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locomotor intensity compared to living hopping macropods

Qiaohui Hu1   · Roger S. Seymour1   · Edward P. Snelling2   · Rod T. Wells3 

Accepted: 22 December 2023 
© The Author(s) 2024

Abstract
The stocky skeletons and post-cranial anatomy of many extinct kangaroos indicate that they might have engaged in varied 
locomotor behaviors, rather than bipedal hopping, as their primary mode of locomotion. This study investigates support for 
this idea by estimating femoral bone perfusion, which is a correlate of locomotor intensity, in extinct kangaroos compared 
to living hopping species. Femur blood flow rates can be estimated from the sizes of nutrient foramina on the femur shaft of 
living and extinct species, without preservation of soft tissue. Estimated femur blood flow rates among the extinct Macropus, 
Protemnodon and Sthenurinae (Sthenurus, Simosthenurus and Procoptodon) are not significantly different from one another 
but are significantly greater than in living hopping macropods after accounting for the effect of body mass, consistent with 
their purportedly different locomotor style. The giant sthenurines have more robust femora than extrapolated from data of 
living hopping macropods, possibly due to the larger sthenurines requiring relatively stronger leg bones to support their 
heavier body weights, especially if loaded onto a single limb during bipedal striding.
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Introduction

Blood flow to the femora of terrestrial vertebrates is associ-
ated with bone metabolism, because in most cases, regional 
blood flow rate is determined by regional metabolism 
(Wolff 2008). Terrestrial vertebrates apply stresses on their 
leg bones during routine weight-bearing activities, and the 
frequency of microfractures increases with the intensity of 
locomotion (Lieberman et al. 2003; Eriksen 2010). Blood 
flow is required to provide oxygen and metabolic fuel to 
osteoclasts and osteoblasts to resorb the microfractures and 
renew the bone tissue (Stabley et al. 2014). Therefore, femur 
blood flow rate in adult terrestrial vertebrates can provide 

an index of locomotor activity levels. This argument is 
supported by the observation that femur blood flow rate 
and maximum whole-body aerobic metabolic rate during 
treadmill running exercise scale with body mass with simi-
lar exponents in birds and mammals (Seymour et al. 2012; 
Allan et al. 2014).

More than one-half of total blood flow to the femora 
is supplied by the nutrient arteries, which penetrate the 
shaft through nutrient foramina (Trueta 1963). Femur 
blood flow rates can be estimated from nutrient foramen 
size because foramen size is influenced by arterial size, 
which itself is determined by the oxygen demand of the 
bone tissue (Seymour et al. 2012, 2015). We define femur 
blood flow rate as perfusion through the principal nutrient 
artery that penetrates the nutrient foramen (or foramina, 
if more than one is present) and supplies blood primarily 
to the bone shaft (diaphysis). Early attempts to estimate 
femur blood flow rate from nutrient foramen size were 
based on textbook theory of laminar flow along straight, 
round tubes according to Poiseuille’s Law, and provided 
an index of blood flow rate (Qi), then thought to be closely 
proportional to the absolute flow rate (Seymour et  al. 
2012). We now know that Poiseuille’s Law is not strictly 
applicable to the relationship between arterial radius and 
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flow rate (Seymour et al. 2019), and we are beginning to 
better understand the empirical relationship between arte-
rial radius and foramen radius (Hu et al. 2021a), allowing 
for more accurate estimates of blood flow rate.

This foramen technique can be applied to extinct ver-
tebrates, providing information on femur blood flow 
rate and insight into bone metabolism, locomotor activ-
ity levels and life history. The utility of this technique 
should be especially informative when applied to extinct 
species with obscure or debated lifestyles. Living kanga-
roos, especially large species, have unique locomotor gaits 
that include the pentapedal gait, where the forelimbs and 
tail alternate with the hindlimbs during movement at low 
speed, and the well-known bipedal hopping gait employed 
at higher speeds (O'Connor et al. 2014; Thornton et al. 
2022). Compared to living species, the locomotion gaits 
of extinct macropodines (Protemnodon and Macropus) and 
sthenurines (Sthenurus, Simosthenurus and Procoptodon) 
are little known and subject to much speculation. Several 
studies propose that large sthenurines employed bipedal 
striding, to explain their strikingly more robust skeletal 
appearance, as well as other post-cranial anatomical fea-
tures, compared to living kangaroos (Janis et al. 2014; 
Jones et al. 2021; Wagstaffe et al. 2022). Some Protemno-
don may have used quadrupedal movement as one of their 
gaits, placing more weight on the forelimbs than in living 
hopping macropods (Janis et al. 2020; Jones et al. 2021). 
Extinct Macropus such as M. titan could have weighed up 
to ~175 kg (Wagstaffe et al. 2022), and their heavy body 
masses might have limited their ability to perform fast 
bipedal hopping. It is plausible that differences in rou-
tine weight-bearing activities and intensity of locomotion 
may result in differences in leg bone robustness and per-
fusion rates. This study estimates femur blood flow rate 
from the sizes of the nutrient foramina in relation to femur 
morphology and body mass among extinct kangaroos and 
compares the results with living hopping macropods.

Materials and methods

We accept the phylogeny of Macropodiformes as presented 
in Fig. 1 of Janis et al. (2023). Specimens were sourced from 
collections at Flinders University and the South Australian 
Museum. All specimens originated from three sites in South 
Australia (Naracoorte, Green Water Hole and Lake Calla-
bonna). Measurements were taken from 110 femora (91 indi-
viduals) across several genera of fossil kangaroo, including 
extinct Macropus, Protemnodon, Sthenurus, Simosthenurus 
and Procoptodon. They were identified by comparing bones 
with reference collections of skeletons housed at South Aus-
tralian Museum and Vertebrate Paleontology Laboratory at 
Flinders University. All fossils belonged to at least one of 
these genera, as they were collected from the same field 
sites. However, most had not yet been assigned with museum 
registration numbers and 26 of them were not yet assigned to 
a genus and were therefore designated ‘unclassified’ (Online 
Resource 1). Photographs of the whole fossil femora were 
taken for future identification. For comparison, 118 femora 
(59 individuals) from 23 living species of hopping Macropo-
dian macropodoids were selected from the Macropodidae 
and Potoroidae families. One to four replicates of each living 
species were selected and measured. For simplicity, we refer 
to all living species in this study as macropods. All selected 
living species use some form of saltating (hopping) gait. The 
living species contain Onychogalea lunata and Notamacro-
pus greyi which persisted in Australia until the 1900s. All 
the species details are shown in Online Resource 2.

Femur length (L, mm) and mid-shaft circumference 
(C, mm) were measured to 1 mm with a measuring tape, 
and their ratio (C/L) was calculated to provide a measure 
of femoral robustness (R). Body masses (Mb, g) of living 
and extinct animals were estimated from C using a pub-
lished equation (Helgen et al. 2006). Adult body masses 
of the living species were also collected from the literature 
(White and Seymour 2003; Helgen et al. 2006; White et al. 

Fig. 1   Representative nutrient foramina captured from the femora of 
a.  an extinct Macropus sp. (Group: Extinct Macropus; ID number: 
5); b.  Protemnodon brehus (Group: Protemnodon; ID number: 2); 

c. Simosthenurus maddocki (Group: Shenurinae; ID number: 8). The 
area of the best-fit ellipse around the foramen opening was measured 
in Fiji. The smallest scale increment is 0.5 mm
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2006) or online sources (anima​ldive​rsity.​org, eol.​org, www.​ 
envir​onment.​nsw.​gov.​au, www.​gbif.​org and nt.​gov.​au), to 
compare with the calculated body masses using paired t-test.

Nutrient foramina are usually located at or near the midsec-
tion of the femur shafts. Foramen sizes were evaluated with 
a photographic method and best practices (Hu et al. 2020). A 
needle tip was used to clean the foramina carefully before tak-
ing photographs of each nutrient foramen opening with a scale 
alongside and level with the opening (Fig. 1). Foramen areas 
were measured by fitting a best-fit ellipse around the foramen 
opening in Fiji (open source, www.​fiji.​sc).

Foramen areas tend to be larger in growing animals pre-
sumably due to augmented energy requirements of growth 
(Hu et al. 2018a, b). Therefore, it is better to exclude juve-
niles when comparing nutrient foramen sizes among differ-
ent species. Unfortunately, many of the fossil femora in this 
study were not assigned to named genera or species, there-
fore we could not easily determine their life stage. Femur 
blood flow rates through the nutrient foramina in post-pouch 
western grey kangaroos including young adults and adults 
are relatively constant after correcting for body mass (Hu 
et al. 2018a). Therefore, the age of young adults and adult 
kangaroos would have little impact on femur blood flow rate. 
In this study, we reduce the confounding effects of growth 
by selecting relatively large femora. Sexual dimorphism was 
not accounted for, as most samples lack information on sex. 
Femur and foramen data points were averaged from repli-
cates of each living species. However, since there is lack of 
genera and species information for most extinct specimens, 
we could only present individual femur and foramen data 
points for all fossil specimens.

Although textbooks commonly use Poiseuille’s Law to 
assert that blood flow rate is determined by arterial size, 
the opposite is in fact true: arterial size is determined by the 
blood flow rate regime that depends on the oxygen demand 
of the tissues (Caro et al. 2012), a supply–demand relation-
ship that applies across dynamic, chronic and evolutionary 
timescales. Furthermore, the relationship between flow rate 
and arterial size does not strictly conform to the Poiseuille 
equation (Huo and Kassab 2016). A new empirical relation-
ship between the arterial size and perfusion rate has been 
determined for mammals: log Q̇ =  − 0.20 (log ri) 2 + 1.91 
log ri + 1.82, where Q̇ is absolute blood flow rate (ml s−1), 
and ri is artery lumen radius (cm) (Seymour et al. 2019). To 
calculate ri from measurements of foramen area, we assume 
that the artery lumen area is 20% of foramen area, as found 
in domestic chickens (Hu et al. 2021a). We assume this 20% 
area proportion is conserved among the endotherms, because 
the sizes of arteries are always smaller than the sizes of veins 
that carry the same rate of blood flow but with different 
pressure gradients. In cases of multiple nutrient arteries on 
one femur, the summed area of a multiple-foramen femur is 
not significantly different from the paired single-foramen 

femur in the same individual (Hu et al. 2021a, b). There-
fore, femur Q̇ of a multiple-foramen femur was estimated 
from the summed foramen areas. If an individual had two 
femora preserved, femur and foramen data were averaged 
from both femora, otherwise, one femur remained a datum. 
In all reported data, Q̇ refers to a single bone blood flow rate.

Allometry studies often involve relating variables (Y) of 
behavior, anatomy or physiology with the body mass (Mb) 
of animals. The allometric equation is usually in the form, 
Y = aMb

b, where “a” is the scaling factor, representing the 
elevation of the allometric relationship, and “b” is the scal-
ing exponent, representing the pattern of the power curve. 
When the allometric equation is plotted onto log–log axes, 
the equation becomes logY = loga + blogMb. Scaling rela-
tionships of Q̇ or R on Mb ( Q̇ = aMb

b or R = aMb
b) for liv-

ing hopping macropods and fossil kangaroos were plotted 
onto graphs with log–log axes. The scaling exponents and 
scaling factors among the different groups of animals were 
compared by ANCOVA (Zar 1998) using statistical soft-
ware (Prism 6.0; GraphPad Software, La Jolla, CA, USA). 
If exponents between two scaling relationships were dif-
ferent, the Johnson-Neyman test (White 2003) was used to 
identify the ranges over which the data were significantly 
different. Fossil femora of known genera were divided into 
three groups: extinct Macropus (N = 14), Protemnodon 
(N = 3) and Sthenurinae (N = 48) comprising Sthenurus, 
Simosthenurus and Procoptodon. Since we could not meas-
ure L for some fossil femora due to incomplete or damaged 
specimens, we do not always present L and R values (Online 
Resource 2). Scaling relationships of Q̇ or R on Mb were also 
compared among the three extinct groups to test for any 
significant differences.

Results

Femur blood flow rate ( Q̇)

Estimated body masses (Mb) of the living hopping macro-
pods range from 1.35 to 43.9 kg, which represents a 32.4-
fold range. The estimated Mb values are similar to those col-
lected from the literature (paired t-test, p = 0.95). Estimated 
Mb of fossil kangaroos range from 9.08 to 183.2 kg, which 
represents a 20.2-fold range. Scaling of estimated femur Q̇ on 
Mb in living hopping macropods and among the extinct kan-
garoos is shown in Fig. 2 along with their scaling equations. 
The group of living species has an exponent of 0.73 ± 0.28 
(95% confidence interval), which is not significantly differ-
ent from the 0.57 ± 0.38 found collectively across all extinct 
kangaroos (F1, 110 = 0.92, p = 0.34). However, the scaling fac-
tors are significantly different (F1, 111 = 21.4, p < 0.0001), 
with Q̇ in extinct kangaroos being significantly greater than 
in living hopping macropods. If unclassified individuals 

https://animaldiversity.org
https://eol.org
http://www.environment.nsw.gov.au
http://www.environment.nsw.gov.au
http://www.gbif.org
https://nt.gov.au
http://www.fiji.sc
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were removed, scaling exponents between the living spe-
cies and extinct individuals remain similar (F1, 85 = 0.58, 
p = 0.45) while the scaling factors remain significantly dif-
ferent (F1, 86 = 11.9, p = 0.0009).

Examining only the three groups of extinct kangaroos 
shows that the scaling of Q̇ in Sthenurinae is not signifi-
cantly different from the extinct Macropus and Protem-
nodon groups (F2, 59 = 0.57, p = 0.57 for scaling exponent; 
F2, 61 = 0.11, p = 0.89 for scaling factor) (Online Resource 
3). The scaling exponent of 0.73 ± 0.28 for living hop-
ping macropods is not significantly different from that 
(0.35 ± 0.56) of extinct Macropus (F1, 33 = 1.72, p = 0.20) or 
Sthenurinae (0.61 ± 0.29) (F1, 67 = 0.40, p = 0.53). However, 
the scaling factor for the living hopping macropods is sig-
nificantly lower than the extinct Macropus (F1, 34 = 11.88, 
p = 0.0015) and Sthenurinae (F1, 68 = 11.2, p = 0.0014). 
Protemnodon has only three data points, so its scaling 
relationship is yet to be established. However, they all sit 
closely with the two other extinct groups, implying similar 
Q̇ (Online Resource 3).

Femur robustness (R)

Femur robustness (R = C/L) was calculated for all living hop-
ping macropod species used in this study, as well as in six 
extinct Macropus, 30 sthenurines and a single Protemnodon. 
The scaling of R on Mb across 23 living hopping macro-
pod species and six extinct Macropus individuals exhibit 
significantly different scaling exponents (living hopping 

macropods: 0.02 ± 0.02; extinct Macropus: 0.13 ± 0.13) 
(F1, 25 = 5.28, p = 0.030) (Fig. 3). R in extinct Macropus 
increases rapidly compared to R in living species. The John-
son-Neyman test indicates that extinct Macropus weighing 
over 39.2 kg had more robust femora than the living spe-
cies. Compared to the living hopping macropod species, 
R on Mb in the 30 sthenurines has a significantly steeper 
scaling exponent of 0.14 ± 0.06 (F1, 49 = 41.6, p < 0.0001). 
The Johnson-Neyman test indicates that sthenurines weigh-
ing over 18.3  kg had significantly more robust femora 
than predicted by living hopping macropods. Comparison 
of R on Mb between the Sthenurinae and extinct Macro-
pus shows statistically indistinguishable scaling exponents 
(F1, 32 = 0.048, p = 0.83), but significantly different scaling 
factors (F1, 33 = 16.1, p = 0.0003). The scaling of both the 
living hopping macropods and extinct Macropus have scal-
ing exponents that are not significantly different from 0, 
whereas Sthenurinae has a scaling exponent that is signifi-
cantly steeper than 0 (Fig. 3).

Discussion

Most living kangaroos use bipedal hopping for fast loco-
motion, which is a very efficient gait, especially in larger 
macropods at higher speeds (Dawson and Taylor 1973; 
Baudinette et al. 1992; Thornton et al. 2022). The energy 
savings provided by the gastrocnemius and plantaris tendons 
of the hindlimb is affected by body mass and locomotion 

Fig. 2   Scaling of estimated 
femur blood flow rate ( Q̇ ) on 
body mass in living hopping 
macropods and extinct kanga-
roos. Data are on log–log axes. 
The allometric equations for 
femur blood flow rate ( Q̇ ; ml 
s−1) on body mass (Mb; g) are 
Q̇ = 4.50 × 10–6 Mb

0.73±0.28 (95%CI) 
for 23 species of living hopping 
macropods, and Q̇ = 5.48 × 10–5 
Mb

0.57±0.38 for 91 fossil kanga-
roo individuals, including 14 
extinct Macropus, 48 Sthenuri-
nae, three Protemnodon and 26 
unclassified individuals. The 
dotted lines delineate the 95% 
confidence intervals for each 
regression mean
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speed, such that larger species undertaking fast hopping tend 
to show the greatest energy savings (Baudinette et al. 1992). 
Although bipedal hopping is energy-efficient in large liv-
ing kangaroos, hopping presents a biomechanical challenge 
to very large kangaroos. The gastrocnemius tendon cross 
sectional area does not scale in proportion to peak force 
loads with increasing body mass, imposing a theoretical 
maximum body mass of 50–150 kg for a hopper based on 
analyses of living hopping macropods (Bennett and Taylor 
1995; McGowan et al. 2008; Snelling et al. 2017). Above 
this body mass, the gastrocnemius tendon safety factor drops 
below 1, and the tendon is at risk of rupturing during fast or 
accelerative hopping (McGowan et al. 2008; Snelling et al. 
2017). Some extinct kangaroo species likely weighed more 
than this maximum theoretical body mass. They might not 
have hopped like a living kangaroo and may have instead 
used different locomotion gaits, such as a bipedal striding 
gait and a quadrupedal gait (Wells and Tedford 1995; Janis 
et al. 2014, 2020, 2023; Jones et al. 2021; Wagstaffe et al. 
2022). Although it is difficult to imagine a striding gait in 
recent kangaroos, red kangaroos (Macropus rufus) exhibit 
it during swimming (Wilson 1974).

If extinct large kangaroos had different gaits, it might be 
reflected in the structure and function of the hind limb bones. 
To reduce the torque of ground reaction force and improve 
the effective mechanical advantage around the joints of the 
limbs, placental mammals transition to more upright limb 
postures as body mass increases (Biewener 2005). In contrast, 
the hindlimbs retain a crouched posture across different sizes 

of the living macropods, because hopping apparently requires 
this posture to stretch the tendons on landing in preparation 
for the next jump (McGowan et al. 2008; Snelling et al. 2017). 
Hopping might still be one of the potential gaits for large-
bodied extinct Macropus, although they would have likely 
had to compensate for higher forces with thicker tendons and 
more robust leg bones. Indeed, large living hopping kanga-
roos tend to have longer calcaneal tuberosity with thickened 
cortical bone structure (Wagstaffe et al. 2022; Janis et al. 
2023). Large-bodied extinct M. titan had calcaneal tuberos-
ity length similar to smaller macropodians after correcting 
for body mass, and they had calcanei with thickened cortical 
bone (Wagstaffe et al. 2022; Janis et al. 2023), implying their 
potential ability to engage in bipedal hopping. However, the 
generally more robust and rigid skeletons of sthenurines have 
been interpreted as adaptations to bipedal striding (Janis et al. 
2014; Jones et al. 2021; Wagstaffe et al. 2022). Calcaneal 
tubers of sthenurines were less resistant and their long foot 
bones were more resistant to medial bending stresses com-
pared to Macropus (Wagstaffe et al. 2022), indicating that 
sthenurines had difficulty performing bipedal hopping. Com-
pared to M. giganteus, the femora of S. stirlingi and S. tinda-
lei have a relatively longer greater trochanter, which is more 
closely aligned with the axis of the femur shaft (Wells and 
Tedford 1995). The greater trochanter is the attachment point 
for the gluteal muscles, and the likely larger gluteal muscles 
may have assisted with support while placing the whole-body 
weight on one leg during bipedal striding (Aiello and Dean 
1990; Janis et al. 2014). Direct evidence of bipedal striding 

Fig. 3   Scaling of femur robust-
ness on body mass in living 
hopping macropods and extinct 
kangaroos. Data are on log–log 
axes. The allometric equations 
for femur robustness (R; ratio of 
femur mid-shaft circumference 
and length) on body mass (Mb; 
g) are R = 0.22Mb

0.02±0.02 (95%CI) 
for 23 living hopping macropod 
species, R = 0.74Mb

0.13±0.13 for 
six extinct Macropus individu-
als, and R = 0.07Mb

0.14±0.03 for 
30 Sthenurinae individuals. The 
single Protemnodon is super-
imposed only. The dotted lines 
delineate the 95% confidence 
intervals for each regression 
mean
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comes from separate footprints in a recently discovered fossil 
trackways in the Pliocene of Central Australia (Camens and 
Worthy 2019). In addition, sthenurines were probable brows-
ers, as their forearm morphology overlaps with that of extant 
arboreal taxa (Jones et al. 2021), and it does not appear to be a 
weight bearing limb (Janis et al. 2020). As such, more robust 
femora were probably necessary for sthenurines, especially 
large-bodied individuals, to withstand the increased forces 
placed on single limbs during bipedal striding locomotion.

Unlike living kangaroos, which mostly use bipedal hop-
ping as one of their primary locomotor gaits, the present 
study supports the hypothesis that extinct kangaroos used 
different modes of locomotion than extant ones because 
there is a disjunction in the scaling relationships between 
robustness (R) and femur blood flow rate ( Q̇ ) in relation to 
body mass. Extinct Macropus tended to have R higher than 
that of the living hopping macropods as their body masses 
increases beyond 39.2 kg, which is close to the theoretical 
optimal body mass for effective hopping (~ 35 kg) (Bennett 
2000). Most living species of Macropus and Osphranter 
are above this optimal body mass (Bennett 2000). Conse-
quently, they may have evolved elongate tibiae to uphold 
tendon energy storage and avoid tendon rupture during 
rapid hopping (Janis et al. 2023). The scaling of R on Mb in 
both the living hopping macropods and extinct Macropus 
have exponents that are not significantly different from 0 
(Fig. 3), revealing that R changes little with body mass, at 
least in these two groups. Similarly, all hindlimb external 
diameters scale isometrically with bone length in macropo-
doids (McGowan et al. 2008). This constant robustness is 
different from the positive exponents found generally in 
mammals (Christiansen 1999) and cursorial birds (Hu et al. 
2023). Despite the shallow scaling exponent of R in liv-
ing hopping macropods and fossil Macropus being essen-
tially independent of Mb, R is greater among sthenurines, 
and the scaling exponent rises to 0.14 ± 0.03 (Fig. 3). This 
high exponent implies that sthenurines had distinct bone 
morphologies, which are likely influenced by their special 
standing postures and locomotor gaits, possibly including 
bipedal striding.

Blood flow to bones is determined by the metabolic 
requirements of the bone tissue, so it should be related 
to bone volume and the stresses placed on bones that 
cause microfractures requiring repair. If extinct kanga-
roos moved like modern large kangaroos or had very 
similar saltatory gaits, we would expect their Q̇ to be 
similar to living hopping macropod species of the same 
body mass. However, the elevated Q̇ (Fig. 2) suggests that 
it might not be the case. The higher femur Q̇ in extinct 
kangaroos appears to be directly functionally associated 
with their more robust femora. A larger femur requires 
a higher blood perfusion rate to support and maintain 

bone structural integrity. The increase of R is not the only 
source of the elevated Q̇ in extinct kangaroos, as the scal-
ing patterns of R on Mb are different from the scaling pat-
terns of Q̇ on Mb among different groups (Fig. 3, Online 
Resource 3). Q̇ is influenced by metabolic demand of the 
femora, so it is also related to energy required for repairing 
microfractures caused by locomotor activities (Seymour 
et al. 2012; Allan et al. 2014).

Estimated femur Q̇ scales with Mb raised to an exponent 
of 0.57 ± 0.38 among extinct kangaroos, which is not signifi-
cantly different from the living hopping macropod species 
(0.73 ± 0.28) (Fig. 2) nor is it different from the scaling expo-
nent (0.80 ± 0.06) for maximum oxygen consumption rate 
in seven species of adult hopping macropods (Frappell and 
Baudinette 1995). However, extinct kangaroos had signifi-
cantly higher estimated Q̇ than in living macropods, even after 
accounting for differences in body mass. Although there are 
only three Q̇ data for Protemnodon in this study, they all sit 
closely to the other extinct kangaroos, also indicating a higher 
Q̇ compared to the living species. The higher Q̇ in extinct 
kangaroos was possibly due to their different locomotor styles 
compared to the living hopping macropods, and their locomo-
tor behaviors may have caused higher incidence of microfrac-
tures during daily activities or their locomotor behaviors were 
not as energy efficient as the living hopping macropods, thus 
requiring greater perfusion of the femoral bone tissue.

The Q̇ and R differences between the groups in the pre-
sent study imply that the extinct kangaroos, including the  
large extinct Macropus, did not locomote like living hop-
ping kangaroos. Although it is difficult to assign specific  
locomotor gaits to different extinct kangaroo groups with 
knowledge only of Q̇ and R values, our results indicate that 
they required a larger amount of femur perfusion in more 
robust leg bones. Many previous studies have provided evi-
dence that extinct kangaroos utilize varied locomotor behav-
iors. It has been reported that some large extinct Macropus 
had similarly robust tibia as the other large extinct kanga-
roos, and some of their bones cluster with living kangaroos, 
while others cluster with large sthenurines on multivariate 
plots (Janis et al. 2014). Although sthenurines might have 
used bipedal striding, it remains possible that they could 
have utilized hopping as a secondary gait. Nonetheless, most 
sthenurines and large Protemnodon species having shorter 
tibiae, which reduces the possibility for bipedal hopping 
(Janis et al. 2023). The smaller-sized sthenurines, Had-
ronomas puckridgi and Sthenurus andersoni, had similar 
tibia lengths to macropodines with similar body masses, 
while some large-sized sthenurines (e.g. Procoptodon gilli) 
had shorter tibia lengths (Janis et al. 2023). Indeed, Janis 
et al. (2014) proposed that smaller sthenurines could have 
used hopping at fast speed and bipedal striding only at slow 
speeds, while large species may have used bipedal striding at 
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all speeds. If large-bodied sthenurines utilize bipedal strid-
ing at high speed, ground reaction forces applied to each leg 
would be very large during fast movement, possibly account-
ing for the elevated Q̇ and the higher scaling exponent of 
R on Mb in sthenurines. Although R of Protemnodon also 
seems to be elevated similarly to sthenurines (Fig. 3), it is 
not possible to draw any definitive conclusions with only 
one data point. For a better understanding of Protemnodon 
locomotor behaviors, further research is required.

Primary gaits have been suggested to be variable within 
the genus of Protemnodon, ranging from bipedal hopping to 
quadrupedal bounding, as some species had femoro-tibial 
indices (ratio of the limb elements and related to different 
locomotor gaits) similar to living Macropus, while some 
others were similar to tree kangaroos (Kear et al. 2008). The 
long tibia in certain Protemnodon species (e.g. P. senus) 
seems to correlate with their apparently frequent brows-
ing behaviour, rather than being related to bipedal hopping 
locomotion (Janis et al. 2023). Trackways of Protemnodon 
also showed that they performed saltatory gait (Carey et al. 
2011). The varied and inconsistent bone morphologies in 
the extinct kangaroos may be related to different habitat 
and life history characteristics among the different species. 
Therefore, compared to the living species, locomotor behav-
iors may be more varied among the extinct species, or even 
within the same extinct genera. As suggested by Janis et al. 
(2023), bipedal hopping was probably one of the many loco-
motor gaits that kangaroos use. What makes living hopping 
kangaroos special is the absence of other species that had a 
wider range of locomotory adaptations.

Conclusions

In summary, femur blood flow rate of extinct kangaroos was 
higher than that in living hopping macropods, indicating a 
greater amount energy was required during routine locomo-
tor activities. Furthermore, the higher bone perfusion may 
also reflect their more robust bones in relation to their differ-
ent locomotor behaviors, compared to living hopping macro-
pods. The higher blood flow rate and more robust femora 
in sthenurines compared to living hopping macropods sug-
gests they likely employed a special locomotor gait involving 
greater forces applied to the leg bones during locomotion, 
possibly bipedal striding.
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