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Intraspecific variations of the astragalar and calcaneal sizes in living

Japanese monkey (Macaca fuscata)
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Abstract.

The intraspecific variations of the astragalar and calcaneal sizes of living Japanese monkey, Macaca

fuscata (Mammalia, Primates, Cercopithecidae), were examined as an example to make basic data
in considering the variations of fossil mammalian bones. The specimens examined consist of 478
individuals (233 adult specimens: 112 males and 121 females; 245 juvenile specimens: 142 males and
103 females). The data consist of 12 measurements for both the astragalus and calcaneum with body
mass and molar sizes. Although there are sexual dimorphisms (male, larger; female, smaller) in all
measurements of these two bones of the adult specimens, the distribution of each measurement is not
clearly bimodal but generally unimodal. To see and compare the degree of variation, the coefficient of
variation (CV) is calculated. CVs of the adult astragalar and calcaneal sizes range from 6.5 to 9.1 and
from 6.9 to 10.8, respectively, implying that the variation of the calcaneal sizes appears to be slightly
higher than that of the astragalar sizes as a whole. These CVs of the adult astragalar and calcaneal sizes
are generally higher than those of the molars (4.9—6.6), implying that the intraspecific variations of these
two bones are higher than those of the molars in M. fuscata. The principal component analyses indicated
that the sexual dimorphisms of the adult astragalus and calcaneum were caused mostly by the overall
size of the bones. The correlation coefficient between the body mass and each adult astragalar and
calcaneal measurement ranges from 0.28 to 0.54, implying that the correlation between the body mass
and the adult astragalar and calcaneal sizes in M. fuscata is not very high. The allometric correlation
between the body mass and the astragalar and calcaneal sizes of the juvenile specimens are generally
high.
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Introduction

Among mammalian bones, the astragalus (talus,
ankle bone) and calcaneum (calcaneus, heel bone) are
relatively well studied in terms of taxonomy, phylogeny,
and functional morphology in primatology/physical
anthropology (Gebo et al., 1991, 2000, 2001; Dagosto
and Terranova, 1992; Rafferty et al., 1995; Nakatsukasa
et al., 1997; Seiffert and Simons, 2001; Ciochon et al.,
2001; Gunnell et al., 2002; Marivaux et al., 2003, 2010;
Ciochon and Gunnell, 2004; Gebo and Dagosto, 2004;
Gunnell and Ciochon, 2008; Dagosto et al., 2010; Parr et
al., 2011; Hébert et al., 2012; Jogahara and Natori, 2013;
Tsubamoto et al., 2016; Tsubamoto, 2019), paleontology

(Szalay, 1977; Martinez and Sudre 1995; Penkrot et al.,
2008; Bergqvist, 2008; Shockey and Anaya, 2008; Polly,
2008; Boyer and Bloch, 2008; Tsubamoto, 2014), and
archaeozoology (DeGusta and Vrba, 2003; Plummer
et al., 2008). Nevertheless, studies that precisely
investigated the intraspecific variations of these two
bones are few, so that the criteria or standards to discuss
the intra- and inter-specific variations of these two bones
in fossil mammals are still not very clear.

In this material report, as an example, | investigated
intraspecific variations of the astragalar and calcaneal
sizes in living Japanese monkey, Macaca fuscata (Gray,
1870) (Mammalia, Primates, Cercopithecidae), to
provide basic data in considering the variations of fossil
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Figure 1. Measurement positions of the astragalus and calcaneum of Macaca fuscata (Primates, Catarrhini, Cercopithecidae)
used in this study (after Tsubamoto, 2014, 2019; Tsubamoto et al., 2016). A, left astragalus: A,—A,, dorsal (anterior) view;
A, distal view; A,, lateral view; A;, medial view. Linear measurements.—AS1, medio-lateral width of the tibial trochlea;
AS2, proximo-distal length of the lateral trochlear ridge of the tibial trochlea; AS3, proximo-distal length of the medial
trochlear ridge of the tibial trochlea; AS4, medio-lateral width of the astragalus; AS5, proximo-distal length of the astragalus;
AS6, proximo-distal length of the central part of the tibial trochlea; AS7, medio-lateral width between the medial and lateral
trochlear ridges of the tibial trochlea; AS8, dorso-ventral thickness of the lateral part of the astragalus; AS9, dorso-ventral
thickness of the medial part of the astragalus; AS10, neck-head length; AS11, width of the head; AS12, thickness of the head.
B, left calcaneum: B, dorsal (anterior) view; B,, lateral view; B, distal view. Linear measurements.—CA1, calcaneal length;
CAZ2, calcaneal width at the astragalar articular surfaces; CA3, width of the posterior astragalar articular surface; CA4, width
of the posterior calcaneal body; CA5, width of the tuberosity; CA6, length of the posterior calcaneal body; CA7, length of the
posterior astragalar articular surface; CA8, width of the articular surface for the cuboid; CA9, height of the articular surface
for the cuboid; CA10, height at the posterior astragalar articular surface; CA11, height at the posterior calcaneal body; CA12,
height at the tuberosity.
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mammalian bones. M. fuscata was chosen as an example
because it is well studied (e.g., Fooden and Aimi, 2005)
and because many of its skeletal specimens are stored in
Japan.

Material and methods

The original data were taken from the skeletal
specimens of the subspecies Macaca fuscata fuscata
stored in Primate Research Institute, Kyoto University,
Inuyama, Japan. The specimens used here consist of 478
individuals (233 adult specimens, 112 males and 121
females; 245 juvenile specimens, 142 males and 103
females) (Appendix Table Al). These specimens are
chosen randomly as much as possible in the instutute.
The specimens having erupted third molars and/or fused
epiphyses of the long limb bones were identified as of
adult individuals. The juvenile specimens here mean
non-adult ones. For each astragalus and calcaneum, 12
measurements were taken (Figure 1). For comparison,
the body mass and length and width of the molars of
the individuals were also measured, and the body mass
of each individual was taken from the data base of the
institute. The units of the linear measurements and body
mass are millimeter (mm) and gram (g), respectively.
The linear measurements were taken to the nearest
of 0.01 mm using digital calipers and were measured
mostly on the left side when available. The analyses
were carried out mostly using Excel (Microsoft) and
JMP (SAS Institute Inc.), with VISUAL-SILVERMAN
(Kusuhashi and Okamoto, 2015) for Silverman’s test and
R ver. 3.5.1 (Ihaka and Gentleman, 1996; R Core Team,
2018) for multivariate allometry.

Abbreviations.—AS1-AS12, measurement points of
the astragalus (Figure 1A); CA1-CA12, measurement

Table 1. Basic statistics of the body mass (in gram) of
the adult specimens. V, variance (unbiased); SD, standard
deviation (unbiased); SE, standard error (unbiased); Max,
maximal value; Min, minimal value; N, sample size.

Adult all Adult male  Adult female
A% 6,262,269 5,216,556 2,704,276
SD 2,502 2284 1,644
SE 164 216 149
Mean 8,587 10,183 7,110
Median 8,500 10,000 7,000
Max 16,500 16,500 11,400
Min 3,200 5,300 3,200
Skewness 0.50 0.28 0.11
Kurtosis 0.15 0.27 -0.31
N 233 112 121
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points of the calcaneum (Figure 1B); CV, coefficient
of variation (unbiased); M1-M3/m1-m3, upper/lower
molars; PC1, first principal component; PC2, second
principal component; PCA, principal component
analysis; adjusted R® coefficients of determination
adjusted to the number of variables; RMA, reduced
major axis.

Results and remarks

Adult specimens

The basic statistics and distributions of all the
measurements of adult specimens are shown in Tables
1-4, Figures 2-5, and Appendix Figures A1-A2.

Size distribution and sexual dimorphism.—According
to Welch’s t test (5% significance level), there are
significant differences between males and females (sexual
dimorphisms: male, larger; female, smaller) in all adult
measurements of the body mass, astragalus, calcaneum,
and molars (Appendix Figures A1-A2). However, each
size distribution of the adult measurements including
the body mass and molars is superficially unimodal
generally (Figures 2—4). The tests of the normality
for the linear measurements and lognormality for the
body mass (5% significance level) were applied to
each measurement. Most of the measurements could
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Figure 2. Histogram and box plot of the body mass of the
adult specimens. The box plot shows quartiles with arithmetic
mean (diamond) and whiskers from minimum to maximum
with 0.5th, 2.5th, 10th, 90th, 97.5th, and 99.5th percentiles.
Green line indicates the fitting for lognormal distribution. F,
female; M, male.
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Table 2. Basic statistics of the astragalar measurements (in mm) of the adult specimens. AS1-AS12, measurement points of
the astragalus shown in Figure 1A; CV, coefficient of variation (unbiased). Other abbreviations are indicated in Table 1.

Adult all AS1 AS2 AS3 AS4 AS5 AS6 AS7 AS8 AS9 AS10  ASI1  AS12

(0% 7.20 7.44 6.96 8.08 6.50 729 7.85 7.04 7.68 8.19 8.12 9.08
v 0.84 1.33 1.08 2.02 2.37 091 0.61 0.80 0.94 1.17 0.85 0.78
SD 091 1.15 1.04 1.42 1.54 0.96 0.78 0.89 0.97 1.08 0.92 0.89
SE 0.060 0.076 0.068 0.093 0.101 0.063 0.051 0.059 0.064 0.071 0.060 0.058
Mean 1270 1550 1495 17.60 23.66 13.12 995 12,68 1264 1320 1134 9.75
Median 1272 1548 1492 1753 2365 13.07 998 12,65 1254 1322 1132 9.70
Max 15.17 1840 17.56 2372 2738 16.15 1224 15.04 1511 1579 1418 14.14
Min 10.61 11.56 1258 1398 1932 9.72 815 10.03 1026 10.04 8.99 7.93
Skewness -0.07  -0.03 0.16 048 0.09 -006 -0.11 0.08 026 -0.04 0.13 0.80
Kurtosis -0.67 0.17 -041 1.16 -048 025 -026 -032 -056 -031 0.01 247
N 233 233 233 233 233 233 233 233 233 233 233 233

Adult male AS1 AS2 AS3 AS4 ASS5 AS6 AS7 AS8 AS9 AS10  ASI1  ASI2

(6\% 4.55 5.51 548 6.50 437 5.70 5.34 5.23 5.60 6.00 547 7.79
v 0.37 0.80 0.73 1.44 1.17 0.61 031 048 0.56 0.70 043 0.64
SD 0.61 0.90 0.86 1.20 1.08 0.78 0.56 0.69 0.75 0.83 0.65 0.80
SE 0.057 0.085 0.081 0.113 0.102 0.074 0.053 0.066 0.071 0.079 0.062 0.076
Mean 1338 1627 1562 1848 2482 13.73 1045 1328 1336 1391 1197 1027
Median 1343 1621 1570 1837 2488 13.79 1044 1326 1343 1390 1193 10.13
Max 1517 1840 1756 2372 2738 16.15 1224 1504 1511 1579 1418 14.14
Min 1165 1389 1324 1642 2230 11.63 9.06 1147 1158 1207 10.71 8.90
Skewness -0.13 0.03 0.00 1.06 0.11 -0.11 0.32 0.02 -0.07 -0.03 0.55 1.40
Kurtosis 0.27 0.08 -0.19 3.13 0.06 045 0.74  -0.05 002 -026 0.39 4.59
N 112 112 112 112 112 112 112 112 112 112 112 112

Adult female  ASI AS2 AS3 AS4 AS5 AS6 AS7 AS8 AS9 AS10  AS11  ASI2

(0% 5.59 5.82 548 6.55 4.64 5.78 6.92 5.50 5.12 6.73 6.81 7.16
v 0.46 0.74 0.62 1.21 1.10 0.53 0.43 0.44 0.38 0.71 0.54 0.44
SD 0.68 0.86 0.78 1.10 1.05 0.73 0.66 0.67 0.61 0.84 0.73 0.66
SE 0.061 0.078 0.071 0.100 0.095 0.066 0.060 0.061 0.056 0.077 0.067 0.060
Mean 1208 1478 1433 1680 22.60 1255 948 1212 1197 1254 10.76 9.27
Median 1208 1485 1427 1681 2255 12.63 9.53 1214 1191 1258 10.73 9.33
Max 1371 1738 1659 2051 2509 1431 1076 14.18 14.07 1477 1378 11.73
Min 10.61 11.56 1258 1398 1932 9.72 8.15 10.03 1026 10.04 8.99 793
Skewness 0.17  -047 0.18 0.26 0.06 -0.62 0.00 0.06 033 -0.17 0.53 0.36
Kurtosis -0.23 148  -0.04 0.22 0.18 098  -0.78 0.36 088  -0.15 2.07 1.23
N 121 121 121 121 121 121 121 121 121 121 121 121
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Figure 3. Histograms and box plots of the astragalar measurements of the adult specimens. Red line indicates the fitting for
the normal distribution. Other abbreviations are shown in Figures 1-2.
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Table 3. Basic statistics of the calcaneal measurements (in mm) of the adult specimens. CA1-CA12, measurement points of
the calcaneum shown in Figure 1B. Other abbreviations are indicated in Tables 1-2.

Adult all CAl CA2 CA3 CA4 CAS CA6 CA7 CA8 CA9  CAlI0 CAll CAl2

Ccv 6.97 7.20 9.13 1081 8.65 10.20 9.00 6.89 8.71 7.66 7.76 8.68
v 6.36 143 0.65 0.79 091 1.70 1.03 0.68 0.55 1.40 1.09 1.95
SD 2.52 1.20 0.81 0.89 0.96 1.30 1.02 0.82 0.74 1.18 1.04 1.40
SE 0.167 0.079 0.053 0.059 0.063 0.086 0.067 0.054 0.049 0.078 0.069 0.092
Mean 36.19 16.63 8.85 820 11.04 1280 1129 1193 850 1546 1344 16.10
Median 36.01 16.61 8.81 8.16 1090 12.82 1124 11.89 847 1533 1339 16.03
Max 43.09 2046 1123 11.08 13.69 1684 14.18 1442 1072 1871 16.07 19.84
Min 3046 13.80 6.97 6.07 9.07 9.36 9.08 10.02 638 1254 10.60 13.14
Skewness 0.15 0.15 0.26 0.30 040 -0.12 0.34 0.29 0.29 0.23 0.25 031
Kurtosis -0.41 -026 -008 -026 -032 -0.03 -0.03 -0.24 023 -015 -0.11 -0.12
N 229 229 229 229 229 229 229 229 229 229 229 229

Adult male CAl CA2 CA3 CA4 CAS CA6 CA7 CA8 CA9  CAl10 CAll CAIl2

(6% 4.76 5.64 741 8.81 7.09 7.07 8.42 491 7.56 6.09 6.61 7.48
v 3.28 0.96 0.47 0.60 0.68 093 0.98 0.38 0.45 0.98 0.86 1.60
SD 1.81 0.98 0.69 0.77 0.83 0.96 0.99 0.61 0.67 0.99 0.93 1.26
SE 0.173  0.093 0.066 0.074 0.079 0.092 0.094 0.059 0.064 0.094 0.089 0.120
Mean 3805 1735 9.28 8.78 11.66 13.63 11.75 1252 887 1625 14.05 16.89
Median 37.82 1732 9.19 8.78 11.70 13.61 11.60 1249 882 1625 14.01 1690
Max 43.09 2046 11.04 11.08 13.69 1684 1418 1442 1072 18.71 16.04 19.84
Min 3420 15.10 7.61 6.86 9.80 11.19 9.54 1129 7.04 1361 11.68 13.61
Skewness 0.33 0.12 0.21 -0.19 0.15 0.18 0.31 041 0.35 0.12 0.04 0.15
Kurtosis -0.17 0.12  -0.28 0.72  -0.19 0.63 -041 0.09 036 -0.17 -048 -0.08
N 110 110 110 110 110 110 110 110 110 110 110 110

Adult female  CAl CA2 CA3 CA4 CAS CA6 CA7 CA8 CA9  CAl10 CAll CAI2

(O\% 5.02 6.09 8.33 7.83 6.38 9.07 7.73 5.13 7.66 5.59 6.22 7.04
A\ 3.00 0.95 0.50 036 045 1.19 0.70 0.34 0.39 0.68 0.64 1.17
SD 1.73 0.97 0.70 0.60 0.67 1.09 0.84 0.58 0.62 0.82 0.80 1.08
SE 0.159 0.089 0.065 0.055 0.061 0.100 0.077 0.054 0.057 0.075 0.073 0.099
Mean 3446 1596 8.45 7.66 1047 1203 1086 1139 8.15 1473 1288 1536
Median 3450 15.81 8.41 7.67 1043 1213 1093 1134 8.18 1475 12.89 1535
Max 3923 1932 1123 946 1243 1524 1296 13.85 995 17.03 16.07 1897
Min 3046 13.80 6.97 6.07 9.07 9.36 9.08 10.02 638 1254 10.60 13.14
Skewness 0.07 0.34 0.63 0.36 0.50 -0.11 0.07 0.66 026 -0.16 0.23 0.28
Kurtosis -0.21 0.36 1.45 0.62 041 -0.02 -0.20 2.11 0.49 0.15 1.57 0.30
N 119 119 119 119 119 119 119 119 119 119 119 119
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Figure 4. Histograms and box plots of the calcaneal measurements of the adult specimens. Abbreviations are shown in
Figures 1-3.
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Table 4. Basic statistics of the molar measurements (in mm) of the adult specimens. M1-M3/m1-m3, upper/lower molars; L,
maximal length; W, maximal width. Other abbreviations are indicated in Table 1-2.

Adult all MIL MIwW M2L M2W M3L M3IW mlL mlW m2L m2W m3L m3W
Ccv 492 5.16 5.78 549 6.37 5.57 6.03 547 5.83 6.07 6.61 6.07
v 0.15 0.16 0.28 0.25 0.35 0.25 0.21 0.11 0.27 0.21 0.58 0.22
SD 0.39 0.40 0.53 0.50 0.59 0.50 0.46 0.34 0.52 045 0.76 047
SE 0.027 0.027 0.036 0.033 0.040 0.034 0.031 0.023 0.035 0.031 0.051 0.032
Mean 7.99 7.78 9.17 9.05 9.33 9.00 7.69 6.19 8.93 748 11.55 7.73
Median 7.98 7.76 9.17 9.05 9.35 8.96 7.67 6.21 8.95 748 1151 7.73
Max 9.12 9.65 1039 1035 1130 1045 8.74 7.13  10.20 898 13.74 9.63
Min 7.02 6.68 793 7.77 7.61 7.68 6.54 5.29 7.86 6.26 9.16 6.27
Skewness 0.04 048 -0.08 -0.02 0.12 0.15 -0.07 0.03 0.12 0.40 0.04 031
Kurtosis -0.26 1.65 -038 -0.18 0.68 006 -026 -0.10 -0.28 0.40 0.29 1.14
N 219 219 222 221 221 220 219 219 221 221 220 221

Adult male MIL MIwW M2L M2W M3L M3IW mlL mlW m2L m2W m3L m3W

(6% 4.29 4.46 5.25 4.14 547 4.58 5.25 497 4.87 5.76 548 5.27
\% 0.12 0.13 0.24 0.15 0.27 0.18 042 0.32 045 0.44 0.65 042
SD 0.35 0.36 0.49 0.39 0.52 042 0.17 0.10 0.20 0.20 043 0.18
SE 0.034 0.034 0.047 0.037 0.050 0.041 0.040 0.031 0.043 0.043 0.063 0.041
Mean 8.18 8.00 9.37 933 9.56 9.27 793 6.34 9.17 769 1190 797
Median 8.24 7.97 931 9.29 951 9.23 7.99 6.35 9.13 765 11.84 7.95
Max 9.12 9.65 1039 1035 1130 1045 8.74 7.13 1020 898 13.74 9.63
Min 7.27 7.33 7.96 8.46 8.09 822 6.76 543 822 6.69 1046 6.96
Skewness -0.04 1.14  -0.27 031 043 037 -028 -0.17 033 0.34 0.26 0.72
Kurtosis -0.30 3.20 020 -0.21 1.76 023 -0.18 047  -0.20 047  -0.25 1.89
N 108 108 108 108 107 107 106 106 107 107 107 107

Adult female MIL MIW M2L M2W M3L M3W mlL mlW m2L m2W m3L m3W

Ccv 443 431 5.50 5.00 6.36 4.90 5.13 4.82 5.54 498 6.34 535
v 0.12 0.11 0.24 0.19 0.34 0.18 0.15 0.08 0.23 0.13 0.50 0.16
SD 0.35 0.33 0.49 0.44 0.58 043 0.38 0.29 048 0.36 0.71 0.40
SE 0.033 0.031 0.046 0.041 0.054 0.040 0.036 0.027 0.045 0.034 0.067 0.038
Mean 7.81 7.57 8.98 8.78 9.11 8.74 7.46 6.04 8.70 727 1121 7.51
Median 7.84 7.56 8.99 8.73 9.08 8.68 7.51 6.04 8.69 727 11.25 7.54
Max 8.83 838 10.24 996 1095 9.85 8.41 6.81 9.99 8.14 1352 8.77
Min 7.02 6.68 793 7.77 7.61 7.68 6.54 529 7.86 6.26 9.16 6.27
Skewness 0.10 -0.04 0.06 0.14 0.17 0.16 -026 -0.00 0.25 0.08 0.13 0.02
Kurtosis 0.08 -0.10 -054 -0.05 0.25 0.10 -0.09 -027 -041 -0.22 1.03 0.73
N 111 111 114 113 114 113 113 113 114 114 113 114
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Figure 5. Histograms and box plots of the molar measurements of the adult specimens. M1-M3/m1-m3, upper/lower molars;
L, maximal length; W, maximal width. Other abbreviations are shown in Figures 2-3.
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not reject the null hypothesis, but some measurements
rejected it (Table 5). To test the multimodality of each
adult measurement, Silverman’s test (5% significance
level) (Silverman, 1981, 1983) was applied. Most of
the adult measurements could not reject the unimodal
hypothesis, but two measurements (AS5 and width of
M1) rejected the unimodal hypothesis and could not
reject the bimodal hypothesis. The possible bimodality
of the width of M1 is caused by the upper outlier
(Figure 5; Appendix Figure A2). Although the possible
bimodality of AS5 was implied by Silverman’s test, the
normality of the distribution of AS5 was not rejected
(Table 5). In any case, we can see no clear bimodality
in each size distribution of the adult specimens (Figures
2-5). This result may suggest that if the size distributions
of any astragalus, calcaneum, or molars of fossil adult
primates show clear multimodalities, the differences
appear to be caused not by a sexual dimorphism but by
an interspecific variation. This hypothesis must be tested
in examining specimens on more diverse species.

Coefficient of variation.—To see and compare the
degree of variation, CV is calculated. CV of the adult
astragalar and calcaneal sizes ranges from 6.5 to 9.1
and from 6.9 to 10.8, respectively (Tables 2-4). If we
calculate CV separating the adult specimens into males
and females, CV of the adult astragalar and calcaneal
sizes ranges from 4.4 to 7.8 and from 4.8 to 9.1,
respectively. CVs of the adult astragalar and calcaneal
sizes are generally higher than those of the molars (all
adult, 4.9-6.6; separating males and females, 4.1-6.3;
Tables 2-4). This implies that the variations of the
calcaneal sizes in M. fuscata are roughly as high as those
of the astragalar sizes and that the variations of these two
bones are higher than those of the molars in M. fuscata.

PCA and sexual dimorphism.—PCA using
covariance matrices indicated that sexual dimorphisms
of the adult astragalus and calcaneum are mostly caused
by the overall size of each bone and had almost no other
morphological differences (Figure 6). In the astragalus,
the contribution rates of the PC1 and PC2 are ca. 80%
and ca. 5%, respectively; in the calcaneum, they are ca.
74% and ca. 8%, respectively. In each case, the sexual
dimorphism is explained mostly by the PC1, that is, their
overall sizes.

Correlation with body mass.—The correlation
coefficients between the body mass and the adult
astragalar and calcaneal measurements are generally
higher than those between the body mass and the molar
measurements (Table 6; Appendix Figure A3). The
correlation coefficient between the body mass and each
adult astragalar measurement ranges from 0.38 to 0.54;
that between the body mass and each adult calcaneal
measurement ranges from 0.28 to 0.54 (Table 6).
Therefore, the linear measurements of these two bones

Table 5. Goodness-of-fit tests of the fittings for the normal
and lognormal distributions of the adult specimens. The
normal test is for the linear measurements and the lognormal
test is for the body mass (BM). The Shapiro-Wilk and
the Kolmogorov-Smirnov tests were used for the tests of
normality and lognormality, respectively. *, p-value < 0.05;
** p-value < 0.01. Other abbreviations are shown in Figure
1 and Tables 1-4.

Normality Lognormality
(p-value) (p-value)
BM — 0.0313*
AS1 0.0413* —
AS2 0.6877 —
AS3 0.2607 —
AS4 0.0038** —
ASS 0.0682 —
AS6 0.7305 —
AS7 0.0439 —
AS8 0.6740 —
AS9 0.0045%* —
AS10 0.7618 —
AS11 0.8958 —
AS12 <0.0001** —
CAl 0.4655 —
CA2 0.5025 —
CA3 0.2990 —
CA4 0.0442%* —
CAS 0.0053** —
CA6 0.7768 —
CA7 0.0309* —
CAS8 0.1298 —
CA9 0.1872 —
CA10 0.3209 —
CAll 0.0581 —
CAl12 0.0587 —
M1L 0.7499 —
M1 W 0.0071** —
M2L 0.2292 —
M2 W 0.9386 —
M3 L 0.1201 —
M3 W 0.8213 —
ml L 0.4790 —
ml W 0.5945 —
m2L 0.1455 —
m2 W 0.0689 —
m3 L 0.7681 —
m3 W 0.1074 —
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No. value bution No. value bution
rate (%) rate (%)
1 10.9 79.7 1 13.7 73.9
2 0.7 5.4 2 1.4 7.8
Eigenvector Eigenvector
PC1 PC2 PC1 PC2
AS1 0.256 -0.034 CA1l 0.653 -0.502
AS?2 0.324 -0.191 CA2 0.265 0.074
AS3 0.281 -0.005 CA3 0.161 0.159
AS4 0.395 -0.340 CA4 0.180 0.250
AS5 0.435 0.179 CA5 0.213 0.211
AS6 0.270 -0.125 CAG6 0.275 -0.501
AS7 0.199 -0.041 CA7 0.194 0.262
AS8 0.248 0.043 CA8 0.188 0.101
AS9 0.277 -0.023 CA9 0.135 0.118
AS10 0.222 0.885 CA10  0.290 0.228
AS11 0.248 -0.040 CAll 0.237 0.301
AS12 0.209 -0.098 CA12 0.304 0.352

Figure 6. Results of the principal component analysis using covariance matrices for all adult specimens of the astragalus (AS1-
AS12) and calcaneum (CA1-CA12) (Figure 1). PC1, the first principal component; PC2, the second principal component; red F,
female; blue M, male.
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are positively correlate with the body mass, although
the correlation is not very high. Also, the correlation
between the body mass and the adult astragalar and
calcaneal sizes are slightly higher generally than that
between the body mass and the molars (0.27-0.41).
Therefore, in M. fuscata the differences of the body mass
of the individuals can be roughly estimated from the
differences of the astragalar and calcaneal sizes, although
it is difficult to estimate precisely the differences of the
body mass based on the differences of the sizes of these
two bones.

Juvenile (non-adult) specimens

CA1 and CA®6 can be measured for the specimens
of which epiphysis is at least partly fused (Figure 1B).
Therefore, the data of CA1 and CAG6 of the juvenile
specimens are biased toward the elder (larger) specimens,
and many of the data of CA1 and CAG in the juvenile
specimens are lacking (Appendix Table Al). Hence,
CA1 and CAG6 are excluded from the analyses below
because those data are not enough for the analyses.

Table 6. Pearson’s correlation coefficient between the
body mass and each measurements of the adult specimens.
Abbreviations are shown in Figure 1 and Tables 1-4.

AS1 0519 M1L 0.290
AS2 0476 M1 W 0.353
AS3 0517 M2 L 0.245
AS4 0.382 M2 W 0.410
ASS 0.485 M3 L 0.240
AS6 0.433 M3 W 0374
AS7 0420 ml L 0363
AS8 0.473 ml W 0.291
AS9 0.536 m2L 0.269
AS10 0.481 m2 W 0.292
AS11 0.442 m3 L 0311
AS12 0.440 m3 W 0.304
CAl 0470
CA2 0.369
CA3 0.383
CA4 0.497
CAS 0.448
CA6 0.438
CA7 0.281
CA8 0.536
CA9 0.351
CA10 0477
CAll 0.445
CAl12 0.452

Correlation with body mass.—The bivariate plots
between the juvenile astragalar or calcaneal sizes and
the body mass in natural log scale show that there are
good positive allometric correlations between them
(Figures 7-8; Table 7). Adjusted R® values of the least
square axes between them are larger than 0.78; (Figures
7-8; Table 7). On the RMA slopes, no significant sexual
dimorphism was observed. The RMA slopes (isometry
= 3) except varies from 1.8 to 3.2 (Figures 7-8; Table
7), implying the differences of growth rate among the
measurements.

Multivariate allometry.—The analysis of multivariate
allometry (Jolicoeur, 1963; Corruccini, 1983) was
applied for the juvenile astragalus and calcaneum,
respectively. This analysis is sometimes used in
primatology (Mouri and Nishimura, 2002; Natori,
2002a, 2002b). To the growth of the overall size of the
astragalus, AS1, AS5, AS7, AS10-AS12 are undergrowth

Table 7. Several values of the relationship between the body
mass and each measurement of the all juvenile specimens.
All measurement values are natural log-transformed. LSA,
least square axis; adjusted R?, coefficients of determination
adjusted to the number of variables; RMA, reduced major
axis, CL, confidence limit with significance level of 0.05.

.LSA RMA  RMA RMA RMA
adjusted . slope slope

R intercept slope Jower CL  upper CL
AS1 0.860 121 2.89 275 3.05
AS2 0.885 326 195 1.87 2.04
AS3 0.868 344  1.89 1.80 1.99
AS4 0.886 2.08 229 2.19 2.40
ASS 0.879 026 2.63 251 2.76
AS6 0.866 382 184 1.75 1.93
AS7 0.850 292 242 2.30 2.56
AS8 0.888 348 203 1.94 2.13
AS9 0.899 301 224 2.14 2.33
AS10 0.806 036 321 3.02 341
AS11 0.869 2.13  2.68 2.55 2.81
AS12 0.875 3.02 247 235 2.59
CA2 0.880 273 2.09 2.00 2.19
CA3 0.863 332 246 2.34 2.59
CA4 0.838 272 295 2.79 3.12
CAS 0.856 329 229 2.16 242
CA7 0.841 220 2.64 2.50 2.79
CA8 0.859 271 242 229 2.56
CA9 0.784 2.82 270 251 2.90
CA10  0.881 131 275 2.63 2.88
CAll 0.871 140 2385 2.72 3.00
CAl12  0.849 230 232 2.19 246
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Figure 7. Scatter plots of body mass versus AS1-AS12 (Figure 1A) of the all juvenile specimens. All values are natural log-
transformed. Red plots, female; blue plots, male; green line, reduced major axis (RMA); LSA, least square axis.
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Figure 8. Scatter plots of body mass versus CA1-CA12 (Figure 1B) of the all juvenile specimens. All values are natural log-
transformed. Other abbreviations are indicated in Figure 7.
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Table 8. Allometry coefficients and their 95% upper and lower confidence limits divided by isometric value for the 12
measurements (AS1-AS12) of the astragalus and the 10 measurements (CA2—-CA5 and CA7-CA12) of the calcaneum of the
juvenile specimens. The isometric value for the astragalus is 1/712; that for the calcaneum is 1/Y10. In the table, isometry = 1.

ASI _AS2 _ AS3 AS4 AS5 AS6 AS7 AS8  ASO ASI0 ASI1 ASI2

upper confidence limit 077 115 118 099 085 122 092 111 099 066 084 090

allometry coefficient 079 1.17 121 100 087 125 094 113 102 069 085 092

divided by isometric value

lower confidence limit 080 120 123 101 089 128 096 115 105 072 087 095
CA2 CA3 CA4 CA5 CA7 CA8 CA9 CAI0 CAll CAI2

upper confidence limit 120 099 084 108 085 102 089 090 084 104

allometry coefficient 122 101 087 111 089 105 093 092 086 107

divided by isometric value

lower confidence limit 124 103 091 115 092 1.08 096 095 0.89 1.09

(allometry coefficient < 1); AS4 and AS9 are isometric
(~ 1); and AS2-AS3, AS6, and AS8 are overgrowth (> 1)
(Table 8). As growing up, the proportion of the astragalus
changes as follows: the length and neck shortens, the
head becomes smaller, the trochlea becomes narrower
and longer. To the growth of the overall size of the
calcaneum, CA4, CA7, and CA9-CA11 are undergrowth
(< 1); CA3 is isometric (~ 1); and CA2, CA5, CA8, and
CA12 are overgrowth (> 1) (Table 8). As growing up,
the proportion of the calcaneum changes as follows: the
body becomes lower except for the tuberosity and does
wider, and the tuberosity becomes higher.

Concluding remarks

Here, | investigated intraspecific variations of the
various astragalar and calcaneal sizes in living M.
fuscata. The results will be basic data in interpreting
the variations of mammalian astragali and calcanea
discovered in paleontological and archaezoological sites.
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Appendix

Appendix (Table Al and Figures A1-A3) is available
from http://www.sci.ehime-u.ac.jp/wp/research/bulletin/.
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