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Summary

In this study, indices and ratio calculations were performed using osteometric measurements of the long
bones (humerus, radius, femur, tibia) of the thoracic and pelvic limbs in domestic cats. For this purpose, the
bones of a total of 55 adult animals, comprising 33 males and 22 females, were used. Sexual differences were
observed in osteometric measurements at a level of significance of p <0.05, while no gender-related differences
were observed in index values. The intermembral and humerofemoral index values were determined to be
89.83 + 3.22 and 94.42 + 5.46, respectively, while the brachial and crural index values were determined to be
96.65 + 3.54 and 106.55 + 6.63, respectively. The intermembral and humerofemoral indices obtained showed
that the pelvic limbs of domestic cats were longer than the thoracic limbs. In domestic cats, both the thoracic
and pelvic limbs had different activities in hunting, movement, and habitat strategies. A low brachial index
indicated hunting manipulation and climbing movements requiring strength, while a high crural index and
low intermembral index supported jumping and agility capacities. The data obtained were believed to serve as
areference for veterinary practice and zooarchaeological approaches, in addition to understanding the habitat

strategy of domestic cats in urban life.
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Body weight plays an important role in the mechani-
cal requirements of movement and skeletal support
(4, 5). Changes in body size manifest themselves either
in the dynamic functions of organisms or in changes
in the form or characteristics of skeletal structures.
Locomotor differences between different mammalian
species also bring about certain changes in the skeletal
system. In bipedal (two-legged) or quadrupedal (four-
legged) locomotion, changes in the stress load on the
thoracic or pelvic limbs are observed (4). It has been
reported that changes in skeletal bone size are accom-
panied by a large increase in body size, thereby safely
supporting the increased power (5). The shape of the
bones and the organisation of the muscles associated
with this also affect the distribution of mechanical
stresses on the skeleton. This gives rise to differences
in locomotion among animals. For example, while
some animals can be observed climbing trees (e.g.,

cats, squirrels), others (e.g., horses) lack this ability.
This is because the skeletal system of animals must
regularly resist the effects of pressure and force dur-
ing locomotion (5). All above-mentioned remarks also
include the morphology of cat’s skeleton.

In Felidae species, the thoracic and pelvic limbs
play an active role not only in locomotion but also in
hunting strategies. The long ratios of modern felids
have been widely used (2) to relate the locomotive
ability of some extinct species (e.g., sabre-toothed
cats) to behavioural and ecological strategies (14).
To this end, knowledge of limb ratios and indices can
determine whether extinct species employed running
or ambush hunting strategies (2) and can also reflect
their preference for open or closed habitats (2, 3). The
brachial index has been particularly useful in determin-
ing habitat preferences, and it has been suggested that
low values of this index indicate hunting strategies
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in closed habitats, while high values indicate hunting
strategies in open habitats (3).

Not only domestic cats (Felis catus) but also other
big cats (such as Panthera leo, Panthera pardus,
Panthera onca) have significant thoracic and pelvic
limb morphometry and proportions, which are crucial
in determining the habitat use and hunting strategies
of these felids (14). To this end, the effective roles of
the thoracic and pelvic limb have been investigated.

In cats, the thoracic limbs are considered an impor-
tant part of the apparatus for catching and killing prey.
Therefore, linear morphometry of the thoracic limbs
has been used to determine morphological differences
according to different prey types (large, small and
mixed prey) (24). When evaluating the relative length
of the bones within the thoracic limbs across different
animal species, such as hyenidae, graffidae, bovidae,
and cervidae, a proportionally short humerus is noted
(28). However, members of the Felidae family are
considered hyper-carnivorous animals because they
show very little variation in prey selection and prey size
in their diet. Indeed, it has been reported that because
members of this family use two different modules for
hunting, namely the cranial and thoracic limb modules,
it is likely that the morphology of both the skull and
thoracic limbs reflects the size of the prey they kill (24).
This can be documented by examining the morphology
of long bone ratios within the thoracic limb module
(13, 14, 32). However, the length or shortness of limbs
is an effective factor in hunting strategy. Long limbs
are less robust because they are less effective at hold-
ing prey. However, long limbs enable large felines to
reach maximum speed over distance (22).

Differences in hunting strategies between large and
small carnivores should have functional consequences
on the morphology of the thoracic limbs. Large carni-
vores should exhibit greater thoracic limb robustness
to cope with the increased stress of subduing prey and
should have a shorter distal part of limbs to increase
mechanical advantage. This has been associated with
wider distal widths of the humerus and radius for
greater muscle attachment and wider joint surfaces to
distribute heavier loads (24). A supporting factor for
the effect of thoracic limbs length morphology on prey
capture is the length of the pelvic limbs. The positive
relationship between these limbs and prey size (17) is
of great importance for greater power and speed, paral-
lel to that of the thoracic limbs (12). It is also known
that the thoracic limbs play a more effective role than
the pelvic limbs in carrying the animal’s body weight
(33). The pelvic limbs provide greater propulsive force
than the thoracic limbs and therefore both reflect the
requirements for acceleration in running and jumping
(10, 30) and, unlike the thoracic limbs, also serve to
stabilise the body (32).

When considering the relative lengths of the thoracic
and pelvic limbs, it is reported that in cat species, the
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pelvic limbs are longer than the thoracic limbs, and
that in most species, the radius is generally longer
than the humerus, and similarly, the tibia is slightly
longer than the femur (8). It is suggested that this
general assessment varies among felids depending on
habitat conditions. For example, it has been reported
that species inhabiting closed habitats (forests), such
as clouded leopards and jaguars, have shorter thoracic
limbs than cheetahs and lions living in open habitats,
which is attributed to their shorter radius relative to
humerus length (22).

These relative changes observed between the tho-
racic and pelvic limbs can only be observed using the
calculated index and ratio values. Although thoracic
and pelvic limb indices are used extensively in pri-
mates, particularly in relation to locomotor models
(1, 21, 29), they have also been of great importance
in evaluating the hunting and ecological strategies of
felids (2, 3, 14, 22). For this purpose, in our study, many
calculations were made, such as the brachial, crural,
intermembral and humerofemoral indices.

The intermembral index is a correlation between the
relative length of the thoracic and pelvic limbs and the
locomotor model. Particularly in primates, the ratio of
the arms to the legs is determined by the intermembral
index. More precisely, this index compares the length
of the two bones of the arm (humerus and radius)
with the length of the two bones of the limb (femur
and tibia). If the index value is 100, the thoracic and
pelvic limbs are of equal length (excluding the hands
and feet). If the index is above 100, it indicates that
the arms are longer than the limbs. If the index value is
below 100, it indicates that the (back) limbs are longer.
The value determined for humans is 70 (29).

Unlike these indices, brachial and crural indices have
been calculated for primates by many anthropologists
(1,20, 21). The variation of these indices under differ-
ent living conditions has been studied. For example,
high brachial and crural index values related to tem-
perature have been reported in human groups living
in tropical conditions (20).

Index and ratio calculations for the thoracic and pel-
vic limbs have been widely used in primates, but these
index and ratio relationships have remained extremely
limited in quadrupedal (four-legged) animals. It has
been suggested that measurements related to determin-
ing the ratio between individual bones in the limbs of
domestic cats are generally neglected due to the limited
number of available research materials (15). However,
while this may be the case for domestic cats, it is not
thought to apply to big cats (lions, jaguars, cougars,
etc.). Therefore, unlike large felines, our study focuses
on index and ratio calculations for the thoracic and
pelvic limbs of domestic cats living in urban environ-
ments. The relative proportions of the limbs within the
body conformation were evaluated in terms of their
effectiveness in both hunting and movement strategies,



and the limb ratios and indices of domestic cats were
attempted to be determined. Furthermore, we believe
that the indices and ratios obtained will also be useful
in zooarchaeological/forensic science studies (7, 16,
31) for estimating skeletal integrity.

Materials and methods

In this study, a total of 55 adult (2-4 years old) animal
bones were used, comprising 33 males and 22 females.
The materials used in the study were obtained from the
osteological collection of the Osteoarchacology Practice
and Research Centre at Istanbul University (2015-2018).
In this context, all records pertaining to the individuals
(sex, age, etc.) were taken from the existing information in
the collections. The ‘greatest length (GL)’ measurements
of the humerus (H-GL), radius (R-GL), femur (F-GL), and
tibia (T-GL) bones from thoracic and pelviclimbswere taken
using a digital caliper (9). Each measurement, a digital cal-
liper with a precision 1 mm were used for measuring. All
measurements were taken three times and the mean value
was computed.

The following index calculations were performed using
these osteometric measurements.

Standard indices to assess relative limb proportions (1, 21):
Intermembral index = (humerus greatest length + radius

greatest length)/femur greatest length + tibia greatest

length) * 100
Humerofemoral index = (humerus greatest length/femur

greatest length) * 100
Brachial index = (radius greatest length/humerus greatest

length) * 100
Crural index = (tibia greatest length/femur greatest length)

* 100

To determine whether there was homotypic variation
(asymmetry) in the osteometric data used in the study,
a Student’s t-test was performed between the right and left
bones. The analysis revealed no asymmetry between the
right and left homotypic bones, so only data from the left-
side bones were used in the study.

The Student’s t-test was applied to the obtained osteo-
metric measurements and indices to check the significance
of the difference between female and male individuals.

Results and discussion

Sexual differences significant at the P < 0.05 level
were observed in the osteometric measurements of
the cats used in our study (Tab. 1). Male individuals
were observed to have longer structures in both their
thoracic and pelvic limb bones compared to females.

Using these osteometric measurements, four dif-
ferent indices were calculated. These are presented
in Table 2.

Unlike the absolute maximum length (GL) measure-
ments of the humerus, radius, femur and tibia bones,
no statistically significant difference was observed
between the sexes in the index values calculated us-
ing these data. This indicated that there was no sexual
dimorphism between the index values.
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Tab. 1. Osteometric measurements of thoracic and pelvic limb
long bones (mm)

Sex Statistical H-GL R-GL F-GL T-GL
Mean 111.23* | 107.70* | 118.54* | 125.08*
Male N 33 33 33 33
SD 7.18 1.76 8.34 1.27
Mean 104.85* | 101.10* | 110.60* | 118.86*
Female N 22 22 22 22
SD 6.40 8.13 8.43 8.25
Mean 108.68 105.06 115.37 122.59
Total N 55 55 55 55
SD 7.51 8.49 9.17 8.20

Explanations: *P < 0.05; H — humerus; R — radius; F — femur;
T — tibia; GL — greatest length

Tab. 2. Index values of thoracic limb and pelvic limb long
bones

Sex Statistical | Brachial Crural IMI HFI
Mean 96.84" | 105.79" | 89.88" 94.03"
Male N 33 33 33 33
SD 3.64 6.50 3.40 5.81
Mean 96.35 | 107.70" | 89.77" 95.00"
Female N 22 22 22 22
SD 3.44 6.80 2.99 4.95
Mean 96.65 106.55 89.83 94.42
Total N 55 55 55 55
sD 3.54 6.63 3.22 5.46

The intermembral index value was determined to
be 89.93. This value, which is below 100, indicated
that the pelvic limbs were longer than the thoracic
limbs. The humerofemoral index was determined to
be 94.42. This index value confirmed that there was
a difference between the lengths of the femur and hu-
merus, and that the femur was longer than the humerus.
Simultaneously, the brachial index was determined
to be 96.65. This value indicated that the radius was
slightly shorter than the humerus. Moreover, the crural
index was determined to be 106.55. This revealed that
the tibia was significantly longer than the femur.

When the coefficient of variation (CV) for osteo-
metric measurements was calculated, it indicated
a moderate level of variation (Fig. 1). The coefficients
of variation ranged from 5.81 to 7.21 in males and from
6.10 to 8.04 in females. The coefficients of variation
for the humerus in the thoracic limbs were found to be
lower than those for the radius measurements. In the
pelvic limbs, the tibia exhibited a lower coefficient of
variation compared to the femur measurements.

The coefficients of variation for the indices were
lower than those for osteometric measurements. The
distribution of variation was observed to be signifi-
cantly narrower than that for osteometric measure-
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Fig. 1. Coefficients of variation (CV) for osteometric measu-
rements

Explanations: H-GL — the greatest length of humerus, R-GL — the
greatest length of radius, F-GL — the greatest length of femur,

T-GL — the greatest length of tibia
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Fig. 2. Coefficients of variation (CV) of the indices
Explanations: Brachial — brachial index, Crural — crural index,
IMI — intermembral index, HFI — humerofemoral index
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ments. The crural and humerofemoral indices showed
amoderate level of variation compared to the brachial
and intermembral indices (Fig. 2).

The thoracic and pelvic limb ratios are a relative
comparison of the lengths of the different limb seg-
ments that comprise them, allowing for the observation
of relative changes between limbs (1, 8, 29). These
limb ratios are effective not only in movement but
also in revealing feeding and hunting strategies (8, 22).
Therefore, the thoracic and pelvic limbs have differ-
ent functions in the movement strategy. The pelvic
legs provide greater propulsive force than the thoracic
limbs (10, 30) and play an active role in stabilising the
body (32). In contrast, the thoracic limbs play a role
both in hunting strategy (17) and in climbing to high
places (13).

Whether between the thoracic and pelvic limbs or
in terms of the ratio of the limbs to the body length,
these are generally referred to as limb ratios, and these
proportional differences are defined by a general limb
index (11). These indices are evaluated as humero-
femoral, intermembral, brachial, and crural indices,
depending on the locomotor model of the animals (1,
21, 29). In big cats, these indices provide important
information for evaluating ecological adaptations
such as hunting and movement strategies (22, 24).
The Felidae family provides an ideal model for study-
ing these adaptations, as hunting behaviours, habitat
preferences, and locomotor styles vary greatly among
species (2, 3). Differences in the thoracic and pelvic
limb length in felids, particularly in large felids, are
due to differences in distal (radius/tibia) and proximal
(humerus/femur) bone length (8). It has been noted

that differences in limb length and propor-

Indices tions according to habitat are particularly
120,00 evident in large felids, with differences
between closed (forest) and open habitat
e species (14, 22).

. e B : It has been suggested that species such
‘ ‘ | as the jaguar (Panthera onca) and clouded
60,00 ‘ leopard (Neofelis nebulosa), which inhabit
| dense forest habitats, possess shorter distal
o | parts of thoracic limbs and consequently
o | a lower brachial index in order to subdue

‘ H | and control their prey (14).
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Fig. 3. Comparison of the indices

and is critical for behaviours such as jump-
ing, sudden acceleration, and tree climbing
(Fig. 3). For example, in open-country

Explanations: Felis catus — domesitic cat, Neofelis nebulosa — clouded leopard,
tiger,
Panthera pardus —leopard, Uncia uncial — snow leopard, Panthera leo — lion,

Panthera onca — jaguar, Felis concolor — cougar, Panthera tigris —

Acinonyx jubatus — cheetah

predators such as the cheetah (Acinonyx
Jjubatus), the requirement for high speed is
supported by long limbs, whereas in arbo-
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real (tree-dwelling) species such as the clouded leopard
(Neofelis nebulosa), climbing and balancing abilities
are directly reflected in limb proportions (22).

The lowest intermebral index value in big cats was
found in the cougar (Felis concolor) (81.00), while the
highest was found in the lion (Panthera leo) (90.60)
(14). In our study, domestic cats were found to have
a value between that of the jaguar (Panthera onca)
(88.10) and the lion (Panthera leo) (90.60) (14), with
a value of 89.83. When comparing the lengths of the
thoracic and pelvic limbs, it has been reported that the
greatest difference among all big cats is found in the
cougar (Felis concolor), which probably reflects an
adaptation for leaping in its habitat (14).

Despite the relative length of the pelvic limbs, our
study found that the tibia was longer than the femur.
This situation is likely to contribute to the pelvic limbs
having greater propulsive force in pushing the body
forward (10, 30) and playing a more effective role in
stabilising the body during movement (32). In cats,
both the effective pursuit of prey and the attainment
of maximum speed can be observed with longer pelvic
limbs (22) and an intermembral index value below
100. This situation indicates that cats land on all four
limbs and also points to their locomotor differences
in catching prey. This is because, unlike quadrupedal
species where the thoracic and pelvic limbs are of
similar length (11), cats are also animals with jumping
and climbing abilities.

Cats are animals that have adapted to a high level
of mobility due to their anatomical structure. The
fundamental components of this adaptation are the
proportional arrangement of the limbs’ own com-
ponents. The brachial index in the thoracic limbs
and the crural index in the pelvic limbs are the most
fundamental components of this adaptation (1). The
presence of proportionally longer distal parts of limbs
in digitigrade mammals has been identified as a factor
that increases movement speed (26). In animals such as
cheetahs (Acinonyx jubatus), which have the ability to
run faster, a brachial index above 100 is indicative of
this (23). In our study, the brachial index value of 96.65
indicates that the radius is shorter than the humerus.
Similar to species such as the jaguar (Panthera onca)
and clouded leopard (Neofelis nebulosa), which live
in dense forest habitats and have shorter distal thoracic
limbs (low brachial index) to subdue and control their
prey (14), this morphology is also present in domestic
cats. This morphology may reflect the efficiency of
domestic cats in power-demanding movements such
as catching small prey, manipulating it, and climbing.
If domestic cats had a longer radius, similar to a speed-
oriented open-field runner (e.g., Cheetah — Acinonyx
jubatus), one could speak of an adaptation for speed
(14). However, we do not believe that the adaptation
of domestic cats to urban life indicates a situation that
would require this.
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Unlike the brachial index, the crural index in cats
is 106.55. Based on this value, domestic cats have
a tibia that is longer than the femur. The advantage
created by the long tibia is considered an adaptation
that increases stride length and movement speed (26).
A high crural index, similar to that of cheetah-like
open-country felids (14), should be associated with
jumping performance and agility in domestic cats
living in urban environments.

A similar situation to the intermembral index applies
to the humerofemoral index. In our study, a value of
94.42 was obtained in domestic cats, confirming that
the femur is longer than the humerus. Although it is
reported that it is not surprising that ratios between
homologous bones in the thoracic and pelvic limbs of
mammals (e.g., humerofemoral index) generally fail
to show any correlation with body size or mode of lo-
comotion (18, 19, 21, 28), it has been reported that the
humerofemoral index, in particular, is of great benefit
in determining whether bones belong to the same indi-
vidual in osteoarchaeological/forensic science studies
(7, 16, 31). Beyond this, it is believed that this index
will enable a broader assessment of humerus/femur
morphometry in zooarchaeology, such as in estimating
body mass and calculating shoulder height (25).

The limb indices and ratios of domestic cats are
believed to be effective not only in revealing their
movement, feeding, hunting, and habitat preference
strategies (22, 24), but also to contribute significantly
to pathological and orthopaedic applications in veteri-
nary medicine. The morphometric characterisation of
domestic cat bones is likely to contribute to regional
anatomy and pathology studies, as well as serve as
a useful reference for orthopaedic research and clini-
cal applications (such as anatomical reconstruction
in surgery) (27). Furthermore, it is suggested that
the quantitative radiographic assessment of skeletal
bones may assist in identifying skeletal anomalies
(6). It is believed that all the morphometric and
index data presented in our study on domestic cats will
serve as a resource for the aforementioned veterinary
approaches.

In conclusion, it is observed that in domestic cats,
both the thoracic and pelvic limbs have different levels
of activity in hunting, movement, and habitat strate-
gies. The intermembral and humerofemoral indices
obtained indicate that the pelvic limbs of domestic
cats are longer than the thoracic limbs. A low brachial
index indicates hunting manipulation and climbing
movements requiring strength, while a high crural
index and low intermembral index support jumping
and agility capacities. The limb ratios in domestic cats
represent a morphological compromise reflecting their
versatile abilities as both hunters and climbers. This
study demonstrates that the morphology of domestic
cats is an important key not only to understanding their
locomotor, but also their behavioural and ecological
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strategies. The data obtained are expected to serve as
areference for veterinary practice and zooarchaeologi-
cal approaches, in addition to understanding habitat
strategy in urban living.
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