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The skull growth and variation of Apodemus semotus were investigated using labora-
tory and field specimens. Among 15 skull characters, the largest and second largest growth
rates on days O-24 were for the nasal length. On days 25-50, the length-related characters
(face) and mandible had relatively higher growth rates, but the width-related characters
(braincase) were retarded in growth. The relative growth coefficient (cy) against the
condylobasal length was highest in the nasal length and height of mandible, and lowest in
the interorbital breadth and breadth of occipital foramen. Relative ages of the field
specimens were determined by age classes (I-VI) of tooth wear in laboratory specimens.
Analyses of the skull variation in field specimens by univariate and multivariate techniques
revealed that the greatest length had the lowest coefficients of variation with significant
subsets which spanned age class II through VI, and had also the greatest loading on the first
principal component. Comparison of skull growth in age class II (days 26-35) between
laboratory and field conditions indicated that the field specimens had a stronger dorsal
flexion of the anterior cranial base, and were longer in the lengths of mandible and lower
molar series than were the laboratory specimens.

INTRODUCTION

Patterns of craniometric variation including age determination in Apodemus have
been examined in Europe (Adamczewska-Andrzejewska, 1973, Haitlinger, 1962 and
Sikorski, 1982 for A. ag~anks;  Delany, 1970, Delany and Davis, 1961 and Haitlinger,
1969 for A. sylvaticus,  etc.), Japan (Imaizumi, 1962 and Miyao et al., 1968, for A .
speciosus;  Miyao and M&-i,  1968 and Yoshida, 1984 for A. argenteus,  etc.) and Taiwan
(Tanaka, 1942 for A. ag~arius),  which are based on measuring random samples of
unknown-age skulls. Such studies serve for understanding the fundamental sources of
intrapopulational (sexual dimorphism, age and individual) and interpopulational varia-
tion.

However, with respect to known-age specimens from the laboratory colony, there
have been few studies on both the absolute skull growth and the tooth wear in
Apodemus, except for the report of Gurnell and Knee (1984) on the relationships
between age and seventeen biometric variables in A. sylvaticus,  and suggesting that
tooth wear is still useful for assigning the age of young wild-caught mice in a
population.

The purpose of this study was to examine 1) the absolute and relative growth rates

* Reprint request to the second author.
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of skull dimensions in known-age specimens of the Formosan wood mouse (A.
semotus),  2) the pattern of eruption and wear in the upper molars of reared specimens,
by which the standard age class was established and applied in determining relative
ages of field specimens, and 3) the quantitative extent of age, sex and individual
variation, and interrelationships among cranial characters in the field specimens.
Another aim was to analyze skull growth and variation in this species and to discuss
difference in skull growth between laboratory and field conditions.

MATERIALS AND METHODS

1. Materials
1) Laboratory specimens
The specimens were taken from a breeding colony in the Zoological Laboratory,

Faculty of Agriculture, Kyushu University which established in 1984 from wild mice
trapped in Alisan Alpine Forest Park (23”31’N,  2,200 m elevation), lying 75 km east
Chia-Yi County, Central Taiwan. Mice were reared in an air-conditioned room and
illuminated by fluorescent lights on a 12 hr light : 12 hr dark cycle. Temperature was
about 20°C. Relative humidity was not regulated.

Four specimens (2 males; 2 females) of known-age mice from each age group of
days 0, 4, 8,12,16, 20, 25, 30, 40 and 50, and exceptionally three specimens (2 males and
1 female) from the age group of day 35, were analyzed for both the absolute and the
relative growth. Their absolute ages were used as criteria for young relative age
classes (I-III) of field specimens on the basis of abrasive degree of the teeth in
accordance with the method of Fujimaki (1966) for A. argenteus.  The absolute growth
rate of the skull was estimated according to the following postnatal growth periods
(Lin et al., 1993): (1) the first period at the age of days O-12 (the neonate and transition
periods on days O-14); (2) the second period on days 16-20 (the socialization period on
days 15-24); (3) the third period on days 25-50 (the juvenile period from day 25 to sexual
maturity). Furthermore, one male specimen at the age of day 60 and of day 70, two
specimens (1 male and 1 female) aged 100 days, one male specimen aged 180 days and
three specimens (2 males and 1 female) aged 540 days were added for analysis of the
relative growth and for grouping into older age classes (IV-VI).

2) Field specimens
A total of 209 unknown-age specimens (133 males; 76 females), snap-trapped in the

Alisan Alpine Forest Park, from April 1985 to March 1986, was available for analysis.
The mean temperature ranged from 5.5X to 14.5X,  being relatively higher during June-
July. Annual rainfall averaged about 4,000 mm. The longest and shortest daylengths
were 13 hrs and 33 min. in June and 10 hrs and 44 min. in December, respectively.
Although recognition of the absolute age was usually impossible in the wild-taken
specimens, the relative age was divided into five classes (II-VI) based on the above six
age classes in the laboratory specimens, because no specimen belonging to age class I
was caught in the field.

2. Measurements
The following fifteen variables of each skull were measured with dial calipers and
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recorded to the nearest 0.05 mm (Fig. 1); greatest length (GL), condylobasal length (CL),
basilar length (BL), palatilar length (PL), length of incisive foramen  (LIF), length of
upper diastema (LUD), length of upper molar series (LUM), nasal length (NL), breadth
of rostrum (BR), interorbital breadth (IB), zygomatic breadth (ZB), breadth of occipital
foramen  (BOF), length of mandible (LM), length of lower molar series (LLM), height
of mandible (HM), in accordance with the method of Yoshida (1983) for A. .$~ciosus.
Mean values were given with standard deviation.

t lB-l

c -ILLM

Fig. 1. Schematic representation of the skull measurements in Apodemus semotus.
See text for explanation of abbreviations.

3. Statistical analysis
1) Laboratory specimens
Data on the absolute and relative skull growth were dealt with in both sexes

combined, and were not used for analyzing craniometric variation of the specimens by
the univariate and multivariate techniques, because sample size presented here was
considered to be insufficient both for analysis of differences between sexes and for
quantification of the variation. The relationship of the 14 dimensions each against the
condylobasal length was examined by the allometry formula (Y = bx*) (Simpson et al.,
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1960); the relative growth coefficients (a), initial growth indices (log b) and correlation
coefficients (r, converted from R2 values) also were calculated.

2) Field qbecimens
Concerning the field specimens which were placed into the above relative five age

classes (II-VI) and sexed, separate 5 X 2 (age and sex) analyses of variance were
performed on each skull dimension using the ANOVA  (analysis of variance) portion of

Table 1. Measurements (Mean f SD) of the skull according to ages in laboratory-reared Afiodemus
semo tus.

Dimension*
Age Period
(days) GL CL BL PL

0 1st 10.30 f 0.52 - 7.91 * 0.70 -
4 14.19 f 1.15 13.31 -t 0.40 11.91 f 0.50 -
8 17.65 f 0.31 16.10 f 0.39 13.70 + 0.39 -

12 20.56 -t 0.36 18.41 1- 0.59 15.51 + 0.62 -

16 2nd 21.15 + 1.08 18.88 -t 0.90 15.28 k 0.82 7.79 + 0.27
20 23.49 _+ 0.20 20.70 _t 0.20 15.26 + 2.94 9.23 f 0.56

25 3rd 24.24 f 0.11 21.35 f 0.16 17.51 i 0.21 9.80 + 0.32
30 24.94 f 0.32 22.17 t 0.50 18.78 f 0.73 10.01 & 0.22
35 25.67 k 0.61 22.85 F 0.43 18.93 f 0.42 10.33 f 0.18
40 25.36 _+ 0.65 22.89 * 0.77 18.86 i 0.31 10.31 _+ 0.18
50 26.59 + 0.73 23.51 k 0.62 19.45 + 0.41 10.55 f 0.47

60 25.45 22.55 18.80 10.15
70 26.70 23.80 19.30 10.90

100 27.05 _+ 0.07 23.78 * 0.04 19.63 * 0.18 10.55 * 0.07
180 27.55 24.65 20.45 10.60
540 27.77 -t 0.38 24.90 f 0.38 20.50 + 0.23 10.98 f 0.19

LIF LUD LUM NL

0 1st 1.75 + 0.20 - 2.83 f 0.13
4 2.10 -t 0.52 - - 4.49 f 0.24
8 3.41 t 0.26 - 5.85 + 0.41

12 3.45 + 0.39 - - 7.59 f 0.24

16 2nd 3.88 + 0.21 4.89 + 0.34 3.23 -t 0.25 7.86 -t 0.69
20 3.50 i 0.18 5.20 f 0.23 3.93 * 0.38 8.89 rf: 0.21

25 3rd 3.71 + 0.09 5.63 -e 0.03 4.14 * 0.13 9.54 * 0.44
30 3.60 _+ 0.50 5.63 _t 0.35 4.00 f 0.08 9.90 _+ 0.60
35 4.02 f 0.63 5.73 + 0.32 4.13 t- 0.10 9.63 + 0.71
40 4.44 + 0.21 6.05 F 0.12 4.10 * 0.04 10.46 * 0.78
50 4.22 k 0.76 6.45 f 0.47 4.14 * 0.05 10.28 * 0.41

60 4.15 5.50 4.35 9.75
70 4.10 5.80 4.15 10.05

100 4.25 -t 0.21 5.88 -t 0.32 4.05 + 0.14 9.90 + 0.64
180 4.25 6.20 4.10 11.90
540 4.15 + 0.09 6.77 + 0.03 4.12 + 0.13 11.38 * 0.55

*See text for explanation of abbreviations.
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the univariate analyses in the SAS (statistical analysis system) program package. The
five means for each dimension were compared for significant differences at the 0.05
level with the Duncan’s Multiple Range Test. Furthermore, the mean, standard devia-
tion and coefficients of variation (CV) also were determined. It is important to note
that the cranial measurements with CV’s of below 6.00 indicate a relatively low degree
of variability within the population (Matson and Shump, 1980). Multivariate analyses
were done using the principal component analysis (Manly, 1986).

Table 1. -continued

BR IB ZB BOF

0 1st 2.59 f 0.48 2.49 + 0.35 5.36 f 0.58 1.93 f 0.39
4 3.48 f 0.13 4.05 _t 0.39 7.38 f 0.59 3.25 -+ 0.41
8 3.45 f 0.08 4.41 f 0.19 8.74 t 0.57 3.53 f 0.08

12 3.75 f 0.18 5.34 f 0.22 10.44 * 0.22 4.28 +- 0.17

16 2nd 3.70 k 0.20 5.26 f 0.43 10.49 f 0.56 4.30 f 0.13
20 3.86 + 0.10 5.54 + 0.16 11.51 Ik 0.21 4.66 f 0.13

25 3rd 3.93 -t 0.20 5.50 + 0.07 11.65 + 0.32 4.88 k 0.12
30 3.85 + 0.19 5.84 f 0.25 12.10 + 0.07 4.73 + 0.19
35 4.03 + 0.49 5.70 f 1.15 12.22 f 0.10 4.90 xk 0.13
40 4.05 + 0.23 5.75 + 0.13 12.24 -t 0.34 4.68 + 0.16
50 4.01 k 0.27 5.73 + 0.67 12.63 + 0.19 4.74 t 0.13

60 4.35 5.80 12.25 4.65
70 4.35 5.85 12.65 4.75

100 4.15 * 0.14 5.83 +- 0.11 12.73 i 0.04 4.80 + 0.21
180 4.65 5.50 12.90 5.00
540 4.42 f 0.21 6.35 !c 0.46 12.85 -t 0.46 4.83 -t 0.15

LM LIM HM

0 1st 6.65 f 0.25 - 1.99 + 0.20
4 8.33 f 0.35 - 3.10 k 0.50
8 9.75 k 0.25 3.70 + 0.38

12 10.95 + 0.32 - 4.56 + 0.13

16 2nd 11.08 -t 0.45 2.49 f 0.23 4.40 + 0.09
20 12.39 -t 0.10 2.70 f 0.15 5.33 + 0.28

25 3rd 12.45 rfr 0.15 3.03 f 0.38 5.71 t 0.18
30 13.00 f 0.54 2.96 + 0.27 6.18 f 0.21
35 14.60 f 2.53 3.33 f 0.20 6.25 f 0.13
40 13.06’ f 0.15 3.41 f 0.29 6.24 + 0.39
50 13.45 f 0.51 3.31 f 0.21 6.43 k 0.41

60 13.10 3.25 6.10
70 13.90 3.15 6.85

100 13.43 + 0.18 3.30 f 0.07 6.40 + 0.21
180 13.55 3.20 6.25
540 13.90 f 0.30 3.20 k 0.23 7.00 z!I 0.07
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RESULTS

the laboratory specimens

The data on the 15 measurements and their percentage increases of the skulls are
presented in Tables 1 and 2, respectively. Their absolute sizes grew very rapidly during
the first and second periods from day 0 to day 24 (Fig. 2). At the first period, the
greatest length was 10.30 f 0.52 mm at birth, reaching 20.56 f 0.36 mm on day 12
(0.86 mm/day with an increase of 99.6%). The rapid growth pattern was also found in
the zygomatic breadth (0.42 mm/day; 94.6x),  length of incisive foramen  (0.14 mm/day;
97.1x),  interorbital breadth (0.24 mm/day; 116.6%),  breadth of occipital foramen  (0.20
mm/day; 122.1x), height of mandible (0.22 mm/day; 129.6%) and nasal length (0.40
mm/day; 168%); however, at this period, the breadth of rostrum and length of mandible
showed only moderate increases with 44.9% (0.10 mm/day) and 64.7% (0.36 mm/day),
respectively.

As to the second period, the high incremental percentage of the skull measure-
ments continued also during the period from day 16 to day 20, except for the length of
incisive foramen  and interorbital breadth with slow increases of 7.3% and 2.1x,
respectively, During the third period on days 25-50, the growth rate of the 10 charac-
ters was less than lo%, but the condylobasal length, basilar length, length of incisive

Table 2. Percentage increases* of skull mean measurements during
three growth periods in laboratory-reared Apodemus  semotus.

Period t
Dimension t

1st 2nd 3rd

GL 99.6 17.9 9.7
CL 38.3 5 16.0 10.1
BL 96.0 12.9 11.1
PL 25.9 7.7
LIF 97.1 7.6 13.5
LUD - 15.1 14.7
LUM - 24.0 3.5
NL 168.0 25.7 7.2

BR 44.9 4.7 2.2
IB 116.6 2.1 4.1
ZB 94.6 11.6 8.4
BOF 122.1 12.9 0.0

LM 64.7 13.7 8.0
LLM - 21.6 9.5
HM 129.6 25.2 12.5

* Percentage increase = (B - A) X 100/A;  A: the length on the first
day in each period, B: the length on the last day in each period.

7 See text for explanation of abbreviations.
t 1st period, day O-12; 2nd period, days 16-24; 3rd period, days 25~50.
* Estimated at the age of days 4-12.
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1 1 I I , ! 1 1 I I 1 7i , ,
0 2 0 4 0 6 0 80 1 0 0 1 8 0

AGE WW

Fig.  2. Growth in the skull measurements in Apodemus semotux  (a) Length-related
skull characters. H, GL; H, CL; ti, BL; m, PL; a--O, NL; w,
LUD; w, LUM; C-O, LIF. (b) Width-related skull characters and mandibular
characters. H, LM; H, ZB; e, HM; M, IB; w, BOF; [It], BR;
W, LIM. See text for explanation of abbreviations.

foramen,  length of upper diastema and height of mandible continued to grow with
slight increases from 10.1% to 14.7% (Table 2). Afterward, on days 60 and 70, the skull
measurements attained almost the same size as in adults on days 100 and 180, and their
increases nearly ceased on day 60, so that the growth curves became parallel to the
abscissa (Fig. 2).

2) Relative growth
The relative growth coefficients (a), initial growth indices (log b) and correlation
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coefficients (r) of each dimension of the 14 characters against the condylobasal length
are given in Table 3.

The correlation coefficients were high for 6 dimensions of the skull, i.e. the
greatest length (0.995),  basilar length (0.990),  length of mandible (0.987),  zygomatic
breadth (0.982),  nasal length (0.981) and height of mandible (0.978). On the other hand,
the correlation coefficients for the length of upper and lower molar series were low
(0.724 and 0.657, respectively). Regarding the dimensions along the long axis of the
skull, the relative growth coefficients (a) became lower in the following order: nasal
length (1.450),  palatilar length (1,138) and basilar length (0.892). As to the dimensions
parallel to the short axis of the skull, the 1y was lowest in the interorbital breadth
(0.643),  and highest in the zygomatic breadth (0.894). In addition, the cy values of the
mandibular length and height were 0.852 and 1.387, respectively; the latter value was
one of the highest for the 14 dimensions of the skull.

Table 3. Relative growth coefficients (CT),  initial growth indices (log b)
and correlation coefficients (r) of 14 dimensions against the con-
dylobasal length in laboratory-reared Apodemus  semotus.

Dimension* cy log b r

GL 0.900 -0.046 0.995
BL 0 . 8 9 2 0.061 0.990
PL 1.138 -0.539 0.905
LIF 1.006 -0.749 0.830
LUD 1.042 -0.646 0.795
LUM 0.759 -0.424 0.724
NL 1.450 -0.966 0.981

BR 0.887 0.082 0.807
IB 0.643 -0.111 0.897
ZB 0.894 -0.127 0.982
BOF 0.648 -0.205 0.907

LM 0.852 -0.040 0 . 9 8 7
LLM 1.075 -0.959 0.657
HM 1.387 -1.094 0.978

*See text for explanation of abbreviations.

2. Tooth wear and chronological age
1) Laboratory specimens
A series of six tooth classes was established on the pattern of eruption and wear

mainly in the upper molars of the laboratory specimens. These tooth classes were used
as criteria for relative age classes of the field specimens as follows:

Class I - Sucklings at the age of days O-25 before weaning. On days 12-16, both
Ml and M, began to erupt. On day 16, the anterior part of M2 appeared. On day 25, M3
erupted in some individuals, but did not reach the crown level of Ml and M2. Cusps of
Ml and M2 had no trace of abrasion (Fig. 3).

Class II - Juveniles at the age of days 26-35. M’ and M2 were well developed and
had faint traces of abrasion on cusps. M3 erupted, but was not fully developed; the
cusps 1 and 3 were disconnected from an irregular loph consisting of the cusps 2,4 and
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IV V VI

Fig. 3. Model tooth for determining age classes using laboratory specimens. I-VI,
age classes; 1-5, cusps.

5 separated from one another. Almost no abrasion on the cusps 1-5 was found (Fig. 3).
Class III - Subadults at the age of days 36-50. M’ and M2 were slightly worn, M3

was beginning to wear, but the 5 cusps were still clearly distinguishable. The cusp 1
began to connect with the cusp 5 (Fig. 3).

Class IV - Adolescents at the age of day 51 to below day 100. M3 was fairly worn,
and the enamel ridges of the cusps 1 and 5 were joined together (Fig. 3).

Class V - Adults at the age of days 100-180. Ml and M2 became devoid of cusps
and suffered very heavy abrasion. M3 was further worn, the enamel ridges between the
cusps 2 and 3 and between the cusps 3 and 4 disappeared, and the cusps 4 and 5 fused
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to form a semicircle (Fig. 3).
Class VI - Seniles at the age of above 180 days. M3 was heavily worn and the

enamel ridge between the cusps 1 and 2 disappeared, and the border of enamel
surrounded only the lateral surface of the tooth (Fig. 3).

2) Field specimens
The number of specimens belonging to each relative age class determined by the

above tooth-criteria is shown in Table 4: age class II, 12 males and 7 females; age class
III, 25 males and 24 females; age class IV, 32 males and 21 females; age class V, 34
males and 14 females; age class VI, 28 males and 12 females. As to the seasonal
changes in age structure of the field population, spring-and autumn-born generations,
belonging to young age classes (II and III), entering into the population were clearly
distinguishable. The former began to appear in late spring (May) and the latter did
from November to January. On the contrary, few young specimens appeared in March-
April, June and October. Many overwintering individuals belonging to the older age
classes (IV-VI), appeared from February to May.

Table 4. Number of field specimens according to age classes in Apodemus  semotus.

Age class
Total

Month II III IV V VI

fl P 6 P c7r P c? P 2 ? 6 P

1985
Apr. 0 0 0 0 3 3 3 2 2 1 8 6
May. 3 0 3 0 4 2 6 1 4 2 20 5
Jun. 0 0 2 0 3 1 1 0 1 2 7 3
Jul. 0 2 0 3 0 2 3 0 3 1 6 8

Aug. 0 0 2 2 2 1 4 2 0 0 8 5
Sep. 0 0 3 2 0 0 3 1 2 1 8 4

Oct. 0 1 0 1 1 1 2 2 3 2 6Nov. 5 1 1 2 0 0 3 0 2 0 11 ;
Dec. 1 1 3 5 2 2 1 1 2 0 9 9

1986
Jan. 2 2 4 6 6 4 1 2 2 2 15 16
Feb. 0 0 6 2 8 3 4 2 5 0 23 7
Mar. 1 0 1 1 3 2 3 1 2 1 10 5

Total 12 7 25 24 32 21 34 14 28 12 131 78

3. Skull variation in the field specimens
Many field specimens were used for examining nongeographic variation in the

cranial characters, three types of which were examined - age, secondary sexual and
individual.
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Table 5. Basic statistics and results of univariate analyses (Duncan’s Multiple Range Test and
ANOVA)  of 15 cranial measurements in wild-taken Apodemus semotus.

Age Duncan’s
class N Mean SD c v test F

~ ~ ~ ____

*iI
IV

v”;

I::
IV

Z

I::
IV
VI
V

III
IV

:

III
II

;
V

II
III
IV
VI
V

III

I::

:I

II
III
V

z

25.41 1.01 3.98 I F&p+  =33.71*
26.00 0.94 3.62 I
26.66 0.79 2.96 I F,,, = 1.98””
27.14 0.91 3.36 I
27.70 0.68 2.46 I F,,, = 0.85””

16 22.77
49 23.21
53 23.86
48 24.49
40 28.84

13 18.95
47 19.30
49 20.01
40 20.33
43 20.48

17
49
53
48
40

10.91 0.52 4.7610.98 0.53 4.81 I

11.36 0.46 4.0211.55 0.45 3.94 I
11.65 0.42 3.60 I

49
18

E
48

4.83 0.51 10.66
4.98 0.63 12.66
5.15 0.90 17.49
5.27 0.58 10.98
5.39 0.56 10.37

18
49

:;
48

49
48
53

::

18
49
47
53
40

6.77 0.47 6.94
6.88 0.48 6.93
6.97 1.06 15.18

7.25 1.21 16.637.29 0.33 4.56 I

Length of upper molar series

4.19
4.25
4.25
4.29
4.35

9.30 1.10 11.81
9.52 1.44 15.14

10.15 1.49 14.70
10.24 2.99 29.24
10.33 1.73 16.76

Greatest length

Condylobasal length

0.92 4.06 1
0.90 3.89 I
0.83 3.46 I
0.66 2.71
0.61 2.47 I

Basilar length

1.01 5.35 I
0.99 5.13
0.82 4.11 I
3.35 16.47
0.63 3.05 I

Palatilar length

Length of incisive foramen

Length of upper diastema

0.34 8.20
0.24 5.72
0.31 7.28
0.49 11.33
0.51 11.63

Nasal length

Face  = 38.36*

F,,, = 1.09””

F,,, = 0.27””

F&,=4.52*

F,,,  = 3.02””

F,,, = 2.27”=

F,,, = 17.33;

F,,,  = 3.53””

F,,, = 0.00””

F&z =5.14*

F,,,  = 0.08””

fi”, = 0.97””

Face  = 2.83*

F,,,= 0.05””

F,,, = 1.15””

F&e  = 1.09’=

F,,, = 1.09””

F,,, = 1.11””

F,,, = 1.76”s

F,,, =O.Ol””

F,,, = 0.24””



62 L.-K. Lin and S. Shiraishi

Table 5. - continued.

Age Duncan’s
class N Mean SD c v test F
~ - - - -

II
III
V

IV
VI

II
IV
III
V

VI

II
III
IV
V

VI

II
VI
III
V

IV

II
III
IV
V

VI

II
VI
V

IV
III

III
II

IV
V

VI

18 4.33
49 4.42
47 4.61
53 4.63
40 4.86

0.21 4.95
0.68 15.44
1.00 21.68
0.19 4.13
0.27 5.52 I

Interorbital breadth

18 4.52
53 4.70
49 4.73
48 4.81
40 4.87

1.20 26.48
0.30 6.32
0.32 6.86

4.81 0.390.37 7.57 I

Zygomatic breadth

14 11.99
46 12.18
53 12.48
43 12.54
40 12.73

0.99 8.250.58 4.76 I
0.55 4.40
0.57 4.57
0.52 4.11

Breadth of occipital foramen

17 4.47
39 4.62
48 4.72
46 4.74
53 4.77

1.18 26.49
0.78 16.88
0.74 15.66
0.20 4.27
0.19 4.02

Length of mandible

17
49
52
47
40

13.55 0.81 5.9513.76 0.75 5.47 I
14.21 0.65 4.60
14.47 0.65 4.49
14.66 0.75 5.11 I

Length of lower molar series

18 4.28 0.17 4.07
40 4.30 0.19 4.39
48 4.38 0.25 5.65
52 4.39 0.28 6.46
49 4.39 0.22 5.11

Height of mandible

47 6.01 1.02 16.96
17 6.09 0.54 8.80
47 6.31 0.51 8.11
41 6.37 1.17 18.30
37 6.43 1.21 18.80

Breadth of rostrum

F,,, =3.96*

F,,, = 1.88””

F,,, = 0.96””

F,,, = 1.99*

F,,, = 0.02””

F,“, = 1.29””

Fsse = 6.87*

F,,, = 0.27””

F,,,  = 1.12””

F& = 1.06””

F,,, = 3.42””

fi,,=2.17””

Fag, = 13.96’

F,,, = 1.58””

F,,, = 0.34””

Fage  = 1.56””

F,,, = 0.23””

F,,, = 0.69””

F,,, = 1.36””

F,,, = 1.85”S

F,,,  = 0.52””

An asterisk denotes a significant F value (P<O.O5).
ns, not significant at the 0.05 level by the F-test.
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1) Age variation and secondary sexual  variation
Table 5 summarizes basic statistics and results of the univariate analyses for the

15 cranial measurements according to age classes. Age variation was significant in 10
measurements excluding 5 measurements mentioned below, but the length of upper and
lower molar series, nasal length, breadth of occipital foramen  and height of mandible
did not vary with age. Results of the Duncan’s Multiple Range Test analysis among age
classes also are given in Table 5. Most skull measurements with significant difference
of age variation showed overlap between adjacent age classes. However, three length-
related characters, i.e. the greatest length, condylobasal length and basilar length
exhibited significant subsets which spanned age classes II through VI, II through IV
and age class II, respectively.

Males and females did not differ significantly in any of the measurements, indicat-
ing no evidence of sexual dimorphism. Age X sex interaction also was not significant in
the 15 measurements.

2) Individual variation
Individual variation was expressed most clearly in the coefficients of variation

(CV). The variability of the 15 cranial measurements was examined separately accord-
ing to the five age classes (Table 5). In age class II, the interorbital breadth and breadth
of occipital foramen  were most variable (CV = 26.48 and 26.49, respectively); the
greatest length was least variable (CV = 3.98). In age class III, the lowest variability
appeared in the greatest length (CV = 3.62) as in age class II, and the highest in the
height of mandible (CV = 16.96). In age class IV, the lowest variability was still present
in the greatest length (CV = 2.96),  and the nasal length was most variable (CV = 29.24).
In age class V, the interorbital breadth was least variable (CV = 0.39), and the highest
variability was for the breadth of rostrum (CV = 21.68). In age class VI, the lowest
variability occurred again in the greatest length; the highest variability was for the
height of mandible (CV = 18.8). The remaining characters concerning respective age
classes showed values of CV lying between the minimum and maximum. Low degrees
in variability (CV less than 6.00) of the cranial measurements in each age class were
found for the greatest length (a range of 2.46-3.98),  condylobasal length (2.47-4.06),
palatilar length (3.60-4.81),  length of mandible (4.49-5.95) and length of lower molar
series (4.07-6.46). With the exception of a high value of CV (8.25) in age class II, the
zygomatic breadth also had low values of CV (4.11-4.76) in the remaining age classes.

3) Interrelationships among cranial characters
In order to examine in detail the nature of variation in the field population, one of

multivariate statistical methods, principal component analysis (PCA), was utilized. A
varimax rotation of factors allowed us to examine more deeply the nature of the
variation. Results of the PCA are given in Table 6 with the ten factors accounting for
90 per cent of the total variation. Of these ten factors, the first five factors, with the
eigenvalue more than 1.0 and occupying for 66% of the total variance, were interpreted
as follows. Factor 1 loads heavily on three length-related characters of the skull. i.e.
the greatest length (0.92),  condylobasal length (0.91),  basilar length (0.80),  and less
heavily on the palatilar length (0.53),  length of mandible (0.40) and zygomatic breadth
(0.30). Factor 2 loads densely on the length of incisive foramen  (0.95). Factors 3, 4 and
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Table 6. Results of a principal component analysis on cranial measurements with varimax rotation
to simple structure in wild-caught A~odmus  semotus.

Dimension*
Principal component

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 P C 9  PC10
- - - - - - -__

GL 0.92 0.07 -0.01 0.07 0.04 0.06 0.04 0.12 0.08 0.06
CL 0.91 0.08 0.02 0.13 -0.06 0.02 -0.05 0.09 0.07 0.09
BL 0.80 0.25 -0.04 0.06 0.02 0.02 0.00 0.06 0.06 0.01
PL 0.53 0.16 0.14 0.17 0.14 0.02 -0.01 0.03 0.05 0.00
LIF 0.21 0.95 0.03 0.07 0.10 0.08 -0.04 0.00 -0.01 -0.03
LUD 0.16 0.06 0.06 0.97 0.00 0.01 -0.01 0.02 0.00 -0.02
LUM 0.01 0.10 0.14 0.00 0.96 0.09 0.06 0.13 0.02 -0.08
NL 0.05 0.07 0.04 0.01 0.08 0.99 0.05 0.00 -0.03 0.00

BR 0.12 -0.01 -0.02 0.00 0.02
IB 0.16 0.00 0.05 0.02 0.12
ZB 0.30 0.00 0.08 0.12 0.07
BOF -0.01 -0.04 0.05 -0.01 0.06

LM 0.40 0.25 0.16 0.12 0.17
LLM 0.00 0.03 0.97 0.06 0.13
HM 0.10 -0.03 -0.10 -0.02 -0.08

Eigenvalue 4.65 1.90 1.22 1.12 1.03

Percent of
variance
explained

31 13 8 7 7 6 5 5 4 4

0.03 -0.04 0.00 0.97 0.18
0.00 -0.01 0.98 -0.01 -0.02
0.04 0.16 0.08 0.04 -0.02
0.05 0.98 -0.01 -0.04 -0.08

0.15 -0.05 0.08 0.06 -0.01
0.04 0.05 0.05 -0.03 -0.10
0.00 -0.09 -0.02 0.19 0.97

0.97 0.82 0.72 0.58 0.53

*See text for explanation of abbreviations.

5 load weightily on the length of lower molar series (0.97) and upper diastema (0.97) and
upper molar series (0.96),  respectively, showing a consequence of tooth replacement
processes.

DISCUSSION

This is the first report on the skull growth and variation of A. semotus. The
craniometric characters of a given species are considered to indicate an aspect of the
specific status (Koh and Peterson, 1983; Patton and Rogers, 1983; Ando et al., 1989).
Thus, our discussion takes the focus on the following three topics.

1. Analysis of skull growth
1) Absolute growth
The largest and second largest growth rates in the first and second periods from

day 0 to day 24 were for the nasal length which is obviously related to development of
the olfactory structure, i.e. the nasal cavities and particularly the cartilages of the
nasal septum (Moore, 1966). In the second period, the palatilar length had the highest
value, indicating the consistent growth in the anterior part of the skull. As shown in
Table 2, the length-related (an average of 97.7x, excluding the value of condylobasal
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length because of lack of its measurement on day 0), width-related (94.6%) and
mandibular characters (97.0%) grew proportionally in the growth rate during the first
period, whereas the growth rates of the length-related and mandibular characters
slightly exceeded those of the width-related ones in the second and third periods.
These findings were in essential agreement with the analysis of skull growth in Rattus
norvegicus (Moore, 1966) and Sigmodon fulviventer  (Zelditch and Carmichael, 1989).

The most remarkable reduction in growth was for the breadth of occipital for-
amen ranging from 122.1% (1st period) to 0% (3rd period) (Table 2). As to the interor-
bital constriction, it does not change significantly at all between the 1st and the 39th
month of life in Microtus  agyestis  (Gebczynska, 1964). A. semotus also showed very little
growth of the interorbital breadth after day 12 (2.1%),  although it grew rapidly before
that age (116.6%). In rodents, the characteristic specialization is the ability to gnaw,
being associated with the structural modification of the jaw musculature, and conse-
quently the deep masseter consists of more vertically orientated fibers arising from the
zygomatic arch and being inserted into the lateral surface of the mandible over a wide
area (Moore, 1981). Also in A. semotus, the percentage increases of the mandibular
measurements were greater in height (a range of 129.6-12.5x) than in length (64.7-8.0
%) regarding the respective periods, supporting an adaptation for the gnawing ability
of rodents.

It has been said that changes in shape of the skull appear to be closely related to
differences in timing of growth in the various cranial dimensions (Moore, 1967). In this
connection, there were marked differences in percentage increases of the 15 skull
characters among the three growth periods in A. semotus, namely, the length-related
characters (the face) and the mandibular characters had the relatively higher growth
rates, but the width-related characters (the braincase) were retarded in growth after
day 25 when the animals attained almost juvenile size.

2) Relative growth
The relative growth coefficients in A. semotus ranged from 0.643 to 1.450 (Table

3), suggesting the existence of various dimensions showing from a remarkably negative
allometry to a positive allometry. According to Tanaka (1942),  the skull can be divided
into the following three regions: the pre-orbital (nasal length, length of upper diastema,
breadth of rostrum and length of incisive foramen), the inter-orbital (length of upper
molar series, interorbital breadth and zygomatic breadth), and the post-orbital
(breadth of occipital foramen). In A. semotus the relative growth expressed in cy was
highest in the pre-orbital region (an average of 1.096),  intermediate in the inter-orbital
region (an average of 0.765) and lowest in the post-orbital region (0.648),  so that the
dead center of the skull resides apparently in the interorbital and occipital parts. It has
been noted that the dimensions relevant to the braincase show a markedly negative
allometry (Aoki and Tanaka, 1938 for Rattus Zosea; Tanaka, 1942 for A. agratius;
Hiraiwa et al., 1958 for A. speciosus;  Nelson and Shump, 1978 for Ago&i  paca; Ando
et al., 1989 for Eothenomys smithii), supporting our results. On the other hand, among
the skull dimensions, both the nasal length (a, = 1.450) and the height of mandible (a =
1.387) had a positive allometry against the condylobasal length.
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2. Analysis of skull variation
Because patterns of tooth wear in the laboratory-reared specimens vary with

ages, tooth classes established on the patterns are suitable to determining relative age
classes for many wild-taken specimens of a single population (Adamczewska-Andrze-
jewska, 1971). As shown in Table 5, A. semotzls  could be aged accurately by the
greatest length with significant subsets which spanned age classes II through VI. The
results of principal component analysis (PCA) also indicated that the greatest length
had the greatest loading on the first principal component (Table 6), so that it could
reflect the closest interrelationship among the skull characters of A. semotus. Con-
versely, the breadth of occipital foramen  was regarded as the most unsuitable indicator
because of its negative small value (-0.01) and proved of the lowest relative growth
coefficient (0.648) (Table 3).

On the other hand, the greatest length had the lowest coefficients of variation (CV)
concerning the respective age classes (Table 5). As pointed out by Cockrum (1954) for
Peromyscus Zeucopus  noveboracensis,  skull measurements with a low CV do not neces-
sarily vary geographically, or with age or sex in a given age class, and the parameters
are suitable for taxonomic purposes. Other characters with a greater loading on the
first principal component (condylobasal length, basilar length, palatilar length, length
of mandible and zygomatic breadth) had relatively low CV’s,  suggesting that they were
better indicators. The remaining measurements were so variable as to exclude them
from future systematic studies, because direct comparisons between populations based
on such measurements would be relatively meaningless. In this connection,
intrapopulational variability due to individual variation may be greater than inter-
populational differences, as pointed out by Robbins (1973) for Tatetihs  gracilis.

3. Difference in skull growth between laboratory and field specimens
Although the corresponding age classes of the field specimens can be determined

by patterns of tooth wear in the reared specimens, some factors may affect the skull
growth under different conditions, e.g. diets (Ito et al., 1988 for the mouse), photoper-
iods (Mallory et al., 1986 for Dicrostonyx  groenkzndicus)  and seasonal generations
(Kaneko, 1978 for Microtus  montebelli),  etc., so that direct comparisons between
laboratory and field conditions may be open to question. However, at the age when
young mice are suckled by their mothers, at least their diets in laboratory and field
conditions seem similar in nutrition to each other. In the present study, assessment of
differences in the skull growth of A. semotus  during the pre-weaning period under the
above two conditions was hampered by lack of specimens belonging to age class I
(sucklings) in the field. Therefore, the skull measurements used here were chosen from
those of specimens in age class II (days 26-35) in both laboratory and field conditions.
It is worthy of note that the age when young are weaned and become independent is
an important measure when considering patterns of parental investment (Millar et al.,
1986).

As given in Table 7, the comparison of skull growth between laboratory and field
conditions indicated that the mean values of the palatilar length, length of incisive
foramen,  length of upper diastema, breadth of rostrum, interorbital breadth, length of
mandible and length of lower molar series were significantly different. On the other
hand, since the greatest length regarded as the most suitable indicator did not signifi-
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Table 7. Comparison of 15 cranial measurements (Mean f SD) in age class II (days 26-35) between
laboratory and field conditions in Apodemus semotus.

Dimension* Laboratory
(n=7)

Field
(n=13)

Significance of
the difference

GL
CL
BL
PL
LIF
LUD
LUM
NL

25.25 AI 0.57
22.46 t 0.56
18.84 f 0.58
10.15 + 0.25
3.78 + 0.55
5.67 f 0.31
4.06 h 0.11
9.79 f 0.61

25.41 f 1.01
22.77 + 0.92
18.95 f 1.01
10.91 + 0.52
4.98 + 0.63
6.77 + 0.47
4.29 + 0.49
9.30 + 1.10

ns
ns

P <““o.OOl
P < 0.001
P < 0.001

ns
ns

BR
IB
ZB
BOF

3.93 + 0.33 4.33 + 0.21 P < 0.05
5.79 + 0.69 4.52 f 1.20 P < 0.01

12.15 -t 0.10 11.99 k 0.99 ns
4.83 + 0.13 4.46 f 1.18 ns

LM
LLM
HM

12.96 + 0.47 13.55 + 0.81 P < 0.05
3.12 k 0.33 4.28 k 0.17 P < 0.001
6.17 + 0.20 6.09 + 0.54 ns

*See text for explanation of abbreviations.
ns, not significant at the 0.05 level by the t-test.

cantly differ, it was proved that age class II established by tooth wear for field
specimens was real also from the viewpoint of skull growth, and consequently was
concordant with chronological age for laboratory specimens. The measurements of the
above characters with significant differences were longer in field specimens than in
laboratory ones, except for the interorbital breadth.

Ecological implications of the above difference in skull growth between laboratory
and field conditions can be explained as follows. First, the field specimens had a
stronger dorsal flexion of the anterior cranial base (longer in the palatilar length,
length of incisive foramen,  length of upper diastema and breadth of rostrum, and
shorter in the interorbital breadth) than did laboratory specimens, meaning the earlier
development of the olfactory structure relating to facilitation of finding food and a
mate in the field (Cowley, 1980). Second, the lengths of mandible and lower molar series
were longer in field specimens than in laboratory ones, suggesting an accommodation
for eating solid food much earlier in the field.

From the above consideration, the conclusion can be expressed as follows. The
rapid growth of the skull characters in A. semotus occurred on days O-24, especially in
bones related to the olfactory structure. After day 25, the width-related characters (the
braincase) were retarded in growth, and their dimensions showed a markedly negative
allometry. As to the skull variation in field specimens, the greatest length with the
lowest coefficients of variation had the greatest loading on the first principal compo-
nent and was regarded as the most suitable growth indicator. Comparison of the skull
growth in age class II (days 26-35) between laboratory and field conditions indicated
that the field specimens had a stronger dorsal flexion of the anterior cranial base, and
were longer in the lengths of mandible and lower molar series than did the laboratory
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specimens, meaning that the earlier development of the olfactory and mandible struc-
tures might be an accommodation for increasing survivals of young mice in the field.
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