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ABSTRACT — Two upper Permian trackways attributed to the ichnogenus Sukhonopus, 9 

which were originally interpreted as produced by pareiasaurians, have been studied. Based on 10 

the statistical analysis of dimensions of the longer trackway representing 15.5 locomotor 11 

cycles, the Sukhonopus gait was defined as a lateral-sequence walk shifted by ipsilateral limb 12 

synchronization towards the slow pace. This conclusion gained additional support through 13 

comparison of dimensions of the two trackways with the glenoacetabular-to-pes length ratio 14 

measured on the skeletons of the pareiasaur Deltavjatia. With the sprawling limb posture 15 

typical to lower tetrapods, including pareiasaurians, the pace can be only performed with 16 

body rocking from side to side, according to the principles of passive-dynamic walking. A 17 

natural-sized (185 cm long) model of the Sukhonopus producer was built. This model 18 

reproduces the passive-dynamic rocking pace, being driven manually by children pulling it 19 

forward by the rope and simultaneously pushing it from side to side. The passive-dynamic 20 

rocking pace of pareiasaurs, proved to be feasible by the model, requires functional 21 

differentiation of the hindlimbs and the forelimbs. The former were more appropriate for 22 

propulsion, while the latter were more efficient in generation of the transverse forces required 23 

to pump the rocking motion. It is hypothesized that this walking mechanism was associated 24 

with archaic deficiency of nervous and muscular supply of the limbs. Possibly, it was also 25 
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employed by some other Paleozoic tetrapods. The ichnological evidence of this locomotion 26 

technique is the inward turn of the forelimb footprints, and the histological evidence is the 27 

extensive development in the long limb elements of spongy bone tissue in place of the 28 

superficial compact bone layer and marrow cavity. 29 

 30 

INTRODUCTION 31 

How far is a paleontologist, who undertakes to reconstruct the locomotion techniques 32 

and gaits of extinct animals, allowed to go beyond constraints known for extant animals? Is it 33 

possible to test that iconic Ichthyostega moved on land by "inchworm shuffling" like a seal 34 

(Ahlberg et al., 2005), or that Edmontosaurus dinosaur galloped like quadrupedal mammals 35 

or hopped like kangaroos (Sellers et al., 2009)? Even ichnofossils, which are direct evidence 36 

of activity, are often misleading. For instance, fossilized imprints that seemed to be the 37 

footprints of a giant super-ancient Ichthyostega and bilaterally-symmetrical trackways of 38 

smaller tetrapodomorphs (Niedźwiedzki et al., 2010) appear to be fish nests or feeding pits 39 

according to more recent interpretations (Lucas, 2015). Also, a fossilized imprint that seemed 40 

to be the footprint of Eusthenopteron (Gregory, 1951), which was treated as the closest model 41 

of tetrapod ancestor in the 20th century before discovery of Tiktaalik (Daeschler, 2006), was 42 

subsequently re-interpreted as a fossilized fish coprolite (Lucas, 2015). Even for a perfectly 43 

preserved trackway, it is sometimes problematic to determine confidently its fore-and-aft 44 

polarity, that is, the direction of animal movement (Warren & Wakefield, 1972; Clack, 1997). 45 

Most confusing is that the gait identification is problematic if the body size and proportions 46 

of the trackmaker are unknown (Peabody, 1959; Kienapfel et al., 2014). So, the basic 47 

question "Who was the trackmaker?" should be better solved before "How did it walk?", 48 

because this "How" very much depends on that "Who" through the knowledge of body 49 

structure and proportions. 50 
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In this study, the biomechanics of a possible producer of the upper Permian ichnotaxon 51 

Sukhonopus was modeled. Originally, it was described by Gubin et al. (2003) as a 52 

pareiasaurian trackway. This interpretation was later supported by Valentini et al. (2009), 53 

who suggested to synonymize the ichnogenera Sukhonopus and Pachypes retaining the latter 54 

as the senior one by priority. Even later (Marchetti et al., 2017), Sukhonopus, among other 55 

large Permian tetrapod footprints from Russia, were said to be poorly preserved regarding 56 

ichnotaxonomically relevant features. The purpose of the current research is not to 57 

thoroughly re-describe the available Sukhonopus specimens in search for new morphological 58 

features thereof, which could be ichnotaxonomically relevant and could support or reject the 59 

ascription of these trackways to a pareiasaurian. Contrary to that, the purpose is to reconstruct 60 

the locomotion technique of the trackmaker and consider whether it was plausible in 61 

pareiasaurians. Plausibility of the reconstruction have been tested by a reverse-engineering of 62 

the natural-sized walking model with pareiasaurian body proportions. The required 63 

mechanical properties of the limb skeleton have been tested against pareiasaurian bone 64 

histology which was recently discovered (Canoville & Chinsamy, 2017; Boitsova et al., 65 

2019). 66 

To introduce the trackway analysis, an excerpt from the theory of gaits is required. The 67 

general pattern of the trackways under study, as well as of those of the majority of lower 68 

tetrapods, is the same as in human trackways although the former were produced by a 69 

quadruped. This pattern is known as the uniform glide-reflection symmetry (Lee & Liu, 70 

2012). It means that the left part of the trackway is equal to the mirror reflection of the right 71 

half over the trackway midline, shifted forward or backward by one-step length, and vice 72 

versa. The uniformity of this pattern is based on an anti-phase movement of the two 73 

contralateral limbs of the same pair. For instance, when the left forelimb is maximally 74 

protracted going to touch the ground, the right one is maximally retracted, and vice versa, and 75 
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the same is true for the hindlimbs. This comes from bilateral symmetry of the body, and the 76 

gaits, which keep this anti-phase rule, are known as symmetrical gaits (Howell, 1944). This 77 

counter-movement of the two limbs in a pair is the major constraint of symmetrical gaits, 78 

whose direct consequence is that the footfall of any chosen limb inevitably falls somewhere 79 

in the time interval between the footfalls of the two limbs of the other pair. The resultant 80 

footfall sequence has a general form as follows: reference limb – first limb of the other pair – 81 

mirror limb for the reference one – second limb of the other pair – reference limb again – etc. 82 

In fact, the sequence is completely defined by the first two limbs, because the next two are 83 

bilaterally symmetrical to the first ones, and then the cycle is repeated. There are only two 84 

variants: reference limb – diagonal limb – mirror and reference limb – ipsilateral limb – 85 

mirror. These two quadrupedal sequences are known as symmetrical sequences and they 86 

correspond to all variety of symmetrical gaits from trot characterized by the zero time interval 87 

between footfalls of the reference limb and the diagonal limb and pace characterized by the 88 

zero time interval between footfalls of the reference limb and the ipsilateral limb. However, 89 

in symmetrical gait definition there remains an important, though technical problem: which 90 

limb to choose as the reference one for the locomotor cycle? Choosing the forelimb, e.g., the 91 

right one, as Gray (1944) did, followed by Sukhanov (1963, 1967, 1968, 1974), one comes to 92 

the diagonal sequence (right fore – left hind – mirror) and the lateral sequence (right fore – 93 

right hind – mirror). Choosing the hindlimb, as Hildebrand (1965, 1966, 1967, 1968) did, 94 

followed by the majority of gait researchers, one comes to the diagonal sequence (right hind – 95 

left fore – mirror) and the lateral sequence (right hind – right for – mirror). The problem is 96 

that in the complete locomotor cycle, the forelimb-based diagonal definition corresponds to 97 

the hindlimb-based lateral one, and vice versa. The hindlimb-based notion is newer and is 98 

now generally accepted; therefore, it will be used herein too, although it would be more 99 

correct to restore the priority of the forelimb-based definition as it is done in taxonomy. In 100 
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any case, the diagonal sequence and the lateral sequence refer to the order of the limb 101 

motions (e.g., footfalls), and should not be mixed with overlaps in their action, such as the 102 

diagonal support (most pronounced in but not restricted to trot) and the lateral support (most 103 

pronounced in but not restricted to pace). 104 

Beyond the scope of this study are asymmetrical gaits opposed to the symmetrical ones 105 

(Howell, 1944). They need a brief comment to clarify the counter-intuitive terminology. The 106 

point is that the symmetrical gaits produce trackways whose symmetry is glide-reflection 107 

over the midline, while the asymmetrical gaits can produce both asymmetrical and truly 108 

bilaterally symmetrical trackways. Generally, the asymmetrical gaits' variety is much greater 109 

than that of the symmetrical gaits (Hildebrand, 1977). The major difference is that in the 110 

asymmetrical gaits, the bilaterally symmetrical limbs in a pair do not move in strict anti-111 

phase. The shift towards in-phase action is mutually independent in the fore- and the 112 

hindlimb pairs, but is large enough to ensure their coupled instead of alternating action like 113 

reference limb – mirror limb – first limb of the other pair – second limb of the other pair – 114 

reference limb again – etc. The general name for all asymmetrical quadrupedal gaits is 115 

"gallop". One of the most deviating from the anti-phase limb action of the symmetrical gaits 116 

is the gallop with in-phase action of the forelimbs followed by in-phase action of the 117 

hindlimbs. This gait is termed "bound"; it can be seen in a squirrel and, in spite of its 118 

attribution to the asymmetrical gaits, it produces trackways whose symmetry is truly bilateral. 119 

It is the left-right reflection alone, in contrast to the glide-reflection symmetry of the 120 

trackways of symmetrical gaits where the step-long translation is added to reflection. The 121 

contradiction between the asymmetrical nature of the bound as a gait and the bilateral 122 

symmetry of its trackways often leads to confusion in ichnological studies. Fore instance, in 123 

Niedźwiedzki et al. (2010, Supplementary material therein), the seemingly bilaterally 124 

symmetrical pit rows are treated either as "parallel gait" or as "symmetrical gait" 125 
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(Supplementary material, Fig. 12 therein) of the earliest tetrapods. The first term is non-126 

existent, the second one is incorrectly applied. In addition, as was noted above, these traces 127 

appear to be not tetrapod trackways but fish nests or feeding pits (Lucas, 2015). 128 

Returning to interpretation of the true symmetrical gait trackways, one more difficult 129 

problem should be taken into account, which is by now underestimated. The problem is how 130 

to distinguish, based on the glide-reflection symmetrical trackway, where was the 131 

trackmaker's gait in the range from the trot to the pace. As was shown by Hildebrand (1965, 132 

1966, 1967, 1968) and Sukhanov (1963, 1967, 1968, 1974), this feature is defined by a single 133 

parameter, which is a quantitative measure of coupling of the fore- and the hindlimb pairs 134 

(remembering that the two limbs in a pair act in anti-phase). The common name for this 135 

parameter is the "limb phase"; however, Sukhanov himself (1963, 1967, 1968, 1974) termed 136 

it the "rhythm of locomotion", and Cartmill et al. (2002) named it "diagonality". In the latter 137 

research, there is a vivid graphical representation of the useful idea that any symmetrical gait 138 

can be simulated by two people walking or running one after another at a fixed distance 139 

provided that their step lengths and limb frequencies are equal. If the two move their legs in 140 

parallel (limb phase parameter equals zero), they imitate the pace. With opposed stepping 141 

(limb phase is 50%), they simulate the trot. Can their combined trackway tell a tracker what 142 

did they play – the pace or the trot? Are there any distinctive features between the pace and 143 

the trot trackways in simulations or in real animals? The analysis of camelid and equine 144 

trackways shows that the distinction is only possible when the trackmaker is known in detail, 145 

including its limb length, body length, etc. (Thompson et al., 2007; Kienapfel et al., 2014). 146 

Moreover, the computer trackway simulator (Alexander, 1995) shows that, for a chosen stride 147 

length (determinant of the speed), absolutely identical trackways can be produced by the pace 148 

and the trot and by any symmetrical gait with an intermediate value of limb phase (from 0 to 149 

100%). Their identity is achieved by adjustment of only a single additional parameter, which 150 
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is the length of the body between the fore- and the hindlimbs, known as the "glenoacetabular 151 

length". Furthermore, even for a given symmetrical gait, for instance, the exact trot, identical 152 

trackways can be produced with a number of different glenoacetabular lengths (first shown 153 

by Peabody, 1959). In fact, exactly the same appearance of a trackway can be produced with 154 

a wide variety of different combinations of the limb phase and glenoacetabular length values. 155 

The aforementioned metaphor of two persons walking one after another helps appreciate this 156 

fact vividly. Imagine the third one going along their combined trackway. Let this individual 157 

step exactly in the footprints left by the second one. This person can do this being at any 158 

distance behind, and should not necessarily move his/her legs in phase with the forerunner. 159 

So, the distance from the first person (simulating the glenoacetabular length) and the limb 160 

phase relative to the first person can be very different in the first-and-second pair and the 161 

first-and-third pair, although the trackway is the same because the footprints of the second 162 

and the third person coincide. Generally speaking, in quadrupedal locomotion with 163 

symmetrical gaits, the specific trackway geometry is derived from two independent variables, 164 

namely the glenoacetabular length and the limb phase (the third variable is the stride length 165 

which is associated with speed and can be treated quite separately). Therefore, to solve the 166 

symmetrical gait from the trackway of a given stride length (i.e., to find the value of the limb 167 

phase), one needs to know the trackmaker's glenoacetabular length, and vice versa. 168 

Apparently, the two variables cannot be extracted from the trackway simultaneously. One of 169 

them should be obtained from some other source. 170 

In paleoichnology of lower tetrapods, "the problem of two variables" outlined above is 171 

entirely dismissed. The trackmaker's glenoacetabular length is traditionally extracted from the 172 

trackway by the method of Baird (1952), who measured it as the distance between two points 173 

defined therein as follows: "A point on the trackway midline halfway between the two carpi 174 

represents the approximate center of the glenoid axis, and a point halfway between the two 175 
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tarsi similarly represents the center of the acetabular axis at the same stage in the cycle of 176 

locomotion." Thus, the measurement procedure entirely depends on what is this stage in the 177 

cycle of locomotion. Baird assumed that, during the locomotor cycle, there was a brief stage 178 

when the animal stood with all four feet landed in the four footprints of the trackway at once. 179 

More specifically, these four footprints were chosen on the trackway in such a way that the 180 

imaginary animal adopted the typical trotting posture with the two limbs of one diagonal in 181 

the most protracted position, and those of the other diagonal in the most retracted position. 182 

This means that the gait was a priori presumed to be the trot (50% limb phase). The 183 

additional a priori assumption was to choose for the trotting posture those two pedal imprints 184 

on the trackway, which are the closest behind the reference pair of manual imprints. With the 185 

help of these two assumptions, Baird got an opportunity to reach a single solution for the 186 

glenoacetabular length in the trackway puzzle. Sukhanov (1968, 1974) modified the 187 

measurement procedure in order to cover faster symmetrical gaits of lizards lacking the stage 188 

when all four feet are in contact with the ground at once. He measured the distance along the 189 

trackway longitudinal axis from a selected manual imprint to the nearest (posteriorly) 190 

footprint of the diagonal hindlimb. Evidently, this gives the same glenoacetabular value as 191 

the Baird's method and implies the same limb phase of 50% corresponding to the exact trot. 192 

Sukhanov (1968, 1974) concluded that this method gives a good approximation of 193 

glenoacetabular lengths measured on lizard bodies directly. This is not surprising for lizards, 194 

as far as they really use gaits very close to the exact trot. However, this is questionable for 195 

unknown trackmakers of the past. In fact, Baird's method artificially restricts the gait analysis 196 

of fossil trackways. For instance, when applied to narrow trackways, it leads to reconstruction 197 

of such a great degree of lateral body bending (Smith, 1993), which looks unreal as compared 198 

to extant urodelans and reptiles. In fact, the narrow trackways could be readily left by a 199 

pacing trackmaker, but Baird's method does not allow for this. In fact, it does not allow for 200 
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any considerable shift from the exact trot in the gait reconstruction. Consequently, the 201 

restriction is transferred onto the estimation of the second variable involved in determination 202 

of the trackway geometry, which is the glenoacetabular length. Notably, in the original 203 

description of Sukhonopus, Gubin et al. (2003) estimated the trackmaker's glenoacetabular 204 

length, based on the method of Sukhanov (1968, 1974), implying the trot. 205 

 206 

TRACKWAY ANALYSIS 207 

Two trackways were analyzed, the shorter one and the longer one, which will be herein 208 

referred to as "trackway S" and "trackway L", respectively. The trackway S (Supplementary 209 

material 1) is the specimen PIN 4850/4 stored in the Borissiak Paleontological Institute and 210 

exhibited in the Orlov Paleontological Museum. It was described as Sukhonopus primus 211 

along with the specimen PIN 4850/2 (not analyzed herein), which was chosen as the holotype 212 

(Gubin et al., 2003). The trackway L (Supplementary material 2) was considered, but not 213 

assigned earlier (Rautian, 2002), and the authors of the ichnotaxon Sukhonopus (Gubin, 214 

Golubev, and Bulanov, personal communication) unequivocally regard it now as 215 

Sukhonopus. The trackway L crosses the bed of the Strel´na River from the right bank to the 216 

left one at the North latitude 60 35.158 and the East longitude 45 31.714 (exposure 9334 of 217 

Gubin et al., 2003). 218 

 219 

General description of the trackways 220 

The trackway S is almost 2.5 m long, and represents 2.5 strides, i.e., 2.5 cycles of 221 

locomotion, including 3 imprints of every limb. The 4th imprint of the left manus is partial 222 

and cannot be considered. The trackway L is about 17.3 m long and represents 15.5 strides 223 

including 17 imprints of the left pes, 17 imprints of the left manus, 16 imprints of the right 224 

pes, and 15 imprints of the right manus (the 13th is missing). No marks of the tail or belly are 225 
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present on the trackways. The blurry outlines of the footprints suggest softground conditions 226 

at the time of formation. However, judging by considerable footprint depths, the trackmaker's 227 

body was unaided by buoyancy. The footprint depths were measured on the trackway S. The 228 

pedal and the manual imprints are approximately equally deep and are deeper at the medial 229 

side than at the lateral one (see Supplementary material 1). On average, the pedal imprints are 230 

2.4 cm deep laterally and 5 cm deep medially. In the manual imprints, the difference is 231 

considerably smaller. On the average, they are 3.4 cm deep laterally and 4.4 cm medially. 232 

The direction of the digits on the left and right imprints of both trackways is bilaterally 233 

symmetrical. The absence of declination of the footprint directions to one side of the 234 

trackway indicates that it was not a walk in a waterflow like in ichnological experiments on 235 

extant newts (Brand & Tang, 1991). For the same reason, it was not a walk across a slope 236 

(Loope, 1992). Thus, the producers of both trackways apparently performed truly terrestrial 237 

(unaided by buoyancy) walking over horizontal ground. The manual imprints are shaped 238 

almost identically on the trackway S and the trackway L (Fig. 1 rows 1, 2). The digit V is 239 

short and straight and points forward and a little mediad according to the general turn of the 240 

manus. The digits from IV to I are turned inwards more and more with the digit I placed 241 

almost at right angles to the digit V. Contrary to the manus, the pedal imprints are shaped 242 

somewhat differently on the trackway S and the trackway L (Fig. 1 rows 3, 4). On the 243 

trackway S, the digit III points forward, and the imprint of the digit V is not well pronounced 244 

except for the last imprint of the right pes (Fig. 1 cell 4A), which is shaped just like the pedal 245 

imprints of the trackway L. In the latter, in all the pedal imprints where the digits can be well 246 

distinguished, the imprint of the digit V is almost as long as that of the digit IV. In addition, 247 

the digit which points forward is the digit IV or even the digit V, not the digit III. This is due 248 

to some inward turn of the pes as a whole on the trackway L, while on the trackway S it 249 

points forward along the pathway. 250 
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 251 

Quantitative gait analysis of the trackways 252 

The trackway S was studied by direct measurements on the specimen in the Orlov 253 

Paleontological Museum. The trackway L was studied by measurements on the digital 254 

photos. When I visited the site of the Strel´na River in summer 2006, the trackway L was 255 

covered by approximately 20 cm of water flow. I made step-by-step photos of the whole 256 

trackway L with and without the rope grid, which cells were 25x25 cm. Based on this grid, I 257 

applied all necessary distortion corrections to each photo and then combined them in a 258 

panorama (Fig. 2). Finally, I placed over them the photos without the grid and obtained a 259 

clean panorama of the whole trackway L (Supplementary material 2). The following 260 

measurements were done on this large photo of as high resolution as 40953x4376 pixels. To 261 

check the method robustness, some measurements were also done on the photo reduced to 262 

20% (8191x875 pixels) and purposely saved with low JPEQ quality; its analysis will be 263 

referred to as the "rough test" or "analysis C". 264 

For gait analysis, it is necessary to choose equal points on every footprint. Baird (1952) 265 

used the footprint center, whereas Padian & Olsen (1984) preferred the midpoint on the 266 

posterior border of the footprint instead. In our case, the anterior border of imprints looks 267 

more reliable being sharper than the posterior border. Especially sharp are the imprints of 268 

digit tips. Also, the footprint outlines are sharper at the bottom and smooth out at the slab 269 

surface. Therefore, the tip of the digit III at the footprint bottom have been chosen here as the 270 

reference point both for manus and pes (analysis A). In the trackway L, the tip of the digit IV 271 

of the hindlimb was employed as an additional reference point (analysis B) because in this 272 

trackway this digit is more aligned with the trackway direction than the digit III. In the rough 273 

analysis C of the trackway L, the approximate centers of the pedal and manual imprints were 274 

used which were purposely located very frivolously. For precise analysis, the footprint 275 
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centers are worse than the digit tips because of some blurriness of the heel and wrist outline. 276 

On the trackway S, the digit III tips were marked directly on the slab. The procedure with the 277 

photo of the trackway L was more cumbersome (Fig. 1 columns B-E) because of more blurry 278 

footprints. The sharpest imprints of every limb were selected which are the 9th imprint of the 279 

left manus and the 11th imprint of the right manus, the 16th imprint of the left pes and the 280 

12th imprint of the right pes (Fig. 1 column B). Outlines of the bottom area of these imprints 281 

were drawn (Fig. 1 column C), and then those of the contralateral limbs were reflected one 282 

onto the other and averaged by hand (Fig. 1 column D). These averaged outlines were 283 

multiplied and placed over every imprint of the respective limb, so as to match the outline to 284 

the imprint boundaries as much as possible (Fig. 1 column E, Supplementary material 2). 285 

With the help of these outlines, it was possible to locate the tips of the reference digits (III for 286 

manus, III and IV for pes) precisely enough even on the footprints where the traces of these 287 

particular digits are much destroyed. For further consideration, it is necessary to note that the 288 

length of the pes outline from the heel edge along the digit III up to its tip is 20 cm. 289 

Hereinafter, this value will be referred to as the "pes length" of the trackway L. The pes 290 

length of the trackway S was obtained by direct measurement of the second left pedal 291 

imprint, which is the sharpest one on this trackway (Fig. 1 cell 3A). Its bottom length from 292 

the heel edge along the digit III up to its tip is 15.5 cm. Hence, the trackmaker individual of 293 

the trackway S was about one quarter smaller in linear dimension than that of the trackway L. 294 

Having located the reference points of every footprint, the distances from each such 295 

point were measured to the respective points on the previous and on the next imprints of the 296 

same foot, i.e., from pes to pes or from manus to manus imprint on the same side of the 297 

trackway. This distance is known as the stride length and corresponds to the distance passed 298 

by the trackmaker during a single locomotor cycle. The average stride length of the trackway 299 

S is around 83.5 cm (n=8 measurements) and that of the trackway L is 105.4±7.8 cm 300 
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(mean±SD, n=60 measurements). In symmetrical locomotion, the step length is exactly equal 301 

to half stride length due to the aforementioned anti-phase coordination of the left and right 302 

limbs in a pair. Therefore, the steps are approximately 42 cm in the trackway S and 303 

approximately 53 cm in the trackway L. The widths of both trackways measured between the 304 

digit III tips of the left and right pedal imprints is very close indeed to the respective values of 305 

the step lengths being around 47 cm in the trackway S, and 44.0±4.1 cm (n=31 306 

measurements) in the trackway L. The narrowness of the latter, as compared to the former, is 307 

partially due to the aforementioned inward turn of the pes, specific to the trackway L. The 308 

pedal digit IV is more aligned with the travel direction in this trackway. Using its tips as 309 

reference points (analysis B) instead of those of the digit III, gives the trackway L width 310 

value of 55.4±4.4 cm. In any case, the close proximity of step lengths to trackway widths 311 

manifests that the stride angle, measured from a selected footprint to respective points on the 312 

previous and the next footprints of the contralateral limb, is near 900 in both trackways. This 313 

angle (named "pace angulation" by Baird, 1952) is an indirect representation of the speed of 314 

trackmaker progression. For comparison, in the walking trackway of Varanus komodoensis 315 

with similar values of stride length (89 cm) and pes length (21 cm along digit III), the 316 

angulation was no more than 800 (Padian & Olsen, 1984). 900 angulation of Sukhonopus is 317 

not as much greater to decide that the trackmaker was running. Either it was walking just a 318 

little faster than the Komodo monitor on the trackway considered by Padian & Olsen (1984), 319 

or it simply placed the paws a little narrower relative to the stride length than the lizards do. 320 

The next procedure was to locate the midpoints for every pair of the pedal imprints and 321 

for every pair of the manual imprints, as Baird (1952) did. In Fig. 3, the pedal pairs are 322 

connected by blue segments from the digit III tip of the left imprint to that of the right one 323 

(together these segments make a zigzag), and their midpoints are marked by yellow dots. The 324 

red segment with the green dot in the middle corresponds to the last manual pair on Fig 3 (see 325 
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the complete set of segments and dots in Supplementary material 2). Following Baird (1952), 326 

the glenoacetabular length should be measured from this green dot to the second yellow dot 327 

counting in backward direction (from the right to the left). This yellow dot is the midpoint of 328 

the blue segment which has an opposite inclination to the red segment shown. The opposite 329 

inclination is crucial when thinking of the trackmaker as of a trotting animal. The four-limb 330 

phase of support is present in the slow trot, which is one of the typical walking gaits of lower 331 

tetrapods (Sukhanov, 1968, 1974). It could put all its four feet for a while in the four 332 

footprints connected by the red and blue segments, which are oppositely inclined 333 

(determinant of trot) and at the same time closest to each other (determinant of short body). 334 

There is only one blue segment connecting the pedal pair in Sukhonopus representation on 335 

Fig. 3, which is even closer to the red segment connecting the last manual pair. However, it is 336 

not opposite in orientation to the latter but sub-parallel to it. If some extremely short-bodied 337 

trackmaker put its four feet in the respective four footprints (the four right-most ones on Fig. 338 

3) with the left limbs in the most protracted position and the right ones most retracted, its gait 339 

would be the slow pace. In fact, this glenoacetabular length is equal to understepping, which 340 

is the distance from the reference point of the manus imprint to that of the ipsilateral pes 341 

imprint just behind it. If the trackmaker had the glenoacetabular length intermediate between 342 

this extremely short value associated with the slow pace and the larger "Baird's value" 343 

associated with the slow trot, then its gait would be also somewhere in-between these two 344 

opposite symmetrical gaits. 345 

To generalize the analysis, the glenoacetabular lengths were measured for different 346 

combinations of the manual and pedal imprint pairs (Supplementary material 2). In Fig. 3, the 347 

method is illustrated for the last manual pair represented by the red segment with the green 348 

dot on the middle. For visualization, the Hildebrand-Sukhanov chart of symmetrical gaits 349 

(Hildebrand, 1966; Sukhanov, 1968, 1974) is placed directly over the trackway under study. 350 
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First, the chart is oriented in such a way that its limb-phase axis crossing the chart from pace 351 

to trot and to pace again parallels the trackway direction, which is horizontal in Fig. 3. 352 

Second, the chart is adjusted to the trackway in such a way that its pace line on the right is 353 

aligned with the midpoint between the last two contralateral pedal imprints represented by the 354 

right-most yellow dot in Fig. 3; its trot line is aligned with the second yellow dot counting 355 

from the right to the left (reverse to the trackmaker's travel direction), and the other pace line 356 

on the left of the chart is aligned with the third yellow dot. As a result, the chart period, i.e., 357 

the distance from one pace line to the other, is made equal to the stride length of the 358 

trackway. Third, the gait chart is multiplied and laid out with the same adjustment to the 359 

yellow dots (midpoints between the pedal imprints) along the whole trackway up to its very 360 

beginning (on Fig. 3 there is a room for two charts only). In this representation, a segment 361 

drawn from the green dot backward to any odd yellow dot corresponds to the glenoacetabular 362 

length associated with exact pace, while a segment drawn to any even yellow dot is the 363 

glenoacetabular length corresponding to exact trot. Therefore, there is a group of 364 

glenoacetabular lengths appropriate for pace, and another group of glenoacetabular lengths 365 

appropriate for trot, and the members of these two groups alternate with the interval equal to 366 

the step length (half stride and half chart period). The general formula for pacers' 367 

glenoacetabular lengths is [(understepping) + N*(stride length)] where N is a non-negative 368 

integer. The general formula for trotters' glenoacetabular lengths is [(understepping) + (half 369 

stride length) + N*(stride length)]. The intermediate values of the glenoacetabular length 370 

imply the lateral-sequence or diagonal-sequence symmetrical gaits depending on the half-371 

period of the chart where this glenoacetabular length falls (Fig. 3). 372 

For complete analysis of the trackway, the described procedure with the Hildebrand-373 

Sukhanov gait chart superposition can be applied starting with the reference point at the 374 

midpoint of a segment connecting any pair of the manual imprints. Also, it can be applied 375 
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starting with the reference point at the midpoint of a segment connecting any pair of the pedal 376 

imprints, but in this case, the glenoacetabular lengths should be measured from posterior to 377 

anterior. Notably, the Hildebrand-Sukhanov gait chart should be superimposed with caution: 378 

in order to keep the proper position of the lateral-sequence and diagonal-sequence zones of 379 

the chart relative to the trackway, the polarity of the limb phase axis should be the same as in 380 

Fig. 3 if the reference point is in the middle of the segment connecting the successive pedal 381 

imprints from the left to the right, and the polarity should be reversed if the reference point is 382 

in the middle of left-to-right manual segments or right-to-left pedal segments. In the latter 383 

cases, for visual representation, the gait chart should be turned upside-down as compared to 384 

Fig. 3. 385 

For the trackway S, the following mean values were obtained based on direct 386 

measurements of the distances between midpoints of the manual and pedal imprint pairs with 387 

the reference points at the digit III tips. The approximate resultant formula for all possible 388 

glenoacetabular lengths which could ensure the exact pace on the trackway S is ≈[23 + 389 

N*83.5] cm where N is a non-negative integer. The respective formula for exact trot is ≈[65 + 390 

N*83.5] cm. The accurate glenoacetabular length values for exact pace and exact trot are 391 

represented in Table 1. Among the latter, 65.5 cm length corresponding to Baird's method is 392 

equal to the estimate of 62-66 cm published by Gubin et al. (2003) in the original description 393 

of the trackway S (PIN 4850/4). It is not surprising since they used the method of Sukhanov 394 

(1968, 1974), which is based on the same method of Baird (1952), differing only technically 395 

but not in principle. In trotting lizards, the trackway-based measurement may underestimate 396 

the glenoacetabular length because of the lateral bending of the body. Indeed, with the curved 397 

spine the midpoints of the shoulder and pelvic girdles come a little closer to each other than 398 

in the straight body at rest (Baird, 1952). The maximum possible central angle of the lateral 399 

curvature of the body in trotting approaches the value of trackway angulation measured from 400 
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a selected footprint to the previous and the next footprints of the contralateral limb. In case of 401 

900 angulation, which was aforementioned for Sukhonopus, the glenoacetabular length would 402 

shorten up to 10% only (this is the chord and arc difference for the angle of 900). Actually, 403 

the shortening would be even smaller because the step length is produced not only by spine 404 

bending, but also by limb protraction and retraction, which are never reduced to zero but 405 

usually prevail over spine bending. In addition, the glenoacetabular distance averaged over 406 

the locomotor cycle deviates from the straight spine length even smaller because the spine 407 

straightens and bends to the other side during the cycle. That is why the fluctuations of the 408 

glenoacetabular length can be dismissed for the Sukhonopus producer if it was a trotter. If it 409 

was a pacer, the lateral bending is irrelevant at all as it does not help increase the stride length 410 

in pace. What cannot be dealt with is the possibility of kyphosis like in echidnas (Gambaryan 411 

& Kuznetsov, 2013). In this case, the trackway-based glenoacetabular estimate corresponds 412 

to its effective functional value but is inevitably smaller than the length of the 413 

glenoacetabular segment of the vertebral column measured on the skeleton, and the 414 

difference is unknown in principle. However, the lower tetrapods are rarely as much 415 

kyphotic. 416 

 417 

Statistical analysis of the trackway L 418 

The considerable length of the trackway L allows to analyze it statistically (number n of 419 

serial measurements from 26 to 30, see Table 1). Three analyses were performed. The major 420 

one (analysis A) relied upon the digit III tips both in the pedal and manual imprints as the 421 

basic reference points. The additional one (analysis B) relied upon the digit III tips in the 422 

manus but on the digit IV tip in the pes. This is to take into account the peculiarity of the 423 

trackway L (as compared to the trackway S) that the digit IV is more parallel to the general 424 

trackway direction than the digit III declined somewhat mediad. The last (analysis C) was the 425 
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rough analysis on the reduced image of the trackway (20% of the original) relying upon the 426 

footprint centers. This is to estimate the method robustness. In the analysis A, the 427 

approximate resultant formula for all possible glenoacetabular lengths which could ensure the 428 

exact pace on the trackway L is ≈[35 + N*105] cm where N is a non-negative integer. The 429 

respective formula for exact trot is ≈[88 + N*105] cm. The accurate glenoacetabular length 430 

values obtained in the three analyses for exact pace (three solutions corresponding to N = 0, 431 

1, 2) and exact trot (two solutions corresponding to N = 0, 1) are represented in Table 1. The 432 

larger glenoacetabular lengths (for larger N) were dismissed as obviously unreal. 433 

The five solutions were compared with each other by the values of standard deviations 434 

(Table 1). The SD value shows the stability of every variant of the glenoacetabular 435 

measurement throughout the trackway. From a general point of view, one can reasonably 436 

expect that in the series of measurements illustrated by Fig. 3, the SD of any longer 437 

measurement should be greater than that of any shorter one. Indeed, the further posterior are 438 

the pedal imprints from the manual ones, the more independent should be their steps. Far 439 

away, the animal could walk in a different way. Accordingly, SD of a glenoacetabular 440 

measurement is expected to increase monotonously with the increase of this measurement 441 

mean value. However, the plot of SD vs. mean of the possible glenoacetabular lengths for the 442 

trackway L gives an unexpected minimum at the "middle pacer" solution (Fig. 4). Not only 443 

the "long trotter" and "long pacer" show greater SD (expected), but the "short trotter" and 444 

"short pacer" show the same (unexpected). This peculiar pattern is the repeated in all three 445 

analyses, and all the three plots are very well approximated by binomial curves (see the 446 

formula with R2 value for analysis A on Fig. 4). The only important difference between the 447 

three analyses is that in the analysis A, based on the digit III tip of the pedal imprints, SD 448 

values are a little smaller for every glenoacetabular solution. Thus, analysis A can be 449 

regarded as a little more reliable than the other two which SD values almost coincide with 450 
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each other. The glenoacetabular means of the rough analysis C based on the footprint centers 451 

are almost the same as those given by the analysis A, while the means produced by the 452 

analysis B are a little smaller. Obviously, this is because the tip of the digit IV on which this 453 

analysis is based protrudes on the pedal footprints of the trackway L a little forward relative 454 

to the digit III tip on which the analysis A is based. Overall, digit III tip proves to be the best 455 

reference point for the pedal imprints. 456 

The unexpected appearance of the definite and robust (supported by the rough analysis 457 

C) "middle pacer" minimum on the SD vs. mean glenoacetabular length plot (Fig. 4), instead 458 

of the monotonous proportional growth of the two, has an efficient explanation. The SD 459 

minimum is pointing on the manual and pedal imprints which were produced least 460 

independently from each other. The fact that the "middle pacer" distance was kept most 461 

constant throughout 15.5 locomotion cycles may indicate that it is based on a firm structural 462 

background. The only thing which can ensure the mutual dependence between the fore and 463 

hind limb pairs is their connection by the trunk. Therefore, the minimum SD is pointing on 464 

the true glenoacetabular measurement. For the "middle pacer", it is 140.2±3.5 cm based on 465 

the analysis A (Table 1). Binomial approximation shows that the true glenoacetabular length 466 

of the trackmaker could be a little shifted from the "exact middle pacer" toward the "short 467 

trotter". Solving the minimum of binomial approximation for SD in the analysis A, whose 468 

formula is written in Fig. 4, gives the glenoacetabular length of 119.0 cm (red arrow on Fig. 469 

4). Therefore, the true glenoacetabular length was most probably somewhere in-between 140 470 

cm and 119. Respectively, the gait was shifted from the exact slow pace to the slow pace-like 471 

walk in the lateral sequence, i.e., just a little to the right from the line of exact pace on the 472 

Hildebrand-Sukhanov chart. 473 

 474 

Comparison of the trackways with skeletal proportions of Deltavjatia 475 
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To obtain dimensionless values of the stride lengths and the glenoacetabular lengths, 476 

they were divided by the length of the pedal imprints from the heel edge to the digit III tip, 477 

which is 15.5 cm in the trackway S and 20 cm in the trackway L. The stride length of the 478 

trackway S normalized in this way is on the average equal to 5.38 p.l. (pes lengths). The 479 

normalized stride length of the trackway L obtained with the most reliable analysis A (based 480 

on the pedal digit III) is 5.27±0.39 p.l. The approximate formula for all possible normalized 481 

glenoacetabular lengths which could ensure the exact pace on the trackway S is ≈[1.5 + 482 

N*5.4] p.l., and on the trackway L is ≈[1.8 + N*5.3] p.l. where N is a non-negative integer. 483 

The respective formulae for exact trot is ≈[4.2 + N*5.4] p.l. for the trackway S, and ≈[4.4 + 484 

N*5.3] p.l. for the trackway L. The accurate normalized glenoacetabular length values are 485 

represented in Table 1. The most probable normalized glenoacetabular length given by the 486 

minimum SD in the analysis A of the trackway L (Fig. 4) is between 7.01±0.18 p.l. and 5.95 487 

p.l. The upper limit corresponds to the "middle pacer" (represented by the very close value of 488 

6.89 p.l. on the trackway S); the lower limit is the solution for the minimum point on the 489 

binomial approximation for SD plot in Fig. 4 normalized by the pes length. Roughly, the 490 

glenoacetabular distance of the Sukhonopus producer was most probably between 6 and 7 p.l. 491 

This range can be checked against glenoacetabular-to-pes length ratios in pareiasaurian 492 

skeletons. 493 

The glenoacetabular-to-pes length ratio (normalized glenoacetabular length) can be 494 

estimated on the available skeletal material of pareiasaurians. The mounted skeletons of 495 

Scutosaurus karpinskii (which is larger than the Sukhonopus producer) exhibited in the Orlov 496 

Paleontological Museum of the Borissiak Paleontological Institute are not naturally 497 

articulated and considerably incomplete. Critically for the method, there is no specimen that 498 

combines the complete pes and the complete vertebral column together. On the other hand, 499 

there are four skeletons of Deltavjatia rossica (which is smaller than the Sukhonopus 500 
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producer) exhibited in the Vyatka Palaeontological Museum (the specimens KPM 232, 234, 501 

289, 290), which are almost complete and naturally articulated as the animals died stuck in 502 

clayey silt. Their glenoacetabular and pes length measurements as well as the ratios thereof 503 

are represented in Table 2. All the glenoacetabular lengths of Deltavjatia skeletons are 504 

considerably greater than the 62-66 cm estimate for the trackway S by Gubin et al. (2003), 505 

while the pes lengths are, on the contrary, considerably smaller than 15.5 cm length of the 506 

best pes imprint on the same trackway. The glenoacetabular-to-pes length ratios from Table 2 507 

are plotted as yellow arrowheads in Fig. 3 against the glenoacetabular scale superimposed 508 

onto the trackway L map and against the respective limb-phase axis of the Hildebrand-509 

Sukhanov gait chart. The normalized glenoacetabular lengths of the specimens KPM 289, 510 

290, and 234 are 5.88, 6.12, and to 7.15 p.l., respectively (Table 2). This variety is very close 511 

indeed to the range from 5.95 to 7.01±0.18 p.l. suggested by the trackway L. Only the 512 

specimen KPM 232 with the normalized glenoacetabular length of 8.10 p.l. falls much above 513 

this range. Respectively, on the Hildebrand-Sukhanov gait chart it falls in the area of the 514 

diagonal-sequence symmetrical gaits (black area on Fig. 3) known among tetrapods only in a 515 

restricted number of mammals mainly of arboreal lifestyle (Hildebrand, 1967). This extreme 516 

deviation of the specimen KPM 232 may probably result from a longitudinal compression of 517 

the digits in the course of deposition (Fig. 5). However, the mean normalized glenoacetabular 518 

length for all four Deltavjatia specimens, including the deviating KPM 232, is 6.81 p.l. that is 519 

well inside the trackway-suggested range. 520 

Furthermore, the three skeletal ratios that fit the trackway-suggested range (KPM 234, 521 

289, 290) are unequally reliable. Measurement of the glenoacetabular distance was a little 522 

problematic. Normally, it should be measured along the curve of the vertebral column from 523 

the level of glenoids on the shoulder girdle to the level of acetabula on the pelvic girdle. 524 

However, in the specimen KPM 234 the latter is destroyed, therefore, the level of acetabula 525 
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was located by the femoral heads. In the specimen KPM 290, the shoulder girdle is destroyed, 526 

and the glenoacetabular length was measured from the occiput. The specimen KPM 289 is 527 

distinguished by the best 3D preservation (Fig. 6). In its left pes (Fig. 5.1), the ends of the 528 

digits IV and V are lost, but the digit III is complete and not compressed longitudinally, and 529 

the space for the distal tarsals is kept natural. Therefore, the pes length could be perfectly 530 

measured from the tip of the digit III to the distal border of the astragalus located just 531 

proximal to the intratarsal joint (arrows on Fig. 5). As was aforementioned, this specimen has 532 

the lowest glenoacetabular-to-pes ratio of the four skeletons studied. Its value of 5.88 p.l. is 533 

located just at the lower end of the range suggested by the trackway L (compare positions of 534 

the right-most yellow arrowheads on Fig. 3 and the red arrow on Fig. 4). This is most far 535 

apart from the exact pace but is still closer to it than to the exact trot. The corresponding gait 536 

is the slow pace-like walk in the lateral sequence. 537 

 538 

REVERSE ENGINEERING 539 

The conclusion of the above analysis definitely goes beyond the locomotor constraints 540 

known for extant animals, because today the lower tetrapods never use the pace-like gaits due 541 

to their static instability in the case of the sprawling limb posture (Sukhanov, 1968, 1974). 542 

However, the dynamic stability of pace can be achieved with body rocking from side to side 543 

as in a man who attempts to walk on widely abducted legs. This principle was implemented 544 

in a traditional Russian kinetic toy called a "walking-rocking bull-calf" that passively goes 545 

down a shallow-inclined plank (Supplementary material 3) or over a horizontal table, being 546 

pulled by weight on a thread kinking over the table edge. The toy frequently falls over when 547 

going from the inclined plank onto the horizontal surface. However, being driven with the 548 

thread, the toy always gently stops at the table edge, because there the thread becomes 549 

vertical and ceases pulling the toy forward. The toy is simply built, each leg being a rigid 550 
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pendulum attached to the main body by a simple (i.e., possessing one degree of freedom) 551 

hinge, which has an axis of rotation perpendicular to the sagittal plane, and the amplitude is 552 

limited by stoppers preventing falling forward or backward when the toy stands still. The end 553 

of the leg is not a point, but a sole area that can be wide or rather narrow, flat or gently 554 

concave (like in a rocking chair). The pendular leg oscillations coincide with body rocking 555 

from side to side (also termed rolling), and the resultant gait of the toy is the exact pace with 556 

the duty factor a little above 50%. The quantity above 50% corresponds to the time interval 557 

when all four feet contact the ground simultaneously. The presence of this quadrupedal phase 558 

of support distinguishes the bull-calf's gait as the slow variant of exact pace. 559 

The same mechanical principle is currently developed in robotics, being referred to as 560 

quadrupedal passive-dynamic walking (Smith & Berkemeier, 1997; Remy et al., 2010a, 561 

2010b). The passive-dynamic robot makes use of its own natural pendular dynamics 562 

properties to propel itself down a shallow incline without needing any motors, sensing or 563 

control. In fact, it is a passive mechanism that pumps the potential energy of gravity against 564 

hinge friction and other items of energy dissipation, and thus sustains the periodic limb 565 

motion remaining dynamically stable against small disturbances. 566 

Based on the principle of the passive-dynamic walking-rocking bull-calf and on the 567 

dimensions of Sukhonopus, the natural-sized pacing model of a pareiasaur (Fig. 7) was built. 568 

The naturalistic skin envelope was made of acrylic plaster with a light iron frame mounted 569 

inside for legs' suspension. The suspension included the transverse hinge axis made of 23 mm 570 

thick polished iron rod, on the body side, and the sleeve made of bronze, on the leg side. The 571 

diameter of the foot sole, both in the hind- and in the forelimbs, was 19 cm, just a little less 572 

than the 20 cm long pedal imprints on the trackway L. The glenoacetabular length was 112 573 

cm from the glenoid hinge axis of the forelimbs to the acetabular hinge axis of the hindlimbs. 574 

The 112-to-19 cm ratio is 5.9, which corresponds to the glenoacetabular-to-pes ratio of the 575 
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Deltavjatia specimen KPM 289 (Table 2). With the same 112 cm glenoacetabular length, the 576 

pes could be made as short as 16 cm (roughly equal to 15.5 cm long pedal imprints on the 577 

trackway S), and then their ratio would be equal to 7 which corresponds to exact middle pace 578 

on the trackways (Table 1). Thus, 112 cm is a kind of a compromise glenoacetabular value 579 

for the complete set of measurements on the trackways and skeletons. The total body length 580 

of the model from the nose to tail tip was 185 cm, according to its ratio ≈5/3 to the 581 

glenoacetabular length observed in pareiasaurians, which have been measured. The weight of 582 

a living pareiasaur of this length could be probably up to 300 kg (just a little heavier than a 583 

big wild boar or pygmy hippopotamus Choeropsis). The weight of the walking-rocking 584 

pareiasaur model due to its hollowness was about 90 kg including ≈2 kg of lead shot 585 

additionally loaded in each heel to enhance the limb ability to swing forward while walking 586 

on horizontal ground. The transverse distance between the midpoints of the left and right feet 587 

was close to 45 cm, like between the pedal digit III tips on the trackways studied. Each foot 588 

surface was gently skewed in a transverse direction, making the distance from the hinge axis 589 

a few centimeters greater medially than laterally in order to smooth out body rocking from 590 

side to side. The limb length measured from the hinge axis to the foot sole surface was 55-60 591 

cm. The anterior and posterior stoppers, protected with teflon, limited the amplitude of the 592 

pendular oscillations of the limb to ≈450 which, combined with the limb length, gives the 593 

maximum possible step length of about 45 cm, just a little more than observed on the 594 

trackway S. However, in the natural passive-dynamic pacing of the model, its limbs did not 595 

swing from stopper to stopper, but employed the approximately twice narrower swinging 596 

angle. Therefore, the step length observed in the model was about 20 cm (a little more than 597 

the pes length), and its stride composed of two steps was about 40 cm, while on the trackway 598 

S it is roughly 80 cm and on the trackway L 105 cm. At the beginning of usage, the hinge 599 

friction hindered proper coupling of oscillations of different legs, and hence, the steps were 600 



 25 

sometimes even shorter than 20 cm (see Supplementary material 4, which was recorded at the 601 

very creation of the model), but soon the sliding surfaces became reseated to each other and 602 

the regular pace was achieved. 603 

The model was used in the lesson on paleontology for children at the Biological 604 

Laboratory of the Polytechnic Museum, Moscow, Russia. The lesson began by digging 605 

pareiasaurian bones from the sand basin. The bones were copied from one of the small 606 

specimens of Scutosaurus exposed in the Orlov Paleontological Museum of the Borissiak 607 

Paleontological Institute. Then, the children mounted the bones into an articulated skeleton 608 

on the special frame and studied its proportions, in particular, the pes and glenoacetabular 609 

lengths. After that, the cast of the trackway S (Supplementary material 1) was presented to 610 

the children, and the problem of the gait-and-trackway interconnection via pes-to-611 

glenoacetabular ratio was introduced with the help of sticks of appropriate proportions 612 

superimposed on the trackway cast (similar to the red, blue, and magenta lines on Fig. 3). 613 

Having realized that the pace is the only possible gait to solve the problem, the children 614 

approached the idea of rocking walk themselves. Finally, the model appeared on the scene, 615 

and children got an opportunity to walk with it. 616 

The model walked on the horizontal floor driven by children instead of walking on an 617 

inclined plane (Fig. 7; Supplementary material 4). Three 10-12-years old children could do it 618 

easily: one pulling the model forward by a rope, and the other two helping it rock from the 619 

left and right sides. After some training, rocking could be assisted by one sole person. The 620 

model was used regularly from the beginning of 2014 up to the end of 2016 and probably 621 

traveled a total of ten or even a few tens kilometers, but only once required bolt tightening 622 

and other minor tunings. Finally, the attachment of the hinge axis for the left hindlimb broke 623 

at its base because of the initial welding defect. If the welding here was as robust as in the 624 

other limbs, the model could probably safely walk until now, because no other malformations 625 
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were discovered at its breakage. However, the reason for the crash is not only the welding 626 

defect, but the inherent collisional nature of this walking technique. Rocking from side to 627 

side, especially with the sprawling limb posture, is inevitably associated with hard limbs' 628 

striking against the ground when the body falls from the left limbs onto the right ones or vice 629 

versa. The major fault of the lessons with the walking pareiasaur model was the feet 630 

clattering (Supplementary material 4). Obviously, the hindlimb is subject to harder collisions, 631 

because the limbs stomp against the ground at the moment, when they are swung anteriorly, 632 

the forelimb under the head and the hindlimb under the common center of mass of the body. 633 

 634 

DEVELOPING AND TESTING PREDICTIONS 635 

Could real pareiasaurs travel by means of the rocking pace, like the Sukhonopus 636 

producer model, but unaided by children and making at least twice longer steps and strides 637 

actually found on the trackways? There is some important evidence that they could. First of 638 

all, it is the inward-turned manus which is the distinctive feature of all Sukhonopus specimens 639 

as well as of the articulated Deltavjatia skeletons (Figs. 6, 8). The inward-pointing claws of 640 

the forelimbs can be regarded as an important adaptation for rocking locomotion because this 641 

feature enhances the ability to push the body against the ground to the contralateral side 642 

(Kuznetsov, 2011). In fact, the inward-turned manus plays the same role in pumping the 643 

rocking motion as the people pushing the Sukhonopus producer model from side to side. It 644 

can be hypothesized that the rocking pace was employed by other extinct trackmakers, whose 645 

trackways show symmetrical gait and the inward-turned manus, e.g., in Limnopus (Baird, 646 

1952; Martino, 1991). 647 

The forward direction of the pedal imprints manifests that the main activity of the 648 

hindlimbs was propulsion, the same as the role of the children pulling the Sukhonopus 649 

producer model forward by the rope. However, there are the aforementioned inward turn of 650 
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the pedal imprints on the trackway L, and deepening of the pedal imprints to the medial side 651 

on the trackway S. These features indicate that the hindlimbs could aid the forelimbs in 652 

pumping the rocking motions. Although the inward turn of the pedal imprints on the 653 

trackway L is not as sharp as in the manual imprints (Fig. 3; Supplementary material 2), it is 654 

still striking because of the fact that the inward-turned hindlimb is extremely rare among 655 

quadrupedal tetrapods. Among extant species, the rare exception is represented by the tracks 656 

of wombats (Triggs, 2003). The pedal imprints of the trackway S have the digit III pointing 657 

forward without any inward turn, but are deepening, on the average, from 2.4 cm at the lateral 658 

side to 5 cm at the medial one with the difference of 2.6 cm (Supplementary material 1). The 659 

manual imprints are also deepening latero-medially but smaller, on the average, from 3.4 to 660 

4.4 cm with the difference of 1 cm only. In the hardware model, both the fore- and the 661 

hindlimbs were made with the equal latero-medial skew of the sole of about 5 cm. On the 662 

hard floor, such feet do not produce inclined imprints but serve to soften transition from the 663 

limbs of one side to those of the other when rocking. 664 

In the walking model of the Sukhonopus producer, all the muscular activity is shifted 665 

onto the children who pull it forward for propulsion and push from the sides for rocking. 666 

Therefore, only passive functions are left for the limbs of the model, which support it against 667 

the force of gravity and swing freely forward for the next step. However, even in this passive 668 

performance, the fore- and the hindlimbs are somewhat different. It can be supposed that the 669 

collision at touch-down moment is somewhat greater in the hindlimb, because the limbs hit 670 

the ground in a protracted position. When protracted, the hindlimb is closer to the center of 671 

mass of the body and takes upon more of its weight than the forelimb being landed 672 

somewhere under the chin. The harder collision at touch-down moment may be one of the 673 

reasons why the hindlimb hinge was the first to break in the model. Further, by the end of the 674 

contact phase, when the two ipsilateral limbs are going to leave the ground, they have 675 
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reached a retracted position and, in this moment, the forelimb is closer to the center of mass 676 

of the body. Therefore, it can be supposed that the forelimb plays a greater role in the final 677 

push towards the contralateral side. This push is an active effort playing the same role in 678 

pumping the energy in the rocking motion as the children drivers at the sides of the model. 679 

The main actuators for this push were probably the abductor muscles of the shoulder and hip 680 

joints, such as the musculus dorsalis scapulae in the forelimb (Fig. 9) and the musculus 681 

iliofemoralis in the hindlimb. They employ the secondary degree of freedom in this joint, 682 

which is the rotation of the humerus and the femur about the horizontal axis passing in 683 

cranio-caudal direction. Having been activated by the end of the limb contact phase, the 684 

abductor muscles push the body to the other side and then, after the limbs lose contact with 685 

the ground, the continuing contraction of the abductor muscles causes further elevation of the 686 

limbs and thus increases the clearance of the feet in the swing phase. 687 

In the hardware model, this degree of freedom was absent. As to the muscular 688 

replacement for the children pulling the model forward by the rope, most efficient in this 689 

respect are the hindlimb retractors, and the best time to activate them is the end of the contact 690 

phase when the hindlimb is most retracted and, hence, its contact with the ground is shifted 691 

most posteriorly relative to the animal trunk. In this position, the line of action of the ground 692 

reaction force, which connects the pes and the common center of mass of the body, is most 693 

inclined forward, and thus the hindlimb retractor muscles develop the greatest propulsive 694 

thrust. Summing up the above consideration, by the end of the contact phase of the left or the 695 

right limb couples, the Sukhonopus producer had to "switch on" the propulsive action of the 696 

hindlimb retractors and the transverse pushing action of the forelimb abductors, in order to 697 

compensate for energy dissipation during the stride mainly associated with collision of the 698 

limbs with the ground at touch-down as well as with minor forces of friction and drag. 699 
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However, in the model the difference between the fore- and the hindlimbs is not as 700 

considerable as was supposed in some earlier studies. Rautian (2002) claimed that 701 

Sukhonopus (not yet named at the time of that publication) shows limited ability of the 702 

forelimbs to perform walking movements as compared to the hindlimbs. This claim 703 

contradicts the actual trackway features. Indeed, the left and the right manual and pedal 704 

imprints are located at the same widths. Also, they have nearly the same depths according 705 

both to the literature on Pachypes (Valentini et al., 2008) and to the measurements of the 706 

trackway S of Sukhonopus. The pedal imprints are deeper than the manual ones medially (the 707 

average values for pes and manus are 5 vs. 4.4 cm) but shallower laterally (2.4 vs. 3.4 cm). 708 

Valentini et al. (2008), based on the trackway Pachypes, claimed that pareiasaurian forelimbs 709 

were semiplantigrade and sprawling, and the hindlimbs were digitigrade and erect. They 710 

termed this "the dual-gait" which is misleading because the limb posture is the spatial 711 

property, while the gait is a temporal property by definition (Sukhanov, 1968, 1974). The 712 

supposed posture difference was derived by Valentini et al. (2008) from the presence of 713 

sliding traces in the pedal imprints and their absence in the manual ones of Pachypes. From 714 

this fact, Valentini et al. concluded that the trackmaker's hindlimbs produced the forward 715 

thrust (propulsion), and the forelimbs did not but "had primarily the role of sustaining the 716 

heavy anterior trunk". The foregoing analysis agrees with this conclusion, but with an 717 

addition that the forelimbs had also the active role of pushing the body from side to side, and 718 

the hindlimbs had also the role of sustaining the heavy posterior trunk. However, the 719 

following conclusion of Valentini et al. (2008) that the non-propulsive role of the forelimbs 720 

vs. propulsive role of the hindlimbs implies their different posture, semiplantigrade sprawling 721 

of the former vs. digitigrade erect of the latter, cannot be accepted. First, transition to 722 

digitigrade and erect posture is not a necessary prerequisite to perform propulsion. Second, 723 

there are no direct traces of the supposed posture differences in Sukhonopus and Pachypes 724 
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(which could be the same ichnogenus according to Valentini et al., 2009). Indeed, the pedal 725 

imprints are not located narrower than the manual ones, which should be the case if only the 726 

hindlimbs were erect. Also, the manual imprints are shorter in fact than the pedal ones, while 727 

the opposite should be found if only the hindlimbs became digitigrade. Rather, the shortness 728 

of the manual imprints implies that the forelimbs' posture was semiplantigrade (in accordance 729 

with Valentini et al., 2008) but the hindlimbs were entirely plantigrade. 730 

A possible important evidence for the validity of the pareiasaurian walking technique 731 

proposed here is supplied by the available data on the limb bone histology of pareiasaurs 732 

(Canoville & Chinsamy, 2017; Boitsova et al., 2019). One of the major purposes of the 733 

investigations cited was to solve the old-standing terrestrial-vs.-semiaquatic dilemma of the 734 

pareiasaurian lifestyle. Typically, the long bones of terrestrial tetrapods have a classic tubular 735 

structure with the external tube of compact bone, the central marrow cavity, and rather thin 736 

transitional spongy layer between the two, composed of the variously oriented tiny trabeculae 737 

with small lacunae between them. Contrary to that, some semiaquatic tetrapods have a 738 

thickened external tube of compact bone with respectively constricted central marrow cavity. 739 

For instance, the latter is represented by a thin canal in the ribs of the sea cow Hydrodamalis 740 

(personal observation). This replacement of a low-density marrow by heavy bone compacta is 741 

regarded as a means to decrease the total body buoyancy and allow the body of the tetrapod 742 

to be effortlessly submerged in spite of the presence of the air in the lungs. The classic 743 

tubular bones could be expected for pareiasaurs, based on the recent isotopic analysis that 744 

supports their terrestriality (Canoville et al., 2014). However, the bone histology shows a 745 

much unexpected structure (Canoville & Chinsamy, 2017; Boitsova et al., 2019). Both the 746 

peripheral compacta and the marrow cavity were replaced by spongiosa in the long bones of 747 

the pareiasaurian limbs (and to a less extent in the other bones). On the surface, it is observed 748 

a diminishing compact layer that immediately came into the spongiosa, gradually becoming 749 
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more and more cavitated towards the bone center with trabeculae entering even the very core 750 

where the free space for the marrow is normally found in the long bones of terrestrial 751 

tetrapods. 752 

Although unexpected, this bone histology can be readily understandable from a 753 

biomechanical standpoint. The tube is more preferable than a solid rod of the same material, 754 

with same length and same mass (this implies the same cross-sectional area of the tube walls 755 

and the rod) if its task is withstanding the bending loads. In this situation, one side of the 756 

structure is compressed, the other is extended, while the middle part is neither compressed 757 

nor extended, and hence, does not participate in the load bearing. The farther is the point 758 

from the middle part, the greater it is loaded, and the greater is its role in resisting the 759 

deformation. That is why the hollow tube is better than the rod of the same mass – the 760 

material is redistributed from the less stressed central area to the periphery. Normally, the 761 

bending loading of the long limb bones prevails (Alexander, 1989), and that is why they are 762 

tubular. However, if the bones were loaded by strictly longitudinal forces, there would be no 763 

difference between the tube and the solid rod structures, in the first crude approximation, 764 

because the longitudinal load is evenly distributed over the cross-sectional area irrespective 765 

of its configuration. Indeed, as soon as the passive-dynamic walker cannot switch on actuator 766 

at the limb hinge (muscles of glenoid or acetabulum) immediately when the limb hits the 767 

ground, the limb acts as a strut, not as a lever sensu Gray (1944). In other words, the ground 768 

reaction force at the touch-down moment passes strictly along the general limb axis – from 769 

the contact point of the foot towards the point of suspension to the body at the proximal hinge 770 

(see the blue ground reaction force vector acting on right limb on Fig. 9). That is why the 771 

rocking walker does not necessarily need tubular bones in the limbs. 772 

To answer why the spongy bones are better for the rocking walker's limbs than the 773 

compact bones, either tubular or solid, of the same length and mass, a second approximation 774 
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is required. Under the same longitudinal loading, the spongy bone undergoes greater 775 

longitudinal deformation, because its tiny trabeculae and the walls of its tiny bubbles have 776 

free spaces around to decline compliantly from the line of the longitudinal external force. In 777 

fact, the tiny trabeculae and laminae are locally bent in various directions. The greater 778 

compliance is advantageous to withstand hard collisions, as in the head-hitting goats and 779 

pachycephalosaur dinosaurs (Alexander, 1989). Notice the heavy clattering of the 780 

Sukhonopus producer model produced when the next feet meet the ground (Supplementary 781 

material 4). It is known that the major energetic expenses in passive-dynamic walking are 782 

associated with kinetic energy dissipation at collisions when feet strike the ground (Ruina et 783 

al., 2005). Therefore, it can be concluded that the spongy structure could have been better for 784 

pareiasaurians because it saved their limb bones from compression fractures at high-energy 785 

impacts. Furthermore, the intense internal remodeling of their bones (Canoville & Chinsamy, 786 

2017; Boitsova et al., 2019) may indicate that the microscopic fractures did frequently occur 787 

but were persistently repaired. It is herein hypothesized that the lifetime microscopic 788 

compression fractures will be found in future studies of pareiasaurian bone histology. 789 

Noteworthy, the surface compact layer is greater reduced on the ventral (inner) side of 790 

pareiasaurian long bones of the limbs than on their dorsal (outer) side. To explain this, notice 791 

the limb action at the touch-down collision in the transverse plane (see the right limb with the 792 

blue vector on Fig. 9). In this view, the sprawling limbs are bow-shaped, because the elbow 793 

and the knee are bent outwards, and hence, displaced aside of the general longitudinal axis of 794 

the limb, which connects the foot with the glenoid or acetabulum. With a rocking pace, when 795 

the foot strikes the ground, the collisional ground reaction force (blue vector on Fig. 9) most 796 

probably acts on the sole along the general longitudinal limb axis pointing to the glenoid or 797 

acetabulum but passing medial to the bowing skeleton. So, this force tends to bend the limb 798 

in the ventral direction even further, causing tension on the outer side and compression on the 799 
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inner side of the bones. As was aforementioned, the external layer of compacta is useful in 800 

the presence of bending loads. However, if loading is collisional, there is a risk to break the 801 

bone, and the compliant spongiosa is necessary on one side of the bone in order to dampen 802 

collision and dissipate the kinetic energy of the body falling from one limb onto the other. 803 

Finally, there is a question, on which side of the bowing limb, convex or concave, it is safer 804 

to place the compliant spongiosa, and on which side the non-compliant compacta should be 805 

expected? Physically, the same problem was met by the old-time plumbers who were used to 806 

bend iron waterpipes after making them red-hot at the desired bending point with a 807 

blowtorch. The wall of the waterpipe can be neither considerably extended on the convex 808 

side, nor considerably compressed on the concave side. However, it can be either torn on the 809 

convex side, which makes a leaking hole, or folded on the concave side, which is not 810 

harmful. Therefore, the plumbers red-heated the waterpipe at the concave wall of the future 811 

bend to help it fold easier. Just for the same reason, it is better for bone bending compliance 812 

to place the deformable spongiosa primarily on the concave side of the bowed limb. Clearly, 813 

the elasticity of ligaments on the lateral (outer) side of the elbow and the knee joints (cyan 814 

stripes on Fig. 9) greatly enhanced the overall capacity of the limb as a shock absorber. 815 

In short, it can be concluded that the passive-dynamic rocking-pacing technique of 816 

locomotion, which is hypothesized for pareiasaurs on the basis of trackway and postcranial 817 

analysis, requires rigid strut-like limbs but compliant bones. This seemingly paradoxical 818 

requirement has found, however, a possible line of evidence in the peculiar bone histology of 819 

pareiasaurians that seemed puzzling by itself, too. Therefore, a reciprocal reinforcement of a 820 

number of hypotheses is immediately obtained, namely, that Sukhonopus was produced by a 821 

pareiasaur, that pareiasaurs were terrestrial, that their gait was the rocking pace in spite of the 822 

sprawling limb posture, and that their unusually spongy limb bones served for terrestrial 823 

locomotion as shock absorbers. Some other large continental Permian tetrapods, namely 824 
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caseids (Synapsida: Caseasauria), shared with pareiasaurs the specific spongy bone tissue in 825 

the limb segments (Canoville, Chinsamy, 2017; Boitsova et al., 2019). Probably, this peculiar 826 

and yet unexplained feature is indicative of a similar locomotion technique, that is the 827 

rocking pace, as the inward-turned manual imprints can manifest this locomotion technique 828 

on the trackways. 829 

Among the extant tetrapods, only echidnas use a similar locomotion technique 830 

(Gambaryan & Kuznetsov, 2013). These archaic mammals are also characterized by the 831 

sprawling limb posture, which contrasts with parasagittalism of therians (marsupials and 832 

placentals). Also, they share with pareiasaurians the inward-turned manus which appears to 833 

be crucial for pumping rocking motion and which is rarely found in therians. However, 834 

despite the sprawling limb posture, echidnas produce a narrow trackway, quite different in 835 

this respect from pareiasaurians and more similar to parasagittal mammals, i.e., therians. This 836 

narrowness is associated with a very large value of pace angulation in the published long-837 

beaked echidna (Zaglossus) trackway (Gambaryan & Kuznetsov, 2013). Measured from a 838 

selected pedal pad imprint (it is a small and thus reliable reference point) to the preceding and 839 

the following imprints of the contralateral pedal pad, the echidna's angulation can be found to 840 

be just a little less than 1400 against approximately 900 in Sukhonopus. Notably, the 841 

angulation value of 130-1500 exactly corresponding to echidna, was reported for the late 842 

Permian trackway from South Africa ascribed to dinocephalians (Smith, 1993). The author 843 

based his trackmaker reconstruction on the method of Baird (1952), and thus was forced to 844 

draw it on the trackway in the trotting position. He even came to the conclusion that the 845 

narrowness of the trackway resulted from extreme lateral bending of the body. This 846 

conclusion was later supported by Hopson (2015). It is based on the seemingly reasonable 847 

assumption that the central angle of body curvature in lateral bending is directly proportional 848 

to the footprint angulation on the trackway. However, all this inference is true only in the 849 
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framework of trotting hypothesis. Echidna's gait is very far from trot (Fig. 3), and their 850 

trackway narrowness together with the great pace angulation is based on quite different 851 

kinematic features than the lateral bending of the body which they do not use at all 852 

(Gambaryan & Kuznetsov, 2013). Based on 1400 angulation, as well as on the inward turn of 853 

the manual imprints on the trackway described by Smith (1993), it can be reasonably 854 

hypothesized that the locomotion of the trackmaker was close to that of echidnas. In one 855 

respect, it looks more similar to Sukhonopus. In both trackways, there is no overstepping 856 

found in the long-beaked echidna. Overstepping means that the pes is landed not behind but 857 

in front of the imprint of the manus produced just before. This is due to the greater swinging 858 

range of the limbs. 859 

The gait of echidnas is not the exact pace (Fig. 3). Their ipsilateral fore- and hindlimb 860 

motions are somewhat decoupled, which results in a four-beat walk close to pace but not the 861 

pace itself. "Four-beat" means that the two ipsilateral limbs touch the ground a little out of 862 

phase and so the beats of all the four limbs can be heard. Theoretical consideration of two-863 

dimensional passive-dynamic quadrupedal walking (Smith & Berkemeier, 1997) indicates 864 

that the four-beat gaits are not as resistant to disturbances, as are the two-beat gaits (in the 2D 865 

modeling there is no difference between the pace and the trot). This means that even a small 866 

disturbance can destroy the regular limb cycling, and hence, the same gait cannot be 867 

sustained from stride to stride. According to the 2D modeling, the stable four-beat passive-868 

dynamic walking can be theoretically achieved through placing inside the trunk of additional 869 

mass, which can wobble in antero-posterior direction relative to the rest of the trunk (Remy et 870 

al., 2010a). In the 3D reality, echidnas employ for this purpose the axial rotation in the 871 

vertebral column, which allows rolling the fore and hind halves of the body relative to each 872 

other (Gambaryan & Kuznetsov, 2013). This was successfully modeled in 2004 for 873 

demonstration of echidna's mechanism in the lectures of the author. The bull-calf toy was cut 874 
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by halves, cranial and caudal, which then were connected again by means of a hinge on the 875 

back with the longitudinal axis of rotation (the white line on Fig. 10). This modified toy 876 

began performing a stable echidna-like four-beat walk (Supplementary material 5), which is 877 

40 percent faster than the initial exact pace (Supplementary material 6). The collisions 878 

became softer, in accordance with the theoretical considerations. The speed increment is due 879 

to the appearance of body yawing which increases the stride length (cf. Supplementary 880 

material 5 and 6), while the frequency of limb motions remains the same based on the passive 881 

pendular dynamics. It is quite plausible that pareiasaurians could enhance their passive-882 

dynamic walking in the same way, that is by employing the axial rotation of the spine. This 883 

possibility is shown by a rather unusual horizontal orientation of the articular facets of 884 

zygapophyses of their presacral vertebrae (Fig. 11). In the majority of extant and extinct 885 

tetrapod groups, the facets of all vertebrae are oriented radially (i.e., along the radii to the 886 

vertebral centrum as seen from anterior or posterior side). Exceptional are the pre-887 

diaphragmatic thoracic vertebrae of mammals, which orientation is tangential (also called 888 

horizontal). In mammals, this tangential facet orientation is known to enhance the axial 889 

rotation in the intervertebral joints (Rockwell et al., 1938; Gregersen & Lucas, 1967; Jones et 890 

al., 2020), and it could probably have the same effect in pareiasaurians. This is just what is 891 

needed for decoupling of the ipsilateral fore and hind limbs in a passive-dynamic walk. The 892 

barrel-shaped rib cage of echidnas looks quite similar to those of many Paleozoic reptiles, 893 

e.g., pareiasaurs themselves and also Diadectomorpha, Caseasauria, Dicynodontia. The same 894 

feature is also known in ancient amphibians, such as Eryops and even Ichthyostega, although 895 

their rib cage is not yet closed on the sternum. The barrel-shaped rib cage is obviously 896 

irrelevant for extensive lateral bending of the spine employed in trot-like locomotion of the 897 

lizard type. However, echidnas show that it is quite relevant for axial rotation of the spine 898 

employed in the pace-like walk. The Deltavjatia specimen KPM 289 shows the spine bent to 899 
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the left in the death agony (Fig. 6). However, if its gait was actually as close to pace as the 900 

preceding analyses have shown, the ability for lateral bending could hardly have any use in 901 

forward progression. 902 

Even if pareiasaurs used the axial rotation of the spine to decouple the ipsilateral fore- 903 

and hindlimb motions like echidnas do, there are two reasons to assume that the walking 904 

collisions in echidnas are much smaller. It is not only due to much smaller body mass, but 905 

also due to the narrow trackway. Therefore, the spongy limb bones are unnecessary to 906 

echidnas. However, the short-beaked echidna Tachyglossus was reported to possess a very 907 

peculiar and yet unexplained feature which can serve as a shock absorber. It is the hollow 908 

femoral head, bearing inside the cartilaginous sphere, a rather voluminous cavity filled with 909 

collagen (Thorp & Dixon, 1991). The collagen is more compliant than the cartilage and 910 

allows the femoral head deform more at the foot strike with the ground. On the other hand, 911 

the hollow cartilaginous femoral head may be a juvenile feature. Personal observations on 912 

macroscopic dissections of the femora of two adult individuals of long-beaked echidna 913 

(Zaglossus) did not confirm the existence of such a peculiarity in this genus. The femoral 914 

head is entirely composed of spongy bone with a thin cartilaginous coating. Only in one of 915 

the two individuals, there was a small cavity inside the spongy mass. 916 

In general, the rocking walking technique of echidnas looks like the last remnant of 917 

some ancient type of terrestrial locomotion, which was possibly more widespread or even 918 

common in the Permian, when pareiasaurs, and many other barrel-bodied large tetrapods 919 

lived. If so, one may ask, why the rocking pace was "popular" then but not now. Initially, it 920 

was hypothesized that the side-to-side rocking motion was useful when walking over swamps 921 

which are hard enough not to sink but sticky, and rocking could help to unstick the limbs 922 

(Kuznetsov, 2011). However, the reason may be more profoundly rooted in the primitiveness 923 

of the locomotor system of the ancient tetrapods. Two major aspects of this primitiveness 924 
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may be thought of. First, the nervous control of the limb muscles possibly was poorly 925 

developed, and in this respect, the passive-dynamic locomotion, which relies on the natural-926 

mechanic (automatic) motions of the limbs, is an undoubted advantage. Second, probably 927 

there was not much muscular mass developed in the limbs yet, and the efficiency of usage of 928 

this mass was more crucial than in the more advanced tetrapods of the later times. Indeed, in 929 

the ideal passive-dynamic walker the rigid limbs swing freely and do not need actuators at all, 930 

and in the real passive-dynamic walker the power of actuators is only necessary to 931 

compensate for energy losses associated mainly with collisions and also with minor forces of 932 

friction and drag. In the idealized unbending limbs, there are no unwanted losses due to 933 

negative actuator work, which is inevitable if the limb joints bend and extend and which 934 

minimization requires advanced coordination (Kuznetsov, 2018). As to the losses associated 935 

with collisions, they could be rather small in pareiasaurs, as is shown by the fact that a few 936 

children easily compensate these losses when pulling and rocking the 90 kg model from side 937 

to side to make it walk. However, as was shown by theoretical 3D analysis (Remy et al., 938 

2010b), these collisional energy expenses cannot be considered negligible with the 939 

Sukhonopus-like wide limb posture. 940 

At the moment, there are two successful, although basically different, reverse-941 

engineering hardware models of walking Paleozoic (Permian) tetrapods – the Sukhonopus 942 

producer toy (this study) and the Orobates robot (Nyakatura et al., 2019). Interestingly, the 943 

two implementations illustrate two quite opposite sprawling types that were found to exist 944 

among tetrapods (Kuznetsov, 1999; Gambaryan & Kuznetsov, 2013). The Orobates robot 945 

illustrates the classic sprawling type of a lizard with widely spread limbs and low body 946 

position, although the belly and tail do not touch the ground. The designers endowed it with 947 

an idealized gait known as the slow or walking trot based on the following reasoning in the 948 

Supplementary information: "Hands and feet were forced to contact the ground with limb 949 
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phase of 0.5, duty factor of 0.75 and a stride frequency of 0.75 Hz – that is, an idealized 950 

walking trot (as was occasionally exhibited by all of the extant species that we studied)." This 951 

referred to two lizard species, a salamander, and a caiman. In the Sukhonopus toy, these 952 

parameters are all different: the limbs, although sprawling, are kept closer to the midline 953 

supporting the body high above the ground, and the gait is the idealized slow pace with limb 954 

phase of 0 and duty factor just a little above 50% (the same as 0.5), which means that all the 955 

four feet are on the ground together very briefly. The joint kinematics is also very different in 956 

accordance with the aforementioned definition of the two sprawling types (Kuznetsov, 1999; 957 

Gambaryan & Kuznetsov, 2013). In the limb contact phase, the Orobates robot mainly 958 

employs retraction of the limb in the horizontal plane produced by rotation of the humerus or 959 

the femur about the vertical axis in the glenoid or acetabulum, respectively. Contrary to that, 960 

the Sukhonopus toy employs retraction of the limb in the vertical parasagittal plane produced 961 

by rotation of the humerus or the femur about the horizontal transverse axis in the glenoid or 962 

acetabulum, respectively. 963 

The dominance of stylopodia (humerus and femur) rotation about either vertical or 964 

transverse axis implies, and is based on different geometry of the limb articulation with the 965 

girdle. For instance, the humeral rotation about the transverse axis, like in the Sukhonopus 966 

toy, was at first predicted for monotremes based on the peculiar glenoid and humeral head 967 

geometry in Ornithorhynchus (Howell, 1937a, 1937b), and much later confirmed for all 968 

extant genera of monotremes based on cineradiography (Jenkins, 1970; Pridmore, 1985). The 969 

monotremes, in contrast to all the other extant mammals, retain the sprawling limb posture, 970 

and for the sprawling humerus or femur, the transverse axis of rotation almost coincides with 971 

the proper long axis of the bone. Surprisingly, the geometry-restricted nature of glenoid 972 

mobility in Ornithorhynchus is entirely ignored in recent computer modeling (Pierce et al., 973 

2012). Without any apparent reason, these authors approximate the joint by a simple sphere. 974 
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They write in the Supplementary information: "With respect to the shoulder and hip, spheres 975 

were placed in the glenoid and acetabulum to estimate each joint’s centre of rotation, 976 

assuming a ball-and-socket (three degrees of freedom) joint." This approximation contradicts 977 

the glenoid geometry of Ornithorhynchus, and furthermore, it contradicts the glenoid and 978 

acetabular geometry of the main subject of Pierce et al. (2012), which is the Ichthyostega. 979 

Not only its glenoid is screw-shaped, which is typical of the lower tetrapods, but its 980 

acetabulum is similarly shaped too, which is unique. The screw-shaped glenoid geometry was 981 

much debated by earlier workers as indicative of available humeral mobility (e.g., Romer, 982 

1922). In recent publications, the kinematical limitations imposed by the screw-shaped 983 

glenoid on the humeral mobility are taken into account but rarely (Hopson, 2015). The 984 

ancestral "screw shape" is retained in pareiasaurians, although in a much shorter form 985 

(Romer, 1922). Apparently, its approximation with a sphere would be an oversimplification. 986 

It can be best approximated with the hinge joint, whose axis of rotation passes at right angles 987 

(transverse) to the sagittal plane, like it was implemented in the Sukhonopus producer pacing 988 

model. This direction of the axis of rotation, being more or less aligned with the shaft of the 989 

sprawling humerus, is actually observed in monotremes (Jenkins, 1970; Pridmore, 1985), and 990 

it was also supposed for Dimetrodon (Hopson, 2015). 991 

The last point to be highlighted is the hard clattering of the Sukhonopus producer model 992 

walking on a floor. Definitely, the living pareiasaurians had some paw pads and walked on a 993 

softer ground than the floor is. In any case though, when pacing in such a rocking manner 994 

associated with collisions, the large and heavy tetrapods should produce loud stomping 995 

sounds. If this technique of locomotion was widespread among large barrel-bodied tetrapods 996 

who walked on land in the Paleozoic, e.g., herbivorous Diadectomorpha, Caseasauria, 997 

Dicynodontia, the relations between predators and prey could probably be mainly mediated 998 

by seismic hearing, without the need of sensing the airborne sound. Seismic hearing is a well-999 
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reasoned feature of Paleozoic tetrapods characterized by massive stapes, which is 1000 

inappropriate to transmit airborne sound (Tumarkin, 1955, 1968). Possibly, one of the major 1001 

inventions of tetrapods at the Paleozoic-to-Mesozoic transition was the softer non-rocking 1002 

terrestrial locomotion. If so, the explosive evolution of hearing the airborne sounds in a wide 1003 

variety of tetrapod taxa at this transition (Tumarkin, 1955, 1968; Senter, 2008) may be 1004 

inferred as the response to this change of the basic type of quadrupedal locomotion. 1005 

 1006 

CONCLUSIONS 1007 

Pareiasaurians were probably specialized in terrestrial locomotion of a very peculiar 1008 

type unusual among the extant tetrapods. It is hypothesized that the passive-dynamic rocking 1009 

pace of pareiasaurs, and possibly of some other Paleozoic tetrapods, proved feasible by the 1010 

natural-sized kinetic model of the Sukhonopus producer, was associated with deficiency of 1011 

nervous and muscular supply of the limbs and, indirectly, with deficiency of sensing the 1012 

airborne sound. The ichnological indicator of this locomotion technique is the inward turn of 1013 

the forelimb footprints, and the histological indicator is the extensive development in the long 1014 

limb elements of spongy bone tissue in place of the marrow cavity and superficial compact 1015 

layer, which becomes especially reduced on the inner side. The other probable indicators of 1016 

the rocking pace-like walk are trackway narrowness associated with increased footprint 1017 

angulation (up to 1400 in the trackway described by Smith, 1993), the horizontal (tangential) 1018 

orientation of presacral zygapophyseal articular facets manifesting the enlarged range of axial 1019 

twisting of the spine, and the barrel-shaped skeleton of the rib cage which manifests restricted 1020 

lateral bending of the spine. The screw-shaped glenoid known since the earliest tetrapods is 1021 

indicative of the dominance of the humeral axial rotation in the shoulder joint (Hopson, 1022 

2015). This kind of mobility is the prerequisite for the development of the narrow variant of 1023 
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the sprawling posture, on which the rocking pace is based (Kuznetsov, 1999; Gambaryan & 1024 

Kuznetsov, 2013). 1025 
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Palaeontological Museum in 2011. The photo on Fig. 5.1 was shot by A. L. Toropov in 2020 1035 

on my special request. E. I. Boyarinova kindly shared many photos of Deltavjatia. 1036 

I designed the hardware model of a walking pareiasaur and the scenario for the lesson 1037 

with this model under the inspiration of I. A. Kolmanovsky, former Head of the Biological 1038 

Laboratory of the Polytechnic Museum, which funded implementation of the whole project. 1039 

The skin envelope for the model was created by the professional sculptor E. S. Kuznetsova. 1040 
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TABLES 1205 

Table 1. Estimates of glenoacetabular lengths in centimeters and pes lengths for two 1206 

trackways included in the ichnogenus Sukhonopus based on different trot and pace 1207 

presumptions (cf. Fig. 3 and Supplementary material 2 row 5). The left column represents the 1208 

reference points for every analysis 1209 

   long pacer long trotter middle pacer short trotter short pacer 

trackway S n (sample size) 0 1 2 3 4 

cm mean N/A 150.0 106.8 65.5 22.8 manus dig.III 
pes digit III pes lengths mean N/A 9.68 6.89 4.23 1.47 

trackway L n (sample size) 26 27 28 29 30 

mean 245.6 192.9 140.2 87.6 35.0 
cm 

SD 7.8 5.2 3.5 4.3 5.4 

mean 12.29 9.65 7.01 4.38 1.75 

Analysis A: 
pes digit III 

manus dig.III pes lengths 
SD 0.39 0.26 0.18 0.21 0.27 

mean 242.6 189.8 137.1 84.6 32.1 
cm 

SD 8.1 5.5 3.9 4.6 5.7 

mean 12.13 9.50 6.86 4.23 1.61 

Analysis B: 
pes digit IV 

manus dig.III pes lengths 
SD 0.41 0.28 0.19 0.23 0.29 

mean 246.1 193.1 140.3 87.6 35.0 
cm 

SD 8.2 5.7 4.0 4.4 5.6 
Analysis C: 

rough 
centers pes lengths mean 12.31 9.66 7.02 4.38 1.75 

 1210 

Table 2. Measurements and proportions of the glenoacetabular (gl-ac) and pes lengths 1211 

in four skeletons of Deltavjatia rossica from the Vyatka Palaeontological Museum 1212 

specimen 
gl-ac 

length 
(cm) 

pes 
length 
(cm) 

gl-ac  
to pes 
ratio 

KPM 232 81.0 right 10 8.10 

KPM 234 71.5 right 10 7.15 

KPM 289 70.5 left 12 5.88 

KPM 290 79.5 right 13 6.12 
 1213 
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FIGURES 1214 

FIGURE 1. Shapes of selected footprints from the trackway Sukhonopus, specimens S 1215 

(column A) and L (columns B–E) shown to the same scale. The travel direction is from the 1216 

left to the right. Row 1 – left forelimb, row 2 – right forelimb, row 3 – left hindlimb, row 4 – 1217 

right hindlimb. Column A – the 1st left manus imprint, the 3rd right manus imprint, the 2nd 1218 

left pes imprint, and the 3rd right pes imprint of the trackway S 3D scan (Supplementary 1219 

material 1). Column B – the 9th left manus imprint, the 11th right manus imprint, the 16th 1220 

left pes imprint, and the 12th right pes imprint of the trackway L photo panorama 1221 

(Supplementary material 2). Column C – the same as the column B with the footprint 1222 

outlines. Column D – on the images 1 and 3 the paired outlines from the column C are 1223 

combined to obtain the averaged outlines (black) which are represented alone on the images 2 1224 

and 4 of the column. Column E – the same as the column C with the averaged outlines 1225 

instead of the specific ones. 1226 

 1227 

FIGURE 2. Photo panorama of the last 2.5 strides of the trackway L (the same number 1228 

of strides as on the complete trackway S represented in Supplementary material 1). The travel 1229 

direction is from the left to the right. For scale and geometric purposes, the rope grid is put on 1230 

the trackway having 25x25 cm cells and a wooden frame, which corners are loaded with 1231 

stones, because rather fast and about 20 cm deep water flow passes over (from the top to the 1232 

bottom of the figure). The white areas are foam patches on the river surface. The panorama is 1233 

composed of 6 successive photos which were corrected regarding distortion. After the 1234 

corrections, they were joined together automatically by means of Adobe Photoshop panorama 1235 

function. The accuracy of the method is about 10 mm as can be seen by rope mismatches at 1236 

the photos' junctions. The best left pes imprint selected for Fig. 1 is highlighted by blue 1237 

rectangle. 1238 

 1239 
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FIGURE 3. Footprint map of the last part of trackway L shown on Fig. 2. The travel 1240 

direction is from the left to the right. The manus imprints are pink and the pes imprints are 1241 

pale blue. The length of the best pes imprint is shown by the horizontal blue bar of 20 cm 1242 

length. The red segment is drawn between the digit III tips of the last pair of the manual 1243 

imprints. The middle of this segment shown as the green dot serves as the starting point to 1244 

measure the glenoacetabular length; the last is measured from this point backwards as is 1245 

indicated by the magenta arrow. The glenoacetabular length is measured in pes lengths 1246 

indicated by the repeated blue bars over the magenta arrow. The blue zigzag line is drawn 1247 

through the digit III tips of successive pedal imprints (this corresponds to analysis A in Table 1248 

1). Every segment of the zigzag line represents position of the two hind feet when both of 1249 

them are placed in respective footprints. The yellow dot placed in the middle of each blue 1250 

segment represents the respective position of mid-sagittal point between the left and right 1251 

acetabula. Above the trackway map, the Hildebrand-Sukhanov chart of symmetrical gaits is 1252 

spread repeatedly. The vertical lines of trot and pace on the chart are aligned with appropriate 1253 

yellow dots of the blue zigzag on the footprint map. The dark grey area on the chart 1254 

represents the gaits of extant reptiles according to Sukhanov (1968, 1974), the wider pale 1255 

grey area (with the reptilian area included) represents the mammalian symmetrical gaits 1256 

according to Hildebrand (1968, 1989), and the dotted stripe represents the gait of the long-1257 

beaked echidna according to Gambaryan & Kuznetsov (2013). The lower series of yellow 1258 

arrowheads is a plot of acetabula positions in four skeletons of Deltavjatia rossica (Table 2) 1259 

relative to glenoid (green dot) on the glenoacetabular axis (magenta arrow); the upper 1260 

reversed arrowheads point on respective limb-phase values on the gait chart. 1261 

 1262 

FIGURE 4. Statistical representation of different pacers' and trotters' glenoacetabular 1263 

length stability throughout trackway L based on data from Table 1, aligned with the limb-1264 
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phase axis of the Hildebrand-Sukhanov chart of symmetrical gaits. Red arrow indicates 1265 

relation of the binomial approximation minimum of the plot to the chart. See the chart 1266 

explanation on Fig. 3 and plot explanation in the text. 1267 

 1268 

FIGURE 5. Pes length in Deltavjatia rossica measured as is shown by blue arrows, 1269 

between the distal border of the astragalus and the digit III tip. Dorsal view. 1, left hindlimb 1270 

of the best preserved specimen KPM 289 (photo by V. V. Bulanov). 2, right hindlimb of the 1271 

specimen KPM 232 cast (photo by A. L. Toropov). In KPM 232 the digital phalanges look 1272 

unnaturally reduced in length as compared to those of KPM 289. 1273 

 1274 

FIGURE 6. Deltavjatia rossica specimen KPM 289 represents a complete naturally 1275 

articulated 3D-preserved skeleton showing the inward turn (red arrow) of the manus. Photo 1276 

by E. I. Boyarinova. 1277 

 1278 

FIGURE 7. The natural-sized model of the Sukhonopus producer is pacing being driven 1279 

forward by children and pushed from side to side by I. A. Kolmanovsky. The ease of their 1280 

labor is obviously visible; three children pull the rope together for fun, actually one could 1281 

manage. At the moment, the model is rocked to the left side, the left limbs are supporting the 1282 

body, and the right ones are swinging forward. The glenoid hinge axis of rotation is indicated 1283 

by the green dot, the acetabulum hinge axis of rotation – by the yellow dot; actually both axes 1284 

are transverse to the sagittal plane of the model. The glenoacetabular length is indicated for 1285 

scale. 1286 

 1287 

FIGURE 8. Deltavjatia rossica specimen KPM 286 representing the inward-turned left 1288 

manus shaped similarly to the outlines of the manual imprints of Sukhonopus (copied from 1289 
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Fig. 1). Dorsal view; the skull is temporarily taken away from the mandible. Photo by E. A. 1290 

Boitsova. 1291 

 1292 

FIGURE 9. The presumed force distribution in a rocking pacer when it rocks (big pale 1293 

arrow) from the left limbs to the right ones; anterior view. The right limbs hit the ground with 1294 

a burst of ground reaction force (blue vector) acting along the limb towards its proximal 1295 

hinge (yellow flash); the impact is apparently harder in the hindlimb. The left limbs, before 1296 

leaving the ground, produce active push on the body towards the right side; the ground 1297 

reaction force (red vector) is declined from the long axis of these limbs towards the common 1298 

center of mass (CoM) of the body due to contraction of the abductor muscles (e.g., m. 1299 

dorsalis scapulae) at the proximal hinge (yellow dot); the push of the forelimb is apparently 1300 

more powerful. In the elbow and knee joints, the outer ligaments (cyan stripes) are subjected 1301 

to tension. The force diagram is drawn on the photo of the sculptor E. S. Kuznetsova working 1302 

on the clay prototype of the walking model of the Sukhonopus producer. 1303 

 1304 

FIGURE 10. Russian kinetic toy called a "walking-rocking bull-calf" modified for four-1305 

beat walking by cutting its trunk into halves and introducing an additional degree of freedom 1306 

between the halves corresponding to axial rotation of the spine found in echidnas. The spine 1307 

hinge axis of rotation is indicated by the white line, the glenoid hinge axis of rotation – by the 1308 

green line, the acetabular hinge axis of rotation – by the yellow line. The glenoacetabular 1309 

length is indicated for scale. Photo by S. V. Fomin. 1310 

 1311 

FIGURE 11. Presacral vertebrae of Deltavjatia rossica specimen KPM 289 in posterior 1312 

view. The tangential (horizontal) orientation of the articular facets of zygapophyses shown by 1313 

arrows facilitates the axial rotation in the spine. 1314 
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SUPPLEMENTARY MATERIALS 1315 

 1316 

SUPPLEMENTARY MATERIAL 1. Surface of Sukhonopus, trackway S (stored in the 1317 

Borissiak Paleontological Institute as PIN 4850/4 and exhibited in the Orlov Paleontological 1318 

Museum) scanned with Artec Eva 3D scanner and processed in Artec Studio Professional 1319 

Software. 1320 

 1321 

SUPPLEMENTARY MATERIAL 2. Photo panorama of the complete trackway L 1322 

(Sukhonopus from the Strel´na River); it is half-size of the original which was actually used 1323 

in statistical analyses A and B (see the main text). The travel direction is from the left to the 1324 

right. 1 – panorama with a series of frames with a rope grid of 25x25 cm (the last frame at the 1325 

right corresponds to Fig. 2 in the main text). 2 – clean panorama without the grid frames 1326 

(coloration difference from 1 is due to different lighting conditions which are crucial when 1327 

taking photos through a water layer). 3 – the same as 2 with footprint outlines; the best 1328 

footprints used on Fig. 1 in the main text are highlighted by coloured outlines, red for the 1329 

manual imprints and blue for the pedal ones. 4 – footprint map with additional geometric 1330 

construction for analysis A (see the main text); the red zigzag is drawn through digit III tips 1331 

of successive manual footprints, and the green dot placed in the middle of each red segment 1332 

represents the respective position of mid-sagittal point between the left and right glenoids; the 1333 

blue zigzag with the yellow dots represents the same for the hindlimb with the footprint 1334 

reference points at the digit III tips. 5 – the same as 3 with the schemes of five possible 1335 

trackmakers considered in the main text (Table 1 therein), from the left to the right: long 1336 

pacer, long trotter, middle pacer (most probable), short trotter (corresponding to Baird, 1952), 1337 

short pacer. 1338 

 1339 



 56 

SUPPLEMENTARY MATERIAL 3. Video recording of the traditional Russian kinetic 1340 

toy called a "walking-rocking bull-calf" going down a shallow-inclined plank. The body mass 1341 

of the toy is 51 g. 1342 

 1343 

SUPPLEMENTARY MATERIAL 4. One of the first video recordings of the natural-1344 

sized pacing model of the Sukhonopus producer. Note the limb stomping sounds. 1345 

 1346 

SUPPLEMENTARY MATERIAL 5. Video recording of the modified version of the 1347 

walking-rocking bull-calf toy enabled for four-beat walking by cutting the trunk into halves 1348 

and rejoining them via a spinal hinge with the longitudinal axis of rotation. It goes over a 1349 

horizontal table, being pulled by the weight on a thread kinking over the table edge. The body 1350 

mass of the toy is 57 g; the weight on the thread pulling the toy to the table edge is 5 g. Due 1351 

to the additional degree of freedom in the spine, the gait of the modified toy is shifted a little 1352 

from the exact pace (which is the gait of the non-modified bull-calf toy as well as of the 1353 

pareiasaur model) to the area of the pace-like lateral-sequence walk (which is the gait of 1354 

echidnas reported by Gambaryan, Kuznetsov, 2013). The decoupled ground-hitting sounds of 1355 

the ipsilateral fore and hind limbs can be heard at playback. The modified toy covers the 1356 

distance of 49 cm in 23 strides during 12 seconds. 1357 

 1358 

SUPPLEMENTARY MATERIAL 6. Control for Supplementary material 5. The 1359 

modified walking-rocking bull-calf toy is returned to its original state by blocking the 1360 

mobility in the spinal hinge with the help of a brace on the belly binding the two trunk halves. 1361 

The toy covers the distance of 49 cm in 34 strides during 17 seconds. 1362 
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