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Abstract

Background. The genicular or knee joint angles of terrestrial mammals are-keptremain
constant during whiethe stance phase of thei-walkings;; but-however, the angles differ among
taxa. His-knewn-that-thetThe knee joint angle is known to correlates with taxa and body
masses among extant mammals, but-yet several extinct mammals, such as desmostylians, do
not have closely related descendants. Furthermore, fossils have-lost-lose its-their soft tissues
by the time they are unearthed,-therefore;-estimating-its making body mass is-estimates a-hare-
preblemdifficult. These factors cause a-hugesignificant problems r-when reconstructing the
proper postures of extinct mammals._Terrestrial mammals use potential and kinetic energy for
locomotion—; particularly, an inverted pendulum mechanism is used for walking. This
mechanism requires maintaining the rod length constant—F, therefore, terrestrial mammals
maintain their joint angle in a small range. A muscle reaction ealled-referred to as co-
contraction is known that-to increaseing-the joint stiffness—; Beth-both the agonist and
antagonist muscles apphyirg-work simultaneously teon the same joint at the same timewerk—
when-co-contraction-oceurs. The musculus semimembranosus flexes the knee joint and acts
ias an antagonist to muscles to-that extend itthe-keenjoint. Therefore, the angle between the
m. semimembranosus and the tibia is weuld-be-keptexpected to remain constant because of
the-generation-of-co-contraction, providing the basis for joint angle measurementane—
Methods. Twenty-one species of terrestrial mammals were examined to find-identify the
elements that have-arelationship-betweenconstitute the angle made-withbetween the m.
semimembranosus and the tibia based on the period between the hindlimb teuched-touching
down and taken-taking off from the ground.;which Measurements were captured from-the
videos with-in high-speed mode (420 fps), picked-selecting 13 pictures from the first 75 % of
each movie-video when-theywhile the animals were walking.;-and tThe angles between the
main force lines of the m. semimembranosus and the tibia, which were defined as Osm.-h-ot—

studhy, were measured.
Results. More-th 6 A A
between-thetThe maximum and minimum angles between the m. semimembranosus and the
tibia (Bsm-t) Of the stance instance (SI) were successfully determined for more than 80% of the
target animals (17 out of 21 species)-which-were-each-picked-pictured-used-and-defined-in—
our-study; during the-stanee{SI-1 to SI-13} within + 10 °degrees from the middiemean. The
difference between each successive Sl next-to-the-next-had-a-shight-differencewas small and,

therefore, the Osm-t transition was smooth. According to the results of the total stance
differences among the target animals,-the Osm.t waswas kept relatively constant during a stance_
and,; therefore, the-average ef-the Bsm-t (Oave) coutdcan represent each animal. Fhe-statisticathy—

Carnivora had a significant difference in the correlation between body mass and ave, In
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addition, there were significant differences in 8ave between plantigrade and unguligrade
locomotion.

Conclusion. Fhe-Our measurements show that 0ave was 100 + 10 °degrees even-ifthe-species—
had-anyregardless taxon, body mass, erand ambulatory style. H-is-simply-necessary-to—
measureThus, only three points on skeletons need to be measured to determine-the Bave, ane—
thus; This offers a-this new approximation approach forte understanding the-hindlimb posture_
that could be applied to the study of the hindlimbs of-the extinct mammals with no closely
related extant descendants.

[Con formato: Sin Superindice / Subindice




62  Introduction

63  The-hHindlimbs act as the-propulsive devices forin terrestrial locomotion (Demes et al.,

64 1994). The-eCommon terrestrial behaviors require limbs to support body mass against the—
65  gravity-, Thiswhich means that-the terrestrial mammals must resist collapsing joints against

66  the-gravity:therefore, onland-active-mevementsrequire-requiring keepthe maintenance of
67  extending-extendingthe joints. Although-the limbs have the same roles in that supporting body

68  mass,the joint angles are-different between species (Biewener, 1983, 2005; Inuzuka, 1996;

69  Dutto et al., 2006; Polly, 2007; Fujiwara, 2009; Dick & Clemente, 2017). For example, the
70  angles at the knee joint in Asian elephants had-is areundapproximately 160 “degrees (Ren et
71 al., 2008), compared to 137 ° in chacma baboons had-137-degrees (Patel et al., 2013),

72 demestic-eats-had-115 °degrees in domestic cats, Henhad-124 °degrees in lions (Day & Jayne,
73 2007). Fhe-Thus, the limb joint angle is unique i#r-to each species;: but-however, the joints

74  has-have a wider rotatable range than the angle kept-maintainedeach-speeies during standing
75  or walking. This causes the-problems te-when reconstructing skeletal specimens into an

76  accurate posture when they were alive. In particular,the extinct taxa have-semepresent a
77  significant challenge when high-wal-te-reconstructing their-aeceurate-postures; because-they—
78  eannetbe-observed the-aetual angle when they were alive cannot be observed. For example,

79  desmostylian mammals, which do not have any-closely related living descendants, have been

80  reconstructed in several different postures even though almost complete skeletons of the same
81  species have been unearthed-almostcomplete-skeletens (Domning, 2002; Inuzuka, Sawamura
82 & Watabe, 2006; Fujiwra, 2009). Furthermore, the-earlier diverging cetaceans, such as

83  pakicetids and ambulocetids, had functional hindlimbs, the-and extant cetaceans had

84  completely lost their hindlimbs-theugh (Thewissen, Madar, & Hussain, 1998; Gingerich, [ccn formato: Fuente: Sin Cursiva

85  2001; Thewissen et al., 2001; Madar, 2007; Gingerich et al., 2009; Gingerich et al., 2017). In
86  such cases, Thesethere arc-extinetmanmalshave no extant mammals te-that can be used as
87  references for theskeletal reconstruction. Therefore, the-knowledge ofi-the hindlimb postures

88  in terrestrial mammals-en-tand is important to understand the transition of locomotive ability
89  through the-mammalian evolution, includingevenifit the adapts-adaptationtheirtife from land
90  to sea.

91 “ [Con formato: Sangria: Primera linea: 0 car.

92 Several previous-studies have explored the relationship between-the limb posture and

93  variables; such as taxa, body masses, and skeletal morphelosies-morphology amengin extant
94  mammals (Biewener, 1983, 1989, 1990, 2005; Day & Jayne, 2007; Fujiwara, 2009; Fujiwara
95 & Hutchinson, 2012: Dick & Clemente, 2017). These previeus-studies indicated that the

96  larger the size of the mammal speciess-tend-tothere-is-a-tendeney-thatthe larger body-mass the
97  larsestmammals-has-have themore— the mostre upright limb posture the species have.

98  However, there are several exceptions efto the-the relationship between-the limb posture and—

99  the body mass (Fujiwara, 2009). Furthermore, there is a hagesignificant problem with the—
100  estimating-estimating the body mass of extinct mammals because fossils have already lost soft
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tissues when-by the time they are unearthed. To resolve these problems, it is important to

diseeversemeidentify joint angle criteria whiehthat are net-unaffected by other factors as
possible.

[Con formato: Sangria: Primera linea: 0 car.

The-gQuadrupedal mammals use potential and kinetic energy to accelerate their center of

mass during running and walking (Cavagna, Heglund & Taylor, 1977; Alexander & Jayes,
1978; Hildebrand, 1984; Hildebrand & Hurley, 1985; Alexander, 1991; Griffin, Main &

Farley, 2004), employing an inverted pendulum movement to walk. This movement allows

the quadrupedal mammals to generate the necessary energy to lift and accelerate the center of

mass and maintain a constant stride length (Cavagna, Heglund & Taylor, 1977; Griffin, Main
& Farley, 2004). Hthejointanglesare-constant, The inverted pendulum requires that the
distance between the ground and the center of mass is alse-constant; therefore, the limb joints-
are maintained theirjointansles-within limited range while standins-erwalking (Manter,
1938; Gray, 1944; Goslow, Reinking & Stuart, 1973; Goslow et al., 1981; Alexander & Jayes,
1983; Inuzuka, 1996; Fischer et al., 2002; McGowan, Baudinette & Biewener, 2005). Ethe—

censtant—There ve-a e-penaurtm-wite-wakthg-(Cavagna; e grun
. : al - ~When a joint angle is locked against the force te—
change-the-angle-via-due-te-of gravity, museles-worknot only the agonist muscle but also the
antagonist muscle work together. This action is-confirmed-thatit-increases joint stiffness in
humans (Olmstead et al., 1986; Louie & Mote, 1987; Nielsen et al., 1994; Riemann &
Lephart, 2002; Knarr, Zeni & Higginson, 2012). Some electromyographic studies of
quadrupedal mammals have showned that both agonist and antagonist muscles stimulatedact

in-same-timesimultaneously during the stance phase-whieh-is-a——the period in which the foot

under consideration is in contact with the floor— when the a-hindlimb supportss is-the body
mass (Engberg & Lundberg, 1969; Tokuriki, 1973; Deban, Schilling & Carrier, 2012; Aratjo
et al., 2016). While-walkin i joi Hitatned-in

ime—TThe knee joint maintains an angle owing to extension

against gravity, and the musculus- semimembranosus stnevws-acts as the knee joint flexor

muscle;whieh-is, which is-as thean antagonist muscle of the m. quadriceps femoris when the

joint extends.

The muserlisMm. semimembranosus attaches toes the ischial tuberosity and the-interior - - [COn formato: Sangria: Primera linea: 0 car.

proximal end of the tibia (Fig. 1) (Bohmer. et al., 2020). These attachment positions do not
move,; and the involved parts of the skeletons do not change theirits shape greatly among

taxa.: thereforeThus, the positional relationship between the muscle and these parts of the
skeleton also shows the relationship between-among skeletons elements. In addition, the

angles of the pelvic girdle differ among different body masses (Polly, 2007). Therefore, the
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angle between the line of action of the /. semimembranosus and the tibia ishas a smaller [cm formato: Fuente: Cursiva

difference than the angle between the femur and tibia among different body masses. Here, we
aimed to Ourstudy-aims(1) revealing the joint angle of terrestrial mammals between the m.
semimembranosus and the-tibia during walking, (2) te-shew-itsexplore the relationshipss
withbetween this angle and taxa, body masses, and ambulatory styles, and (3) evaluate

whether this angle might be suitable as one of the criteria for the reconstruction of hindlimb

postures.

Materials & Methods

The angles between m. semimembranosus and the tibia in vivo were collected from 201 extant < [Con formato: Sangria: Primera linea: 0 car.

species ameng-from 261 genera and; 134 families within seven orders (Table 1). These
species were selected to-be-as—varieus-as-pessible-to cover the superorder and order of
mammals (Afrotheria, Proboscidea; Euarchontoglires, Primates, Rodentia; Laurasiatheria,
Artiodactyla, Carnivora, Perissodactyla; and Marsupialia, Diprotodontia), a wide range of
body masses (i.e., from 4-50.7 kg ef-for CercopithecusnegteetusSuricata suricatta to 4,060
kg ef-for Elephas maximus), and three ambulatory styles (plantigrade, digitigrade, and

unguligrade); . o
live-in-the-tunnel and-under-the-ground-(Table 1). All the target animals were kept in zoos
swhere-at Higashi Park Zoological Gardens (Okazaki, Japan), Higashiyama Zoo and Botanical
Garden (Aichi, Japan), Hitachi Kaminé Zoo (Ibaraki, Japan), Toyohashi Zoo and Botanical
Park (Aichi, Japan), and Ueno Zoological Gardens (Tokyo, Japan), and all observations ea-of
living individuals were eperated-conducted after gainingunder official permissions. No

Ssignificant pathologies and/or malformations were not-detected in aHany of the studied —
targetsspecimens.

All the-target animals were subjected to videos recording usingby a digital movie camera
(EX-FH20, Casio, Japan) with-in high-speed mode (420 fps). The camera was mounted on a
tripod en-along the visitors viewing route. Therefore, the distances from each target-were
dependedst on eachthe exhibition/cage arrangement. All videos were taken from the lateral
side and the-at nearly the same level asef the target animal when they walked aeress-vertically
and completely (without stopping, turning, andor changing speed) with the camera on-a flat
ground. We waited until each target walked across the camera voluntarily, without any
coaxing, meaning-beeause-we-had-net-applied-any-treatments-on-them;-therefore; it tookhad—
taken several weeks ofr months to take-meviesobtain the required video footage.

We choseselected three videosmevies inof each target species whichthat walked with one « [Con formato: Sangria: Primera linea: 0 car.

complete-one cycle (tenehed-touching down to_the next teuehed-touching down), straight, and
vertically to the camera. Each mevie-video was then converted into still images in-of every
frame when-during a-the period between tenehed-touching down and teek-taking off with—
using the GOM Player (GOM & Company, South Korea). This period did not depend on time;



it-but depended-en-on the target’s behavior. Each-convertedstillimages-of the-one-period-were
eutoffast 25%:;The convert images from the last 25% of each batch (for each measurement

period) were discarded because “the muscles that are anatomically positioned to produce limb

retraction — the gluteus superficialis and medius, semimembranosus and cranial biceps femoris
— were active in the second half of swing and approximately the first 50-75% of stance”
(Deban, Schilling & Carrier, 2012). Fhe-sil-images-of each-this-period-divided so-that 13—
pietures-ineludingthefirst-and-the Jast Subsequently, the first 75% of the stance phase of each

step for every specimen was divided into 12 equal time periods (particularly for each step) to

obtain 13 images, including the first and last frames. (Fig. 2A). Several-dThe following

linesrawings were applied-then drawn on each of the 13 pictures using Inkscape (Inkscape
project) te-measureand the angle between them was measured: a line between the ankle joint
and the proximal end of the tibia with-parallel to the Achilles tendon, and a line between the
ischial tuberosity and the proximal end of the tibia-were-dravwn-with-tnkseape(Inkseape—
projeet) (Fig. 2B).

OurstudyWe defined; ene-pieturecach image of the 13 fpiefufesimages as a step? “stance -

instance”t (SI): and and-numbered them as #-SI-1 to SI-13—with-eaeh—A The combination af
these 13 images series-of St-Hto-SI-13-was defined a series as-of enea single stance. We
measured the joint angle between the lines in each of the 13 pietureimages, which-was—
drawnin each lines-for-ene-stance, and teek-three stances for each target species-with-Inkseape
Hnkseapeproejeet) in this way. Then-ealenlate average anglevalae-of of each Sl-and-thevalae
was defined as Bsm... The Bbody mass of each species eame-was obtained from previeus—
studiesthe literature (Table 1) or zoo records-taken-by-zees. OurstadyWe compared the
transition of Osm.¢ in a stance among species er-and ambulatory styles (unguligrade,

digitigrade, and plantigrade), and the average efthe-Osm.t values (i.e., Oave) versus-against body

mass. Statistical analyses were performed using R software package (The R Project for

Statistical Computing, Vienna, Austria). We calculated the standard deviation (SD) to

compare the variance of Osm.« among taxa, SIs, and ambulatory styles. We also calculated

correlation coefficient (7) to examine relationships between body mass, and 0ave and

performed analysis of variance (ANOVA) to clarify the relationships of 0. amengwith taxa

and ambulatory styles.

Results

Six taxa, i.e., Elephas (Proboscidea), Cervus and Rangifer (Artiodactyla), Tapirus
(Perissodactyla), and Felis and Panthera (Carnivora); had the-differences of less than 10 °
between the maximum and minimum angles during a stance-less-than-10-degrees, which
means thethat 6sm-t changed within + 5 °degrees from the middle. Of the species, Cervus has—
had the smallest difference during a stance,—at 5.80 ° (+2.9 ° from the middle-value) degrees.
Fen-Eleven taxa, i.e., Chlorocebus and Macaca (Primates), Dolichotis (Rodentia),
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Ammotragus, Capra, and Giraffa (Artiodactyla), Canis, Chrysocyon, Suricata and Helarctos
(Carnivora), and Equus (Perissodactyla), had the-differences between the maximum and the
minimum angles during a stance efless-thanbetween 10 and 20 °degrees, which means the—
that Osm-t changed within + 10 degrees® from the middle-value. Three taxa, i.e., Diceros |

[ Con formato: Fuente: Cursiva
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(Perissodactyla), Ursus (Carnivora), and Cercopithecus (Primates) had the-differences
between the maximum angle and minimum angle during a stance of less than 30 degrees®,
which means the-that 6sm-t changed within + 15 degrees® from the middle-value. Even—
theughWhile Macropus (Diprotodontia) had the largest difference between the maximum and
minimum angles during a stance, (31.782 degrees®), which-means-the with Osm.t ehanged—
changing within + 16 degrees® from the middle-value-, Panthera had the smaHestlowest
standard-deviationSD 5( 1.73 23-°) while Macropus had-havined the largest onestandard—
deviationSD;_ (11.5 °; (Fig. 3 and Table 2).

Based onFhe the differences betweenef each SI among the-all target species,~was SI-1 -

withhad the smallest difference at 34-9741.5 degrees®-as-the-smallest, and SI-13 withhad the
largest difference at 39-6554.8 degrees®-as-the-bisgest. However, the smallest statistieaty—
standard-deviationSD was observed for SI-H4 whiehis13-64(10.03 °)-, while Fthe biggest—
largest statistically significant standard-deviatienSD was for SI-13, +7:63(12.81 °¢; Table 2)._
This is because the low Osm.¢ value for Suricata is considered as an outlier in SI-13(Fig. 4).

Taxonomically, Carnivora had the greatest difference between the largest and smallest angles

for the same SI, being 54.8 ° in SI-13; this order had relatively high differences compared to

the other taxa at every SI, exceeding 30 ° in each case (Table 2). The smallest difference was

observed in Primates, being 2.9 ° in SI-7; this order had relatively low differences compared
to the other taxa in nine out of the 13 SIs (Table 2). Based on ambulatienlocomotion, the—
digitigrade species hadve higher difference in SI-11 (52.7 °; Table 3). while digitigrade had
relatively high differences in all SIs, exceeding 38 ° in every case. The differences for
unguligrade and plantigrade fell between 11.8 ° and 23.3 ° (Table 3). Al-the target speeies—
eExcept for Elephas and Macropus, all of the examined species had positive values-efthe
when Osm-r of SI-2 was subtracted from SI-1-, while Fhe-subtracted-valuesefwhen subtracting
the-SI-2 values-forrom SI-3-and—SI-2— values were positive amengfor all the-targetspecies
except Cervus and Rangifer-. This indicates that these species, Cervus, Rangifer, Elephas and

Macropus, started their stance phase by flexing the knee joint. The number of species
havingwith negative values had-increasinged vatues-in the subsequent steps, butand the-values

18.9, so yo have 12 species between 10-20 and only 2
between 20-30

[Con formato: Sangria: Primera linea: 0 car.
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soon became positiveinverted-to-pesitive-seen. The subtracted values of adjaeentsuccessive_
SIs were repeatedly positive and negative with-in a short span up to SI-9 and almest—
targetmost species hadpresented the-negative values after SI-10, showing extension of the
knee joint when finishing the stance phase. Fhere-were-no-speeiesthatchansed-mere thanThe
difference between successive SIs did not exceed 10 degrees® betweenadjacentSIsin any
species, therefore, Osm-« smoothly transited and changed in small amounts during a stance
phase (Table 4).
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286  According to the results of the Osm.¢ transition analysis, the-whele-target-animalsevery studied
P87  species eould-be-considered-that-they-had relatively small differences between maximum and
288  minimum enes-Hsm values during the stance phase (Figs. 3; and 4, arnd-Table 2). This showed
289  that the total stance differences among the target animals were small; thereferethus, the-Oave

290  values wereeeuld representative of each animal species. The-Bave-ofastance(from-SI1-+te-SI-
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al-Accordingly, we alse-analyzed the relationships between-the 0aye and
the-body mass. The resulting correlation coefficient (;) effor all target animals was 0.2630
with thea p-value_of 0.2819 and 19a degrees of freedom (d.f.}-was19-¢; TableFig: 5). The

correlation between the body mass and 0ave of each taxon was also calculated, which was

significant only for Carnivora (7 = 0.81, p = 0.028. d.f. = 5). The correlation between body

mass and Oave for each ambulatory style was only significant for digitigrade (= 0.88. p =

0.01,d.f.=5: TableS) JFhefe—weFe—ﬁe—vaﬁables—Fha{—shewed—ﬁgmﬁeai%dqﬁefeﬂeeﬁﬁ—

werdsThus, there was no statistically significant #-ecannet-besaid-that-there-was-a-correlation

between the-0ave and body mass_except for Carnivora and digitigrade. Furthermore, the 6ave of
all species was 99.7 °, with the smallest being that of Suricata (73.0 °), with the largest that of
Elephas (120.7 °©). Therefore, more than 80 % of the targets (17/21) had an angle between 90 °
and 110 ° (Table 2) including all Artiodactyla, Perissodactyla, and five of the seven Carnivora

assessed in our study.

ANOVAsS of 0ave values waswere used to compare taxa, ambulatory style, and body mass «

across studied species. [For the comparison between 0y and body mass, the studied species
were divided into the following groups: <1, <10, <100, < 1,000, and > 1,000 kg. In addition,

data that had only one taxon were eliminated, specifically Elephas, Dolichotis, and Macropus

in the analysis between taxa; Macropus in the ambulatory style comparison; and Suricata in

the body mass comparison| (Tables 1, 2, and 3). Statisticallysignificant-was-eOnly ambulatory

style was statistically significant (p = 0.049; Table 6A). Furthermore, the multiple
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comparisons among ambulatory styles showed a significant difference between unguligrade

and plantigrade species had-a-significant-difference-(p = 0.04; Table 6B).

Discussion

FF—h%unadrupedal animals are-theugh-te-use their limbs withwith-fer— inverted pendulum-
like movements (Cavagna, Heglund & Taylor, 1977; Griffin, Main & Farley, 2004)-TFhis—
inverted-pendulum-like movements-are defined thatby the point of touchdown as the pivot
point, and the arm length is equal to the length between the pivot and the center of mass. The
arm length of the inverted pendulum is-has been previously assumed to beas-maintainingin
constant-in-these-previous-studies. In this regard, limbs are the only structure tethat control the
distance between the ground and the-body trunk.; tTherefore, the inverted pendulum arm

length is-dependeds on the joint angles. The knee joint receivese forces to flex from several
influencing—_factors, such as athe collision at touch-down, gravity, and a-for rising the center
of mass;. therefore;This means that the extensor muscles reacted-te-againstthe-flexion
immediately against flexion. Physically, the swing velocity efthe-swing-depends on the rod

length; in terrestrial mammals, the distance between the point of contact with the ground and
the center of mass is the length of the pendulum rod. In addition, quadrupedal mammals

Methods

\ Comentado [Rev4]: This should be part of Material and
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recovered up to 70% of their mechanical energy to lift and accelerate their center of mass yia

an inverted pendulum mechanism (Griffin, et al., 2004).Biemechanicallythe inverted—
pendulum-arm preferred-to-keep-itsJength; [thereforeTherefore, the joint angle should also—

[ Con formato: Fuente: Cursiva
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preferred-to-keepin be maintained constant to maintainkeep the length of the pendulum arm.
TFo-inerease-thejointstiffness;eCo-contraction weuld-also be-occursred to increase joint
stiffnessat-this-time (Hogan, 1984),tn-otherswverds-the 1.
would-beare stimulated at that-the same time. BoethPrevious studies focused on the position of
the femur-feeused-inprevieus-studies andwhile, in our study, we center the attention on the
location of the ischial tuberosity-used-in-ourstady-ltoeate en-of the pelvis.; andAs the pelvis
does not rotate drastically during walking:-therefere, this logic is-also applieableapplies to-the
Osm-t. Whenloekingatonelor cach examined stance efeurstudyweexamined; extension and
flexion periods were not completely separated-cempletely as in the case of extensiod in the
first half of a stance and the-flexion in the lastlater half, bnd the difference between the-efthe-

i.e., flexor and extensor muscles

too many times the inverted pendulum mechanism, you

could probably shorten this part of the paragraph

Osm-t adjacentin successive SIs showed that theyjoint flexion and extension were repeated in-a—

shert-spanover a short timespan (Table 4). The alternative-alternating inereasing-increase and

deereasing-decrease of thein Osm.t between each Sls allows quadrupedal mammals to maintain
itsjoint angles. In other words, the role of co-contraction during walking is not to fix the joint
angles; but to maintain the joint angles within a certain range, by-makinginvolving small
increases and decreases efthein Osm were-eceurred-inacross the broad range of studied taxa i

ourstudy-(Table 4). Therefore, the-angle-transitions-ofthe Osm angle transitions during one

stance were small among the target species (Fig. 4). Theresultsin-ourstady-shewed We found-
that 17 out of ﬁO\ target species had a-only slight differences efthein Osm-« change;-whieh-was—

(less than £ 10 degrees® from itsthe middle-middle-value); even though the largest difference
was = 15.86 ° (Fig. 3 and Table 2).

Aceordingto-theresults-ef tThe Oavq values of; most of the-target-animals studied species

\(>8§Q %)‘ hadbwere 100 £ 10 degrees” (Fig 5)—Fhetarectantmabstelnto-thisranee neluded—

including those of all three ambulatory styles (i.e., unguligrade, digitigrade, and plantigrade)
ameng-and four super orders l(Afrotheria, Euarchontoglires, Laurasiatheria, and Marspialia)L_
with slight differences between unguligrade and plantigrade (p = 0.04; Table 6B, Fig. 6). Ia—
additiontheySpecies within this range also had a wide range of the body masses, from 4.8 kg
of(Felis) to 1100 kg of (Diceros; (Table 1 and 3).

The Eeffective mechanical advantage (EMA) is one ef the-directions-tomeans of estimate—
estimatingthe mammalian limb posture;: the larger EMA +atie-indieates the more upright the

posture, with the largest species typically having greater EMA (Biewener, 1898,1990, 2005;
Dick & Clemente, 2017). Fhese-previous-studiesshowed-largerspeeteshad-the larger EMA—
%H&d#feren%ﬁrem*estﬁ&eﬁeu%s@udy&ha{—}&heThls differs from our findings showing that

quadrupedal mammals had-have similar Oave values. FPhas—wasSuch a difference between

studies is due to the differences in theangle--measuring-measurement positions-where-the—

Cc tado [Rev6]: As compared to the traditional

measurement? Or as expected?
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Comentado [Rev8]: It is actually 85.71%, as you did not

count Diceros within the less than 20°  of variation

Comentado [Rev9]: If these are the taxonomical groups
you used for ANOVAs, you should mentions this in

material and methods

Comentado [Rev10]: Here I would soften this a little:-+
I suggest: Even when for the new measurement
proposed in our work a slight correlation can be
observed between the knee angle and body mass (Fig.
5), this correlation is not significant (r and p-value),
when considering all studied species. Also, our findings
show that Oave is much less variable than EMA. Such a

difference...
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B74  angle-measuredin-each-study. The ischial tuberosity, where-to which the m. semimembranosus
B75  is attaches-attached, is places-locatedesn near the posterior end of the pelvis. The horizontal or

B76  vertical orientation of the pelvis ef which-horizentally-orvertically-is related to-the body
B77  mass, and-thewith a larger body mass has-having thea more upright orientation (Polly, 2007).

878  Therefore, the-a larger body mass has the-a larger differences between the angle of the femur-
B79  tibia (the traditional knee joint angle), as previously standardized) than the and-m.

B80  semimembranosus-tibia (Osm- and Oave}, as proposed in our study).-as-aprevieusty—

B81  standardized-measurements: #-In other words, Ocm-t and Oayve as-ournew-measurements-contd—
882  shewhave the advantage of between-reflecting the small differences between these angles efin
B83  large--body--mass species and small body mass species. Furthermore, the EMA does not

B84  increase linearly more-tharabove species weighing 300 kg (Biewener, 1990, 2005; Dick &
B85  Clemente, 2017), and felids had-have a crouched posture even with a larger with-a-body mass

886  (Day & Jayne, 2007; Dick & Clemente, 2017). In contrast, Oaye shewed-shows contrast ]Value§ {Comentado [Rev11]: Constant?

B87 (100 % 10 °) among every-all ambulatory styles and a wide body mass range (4.5-kg-t6—1100

B88  kg)ineurstudy{; Table 1 and 3).
B89

B90  In addition, we measured Osm-¢ wasmeasured-withbased on three points on the skeletons—a-eur< [ccn formato: Sangria: Primera linea: 0 car.

B91  study: the ischial tuberosity;-the interior-proximal end of the tibia, and the-distal end of the
392 tibia (Fig. 1). This indicates that the position of the ischial tuberosity and tibia can be fixed
893  with 100 + 10 degrees® on the-extant terrestrial quadrupedal mammals, including those

B94 v iheadthe e a e s e e e 5
B95 5 indhmbs i i ndants. If
B96  a femur exists or its shape can be estimated-its-shape, the limb posture can be reconstructed

no closely related extant desce

B97  with higher accuracy using our approach because both the caput femoris and the distal end of
B98  the femur can be putplaced in the determined positions, where-which are the acetabulum and
B99  the proximal end of the tibia, respectively. For example, the-Desmostylia has been previously
H00  reconstructed in several different postures-ameng researchers evenregarding #-hasbeen—

M0l  known-fremseveral-fossils-ef-whole--body skeletons existhave been found (Shikama, 1966;
“02  Inuzuka, 1988; Domning, 2002; Inuzuka, Sawamura & Warabe, 2006). {-bBecause this

“03  extinct mammal has no-extant closely related descendants and has an extremely bizarre—

“04  unusual tibia.: the distal half of the tibia is strongly medially twisted interierlyby
105  approximately about 40 ° (Shikama, 1966; Inuzuka, 1988)—Fhere-are, no extant mammals

H06  which-have the-tibias resemble-resembling to those of Desmostylia. The Bave value, which is [Con formato: Sin Superindice / Subindice

“07 100 + 10 degrees®, is iindependent value from taxonomy, body mass, and ambulatory style, Comentado [Rev12]: I would not say it is completely
108 and therefore, this degree can be applied on-theto Desmostylia. independent, you did find significant variation explained
109

by locomotor mode, and size-related taxonomy

410
411 Conclusion

}412 TFhe-sStimulation of the agonist and antagonist muscles, ealledknown as co-contraction, « [Con formato: Sangria: Primera linea: 0 car.
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increases the-joint stiffness. In the case of the knee joint angle, our results showed that the-Osm-
ttransition had-shewsn-has asn almost flat wave--form:;tindicated-thatthe Osm was-did not
changed kl-r—as%iea—l—l—ysigniﬁcantly huring the first 75 % of SIs during the stance phase, and that—

Cc tado [Rev13]: Did you perform statistical

the co-contraction representedassociated with by-part of the m. quadriceps femoris {as-an—

agonistmusele)-and the m. semimembranosus (as-an-antagenistmusele)-was seems to
effectively supporteds the constant posture of hind-timbthe knee joint in al-themost terrestrial

mammals-atleast. Thatis-mMore than |8§Q % of the target animals in our study had similar

Bave; (100 £ 10 degrees®) even-if the-animal-is-elassifiedin-any-taxenincluding thesespecies
across a wide range of taxa, and-has-any body masses, anderemploys-any ambulatory styles.—
The Osm-+ eoutd-beis measured withfrom three points on the skeletons;-therefore;Have-was—
independentfromthese-variables. Thesefeatures 61 0...Our findings indicate that Bave
becomes-one-ofthecan be a useful criteria for reconstruction-reconstructing the joint angles
and posture of extinct mammals even if they have no-extant closely related extant

descendants.

The correlation between body mass and 0ave by taxon, and the angles unique to taxon and «

ambulatory styles suggest the possibility of applying a correction to 100 + 10 ° that could be

applied to the all mammals. However, because our study focused on examining trends across
a wide range of taxa, the sample size for each taxon was small. Further data collection and

validation are required to obtain more accurate values for such corrections. In addition, we

found that Suricata had two unique features: six out of the 13 Osm.t values were outliers when

compared with the other species (Fig. 4), and the difference between 6ave and Dolichotis

which was the second smallest species in this study, was more than 10 ° (Table 2 and Fig. 5).

Furthermore, the difference between Suricata and the next smallest species of Carnivora

Felis, was sevenfoldseven-fold in terms of body mass and 20 ° in terms of Qave. However, the

difference between Felis and the largest species of Carnivora, Ursus, was greater than 20—
fold20-fold in terms of body mass but less than 20 ° in terms of Oave (Tables 1 and 2. Fig. 5).
Therefore, it is possible that the Suricata data affected the ;- and resulting p-value for

Carnivora. This is probably because Suricata is-sabterraneanspends a lot of time underground,
which limits the required height to lift the trunk and limbs of the body. As such, further data

from subterranean species isare necessary to confirm this estimatienhypothesis.

Acknowledgements

We thank Higashi Park Zoological Gardens, Higashiyama Zoo and Botanical Garden,
Hitachi Kaminé Zoo, Toyohashi Zoo and Botanical Park, and Ueno Zoological Garden;ané—
cooperator for theirpermission to take-mevies-ofrecord the animals under their care. We also
thank Yoko Tajima and Shin-ichiro Kawada (National Museum of Nature and Science) for

providing access to the extant mammal collections under their care, and Naomi Wada
(Yamaguchi University:) for lending-supplying the camera equipment. We are-grateful-tethank

analysis to know if Sis differed between each other? I
could not find that in materials and methods, so, if you
did, please add it there, and if you didn " t, pleas leave

drastically instead of significatively.

Comentado [Rev14]: I add this, because you did not
make tests on co-contraction, this is a very logical

hypothesis, but you did not prove it in your work

{Comentado [Rev15]: 85

[Con formato: Sangria: Primeralinea: O car.

[Con formato: Fuente: Sin Cursiva

[ Con formato: Fuente: Cursiva

[Con formato: Fuente: Cursiva




Katsuo Sashida (then-University: of Tsukuba, now Mahidol University-, Thailand), Sachiko
Agematsu (University- of Tsukuba), Kohei Tanaka (University of: Tsukuba, now Geological
Survey of Japan), Ikuko Tanaka (University- of Tsukuba) and Yasunari Shigeta
(NMNS/University- of Tsukuba) for providing usefal-helpful advice, discussion, and generous
encouragement during the course of our study.

References

Alexander RM. 1991. Energy-saving mechanisms in walking and running. The Journal of
Experimental Biology 160:55-69.

Alexander RMN, Jayes AS. 1978. Vertical movements in walking and running. Journal of
Zoology 185:27-40. DOI: 10.1111/j.1469-7998.1978.tb03311.x.

Aradjo JF, Rodrigues FB, Abadia FG, Gervasio FM, Mendonga GBN, Damasceno AD, Vieira

MF. 2016. Electromyographic analysis of the gait cycle phases of boxer dogs? Arquivo [c°n formato: Portugués (Portugal)

Brasileiro de Medicina Veterinaria e Zootecnia 68:931-937. DOI: 10.1590/1678-4162-
8770.

Biewener AA. 1983. Allometry of quadrupedal locomotion: the scaling of duty factor, bone
curvature and limb orientation to body size. The Journal of Experimental Biology
105:147-71.

Biewener AA. 1989. Scaling body support in mammals: limb posture and muscle mechanics.
Science 245:45-48. DOI: 10.1126/science.2740914.

Biewener AA. 1990. Biomechanics of mammalian terrestrial locomotion. Science 250:1097—
1103. DOI: 10.1126/science.2251499.

Biewener AA. 2005. Biomechanical consequences of scaling. The Journal of Experimental
Biology 208:1665-1676. DOI: 10.1242/jeb.01520.

Bohmer, C., Theil, J. C., Fabre, A. C., & Herrel, A. 2020. Atlas of terrestrial mammal limbs.
CRC Press.

Campos CM, Tognelli MF, Ojeda RA. 2001. Dolichotis patagonum. Mammalian Species
652:1-5. DOI: 10.1644/1545-1410(2001)652<0001:DP>2.0.CO;2.

Cassinello J. 1997. High levels of inbreeding in captive Ammotragus lervia (Bovidae,
Avrtiodactyla): Effects on phenotypic variables. Canadian Journal of Zoology 75:1707—
1713. DOI: 10.1139/297-797.

Cavagna GA, Heglund NC, Taylor CR. 1977. Mechanical work in terrestrial locomotion: two
basic mechanisms for minimizing energy expenditure. American Journal of Physiology-
Regulatory, Integrative and Comparative Physiology 233:R243-R261. DOI:
10.1152/ajpregu.1977.233.5.R243.

Day LM, Jayne BC. 2007. Interspecific scaling of the morphology and posture of the limbs
during the locomotion of cats (Felidae). The Journal of Experimental Biology 210:642—
654. DOI: 10.1242/jeb.02703.

Deban SM, Schilling N, Carrier DR. 2012. Activity of extrinsic limb muscles in dogs at walk,



491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516

518
519
520
521
522
523
524
525
526
527
528
529

trot and gallop. The Journal of Experimental Biology 215:287-300. DOI:
10.1242/jeb.063230.

Demes B, Larson SG, Stern JT, Jungers WL, Biknevicius AR, Schmitt D. 1994. The kinetics
of primate quadrupedalism: “hindlimb drive” reconsidered. Journal of Human Evolution
26:353-374. DOI: 10.1006/jhev.1994.1023.

Dick TJM, Clemente CJ. 2017. Where Have All the Giants Gone? How animals deal with the
problem of size. PLOS Biology 15:€2000473. DOI: 10.1371/journal.pbio.2000473.
Domning DP. 2002. The Terrestrial Posture of Desmostylians. Smithsonian Contributions to

Paleobiology.

Dutto DJ, Hoyt DF, Clayton HM, Cogger EA, Wickler SJ. 2006. Joint work and power for
both the forelimb and hindlimb during trotting in the horse. The Journal of Experimental
Biology 209:3990-3999. DOI: 10.1242/jeb.02471.

Engberg I, Lundberg A. 1969. An electromyographic analysis of muscular activity in the
hindlimb of the cat during unrestrained locomotion. Acta Physiologica Scandinavica
75:614-630. DOI: 10.1111/j.1748-1716.1969.tb04415 x.

Fa JE, Purvis A. 1997. Body Size, Diet and Population Density in Afrotropical Forest
Mammals: A Comparison with Neotropical Species. The Journal of Animal Ecology
66:98. DOI: 10.2307/5968.

Fitzgerald CS, Krausman PR. 2002. Helarctos malayanus. Mammalian Species 696:1-5. DOI:
10.1644/1545-1410(2002)696<0001:HM>2.0.CO;2.

Fujiwara S. 2009. Olecranon orientation as an indicator of elbow joint angle in the stance
phase, and estimation of forelimb posture in extinct quadruped animals. Journal of
Morphology 270:1107-1121. DOI: 10.1002/jmor.10748.

Fujiwara S, Hutchinson JR. 2012. Elbow joint adductor moment arm as an indicator of
forelimb posture in extinct quadrupedal tetrapods. Proceedings of the Royal Society B:
Biological Sciences 279:2561-2570. DOI: 10.1098/rspb.2012.0190.

Gambaryan PP. 1974. How mammals run. Anatomical Adaptations. New York. Halsted Press.

Garland T. 1983. The relation between maximal running speed and body mass in terrestruial
mammals. Journal of Zoology 199:157-170.

Gingerich PD. 2001. Origin of whales from early artiodactyls : hands and feet of Eocene
Protocetidae from Pakistan. Science 293:2239-2242. DOI: 10.1126/science.1063902.
Gingerich PD, Heissig K, Bebej RM, von Koenigswald W. 2017. Astragali of Pakicetidae and
other early-to-middle Eocene archaeocetes (Mammalia, Cetacea) of Pakistan: locomotion

and habitat in the initial stages of whale evolution. PalZ 91:601-627. DOI:
10.1007/s12542-017-0362-8.

Gingerich PD, Ul-Haq M, Von Koenigswald W, Sanders WJ, Smith BH, Zalmout IS. 2009.
New protocetid whale from the middle Eocene of Pakistan: Birth on land, precocial
development, and sexual dimorphism. PLoS ONE 4. DOI:
10.1371/journal.pone.0004366.

[Con formato: Fuente: Cursiva

{ Con formato: Fuente: Cursiva




563
564
565
566
567
568

Griffin TM, Main RP, Farley CT. 2004. Biomechanics of quadrupedal walking: How do four-
legged animals achieve inverted pendulum-like movements? Journal of Experimental
Biology 207:3545-3558. DOI: 10.1242/jeb.01177.

Haas SK, Hayssen V, Krausman PR. 2005. Panthera leo. Mammalian Species 762:1-11.

Hildebrand M. 1984. Rotations of the Leg Segments of Three Fast-Running Cursors and an

Elephant. Journal of Mammalogy 65:718-720. DOI: 10.2307/1380866.
Hildebrand M, Hurley JP. 1985. Energy of the oscillating legs of a fast-moving cheetah,

pronghorn, jackrabbit, and elephant. Journal of Morphology 184:23-31. DOI:
10.1002/jmor.1051840103.

Hillman-Smith AKK, Groves CP. 1994. Diceros bicornis. Mammalian Species 455:1. DOI:
10.2307/3504292.

Hogan N. 1984. Adaptive Control of Mechanical Impedance by Coactivation of Antagonist
Muscles. IEEE Transactions on Automatic Control 29:681-690. DOI:
10.1109/TAC.1984.1103644.

Inuzuka N. 1988. Reconstruction of Extinct Mammal, Desmostylus (In Japanese).
Biomechanisms 9:7-19. DOI: 10.3951/biomechanisms.9.7.

Inuzuka N. 1996. Preriminary study on kinematic gait analysis in mammals. Mammal Study
21:43-57.

Inuzuka N, Sawamura H, Watabe H. 2006. Paleoparadoxia and the Nishikurosawa specimen
from Oga (In Japanese), Akita, northern Japan. Akita, Japan.

Knarr BA, Zeni JA, Higginson JS. 2012. Comparison of electromyography and joint moment
as indicators of co-contraction. Journal of Electromyography and Kinesiology 22:607—
611. DOI: 10.1016/j.jelekin.2012.02.001.

Louie JK, Mote CD. 1987. Contribution of the musculature to rotatory laxity and torsional
stiffness at the knee. Journal of Biomechanics 20:281-300. DOI: 10.1016/0021-
9290(87)90295-8.

Madar SlI. 2007. The postcranial skeleton of early Eocene pakicetid cetaceans. Journal of
Paleontology 81:176-200. DOI: 10.1666/0022-3360(2007)81[176: TPSOEE]2.0.CO;?2.

Mech LD. 1974. Canis Lupus. Mammalian Species 37:1-6. DOI: 10.2307/3503924.

Nielsen J, Sinkjeer T, Toft E, Kagamihara Y. 1994. Segmental reflexes and ankle joint
stiffness during co-contraction of antagonistic ankle muscles in man. Experimental Brain
Research 102:350-358. DOI: 10.1007/BF00227521.

Obara H, Uramoto M, Hidetoshi O, Matsui M. 2000. Japanese macaque. In Animal world
helitage Red data animals (Japanese). Tokyo: Kodansha Ltd, 139.

Olmstead TG, Wevers HW, Bryant JT, Gouw GJ. 1986. Effect of muscular activity on
valgus/varus laxity and stiffness of the knee. Journal of Biomechanics 19:565-577. DOI:
10.1016/0021-9290(86)90162-4.

Padilla M, Dowler RC. 1994. Tapirus terrestris. Mammalian Species 481:1-8. DOI:
10.1007/978-1-4615-6434-8_37.

{Con formato: Portugués (Portugal)




569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590

592

Patel BA, Horner AM, Thompson NE, Barrett L, Henzi SP. 2013. Ontogenetic scaling of
fore- and hind limb posture in wild chacma baboons (Papio hamadryas ursinus). PLoS
ONE 8:1-8. DOI: 10.1371/journal.pone.0071020.

Polly PD. 2007. Limbs in mammalian evolution. In: Hall BK ed. Fins into Limbs: Ecolution,
Development, and Transformation. Chicago: University of Chicago Press, 245-268.

Ren L, Butler M, Miller C, Paxton H, Schwerda D, Fischer MS, Hutchinson JR. 2008. The
movements of limb segments and joints during locomotion in African and Asian
elephants. The Journal of Experimental Biology 211:2735-2751. DOI:
10.1242/jeb.018820.

Riemann BL, Lephart SM. 2002. The sensorimotor system, Part 11: The role of proprioception
in motor control and functional joint stability. Journal of Athletic Training 37:80-84.
DOI: 10.1016/j.jconhyd.2010.08.009.

Shikama T. 1966. Postcranial Skeltons of Japanese Desmostylia. Paleontological Society of
Japan Special Papers 12:1-241.

Shoshani J, Eisenberg JF. 1982. Elephas maximus. Mammalian Species 182:1-8.

Thewissen JGM, llliams EM, Roe LJ, Hussain ST. 2001. Skeletons of terrestrial cetacean and
the relationship of whales to ariodactyls. Nature 413:277-281.

Thewissen JGM, Madar SI, Hussain ST. 1998. Whale ankles and evolutionary relationships.
Nature 395:452. DOI: 10.1038/26656.

Tokuriki M. 1973. Electoromyographic and Joint-Mechanical Studies in Quadrupedal
Locomotion: I. WALK. The Japanese Journal of Veterinary Science 35:433-446_2.
DOI: 10.1292/jvms1939.35.433.

van Staaden MJ. 1994. Suricata suricatta. Mammalian Species 483:1. DOI: 10.2307/3504085. [ccn formato: Fuente: Cursiva




