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Femoral bone perfusion through the nutrient foramen during
growth and locomotor development of western grey kangaroos
(Macropus fuliginosus)

ABSTRACT
The nutrient artery passes through the nutrient foramen on the shaft
of the femur and supplies more than half of the total blood flow to the
bone. Assuming that the size of the nutrient foramen correlates with
the size of the nutrient artery, an index of blood flow rate (Qi) can be
calculated from nutrient foramen dimensions. Interspecific Qi is
proportional to locomotor activity levels in adult mammals, birds and
reptiles. However, no studies have yet estimated intraspecific Qi to
test for the effects of growth and locomotor development on bone
blood flow requirements. In this study, we used micro-CT and medical
CT scanning to measure femoral dimensions and foramen radius to
calculate femoral Qi during the in-pouch and post-pouch life stages of
western grey kangaroos (Macropus fuliginosus) weighing 5.7 g to
70.5 kg and representing a 12,350-fold range in body mass. A
biphasic scaling relationship between Qi and body mass was
observed (breakpoint at ca. 1–5 kg body mass right before
permanent pouch exit), with a steep exponent of 0.96±0.09 (95%
CI) during the in-pouch life stage and a statistically independent
exponent of –0.59±0.90 during the post-pouch life stage. In-pouch
joeys showed Qi values that were 50–100 times higher than those of
adult diprotodont marsupials of the same body mass, but gradually
converged with them as post-pouch adults. Bone modelling during
growth appears to be the main determinant of femoral bone blood flow
during in-pouch development, whereas bone remodelling for microfracture repair due to locomotion gradually becomes the main
determinant when kangaroos leave the pouch and become more
active.
KEY WORDS: Allometry, Blood flow, CT scan, Femur, Locomotion,
Ontogeny

INTRODUCTION

Long bones are supplied by nutrient, periosteal and epiphyseal
blood vessels (Trueta, 1963). In the femur, usually a single
nutrient artery enters the bone cortex via the nutrient foramina on
the shaft to support more than half of the total blood flow to the
femoral bone (Brookes and Revell, 1998; Trueta, 1963). Local
blood flow is determined by the oxygen demand of the supplied
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tissue (Ross et al., 1962; Wolff, 2007). Therefore, femoral bone
perfusion is determined by the oxygen requirements of the femoral
bone tissue. Femora experience micro-fractures due to stress
loading (viz. tension, compression and shearing stresses). An
increase in the frequency and magnitude of stress loading during
locomotion increases the incidence of micro-fractures, resulting in
an increase in bone remodelling (Eriksen, 2010), which is
supported by an increase in blood supply (Robling et al., 2006;
Lieberman et al., 2003). During bone remodelling, bone matrices
are dissolved by osteoclasts and then renewed by osteoblasts
associated with capillary loops in the secondary osteons of
Haversian bone (Rucci, 2008). An index of blood flow rate (Qi),
based on the size of the femoral nutrient foramina of adult
mammals, reptiles and birds, appears to be proportional to
locomotor activity levels and can be used as an indicator of
general locomotion intensity in living and extinct species
(Seymour et al., 2012; Allan et al., 2014).
Although it has been suggested that the rate of blood flow through
the femoral nutrient artery corresponds with the locomotor activity
levels of terrestrial vertebrates, previous femoral bone blood flow
studies using Qi have considered only the adults of several species
(Seymour et al., 2012; Allan et al., 2014). There have been no
studies of femoral bone blood flow rate across ontogeny. In addition
to repairing micro-fractures, the nutrient artery also supports bone
formation (i.e. osteogenesis, bone modelling) during early life
stages (Gilbert, 1994). Femoral bone development is classified as
endochondral ossification, which refers to early-life skeletal bone
formation. The nutrient artery supplies the whole femur shaft,
comprising compact bone and trabecular bone below epiphyseal
plates, during development (Trueta, 1963). Therefore, femoral bone
perfusion and thus the size of the nutrient artery and associated
foramen may respond to bone development and growth rate during
ontogeny.
This study uses the dimensions of the nutrient foramen as an
index of femoral bone blood flow rate and examines its relationship
with femoral growth rate and locomotor activity levels during the
development of western grey kangaroos, Macropus fuliginosus.
Newborn marsupial mammals are highly altricial compared with
placental mammals, and most developmental processes occur as a
joey during the in-pouch stage (Deane and Cooper, 1988).
Therefore, kangaroos are ideal subjects to study early lifestage
femoral bone blood flow. The limb bones of joeys receive little
locomotion stress in the pouch, but the stresses increase as the
kangaroo grows, vacates the pouch and becomes independently
mobile. We hypothesized that femoral bone perfusion during the inpouch life stage may correspond with the femoral bone formation
rate and growth rate of the animal, and that femoral bone perfusion
during the post-pouch life stage is driven primarily by locomotion
stresses.
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Femur volume and length measurements
LF
LS
Mb
Qi
R
VF

femur length (mm)
femur shaft length (mm)
body mass (g)
blood flow rate index (mm3)
radius (mm)
femur volume (cm3)

MATERIALS AND METHODS
Femur preparation

Carcasses of western grey kangaroos (Macropus fuliginosus
Desmarest 1817) were obtained from approved culls of the animal
in south-eastern South Australia. All culls followed the Code of
Practice for the Humane Shooting of Kangaroos (www.environment.
gov.au). Individuals were classified as in-pouch or post-pouch by
observing their natural behaviour prior to culling and referring to
published estimates of the pouch exit body mass (the period between
the initial and permanent pouch exit occurs at ca. 2–5 kg) (Poole
et al., 1982; Dawson, 2012). In total, 23 pairs of femora were
dissected from carcasses weighing 5.7 g to 70.5 kg, representing a
12,350-fold range in body mass. The body mass (Mb, g) of each
kangaroo was measured prior to dissection with calibrated scales
appropriate for body size. Post-pouch kangaroo femora were cleaned
by removing tissue and fur manually and then by warm water
maceration for 3 months. Toothbrushes and toothpicks were used to
further clean the femora. Unfused epiphyses and segments were reattached by applying an acetone–acrylic resin adhesive. In-pouch
kangaroo femora were not fully calcified and were too fragile to be
treated this way. Therefore, in-pouch legs were immersed intact in a
4% formaldehyde fixative solution for 2 weeks and then transferred
into a phosphate buffer solution in preparation for micro-CT scanning.
Micro-CT and medical CT scanning

All 23 pairs of femur samples were scanned using a micro-CT
scanner (SkyScan-1076; SkyScan-Buker, Kontich, Belgium).
Among them, 15 pairs of femora with a maximum length <16 cm
were scanned completely (i.e. the complete bone was scanned). For
the remaining eight pairs of femora with a maximum length >16 cm,
only the small section of the femoral shaft where the foramen was
located was scanned. The two largest femur pairs were too large for
the scanning bed; therefore, the foramen sections of these four
samples had to be excised from the bone shaft using a diamond saw
prior to micro-CT scanning. The scanning parameters of the microCT scanner were adjusted to account for variation in femoral size.
Pixel size was always less than 11% of foramen radius in a micro-CT
image. The raw topographic projection CT image data (TIFF files)
were reconstructed using dedicated software (NRecon 1.6.10.4;
Bruker microCT, Kontich, Belgium). Reconstruction settings were
optimized for each femur to maximize image contrast.
The eight largest femur pairs were not scanned completely using
the micro-CT scanner, and therefore they were scanned whole using
a larger medical CT scanner (Ingenuity Core 128; Philips,
Amsterdam, The Netherlands) in order to obtain femur
morphology, including length and volume data. Reconstruction
was performed automatically by the scanner’s bundled software.
The raw CT image data (DICOM files) were converted into useable
raster image files (BMP files) using the open source image
processing software Fiji (www.fiji.sc) and then corrected from
anisometric-voxel CT images to isometric-voxel CT images using
Fiji and DataViewer 1.5.2.4 (Bruker microCT).

Hand-traced regions of interest (ROI) in CT Analyser 1.16.4.1
(Bruker microCT) were used to include regions of the whole bone
scanned from both CT scanners. After drawing and saving the ROIs,
bone volume images (8-bit, grey scale) were converted to 1-bit
binary images using thresholding tools in CT Analyser. The 3D
analysis tool was then used to measure femur bone volume (VF, cm3)
which included the compact bone, trabeculae and bone cavity.
Femora, which were scanned completely using either the microCT or medical CT scanner, were realigned vertically in DataViewer,
with femur proximal ends pointing downwards. The slice numbers
of the upper and lower limits of the whole femur were recorded in
CT Analyser. The whole femur length (LF, mm) was calculated as
the product of the number of cross-sectional slices of a sample and
the actual pixel size of the image (i.e. thickness of one slice). Femur
shaft length (LS, mm) was also calculated from the upper and lower
limits of the femur shaft.
Foramen radius measurements

For each femur, a series of foramen cross-sectional images was
obtained using a volume of interest (VOI) tool in DataViewer. The
VOIs were traced to include only the regions of the foramina. As
VOIs are cuboid shaped, more than one VOI was drawn to account
for the curved geometry of the foramen passage in some specimens
(Fig. 1). The smallest cross-sectional area of each foramen was
measured using Fiji. Foramen radius (R, mm) was then calculated
from the area, assuming a perfect circle. Most femora in this study
had only one foramen on the bone shaft, except for two specimens
which had two foramina. The nominal foramen radius of these
femora was calculated from the combined area of the two foramina.
Blood flow rate index calculation

Relative blood flow rate through a bone can be estimated by
measuring the size of the foramen that transmits the vessel
supplying blood to the bone (Seymour et al., 2012). The method
is based on the Poiseuille–Hagen equation (Q_ ¼ pPr4 =8hl), where
Q_ is the blood flow rate (mm3 s−1), P is the pressure difference
between two points of a vessel (Pa), r is the vessel lumen radius
(mm), η is the blood viscosity (Pa s) and l is the vessel length (mm)
between the two points (Pfitzner, 1976). Assuming that foramen
size is proportional to the artery size, the Poiseuille–Hagen equation
can be simplified to a blood flow rate index (Qi) relationship, Qi=R 4/L,
where Qi (mm3) is proportional to blood flow rate, R is the foramen
radius (mm) and L is an arbitrary length (mm) related to bone size
(in this case, the length of the femur). The equation assumes that
blood pressure drop and blood viscosity are constants because they
are independent of mammalian body mass except for very large
species (Langille, 1996; White and Seymour, 2014). Although

Fig. 1. Schematic diagrams of hand-traced foramen volume of interest
(VOI). The diagram on the left is a 3D representation where the red cuboid is
the VOI and the grey tube is the foramen passage. The diagram on the right is a
2D representation of the side view of a curved foramen passage with two VOIs.
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Statistical analyses

All Qi and bone morphology data (LF, LS, VF and R) were averaged
over both left and right femora of each individual and treated as
one datum. Graphs with double log axes were used to present the
relationships between Qi, VF and Mb; 95% confidence intervals were
plotted on the graphs using statistical software (Prism 6.0; GraphPad
Software, La Jolla, CA, USA). Broken-stick analysis was used to
identify potential breakpoints (i.e. inflection points) in the datasets,
indicating a biphasic scaling relationship. The analysis works by
fitting a series of two-phase linear regressions to the log10transformed data and then identifying the point at which the sum
of the regressions’ residual sums of squares is minimized (Yeager
and Ultsch, 1989; Mueller and Seymour, 2011). Although the
procedure produced a discrete point, we observed that the shift in
slope was gradual. Therefore, we estimated a range of body masses
over which the changes occurred. ANCOVA was used to test
whether the breakpoint between two phases was statistically
significant (Zar, 1998). If ANCOVA indicated that two datasets
had significantly different slopes, the Johnson–Neyman test (White,
2003) was used to determine the ranges over which the data were
significantly different between the two datasets. All means were
reported with 95% confidence intervals.
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10
1
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0.001
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Biphasic scaling of Qi with Mb

A biphasic relationship between Qi and Mb also occurred across
development (Fig. 3). Qi scaled with Mb with a steeper exponent of
0.96±0.09 in the in-pouch joeys compared with a statistically
independent exponent of −0.59±0.90 in the post-pouch kangaroos
(ANCOVA F1,19=29.75, P<0.001). A breakpoint occurred at ca.
1–5 kg body mass. The variability in the post-pouch stage was
higher than that in the in-pouch stage, possibly in relation to sex
differences. Although the scaling of post-pouch Qi with Mb was not
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Fig. 2. Scaling of femur volume (VF) with body mass (Mb) across
development in western grey kangaroos. The equation for the in-pouch
data is VF=1.9×10−4Mb1.48±0.05 and that for the post-pouch data is
VF=2.0×10−2Mb 0.85±0.05. The dotted lines represent 95% confidence
intervals for each regression mean. The breakpoint occurs at 1–5 kg according
to the broken-stick analysis.

significantly different between sexes for comparisons of slope
(F1,6=0.22, P=0.66) and elevation (F1,7=2.15, P=0.19), the average
post-pouch male Qi was approximately 50% greater than the
average post-pouch female Qi.
Biphasic scaling of Qi with VF

Scaling of Qi with VF also had an initial steep positive exponent of
0.65±0.06 during the in-pouch stage before transitioning to a
statistically independent exponent of −0.64±1.08 during the postpouch stage (F1,19=15.34, P<0.001) (Fig. 4). Breakpoint analysis
indicated that, as above, a breakpoint occurred at a body mass of
1–5 kg.
DISCUSSION
Biphasic scaling of VF and Qi with Mb

The western grey kangaroos analysed in this study had a 12,350-fold
body mass range, covering almost the entire lifespan of the species.
The scaling of VF with Mb (Fig. 2) and the scaling of Qi with Mb

RESULTS
Biphasic scaling of VF with Mb

10–2

10–3
Qi (mm3)

VF scaled with Mb with a biphasic relationship across development
in the western grey kangaroo (Fig. 2). VF scaled with a steeper
exponent of 1.48±0.05 during the in-pouch life stage before
transitioning to a significantly shallower exponent of 0.85±0.05
during the post-pouch life stage (F1,19=129, P<0.001). The
breakpoint occurred at 1–5 kg according to the broken-stick
analysis. This corresponds approximately with permanent pouch
exit in this species (ca. 5 kg body mass) (Poole et al., 1982; Dawson,
2012).
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Fig. 3. Scaling of femoral bone blood flow rate index (Qi) with Mb across
development in western grey kangaroos. The equation for the in-pouch data
is Qi=7.9×10−7 Mb 0.96±0.09 and that for the post-pouch data is Qi=0.11
Mb −0.59±0.90. The dotted lines represent 95% confidence intervals for each
regression mean. The breakpoint occurs at 1–5 kg according to the brokenstick analysis. The dashed line represents interspecific scaling of Qi across
different species of diprotodonts (Qi=4.1×10−8Mb 0.76±0.32).
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blood viscosity and blood pressure may change slightly across
development, their impact on the blood flow rate index equation is
probably negligible in comparison to the effect of R raised to the
fourth power. Previous femoral bone blood flow studies have used
femur length (LF) to calculate Qi (Seymour et al., 2012; Allan et al.,
2014). However, LF of western grey kangaroos in this study was
difficult to quantify accurately because some femur samples had
incompletely developed epiphyses. Femur shaft length (LS), which
is the distance between the epiphyses, is a relatively precise
substitution but it cannot be used for comparing Qi with the femoral
bone blood flow rate index values collected in previous studies that
used total length. Therefore, to allow for comparison between
individuals in the present study with earlier femoral bone blood flow
studies, the percentage of epiphysis length of femora with
completely developed epiphyses was calculated from the LF and
LS datasets and then added to the shaft length of femora with no, or
incompletely developed, epiphyses.

Journal of Experimental Biology (2018) 221, jeb168625. doi:10.1242/jeb.168625

VF (cm3)

RESEARCH ARTICLE

RESEARCH ARTICLE

Journal of Experimental Biology (2018) 221, jeb168625. doi:10.1242/jeb.168625

Qi (mm3)

10–3

In-pouch
Post-pouch

10–4

10–5

10–6
0.001

0.01

0.1

1
VF (cm3)

10

100

1000

Fig. 4. Scaling of Qi with VF across development in western grey
kangaroos. The equation for the in-pouch data is Qi=2.1×10−4 VF 0.65±0.06 and
that for the post-pouch data is Qi=5.5×10−3VF −0.64±1.08. The dotted lines
represent 95% confidence intervals for each regression mean. The breakpoint
occurs at 1–5 kg according to the broken-stick analysis.

(Fig. 3) both showed a significantly higher exponent during the inpouch life stage than during the post-pouch life stage, with a
breakpoint occurring at 1–5 kg, which corresponds approximately
with the period during which the joey makes the transition from the
in-pouch to the post-pouch life stage (Poole et al., 1982; Dawson,
2012). Biphasic scaling has been observed in cardiac development
studies on western grey kangaroos, where relatively steep exponents
for heart mass, cardiomyocyte myofibril and mitochondrial volume
densities occurred across in-pouch development, and significantly
shallower exponents occurred for these parameters during postpouch development (Snelling et al., 2015a,b). Here, the breakpoint
occurred at an Mb of 5–6 kg. The earlier breakpoint for VF
compared with heart mass may be biologically meaningful if
development of the femur corresponds with the initial stress loads
imposed upon it at initial pouch exit, whereas heart development
corresponds with the metabolic perfusion requirements to achieve
locomotor independence at permanent pouch exit. Newborn
marsupials are ectothermic and maturity of thermoregulation
occurs as pouch exit is approached (Rose et al., 1998; Frappell,
2008). Transitioning from ectothermy to endothermy has been
suggested to relate to the biphasic scaling of cardiac development
in western grey kangaroos (Snelling et al., 2015a). The similar
biphasic scaling for Qi and cardiac development, and the pouch
exit breakpoints observed across these relationships, is consistent
with the physiological and lifestyle changes that occur at
pouch exit as young kangaroos develop endothermy and become
independently mobile.
Similar breakpoints for cardiac growth also occur around the time
of birth in some placental mammals (Hirokawa, 1972; Mitchell and
Skinner, 2009). This transition is critical, and a number of profound
anatomical and physiological changes occur. For instance, a sudden
rise in the metabolic rate at birth has been observed in goats
(Barcroft et al., 1934), sheep (Dawes and Mott, 1959) and rats
(Kleiber et al., 1943). Placental mammals can produce a significant
amount of heat shortly after birth to adapt to ambient temperature
(Asakura, 2004). However, it remains to be investigated whether
femoral bone blood flow shows a similar biphasic scaling pattern in
placental mammals as we have found for the marsupial kangaroo.
We hypothesize that the breakpoint for femoral Qi occurs around the
time of birth in placental mammals.

Previous interspecific studies on the dimensions of the nutrient
foramen have measured its size either directly using calipers or from
photomicrographs (Seymour et al., 2012; Allan et al., 2014).
However, this study involved micro-CT scanning for all specimens.
To compare method differences, all post-pouch nutrient foramen
dimensions were also measured from photomicrographs. There are
slight, but insignificant, differences in the nutrient foramen size
obtained using the different methods. Therefore, intraspecific
micro-CT Qi calculations made in this study can be compared
with interspecific photographic Qi for other mammals. Thirteen
diprotodont marsupial species were selected from our previous
study (Table S1; Seymour et al., 2012) for comparison with the
present data (Fig. 3). Qi during the in-pouch stage of the western
grey kangaroo is approximately 50–100 times higher than the
interspecific Qi of marsupials with a body mass of 0.13–2.9 kg. The
significant difference between intraspecific and interspecific Qi is
probably explained by the higher growth rate and hence higher
energy and blood flow requirements during development. In many
studies, the metabolic rate of growing animals is higher than that of
adults with similar body mass (Brody, 1945; Lavigne et al., 1986;
Jørgensen, 1988). Mass-specific digestible energy intake of red
kangaroo young-at-foot is approximately 1.5 times higher than that
of adults; however, energy requirements only for maintaining
physiological function are similar in the young and adults (Munn
and Dawson, 2003), suggesting that the higher energy intake for the
young is used for growth. In addition, relative blood flow through
long bones is higher in younger mammals than in older ones
(Pasternak et al., 1966; Whiteside et al., 1977; Nakano et al., 1986),
suggesting a higher oxygen requirement of long bones during
development. A higher oxygen demand may lead to increased
nutrient artery size, foramen size and femoral bone blood flow rate.
Differences in haemodynamics between developing and adult
mammals may also contribute to a larger nutrient foramen during
the in-pouch life stage of the kangaroo. For instance, haematocrit
(red blood cell density) is lower in juvenile than in adult mammals,
as has been shown for humans (Gonez et al., 1993), mice (Jones
et al., 2004), fur seals and sea lions (Horning and Trillmich, 1997;
Fowler et al., 2007). In addition, although blood pressure is
independent of adult body mass across smaller species of mammals
(White and Seymour, 2014), it may be lower in growing fetuses than
in adults, as has been shown in humans (Struijk et al., 2008) and
suggested in western grey kangaroos (Snelling et al., 2015a).
Therefore, in-pouch kangaroos may have lower blood oxygen
content and blood pressure, and so may require relatively larger
arteries for blood perfusion. Vessel wall thickness may be another
determinant of foramen size as, upon dissection, aortas of early inpouch kangaroos were observed to have relatively thicker walls than
those of later in-pouch and post-pouch kangaroos (Q.H., T.J.N.,
E.P.S. and R.S.S., unpublished observations). However, as the
aortas were not observed under the physiological strain of blood
pressure, the veracity of this observation remains uncertain.
Differences in blood flow regime may also require a larger
foramen on in-pouch femora. In younger femora, there is no
periosteal blood supply to the bone cortex; however, periosteal
blood supply becomes more important with age after maturity
(Bridgeman and Brookes, 1996). Even after considering all possible
factors, it is difficult to explain the significant difference between
the intraspecific and interspecific Qi. Thus, future studies on the
relationship between vessel size and foramen size are necessary.
Unsurprisingly, the intraspecific scaling of Qi in post-pouch
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Comparison of intraspecific and interspecific scaling of Qi
with Mb
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Fig. 5. Relationships between Mb, VF and age of western grey kangaroos
in the first year of development. (A) Mb vs age (A) (solid line) where
Mb=(12,067×A 4.39)/(3524.39+A 4.39) (average of males and females from Poole
et al., 1985); body growth rate vs A (dashed line). (B) VF vs A (solid line) where
VF=(35.05×A 8.30)/(248.48.30+A 8.30); femur growth rate vs A (dashed line).

main determinant of oxygen demand for femoral bone tissue
gradually changes from growth to locomotion. Although no studies
have investigated the difference in the oxygen demand of a growing
bone compared with that of a mature bone, we believe that the
oxygen needed for bone remodelling is likely to be less than that
needed for growth, because bone mass is considered to be constant
during bone remodelling, whereas it increases during development
(Rucci, 2008). Future studies are required to provide evidence for
the metabolic energy requirements of growing bone. During the inpouch life stage, the body mass of male and female western grey
kangaroos is similar (Poole et al., 1982), whereas males tend to have
a higher growth rate than the females after pouch exit (Dawson,
2012). The growth rate difference between sexes may account for
some of the great variability of Qi during the post-pouch life stage.
Conclusions

The ontogenetic femoral bone blood flow of western grey kangaroos
follows a biphasic scaling pattern, where a breakpoint splitting the
two phases occurs at pouch exit. During the in-pouch life stage, a
high growth rate appears to be the main factor that determines
femoral bone blood flow. After permanent pouch exit, growth rate
decreases and the kangaroo becomes independently mobile. Thus,
during the post-pouch life stage, micro-fracture repair and
remodelling probably become the main factors driving blood flow
requirements.
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Kangaroo femoral Qi scales with body mass with an exponent of
0.96±0.09 during the in-pouch life stage, and then becomes
independent of body mass during the post-pouch life stage,
scaling with an exponent of –0.59±0.90 (Fig. 3). The factors
driving femoral Qi during the in-pouch and post-pouch life stages
are probably different. Local tissue metabolic rate determines local
blood flow rate (Ross et al., 1962). The oxygen demand of tissues
such as the brain, heart and skeletal muscle determines a
proportionate blood supply (Wolff, 2007). An exception is the
kidney, in which renal plasma flow determines metabolic rate
(Valtin, 1973). Although the situation for bone is unknown, we
believe that the oxygen demand of bone tissue determines the blood
flow rate because increasing loading or exercise leads to
increased energy-dependent bone remodelling and bone perfusion
(Lieberman et al., 2003; Robling et al., 2006). In addition, when
oxygen is not available to bones during growth, osteoblasts detect
hypoxia and trigger the hypoxia-inducible factor α pathway to
stimulate angiogenesis and osteogenesis (Wang et al., 2007). As
nutrient arteries provide more than half of the total blood supply to
the long bones (Trueta, 1963), blood flow through the nutrient
foramen should correlate with the oxygen demand of the femoral
bone tissue. Growth is considered to be the major determinant of Qi
during the in-pouch stage, not only because of the noticeable
difference in Qi between the in-pouch intraspecific and interspecific
scaling relationships (Fig. 3) but also because the scaling exponent
of the in-pouch Qi is not significantly different from 1.0. Previous
studies have shown that when the cost of growth predominates over
the cost of maintenance, the scaling of metabolic rate with body
mass tends towards isometry (Wieser, 1994; Jørgensen, 1988).
Before leaving the pouch, joeys grow in a stable environment
without significant stresses on their limb bones. Therefore, growth
can be seen as the predominant factor driving Qi during the in-pouch
life stage.
Like most organisms, kangaroos exhibit a characteristic
sigmoidal body growth curve, generally growing slowly at the
beginning, then increasing growth rate, and finally decreasing it
later in development (Cockburn and Johnson, 1988). Poole et al.
(1985) recorded the age and body mass of western grey kangaroos
(Table S2, Fig. 5A). We have combined their data with our VF data
(Table S3) to generate a femur growth curve (Fig. 5B). The femur
growth curve is also sigmoidal. The body and femur growth rates are
the highest at body masses equal to 4.7 and 2.0 kg, respectively,
which approximately correspond with the pouch exit body mass
when compared with the broad body mass range of the whole
lifespan. In addition, the scaling of VF with Mb indicates a faster
femur growth rate during the period between the initial and
permanent pouch exit (Fig. 2). Limb bones of kangaroos grow very
rapidly before the animal leaves the pouch (Dawson, 2012) because
joeys need to develop sufficiently strong femora in the pouch to be
able to support their own weight at the first pouch exit.
In contrast to the patterns observed for the scaling of in-pouch Qi,
post-pouch Qi is not significantly correlated with either body mass
or bone volume (Figs 3 and 4). After kangaroos leave the pouch and
become independently mobile, their growth rate decreases and
locomotor activity level increases. For post-pouch kangaroos, the

A

6000

VF (cm3)

Determinants of Qi during in-pouch and post-pouch life
stages

8000

Body growth rate (g day–1)

kangaroos tends to merge with the interspecific line (Fig. 3). A
Johnson–Neyman test indicates that post-pouch kangaroos with
body masses greater than 28 kg have Qi that are statistically
indistinguishable from the interspecific Qi.

Femur growth rate (cm3 day–1)
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