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Geometric scaling predicts a major challenge for legged, terrestrial loco-
motion. Locomotor support requirements scale identically with body mass
(α M1), while force-generation capacity should scale α M2/3 as it depends
on muscle cross-sectional area. Mammals compensate with more upright
limb postures at larger sizes, but it remains unknown how sprawling tetra-
pods deal with this challenge. Varanid lizards are an ideal group to address
this question because they cover an enormous body size range while main-
taining a similar bent-limb posture and body proportions. This study reports
the scaling of ground reaction forces and duty factor for varanid lizards ran-
ging from 7 g to 37 kg. Impulses (force×time) (α M0.99−1.34) and peak forces
(α M0.73−1.00) scaled higher than expected. Duty factor scaled α M0.04 and
was higher for the hindlimb than the forelimb. The proportion of vertical
impulse to total impulse increased with body size, and impulses decreased
while peak forces increased with speed.
1. Introduction
Inevitable consequences of body size and shape impose amajor challenge for ter-
restrial locomotion. Given that muscle force and bone strength are proportional
to cross-sectional area (L2), while mass is proportional to volume (L3), geometri-
cally similar animals should experience relatively greater muscle and bone
stresses with increasing body size. Mammals hold their limbs parasagittally
and partially compensate for this challenge by transitioning from a crouched
(bent-leg) posture in small mammals to a more upright (straight-leg) posture
in larger mammals (up to around 300 kg) with greater average joint angles at
larger body sizes, decreasing the ratio of muscle impulse necessary to produce
a given ground reaction impulse (an increased limb muscle mechanical advan-
tage) [1]. This strategy is not generally used by sprawling tetrapods such as
amphibians and reptiles, although lizards do vary their locomotor posture,
sometimes becoming bipedal at high speed [2–4]. It has been proposed
that larger sprawling tetrapods may also adjust posture with size and speed
[2,3,5–8], but the limbs of varanids do not become more upright with increasing
body size [9]. Furthermore, although numerous studies have reported ground
reaction forces (GRFs) for sprawling tetrapods (e.g. [10–15]), little is known
about the scaling of locomotor forces in these animals.

Varanid lizards are an ideal group in which to study how animals respond to
the biomechanical problems of body size because they range from 5 g to 100 kg
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Table 1. Species investigated in the study. 1[25]; 2[26]; 3mean of other species studied.

species N (individuals) body mass (g) n (strides) species max speed (m s−1)

V. brevicauda 3 7.00 ± 1.91 9 1.591
V. caudolineatus 3 11.06 ± 2.28 15 2.341
V. eremius 1 11.8 6 3.711
V. semiremex 1 49.9 5 3.493
V. acanthurus 1 52.7 11 3.051
V. hammersleyensis 1 63.7 2 2.831
V. tristis 3 186.5 ± 79 38 3.951
V. rosenbergi 2 662 ± 385 19 2.76

V. panoptes 5 1328.3 ± 650.2 92 5.91
V. spenceri 1 2098 1 3.493
V. varius 4 2311 ± 872.3 50 4.031
V. komodoensis 3 26 550 ± 5310 18 4.692
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[16] while maintaining similar postures [9,16,17] and body
proportions [18]. Femoral adduction and knee and ankle
joint angles did not vary significantly with size (40 g–8 kg)
in a previous study on varanids [9]. Larger varanids have
previously been shown to compensate for the predicted size-
dependent loss of muscle force by possessing pelvic [17] and
pectoral muscles [19] of greater mass and physiological
cross-sectional area, reduced locomotor speeds [20], increased
duty factors and modest changes in femoral kinematics [9].

This study investigates GRFs and stride parameters in var-
anid lizards against two null hypotheses for the scaling of
locomotor forces with body mass. Under a null hypothesis
based on body support requirements, peak vertical forces will
increase α M1 to support the increased body masses of larger
animals locomoting at dynamically similar speeds [1,21],
while the inverted pendulum model predicts that impulses
would increase α M1.167 (force × time: M1 * (M1/3)1/2) [22,23].
Alternatively, a null hypothesis based on muscular force pro-
duction suggests that, under purely geometric scaling, peak
forces will only increase α M2/3 because muscle force is pro-
portional to cross-sectional area. In both cases, peak forces
should increase with speed, while impulses remain constant
[24]. If forces scale according to the body support hypotheses,
stress (force/area) will increase α M1 – M0.67=M1/3, leading
to dangerously low skeletal safety factors and relatively lower
muscle forces in larger animals [16,21]. If peak forces scale
with a lower exponent than body mass instead, how can
larger animals locomote effectively?
2. Material and methods
GRFs were collected for 28 lizards from 12 species (table 1)
[25,26] covering almost the entire possible body size range.
Two hundred and seventeen individual strides were recorded
across speeds ranging from 0.96 to 4.05 m s−1, comprising 105
forelimb and 112 hindlimb trials. Forces were collected at 1000
or 10 000 Hz with a custom-built force-plate [12], a force-plate
based on a Nano17 load cell (ATI Industrial Automation, Apex,
NC, USA), or an IP65 gamma force-plate (ATI Industrial Auto-
mation). All animals (except V. komodoensis, which were zoo
animals) were wild caught. Force-plates were calibrated using
equal weights. Trials with aberrant gaits, or incomplete foot
contacts were excluded. Methods were approved under ethics
SBS/195/12/ARC (QLD), ANA16104 (QLD), ANE1934 (QLD),
ANE2054 (QLD), A2450 (QLD), ANE2054 (QLD) and RA/3/
100/1188 (WA), and lizards were collected under permits
WISP11435612 (QLD) and SF009075 (WA), 08-001092-5 (WA)
and WA0001919 (QLD).

Dorsal and lateral videos were captured using high-speed
cameras (Fastec IL3-100; 1280 × 1024 pixels, Fastec Imaging Cor-
poration, San Diego, CA, USA) recording at 250 fps. Forces and
videos were synchronized and strides identified using custom
MATLAB (Mathworks, Natick, MA, USA) programs and an
internal trigger. GRFs were analysed from footfall to toe-off
and smoothed using a fourth-order, zero-lag Butterworth low-
pass filter. Force polarities were transformed so that positive
values indicate ground support (GRFZ), cranially directed
forces (GRFX), and medially directed forces (GRFY) relative to
the body (figure 1e). Total force magnitude [1,27] was calculated
as in the below equation

GRFTOT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(jGRFXj2 þ jGRFYj2 þ jGRFZj2)

q
ð2:1Þ

Impulses were time integrals of force. For cranial, caudal,
medial and lateral impulses, forces were separated into positive
and negative regions before integration.

The average speed was estimated by quantifying the two-
dimensional (2D) motion of a single dorsal point using
DeepLabCut, a machine-learning video tracking software [28].
Speeds were converted to relative speed based on the maximum
sprint speed for each species (table 1). Relative speed [29] was
used instead of dynamic speed (Froude number) because,
although dynamic speed is useful for identifying similar gaits
among diverse species [23] and was well-correlated with relative
speed in our dataset (electronic supplementary material,
figure S4), it has been shown to be of limited utility in predicting
similar gaits in closely related lizards [30] and it is not obvious
which characteristic length would best capture the dynamics of
sprawling locomotion.

All analyses were conducted using R 3.6.3 (R Development
Core Team, 2020). The relationships between force parameters
and body mass, relative speed and limb (forelimb versus hind-
limb) were assessed using mixed-effects models employing the
lmer.R function from the lme4 and lmerTest packages including
subject as a random factor [31,32]. All continuous variables
were log-transformed. In all cases, a full-interaction model was
initially constructed. If the interaction terms were not significant,
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Figure 1. GRFs and duty factor in monitor lizards. (a) Caudal displacement of the horizontal body centre of mass (electronic supplementary material, figure S4).
Average forelimb (b) and hindlimb (c) GRFs of monitor lizards recorded on a force-plate (e) for vertical (Z, red), cranial–caudal (X, yellow) and medial–lateral
(Y, purple) directions. (d ) Total GRF impulse varied with body mass and relative speed. ( f ) Relative proportion of X, Y and Z impulses varied with body mass
and fore versus hindlimb. Duty factor increased with body mass (g) but decreased with relative speed (h) and was higher for the hindlimb (green triangles)
than the forelimb (blue circles). Shading in (g,h) indicates 95% confidence intervals (a,d,g,h) are depicted on log scales.
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a reduced model with no interaction terms was used instead,
provided that an ANOVA test found no significant difference
between these models. When full models were used, non-signifi-
cant variables were successively dropped from the model using
the update.R function as long as each, successive model was not
significantly different from the previous one using an ANOVA
test (electronic supplementary material, table S1). Individual
regressions for body mass and relative speed (table 2) were
calculated using sim_slopes.R, and plotted using interact_plot.R
[33]. Percentage differences between fore and hindlimb
parameters were calculated as the ratio of the inverse logs from
the regression intercept values.

To check for an influence of phylogeny, slopes and confi-
dence intervals of linear regressions for species means of each
parameter were compared with phylogenetic independent
contrasts (electronic supplementary material, figure S1),



Table 2. Scaling coefficients for stride parameters versus body mass and speed. Values represent independent fixed-effects regression coefficients and 95%
confidence intervals calculated from linear mixed-effects models (electronic supplementary material, table S1).

parameter limb

versus log10 body mass (kg) versus log10 relative speed

slope intercept slope intercept

duty factor combined 0.038 ± 0.024 −0.161 ± 0.035

fore 1.554 1.554

hind 1.624 1.624

total impulseÐ
GRFTot

combined −0.334 ± 0.146

fore 1.14 ± 0.105 −0.624 −0.624
hind 1.260 ± 0.105 −0.370 −0.370

total peak force combined −0.720 −0.720
fore 0.852 ± 0.186 0.327 ± 0.506

hind 0.728 ± 0.184 −0.270 ± 0.396

vertical impulseÐ
GRFZ

−0.379 ± 0.153

fore 1.191 ± 0.106 −0.441 −0.441
hind 1.316 ± 0.105 −0.693 −0.693

vertical peak force combined 0.211 ± 0.122

fore 0.890 ± 0.069 0.707 0.707

hind 0.999 ± 0.067 0.886 0.886

cranial impulseÐ þ GRFX

combined 1.058 ± 0.190

fore −1.889
hind −1.417

cranial peak forceþ GRFX combined 0.809 ± 0.134 0.073

caudal impulseÐ � GRFX

combined 0.982 ± 0.204

fore −2.130
hind −1.939

caudal peak force

� GRFX

combined 0.812 ± 0.101

fore −0.195
hind −0.053

medial impulseÐ þ GRFY

combined 1.084 ± 0.198

fore −1.567
hind −1.194

medial peak force

þ GRFY

combined 0.812 ± 0.128 0.531 ± 0.317

fore 0.303 0.303

hind 0.120 0.120

lateral impulseÐ � GRFY

combined −1.904
fore 0.986 ± 0.232

hind 1.337 ± 0.226

lateral peak force

� GRFY

combined 0.922 ± 0.110

fore −0.129
hind −0.133

stance time combined 0.297 ± 0.053 −0.624 ± 0.089

fore 1.402 1.402

hind 1.463 1.463

swing time combined 0.184 ± 0.033 −0.285 ± 0.052

fore 1.259 1.259

hind 1.326 1.326
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calculated using the pic.R function [34] and the maximum-
likelihood varanid tree built from 1030 bp of the NADH-2
gene [35]. To investigate the scaling of the position of the
horizontal centre of mass, data from the two-scale method [36]
(electronic supplementary material, figure S5) were analysed
(figure 1a).
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3. Results
Ground reaction peak forces (figure 2) and impulses
(figures 1d and 2) scaled differently with body mass and rela-
tive speed (table 2). Overall, impulses scaled with slopes
greater than 1 while peak forces scaled with slopes less
than 1when regressed against bodymass (figure 2).When sig-
nificant relationships between speed and forces were detected,
impulses decreased and peak forces increased with speed
(table 2). Total and vertical impulses increased with body
mass (vertical impulse slopes: 1.19 ± 0.11 forelimb; 1.32 ± 0.11
hindlimb), decreased with relative speed (slope: −0.38 ± 0.15),
and varied with limb, and the interaction with body mass
and limb, while relative speed did not significantly affect
either cranial–caudal or medial–lateral impulses (electronic
supplementary material, table S1). Vertical, total and lateral
impulses scaled with a steeper slope against body mass for
the hindlimb than the forelimb (table 2 and figure 2), and
were also absolutely higher in the hindlimb in vertical, total,
caudal, cranial and medial impulses (77.8%, 77.8%, 58.4%,
31.8% and 134.4%, respectively) (table 2). Total and vertical
impulses decreased with speed. Vertical impulses ranged
from 0.014 to 12 times body weight (mean 0.83).

Total, vertical, lateral, medial, caudal and cranial peak
forces increased significantly with body mass (figure 2 and
table 2; electronic supplementary material, figure S2). Relative
speed also had a significant positive effect on total, vertical,
cranial and medial peak forces (electronic supplementary
material, table S1 and figure S3). Every interaction term had
a substantial effect on total peak force, and vertical peak
force also depended on limb, perhaps reflecting differing
relationships between individual force components, body
mass, speed, and limb. Peak vertical, caudal and medial
forces were higher for the hindlimb (51.4%, 41.3%, 51.4%,
respectively), but hindlimb and forelimb peak forces were
similar for lateral and total forces (table 2). Forelimb total
peak forces also increased with a steeper slope than those of
the hindlimb (table 2). Vertical peak forces ranged from 1.09
to 49.15 times body weight (mean 9.69).

Duty factor was found to be significantly related to body
mass, speed and limb (electronic supplementary material,
table S1). Duty factor increased with body mass (slope:
0.04 ± 0.02) and decreased with relative speed (slope: −0.16
± 0.04) (figure 1g,h). The duration of both stance and swing
phases increased with body mass and decreased with speed
(table 2). The mean duty factor was higher for hindlimb
trials (49.8) than forelimb trials (42.6) (table 2). The proportion
of total impulse due to vertical forces decreased significantly
(electronic supplementary material, table S1) with body
mass (figure 1f ). Hindlimb to forelimb ratios of raw impulses
scaled to body mass were 2.23 (vertical), 2.11 (cranial), 1.59
(caudal), 1.19 (lateral) and 2.03 (medial).
4. Discussion
This study reports the scaling ofGRFs fromvaranid lizards ran-
ging over about three and a half orders of magnitude in body
mass. Themain findings of this studywere that ground reaction
impulses scaled against body mass roughly as expected by the
inverted pendulum model (∼M1.167), while peak forces scaled
with body size less than predicted by the body support hypo-
thesis (peak <M1), but greater than the force production
hypothesis (peak >M2/3). Duty factor was found to increase
with body mass, indicating that larger varanids extend body
support over a longer stance phase with lower peak forces.
Future research examining the scaling of muscle moment
arms and muscle gearing is needed to determine how GRFs
are produced, but taken in the context of previous work,
these results may suggest that varanids compensate for the
biomechanical challenges of size by using two simultaneous
strategies: (i) increasing duty factor to keep peak GRFs below
critical levels and attenuate the consequences of the body
support hypothesis, and (ii) allometric increases in muscle
force-generation capacity and bone strength to circumvent the
consequences of the force-generation hypothesis.

Scaling exponents of vertical and lateral impulses are stee-
per than predicted by the body support model, even when
taking duty factor into account, whereas other impulses
scale with expectations. Predictions based on the inverted
pendulum model suggest that vertical ground reaction
impulse should scale asM1.167 in animals with limbs oriented
in the parasagittal plane [22]. We found that forelimb vertical
impulse scaling agrees well with this prediction when duty
factor is taken into account, while hindlimb impulse scales
more steeply (M1.32–M0.04 =M1.28 hindlimb; M1.19–M0.04 =
M1.15 forelimb). This may suggest that the forelimbs of sprawl-
ing tetrapods follow the inverted pendulum model more
closely than the hindlimbs, which could be related to differ-
ences in locomotor mechanics and roles (propulsion versus
changing direction) between girdles, or indicate increasing
dominance of the hindlimb in body support at larger body
masses. After correcting for duty factor, cranial–caudal
impulses scale α M∼1, suggesting that larger sprawling tetra-
pods do not use proportionally more braking or propulsive
forces. Medial impulse scales α M∼1.04 after taking duty
factor into account, while lateral impulse of the hindlimb
scales α M∼1.3, suggesting that these side-to-side forces may
become more important at larger body sizes. The pattern of
lateral undulation changes with speed [37–40] and may
vary with body size. Proportionally, higher lateral GRFs
and/or magnitudes of lateral undulation in larger sprawling
animals may distribute peak forces away from the vertical,
enabling them to generate sufficient locomotor force without
dangerously high bone stresses in any one direction.

Vertical peak forces scalewith greater slopes than expected
from the force production hypothesis (α M0.67) even when
duty factor is taken into account (M01.00 – M0.04 =M0.96 hind-
limb; M0.89 – M0.04 =M0.85 forelimb), suggesting that increased
duty factor cannot, by itself, explain high peak force scaling
exponents. The finding that peak forces exceed the force and
stress limits predicted by geometric scaling is anticipated by
previous work [17,19] which shows positive allometry in the
musculoskeletal system of varanids. Varanid muscles show
positive allometry in mass (slope: 1.43 forelimb, 1.07 hindlimb)
and physiological cross-sectional area (slope: 0.88 forelimb,
0.76 hindlimb) [17,19]. Although in vivo bone strains have not
been measured in varanids, varanid bone diameters scale
with positive allometry [41,42], and with a higher exponent
than those of iguanids [42]. Although varanids retain largely
similar body proportions and postures at different body
sizes, small differences in anatomy and posture may have sub-
stantial effects on local stresses. Future biomechanical
modelling studies may show that locomotor forces are distrib-
uted less vertically in larger sprawling tetrapods, allowing
proportionally less-robust bones and muscles to generate suf-
ficient locomotor forces.
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GRFs were found to be hindlimb-dominant, with the
hindlimb providing greater peak force than the forelimb in
all directions (table 2). Although no significant differences
were detected, peak cranial–caudal and medio-lateral forces
occurred earlier in hindlimb compared to forelimb strides
(figure 1a–c), suggesting that the hindlimb may transition
into the propulsive phase earlier than the forelimb, perhaps
reflecting partial division of labour between the hindlimb
(propulsion) and forelimb (changing direction) [43]. Greater
medial peak forces and impulse were reported in the forelimb
than hindlimb for V. exanthematicus during high-speed run-
ning [10], but greater medial peak forces and impulses were
found in the hindlimb across multiple varanid species in
this study. This suggests that medial impulse may become
increasingly forelimb-dominated at higher speeds, but rela-
tive speed did not predict medial impulse in our dataset
(electronic supplementary material, table S1). For all variables
in which the fixed effect regression slope for body mass dif-
fered between the hindlimb and forelimb (vertical impulse,
vertical peak force and propulsive peak force), the hindlimb
became increasingly dominant at larger body sizes. This is
likely related to the location of the whole-body centre of
mass, which moves caudally with increased body size in var-
anids (figure 1a) [36]. Although the hindlimb produced more
vertical impulse than the forelimb at all speeds (table 2), hind-
limb vertical impulses did not increase more steeply than
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forelimb impulse with speed, which is inconsistent with
studies on cheetahs, greyhounds [44] and horses [45], and
may reflect the fact that although sprawling tetrapods
adjust their gait with speed [2], the transitions are not regular
and abrupt as in mammals [24,46].

How locomotion changes with body size has been
most commonly studied in upright mammals and birds
[22,24], yet sprawling postures are characteristic of current
and extinct tetrapod lineages and sprawling locomotion
was widespread in stem amniotes [47] and prior to the
Triassic [48]. These results provide insight into selective
pressure in the evolution of terrestrial locomotion, particu-
larly how size affects locomotion in sprawling tetrapods.
They may also lead to better reconstruction of extinct
species, and help to explain how larger extinct forms
dealt with the biomechanical challenges of locomotion at
greater body size.

Ethics. Methods were approved under ethics SBS/195/12/ARC
(QLD), ANA16104 (QLD), ANE1934 (QLD), ANE2054 (QLD),
A2450 (QLD), ANE2054 (QLD) and RA/3/100/1188 (WA), and
lizards were collected under permits WISP11435612 (QLD) and
SF009075 (WA), 08-001092-5 (WA) and WA0001919 (QLD).
Data accessibility. Raw data and code are available from the Dryad Digi-
tal Repository: https://doi.org/10.5061/dryad.rn8pk0p82 [49].
Authors’ contributions. R.L.C. participated in study design, collected data,
analysed the data and wrote the manuscript. T.J.M.D. participated in
study design, collected data and helped revise the manuscript. R.I.
collected data. D.R. collected data. C.J.C. participated in study
design, created tools for data analysis, collected data and helped
revise the manuscript. All authors contributed to manuscript revi-
sion, gave final approval for publication and are accountable for
the work performed.

Competing interests. We declare we have no competing interests.
Funding. Funding was provided by the Australian Research
Council (DE120101503, DP180100220), National Science Foundation
(1256065) and the Natural Sciences and Engineering Research
Council of Canada.
Acknowledgements. The authors thank G. and S. Thompson for provid-
ing animals, as well as K. Berry, B. Fox, M. Hodgson, T. Moore,
N. Kuyper, J. Schulz, H. Varley and N. Wu for assistance in data
collection.
612
References
1. Biewener AA. 1989 Scaling body support in
mammals: limb posture and muscle mechanics.
Science 245, 45–48. (doi:10.1126/science.2740914)

2. Sukhanov VB. 1968 General system of symmetrical
locomotion of terrestrial vertebrates and some
features of movement of lower tetrapods. New Delhi,
India: Amerind Publishing.

3. Grillner S. 1975 Locomotion in vertebrates: central
mechanisms and reflex interaction. Physiol. Rev. 55,
247–304. (doi:10.1152/physrev.1975.55.2.247)

4. Svihla A, Svilha R. 1952 Bipedal locomotion in the
Iguana, Iguana tuberculata. Copeia 1952, 1–119.

5. Bakker RT. 1971 Dinosaur physiology and the origin
of mammals. Evolution (NY) 25, 636–658.

6. Rewcastle SC. 1981 Stance and gait in tetrapods: an
evolutionary scenario. Symp. Zool. Soc. Lond. 48,
239–267.

7. Vialleton L. 1924 Membres et ceintures des vertebres
tetrapodes: critique morphologique du
transformisme. Paris, France: Librairie Octave Doin.

8. Howell AB. 1936 The phylogenetic arrangement of
the muscular system. Anat. Rec. 66, 295–316.
(doi:10.1002/ar.1090660305)

9. Clemente CJ, Withers PC, Thompson GG, Lloyd D.
2011 Evolution of limb bone loading and body size
in varanid lizards. J. Exp. Biol. 214, 3013–3020.
(doi:10.1242/jeb.059345)

10. McElroy EJ, Wilson R, Biknevicius AR, Reilly SM.
2014 A comparative study of single-leg ground
reaction forces in running lizards. J. Exp. Biol. 217,
735–742. (doi:10.1242/jeb.095620)

11. Willey JS. 2004 The tale of the tail: limb function
and locomotor mechanics in Alligator
mississippiensis. J. Exp. Biol. 207, 553–563. (doi:10.
1242/jeb.00774)

12. Clemente CJ, Bishop PJ, Newman N, Hocknull SA.
2018 Steady bipedal locomotion with a forward
situated whole-body centre of mass: the potential
importance of temporally asymmetric ground
reaction forces. J. Zool. 304, 193–201. (doi:10.1111/
jzo.12521)

13. Clemente CJ, Wu NC. 2018 Body and tail-assisted
pitch control facilitates bipedal locomotion in
Australian agamid lizards. J. R. Soc. Interface 15,
1–10. (doi:10.1098/rsif.2018.0276)

14. Sheffield KM, Butcher MT, Shugart SK, Gander JC,
Blob RW. 2011 Locomotor loading mechanics in
the hindlimbs of Tegu lizards (Tupinambis
merianae): comparative and evolutionary
implications. J. Exp. Biol. 214, 2616–2630. (doi:10.
1242/jeb.048801)

15. Nyakatura JA et al. 2019 Reverse-engineering the
locomotion of a stem amniote. Nature 565,
351–355. (doi:10.1038/s41586-018-0851-2)

16. Dick TJM, Clemente CJ. 2017 Where have all the
giants gone? How animals deal with the problem of
size. PLoS Biol. 15, 1–10. (doi:10.1371/journal.pbio.
2000473)

17. Dick TJM, Clemente CJ. 2016 How to build your
dragon: scaling of muscle architecture from the
world’s smallest to the world’s largest monitor
lizard. Front. Zool. 13, 1–17. (doi:10.1186/s12983-
016-0141-5)

18. Thompson GG, Withers PC. 1997 Comparative
morphology of Western Australian varanid lizards
(Squamata: Varanidae). J. Morphol. 233, 127–152.
(doi:10.1002/(SICI)1097-4687(199708)233:2<127::
AID-JMOR4>3.0.CO;2-3)

19. Cieri RL, Dick TJM, Clemente CJ. 2020
Monitoring muscle over three orders of
magnitude: widespread positive allometry
among locomotor and body support musculature
in the pectoral girdle of varanid lizards
(Varanidae). J. Anat. 237, 1114–1135. (doi:10.1111/
joa.13273)

20. Clemente CJ, Withers PC, Thompson GG. 2012
Optimal body size with respect to maximal speed
for the yellow-spotted monitor lizard (Varanus
panoptes; Varanidae). Physiol. Biochem. Zool. 85,
265–273. (doi:10.1086/665275)

21. Biewener AA. 2005 Biomechanical consequences of
scaling. J. Exp. Biol. 208, 1665–1676. (doi:10.1242/
jeb.01520)

22. Daley MA, Birn-Jeffery A. 2018 Scaling of avian
bipedal locomotion reveals independent effects of
body mass and leg posture on gait. J. Exp. Biol.
221, 1–13. (doi:10.1242/jeb.152538)

23. Alexander RMN, Jayes AS. 1983 A dynamic similarity
hypothesis for the gaits of quadrupedal mammals.
J. Zool. 201, 135–152. (doi:10.1111/j.1469-7998.
1983.tb04266.x)

24. Biewener AA, Patek SN. 2018 Movement on land. In
Animal locomotion, pp. 61–89. Oxford, UK: Oxford
University Press. (doi:10.1093/oso/9780198743156.
001.0001)

25. Clemente CJ, Thompson GG, Withers PC. 2009
Evolutionary relationships of sprint speed in
Australian varanid lizards. J. Zool. 278, 270–280.
(doi:10.1111/j.1469-7998.2009.00559.x)

26. Auffenberg W. 1981 The behavioral ecology of the
Komodo monitor. Gainesville, FL: University Press of
Florida.

27. Blob RW, Biewener AA. 2001 Mechanics of limb
bone loading during terrestrial locomotion in the
green iguana (Iguana iguana) and American
alligator (Alligator mississippiensis). J. Exp. Biol.
204, 1099–1122.

28. Nath T, Mathis A, Chen AC, Patel A, Bethge M,
Mathis MW. 2019 Using DeepLabCut for 3D
markerless pose estimation across species and
behaviors. Nat. Protoc. 14, 2152–2176. (doi:10.
1038/s41596-019-0176-0)

29. Van Damme R, Aerts P, Vanhooydonck B. 1998
Variation in morphology, gait characteristics and
speed of locomotion in two populations of lizards.
Biol. J. Linn. Soc. 63, 409–427. (doi:10.1006/bijl.
1997.0202)

https://doi.org/10.5061/dryad.rn8pk0p82
https://doi.org/10.5061/dryad.rn8pk0p82
http://dx.doi.org/10.1126/science.2740914
http://dx.doi.org/10.1152/physrev.1975.55.2.247
http://dx.doi.org/10.1002/ar.1090660305
http://dx.doi.org/10.1242/jeb.059345
http://dx.doi.org/10.1242/jeb.095620
http://dx.doi.org/10.1242/jeb.00774
http://dx.doi.org/10.1242/jeb.00774
http://dx.doi.org/10.1111/jzo.12521
http://dx.doi.org/10.1111/jzo.12521
http://dx.doi.org/10.1098/rsif.2018.0276
http://dx.doi.org/10.1242/jeb.048801
http://dx.doi.org/10.1242/jeb.048801
http://dx.doi.org/10.1038/s41586-018-0851-2
http://dx.doi.org/10.1371/journal.pbio.2000473
http://dx.doi.org/10.1371/journal.pbio.2000473
http://dx.doi.org/10.1186/s12983-016-0141-5
http://dx.doi.org/10.1186/s12983-016-0141-5
http://dx.doi.org/10.1002/(SICI)1097-4687(199708)233:2%3C127::AID-JMOR4%3E3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1097-4687(199708)233:2%3C127::AID-JMOR4%3E3.0.CO;2-3
http://dx.doi.org/10.1111/joa.13273
http://dx.doi.org/10.1111/joa.13273
http://dx.doi.org/10.1086/665275
http://dx.doi.org/10.1242/jeb.01520
http://dx.doi.org/10.1242/jeb.01520
http://dx.doi.org/10.1242/jeb.152538
http://dx.doi.org/10.1111/j.1469-7998.1983.tb04266.x
http://dx.doi.org/10.1111/j.1469-7998.1983.tb04266.x
http://dx.doi.org/10.1093/oso/9780198743156.001.0001
http://dx.doi.org/10.1093/oso/9780198743156.001.0001
http://dx.doi.org/10.1111/j.1469-7998.2009.00559.x
http://dx.doi.org/10.1038/s41596-019-0176-0
http://dx.doi.org/10.1038/s41596-019-0176-0
http://dx.doi.org/10.1006/bijl.1997.0202
http://dx.doi.org/10.1006/bijl.1997.0202


royalsocietypublishing.org/journal/rsbl
Biol.Lett.17:20200612

8
30. Irschick DJ, Jayne BC. 1999 Comparative three-
dimensional kinematics of the hindlimb for high-
speed bipedal and quadrupedal locomotion of
lizards. J. Exp. Biol. 202, 1047–1065.

31. Bates D, Mächler M, Bolker BM, Walker SC. 2015
Fitting linear mixed-effects models using lme4.
J. Stat. Softw. 67, 1–47. (doi:10.18637/jss.v067.i01)

32. Kuznetsova A, Brockhoff PB, Christensen RHB. 2017
lmerTest package: tests in linear mixed effects models.
J. Stat. Softw. 82, 1–26. (doi:10.18637/jss.v082.i13)

33. Long J. 2019 interactions: Comprehensive, user-
friendly toolkit for probing interactions. See https://
cran.r-project.org/package=interactions.

34. Paradis E, Schliep K. 2019 Ape 5.0: an environment
for modern phylogenetics and evolutionary analyses
in R. Bioinformatics 35, 526–528. (doi:10.1093/
bioinformatics/bty633)

35. Thompson GG, Clemente CJ, Withers PC, Fry BG,
Norman JA. 2008 Is body shape of varanid lizards
linked with retreat choice? Aust. J. Zool. 56, 351.
(doi:10.1071/ZO08030)

36. Clemente CJ. 2014 The evolution of bipedal running
in lizards suggests a consequential origin may be
exploited in later lineages. Evolution (NY) 68,
2171–2183. (doi:10.1111/evo.12447)
37. Ritter DA. 1992 Lateral bending during lizard
locomotion. J. Exp. Biol. 10, 1–10.

38. Wang W, Ji A, Manoonpong P, Shen H, Hu J, Dai Z,
Yu Z. 2018 Lateral undulation of the flexible spine
of sprawling posture vertebrates. J. Comp. Physiol. A
204, 707–719. (doi:10.1007/s00359-018-1275-z)

39. Daan S, Belterman T. 1968 Lateral bending in
locomotion of some lower tetrapods. I. Proc.
Koninjlijke Ned. Akad. Van Wet. Ser. C. Biol. Med. Sci.
71, 245–258.

40. Daan S, Belterman T. 1968 Lateral bending in
locomotion of some lower tetrapods. II. Proc.
Koninjlijke Ned. Akad. Van Wet. Ser. C. Biol. Med. Sci.
71, 260–266.

41. Christian A, Garland T. 1996 Scaling of limb
proportions in monitor lizards (Squamata: Varanidae).
J. Herpetol. 30, 219. (doi:10.2307/1565513)

42. Blob RW. 2000 Interspecific scaling of the hindlimb
skeleton in lizards, crocodilians, felids and canids:
does limb bone shape correlate with limb posture?
J. Zool. 250, 507–531. (doi:10.1017/
S0952836900004088)

43. Liem KF. 1977 Musculoskeletal system. In Chordate
structure and function, pp. 179–269. New York, NY:
Macmillan Publishing.
44. Hudson PE, Corr SA, Wilson AM. 2012 High speed
galloping in the cheetah (Acinonyx jubatus) and the
racing greyhound (Canis familiaris): spatio-temporal
and kinetic characteristics. J. Exp. Biol. 215,
2425–2434. (doi:10.1242/jeb.066720)

45. Self Davies ZT, Spence AJ, Wilson AM. 2019 Ground
reaction forces of overground galloping in ridden
thoroughbred racehorses. J. Exp. Biol. 222. (doi:10.
1242/jeb.204107)

46. Alexander RMN. 1984 The gaits of bipedal and
quadrupedal animals. Int. J. Rob. Res. 3, 49–59.
(doi:10.1177/027836498400300205)

47. Carrier DR. 1987 The evolution of locomotor
stamina in tetrapods: circumventing a mechanical
constraint. Paleobiology 13, 326–341.

48. Kubo T, Benton MJ. 2009 Tetrapod postural shift
estimated from permian and triassic trackways.
Palaeontology 52, 1029–1037. (doi:10.1111/j.1475-
4983.2009.00897.x)

49. Cieri RL, Dick TJM, Irwin R, Rumsey D, Clemente CJ.
2021 Data from: The scaling of ground reaction
forces and duty factor in monitor lizards:
implications for locomotion in sprawling tetrapods.
Dryad Digital Repository. (https://doi.org/10.5061/
dryad.rn8pk0p82)

http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.18637/jss.v082.i13
https://cran.r-project.org/package=interactions
https://cran.r-project.org/package=interactions
https://cran.r-project.org/package=interactions
http://dx.doi.org/10.1093/bioinformatics/bty633
http://dx.doi.org/10.1093/bioinformatics/bty633
http://dx.doi.org/10.1071/ZO08030
http://dx.doi.org/10.1111/evo.12447
http://dx.doi.org/10.1007/s00359-018-1275-z
http://dx.doi.org/10.2307/1565513
http://dx.doi.org/10.1017/S0952836900004088
http://dx.doi.org/10.1017/S0952836900004088
http://dx.doi.org/10.1242/jeb.066720
http://dx.doi.org/10.1242/jeb.204107
http://dx.doi.org/10.1242/jeb.204107
http://dx.doi.org/10.1177/027836498400300205
http://dx.doi.org/10.1111/j.1475-4983.2009.00897.x
http://dx.doi.org/10.1111/j.1475-4983.2009.00897.x
https://doi.org/10.5061/dryad.rn8pk0p82
https://doi.org/10.5061/dryad.rn8pk0p82
https://doi.org/10.5061/dryad.rn8pk0p82

	The scaling of ground reaction forces and duty factor in monitor lizards: implications for locomotion in sprawling tetrapods
	Introduction
	Material and methods
	Results
	Discussion
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


