis Zoologicae Bohemicae
57: 1 – 16.

Filippucci M. G. 1992. Allozyme vari a tion and di ver gence
among Eu ro pean, Mid dle East ern, and North Af ri can
spe cies of the ge nus Apodemus (Rodentia, Muridae). Is -
rael Jour nal of Zo ol ogy 38: 193–218.

Filippucci M. G., Cristaldi M., Tizi L. and Contoli L. 1984.
[Mor pho log i cal and morphometric data, about Apodemus

(Sylvaemus) pop u la tion of cen tral and south ern It aly
tested by elec tro pho re sis]. Supplemento alle Ricerche di 
Biologia della Selvaggina 9, Bo lo gna: 85–126. [In Ital ian]

Filippucci M. G., Macholán M. and Michaux J. R. 2002. Ge -
netic vari a tion and evo lu tion in the ge nus Apodemus

(Muridae, Rodentia). Bi o log i cal Jour nal of Lin nean So ci -
ety 75: 395–419. 

Filippucci M. G., Simson S. and Nevo E. 1989. Evo lu tion ary 
bi ol ogy of the ge nus Apodemus Kaup, 1829 in Is rael.
Allozymic and bio met ric anal y ses with de scrip tion of a
new spe cies: Apodemus hermonensis (Rodentia: Mu-
ridae). Bollettino di Zoologia 56: 361–376.

Filippucci M. G., Storch G. and Macholán M. 1996. Tax o-
n omy of the ge nus Sylvaemus in west ern Anatolia –
mor pho log i cal and elec tro pho retic ev i dence. Sencken-
bergiana Biologica 75: 1–14.

Frynta D., Mikulová P., Suchomelová E. and Sádlová J.
2001. Discriminant anal y sis of morphometric char ac ters 
in four spe cies of Apodemus (Muridae: Rodentia) from
East ern Tur key and Iran. Is rael Jour nal of Zo ol ogy 47:
243–258.

Frynta D., Vohralík V., Øezníèek J. 1994. Small mam mals
(Insectivora, Rodentia) in the city of Prague: dis tri bu -
tional pat terns. Acta Societatis Zoologicae Bohemicae
58: 151 – 176.

Frynta D. and Žižková M. 1992. Postnatal growth of Wood
mouse (Apodemus sylvaticus) in cap tiv ity. [In: Prague
Stud ies in Mammalogy. I. Horáèek and V. Vohralík,
eds]. Charles Uni ver sity Press, Prague: 57–69. 

Gar land T. 1994. Phylo gen etic anal y ses of liz ard en dur ance
ca pac ity in the re la tion to body size and body tem per a -
ture. [In: Liz ard ecol ogy, His tor i cal and Ex per i men tal
per spec tives. L. J. Vitt and E. R. Pianka, eds]. Princeston
Uni ver sity Press, Princeston, New Jer sey: 237–259.

 Hille A., Tarkhnishvili D., Meinig H. and Hutterer R. 2002. 
Morphometrics, bio chem i cal and mo lec u lar traits in
Cau ca sian wood mice (Apodemus/Sylvaemus), with re -
marks on spe cies di ver gence. Acta Theriologica 47:
389–416.

Janžekovic F. and Kryštufek B. 2004. Geo met ric morpho-
metry of the up per mo lars in Eu ro pean wood mice
Apodemus. Folia Zoologica 53: 47–55.

Kratochvíl J. 1962. Notiz zur Ergänzung der Verbreitung
von Apodemus agrarius und A. microps in der Tschecho- 
slowakei. Zoologické Listy 11: 15–25. [In Czech with
Ger man sum mary]

Kryštufek B. 2002. Iden tity of four Apodemus (Sylvaemus)

types from the east ern Med i ter ra nean and the Mid dle
East. Mammalia 66: 43–51.

Kryštufek B. and Stojanovski L. 1996. Apodemus sylvaticus

stankovici is a syn onym of Apodemus flavicollis. Folia
Zoologica 45: 1–7.

Lavrenchenko L. A. and Likhnova O. P. 1995. Allozymic
and mor pho log i cal vari abil ity in 3 syntopic spe cies of
wood mice from the sub ge nus Sylvaemus (Rodentia,
Muridae, Apodemus) from Daghestan. Zoologicheskii

150 D. Frynta et al. 



Zhurnal 74: 107–119. [In Rus sian with Eng lish sum -
mary] 

Macholán M. 2001. Multivariate anal y sis of morphometric
vari a tion in Asian Mus and Sub-Sa ha ran Nannomys

(Rodentia: Muridae). Zoologischer Anzeiger 240: 7–14.
Macholán M., Filippucci M. G., Benda P., Frynta D. and

Sádlová J. 2001. Allozyme vari a tion and sys tem at ics of
the ge nus Apodemus (Muridae: Rodentia) in Asia Mi nor
and Iran. Jour nal of Mammalogy 82: 799–813.

Marsh A. C. W. and Har ris S. 2000. Par ti tion ing of wood -
land re sources by two sympatric spe cies of Apodemus:
les sons for the con ser va tion of yel low-necked mouse
(A. flavicollis) in Brit ain. Bi o log i cal Con ser va tion 92:
275–283.

Mar tin Y., Gerlach G., Schlotterer C. and Meyer A. 2000.
Mo lec u lar phy log eny of Eu ro pean muroid ro dents based 
on com plete cytochrome b se quences. Mo lec u lar Phylo-
genetics and Evo lu tion 16: 37–47.

Mezhzherin S. V. 1990. Allozyme vari abil ity and ge netic di -
ver gence of Long-tailed mice of sub ge nus Sylvaemus

(Ognev et Vorobiev). Genetika 26: 1046–1054. [In Rus -
sian with Eng lish sum mary]

Mezhzherin S. V. 1991. On spe cific dis tinct ness of Apode-

mus (Sylvaemus) ponticus (Rodentia, Muridae). Vestnik
Zoologii, Kiev 1991 (6): 34–40. [In Rus sian with Eng lish
sum mary]

Mezhzherin S. V. 1997a. Re vi sion of mice ge nus Apodemus

(Rodentia, Muridae) of North ern Eur asia. Vestnik Zoo-
logii, Kiev 31 (4): 29–41. [In Rus sian with Eng lish sum -
mary] 

Mezhzherin S. V. 1997b. Ge netic dif fer en ti a tion and phylo -
gen etic re la tion ships among Palaearctic mice (Rodentia, 
Muridae). Genetika 33: 78–86. [In Rus sian with Eng lish 
sum mary] 

Mezhzherin S. V., Zykov A. E. 1991. Ge netic di ver gence and 
allozyme vari a tion in mice of the ge nus Apodemus s.
lato (Muridae: Rodentia). Citologiya i Genetika 25 (4):
51–59. [In Rus sian with Eng lish sum mary]

Michaux J., Bellinvia E. and Lymberakis P. 2005. Tax o-
n omy, evo lu tion ary his tory and biogeography of the
Broad-toothed Field Mouse (Apodemus mystacinus) in
the East ern Med i ter ra nean area based on mi to chon drial
and nu clear genes. Bi o log i cal Jour nal of the Lin nean
So ci ety 85: 53–64.

Michaux J. R., Chevret P., Filippucci M. G. and Macholán
M. 2002. Phy log eny of the ge nus Apodemus with a
spe cial em pha sis to the sub ge nus Sylvaemus us ing the
nu clear IRBP gene and two mi to chon drial mark ers:
cytochrome b and 12s rRNA. Mo lec u lar Phylogenetics
and Evo lu tion 23: 123–136. 

Michaux J. R., Libois R. and Filippucci M. G. 2005. So close
and so dif fer ent: com par a tive phylogeography of two
small mam mal spe cies, the Yel low-necked fieldmouse
(Apodemus flavicollis) and the Woodmouse (Apodemus

sylvaticus) in the West ern Palearctic re gion. He red ity
94: 52–63. 

Michaux J. R., Libois R., Paradis E. and Filippucci M. G.
2004. Phylogeographic his tory of the yel low-necked field 
mouse (Apodemus flavicolllis) in Eu rope and in the

Near and Mid dle East. Mo lec u lar Phylogenetics and
Evolution 32: 788–798.

Michaux J. R., Magnanou E., Paradis E., Nieberding C. and 
Libois R. 2003. Mi to chon drial phylogeography of the
woodmouse (Apodemus sylvaticus) in the West ern Pale-
arctic re gion. Mo lec u lar Ecol ogy 12: 685–697.

Mikulová P. and Frynta D. 2001. Test of char ac ter dis place -
ment in ur ban pop u la tions of Apodemus sylvaticus. Ca -
na dian Jour nal of Zo ol ogy 79: 794–801.

Mitch ell-Jones A. J., Amori G., Bogdanowicz W., Kryštufek
B., Reijnders P. J. H., Spitzenberger F., Stubbe M.,
Thissen J. B. M., Vohralík V. and Zima J. 1999. The at -
las of Eu ro pean mam mals. Ac a demic Press, Lon don:
1–484.

Mont gom ery W. I. 1978. Stud ies on the dis tri bu tions of
Apodemus sylvaticus (L.) and A. flavicollis (Melchior) in 
Brit ain. Mam mal Re view 8: 177 – 184.

Musser G. G., Broth ers E. M., Carleton M. D. and Hutterer
R. 1996. Tax on omy and dis tri bu tional re cords of Ori en tal 
and Eu ro pean Apodemus, with a re view of the Apode-

mus–Sylvaemus prob lem. Bonner Zoologische Beiträge
46: 143–190.

Mosimann J. 1970. Size allometry: size and shape vari ables 
with char ac ter iza tions of the lognormal and gen er al ized 
gamma dis tri bu tions. Jour nal of the Amer i can Sta tis ti -
cal As so ci a tion 65: 930–945.

Obrtel R. and Holišová V. 1983. Win ter and spring di ets of
three co ex ist ing Apodemus spp. Folia Zoologica 32:
291–302.

Özkan B. and Kryštufek B. 1999. Wood mice, Apodemus of
two Turk ish is lands: Gökceada and Bozcaada. Folia
Zoologica 48: 17–24.

Panzironi C., Cerone G., Cristaldi M. and Amori G. 1994. A
method for the morphometric iden ti fi ca tion of south ern
Ital ian pop u la tions of Apodemus (Sylvaemus). Hystrix,
n.s., 5: 1–16.

Popov V. 1993. Discriminant cri te ria and com par a tive study 
on mor phol ogy and hab i tat se lec tion of Apodemus syl-

vaticus (Linnaeus, 1758) and Apodemus flavicollis (Mel- 
chior, 1834) (Mammalia, Rodentia, Muridae) in Bul garia. 
Acta Zoologica Bulgarica 46: 100–111.

Reutter B. A., Hausser J. and Vogel P. 1999. Discriminant
anal y sis of skull morphometric char ac ters in Apodemus

sylvaticus, A. flavicollis, and A. alpicola (Mammalia;
Rodentia) from the Alps. Acta Theriologica 44: 299–308.

Reutter B. A., Pe tit E., Brünner H., Vogel P. 2003. Cyto-
chrome b haplotype di ver gences in West Eu ro pean Apo-

demus. Mam ma lian Bi ol ogy 68: 153–164.
Serizawa K., Suzuki H. and Tsuchia K. 2000. A phylo gen -

etic view on spe cies ra di a tion in Apodemus in ferred
from vari a tion of nu clear and mi to chon drial genes. Bio -
chem i cal Ge net ics 38: 27–40.

Spitzenberger F., Steiner H. M. 1967. Die Ökologie der
Insectivora und Rodentia (Mammalia) der Stockerauer
Donau – Auen von Stockerau (Niederösterreich). Bonner
Zoologische Beiträge 18: 258–296. 

Stanko M. 1994. Small mam mal com mu ni ties of wind -
breaks and ad ja cent fields in the East ern Slovakian
Low lands. Folia Zoologica 43: 135 – 143.

Evolution of the skull shape in Apodemus 151



Steiner H. M. 1968. Untersuchungen über die Variabilität
und Bionomie der Gattung Apodemus (Muridae, Mam-
malia) der Donau-Auen von Stockerau (Niederöster-
reich). Zeitschrift für Wissenschaftliche Zoologie 177:
1–96.

Suzuki H., Sato J. J., Tsuchiya K., Luo J., Zhang Y. P.,
Wang Y. X. and Jiang X. L. 2003. Mo lec u lar phy log eny
of wood mice (Apodemus, Muridae) in East Asia. Bi o log -
i cal Jour nal of Lin nean So ci ety 80: 469–481.

Tvrtkoviæ N. 1979. Iden ti fi ca tion of sib ling spe cies from
subge nus Sylvaemus Ognev & Vorobiev 1923 (Rodentia: 
Mammalia). RAD Jugoslavenske akademije znanosti i
umjetnosti, Razred za prirodne znanosti 18: 155–186.
[In Cro atian with Ger man sum mary] 

Vogel P., Maddalena T., Mabille A. and Paquet G. 1992.
Con fir ma tion biochimique du statut spécifique du mulot 
alpestre Apodemus alpicola Hein rich, 1952 (Mammalia,
Rodentia). Bul le tin de la Societe’ Vaudoise des Sci ences
Naturelles 80: 471–481.

Vohralík V. 1985. Notes on the dis tri bu tion and the bi ol ogy
of small mam mals in Bul garia (Insectivora, Rodentia). I. 
Acta Universitatis Carolinae – Biologica 1981: 445–461.

Vohralík V., Frynta D., Mikulová P., Benda P. and Nová P.
2002. Multivariate morphometrics of Apodemus mystaci-

nus in the Near East and its di ver gence from Eu ro pean
A. m. epimelas (Mammalia: Rodentia). Is rael Jour nal of
Zo ol ogy 48: 135–148.

Vohralík V. and Sofianidou T. S. 1987. Small mam mals
(Insectivora, Rodentia) of Mac e do nia, Greece. Acta Uni-
versitatis Carolinae – Biologica 1985: 319–354.

Vohralík V. and Sofianidou T. S. 1992a. Small mam mals
(Insectivora, Rodentia) of Thrace, Greece. Acta Univer-
sitatis Carolinae – Biologica 36: 341–369.

Vohralík V. and Sofianidou T. S. 1992b. New re cords of
Apodemus agrarius (Mammalia: Rodentia) in Greece
and the dis tri bu tion of the spe cies in the south of the
Bal kans. [In: Prague Stud ies in Mammalogy. I. Horáèek 
and V. Vohralík, eds]. Charles Uni ver sity Press, Prague:
217–220.

Vorontsov N. N., Boyeskorov G. G., Mezhzherin S. V., Lya-
punova E. A. and Kandaurov A. E. 1992. Sys tem at ics of
the Cau ca sian wood mice of the sub ge nus Sylvaemus

(Mammalia: Rodentia, Apodemus). Zoologicheskii Zhur-
nal 71: 119–131. [In Rus sian with Eng lish sum mary] 

West-Eberhard M. J. 1989. Phenotypic plas tic ity and the or -
i gins of di ver sity. An nual Re view of Ecol ogy and Sys -
tem at ics 20: 249–278.

West-Eberhard M. J. 2003. De vel op men tal Plas tic ity and
Evo lu tion. Ox ford Uni ver sity Press, Ox ford: 1–794.

Zejda J. 1965. Hab i tat of the Long-tailed Field Mouse (Apo-

demus sylvaticus) in the Low land Re gion. Zoologické
Listy 14: 301 – 316. [In Czech with Eng lish sum mary]

Re ceived 30 May 2005, ac cepted 21 Feb ru ary 2006.

As so ci ate Ed i tor was Magdalena Niedzia³kowska.

152 D. Frynta et al. 



Evolution of the skull shape in Apodemus 153

Ap pen dix 2. Mahalanobis squared dis tances com puted from size – ad justed data by Mosimann method. CE – Cen tral Eu rope, 
B – Bal kans, 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.

ag CE ag B ur CE ur K ur NE ep my fl CE fl B fl NE sy sy CE sy B he hy pe

ag CE – 10.7 67.5 65.8 69.5 113.9  119.2  39.2 50.9 72.2 83.9 78.4 76.3 68.3 72.7   85.3
ag B – – 71.5 67.0 67.2 93.5 95.5 37.7 42.6 68.4 83.2 77.8 75.7 63.1 62.6   87.0
ur CE – – –   7.8   9.7 82.0 76.6 30.1 25.2 30.3 22.0 25.9 17.5 25.6 26.4   83.9
ur K – – – –   8.9 73.1 63.3 26.5 21.6 24.2 28.9 31.3 26.1 11.1 23.4   89.4
ur NE – – – – – 77.3 69.3 31.9 22.9 21.0 26.6 37.5 26.7 13.7 15.9   66.1
ep – – – – – – 22.4 63.8 56.4 84.0 73.8 66.0 76.4 76.5 82.8 148.4
my – – – – – – – 72.4 55.9 70.2 83.2 75.4 79.5 61.6 71.6 151.7
fl CE – – – – – – – –   4.4 19.2 32.4 27.1 27.9 30.0 22.8   96.2
fl B – – – – – – – – – 11.0 26.7 25.1 23.0 20.9 13.4   95.5
fl NE – – – – – – – – – – 29.2 36.5 31.8 16.7 13.1 101.9
sy – – – – – – – – – – –   9.5 10.6 39.6 45.0 126.0
sy CE – – – – – – – – – – – – 12.0 46.6 47.9 141.0
sy B – – – – – – – – – – – – – 44.9 42.6 123.5
he – – – – – – – – – – – – – – 15.5   90.0
hy – – – – – – – – – – – – – – –   80.0
pe – – – – – – – – – – – – – – – –

Ap pen dix 1. Mahalanobis squared dis tances com puted from re sid u als on PC 1 (”size free” data) – above di ag o nal and from
orig i nal log-trans formed data – un der di ag o nal. CE – Cen tral Eu rope, B – Bal kans, 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.

ag CE ag B ur CE ur K ur NE ep my fl CE fl B fl NE sy sy CE sy B he hy pe

ag CE –   8.0 65.7 66.6 69.5 68.9 75.1 37.9 47.9 71.5 84.3 79.3 78.4 67.4 71.5 90.5
ag B 17.0 – 62.2 64.5 63.3 68.6 70.7 38.5 43.4 68.8 78.8 75.1 74.0 62.7 63.4 91.9
ur CE 76.1 101.1  –   8.0   8.6 17.0 11.9 23.8 15.6 25.2 23.1 25.0 24.9 20.4 20.1 87.2
ur K 67.8 68.2 26.6 –   9.7 24.3 17.7 24.0 17.1 22.5 28.7 32.0 31.9 10.3 21.0 90.8
ur NE 69.8 76.3 15.6 12.5 – 28.1 21.0 29.7 18.6 19.5 27.4 37.7 37.5 12.2 13.8 70.8
ep 281.9  202.8  334.5  206.6  258.6  – 23.8 34.6 32.6 51.8 18.2 16.5 16.5 43.1 53.5 112.1  
my 227.5  157.9  254.5  144.3  188.3  28.9 – 45.6 34.5 40.3 31.0 27.2 27.1 29.2 44.8 121.9  
fl CE 53.4 39.3 75.0 32.1 50.2 148.2  116.4  –   4.2 19.2 28.2 25.1 24.7 30.2 22.8 98.0
fl B 72.4 47.1 82.4 32.0 49.3 125.7  89.2   5.2 – 10.3 20.1 21.3 20.6 20.3 13.1 96.3
fl NE 82.2 68.9 67.4 27.3 34.4 180.0  122.7  19.6 13.2 – 26.1 35.0 34.8 17.0 13.0 104.4  
sy 84.4 86.4 35.2 29.4 28.1 223.9  177.2  41.7 42.2 35.2 – 10.1 10.0 37.6 40.8 126.3  
sy CE 78.5 85.4 33.0 34.0 37.5 240.8  189.2  43.3 49.0 48.1 10.4 – 12.8 45.1 45.5 145.2  
sy B 81.5 75.8 44.7 26.9 34.4 190.4  145.5  30.1 28.5 32.6 13.1 18.5 – 44.8 39.8 122.7  
he 71.9 63.5 49.0 11.3 19.5 198.7  133.8  33.5 28.3 18.3 41.0 51.3 45.0 – 15.7 94.5
hy 87.0 64.2 71.3 29.1 34.2 167.1  115.6  22.8 14.1 13.5 54.4 64.1 44.9 19.0 – 81.8
pe 115.6  95.9 155.0  106.1  102.2  204.0  175.7  99.2 96.3 107.4  149.0  174.3  133.8  102.9  82.9 –
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