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Abstract. Twenty-one cranial, dental and mandibular variables and the zygomatic index (A/B) of 107 skulls (57 males, 50 females)
were measured and evaluated with regard to the sex of the house mouse, Mus musculus. The main aim of this study was to analyse
the impact of sexual dimorphism on skull morphometric variation. The overlap of ranges in skull measurements of both sexes was
high. The results of the Student t-test and Hotelling T? test revealed no sexual size dimorphism in the skull measurements being
indicative of monomorphism in the evaluated species. The reason for the different values in M. musculus from different parts of the
distribution range may be on account of Bergmann’s rule, but to confirm this statement more numerous materials from all

distribution ranges should be evaluated in the future.
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Introduction

The house mouse, Mus musculus Linnaeus, 1758 is the most
common and widespread representative of the family Muri-
dae, either wild or synanthropic (Macholan 1996a, Bal¢i-
auskiene et al. 2015), and is generally widespread in Slovakia
(Kristofik 2012). In the present study, we analysed the skull
and dental measures of adult house mice individuals with
regard to their sex.

Several authors (Schulte-Hostedde et al. 2001, 2002,
Schulte-Hostedde 2007, Lindenfors et al. 2007, McPehrson &
Chenoweth 2012, Canédy et al. 2015, 2016, Garcia-Navas et
al. 2015, 2016, Mori et al. 2017) have shown that difference in
body size between males and females is a widespread phe-
nomenon in mammals. This phenomenon was stated by
Darwin (1871) and has been given the term: sexual size di-
morphism (SSD). The evolution of SSD is usually ascribed to
different selection pressures operating on both sexes.
Schulte-Hostedde et al. (2002), Schulte-Hostedde (2007)
showed that male-biased SSD generally predominates
among mammals. Nevertheless, their reviews of sexual di-
morphism among rodents indicate that monomorphism,
both male-biased and female-biased, is typical for specific

rodent lineages. Lindenfors et al. (2007) confirmed that
the largest mammal order (Rodentia), which contain 45% of
the extant mammal species, is significantly male-biased di-
morphic. Male-biased SSD is predominantly attributed to in-
tense intra-sexual competition in males and is supported by
the correlation between SSD and social or mating systems in
mammals in general (Schulte-Hostedde et al. 2002, Schulte-
Hostedde 2007, Lindenfors et al. 2007). On the other hand,
Schulte-Hostedde (2007) showed that a generally low degree
of SSD in body size has been reported for rodents, although
they inhabit a wide variety of habitats and possess various
social systems.

Morphometric analysis of skull and dental traits of M.
musculus in the conditions of Central and South-eastern
Europe have been evaluated by several authors (Dynowski
1963, Simionescu 1982, Sokolov et al. 1990, Lyalyukhina et al.
1991, Macholan 1995, 1996a, b, 2006, 2008, Demeter et al.
1996, Unterholzner & Willenig 2000, Bauer 2001, Zagorod-
niuk 1996, 2002, 2004, Cserkész et al. 2008, Bal¢iauskiené et

al. 2004, 2015). In the case of mice of the genus Mus, there
were found to be different results for the sex differences in
cranial characters for species and populations (Dynowski
1963, Macholan 1996b, 2001, Unterholzner & Willenig 2000,
Bauer 2001, Takada et al. 1999, 2002, Bal¢iauskiene et al.
2004, 2015, Maryanto et al. 2005, Slabova & Frynta 2007,
Sans-Fuentes et al. 2009). In conclusion, the abovementioned
authors showed no significant SSD in Mus musculus with
slightly larger values for females and treated this species as
monomorphic. For instance, Dynowski (1963) showed that
females of M. musculus from Poland were bigger in condylo-
basal length, while males were higher in brain-case height.
Similarly, Macholan (1996b) showed no significant sex di-
morphism within the Mus macedonicus, M. spicilegus, M. spre-
tus and M. domesticus populations. In contrast, for several M.
musculus populations he found, that females especially from
western parts of the range, tended to have significantly
higher values of size variables, and an apparent west-to-east
gradient of this dimorphism was revealed. Conversely, in
regional condition of Slovakia, this gradient has not yet been
evaluated.

More recent data on some external characteristics of M.
musculus from Slovakia have been published by Canady et
al. (2008) and for sibling species M. spicilegus by Canady et
al. (2014); however, detailed analyses of the variability of
skull measurements in M. musculus were not carried out.
This study was undertaken because reports on the mor-
phometric variability of M. musculus from Slovakia are still
insufficient. We provided complete morphological analyses
of M. musculus skulls collected in Slovakia. Accordingly, the
main purpose of our research was to contribute to the
knowledge of quantitative characteristics of the size of cra-
nial variables, describe its variability and test the impact of
sexual dimorphism on skull morphological variation.

Material and methods

The skulls of the house mouse evaluated in this study were taken
from two sources. Firstly, most of the measured skulls were collected
from the field trapping in the eastern Slovakia, by the scientific staff
of the Institute of Parasitology, Slovak Academy of Science in Kosice.
Each individual was sexed, weighed to the nearest gram (body
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weight) and dissected, and the states of activity of the gonads were
examined. Therefore, adults were determined taking into account the
condition of the reproductive organs (Pelikan 1974). Skulls were
prepared using Dermestes larvae. In order to obtain a greater degree
of cleanness, the skulls were blanched in 3% hydrogen peroxide. The
skulls are deposited in the collections of the Institute of Parasitology.
Secondly, the part of the material came from the collection of the
East Slovakian Museum in Kosice. All specimens were collected by
A. Mosansky (main collector from museum). The information about
the locality, date and age of skulls was obtained from the catalogue
and the protocol cards attached to the evidence on the collections.

Analysed samples included 107 skulls (57 males, 50 females) of
adult mice. We measured LD - length of upper diastema, LOSD -
length of upper molar row (alveoli), LM! - length of first upper mo-
lar, LaM! - width of first upper molar, LM?*3 - length of second and
third upper molar, LOID - length of lower molar row (alveoli), LM -
length of first lower molar, LaMi1 - width of first lower molar, LB -
basal length, LCb - condylobasal length, LN - length of os nasale, LFI
- length of foramen incisivum, LMd - length of mandible, LaZ - zy-
gomatic breadth, Lal - interorbital width, ACr - brain-case height
with the choanae; FL - facial length, i.e. distance from the gnathion
after the aboral edge of the hard palate, CI - thickness of the incisor;
IBW - width of the braincase; A - breadth of the upper ramus of the
zygomatic process of the maxilla, B - breadth of the zygomatic arch
according Canady et al. (2014). Finally, zygomatic index (A/B),
which appeared to be discriminate between species of the genus
Mus, was evaluated as well (Orsini et al. 1983). Skull measurements
were taken with a digital calliper with accuracy of 0.01 mm, while
several traits were measured with a stereomicroscope Olympus SZ
400 (LFI, LN; LD; LOSD, LM1, LaM1, LM2*3, CI, LOID, LM1, LaM1,
A, B). Only adult individuals, as assessed from wear of cheek teeth
and growth of cementum (Lidicker 1966), were measured in order to
work with a homogeneous sample without confounding effects of
age variation. Moreover, to avoid undesirable variation due to po-
tential asymmetry, the right side was always measured in paired
characters. Skull samples were verified and identified as Mus muscu-
lus, based on the diagnostic signs described by Orsini et al. (1983)
and Macholan (1996a). All skulls were measured by the second au-
thor of the presented paper.

The obtained data set (untransformed data) was evaluated using
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the following statistical parameters: minimum and maximum (min-
max), mean (M), standard deviation (SD) and coefficient of variation
(CV). The Kolmogorov-Smirnov test, the D'Agostino-Pearson omni-
bus K? test and the Shapiro-Wilk IA-test were used to determine
whether the values come from Gaussian distribution. Before other
analyses, measurements were logio-transformed to reduce intra-
sample variation and to improve normality. Morphometric variation
was initially examined by means of univariate (Student t test) and
multivariate (Principal component analysis - PCA) analysis of vari-
ance. We explored the relationships among skull and dental traits us-
ing correlation analyses (Pearson correlation coefficient rp) and PCA.
The Student t-test and Hotelling T?-test were performed to test the
sexual dimorphism.

All analyses were performed using GraphPad Prism version 5.01
(GraphPad Software, Inc., San Diego, California, USA). PCA and
Student t-test were done using Statistical Software OriginPro8.6.
(Microral Software Inc., Northamptom, USA). The Hotelling T-test
was evaluated using the program PAST version 2.17b (Hammer et al.
2001).

Results

The descriptive statistics for each measurements considered
are reported with samples divided into sexes, and with all
specimens pooled in Table 1. Using classical methods of de-
scriptive statistics, we evaluated the variability of selected
cranial traits of both adult males and females. The coefficient
of variance (CV) was for several traits higher than 5.0%
(LCb, Lal, LM2%3, A, B, A/B) indicating a generally larger
variability. The results confirmed that the most variable
traits for both sexes were the two components of the zygo-
matic index: (A) and (B) with values of CV more than 10%.
In contrast, the least variable trait was the braincase width
(IBW). Similarly, the molar-size variation was smaller than
5.0% and together with the smaller values of standard devia-
tions, showed that molars belong among the most conserva-
tive characteristics which are important in taxonomic and

Table 1. Standard statistics for cranial and dental measurements (in mm) of adult Mus musculus. Statistics given as
sample size (N); mean (M); standard deviation (SD); interval of margins (min, max). Significant difference is

marked as: * p<0.05, * p<0.01

Males Females Pooled sample
Trait N M+SD min-max N M+SD min-max N M+SD min-max
LB 52 19.25+0.85 16.82-20.99 46 19.1740.78 17.40-21.03 98 19.21+0.82 16.82-21.03
LCb 50 19.1941.50 15.67-21.69 45 18.84+1.35 16.60-21.64 95 19.03t1.44 15.67-21.69
LN 47  6.57'10.35 6.00-7.35 40  6.72+0.35 6.10-7.35 87 6.64+0.36 6.00-7.35
LFI 56  4.38+0.21 3.95-4.75 49  4.41+0.26 3.95-5.05 105  4.39+0.23 3.95-5.05
FL 54 10.23+0.55 8.96-11.35 46 10.21+0.56  9.13-11.49 100 10.22+0.55 8.96-11.49
LD 57  4.66+0.31 3.39-5.41 49  4.69+0.26 4.16-5.31 106  4.67+0.29 3.39-5.41
LMd 55 10.4040.62  9.01-11.55 49 10.34+0.55 9.34-12.07 104 10.37+0.58  9.01-12.07
LOSD 57  3.27+0.12 3.00-3.55 50  3.27+0.17 2.95-3.60 107  3.27+0.15 2.95-3.60
LOID 55 2.72+0.11 2.50-3.00 49  2.73+0.15 2.35-3.00 104 2.72+0.13 2.35-3.00
LazZ 55 10.81+0.35 10.12-11.68 46 10.774040 9.71-11.63 101 10.79+0.37  9.71-11.68
IBW 50  9.15+0.24 8.71-9.69 40  9.12+0.25 8.58-9.59 90 9.1440.25 8.58-9.69
Lal 56  3.14+0.23 2.75-3.64 49  3.18+0.23 2.70-3.71 105  3.16+0.23 2.70-3.71
ACr 50  6.37+0.20 5.86-6.76 45  6.40+0.22 5.81-6.87 95 6.39+0.21 5.81-6.87
LMt 57  1.63+0.08 1.48-1.83 50  1.60+0.08 1.40-1.75 107  1.61+0.08 1.40-1.83
LM 55 1.34+0.04 1.25-1.45 46 1.34+0.07 1.23-1.63 101 1.34+0.06 1.23-1.63
LM23 57 1.3610.09 1.19-1.66 50  1.38+0.09 1.19-1.58 107 1.37+0.09 1.19-1.66
LaM! 57  0.98+0.04 0.86-1.08 50  0.98+0.04 0.90-1.05 107  0.98+0.04 0.86-1.08
LaM: 55  0.78+0.03 0.72-0.85 46 0.78+0.02 0.73-0.83 101  0.78+0.03 0.72-0.85
CI 55  0.95+0.07 0.81-1.09 45  0.96+0.09 0.68-1.15 100  0.96+0.08 0.68-1.15
A 53  0.58+0.08 0.44-0.73 44 0.55+0.07 0.37-0.70 97 0.57+0.08 0.37-0.73
B 51  0.90+0.11 0.68-1.12 44 0.92+0.12 0.64-1.18 95 0.91+0.12 0.64-1.18
A/B 51  0.66™+0.08 0.47-0.85 44 0.61+0.09 0.42-0.80 95 0.63+0.09 0.42-0.85
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Table 2. Significant Pearson correlation coefficients (rp) of cranial measurements of adult M. musculus skulls (* - p<0.05, ** - p<0.01,

**%_ p<0.001)

LN LCb LB FL LD LFI Lal ACr LMd LOSD LM! LaM! LM
LCb -0.43%**
FL 0.43***
LFI 0.37%%*  -0.2*8 0.26**
IBW 0.25* -0.27* 0.29**
Lal 0.37%%*  -0.57*** 0.41%*
ACr 0.32%* -0.31**
LMd 0.24* -0.29%
LOSD -0.22* 0.29**
LMm! 0.37%%*
LaM! 0.28**  0.56***
LMz 029 -0.40*** 0.26** 049  0.26* 0.67%*  0.37*
CI -0.26***  0.36™**  045%*  0.27**
LOID 0.23* -0.24* 0.40%%* 0.28**
LM 0.39**  0.23*
LaMi 0.28*  0.24*  0.42%*
A 0.21*
B 0.25%

phylogeographic studies. The overlap of skull measurements
in adult males and females was high. Nevertheless, the uni-
variate analysis (Student t-test) confirmed small significant
differences (Table 1) only in the length of os nasale (LN, t = -
2.05, df = 85, p = 0.044). In adult males higher values were
shown for the zygomatic index (A/B), and the test con-
firmed that the difference was statistically significant (t =
2.83, df = 93, p = 0.006). Similarly, Hotelling T?-tests (T2 =
39.39, p = 0.09) showed that no significant sexual dimor-
phism was found in the specimens of M. musculus from Slo-
vakia.

Only few correlations between cranial variables in M.
musculus were statistically significant (Table 2). The results
of PCA for pooled sample showed that the first three princi-
pal components (PC1-PC3) explain 40.4% of the variation
(Table 3). The first principal component (PC1) explained
18.5% of the total variance and was correlated mainly with
length of second and third upper molar (LM2*3) and interor-
bital width (Lal). The second factor (PC2) accounted for only
12.3% and was correlated with width of first lower molar
(LaM;) and length of mandible (LMd). Finally, a third prin-
cipal component (PC3) accounted for only 9.6% of the over-
all variation and was highly associated with zygomatic
breadth (LaZ) and facial length (FL).

Discussion

The present study was the first craniometrical investigation
with M. musculus in Slovakia. Moreover, we also tested sex-
ual dimorphism on basis of skulls. The evaluation showed
significant differences in the length of the os nasale (LN) and
zygomatic index (A/B). Nevertheless, the results of Hotel-
ling T? test reveal that no sexual differences actually exist in
the measured cranial traits. These results are in accordance
with the observation obtained by Haisova-Slabova et al.
(2010). This is very interesting, because male mice are terri-
torial, highly aggressive and also polygynous (promiscuous)
animals. Similarly, the territory of the dominant male usu-
ally covers the home range of several females, who are pre-
dominantly (but not exclusively), mating partners of the

Table 3. Loading values of Principal Component Analysis (PCA)
for the three main components (PC1-PC3) in adult individuals
of Mus musculus: eigenvalues. percentage (variability %) and
cumulative percentage (cumulative %). Abbreviations of skull
and dental variables are explained in Material and methods.

Traits PC1 PC2 PC3
LN 0.30 -0.08 0.06
LCb -0.33 0.20 -0.14
LCr 0.18 0.30 0.28
FL 0.11 0.28 0.37
LD 0.14 0.12 0.07
LFI 0.27 0.01 0.04
IBW 0.20 -0.15 0.11
LaZ 0.10 0.05 0.44
Lal 0.35 -0.24 0.02
ACr 0.17 -0.23 -0.01
LMd -0.03 0.35 0.08
LOSD 0.31 0.06 -0.19
LM! 0.22 0.25 -0.34
LaM! 0.13 0.30 -0.34
LM2+3 0.40 -0.08 -0.16
CI 0.17 0.22 0.36
LOID 0.25 -0.12 -0.05
LM 0.14 0.35 -0.16
LaM; 0.06 0.38 -0.12
A -0.09 0.05 0.29
B 0.12 -0.14 0.03
Eigenvalue 3.89 2.59 2.01
Percentage % 18.5 12.3 9.6

Cumulative % 18.5 30.8 40.4

resident male. In contrast, females are generally less aggres-
sive, therefore it would be expected that males should ex-
hibit a large body size. Nevertheless, Frynta et al. (2005)
showed differences among commensal and non-commensal
populations. While females of commensal populations are
more or less tolerant to each other, females from non-
commensal populations are as highly aggressive as their
male conspecifics. According to Haisové-Slabova et al.
(2010), the low degree of SSD found in house mouse popula-
tions (commensal and non-commensal, respectively) should
by analysed in the light of social and ecological factors. They
confirmed that although females are less aggressive than
males in non-commensal as well in commensal populations
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(see Frynta et al. 2005), this difference is small and thus con-
forms to the limited SSD found in the house mice. Moreover,
morphometric studies based on skull and dental traits con-
firmed no significant SSD (Dynowski 1963, Macholan 1996,
2001, Unterholzner & Willenig 2000, Bauer 2001, Takada et
al. 1999, 2002, Bal¢iauskieneé et al. 2004, 2015, Maryanto et al.
2005, Slabova & Frynta 2007, Sans-Fuentes et al. 2009) and
showed this species as monomorphic. Similarly, the different
level of dimorphism was confirmed for two synanthropic rat
species, Rattus rattus and R. norvegicus (Mori et al. 2017). Au-
thors confirmed higher SSD in Rattus norvegicus than in R.
rattus which explains the different mating system and social
behaviour of each species. Moreover, a little or a lack of SSD
was also confirmed in arboreal rodents Sciurus vulgaris and
Glis glis with a polygynous or promiscuous mating system
and with male-male competition (Canady et al. 2015, 2016).

A comparison of our data with values for common traits
obtained by Unterholzner & Willenig (2000) for the Austrian
population of M. musculus showed that adult females of the
Austrian population had higher average values in seven
measurements (LCb, LaZ, LMd, LM2*3, CI, LM; and LaM;).
In contrast, in the adult females of our population higher
values were found in ten measurements (LN, LFI, FL, LD,
LOID, Lal, ACr, LM2*3, CI and B). For adult males from Aus-
tria higher values were found in six traits (FL, LD, LFI, IBW,
Lal, and LM!), while for our population higher mean values
were shown in five measures (LMd, LaZ, IBW, LM! and A).
In our study significant differences were proven only in one
variable and for the zygomatic index, namely for adult fe-
males (LN) and for adult males (A/B). Bauer (2001) reported
similarly higher mean values for M. musculus collected in
Austria in most skull and dental characteristics in adult fe-
males, but no statistical differences between the sexes were
confirmed.

A comparison of our data with that of Sokolov et al.
(1990) and Lyalyukchina et al. (1991) showed that adult in-
dividuals (males and females pooled) from Central Ukraine,
Poland and Central Europe had higher mean values in all
variables (LD, Lal, LaZ, ACr, LOID, LOSD), with the excep-
tion of condylobasal length (LCb) and the braincase width
(IBW). Similar results were obtained in a comparison of our
twelve variables for adult mice (pooled data) with data from
Lithuania (Bal¢iauskiene et al. 2015). All measures with ex-
ception of LMd, LOID and LaZ have smaller mean values in
our samples.

Cserkész et al. (2008) showed descriptive statistics for ten
cranial and dental traits (A, B, LOSC, LOSD, CI, LFI, LM},
LaM!, LF and LCb) obtained from skulls from Hungary. On
the basis of these values we concluded that the size of our
samples were smaller in all variables excepting facial length
(FL) and two components of the zygomatic index (A and B).

Data from the literature on the mean values of the zy-
gomatic index (A/B) for European populations of M. muscu-
lus vary greatly. Unterholzner & Willenig (2000) presented
mean values (0.43) for the Austrian population. Similarly,
Cserkész et al. (2008) reported mean values (0.57) for the zy-
gomatic index of the Hungarian population of M. musculus.
The results for adult individuals (0.63) obtained in this study
were very similar to the above-mentioned data from Hun-
gary. Moreover, in this study the values obtained for the zy-
gomatic index were not only less than 0.70, which is in ac-
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cordance with the data shown by Orsini et al. (1983) and
Macholén (1996a), but in 23.2% of the examined materials
values higher than 0.70 were also found. Similarly, CV val-
ues greater than 10% confirmed that these characteristics are
highly variable, while the value of dental parameters
showed the smallest variability. In contrast, Sokolov et al.
(1990) and Lyalyukchina et al. (1991) noted markedly
smaller values (0.40) for adult individuals from Central
Ukraine, Poland and Central Europe, similar to those of
Unterholzner & Willenig (2000). According to Cserkész et al.
(2008) and Canady et al. (2014) these significant differences
may be due to a subjective measurement error caused by un-
fixed endpoints during analysis.

The reason for different values in M. musculus from dif-
ferent parts of the distribution range may be due to Berg-
mann’s rule, i.e. a hypothesis that these differences should
be related to latitude and/or altitude. Generally, the animals
from the northern and most elevated sites have bigger val-
ues in most of the measured traits when compared with the
specimens from the southern parts. Nevertheless, to confirm
the above statements, in the future more numerous materials
from all distribution ranges will need to be evaluated.

In conclusion, females and males house mice from Slo-
vakia do not differ in skull measurements supporting
monomorphism in this species, which has been confirmed
by several authors.
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