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Abstract: We examined the morphological patterns of long limb bones in the
Lesser Bandicoot rat (Bandicota bengalensis) using univariate, bivariate and
multivariate statistical analyses. A total of 18 morphometric measurements were
taken using 30 adult specimens (11 males and 19 females) of B. bengalensis. The
univariate analysis revealed non-significant right-left difference in the longest limb
bones. Therefore, right side limb bones were used for further analyses. For most of
the limb bone measurements, the mean values of the males were slightly larger
than that of the females. However, the coefficient of variation did not differ
significantly between the sexes. Most measurements of the fore limb and hind
limb bones were significantly correlated with the length of respective bones.
Allometric analysis exhibited isometry for many of the variables of humerus, ulna,
femur, and tibia against the length of respective bones. These trends were also
implied by the principal component analysis, as high factor loadings were
observed for 80% and 75% variables of the forelimb and hindlimb, respectively.
The epicondylar regions of the stylopodial bones (humerus and femur) and the
width of radius showed non-significant correlation and/or negative allometry.
Finally, our results suggest slightly male-biased sexual size dimorphism in the
long limb bones and the growth patterns of the bone parts are greatly variable

might be linked to the individual bone functions.
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INTRODUCTION

The bone is living tissue that constitutes the skeletal parts in most of the
vertebrates (Lee and Einhorn 2001). It provides a frame to support the bodies
and contributes to forming the animal body shape (Lee and Einhorn 2001; de
Buffrénil et al. 2021). The limb bones are important parts of the appendicular
skeleton, which remain connected to the axial skeleton through the pectoral and
pelvic girdles (Jones et al. 2013). The forelimbs and hindlimbs are two major
parts of the limb bones (Jones et al. 2013). Humerus, radius, and ulna are the
main parts of the upper-limb skeleton (Casteleyn and Bakker 2019).
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The humerus is the longest bone of the forelimb and mostly consists of a
proximal extremity, a shaft, and a distal extremity (Olawoye 2011; Kabakci et al.
2017). Radio-ulna remains joined with one another and is situated between the
elbow and carpus (Olawoye et al. 2011). At the distal end of the radio-ulna, the
styloid process is eventually developed (Olawoye et al. 2011). Femur, tibia, and
fibula are the long bones, among the hind limb parts (de Aratjo et al. 2012). The
hind limb is structured in a way where the proximal part of the femur
articulates with the acetabulum of the pelvic girdle through the femoral head
and articulates distally with the tibia-fibula (Rommel and Reynolds 2009). The
femur is robust and cylindrical structure and contains the femoral head and
trochanters in the proximal part (Pérez et al. 2017). Besides, fibula is a slender
structure and remains fused with tibia (Salami et al. 2011).

The growth rates of limb bone parts generally exhibit quick divergence in
rodents (Cooper 2019). The enlargement of the long bones of the forelimb and
hindlimb is typically faster than the shorter bones (Rolian 2008; Cooper 2019).
Although limb bone morphology in rodents and other mammalian species has
been studied by several researchers (Kuncova and Frynta, 2009; Olawoye et al.
2011; de Aratjo et al. 2012; Coutinho et al. 2013; Janis and Martin-Serra 2020;
Montoya-Sanhueza et al. 2020), most of them emphasized on details of the
variation of postcranial structure, locomotory behavior, evolutionary diversity,
and functional anatomy. However, along with growth patterns of the limb bones
with body size, growth patterns of the limb bone parts against the length of
respective bones are important to understand the anatomical structures of the
appendicular skeleton. The sex differences of the long limb bones and their parts
are also important in morphological analysis. Moreover, vertebrate limbs are an
ideal system to investigate the relationship between the organisms and their
environment, as these anatomical units are primarily used for locomotion
(Biewener 1990; Cooper 2019).

B. bengalensis is a murid rodent and a predominant rat of South Asia
(Pacheco 2019). It is widely distributed in Bangladesh and considered the most
problematic rodent species (Chakma 2009). In Bangladesh, some morphometric
relationship of B. bengalensis was only described by Khalequzzaman and
Hossain (1999) from a store house at the Natore district. Besides, the detail
morphological analysis of the limb bones of B. bengalensis has not yet been
studied in Bangladesh. Therefore, the purpose of our study is to provide a
greater understanding of the variation of long limb-bone morphology in B.
bengalensis using several statistical analyses.

MATERIAL AND METHODS

Studied specimens: This study was carried out at the campus of the
University of Chittagong during October 2021 to October 2022. A total of 30
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adult specimens (11 males and 19 females) of B. bengalensis were analyzed,
which were captured from the Chittagong University campus and its
surrounding area followed by the guidelines of the American Society of
Mammologists (Gannon et al. 2007). The eruption and wears of the molar teeth
were used to determine the age of the specimens (Voss and Marcus 1992).
Moreover, the mammary glands in females and the penis in males served as the
indicators of the sexes of B. bengalensis (Shoma et al. 2015). The Animal Ethics
Review Board (AERB) of the Faculty of Biological Sciences, University of
Chittagong [Reference number—-AERB-FBSCU-20230202-(2)] has provided
ethical approval for conducting this study.

Bone preparation: Bone preparation is a process where different steps like
removing soft tissues from the bone, washing the bone, drying the bone, bone
articulation and entitling are included (Onwuama et al. 2012). In this study,
bones were prepared using the chemical method (Onwuama et al. 2012). After
euthanizing, the specimens were dissected using scalpel, forceps, and scissors.
Then the fleshes were removed as much as possible from the bones. The bones
were then dipped into several buckets which contained 3% and 5% NaOH
solution and kept the buckets under the sun for several hours. After a few hours
the bones were collected and washed out thoroughly in running water. Then the
bone parts were dried.

Bone measurements: A total of 18 measurements were taken for the limb
bone parts (humerus, radius, ulna femur, and tibia) of the appendicular
skeleton following several previous studies with slight modification (Kuncova
and Frynta 2009; Coutinho et al. 2013; Woodman and Stabile 2015) (Fig. 1). For
the forelimb bones, we measured four parameters for the humerus: deltoid
length of humerus (DLH), width of humerus (WH), diameter of the epicondyles of
humerus (DEH), and length of humerus (HL); two for the radius: length of radius
(LR) and distal width of radius (RDW); as well as four for the ulna: total length of
ulna (UL), functional length of ulna (FUL), olecranon length (OL), and width of
ulna (WU) (Fig. 1). For the hindlimb bones, five parameters were measured for
the femur: femur length (FL), functional femur length (FFL), width of femur (WF),
distal extension of the greater trochanter (DMT), and epicondylar breadth of the
distal femur (FEB); and three for the tibia: tibia length (LT), proximal tibial
length (LT1), and distal width of tibia (TDW) (Fig. 1). All measurements were
taken using slide calipers of an accuracy of 0.1 mm.

Statistical analyses: We calculated the arithmetic mean (M), standard
deviation (SD), and coefficient of variation (CV) for all measurements of long
limb-bone morphology. We used the Mann-Whitney U-test to analyze the
significance of right-left difference in the longest limb bones and sexual
dimorphism for each variable (Biswas and Motokawa 2019; Biswas et al. 2020).
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Fig. 1 Measurements of fore-limb bones [(a) humerus, (b) ulna and (c) radius] and hind-limb bones
[(d) femur and (e) tibia] in Bandicota bengalensis.

The Pearson correlation coefficient was used to examine the correlation patterns
of limb bone variables with the total length of the respective bones (Motokawa et
al. 2003; Suzuki et al. 2012). Moreover, Allometric analysis was conducted for
combined data set of both sexes. This analysis was done for the limb bone parts
(humerus, radius, ulna, femur, and tibia) separately. The total length of
humerus (HL), radius (RL), ulna (UL), femur (FL), and tibia (LT) were used as an
independent variable in this analysis (Suzuki et al. 2011). An allometric formula,
log y = a log x + B, was used in our study, where y is the morphological traits of
interest, a is the coefficient of allometry, and x is the independent variable
(Huxley and Teissier 1936; Suzuki et al. 2012; Biswas and Motokawa 2019). The
coefficient of allometry was assessed using the ordinary least-square (OLS)
regression (Biswas and Motokawa 2019).

We also conducted the principal component analysis (PCA) to analyze the
intraspecific variation of limb bone variables based on the correlation matrix of
log-transformed data (Motokawa et al. 2003; Biswas et al 2020). The
significance level for all statistical tests was set at 5%. A statistical program,
PAST (ver. 4.12b) (Hammer et al. 2001), was used to analyze the morphological
data of the long limb bones.

RESULTS AND DISCUSSION

Patterns of overall variation in long limb bones: The summary statistics of the
humerus, radius, ulna, femur, and tibia are presented in Table 1. No significant
difference was found between the right and left side variables of the total length
of the humerus (Mann-Whitney U = 433.5, P > 0.05) and femur (Mann-Whitney
U = 428, P > 0.05). Therefore, the right sided values were used for further
analyses.
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The overall length ranged from 20.6 to 25.0 mm (mean: 23.14; SD: + 1.14) in
humerus, 18.3 to 21.7 mm (mean: 19.94; SD: + 0.87) in radius, and 23.2 to 27.3
mm (mean: 25.32; SD: £ 1.12) in ulna (Table 1). Moreover, the length varied
from 25.3 to 34.3 mm (mean: 30.44; SD: * 1.76) in femur and 27.4 - 34.1 mm
(mean: 31.30; SD: £+ 1.51) in tibia (Table 1).

Sex differences in long limb bones: Descriptive statistics revealed that mean
values of the males were slightly larger than the females for most of the variables
in humerus, radius, ulna, femur, and tibia (Table 1). In males, the humerus
length ranged from 21.8 to 25.0 mm (mean: 23.75; SD: + 0.98), radius length
ranged from 18.5 to 21.3 mm (mean: 19.96; SD: + 0.92), and the length of ulna
ranged from 23.6 to 27.0 mm (mean: 25.26; SD: + 1.18) (Table 1). In females,
the length varied form 20.6 — 25.0 mm (mean: 22.79; SD: + 1.11) for humerus,
18.3 to 21.7 mm (mean: 19.92; SD: + 0.87) for radius, and 23.2 to 27.3 mm
(mean: 25.29; SD: * 1.11) for ulna (Table 1).

The femur length ranged from 25.3 to 32.5 mm (mean: 30.56; SD: + 2.17) in
males and 27.5 - 34.3 mm (mean: 30.36; SD: + 1.54) in females (Table 1).
Moreover, the length of tibia varied from 27.3 to 33.5 mm (mean: 31.77; SD: +
1.77) in males and 29.0 - 34.1 mm (mean: 31.02; SD: £ 1.31) in females (Table
1). Significant differences between the males and females were detected for three
variables [DLH (U = 49, P <0.05), DEH (U = 53, P < 0.05) and HL (U = 55, P <
0.05)] in humerus, one variable [FEB (U = 46.5, P < 0.05)] in femur, and one
variable [TDW (U = 51.5, P < 0.05)] in tibia. However, there were no significant
differences in CV values between the males and females in humerus (U = 7; P =
0.885), ulna (U = 6; P = 0.665), femur (U = 6; P = 0.210) and tibia (U = 3; P =
0.663).

Our results showed that the long bones were larger in males than females of
B. bengalensis. Univariate analysis demonstrated that most variables of
humerus were significantly larger in males than those of females, which
supporting previous findings (de Bakker et al. 2018; Khan et al. 2020). In
identifying sex, the maximum length of the humerus showed the accuracy of
81% and 94% in the males and the females, respectively (Khan et al. 2020).
Epicondylar breadth showed the accuracy of 78% and 67% in the males and the
females, respectively to identify the sex (Khan et al. 2020). Epicondylar breadth
was also found to be the best indicator in discriminating between the sexes (Soni
et al. 2013). de Bakker et al. (2018) also reported that adult male rats possessed
larger and stronger bones. Sexual selection and defense of a territory are
typically believed as two important factors for the sexual size dimorphism in
mammals (Ralls 1977). Extensive studies would be desirable to explain the
evolutionary factors of sexual size differences in long limb bones. However, CV
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values did not differ significantly between the sexes. This pattern was also
reported for the variables of skull morphology in other rodents (Sather 1956;
Pankakoski et al. 1987; Biwas and Motokawa 2019; Biswas et al. 2020).
Therefore, variability patterns might be similar, despite having male-biased sex
differences in the long bones of B. bengalensis (Biswas and Motokawa 2019).

Correlation and allometric patterns of limb bones: As coefficient of variation
did not differ significantly between the males and females, correlation patterns
were evaluated for the combined data sets of both sexes. In humerus, all
variables showed strong positive correlation with HL. Among three variables,
DLH had large correlation coefficients (r > 0.8) (Table 2). The allometric
coefficients ranged from 0.439 (DEH) to 0.983 (DLH) (Table 2). Among three
variables of humerus, isometry was found for the DLH and WH; negative
allometry was detected for the DEH (Table 2). In radius, RDW showed non-
significant correlation with RL (Table 2), therefore allometric pattern was not
evaluated for this variable. In ulna, all variables showed significant correlation
with UL. Among the variables, FUL showed large correlation coefficients (r > 0.8)
(Table 2). The allometric coefficients ranged from 0.947 (FUL) to 1.473 (OL). The
result of allometric coefficients demonstrated that three variables of ulna showed
isometry against UL (Table 2).

In femur, three variables (FFL, WF, DMT) showed significant correlation with
FL (Table 2). Among the correlated variables of femur, FFL exhibited large
correlation coefficients (r > 0.8) (Table 2). The allometric coefficients ranged from
0.958 (DMT) to 1.298 (WF). The allometric patterns indicated isometric
relationship for all correlated variables (FFL, WF and DMT) against FL (Table 2).
In tibia, LT1 and TDW showed very significant correlation with LT (Table 2). Out
of two variables, LT1 showed a large correlation coefficient (r > 0.8). The
allometric patterns also exhibited isometry for these two variables (LT1 and
TDW) with LT (Table 2).

Principal component analysis: In the fore-limb bones, the first four principal
components explained 89.25% of the total variation (Table 3). Among these
components, PC 1 accounted for the largest variance (61.43%) and PC 2, PC 3,
PC 4 explained 11.43%, 9.38% and 7.02% of the variances, respectively (Table
3). PC 1 demonstrated high factor loadings (> 0.50) for three variables (DLH, WH
and HL) in humerus, for all variables (UL, FUL, OL and WU) in ulna, and for one
variable (RL) in radius (Table 3). Two scatter plots were prepared using scores of
the 1st and 2nd (PC 1 and PC 2) and 2rd and 3 (PC 2 and PC 3) principal
component variables (Fig. 2). These plots displayed that the values mostly
overlapped between the sexes (Fig. 2).

In hind-limb bones, the first four components accounted for 94.03% of the
total variance, of which PC 1 explained 60.77% of the variation (Table 4). PC 1
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Table 2. Correlation and bivariate allometric analysis of limb bone morphology in Bandicota
bengalensis based on log-transformed combined data of sexes, in which HL, UL, RL, FL, LT
were acted as the independent variable for the variables of humerus, ulna, radius, femur, and
tibia, respectively (r, Pearson’s correlation coefficient; r2, Coefficient of determination; a,
Allometric coefficient; I, Isometry, N, Negative allometry, n.s., non-significant, and Piso,

Deviation from isometry)

Bones Variables r r2 P a t Piso
Humerus DLH 0.861 0.742 <0.05 0.9831 8.976 > 0.05
WH 0.615 0.378 <0.05 0.9491 4.128 > 0.05
DEH 0.424 0.179 <0.05 0.439N 2.475 <0.05
Ulna FUL 0.955 0.912 <0.05 0.9471 17.011 > 0.05
OL 0.642 0.412 < 0.05 1.473 1 4.426 > 0.05
WU 0.713 0.508 <0.05 0.9871 5.379 > 0.05
Radius RDW 0.249 0.062 0.185 0.500n.s - -
Femur FFL 0.983 0.967 <0.05 0.9701 28.513 >0.05
WF 0.780 0.609 < 0.05 1.298 1 6.599 > 0.05
DMT 0.519 0.270 <0.05 0.9581 3.217 > 0.05
FEB 0.055 0.003 >0.05 0.064n.s. - -
Tibia LT1 0.901 0.811 <0.05 0.999 1 10.774 > 0.05
TDW 0.501 0.251 <0.05 0.9141 3.062 > 0.05

Table 3. Results of principle component analysis based on correlation matrix of log-
transformed data of fore-limb bones (high factor loadings (> 0.50) are displayed in bold)

Bones Variables PC1 PC 2 PC 3 PC 4
Humerus DLH 0.813 0.249 0.221 -0.368
WH 0.742 0.0003 -0.088 0.266

DEH 0.499 0.185 0.689 0.448

HL 0.913 0.042 0.137 -0.272

Ulna UL 0.936 -0.305 -0.050 0.055
FUL 0.889 -0.393 0.157 -0.044

OL 0.671 0.151 -0.506 0.427

WU 0.813 0.118 -0.312 -0.181

Radius RL 0.907 -0.328 -0.058 -0.009
RDW 0.499 0.808 -0.059 -0.033
Eigenvalues 6.142 1.143 0.938 0.702
Variance (%) 61.425 11.431 9.376 7.018

Table 4. Results of principle component analysis based on correlation matrix of log
transformed data of hind-limb bones (high factor loadings (> 0.50) are displayed in bold)

Bones Variables PC1 PC 2 PC 3 PC 4
Femur FL 0.972 0.032 -0.139 -0.065
FFL 0.962 0.013 -0.153 -0.056

WF 0.825 -0.303 -0.060 0.142

DMT 0.629 -0.283 0.277 0.637

FEB 0.051 0.938 0.032 0.319

Tibia LT 0.931 0.214 0.009 -0.172
LT1 0.904 0.111 -0.273 -0.137

TDW 0.477 0.078 0.827 -0.280
Eigenvalues 4.861 1.117 0.882 0.663
Variance (%) 60.766 13.957 11.024 8.285
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demonstrated high factor loadings (> 0.50) for all variables in femur (except FEB)
and for two variables of tibia (LT and LT1) (Table 4). The scatter plots of first and
second principal components (PC 1 and PC 2) and second and third components
(PC 2 and PC 3) showed that the values of males and females are overlapped
(Fig. 3).
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Fig. 2 Scatter plots of the 1st and 2nd (a) and 2nd and 3rd (b) principal component scores for the
parameters of the fore-limb bones in Bandicota bengalensis. The male and female specimens are
denoted by the solid and open circles, respectively.
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Fig. 3 Scatter plots of the 1st and 2nd (a) and 2nd and 3rd (b) principal component scores for the
parameters of the hind-limb bones in Bandicota bengalensis. The male and female specimens are
denoted by the solid and open circles, respectively.

We found that most variables of the long bones showed significant
correlation with the length of respective bones. Moreover, bivariate allometric
analysis indicated isometry for two variables in humerus, three variables in
ulna, three variables in femur, and two variables in tibia. These patterns were
also supported by the principal component analysis, as PC 1 showed high
factors loading for 80% and 75% variables of the forelimb and hindlimb,
respectively. PC 1 has been considered as the size component and high factor
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loadings in PC 1 indicated that if one of the morphological parameters increases
in size then the other parameters tend to increase (Biswas et al. 2020). These
bone parts might have a role in muscle attachment and the morphological
characteristics linked to muscle attachment showed strong allometry (Doube et
al. 2009; Zhang and Ge 2014; Biswas and Motokawa 2019). However, non-
significant correlation was found for the epicondylar region of the femur and the
width of radius. Moreover, the epicondylar region of the humerus showed
negative allometry with the humerus length. Non-linear scaling was also
described in long bone curvature of other mammals (Bertram and Biewener
1990; Garcia and da Silva 2006). These patterns might be related to the
functional stress on these regions of the stylopodial bones (Doube et al. 2009).
These parts might have effective use for supporting loadings modes like bending
and torsion during locomotion (Doube et al. 2009). Garcia and da Silva (2006)
also reported that allometric patterns of the mammalian long-bones are
influenced by bending loads. Therefore, correlation and allometric analyses
suggested that growth patterns of the bone parts were not uniform, as no animal
grows isometrically during the ontogenetic development (Cooper 2019).

CONCLUSION

This study demonstrated that the long limb bones were relatively larger in
males than females of B. bengalensis, which could be explained by sexual
selection. Furthermore, growth patterns of the bone parts were greatly variable
and associated with functional requirements of the individual bones.
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