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Abstract

Age-related changes in bone microstructure can inform our understanding the biol-
ogy of both extant and fossil birds, but to date, histological work in birds, and par-
ticularly work using high-resolution 3D imaging, has largely been restricted to limited
growth stages. We used minimally destructive synchrotron radiation-based X-ray
computed tomography to visualise and measure key morphological and histological
traits in 3D across development in the domestic duck and ring-necked pheasant. We
use these measurements to build on the database of key reference material for in-
terpreting bone histology. We found that growth patterns differed between the two
species, with the ducks showing rapid growth in their lower limbs and early lower limb
maturation, while pheasants grew more slowly, reflecting their later age at maturity.
In the pheasant, both walking and flight occur early and their upper and lower limbs
grew at similar rates. In the duck, flight and wing development are delayed until the
bird is almost at full body mass. Through juvenile development, the second moment
of area for the duck wing was low but increased rapidly towards the age of flight, at
which point it became significantly greater than that of the lower limb, or the pheas-
ant. On a microstructural level, both cortical porosity and canal diameter were related
to cortical bone deposition rate. In terms of orientation, vascular canals in the bone
cortex were more laminar in the humerus and femur compared with the tibiotarsus,
and laminarity increased through juvenile development in the humerus, but not the
tibiotarsus, possibly reflecting torsional vs compressive loading. These age-related
changes in cortical bone vascular microstructure of the domestic duck and pheasant
will help understanding the biology of both extant and fossil birds, including age esti-

mation, growth rate and growth patterns, and limb function.
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1 | INTRODUCTION

Understanding bone microstructure in animals is important for
answering biological questions related to ontogeny (Scannella &
Horner, 2010), biomechanics (Pratt & Cooper, 2018), and phylogeny
(Gao et al., 2012; Scannella & Horner, 2010), in both extant and ex-
tinct species. In particular, bone histology is the best way that we
have to estimate traits such as growth rate in fossils, and has been
linked to locomotory traits such as flight (de Margerie, 2002; Simons
& O'connor, 2012). While historically, histology has relied on pro-
duction of thin sections, minimally destructive X-ray CT methods are
becoming increasingly widespread, enabling the characterisation of
3D traits such as vascular networks (Pratt & Cooper, 2017; Pratt
et al., 2018). However, the number of comparative studies in extant
species using these techniques is, to date, limited and without extant
comparative datasets, interpretation of fossil material is challenging.

Even based on 2D sections, questions remain about functional
links between the structures observed in histological sections and
the biology of the animal and the depositional processes that pro-
duce bone tissue, including how the organisation of the microvas-
cular network in cortical bone tissue correlates with traits such as
growth rate (de Margerie et al., 2002, 2004; Kuehn et al., 2019;
Pratt & Cooper, 2018) and mechanical function of the bone (de
Margerie, 2002, 2005). While, due to developmental plasticity, it
is unlikely that absolute relationships between e.g. absolute bone
deposition rate and exact bone structure that can be directly ex-
trapolated to fossils will ever be found (Starck & Chinsamy, 2002),
correlations exist between histological traits and biology.

Both growth rate and bone loading change with age, but devel-
opmental changes are difficult to study in fossils where absolute
ages are unknown and locomotory behaviours are uncertain. Thus,
studying how key traits change through ontogeny and correlate with
behavioural transitions such as the onset of flight in birds is an ap-
proach that can help us to understand development and behaviour
in fossil birds.

Due to the way in which bone is deposited, its structure under-
goes substantial changes through ontogeny. In very young bone,
most of the bone tissue is of the woven type, with irregular ar-
rangement of collagen fibres and a porous structure (Marotti, 2010;
Palumbo et al., 2002). In this type of bone, the tissue is quickly laid
down but mechanically weak. The spaces are gradually infilled or
replaced as the bone ages (Stein & Werner, 2013) and the bone be-
comes stronger as the strength of cortical bone tissue is strongly
inversely related to its porosity (Cooper et al., 2016). In fibrolamel-
lar bone, the large spaces in the initially deposited bone, containing
vascular canals, are infilled by concentric layers of bone, forming pri-
mary osteons. Blood vessels and nerves remain in the middle of the
osteons providing oxygen throughout the tissue. In adult bone, very
little woven bone is present (Stein & Werner, 2013).

Although the same processes occur to produce fibrolamellar
bone in most birds, there is a wide variation in growth rates, life his-
tories and lifestyles between species and bone growth is modified to
adapt to these differences. Even within a species bone development
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can be plastic, reflecting the actual availability of food and behaviour
of that animal (Starck & Chinsamy, 2002). These variations are re-
flected in the structure of the bone. For example, although all bone
is deposited around blood vessels, how those vessels are organised
is variable, from the density of the vascular network to the main
orientations of the vessels (longitudinal, laminar, radial or oblique).
The organisation of vasculature that runs through cortical bone has
been associated with bone growth rate (de Margerie et al., 2002,
2004; Kuehn et al., 2019; Pratt & Cooper, 2018) and bone mechan-
ics (de Margerie, 2002, 2005), both of which might change through
ontogeny. For example, radially oriented canals (like the spokes of a
bike wheel) have been correlated with more rapid tissue deposition
(Pratt & Cooper, 2018), while longitudinal (along the length of the
bone) and laminar (running circumferentially around the bone) ca-
nals have been correlated with slower tissue deposition, although
evidence for this relationship is mixed (de Margerie et al., 2002; Pratt
& Cooper, 2018).

In terms of mechanical requirements, a laminar canal orientation
is hypothesized to help a bone to resist torsion (de Margerie, 2002;
de Margerie et al., 2002, 2005), possibly through associated collagen
fibre orientations(de Margerie et al., 2002) which may be most im-
portant in the wing bones of flighted birds (Norberg & Aldrin, 2010).
It is probable that the requirement for torsional resistance in flight-
related bones such as the humerus increases through life, as few
birds can fly from hatching. Therefore, it may be predicted that the
vascular arrangement in these bones would become more laminar
with age, but this has not yet been tested (Pratt & Cooper, 2018).

In addition to understanding relationships between form and
function, understanding how bone microstructure changes with
age can improve estimates of the developmental age in an unknown
sample (e.g. a fossil). Developmental age of specimens is crucial for
accurate taxonomy and for understanding the evolution of partic-
ular traits. In several dinosaur species, the validity of certain spe-
cies have been strongly debated for this very reason (Maiorino
et al., 2013; Scannella & Horner, 2010), identifying juveniles is nec-
essary for studying e.g. trends in body size (Griffin & Nesbitt, 2020),
and identification of a sub-adult Early Cretaceous bird has led to re-
identification of other specimens (Gao et al., 2012). Even in the most
iconic bird species Archaeopteryx lithographica, several different age
stages have been identified (Rauhut et al., 2018). Adding to the com-
parative library of extant studies will contribute to a more robust
interpretation of fossil specimens.

This study characterises how microvasculature within cortical
bone changes with age, growth rate and limb function, in two model
species, the domestic duck (Anas platyrhynchos) and ring-necked
pheasant (Phasianus colchicus). 3D data on macrostructure and di-
aphyseal microstructure of avian bones were collected throughout
development in a growth series of each species using synchrotron
radiation (SR)-based computed tomography (CT). These species
were chosen as they are closely related (both within Galloanserae),
have similar body masses and are both precocial, minimising the in-
fluence that phylogenetics or body mass might have on differences
between the two species. However, they have some key differences
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in developmental patterns, in particular the age of first flight and
flight capability. Therefore this study aimed to capture these key
transitions in development and function and characterise the asso-
ciated changes in bone microvasculature, as well as describing the
structures observed at different age stages.

2 | MATERIALS AND METHODS
2.1 | Materials

Samples of A. platyrhynchos (commercially produced strains of a
Mallard/Pekin cross known as Cherry Valley) were donated by
Warawee Duck Farm, Southampton, UK across the full developmen-
tal range from 1day old to 2years old. Samples of juvenile Phasianus
colchis were donated by Blackmore Game Farm, across the juvenile
age range of 15-42days. This provided an ontogenetic series for
each species that could then be used to create growth curves and
study microstructural changes (detailed in Methods). The samples
were individuals that were naturally deceased throughout devel-
opment. No live animals were used, no animals were killed for this
study, and ethics were approved by the University of Southampton
(ERGO number 27443). In order to study growth and remodelling
separately, duck samples were split into three age classes, defined
as: juvenile (1-42 days of age, when the animal is growing to full size),
sub-adult (42 days to 6 months, at which time the animal is approxi-
mately adult body mass but has not yet reached maturity, i.e., has
not yet begun laying eggs), and adult (older than é6 months, i.e., has
begun laying eggs).

For the ducks, the ages were provided for one 1-day-old, one
6-week-old, one 3-month-old and three 2-year-old individuals, and
the body masses of all individuals were recorded. The individuals of
unknown age were all larger than the 1-day-old and smaller than the
6-week-old individual. Based on the growth curves for ducks pre-
sented by Montes et al. (2005), the individuals within this age range
are expected to fall within the near linear portion of the growth
curve for ducks (Montes et al., 2005). Thus, the ages of individuals
between 1-day-old and 6-week-old were linearly interpolated using
the recorded body masses assuming linear growth in body mass be-
tween 1day and 6 weeks. For pheasants, all ages were provided. In
pheasants, juvenile development is more prolonged, and at 100days
they are still growing (Montes et al., 2005). Therefore, all pheasant
samples, including those at 42 days were classed as juvenile.

To create a complete growth curve for pheasants for compari-
son with ducks, adult bone measures were obtained from literature.
Namely, adult maximum bone length for the pheasant tibiotarsus and
humerus was obtained as the mean value for the relevant pheasant
bone length measurements recorded in (Watson & Ledogar, 2019).
This length was used to calibrate the scale drawings in (Cohen &
Serjeantson, 1996), from which the bone diameter at the mid-
diaphysis was derived using the ‘Measure’ tool in the Fiji distribu-
tion of the free, open-source image processing package ImageJ 1.52
(Doube et al., 2010; Rueden et al., 2017).

2.2 | Sample preparation

The humerus, femur and tibiotarsus were harvested, and the maxi-
mum lengths and minimum diameter at the mid diaphysis were
measured using digital callipers. For the smallest bones (less than
2mm diameter), the precision of the diameter measurement was in-
creased by measuring the minimum diameter from the SR CT scan
using the ‘measure’ tool in Fiji.

Samples were prepared to ensure the whole width fit into the
lateral field of view (FOV) while imaging by SR CT (approximately
2mm across). For smaller bones, where the diameter was less than
2mm, the cortex was left intact, but midshaft sections of larger sam-
ples were cut lengthways using a slow-speed saw (Buehler Isomet,
Esslingen, Germany) to produce quadrant sections of the long bones.
The same quadrant was used from each bone for imaging (antero-
ventral for the humerus, antero-medial for the tibiotarsus). Although
itis possible to image local regions of an entire larger specimen using
local CT (i.e., the sample is bigger than the lateral FOV of the de-
tector) at higher spatial resolutions, artefacts appear in the SR CT
reconstructions due to the missing image information outside the
FOV that is covered by the imaging setup. Therefore the material
was prepared to fit within the FOV in order to optimise image qual-
ity. Samples were fixed using 4% paraformaldehyde (PFA) for at least
48 h and then transferred to 70% ethanol.

2.3 | SRCTimaging

Images were collected over two beam times, one awarded at
TOMCAT beamline of the Swiss Light Source (Paul Scherrer Institut,
Villigen, Switzerland) and the other at 113-2 of Diamond Light Source
(Harwell Science and Innovation Campus). Since the equipment is
not directly equivalent, scans could not be made at identical set-
tings, however, the contrast between the sample and background
was strong (bone vs air/water) and objects of interest were signifi-
cantly larger than the pixel resolution, so slight differences in imag-
ing setup should not have had a significant impact on the results.
To minimise any impact of variation, images were binned by pixel
averaging to the same voxel sizes.

For most samples, the mid-diaphysis of the samples were im-
aged by SR CT at TOMCAT beamline of the Swiss Light Source (Paul
Scherrer Institut) using a monochromatic beam at an X-ray energy
of 21keV. The voxel size was set to 1.6 pm. 180ms exposure per
projection was chosen for 1501 projections over a 180° rotation at
a sample-to-detector distance of 12mm. Each SR CT scan took ap-
proximately 6 min, which were reconstructed using gridrec (Marone
& Stampanoni, 2012). The final reconstructed SR CT volume was
2560x2560x 1982 voxels® or 4.1 x4.1 x3.2mm? and saved as 16-
bit TIFF stacks.

For pheasant scans and a small number of duck sample scans
(see Tables S1 and S2), the mid-diaphysis of the samples were
scanned at beamline 113-2 of Diamond Light Source (Harwell
Science and Innovation Campus), using a pink beam with an
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average X-ray energy of 20keV. The voxel size was set to 0.8 pm.
100 ms exposure per projection was chosen for 4001 projections
over a 180° rotation at a sample-to-detector distance of 20 mm.
SR CT scans were reconstructed using standard filtered backpro-
jection, then binned twice to a final voxel size of 1.6 pm to match
the voxel size of datasets collected at the Swiss Light Source. In
addition, the stack size was reduced from 1079 slices to 1000
slices by removing slices at the top and bottom of the stack that
were of lower image quality compared to the rest of the SR CT
stack. The final SR CT volume was 1280 x 1284 x 1000 voxels® or
2.0x2.1 x1.6mm?°.

24 | Image segmentation

For samples less than 2mm in diameter, where the entire bone
diameter was imaged (see above), the image stack was cropped
to the quadrant of interest so that the analysed region was
equivalent across all samples. Then, the vascular canals were seg-
mented using a custom workflow in Fiji. The pores or canals found
within the bounds of the mineralised tissue that were larger than
1000 pm3 (the volume below which we define pores to be oste-
ocyte lacunae; Williams et al., 2020) were isolated from the 3D
datasets (Figure 1) using the following process. First, images were
binarised using a minimum cross-entropy thresholding algorithm
(Li & Tam, 1998) to identify the mineralised regions of bone tis-
sue. The canals within the mineralised regions were filled using a
series of dilations followed by erosions and the solid bone image
was used as a mask to separate the pores within the bone from
the background. Medullary bone found inside adult femura was
removed manually. The custom workflow used is described in

further detail in Williams et al. (2020), and specific details can be
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found in the Supplementary Methods and Figure S1. As this work
focused on vascular canals and the spatial resolution was not high
enough to accurately measure the osteocyte lacunae (Williams
etal., 2020), pores smaller than 1000 um® were excluded using the
‘Particle analysis’ tool in BoneJ (Doube et al., 2010), a plugin for
ImagelJ designed for quantifying bone structure.

2.5 | Data analysis

Segmented SR CT scans were analysed using Fiji. The ‘Particle
Analysis’ tool in BoneJ was used to measure volumes of the canal
network and the total cortical bone volume (defined as the mask
used in the ‘Image segmentation’ section). Porosity was defined as
the volume of the canal network divided by the volume of the corti-
cal bone. Canal diameter was estimated using the ‘Thickness’ tool
in BoneJ, which uses sphere fitting to derive the mean thickness as
the arithmetic mean of the local thicknesses taken over all points in
the structure. Cortical thickness was estimated from the solid bone
mask described in the ‘Image segmentation’ section above using the
‘Thickness’ tool in Bonel.

We were interested in assessing the bending stiffness of the
bones. Assuming that mineralised regions of bone have similar me-
chanical properties, we compute changes in the second-moment
area, which is related to bending stiffness. The second moment of

area was calculated as:

/2
I=7(2=rf)

wherer, is the radius of the midshaft of the bone (W)

andrqis

the internal radius (subtract cortical thickness fromr,). This measure

FIGURE 1 Pre- and post-segmentation images for juvenile duck bone (age 15days). (a) Greyscale slice from SR CT stack. (b) Segmented
pores showing both vascular canals and osteocyte lacunae. PS, periosteal surface; ES, endosteal surface; OL, osteocyte lacuna; CB, cortical

bone; C, canal. Scale bar = 500 pm.
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is a simplification and does not take into account the porosity of the
bone because pore measurements and locations were not available
across the entire bone, only one quadrant. Therefore the second
moment of area measurements are likely to be overestimations, par-
ticularly in the most porous bone.

Major orientations of the canal network have been related to
bone growth rate and mechanical properties, so we were inter-
ested to test whether the orientations changed through develop-
ment to reflect either changing growth rates or changing use of
the bones. Canal orientation was estimated using the implementa-
tion of Pratt's 2017 method (Pratt & Cooper, 2017) as described in
Williams et al. (2020). Segmented canal networks were thinned to
single pixel lines (skeletonised) using the ‘Skeletonize 2D/3D’ tool
within Bonel, and the network was analysed using the ‘Analyze
Skeleton’ tool within the same plugin. The branch points of the
skeleton were used to define individual canals as straight seg-
ments. Using a custom Python script (Williams et al., 2020), the
orientation of each segment was characterised, by calculating a ra-
dial angle (angle the canal deviates from the nearest tangent to the
bone surface Figure 2a) and a longitudinal angle (angle relative to
the long axis of the bone, where an angle parallel to the long axis
of the bone corresponds to 90°, indicating how much the canal
deviates from the main longitudinal axis of the bone; Figure 2b).
These two angles were then used to calculate a radial index, a lam-
inar index and a longitudinal index, describing the proportion of
canals in the network with those specific orientations, following
De Boef and Larsson (2007) (Table 1). Angles not falling into the
longitudinal, radial or laminar categories are classified as oblique.
The indices were weighted by canal length to reduce the undue
influence of short canal segments.

(@) z (b) z

FIGURE 2 Radial and longitudinal angle measurements input
into angle indices. (a) Radial angle is defined as the angle the

canal deviates from the nearest tangent to the bone surface (b)
longitudinal angle is defined as the angle of the canal relative to the
long axis of the bone (z), where an angle parallel to the long axis

of the bone corresponds to 90 degrees. Red cylinders represent
vascular canals. The blue sphere indicates the midpoint of the
canal.

TABLE 1 Angle categories for longitudinal, radial and laminar
indices for assessing main vascular organisations in bone, following
De Boef and Larsson (2007). Angles not falling into the longitudinal,
radial or laminar categories were classified as oblique.

Longitudinal angle Radial

Orientation category (°) angle (°)
Longitudinal 67.5-90.0 0.0-90.0
Radial 0.0-67.5 67.5-90.0
Laminar 0.0-67.5 0.0-22.5

2.6 | Statistics

Statistical analyses were carried out in Origin 2019b (OriginLab
Corporation) and RStudio (Version 1.2.1335; RStudio, Inc).
Pearson's correlation coefficient (Origin) was used to character-
ise correlations where the dependent variables were unbounded
(canal diameter, cortical thickness and mid-diaphyseal diameter
during juvenile growth). Where dependent variables were propor-
tions (porosity, canal orientation indices), a beta regression with a
logit link was implemented using the betareg package in RStudio.
p-values were obtained using the ‘Irtest’ function in the ‘Imtest’
package, and the summary function in ‘betareg’ used to produce a
pseudo R-squared value, the squared correlation of linear predictor
and link-transformed response. Full model outputs can be found in
Table S3. In Origin, ANOVA was used to test for differences be-
tween means, and Tukey's multiple comparison test was used to
test for pairwise differences. In Origin, growth curves were fitted
using a sigmoidal Gompertz model, a model that is commonly used
to study growth (Vincenzi et al., 2020; Winsor, 1932). The growth
rate was calculated as the first differential of the Gompertz mod-
els fitted.

3 | RESULTS

Bone length and diameter were used to assess growth patterns
through growth curves, both in terms of absolute size and growth
rate in both dimensions (Figure 3). In the duck, the tibiotarsus had
a higher maximum longitudinal growth rate than the femur (2.38
and 1.56 mm/day respectively) and lower radial growth rate than
the femur (0.091 and 0.111 mm/day respectively). The humerus
grew more slowly at early stages of development than the lower
limb and its maximum growth rate was later than for the lower
limb bones (Figure 3a,e). It had a similar maximum longitudinal
and radial growth rates to the femur (1.59 and 0.0112 mm/day
respectively), but reached its maximum longitudinal growth rate
at 24 days, 10days later than the femur and 13days later than
the tibiotarsus. Therefore, from a relatively small size early in
growth, the humerus became longer than the femur at 29 days
and tibiotarsus at 98 days. It became wider than both at approxi-
mately 43 days (Figure 3b). Due to the later growth in the wing,
the humerus was still growing at 42 days at which point full body
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mass is reached and the lower limb bones have slowed growing in
length (Figure 3a,e). All three bones were still growing radially at
this stage based on the growth curves (Figure 3b,f). In the pheas-
ant, the tibiotarsus remained the longest bone and the humerus
remained the shortest bone throughout growth (Figure 3c), and
maximum growth rates were consistently lower than in the duck.
However, the growth period was more prolonged so that after
25days, longitudinal growth rate for the femur and tibiotarsus
was higher in the pheasant than in the duck, and after 30days
radial growth rate for the femur and tibiotarsus was also higher
in the pheasant than the duck. The longitudinal growth rates of
the femur and humerus were similar (maximum rates 1.00 and
1.10 mm/day) while the tibiotarsus grew slightly faster (maxi-
mum rate 1.36 mm/day) (Figure 3g). All three bones reached their
maximum longitudinal growth rate at approximately 9 days (femur
9 days, tibiotarsus 10days, humerus 8days). In terms of diame-
ter, the humerus grew slightly faster than the other two bones,
and reached its maximum radial growth rate (0.0921 mm/day)
at 5days, before the 11-day estimate for the first flight (Montes
et al., 2005), and before the maximum growth rates were reached
for the tibiotarsus (0.0638 mm/day) or femur (0.0738 mm/day) at
15days and 20 days respectively (Figure 3d,h).

3.1 | Cortical bone growth

In the duck, the differences in cortical thickness caused by dif-
fering rates of endosteal resorption during growth mean that the
lower limb keeps a longer record of depositional history during ju-
venile growth compared with the humerus. For example, at day
1, bone was assumed to have developed largely before hatching
(white dashes in Figure 4b,c) with a structure that is visibly dis-
tinct from bone deposited later (it has narrower canals). Therefore,
bone resembling the structures seen at this stage, and at the same
position and scale as the 1-day-old individual, is here described
as ‘pre-hatching’ bone (Figure 4). ‘Pre-hatching bone’ was visible
at day 10 in both the tibiotarsus and the humerus (Figure 4b,c). In
the tibiotarsus, this region was similar in thickness and appearance
to the same region at day 1, while in the humerus, the region was
slightly thinner than at day 1 and was not present in places, likely
due to endosteal resorption. At day 15, no ‘pre-hatching bone’ was
visible in the humerus (Figure 4c), while a thin layer was still pre-
sent on the endosteal surface of the tibiotarsus. Also worth noting

is the presence of medullary bone within the adult femur, which
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indicates a high degree of bone turnover and likely remodelling
related to egg laying (Figure 4a)—this is included in the image for
visual purposed but medullary bone tissue was removed from all
quantitative analyses.

Radial bone growth was measured using the diameters already
discussed, and the thickness of the bone cortex, which in combi-
nation give the second moment of area. At first in the duck, the
cortical thickness increased more rapidly in the tibiotarsus and
femur (Figure 4c), overshooting the cortical thickness present in
adults for both bones. Combined with the earlier radial growth,
this resulted in a greater second moment of area in the lower limb
bones compared with the humerus, which at 24 days had a second
moment of area 10 times smaller than the femur (Figure 5a). At
42 days, the cortical thickness was reduced in the tibiotarsus and
femur and greatly increased in the humerus, along with the diam-
eter, so that at this stage the second moment of area was a little
higher in the humerus than the tibiotarsus (Figure 5a). The change
in second moment of area between the largest juvenile and sub-
adult was 28% for the tibiotarsus, but 4400% for the humerus.
This rapid growth continued as in the adult the second moment of
area was twice as high in the humerus compared with the lower
limb bones, representing a further growth of 226% in terms of
second moment of area while the tibiotarsus increased by 84%.
In the pheasant, we do not have adult individuals, but the juve-
niles growth patterns were different. Second moment of area was
highest in the humerus compared to the other two bones from the
youngest individuals measured (14 days) and increased in all three
bones to 35days. However, on average the second moment of area
was lower for the three bones in the 42-day-old individuals than
in the 35-day-old individuals due to reduced cortical thickness. In
the duck, second moment of area was never found to decrease,

only increase.

3.2 | Porosity

In the juvenile ducks, there was no significant correlation be-
tween age and porosity in any of the bones (Figure 6a). In the
pheasants, mean porosity was greatest at 21days, with lower
porosity both before and after this age stage (Figure 6b), though
again there was no significant correlation between age and po-
rosity. In both ducks and pheasants, there was a positive cor-
relation between diametric growth rate and bone porosity for

most bones (Figure 6b,e). There was a positive relationship

FIGURE 3 Growth curves for the femur, tibiotarsus and humerus in the duck (Anas platyrhynchos) and pheasant (Phasianus

colchicus). Stars indicate mean bone length values from (Watson & Ledogar, 2019)and bone diameter estimates based on 34 (Cohen &
Serjeantson, 1996). (a and c) maximum bone length, (b and d) minimum mid-diaphyseal diameter. Lines were fitted using a Gompertz model
(Winsor, 1932) and shaded areas indicate 95% confidence intervals. Light grey bars and standing silhouettes mark approximate age at

full body mass, dark grey bars and flying silhouettes mark estimated appearance of first flight (Montes et al., 2005). (e-h) The growth rate
calculated as the first differential of the Gompertz fit. (e and g) Length rate, (f and h) radial growth rate.
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(d)

Femur

(b)

Tibiotarsus

(c)

Humerus

FIGURE 4 Mid-diaphyseal transverse virtual sections through the femur, tibiotarsus and humerus at different ages in the domestic

duck (Anas platyrhynchos) and ring-necked pheasant (Phasianus colchicus). Images show grey value data of single slices from SR CT datasets,
pseudo-coloured to indicate approximate age of the individuals, shown in days (age) for each image. All images are to the same scale and are
placed so that the estimated centres for each bone are at the Centre of the cross. (b and c) Area inside red circles indicate the bone region
present in the 1-day-old individual, referred to here as ‘pre-hatching bone’. (a) MB indicates medullary bone removed in analysis.

between diametric growth rate and bone porosity for the duck the pheasant, the same relationship was present in the humerus
humerus (p <0.001, pseudo r> =0.831), tibiotarsus (p <0.001, (p <0.05, pseudo r*> =0.290) and tibiotarsus T (p <0.001, pseudo
pseudo r? =0.866) and femur (p <0.001, pseudo r?> =0.779). For r? =0.607), but not the femur.
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FIGURE 5 Second moment of area for the femur, tibiotarsus and humerus at different ages across (a and c) the entire age range and (b
and d) juvenile growth in domestic ducks (Anas platyrhyncos), and ring-necked pheasant (Phasianus colchicus). Vertical grey lines indicate
approximate age of flight. (a) Lines indicate Gompertz curve fit and shaded coloured regions indicate 95% confidence intervals for the fit. (b)
Lines indicate linear fit and shaded coloured regions indicate 95% confidence intervals for the fit.

In the ducks, a linear relationship was also present between dia-
metric growth rate and mean canal thickness (Figure 6c) (p <0.0001,
r? =0.482). This growth rate/canal thickness relationship was not ob-
served in the pheasant though fewer age stages were present (Figure 6f).

3.3 | Canal orientations
In the duck, pooling all ages, the tibiotarsus had a smaller lami-

nar index (proportion of laminar vascular canals) (Figure 7a) and a
larger longitudinal index (proportion of longitudinal vascular canals)

(Figure 7b) than the humerus (p < 0.001 and p <0.001, respectively)
or femur (p <0.001 and p <0.05 respectively). The oblique index
was consistent across the three bones (Figure 6c). The femur had a
higher radial index than the tibiotarsus (p <0.05), (Figure 7d).

In the pheasant, the patterns and magnitudes of the indices were
similar to the duck, though the tibiotarsus did not show a reduced
radial index compared to the femur and humerus. The longitudinal
index was higher in the tibiotarsus than either the femur (p <0.05)
or the humerus (p <0.01).

In the femura and humeri of juvenile ducks, the laminar index
increased significantly with age (Figure 8a,c; pseudo r? =0.43 and
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FIGURE 6 Mid-diaphyseal cortical porosity and mean canal thickness in the femur, tibiotarsus and humerus (blue triangles) domestic
ducks (Anas platyrhynchos) and ring-necked pheasants (Phasianus colchicus). (a-f) Femur: Grey squares, tibiotarsus: Red circles and humerus:
Blue triangles. (a) Consistent porosity at all juvenile ages in all three bones. (b and e) relationship between growth rate and porosity. (c and f)
Relationship between growth rate and canal thickness. Lines show linear regression with 95% confidence intervals for display purposes.
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FIGURE 7 Major orientations of vascular canals across all ages in the mid-diaphyseal region of the bone cortex in the femur, tibiotarsus
and humerus of domestic ducks (Anas platyrhynchos) (a-d) and ring-necked pheasant (Phasianus colchicus) (e-h). (a-h) Proportion of vascular
canals is defined as (a and e) laminar, (b and f) longitudinal, (c and g) oblique and (d and h) radial. Box shows interquartile range and whiskers

show 1.5 times the interquartile range.

0.643, p <0.01 and 0.001, respectively), while the oblique index
decreased (pseudo r? =0.21 and 0.372, p <0.05 and 0.01, respec-
tively). No statistically significant correlation was observed between
age and either longitudinal index or radial index for the humerus,
but in the femur, the longitudinal index increased (pseudo r? =0.5,
p <0.001) (Figure 8a). In the tibiotarsus, the relationship between
age and orientation was weaker but still significant. The laminar
index and radial index decreased and the oblique index increased
with age (pseudo r? =0.38,0.39, 0.30 and p <0.001, <0.01, <0.001,
respectively) (Figure 8b). In pheasants, the only index that changed
significantly with age was the laminar index which increased with
age in the femur (p <0.001, pseudo r?> =0.602) and to a lesser degree
in the tibiotarsus (p <0.05, pseudo r? =0.330).

Across all ages in the duck humerus and tibiotarsus, no relation-
ship was found between growth rate and canal orientation, in the
femur increased growth rates were positively associated with radial
index (p <0.001, pseudo r? =0.789) and negatively associated with
laminar index (p <0.01, pseudo r? =0.229). In pheasants, the lami-
nar index in the femur decreased with growth rate (p <0.01, pseudo
r? =0.504), while the oblique index increased (p <0.05, pseudo
r? =0.318). In the pheasant tibiotarsus, the laminar index decreased
with growth rate (p <0.05, pseudo r? =0.347) but there was no
correlation with oblique index and no change in laminar index was

found with growth rate in the humerus.

4 | DISCUSSION

Both ducks and pheasants are precocial, but their developmen-
tal patterns are different, as previously described by Montes
et al. (2005). The growth curves produced here closely matched
those described by Montes et al. (2005), showing that although the
curves for the pheasant were less complete than those for ducks,
the fits produced are likely to be accurate (Figure 3). The ducks had
faster growth rates and reached full size in approximately 7 weeks
(Figure 3a,e), while the pheasants had slower but more protracted
growth periods (Figure 3c,g). Wild bird species show a wide varia-
tion in growth rates, but as these birds are domestic, part of the dif-
ference in growth rate may be due to selective breeding for higher
body masses—wild mallards have an adult body mass of approxi-
mately 1 kg while domestic ducks have an approximate body mass
of 2 kg (Giammarino & Quatto, 2017). Therefore the exact results
we see may not be representative of wild birds. Their growth pat-
terns, however, are very similar with rapid growth leading to acqui-
sition of full body mass in approximately 55-60days (Giammarino
& Quatto, 2017). Even in wild mallards, most growth occurs ear-
lier than in pheasants, indicating a potential adaptive difference in
growth patterns. As pheasants can fly to escape predators earlier
in development than ducks, it may be that rapid growth in ducks
reduces vulnerability to predators.
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FIGURE 8 Major vascular canal orientations in the mid-diaphyseal cortical bone of the femur, tibiotarsus and humerus at different ages in
the domestic duck (Anas platyrhynchos) (a-c) and ring-necked pheasant (Phasianus colchicus) (d-f). Proportion of canals that are longitudinal,
laminar, oblique and radial in the (a and d) femur, (b and e) tibiotarsus and (c and f) humerus at different ages in juvenile birds. Lines show
linear regressions and 95% confidence limits for each data set for display purposes.

The differences in growth patterns and behaviour also re-
sult in variation between the bones of the wing and leg. In the
duck, the growth rate of the lower limb bones was rapid initially
but decreased within the first week of growth, while the humerus
reached it maximum growth rate much later, at 24 days (Figure 3e).
In the pheasant, the growth patterns for the three bones were
more consistent, with all three reaching their maximum longitudi-
nal growth rate in approximately 9 days (Figure 3g). This variation
matches with the development of walking and flight behaviours
in the two species: both species begin to walk from the day of
hatching, so the tibiotarsus and femur are used for walking imme-
diately. However, ducklings cannot fly until 56 days of age (Montes
et al., 2005) so the humerus is not used for flight until this point
(Prondvai et al., 2018), and it has been suggested that the upper
limb follows a more altricial developmental pattern compared with
the legs (Dial & Carrier, 2012; Prondvai et al., 2018). In pheasants,
flight also does not occur from hatching but develops much earlier
than in ducks, from around 11days (Montes et al., 2005), so wing
bones are likely to be in use from this stage. In ducks, the lon-
gest adult bone is the humerus, while in pheasants, the humerus
is shorter than the tibiotarsus, likely reflecting the differences in
flight capabilities between the two species: ducks are strong fliers
while pheasants fly in short bursts.

In the femur and tibiotarsus of the duck, cortical thickness and
second moment of area (which is related to resistance to bending)
increased with age from early in growth (Figure 5) (and body mass),
while canal thickness also increased (Figure 6), suggesting rapid

bone deposition to create a thick cortex while retaining a porous
structure until later in growth. This has previously been observed in
the California gull, where hindlimb cortical thickness compensated
for relatively weak bone tissue to maintain a constant breaking force
for the bone, relative to body mass (Carrier & Leon, 1990).

In the duck humerus, no correlations were found between age
and vascular dimensions or porosity (Figure 6). Like in the California
gull (Carrier & Leon, 1990), mechanical requirements are less im-
portant in the wing than the leg in early growth since juvenile ducks
are flightless. Therefore, the rapidly growing bone does not need
the same strength that is required by the lower limb bones (Prondvai
et al., 2018), as further demonstrated by the slower increase in sec-
ond moment of area (Figure 5). The bone can grow rapidly without
the requirement for particular strength, and then becomes stron-
ger (three to four times stronger in the California gull (Carrier &
Leon, 1990) and more than 40 times higher second moment of area
here) only when the limb is required for flight, here by approximately
42days when the second moment of area becomes greater in the
humerus than the femur tibiotarsus for the first time (Figure 5).

In the pheasant, growth was slower but more protracted
(Figure 3c,d,g,h) and in general bone tissue is less porous (Figure 6).
Unlike in the duck which shows constant increase in second moment
of area for all the bones, the samples tested here suggest an increase
insecond moment of area followed by a decrease (Figure 5). However,
this pattern is also mirrored by changes in bone porosity—as the
second moment of area decreases so does the porosity (Figure 6).
Second moment of area was here calculated using the radius of the
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midshaft of the bone and the cortical thickness, it did not take into
account the porosity and is therefore an overestimate of the true
second moment of area. The overestimation will be greater where
porosity is higher. Since bone strength is related to both shape and
mineralisation/porosity, it is likely that this demonstrates a redis-
tribution of bone tissue from a thicker structure made from more
porous but cheap to deposit bone material to a thinner but less po-
rous and therefore stronger structure (Ramchand & Seeman, 2018).
Therefore, the strength of the bone may not decrease despite the
decrease in second moment of area as estimated here.

In the duck humerus and femur, the proportion of laminar ca-
nals was on average higher than in the tibiotarsus (Figure 7), and
increased with age within the juvenile age stages (Figure 8), which
has also been observed in turkeys (Skedros & Hunt, 2004). Since
laminar canals are hypothesized to be useful for resisting torsional
loads, this may be related to changing mechanical requirements as
the animal ages and, for the wing, begins to fly. Flight in birds places
a largely torsional load on the long bones of the wings (Biewener &
Dial, 1995; de Margerie, 2002; de Margerie et al., 2005), and in ducks
flight occurs only after the bird has reached full body size. On this
account, the bone may be growing without the requirement to resist
torsional loading until later in growth. However, this pattern was not
seen in the pheasant humerus, where no significant change occurred
in vascular canal orientation (Figure 7). In homing pigeons, laminarity
actually decreases with age (McGuire et al., 2020), and clearly the in-
crease in the duck and pheasant femur laminarity is unlikely to be re-
lated to the origin of flight, though it may relate to increasing loads as
the animal grows. No relationship was found between age and canal
orientation in the tibiotarsus, unlike the emu (Kuehn et al., 2019),
where canal orientation became more laminar with age. It is possible
that the difference in wing laminarity between ducks and pheasants
is due to their difference in flight capability, with ducks being stron-
ger fliers and therefore requiring greater adaptations to flight in their
bone microstructure. Flight style has previously been linked to his-
tological differences (Frongia et al., 2021), but this does not explain
the reduction in laminarity with age in homing pigeons (McGuire
et al., 2020). Additionally, the present dataset for pheasants covers
a more limited age range than that for ducks so further work would
be required to determine whether these differences are simply an
artefact of an incomplete dataset.

The few studies that have characterised actual mechanical
strains suggest that shear strains (the localised result of torsion) also
occur in the tibiotarsus in both the emu (Main & Biewener, 2007)
and the chicken (Biewener et al., 1986), questioning the validity of
the hypothesis that laminarity is linked to torsion resistance. Also,
both the present study and a recent 3D quantitative study found
that in birds the humerus does not necessarily contain more laminar
canals than the femur (Pratt et al., 2018), which is expected to be
more resistant to bending rather than torsion (Farke & Alicea, 2009),
although in the emu at least torsion is also important in the femur
(Main & Biewener, 2007). Where strains were measured, only a weak
relationship was found between laminarity and bone loading direc-
tion in the emu (Kuehn et al., 2019). In addition, bats do not appear

to have greater laminarity in wing bones despite apparently similar
bone loading (Lee & Simons, 2015; Pratt et al., 2018). However, lam-
inarity does appear to correlate with flight styles, with species with
flight styles predicted to increase torsional loading having higher
cortical laminarity (Frongia et al., 2021; Simons & O'connor, 2012).

In the present study, the pattern is not easy to interpret: the
increase in laminarity occurs long before the bird starts to fly and
during the period where the second moment of area is low, suggest-
ing limited use of the wing, and also occurs in the femur. Further
study is required to assess how and if laminarity could affect bone
mechanics and how prevalent the varying orientations are in differ-
ent birds at different ontogenetic stages. In addition, actual strain
measurements would be required for ducks to measure the direc-
tions of loading in life.

Canal orientation has also been correlated with bone tissue
deposition rate (Castanet et al., 2000; Pratt & Cooper, 2018). Usually,
radial canals are associated with increased growth rate, and laminar
canals with a decreased growth rate (Castanet et al., 2000, Pratt &
Cooper, 2018). However here, canal orientation was not associated
with growth rate in either the tibiotarsus or humerus in either spe-
cies. In the femur, increased growth rate was associated with more
oblique canals and fewer longitudinal and laminar canals in the duck,
and fewer laminar canals in the pheasant. Given the growth of the
humerus is delayed relative to the lower limb bones, it is predicted
that there will be a greater proportion of radial canals later in the
development of the humerus, as at this stage the bone grows rapidly
to catch up with the lower limb bones. This was not found here: in
the 24-day-old bird, when humerus growth should be fastest, the
radial index in the humerus was only 0.0708, while the laminar index
was 0.410 (Figure 8). In the tibiotarsus at this age, the laminar and ra-
dial indices were 0.0601 and 0.0539, respectively, despite the bone
growing more slowly. In addition, the femur had a higher radial index
than the tibiotarsus despite growing at a similar appositional rate.
The femur was generally more similar to the humerus in terms of
canal organisation than to the tibiotarsus despite their very differ-
ent growth patterns. A previous study investigating the relationship
between canal orientation and bone deposition rate in the duck also
found no relationship (de Margerie et al., 2002), contrary to studies
in other species (de Margerie et al., 2004; Pratt & Cooper, 2018),
so it is possible that duck bones differ from those of other birds.
Again, more work is needed to study the relationships between mi-
crostructure, deposition rate and bone mechanics, and in particular
how those bone characteristics interact.

The observations from this study provide further information
that could help in the interpretation of fossil bone. For example, in
all bones studied, porosity decreased from juvenile, to sub-adult and
again to adult age stages, demonstrating the bone deposition and in-
filling process. A similar process has also been observed in mice (Bortel
et al., 2015) and humans (Ramchand & Seeman, 2018). In the duck, it
is possible to use the porosity values to distinguish between adult,
sub-adult and juvenile, based on the tibiotarsus, but since porosity
was related to growth rate, the result from the humerus may differ,
as also found across fossils (Prondvai et al., 2018). Since growth rates
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vary between species and hence, porosity also varies between spe-
cies, absolute values of porosity or canal diameter will not be directly
comparable for estimating maturity across species. However, it may
be possible to develop a metric that takes into account both poros-
ity and spacing/separation of canals which could give an indication of
the initial bone tissue deposition pattern. It would then be possible to
infer maturity from a combination of the initial bone tissue deposition
pattern and canal thickness, which would indicate how much infilling
had occurred. Additionally, the presence of distinctly different pre-
hatching bone could be used to distinguish very early growth from
later growth, though this would only work in bones where less endos-
teal resorption occurs (i.e., tibiotarsus rather than humerus). However,
intraskeletal variation should be investigated further, both between
different bones and between different regions of the same bone,
since vascular organisation has been shown to vary between differ-
ent regions of the same bone in mice (NUfez et al., 2018), and canal
orientations may vary in different regions (de Margerie et al., 2004).
It is worth noting that this study was carried out in domestic an-
imals, which have been demonstrated to have differences in bone
structure compared to wild animals due to differences in exercise, diet
and stresses (Harbers et al., 2020; Zack et al., 2021), but given that
all the animals in this study were domestic, this is at least consistent
within the study. Perhaps a larger issue with the opportunistic sam-
pling approach taken is that there may be underlying health problems
in the birds studied which may cause differences in their bone struc-
ture compared with healthy individuals—this should be studied further
in the future—however, we chose to take the most ethical approach

we could for this study by using animals that were naturally deceased.

5 | CONCLUSIONS

This study characterises 3D bone microstructure through develop-
ment in two extant avian species, the domestic duck and ring-necked
pheasant. The results demonstrate differing growth patterns in the
leg and wing in the duck but not the pheasant. These differences have
been described before but not using a histological approach through
development, and not with the additional insight that a 3D approach
con provide especially with regards to improved quantification of vas-
cular canal orientation. These results are important for understanding
bone growth in birds, but also highlight some important caveats for
the interpretation of fossils: data on, for example, age obtained from
the leg bones may differ significantly from those obtained from the
wing. If this mosaic of characteristics is also present in fossil mate-
rial, it is critically important to study several different regions from
the same fossil. This approach could also provide additional informa-
tion about, for example, timings of walking and flying behaviours.
Measures of vascular canal orientation suggested that the mean canal
orientation changed through development in the duck, which may
relate to changing mechanical function of the bone though further
work is required to test this hypothesis and in species other than the
duck, and in a full growth series in pheasants, and possibly comparing
the domestic ducks seen here with wild mallards. This study therefore
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provides new insights into avian bone growth and comparative data

that will aid in the interpretation of fossil material.
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