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Abstract 

Background:  As the major load-bearing structures, bones exhibit various properties related to mechanical perfor-
mance to adapt to different locomotor intensities. The habits and ontogenetic changes of locomotion in animals can, 
thus, be explored by assessing skeletal mechanical performance.

Methods:  In this study, we investigated the growing femoral mechanical performance in an ontogenetic series of 
Cabot’s Tragopans (Tragopan caboti) and Pigeons (Columba livia domestica). Micro-computed tomography-based 
finite element analysis was conducted to evaluate the stress, strain, and strain energy density (SED) of femora under 
axial and radial loading.

Results:  Femora deflected medio-laterally and dorso-ventrally under axial and radial loading, respectively. Femora 
deformed and tensed more severely under radial loading than axial loading. In adult individuals, Cabot’s Tragopans 
had lower strain and SED than pigeons. During ontogeny, the strain and SED of pigeons decreased sharply, while 
Cabot’s Tragopans showed moderately change. The structural properties of hatchling pigeons are more robust than 
those of hatchling Cabot’s Tragopans.

Conclusions:  Limb postures have dominant effect on skeletal deformation. The erect posture is preferred by large 
mammals and birds to achieve a high safety factor of bones during locomotion. Adult Cabot’s Tragopans have 
stronger femora than pigeons, reflecting a better bone adaption to the terrestrial locomotion of the studied pheas-
ant species. Changes in strain and SED during growth reflect the marked difference in locomotor ability between 
precocial and altricial hatchlings. The femora of hatchling Cabot’s Tragopans were built with better energy efficiency 
than deformation resistance, enabling optimized mechanical performance. In contrast, although weak in mechani-
cal function at the time of hatching, pigeon femora were suggested to be established with a more mature structural 
design as a prerequisite for rapid growth. These results will be helpful for studies regarding developmental patterns of 
fossil avian species.
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Background
Hatchling birds are known for their diverse levels of 
maturity. While precocial species hatch with well-devel-
oped eyes, feathery down and strong limbs, altricial 

species are still embryo-like upon hatching. Altricial 
hatchlings are so helpless that they cannot survive with-
out parental care (Ricklefs 1979a). The musculoskeletal 
system shows remarkable diverse extents of development 
among different hatchlings (Ricklefs 1979a, b).

The mechanical performance of the major load-
bearing structures, the long bones, significantly affects 
animal locomotion (Currey 2003; Ruff et al. 2006). It is 
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common to find a correlation between the mechanical 
performance of bone and the locomotor ability of ani-
mals. Carrier and Leon (1990) found that the break-
ing load of hind limb bones of California Gulls (Larus 
californicus) decreased relative to the body mass with 
growth. California Gulls are semi-precocial species; 
the robust bones of hatchling gulls allow them to walk 
soon after hatching. The discrepancy in the locomotor 
ability between precocial and altricial hatchlings is also 
reflected in the mechanical performance of their bones. 
Wei and Zhang (2019) observed that the breaking 
load of femora of hatchling Quails (Coturnix coturnix 
japonica) was significantly higher than that of hatchling 
Pigeons (Columba livia domestica), suggesting that the 
bones of precocial chicks are stronger. Moreover, the 
femoral breaking load of quails showed negative allom-
etry during ontogeny, while the femoral breaking load 
of pigeons showed positive allometry. The different 
allometric trends of the femoral breaking load of quails 
and pigeons correspond to the decreasing and increas-
ing locomotor intensity during the development of the 
two birds, respectively, which reflects the remarkably 
different ontogenetic changes in the locomotor ability 
of precocial and altricial birds.

Currey (2003) suggested that at least three properties 
should be considered when evaluating the mechani-
cal performance of long bones: their strength, stiffness, 
and mass. Bone strength, which reflects the resistance 
of bones to fracture, has attracted the most research 
attention. However, bone stiffness and mass are just as 
important as strength in making a bone optimal for loco-
motion. Considerable energy is spent on driving limbs 
during locomotion. As such, limbs with lighter bones 
achieve better energy efficiency than limbs with heavier 
bones. Furthermore, bone stiffness estimates a bone’s 
resistance to deformation. Bones with low stiffness can 
fail through excessive deformation, even if no fracture 
has occurred (Dumont et  al. 2009). Additionally, bone 
stiffness affects the total weight of a limb. Alexander 
et al. (1990) suggested that the deflection of a bone must 
be counteracted by the contraction of muscles. Flexible 
bones require muscles to contract further distances to 
counteract the additional bone deflection, and longer 
fibers are needed to allow the additional shortening of 
muscles. However, because the cross-sectional area of 
muscle is fixed to achieve a required force, any increase 
in length will lead to an increase in muscle mass and, 
thus, increase limb weight. As such, an optimal level of 
bone stiffness is needed to minimize the total mass of a 
limb. In conclusion, bones should be evaluated as mul-
tifunctional objects; their mechanical performance not 
only affects their resistance to load but also the operation 
of the locomotor system.

The mechanical performance of bones can be quan-
titatively evaluated using engineering parameters. 
Dumont et  al. (2009) suggested that stress and strain 
energy can be used to evaluate the strength and energy 
efficiency of bones, respectively. Stress constitutes force 
per unit area. As a material will be damaged by a cer-
tain stress level, higher stress levels cause lower mate-
rial strength. Strain energy is the energy stored inside a 
structure when it is deformed under a force. The more 
energy that is consumed by bone deformation, the less 
energy is used for locomotion. Therefore, a bone with 
lower strain energy will achieve higher energy effi-
ciency. As strain energy exhibits a positive correlation 
with bone volume, the strain energy per unit volume 
(strain energy density (SED)) is usually adopted in com-
parative studies (Dumont et  al. 2009). Furthermore, 
the strain is a measurement of the extent of deforma-
tion and can, thus, be used to evaluate the deformation 
resistance of bones (Currey 1999). Because of the regu-
lar shapes of engineering components, measurements 
such as stress and strain can be calculated using formu-
las of mechanics. In contrast, bones are not only geo-
metrically irregular but also exhibit extremely complex 
material properties. Thus, engineering formulas can 
only be adopted for approximate calculations in bone 
studies, whereas they are not precise enough when 
absolute parameter values are required. Finite element 
analysis is a powerful tool to solve this problem. By dis-
cretely dividing a complex structure into a collection 
of elements with simple geometry, the finite element 
method effectively simplifies the mechanical analysis 
of complex objects such as bone (Rayfield 2007, 2019). 
Additionally, as the finite element model is used as the 
experimental object, parameters such as material prop-
erties, geometry, and load are easily controlled and 
modulated. As such, the study is highly controlled, and 
such operations are hardly achieved in actual experi-
ments (Morgan and Bouxsein 2005; Rayfield 2007).

Wei and Zhang (2019) have compared the femoral 
mechanical performance of precocial and altricial birds 
by analyzing the breaking load, cross-sectional geom-
etry, and elastic modulus of femora. However, a com-
prehensive analysis of bones from a multifunctional 
perspective is still lacking. Therefore, in the present 
study, we adopted the finite element method to analyze 
the ontogenetic changes of long bone mechanical per-
formance in the Cabot’s Tragopan (Tragopan caboti) 
and domestic Pigeon (Columba livia domestica) by 
analyzing stress, strain, and SED of femora. Based on 
our data, attempts were made to clarify the divergence 
in the ontogenetic strategy between altricial and preco-
cial birds.
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Methods
Animals and femoral samples
This study included 9 Cabot’s Tragopans and 30 pigeons. 
The Cabot’s Tragopan is a ground-dwelling species, nests 
in trees; newly hatched chicks are precocial, possessing 
the ability to move, and will leave the nest 3  days after 
hatching to forage with their parents (Wang et al. 2021). 
The domestic pigeon, in contrast, is a typical altricial 
bird. Pigeon chicks are unable to move until 5 days of age 
(Olea et  al. 2016), and after which point they use their 
legs to compete with siblings and for other in-nest activi-
ties. They grow rapidly, and begin to stretch and exercise 
their wings at the age of about 3 weeks, one week before 
they leave the nest.

Pigeons (body mass: 60–560  g) were collected from a 
commercial farm in Beijing, China, and decapitated at 
the age of 4, 7, 14, 21, 28, 56, 112, 168, 252, and 336 days. 
They were incubated naturally, birds younger than 
30  days were fed by both parents, and birds older than 
30  days were reared in nursery and flying loft with suf-
ficient food and water reply. Body mass was measured 
with a digital balance (0.01 g precision) before decapita-
tion and skeletal preparation. This research protocol was 
approved by the Animal Care and Ethics Committee of 
my university. Cabot’s Tragopans (body mass: 23–1469 g) 
were collected from Tragopan Breeding Center of Beijing 
Normal University. As no age record was available for 
Cabot’s Tragopans, they were grouped by body mass and 
feather characteristics (Wen and Zheng 1998): “hatch-
ling” (n = 1, H1), “juvenile” (n = 2, J1–J2), “sub-adult” 
(n = 1, SA1), and “adult” (n = 5, A1–A5). The entire right 
femur of each individual was dissected and then soaked 
in normal saline solution and frozen at − 20  °C to keep 
its physical properties constant (Pelker et al. 1984).

Micro‑computed tomography (CT) and cross‑sectional 
bone properties
Micro-CT images were collected for each femoral sam-
ple using a Skyscan 1172 micro-CT scanner (Nano Sci-
entific Instruments Co., Ltd, Shanghai, China). According 
to the size of the femora, four scan resolutions were 
set: 7.96 μm (source voltage: 49 kV, source current: 179 
μA, exposure: 900 ms), 12.96 μm (source voltage: 70 kV, 
source current: 141 μA, exposure: 1800  ms), 17.41  μm 
(source voltage: 65 kV, source current: 380 μA, exposure: 
450  ms), and 19.97  μm (source voltage: 54  kV, source 
current: 185 μA, exposure: 320 ms). Two hydroxyapatite 
samples of known density were scanned at each scan set-
ting to convert Hounsfield units to density.

Cross-sectional images of femora were imported 
into IMAGEJ 1.51 as stacks, and the plug-in BoneJ 
was adopted to measure geometric parameters of 

cross-sections, which included the cross-sectional 
area (A), diameter (D), moment of inertia (I), and polar 
moment of inertia (J) (Doube et  al. 2010). The average 
values of the images of the entire diaphysis and midshaft 
were calculated (Wei and Zhang 2019).

Three‑point bending tests
To estimate the femoral elastic modulus, three-point 
bending tests were conducted for each femur using an 
Instorn 5985 material-testing machine (Beijing Institute 
of Technology, Beijing, China). The femora were loaded 
along the dorso-ventral direction at the mid-diaphysis 
to failure, with the loading points displacing at a rate of 
3 mm/min (Currey 1999; Jepsen et al. 2015). The reaction 
force and displacement were automatically recorded by 
the computer.

The femoral elastic modulus (E) was calculated by the 
following formula (Jepsen et al. 2015):

where K is stiffness, l0 is the span length, and Iml is the 
moment of inertia around the medio-lateral axis at the 
load point. The load and displacement of the femur show 
a linear relationship at the initial stage of deformation, 
and stiffness is the ratio of load–displacement at the 
linear stage. Linear regression analysis was performed 
between load and displacement of the linear deformative 
stage; the resulting slopes represent femoral stiffness.

Hatchlings-to-adult ratios of bone length, diameter, 
cross-sectional area, polar moment of inertia, and elastic 
modulus where used to evaluate the precocity of struc-
tural and material properties of the newborn individuals 
were calculated.

Finite element analysis
Within each age group, one pigeon with a body mass 
close to the mean body mass was selected as a repre-
sentative pigeon. Finite element analysis was performed 
on the ten selected pigeons and on all the Cabot’s Trago-
pans. The cross-sectional images of the femora were con-
verted into 3D models using MIMICS (v. 17) (Fig. 1a–c). 
Then the Geomagic Studio was adopted to reconstruct a 
NURBS (nonuniform rational B-splines) curve for each 
3D model; the mini-defects of femoral models were cor-
rected by this operation as to not interfere with the finite 
element analysis results. At last, the models were discre-
tized with quadratic tetrahedral elements in ABAQUS 
(Simulia) (Fig.  1d). FEA simulations were fulfilled with 
the support from School of Biological Science and Medi-
cal Engineering, Beihang University.

E =

Kl
3
0

48Iml
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The isotropic but inhomogeneous elasticity properties 
were assigned to the elements of each model. Micro-CT 
Hounsfield unit (HU) values and bone density (ρ) are lin-
early correlated, and the bone density is a power function 
to the elastic modulus (Helgason et al. 2008; Eberle et al. 
2013). For pigeons and Cabot’s Tragopans, the HU-den-
sity and density-elasticity relationships were calculated 
separately to obtain species-specific relationships for 
material assigning. Using the two hydroxyapatite sam-
ples of known density, the HU-density relationship was 
derived for each scan setting. Then the density of mid-
diaphysis of femora was calculated based on the derived 
HU-density relationships. Femoral density and the 
elastic modulus calculated from the three-point bend-
ing test were imported into SPSS 22.0 one-to-one cor-
respondence, and the power function curve fitting was 
performed to achieve density-modulus relationships. At 
last, each element was assigned an elastic modulus based 
on the local HU values following the species-specific 
relationships calculated above. The passion’s ratio of 0.3 
was assigned to all finite element models (Currey 2002; 
Bishop et  al. 2018). The trabeculae were also taken into 
account in the femoral model. They were treated as a 
continuum, but the elements were assigned extremely 
low elastic modulus (0.0001  MPa) to reflect interspace 

within the tissue (density lower than 0.01 g/cm3) (Craw-
ford et al. 2003).

For each mode, two different loading conditions were 
simulated independently: the axial load and the radial 
load (Fig.  1d). As the sagittal plane is the predominant 
plane of hind limb motion, the sagittal force is the pre-
dominant component of the hip reaction force (Clark 
and Alexander 1975; Alexander et al. 1979b; Goetz et al. 
2008). The sagittal force at any angle can be decomposed 
into an axial and radial component. Thus, how femora 
bear axial and radial loading is vital for the terrestrial 
locomotion of birds.

The load was applied on a reference point, which was 
coupled with the surface of the femoral head to simulate 
the effect of the acetabulum on the femur head. The body 
weight was used as the magnitude of load for each simu-
lation. The surface of the femoral distal epiphysis was 
constrained to represent the restraint of the knee joint to 
the femur (Fig. 1d).

For all simulations, the von Mises stress, maximum 
principal strain, minimum principal strain, and SED 
within the femoral models were calculated. Von Mises 
stress is the equivalent stress derived based on maximum 
distortion energy theory, with high accuracy in predict-
ing fracture and yielding of isotropic material (Doblaré 

Fig. 1  Procedures of finite element modeling. a microCT image; b cross-sectional image; c 3D model; d finite element model and loading regimes 
adopted in finite element analysis
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et al. 2004). For each simulation, the highest stress within 
the diaphysis of each model was recorded. The princi-
pal strains are the normal strains on the planes of zero 
shear stress. The greatest of the three principal strains of 
an element in a 3D coordinate system is called a maxi-
mum principal strain, and the most negative one is the 
minimum principal strain (Gere 2001). The tensile and 
compressive strains are customarily defined as positive 
and negative, respectively; therefore, the maximum and 
minimum principal strains reflect the degree of tensile 
and compressive deformation, respectively. The maxi-
mum and minimum principal strains at the proximal end, 
mid-diaphysis, and distal end were recorded, and then 
were averaged to represent the maximum and minimum 
principal strains of the bone.

Results
Hounsfield unit value‑density and density‑modulus 
relationships
Because different scan settings will lead to different 
Hounsfield unit value-density relationships, four HU-ρ 
relationships were established corresponding to four scan 
settings. Two species-specific density-modulus relation-
ships were calculated for pigeons and Cabot’s Tragopans 
(Table 1). According to the ρ-E relationships and within 
the range of naturally occurring bone densities, E will 
always be larger in Cabot’s Tragopans. However, pigeons 
have a larger power of density than Cabot’s Tragopans in 
the ρ-E relationship, which gives them a sharper increase 
of E with the increase of density.

Deformation and strain
Axial and radial loads bent femora along medio-lateral 
and dorso-ventral orientations, respectively (Fig.  2). In 
both pigeons and Cabot’s Tragopans, the highest strain 
due to axial loading was located in both the proximal and 
distal ends of the femoral diaphysis. The highest strain 
due to radial loading was found at the distal diaphysis, 
and the strain gradually decreased from the distal end to 
the proximal end. However, the strain of the mid-diaphy-
sis of 4- and 7-day-old pigeons was relatively higher than 
that of other individuals. During growth, the femoral 
strain of pigeons and Cabot’s Tragopans both decreased 

but with different trends (Fig. 3). Pigeons showed a rapid 
decline in femoral strain during early growth, and this 
strain then plateaued from 28  days after hatching. The 
strain of young birds was up to tenfold higher than that 
of adults. In contrast, the femoral strain of Cabot’s Tra-
gopans decreased moderately during growth, and young 
birds had a similar strain as that of adults. The femoral 
strain of Cabot’s Tragopans was lower than pigeons dur-
ing all the developmental stages, and differences between 
young birds of the two species were greater than those 
between adults (Table 2).

Stress
Femoral stress increased with growth in both pigeons 
and Cabot’s Tragopans (Fig.  3). The femoral stress of 
pigeons increased sharply during early growth and then 
plateaued from 21 days after hatching; however, 28-day-
old pigeons exhibited significantly lower stress than the 
pigeons of other age groups. Cabot’s Tragopans showed 
a moderate increase in femoral stress during growth. In 
pigeons, femoral stress of adults was 4.52-fold and 3.35-
fold higher than that of young birds under axial and 
radial loading, respectively. These values were 2.29-fold 
and 2.27-fold higher in Cabot’s Tragopans. The femoral 
stress of hatching Cabot’s Tragopans was higher than 
hatching pigeons, but the stress of adult Cabot’s Trago-
pans was lower than adult pigeons (Table 2).

Strain energy density
Under axial loading, the highest femoral SED of pigeons 
was observed in a 14-day-old individual, while it was 
observed in the 14- and 21-day-old individuals under 
radial loading (Fig.  3). The other pigeons had similar 
SED values among each other. In Cabot’s Tragopans, 
the femoral SED showed a general stable trend with 
growth; the SED of H1 was lower than the average SED 
of adults under both loading conditions. The femoral 
SED of Cabot’s Tragopans was lower than pigeons in all 
the growth stages, and young birds of the two showed 
the greatest divergence (Table 2).

Table 1  Relationships used in the assignation of material property in modeling

a Birds were grouped according to the size of the femora; each group has its specific scan settings

Species Age or stagea HU-ρ ρ-E

Pigeon 4 to 14 days ρ = 5.47× 10
−4

HU + 0.31 E = 995.20× ρ
4.74

Other ρ = 3.20× 10
−4

HU + 0.15

Cabot’s Tragopan H1 ρ = 2.67× 10
−4

HU + 0.12 E = 2588.65× ρ
4.32

Other ρ = 5.65× 10
−4

HU + 0.33
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Interspecies comparison of precocity
The precocity of structural and material properties of 
hatching birds was calculated as the parametric ratio 
of hatchlings to adults. Pigeons exhibited a high struc-
tural precocity of femora, while Cabot’s Tragopans 
exhibited a high precocity in the elastic modulus of 
femora (Table 3).

Discussion
Limb posture dominates femoral deformation
The femora of both the two birds showed dorso-ventral 
bending under radial loading and medio-lateral bending 
under axial loading; the bending orientation of the fem-
ora explicitly corresponded with the loading conditions. 
During terrestrial locomotion, the angle at which the 

Fig. 2  Cloud maps of Maximum principal strain (Abs) of femora. 7D seven days after hatching; 36W 36 weeks after hatching, H1 hatchling individual, 
A1 adult individual, E elastic strain, Avg averaging threshold, Abs absolute; The cloud maps show the one with the largest absolute value among the 
three principal strains within each node of the model
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femur bears external force is related to the posture of the 
hind limb. A crouched posture of the hind limb tends to 
cause radial loading on the femur, while an erect posture 

tends to cause axial loading on the femur (Biewener 1989, 
2005). Our results showed that femoral stress, strain, and 
SED due to radial loading was significantly larger than 

Fig. 3  Ontogenetic changes of the strain, stress, and SED of femora. P pigeon, T Cabot’s Tragopan, A axial loading, R radial loading. Symbols filled in 
black and red indicate the results of axial and radial load analysis, respectively. Different parameters are distinguished by the shape of the symbols 
(As shown in the legend)

Table 2  Measurement ratio of Cabot’s Tragopans to pigeons

T/P: ratio of Cabot’s Tragopans to pigeons; Min: minimum principal strain; Max: maximum principal strain. A: axial load; R: radial load.

Ratio Strain-A Strain-R SED Stress

Min Max Min Max A R A R

T/P-hatchlings 0.12 0.17 0.22 0.35 0.19 0.30 1.55 1.42

T/P-adults 0.58 0.48 0.64 0.70 0.46 0.61 0.78 0.96
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that of axial loading in all of the individuals, suggest-
ing that the femur bears a high risk failure under radial 
loading. Furthermore, in the femora of both pigeons and 
Cabot’s Tragopans, the compressive strain was larger 
than tensile strain under axial loading, whereas the two 
strain types were similar to each other under radial load-
ing. As the acting orientation of axial loading parallels 
to the longitudinal axis of femora, the main proportion 
of the total load due to axial loading is born in compres-
sion rather than tension. Therefore, an erect posture of 
limbs will lead to a net decrease in the tensile deforma-
tion of femora, which makes good use of the outstanding 
compressive resistance of bones, and therefore achieves 
a high locomotor safety factor of femora (Currey 2002). 
Corresponding kinematic studies found that the hip joint 
movement of birds increases significantly with increas-
ing speed during terrestrial locomotion (Cracraft 1971; 
Gatesy 1999; Abourachid et al. 2011; Stoessel and Fischer 
2012). It makes the femora of birds more erect at the mid-
stance of the stride. Because the mid-stance is generally 
the moment when the net ground reaction force reaches 
its maximum, the erect posture of the femur will enhance 
its resistance to loads during strenuous locomotion. 
Additionally, Biewener (2005) argued that the crouched 
posture will cause a reduction in the muscle’s moment 
arm relative to the moment arm of the ground’s reac-
tion to the force of the limbs. This decreases the effec-
tive mechanical advantage of limbs. During locomotion, 
larger muscle force is needed in limbs with low effective 
mechanical advantage than that in limbs with high effec-
tive mechanical advantage.

Moreover, although the crouched posture of limbs 
leads to a low safety factor in bones, it enhances the 
maneuverability and accelerative capability of animals 
(Biewener 1989; Alexander 2003). Several studies sug-
gested that terrestrial vertebrates with large body weight 
prefer an erect limb posture, while small animals prefer a 
crouched posture (Alexander et al. 1979a; Biewener 1982, 
1989, 2005). The elastic modulus of long bones of ver-
tebrates falls within a relatively narrow range (Erickson 
et al. 2002), and the breaking strengths of long bones are 
quite similar among mammals and birds across a huge 
range of body sizes (Biewener 1982). By adopting more 
erect postures, large animals decrease bone deformation 
and enhance the effective mechanical advantage of their 

limbs to overcome the locomotor limit of their large body 
weight. In contrast, small animals have a much smaller 
body mass relative to their bone strength than large ani-
mals (Biewener 1982). As such, the safety factor of bones 
may not be the primary consideration for them. However, 
small size also presents disadvantages for small animals. 
For example, small animals are more vulnerable to preda-
tors and experience a more diverse terrain (Hedenström 
and Rosén 2001; Herrel and Gibb 2006). Nevertheless, 
small animals have a high power-to-mass ratio, which 
makes them more maneuverable than large animals (Dial 
et  al. 2008). Meanwhile, the crouched limb posture not 
only enhances their maneuverability but also their accel-
erative capability. These enhancements allow them to 
contend with large animals and escape from predators 
efficiently (Alexander 2003; Dial et al. 2008). This is prob-
ably the predominant reason that small animals prefer 
crouched postures.

Species‑specific mechanical performance
The femoral strain and SED of young Cabot’s Tragopans 
are lower than those of young pigeons, which suggest a 
higher femoral mechanical performance of young Cabot’s 
Tragopans. Furthermore, the strain and SED of young 
and adult Cabot’s Tragopans are similar, while these 
parameters sharply decline during growth in pigeons. 
This suggests that the femoral precocity of young Cabot’s 
Tragopans is higher than that of young pigeons. The dif-
ferent femoral mechanical performance between the two 
birds corresponds well to the fact that precocial birds 
have higher locomotor demands than altricial birds. 
Furthermore, the femoral midshafts of 4- and 7-day-
old pigeons have a relatively higher strain than that of 
older pigeons. The narrow midshaft in 4- and 7-day-old 
individuals may be responsible for their high femoral 
stress and strain. The narrow midshaft is very deform-
able and is, thus, not suitable for weight-bearing. How-
ever, pigeons cannot stand until they are 7  days of age, 
and, thus, the easily deformable shape is prevented from 
damaging the locomotion of young pigeons. Of note, the 
weak locomotor ability of young pigeons is also reflected 
in the structural characteristics of their femora.

This study has revealed that femoral stress increases 
with growth in both pigeons and Cabot’s Tragopans. 
Stress is often adopted by studies to evaluate bone 

Table 3  The precocity of femoral structural and material properties of hatchlings

Species Elastic modulus Bone length Diameter Cross sectional area Polar 
moment of 
inertia

Pigeon 0.72% 47.25% 58.11% 59.41% 19.48%

Cabot’s Tragopan 11.62% 26.14% 28.33% 6.21% 0.51%
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strength. As bones will fail at a certain stress level, the 
ratio of failure stress to load-induced stress is used as 
the safety factor of bones (Biewener 1982). However, the 
skeletal material property develops with animal growth 
and thereby failure stress increases as well (Currey 2002). 
We cannot clarify the ontogenetic change of the femoral 
safety factor based on the stress value alone. For the same 
reason, the finding that the femoral stress of Cabot’s Tra-
gopans is higher than that of pigeons does not imply that 
the femoral safety factor of pigeons is higher than that of 
Cabot’s Tragopans. Stress is equal to the product of strain 
and elastic modulus. During the growth of the two birds, 
the femoral strain decreased while the stress increased. 
The femoral strain of 4-day-old pigeons under axial load-
ing was ~ tenfold that of adults, but the stress increased 
by ~ 350% during growth. Therefore, the increase in stress 
with growth may be caused by the enhancement of the 
elastic modulus.

The femora of precocial hatchlings are built to ensure 
locomotion ability
Wei and Zhang (2019) observed the negative allometry 
of the breaking load of quail femora; the loading resist-
ance of young quails was higher than that of adults. 
Similarly, the results of the present study showed that 
the femoral SED of young Cabot’s Tragopans was lower 
than that of adults. The robust femora of young individu-
als are thought to be an adaptation to the intense loco-
motion required during their early growth stages (Wei 
and Zhang 2019). Due to weak parental care, precocial 
birds must forage and avoid predators independently or 
partially independently. Because of their small body size 
and immature sensory-motor system, young animals suf-
fer the highest mortality rate and therefore the strongest 
selection pressure (Carrier 1996; Herrel and Gibb 2006). 
The locomotor ability of young animals is enhanced to 
cope with this strong selection pressure, which increases 
their survival rate. Therefore, the high mechanical per-
formance of the femora of quails and Cabot’s Tragopans 
is an adaptation to the high functional requirements of 
their bones that are needed to enhance the locomotion of 
young animals.

The femoral strain of young Cabot’s Tragopans was 
lower than that of pigeons, which suggests that preco-
cial birds have a high resistance to skeletal deformation. 
However, the strain of young Cabot’s Tragopans was not 
lower than that of adults, unlike SED. This implies that 
young Cabot’s Tragopans may have different preferences 
between deformation resistance and energy efficiency. 
The development of an organism is an energy-consum-
ing event, and the available energy for young animals 
is limited (Ricklefs 1979a). Compared to altricial spe-
cies, precocial species not only obtain little energy from 

parental birds but also consume more energy with their 
activity (Ricklefs 1979a). The rational distribution of 
energy is therefore critical for precocial animals. For this 
reason, the skeletal mechanical performance should not 
be enhanced without limit, as with this, energy may be 
wasted on unnecessary functions. Bones modulate their 
modeling and remodeling processes based on specific 
mechanical stimulus to optimize their mechanical per-
formance (Carter 1984). Carter et al. (1987) argued that 
the apparent bone density is positively correlated to 
the apparent SED. Combining this conclusion with our 
results, we hypothesize that SED is the bone modeling/
remodeling stimulus. SED is affected by both stress and 
strain. A high SED value implies high stress and/or strain, 
which harms the performance of bones. Nevertheless, 
an extremely low SED value may reflect excessive bone 
volume, and therefore more weight and consequentially 
higher energy consumption. Skeletal SED may be main-
tained within a reasonable range to meet the mechanical 
performance requirements of strength, rigidity, and light-
weight together with limited energy sources.

The femora of Cabot’s Tragopans showed decreased 
strain with growth. In contrast, two studies employ-
ing in  vivo strain tests have observed another ontoge-
netic trajectories in the bone strain of birds. The strain 
of the tibiotarsus remained constant during chick growth 
(Biewener et  al. 1986), while the strain of the femur 
and tibiotarsus increased with emu growth (Main and 
Biewener 2007). Although the ground-dwelling birds 
were used as the research objects in these two studies as 
well, they adopted the in vivo strain test which is different 
from our study. The results of in vivo strain tests reflect 
the effects of locomotion on bones, while the results of 
the present study reflect the mechanical performance of 
bones. Therefore, the different strain results between the 
present study and the two abovementioned in vivo stud-
ies are not contradictory. Furthermore, if the in vivo fem-
oral strain of Cabot’s Tragopans maintains or decreases 
with growth, which is just like that of the chick and emu 
assessed in Biewener et al. (1986) and Main and Biewener 
(2007), respectively, young Cabot’s Tragopans must have 
some mechanisms that decrease bone strain, because our 
results showed that the femoral strain decreased with 
growth under body weight loading alone. Biewener and 
Taylor (1986) suggested that an animal’s gait and speed 
during locomotion is limited by the magnitude of bone 
strain. Therefore, if young Cabot’s Tragopans indeed have 
some strain-reducing mechanisms, they can achieve a 
relatively higher speed than adults under the same condi-
tions of bone mechanical performance. The strain-reduc-
ing mechanisms decrease the functional demands on the 
mechanical performance of bones, which improves the 
locomotor ability of young Cabot’s Tragopans.
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The robust femoral structure of altricial hatchlings adapts 
to rapid growth
Pigeons hatch with weak femora, which corresponds to 
their low demands for locomotion. However, the femo-
ral structure of hatchling pigeons is relatively more 
robust than that of hatchling Cabot’s Tragopans. This 
implies that the weak mechanical performance of fem-
ora is not simply the result of a correlation between low 
performance and low functional demands. Carrier and 
Leon (1990) found that in California Gulls, the growth 
of wing bone length begins immediately after hatching, 
whereas other wing tissues do not develop until shortly 
before fledging. Carrier and Leon (1990) suggested that 
the linear growth of bones may require more time than 
other tissues, and that therefore the linear growth of long 
bones could be the rate-limiting factor in limb develop-
ment. After that, Carrier and Auriemma (1992) found 
that the fledging period of birds has a strong positive cor-
relation with relative bone length. This result supports 
the hypothesis of Carrier and Leon (1990). Cosman et al. 
(2019) then revealed the reason for this phenomenon, 
that is, rapid linear growth of bone leads to changes in 
the organic bony matrix composition of the bone, which 
makes the bone brittle and susceptive to fracture by even 
the smallest deformation. Thus, bone growth must be 
initiated earlier so as to prevent longer maturation dura-
tions. Therefore, the high structural precocity of pigeon 
femora may be an adaptive trait to rapid growth.

As altricial birds, pigeons exhibited rapid growth rates 
regarding femoral mechanical performance. Their femora 
were extremely deformable at hatching; however, the 
bone strain reached adult levels at 28  days after hatch-
ing, which exactly coincides with the fledging time. In 
contrast, the femoral strain of Cabot’s Tragopans reached 
adult levels at the sub-adult stage (individual SA1). 
According to the growth curve of Cabot’s Tragopans in 
Wen and Zheng (1998), it can be estimated that the age 
of the Cabot’s Tragopan SA1 was ~ 70–80 days. The long 
developmental period of Cabot’s Tragopans provides suf-
ficient time for bones to grow slowly, while pigeons need 
robust bone structures at hatching that enable matura-
tion in just 4 weeks.

California Gulls show constant bone growth already 
from hatching onwards (Carrier and Leon 1990), while 
pigeons not only exhibit constant bone growth but also 
a robust bone structure at hatching. Additionally, the 
development of the cross-sectional bone structure was 
delayed in California Gulls but not in pigeons. This dif-
ference may be caused by the different demands on the 
rapid growth between the two birds. Altricial pigeons 
have more rapid growth than semi-precocial California 
Gulls; pigeons may, thus, have better developed bone 
structures at the time of hatching to support their rapid 

growth in comparison to gulls. This may imply that more 
altricial birds exhibit more robust bone structures. If a 
negative relationship between the precocity of hatchling 
birds and the precocity of long bone structures is proven, 
the type of hatchling birds can be inferred based on the 
bone structure. These results have potential applications 
for studies regarding developmental patterns of fossil 
avian species.

The methods used in the present study have some 
limitations as in other previous similar works. First, the 
elastic modulus is calculated from the three-point bend-
ing test using equations from beam theory. Because 
the shape and geometry of the femur are complex and 
irregular, beam theory only provides rough estimation 
of material properties (Jepsen et  al. 2015). Second, the 
mechanical test requires the sample to be machined to 
standard size and tested in a particular loading mode, but 
this standard protocol cannot be applied to birds’ femur 
because of the small size. Fortunately, it has been proved 
that the beam theory combined with the mechanical test 
has high precision in estimating elastic modulus of bones 
(Arias-Moreno et al. 2020), which enhances the credibil-
ity of the present research. In particular, these methods 
are more suitable for comparative and ontogenetic analy-
sis on the biomechanical performance of animals’ limb 
bone.

Conclusions
The deformation of the femur is greatly affected by the 
load angle and is thus dominated by the posture of the 
limb. A more erect hind limb will cause less deforma-
tion to the femur, which supports the conclusion that the 
erect posture of large animals would enhance the safety 
factor of their long bones (Biewener 1982, 1989). During 
postnatal ontogeny, the femora of Cabot’s Tragopans and 
pigeons undergo very different growth patterns in their 
mechanical performance. Cabot’s Tragopans hatch with 
well-developed and strong femora, which enable hatch-
ling pheasants for high locomotion demands. The femur 
of hatchling pigeons is too weak to support the body, but 
the femoral structure is particularly robust and is con-
sidered to be an adaptation to rapid growth. The fem-
ora of adult Cabot’s Tragopans are stronger than that of 
pigeons, corresponding to a more terrestrial habit. The 
results of the present study reflect the close correlation 
between the mechanical performance of bones and ani-
mal locomotion, and provide a basis for inferring the 
behaviors of extinct animals based on bone remains in 
fossil studies.
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