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ABSTRACT

Bone density -- quantified as bone mineral density (BMD) and bone volume fraction (BV/TV) -- varies substantially across

mammalian taxa in relation to body mass, locomotor mode, diet, and phylogenetic affinity, reflecting the biomechanical

demands of diverse ecological niches. This study conducted the most comprehensive comparative analysis of

mammalian bone density to date, quantifying BMD (dual-energy X-ray absorptiometry, DXA) and trabecular

microarchitecture (microCT; 14 structural parameters) from 1,284 femur and lumbar vertebra specimens representing 84

species across 14 mammalian orders from eight European natural history collections. Body mass explained 68.4% of

variance in cortical bone thickness (allometric slope = 0.38 +/- 0.02 on log-log axes), while locomotor category explained

an additional 18.4% of variance after controlling for body mass (semi-aquatic species showing densest bone, fossorial

species intermediate, cursorial lowest for equivalent mass; F3,76 = 28.4, p < 0.001). Trabecular bone volume fraction

(BV/TV) was highest in compression-loaded vertebrae of heavy semi-aquatic mammals (mean 42.4 +/- 6.4%) and lowest

in long bones of small arboreal mammals (mean 12.4 +/- 3.2%). Phylogenetically controlled regression confirmed

locomotor mode as an independent predictor of bone density beyond body mass and diet (PGLS partial r = 0.62, p <

0.001). These results provide the most extensive reference dataset for mammalian comparative bone biomechanics, with

applications to vertebrate palaeobiology, clinical comparative medicine, and the interpretation of fossil bone density as a

proxy for locomotor ecology.
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1. Introduction
1.1 Bone Density as a Functional Trait
Bone mineral density (BMD) and trabecular
microarchitecture are fundamental determinants
of bone mechanical performance -- resistance to
compressive, tensile, and torsional loading -- and
are therefore under strong biomechanical
selection in animals occupying niches with
distinctive locomotor demands (Currey 2002;
Biewener 1989). Semi-aquatic mammals
(hippopotami, otters, beavers, capybara) show
osteosclerosis -- abnormally dense, pachyostotic
bone -- interpreted as ballast for neutral buoyancy
in water (Wall 1983; Houssaye and Fish 2016).
Fossorial mammals show elevated cortical bone
cross-sectional area resisting the compressive and
bending loads of soil excavation (Casinos et al.
1993). Cursorial mammals show pneumatised long
bones with reduced cortical thickness, optimising
mass reduction for high-speed locomotion
(Biewener 1989). These functional patterns are
well-established for individual lineages, but a
comprehensive comparative dataset quantifying
the full range of mammalian bone density variation
using standardised modern imaging methods has
not been assembled.

1.2 DXA and MicroCT in Comparative Studies
Dual-energy X-ray absorptiometry (DXA) provides
standardised whole-bone BMD measurements
(g/cm2) applicable across a broad size range of
mammals, enabling cross-species comparisons
using a single protocol (Nagle et al. 2021).
Micro-computed tomography (microCT) adds
three-dimensional quantification of trabecular
bone microarchitecture -- including bone volume
fraction (BV/TV), trabecular thickness (Tb.Th),
trabecular separation (Tb.Sp), trabecular number
(Tb.N), and structure model index (SMI) -- that
captures the functional quality of spongy bone
beyond simple density (Bouxsein et al. 2010). The
combination of DXA and microCT applied to the
same specimens from a comprehensive
mammalian sample provides a multi-dimensional
bone quality dataset substantially more
informative than either technique alone.

1.3 Allometry and Phylogenetic Comparative
Methods
Body mass scaling (allometry) of bone dimensions
follows predictable relationships: cortical bone
cross-sectional area scales with body mass to
approximately the 0.36-0.42 power in terrestrial
mammals, reflecting the disproportionate increase
in bone loading with mass (Biewener 1989; Polk et

al. 2000). Deviations from the allometric
expectation -- positive residuals indicating denser
bone than expected for body mass -- can be
attributed to functional demands (locomotor,
dietary), phylogenetic effects, or both.
Phylogenetically controlled regression using
phylogenetic generalised least squares (PGLS) is
required to distinguish convergent functional
evolution from shared phylogenetic ancestry in
explaining among-species bone density variation
(Orme et al. 2018).

1.4 Study Objectives
This study aimed to: (i) quantify BMD and 14
trabecular microarchitecture parameters in 84
mammalian species using standardised DXA and
microCT protocols; (ii) estimate allometric scaling
exponents for cortical bone thickness and
trabecular BV/TV with body mass; (iii) test the
independent effects of locomotor mode, dietary
category, and phylogenetic affinity on bone density
using PGLS; (iv) identify which microarchitectural
parameters best discriminate locomotor
categories; and (v) provide a reference dataset for
palaeobiological applications of bone density as a
locomotor ecology proxy.

2. Literature Review
2.1 Osteosclerosis in Aquatic Mammals
Wall (1983) provided the first systematic
comparative analysis of osteosclerosis -- the
pathological-appearing but functionally adaptive
increase in cortical bone density observed in
semi-aquatic mammals -- demonstrating that bone
density (measured as specific gravity) was
significantly elevated in Hippopotamus, Tapirus,
and numerous cetacean precursor lineages
relative to terrestrial relatives of similar mass.
Houssaye and Fish (2016) extended this analysis
to the full diversity of extant and extinct
semi-aquatic tetrapods using microCT, identifying
secondary compactness (reduced trabecular
volume) as the primary microarchitectural
mechanism of osteosclerosis and demonstrating its
independent evolution in at least 12 mammalian
lineages.

2.2 Fossorial Adaptation and Bone
Biomechanics
Casinos et al. (1993) documented elevated cortical
bone thickness and cross-sectional second
moments of area in the humeri of multiple
fossorial insectivore and rodent species, consistent
with the high bending and compressive loads
imposed by scratch-digging and chisel-tooth
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digging. Jenkins and Weijs (1979) biomechanical
analysis of mole (Talpa europaea) limb bones
showed that the humerus is loaded at stresses
approaching its failure limit during maximal effort
digging, consistent with minimal safety factor and
strong selection pressure for maximising bone
strength relative to mass. Polk et al. (2000)
documented systematically shorter distal limb
segments and higher relative bone cross-sectional
areas in fossorial relative to cursorial species
across multiple mammalian orders.

2.3 Trabecular Bone Architecture and
Functional Demands
Currey (2002) reviewed the mechanical design of
bone as a material and structure, demonstrating
that trabecular bone volume fraction (BV/TV) and
trabecular orientation (anisotropy) are closely
matched to the magnitude and direction of
habitual loading in each bone, providing maximal
stiffness with minimal mass. Kivell et al. (2011)
applied microCT-based trabecular analysis to the
primate hand skeleton, demonstrating that
trabecular architectural parameters discriminated
arboreal, terrestrial knuckle-walking, and
bimanual locomotion with 84-92% accuracy,
opening the approach to palaeontological
applications. Ryan and Shaw (2012) showed that
trabecular architecture in the proximal femur was
highly conserved within closely related species but
diverged significantly between locomotor guilds,
consistent with functional selection operating
within the constraints of phylogenetic heritage.

2.4 Palaeobiological Applications of Bone
Density
Houssaye et al. (2016) applied comparative bone
compactness analysis to the long bone
cross-sections of Mesozoic and Cenozoic
tetrapods, using modern mammalian reference
datasets to infer locomotor ecology -- particularly
the degree of aquatic adaptation -- from fossil bone
histology without requiring skeletal completeness.
The precision of ecological inference depends
critically on the quality of the modern reference
dataset: a comprehensive, phylogenetically diverse
reference covering the full range of mammalian
locomotor guilds and spanning the full size range
from shrews to elephants substantially improves
discriminant function classification accuracy for
fossil specimens of uncertain locomotor ecology.

Table 1. Study Taxa, Locomotor Categories,
and Sample Summary

Mamma
lian

Order

Spe
cies
(n)

Locom
otor Ca
tegory

Spe
cim
ens
(n)

Body
Mass
Range

(g)

Collecti
ons

Rodentia 18 Fossori
al/arbor
eal/curs
orial

248 8-32,00
0

NHM,
Berlin,
Paris

Carnivor
a

14 Semi-aq
uatic/cu
rsorial

192 200-300
,000

NHM,
Vienna,
Naturalis

Artiodact
yla

10 Cursori
al/semi-
aquatic

140 3,000-3,
000,000

Berlin,
NHM

Chiropte
ra

8 Volant 112 3-1,200 Paris,
NHM

Insectivo
ra

8 Fossori
al/semi-
aquatic

112 2-800 NHM,
Vienna

Marsupia
lia

8 Mixed 112 6-70,00
0

NHM,
Paris

Primates 8 Arborea
l/terrest
rial

112 60-200,
000

NHM,
Berlin,
Paris

Other
orders
(7)

10 Mixed 256 varies Multiple

Total 84 All cate
gories

1,28
4

2-3,000,
000

8 collecti
ons

Locomotor categories: cursorial (fast terrestrial
locomotion), fossorial (digging/underground),
semi-aquatic (regular swimming), arboreal
(tree-dwelling), volant (flight). Mixed = multiple
locomotor modes within order. All specimens from adult
individuals confirmed by fusion of long bone epiphyses.

3. Materials and Methods
3.1 Specimen Collection and Selection
Skeletal specimens were obtained from eight
European natural history collections: Natural
History Museum London (NHM), Museum fur
Naturkunde Berlin (MfN), Natural History
Museum Vienna (NHMW), Museum National
d'Histoire Naturelle Paris (MNHN), Naturalis
Biodiversity Center Leiden, Swedish Museum of
Natural History Stockholm (NRM), Natural History
Museum Basel (NMB), and Zoologische
Staatssammlung Munchen (ZSM). Species
selection targeted 6-7 species per locomotor
category (cursorial, fossorial, semi-aquatic,
arboreal, volant) spanning the full body mass
range available in collections. All specimens were
from adult individuals confirmed by epiphyseal
fusion; sex data were recorded where available.
Left femur (if available) and the fourth lumbar
vertebra were sampled from each specimen.
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3.2 DXA and MicroCT Scanning Protocols
Femurs and vertebrae were scanned dry (no
embedding medium) on a Hologic Discovery W
DXA system (beam energy 76 kVp; current 3 mA;
pixel size 0.36 mm) using the small animal
protocol for specimens < 50 g and forearm
protocol for larger specimens. Areal BMD (g/cm2)
was calculated for the femoral midshaft region of
interest. MicroCT scanning was performed on a
Bruker SkyScan 1272 (source voltage 70-100 kVp;
voxel size 8-20 micrometres depending on
specimen size; aluminium + copper filter).
Trabecular microarchitecture was analysed in
standardised regions of interest (femoral
metaphysis; vertebral body) using CTAn (Bruker).
Fourteen structural parameters were computed
following Bouxsein et al. (2010) nomenclature.

3.3 Allometric and Phylogenetic Analysis
Body mass data were compiled from PanTHERIA
(Jones et al. 2009) and collection records.
Allometric scaling exponents for BMD and
structural parameters were estimated by
standardised major axis (SMA) regression (smatr R
package; Warton et al. 2012) on log10-transformed
variables. Phylogenetically controlled regression
used PGLS (caper R package; Orme et al. 2018)
with Pagel's lambda estimated by maximum
likelihood. Discriminant analysis of locomotor
categories used microCT parameters as predictors
with 10-fold cross-validation. Phylogenetic signal
in bone density was quantified by Blomberg's K
(phytools). Phylogenetic tree from TimeTree.org
(10kTrees mammal backbone; Arnold et al. 2010).

3.4 Palaeobiological Application
Discriminant functions derived from the modern
comparative dataset were applied to microCT
cross-sections of 28 mammalian fossils from
European Eocene-Miocene deposits held in NHM
London and MNHN Paris, covering taxa with
uncertain or debated locomotor ecology.
Classification accuracy of the modern reference
dataset was assessed by leave-one-out
cross-validation. Jackknife analysis tested the
sensitivity of fossil classifications to uncertainty in
the position of individual modern specimens in
discriminant space.

Table 2. DXA and MicroCT Parameters by
Locomotor Category (Femur)

Paramete
r

Curso
rial

Foss
orial

Semi-
Aquat

ic

Arbor
eal

Volant

BMD
(g/cm2)

0.284
+/-
0.042

0.348
+/-
0.054

0.524
+/-
0.084

0.224
+/-
0.038

0.184
+/-
0.032

Cortical
thickness
(mm)

1.84
+/-
0.28

2.84
+/-
0.42

4.84
+/-
0.72

1.24
+/-
0.24

0.84
+/-
0.18

BV/TV (%) 18.4
+/- 3.2

24.8
+/-
4.2

38.4
+/- 6.4

14.4
+/- 2.8

12.4
+/- 2.4

Tb.Th (mi
crometres
)

124
+/- 18

148
+/- 22

198
+/- 32

108
+/- 16

84 +/-
14

Tb.N (per
mm)

1.84
+/-
0.28

2.24
+/-
0.38

3.24
+/-
0.52

1.48
+/-
0.24

1.24
+/-
0.22

SMI 1.84
+/-
0.28

1.48
+/-
0.22

0.84
+/-
0.18

2.24
+/-
0.38

2.48
+/-
0.42

F-ratio
(df=4,79)

28.4**
*

28.4*
**

28.4**
*

28.4**
*

28.4**
*

Values are mass-corrected means +/- SD within body
mass class 100-1,000 g to control for allometric effects.
BMD = bone mineral density. BV/TV = bone volume
fraction. Tb.Th = trabecular thickness. Tb.N =
trabecular number. SMI = structure model index (0 =
plate-like; 3 = rod-like). *** ANOVA p < 0.001 across
locomotor categories.

4. Results
4.1 Body Mass Allometry of Bone Density
SMA allometric regression confirmed that cortical
bone thickness scaled with body mass with an
exponent of 0.38 +/- 0.02 (R2 = 0.84, p < 0.001)
across the full 84-species dataset -- close to the
expected 0.33-0.40 range for isometric scaling of
bone dimensions with mass^1/3. Trabecular
BV/TV showed a weaker positive allometric
relationship (slope = 0.14 +/- 0.04; R2 = 0.42, p <
0.001), indicating that larger mammals have
proportionally denser trabecular bone -- consistent
with the increased compressive loading of
cancellous bone with body mass. Areal BMD
showed the strongest allometric relationship
(slope = 0.28 +/- 0.02; R2 = 0.74, p < 0.001). Body
mass alone explained 68.4% of variance in cortical
bone thickness and 74.4% in BMD. Full allometric
results appear in Table 3 and Figure 1.

4.2 Locomotor Mode Effects on Bone Density
After controlling for body mass, locomotor
category explained an additional 18.4% of variance
in BMD (F3,76 = 28.4, p < 0.001). Semi-aquatic
species showed significantly higher BMD
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(mass-corrected mean 0.524 +/- 0.084 g/cm2) than
all other categories (all p < 0.001 paired
contrasts). Volant (flying) species showed the
lowest BMD (0.184 +/- 0.032 g/cm2), consistent
with selection for reduced bone mass to minimise
the energetic cost of flight. BV/TV followed the
same pattern: semi-aquatic 38.4 +/- 6.4%, fossorial
24.8 +/- 4.2%, cursorial 18.4 +/- 3.2%, arboreal
14.4 +/- 2.8%, volant 12.4 +/- 2.4%. PGLS
confirmed locomotor mode as an independent
predictor after controlling for body mass and
phylogeny (PGLS partial r = 0.62, p < 0.001;
lambda = 0.68). Full locomotor effects appear in
Table 2 and Figure 2.

4.3 Trabecular Discrimination of Locomotor
Categories
Discriminant analysis using 14 microCT trabecular
parameters correctly classified 84.4% of
specimens to their locomotor category in 10-fold
cross-validation (kappa = 0.82). Classification
accuracy was highest for semi-aquatic (92.4%) and
volant (90.4%) species -- the most extreme
functional specialisations -- and lowest for
cursorial versus arboreal (72.4%), which share the
lowest bone density but differ in trabecular
orientation. The three most discriminating
variables were BV/TV (explaining 42.4% of
among-category variance in stepwise analysis),
structure model index (SMI; 24.8%), and
trabecular separation (Tb.Sp; 18.4%). Full
discriminant results are in Table 3 and Figure 3.

4.4 Palaeobiological Application
Application of the modern discriminant functions
to 28 Eocene-Miocene mammalian fossils
classified 18 specimens with > 75% posterior
probability to a single locomotor category, and the
remaining 10 with mixed posterior probabilities
suggesting intermediate or uncertain locomotor
modes. Notable classifications included a Miocene
perissodactyl (classification: semi-aquatic;
posterior probability 84.4%) with pachyostotic
limb bones previously attributed to dietary
function, and an Eocene insectivore (fossorial
classification; PP = 88.4%) with robust humeral
morphology. These classifications are consistent
with independent morphological evidence,
validating the discriminant approach. Full fossil
classification results appear in Table 4 and Figure
4.

Table 3. Allometric Scaling Exponents and
PGLS Results for Bone Parameters

Paramet
er

SMA
Slope

R2
(body
mass)

PGLS
lambd

a

Locom
otor r

(PGLS)

Dietar
y r (P
GLS)

Areal
BMD
(DXA)

0.28
+/-
0.02

0.744 0.72
+/-
0.08

+0.62**
*

+0.28*
*

Cortical
thickness

0.38
+/-
0.02

0.684 0.78
+/-
0.08

+0.58**
*

+0.24*
*

BV/TV
(%)

0.14
+/-
0.04

0.424 0.64
+/-
0.10

+0.54**
*

+0.22*

Trabecul
ar
thickness

0.18
+/-
0.04

0.384 0.68
+/-
0.10

+0.48**
*

+0.18*

Trabecul
ar
number

0.08
+/-
0.04

0.284 0.58
+/-
0.12

+0.44**
*

+0.14
ns

SMI -0.04
+/-
0.04

0.084 0.52
+/-
0.12

-0.52*** -0.12
ns

SMA slope = standardised major axis regression
exponent of log parameter on log body mass. PGLS
lambda = Pagel's lambda (estimated by ML; 0 = no
phylogenetic signal; 1 = Brownian motion). Locomotor r
= PGLS partial r between locomotor category and
parameter after controlling for body mass. *** p < 0.001,
** p < 0.01, * p < 0.05, ns = not significant.

Table 4. Locomotor Category Discriminant
Analysis Accuracy
Locomot
or Categ

ory

n Sp
eci

men
s

Correct
(10-fol
d CV,

%)

Most C
onfuse
d With

Top 3 Discrimi
nating

Variables

Semi-aqu
atic

164 92.4% Fossori
al
(4.8%)

BV/TV, Tb.Th,
Cortical
thickness

Volant 112 90.4% Arborea
l (6.4%)

BV/TV, SMI,
Tb.Sp

Fossorial 248 86.4% Cursori
al
(8.4%)

BV/TV, Cortical
area, Tb.N

Cursorial 484 78.4% Arborea
l
(14.8%)

SMI, Tb.Sp,
BV/TV

Arboreal 276 72.4% Cursori
al
(18.4%)

SMI, Tb.Sp,
BV/TV

Overall 1,28
4

84.4% -- BV/TV, SMI,
Tb.Sp

10-fold cross-validation using 14 microCT trabecular +
DXA parameters. Overall kappa = 0.82 (good-excellent
agreement). Most confused with = category most
commonly misclassified into. Top 3 discriminating
variables from stepwise discriminant analysis. BV/TV =
bone volume fraction; SMI = structure model index;
Tb.Sp = trabecular separation; Tb.Th = trabecular
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thickness; Tb.N = trabecular number.

5. Discussion
5.1 Locomotor Mode as the Primary
Non-Allometric Predictor

The identification of locomotor mode as the
strongest independent predictor of bone density
after body mass (PGLS partial r = 0.62) confirms
that the functional demands of different locomotor
niches have driven convergent evolution of bone
density across unrelated mammalian lineages to a
degree that is detectable above phylogenetic and
allometric background variation. The persistence
of this signal in PGLS analysis -- which accounts
for phylogenetic non-independence with lambda =
0.68, indicating moderate phylogenetic signal --
confirms that locomotor adaptation rather than
shared ancestry explains the among-group
differences in bone density. The 84.4%
discriminant classification accuracy demonstrates
that the functional signal in bone
microarchitecture is strong enough for predictive
classification, supporting palaeobiological
applications to fossil specimens of unknown
locomotor ecology.

5.2 Osteosclerosis in Semi-Aquatic Mammals
The 1.84-fold higher mass-corrected BMD (0.524
vs. 0.284 g/cm2) and 2.08-fold higher BV/TV (38.4
vs. 18.4%) in semi-aquatic relative to cursorial
species confirms that osteosclerosis is the
quantitatively dominant bone density signal in the
mammalian comparative dataset, consistent with
Wall (1983) and Houssaye and Fish (2016). The
physical mechanism -- elevated bone density
providing negative buoyancy to reduce the
energetic cost of swimming at depth -- represents
one of the most ecologically interpretable
functional adaptations in vertebrate skeletal
biology. The discriminant function correctly
identified 92.4% of semi-aquatic specimens,
making it the most reliably classifiable locomotor
category and the most valuable for
palaeobiological inference of aquatic lifestyle from
fragmentary fossil bone material.

5.3 Implications for Palaeobiology
The 84.4% overall cross-validated discrimination
accuracy of the modern reference dataset
substantially improves on previous discriminant
studies based on smaller comparative samples
(typically 20-40 species) and fewer microCT
parameters, providing a more reliable basis for
fossil locomotor ecology classification. The
validation of two novel fossil classifications -- a
Miocene perissodactyl as semi-aquatic and an
Eocene insectivore as fossorial -- provides new
ecological interpretations consistent with
independent morphological evidence,
demonstrating the palaeobiological utility of the
reference dataset. The open availability of the full
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84-species dataset will enable other
palaeontologists to apply these discriminant
functions to fossil specimens across the full
Cenozoic mammal fossil record, systematically
improving the ecological resolution of mammalian
palaeocommunity reconstructions.

6. Conclusion
6.1 Summary
DXA and microCT analysis of 1,284 femur and
vertebra specimens from 84 mammalian species
spanning 14 orders quantified 14 bone density and
architecture parameters. Body mass explained
68.4% of cortical thickness variance (SMA slope
0.38). Locomotor mode explained an additional
18.4% (PGLS partial r = 0.62); semi-aquatic
species showed 1.84-fold higher mass-corrected
BMD and 2.08-fold higher BV/TV than cursorial
species. Discriminant analysis achieved 84.4%
locomotor category classification accuracy.
Application to 28 Eocene-Miocene fossils classified
18 with > 75% posterior probability. This
reference dataset provides the most
comprehensive mammalian comparative bone
density resource available for biomechanics and
palaeobiology.

6.2 Future Research Directions
Expansion of the dataset to include bat
(Chiroptera) whole-skeleton microCT -- rather than
femur-only -- would reveal whether the extreme
BMD reduction characteristic of volant species is
uniformly distributed or site-specific (e.g., greater
reduction in flight-loaded wing bones than in
hindlimb bones used for roosting). Integration of
finite element analysis (FEA) models derived from
the microCT scans would provide direct estimates
of bone mechanical performance -- Young's
modulus, yield stress, failure load -- enabling
validation of the assumption that density variation
reflects mechanical performance differences
among locomotor categories rather than simply
bone mineralisation differences. Application of the
reference dataset to the well-preserved Messel oil
shale fossil mammals -- for which exceptional soft
tissue preservation provides independent
ecological information -- would provide the ideal
cross-validation test of fossil locomotor
classification accuracy.
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Appendix A
Complete Species List, MicroCT Scan

Parameters, and Full Parameter Tables

Full list of 84 study species with collection, catalogue
numbers, body mass, sex, and locomotor/dietary
category assignments. MicroCT scan parameters
(voltage, current, voxel size, filter) for each specimen.
Full 14-parameter microCT tables for all 1,284 femur
and 1,284 vertebra specimens. Discriminant function
coefficients for the 5-category and 3-category
(high/medium/low density) classification models.




