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ABSTRACT
Since the works of Eadweard Muybridge in the 1880s, the characteristics of motion of four-legged animals are well known for
experts of animal locomotion, and the different gaits of many four-legged species have been investigated in detail. The leg attitudes
of four-legged walking illustrations of natural history museums, animal anatomy text-books and toy figurines have been studied
from a biomechanical point of view. Many such illustrations have erroneous leg postures, not used by living four-legged animals.
The leg postures of walking four-legged animals are also often erroneously illustrated in the fine arts. How correctly have people
illustrated the walking of their four-legged prey? Researchers analysed numerous prehistoric and modern artistic four-legged
walking depictions and concluded that prehistoric people were more aware of the motion of their four-legged prey and depicted
four-leggedwalkingmore precisely thanmodern artists. In thiswork,we analyse 13Mongolian four-legged petroglyphs originating
from the Bronze and Iron Ages. We asked whether they are erroneous or not in respect to their relative leg positions. We found
that the 60.5% error rate of these Mongolian walking petroglyphs is smaller than the 73% error rate of mere chance but is larger
than the 46% error rate of 39 other prehistoric walking depictions investigated earlier.

1 Introduction

Since the works of Muybridge [1–3], the characteristics of motion
of four-legged animals are well known to experts of animal
locomotion. The different gaits of many four-legged species
have been investigated in detail (e.g., [4–18]). During slower
motion—called walk with relative ground contacts larger than
50%—the majority of four-legged animals prefer the lateral
sequence walk during which they advance their legs in the
same succession –LH–LF–RH–RF– (where L/R and H/F mean
Left/Right and Hind/Fore) with more or less different timing
of their ground-contacting feet. Using this very widespread
gait, four-legged animals can ensure maximal stability of their
body, and this is the biomechanical reason for the uniformity
of their walking. One of the few exceptions, for instance, are

primates which frequently also use diagonal sequence walk
[13]. The walk of camels, giraffes, elephants, hippopotami,
rhinoceros and a few other robust, large-bodied mammalian
species involves the almost synchronous lifting of both legs
on one side followed by the almost synchronous lifting of
both legs on the other side. This walking gait is similar to
pacing, being one of the running gaits, also involves trot,
lateral run and diagonal run (run is faster motion with rela-
tive ground contacts smaller than 50%). However, during the
walking of these robust animals, the legs’ lifting is not exactly
synchronous, because the relative time delay between the lift
of hind and fore legs of the same side varies between 10%
and 15%, rather than zero. Therefore, the leg sequence of all
these robust animals during their walking is LH–LF–RH–RF, too
[13].
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Summary
∙ Biological aspect: Locomotion and gaits of four-legged
animals.

∙ Physical aspect: Mechanics of four-legged motion.

∙ Archaeological aspect: Analysing the correctness/
incorrectness of the leg attitudes of Bronze and Iron Age
four-legged walking petroglyphs.

How is the above biomechanical knowledge reflected in the four-
legged walking depictions of museums, text-books and fine art,
and how correctly have prehistoric people illustrated the walking
of their four-legged prey? Horváth et al. [19] studied the leg
attitudes of four-legged walking illustrations of natural history
museums, animal anatomy text-books and toy figurines from
a biomechanical point of view. They found that the error rate
was circa 41% in natural history museums, 43% in taxidermy
catalogues, 64% in animal anatomy text-books and 50% for
four-legged toy models (figurines).

The leg postures ofwalking four-legged animals, especially horses
and camels, are also often erroneously illustrated in the fine
art [20, 21]. Horváth et al. [22] investigated numerous artistic
representations of walking four-legged animals. They analysed
39 prehistoric and 961 modern artistic four-legged walking depic-
tions in order to reveal their correctness/incorrectness in respect
of their leg attitudes, supposing that the other aspects of these
depictions used to determine the four-legged gait are illustrated
correctly. The error rate of modern pre-Muybridgean (i.e., after
prehistory but prior to 1887) four-legged walking depictions was
extremely high, about 84%, much more than the error rate of 73%
of mere chance. In the post-Muybridgean period, after 1887, the
error rate decreased to 58%. Interestingly, the prehistoric four-
legged walking illustrations had the lowest error rate of 46%.
It was concluded that prehistoric men were more aware of the
motion of their four-legged prey anddepicted four-leggedwalking
more precisely than modern artists.

In 2023, one of the authors (Krisztián Bécs) photographed some
four-legged petroglyphs in the Mongolian Khawtsgait mountain
of the Gobi Gurvansaikhan National Park. These rock engravings
date back to the Iron Age [23]. We used some further photos of
Bronze and Iron Age Mongolian petroglyphs originating from
the Mongolian Altai Inventory Collection of the University of
Oregon Digital Collection (Oregon, USA). The aim of this work is
to biomechanically analyse 13Mongolian four-legged petroglyphs
and decide whether they are erroneous or not in respect to their
relative leg positions. We also calculate the error rate of these
Mongolian four-legged walking depictions and compare it to
the error rates of prehistoric and modern four-legged walking
illustrations studied earlier [19, 22].

2 Materials andMethods

Six of the analysed Mongolian four-legged walking illustrations
on open-air rockswere photographed byKrisztiánBécs during his
trip between 7 and 29 July 2023 in the Khawtsgait mountain (43◦

53′ 16.7″ North, 103◦ 35′ 58.1″ East) of Mongolia, located approx-
imately 20 km south from Bulgan, in the Gobi Gurvansaikhan
National Park. This mountain can be easily reached from Bulgan
orDalanzadgad (the ‘capital’ ofÖmnögovi prefecture)with an off-
road vehicle and an experienced local guide. When one arrives
at the mountain, it takes 30 min to hike up to the top, where
the petroglyphs are located. From the mountain top, a view of
the huge plateau of the Gobi Desert opens up. The surroundings
have a few burial and spiritual sites, too. The photos of seven
further Mongolian petroglyphs originate from the Mongolian
Altai Inventory Collection of the University of Oregon Digital
Collection (Oregon, USA).

The petroglyphs of the Khawtsgait mountain are found on
outcrops of rocks situated at the ridge top. They are accessible
to everyone at the top of the ridge. These petroglyphs on the
rocky outcrops are done with direct pecking, either in outline or
as stick figures with thick lines. The overall assemblage of these
petroglyphs is consistent with an Iron Age date [23, 24]. These
engravings are interesting also from a cultural anthropological
view: One can take a slight peek of the everyday life of people, like
their worships and how they saw their surroundings, because the
mentioned petroglyphs illustrate a camp, carts, horse riders and
also a deity. In this work, we considered only some zoomorphic
four-legged illustrations.

From the numerous available rock photos about the Mongolian
petroglyphs, we selected those 13 ones which can be analysed
from a biomechanical point of view. These petroglyphs belong to
the Bronze or Iron Age (Prof. Esther Jacobson-Tepfer, personal
communication, 2024, Department of the History of Art and
Architecture, University of Oregon, Eugene, USA). During the
analysis of these four-legged walking depictions, it was a problem
that the ground line below the animals was not engraved in the
rock. Thus, the leg postures relative to the ground were not clear.
We solved this problem so that we drew the ground line with the
assumption that at least one fore leg and one hind leg is on the
ground. Fortunately, in all studied cases, there was only one such
possibility for the ground line orientation. We analysed five 2-
foot-supported and eight 3-foot-supportedMongolian four-legged
walking depictions. For the sake of an easier analysis, we aligned
(mirrored if necessary) all collected pictures in order to make the
animal walk from left to right.

During analysis, we concentrated exclusively on the biomechan-
ically most relevant variable, the leg posture and disregarded
other features (if any) such as tail alignment, mane position,
neck direction and head holding, for example. Furthermore,
we assumed that the depicted four-legged animals are walking
(rather than trotting, pacing or running).

For the analysis of the Mongolian walking depictions, we used
the method of Horváth et al. [19, 22]: The locomotor cycle (stride)
of four-legged walking was divided into eight phases [13]. The
scientific illustrations of these eight stride phases of horses [5, 6]
were split along their vertical axis into a hind and a fore half.
As a result, eight fore halves (designated A, B, C, D, E, F, G,
H) and eight hind halves (designated a, b, c, d, e, f, g, h) were
obtained (Figure 1). After pairing all fore halves with all hind
halves in all possible combinations, we got the 8 × 8 walking
matrix. Every cell of thismatrix represents a theoretically possible
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FIGURE 1 The 8 × 8 walking matrix of the stride (locomotor cycle) of horses. To every column and row belong given postures of the hind and
fore leg pair, respectively, as shown by the black half horse contours on the bottom and right margin. These horse contours coincide with the scientific
drawings of the eight phases of the stride of walking horses [22]. In a given cell of the matrix, the fore leg postures belonging to the cell’s row are paired
with the hind leg attitudes belonging to the cell’s column. Further details are in the text.

four-legged walking depiction, in which the postures of the hind
and fore legs correspond to the real phases of the stride of a
walking horse (Figure 1) belonging to the cell’s column and row,
respectively. A cell is designated by the capital letter of its row and
the small letter of its column: Cell Cd, for example, represents a
correct four-legged walking depiction (Figure 1), whereas cell Eb
is an imaginable but incorrect four-legged walking illustration,
because it never occurs during real four-legged walking—that is,
the fore leg attitudes of phase E are never combinedwith the hind
leg postures of phase b (Figure 1).

The black and grey cells of thewalkingmatrix (Figure 1) represent
stride phases of (very slow, slow or rapid) walking types being
characteristic practically to all four-legged animals [1–3, 5, 6,
13] with the typical constant foot-fall formula –LH–LF–RH–RF–
, where LH is left hind leg, LF is left fore leg, RH is right hind
leg, and RF is right fore leg. A given two- or three-foot-supported
four-leggedwalking depiction is considered correct, if it correlates
to the grey cells of the walking matrix (Figure 1). Four-legged
walking illustrations in the cells of the walking matrix with a
white backgroundwere considered incorrect, because they do not
correspond to the foot-fall formula –LH–LF–RH–RF– of walking,

that is, they do not occur in the stride during walking. During
the analysis of a four-legged walking illustration, we sought that
cell of the walking matrix, which approximates the best the leg
postures.

In the studied Mongolian four-legged pictographs, it was usually
impossible to unambiguously decide whether a leg is on the left
or the right side of the animal. Therefore, there were a maximum
of four possible variations with different left-right handedness,
which all were separately analysed and corrected in the case of
incorrectness.

2.1 Statistics

Using the softwareMicrosoft Excel,we performedbinomial χ2 test
with the following parameters: degree of freedom, df = 1, critical
significance level, p* = 0.05 and likelihood of mere chance of
erroneous four-legged illustration, r= 73.3%. The χ2crit is the value
of the χ2 distribution at p* = 0.05 significance level and degree of
freedom, df = 1. The statistical χ2 value calculated from the data
of the two samples should be compared to this critical value to
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FIGURE 2 (A) Photograph (by Krisztián Bécs) of an Iron AgeMongolian deer petroglyph. (B) Schematic drawing of the deer with the first possible
left-right handedness of legs. This biomechanically correct leg attitude fits into cell Ba of the walking matrix (see Figure 1). (C) For the possible left-right
handedness 2, fitting into cell Ea of the walking matrix, the leg posture is biomechanically incorrect. (D) A possible correction of drawing C: keeping
the posture of hind legs and correcting the attitudes of fore legs results in a correct depiction falling into cell Ha. (E) Another possible correction of
drawing C: keeping the posture of fore legs and correcting the attitudes of hind legs results in a correct depiction falling into cell Ee. (F and G) Impossible
leg handednesses 3 and 4, where the unimaginable left-right variation of the hind leg pair is highlighted by a red background rectangle. In (B–G), the
straight black line represents the assumed ground line, and LH: left hind leg, LF: left fore leg, RH: right hind leg and RF: right fore leg.

determine the statistical significance. If the calculated χ2 > χ2crit,
then the two samples are significantly different from each other.
If χ2 < χ2crit, the difference is not significant [25, 241–246].

3 Results

Figure 2A shows the photograph of aMongolian deer petroglyph.
We emphasize that the taxonomical name (deer, yak etc.) of four-
legged animals illustrated on the petroglyphs studied here are
more or less unsure. We tried to name them on the basis of
the most similarity to existing four-legged animals. Figure 2B
represents the drawing of this deer with the first imaginable left-

right handedness of the legs and the assumed, most imaginable
ground line. The LH, RH and RF legs are on the ground, whereas
the LF leg is lifted. This leg attitude fitting into cell Ba of
the walking matrix (Figure 1) is biomechanically correct. In
Figure 2C, the second possible left-right handedness, fitting into
cell Ea of the walking matrix, is depicted, which leg posture is
incorrect. This walking four-legged illustration can be corrected
in the following two ways, for example: (i) Keeping the posture
of hind legs and correcting the attitudes of fore legs as seen
in Figure 2D results in a correct depiction falling into cell Ha.
(ii) Keeping the fore legs posture and correcting the attitudes of
hind legs as shown in Figure 2E results in a correct depiction
falling into cell Ee. Figures 2F,G represent the third and fourth leg

4 of 15 Natural Sciences, 2025

 26986248, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ntls.70015 by C

ochrane H
ungary, W

iley O
nline L

ibrary on [22/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



FIGURE 3 (A) Photograph (by Krisztián Bécs) of an Iron AgeMongolian short-horned goat petroglyph. (B) Schematic drawing of the goat with the
only possible, obvious left-right handedness of the legs. This biomechanically incorrect leg attitude fits into cell Bh of the walking matrix. (C) Keeping
the attitude of fore legs, a possible correction of the posture of hind legs fitting into cell Bb. (D) Keeping the attitude of hind legs, a possible correction of
the posture of fore legs fitting into cell Gh. (E–G) Impossible leg handednesses 2–4, where the unimaginable left-right variations of the fore and/or hind
leg pairs are highlighted by red background rectangles. In (B–G), the straight black line represents the assumed ground line, and LH: left hind leg, LF:
left fore leg, RH: right hind leg and RF: right fore leg.

handednesses being, however, impossible, because the left-right
variation of hind legs is unimaginable here.

Figure 3A shows the photograph of a Mongolian short-horned
goat petroglyph, the schematic drawing of which is represented
in Figure 3B, where the shortness of the two blue legs indicates
obviously that they are the left fore (LF) and left hind (LH) legs.
Hence, here the left-right leg handedness is unambiguous, which
determines also unambiguously the only possible orientation and
position of the ground line. According to Figure 1, this four-
legged walking depiction is incorrect, because the leg attitude
fits into the white cell Bh of the walking matrix, indicating an
erroneous leg posture. We note, however, that this leg attitude
would be correct if the goat runs in pace gait when the fore and
hind legs of the same (left or right) side move synchronously in
parallel manner. There are at least two possible corrections of
this erroneous walking depiction, being the most similar to the
original: (i) We can keep the attitude of fore legs and the hind legs
are modified as seen in Figure 3C so that LH is on the ground
and RH moves forward in the air. This walking illustration falls
into the grey cell Bb of the walkingmatrix, indicating a correct leg
attitude. (ii) The second simplest correction possibility is keeping
the hind leg attitude and changing the posture of fore legs as
shown in Figure 3D. This results in a correct walking illustration
fitting into the grey cell Gh.

Figure 4A is the photograph of a Mongolian horse petroglyph.
Figures 4B,E,H,K show the drawings of this horse with the four
possible left-right leg handednesses, all being biomechanically
incorrect, because their leg attitudes fit into the white cells Bh,
Fh, Bd and Fd of the walking matrix, respectively. Figures 4C,D
display possible two corrections of drawing 4B falling into the grey
cells Hh and Ba. Figures 4F,G represent two possible corrections

of drawing 4E falling into cells Gh and Ff. Figures 4I,J depict two
possible corrections of drawing 4H falling into cells Cd and Bb.
Finally, Figures 4L,M show two possible corrections of drawing
4K falling into cells Dd and Fe.

Figure 5A depicts the photo of another Mongolian horse pet-
roglyph. Figures 5B,C are drawings of this horse with the first
and fourth possible left-right leg handedness, respectively. Both
leg postures, fitting into cells Bb and Ff of the walking matrix,
are correct. Figures 5D,G illustrate the possible left-right leg
handednesses 2 and 3, the incorrect leg attitudes of which fit into
cellsFb andBf, respectively. The leg postures of drawing 5D can be
corrected as shown in Figures 5E,F, for instance, falling into cells
Cb and Fe. On the other hand, the leg attitudes of drawing 5G can
be corrected, according to Figures 5H,I, for example, falling into
cells Gf and Ba.

Figure 6A shows the photograph of aMongolian long-horned goat
petroglyph. Figures 6B,C depict the drawings of this goat with the
first and fourth possible left-right leg handednesses, the correct
leg postures ofwhich fit into cellsBa andFe of thewalkingmatrix.
Figures 6D,G illustrate the possible left-right leg handednesses
2 and 3 with incorrect leg attitudes fitting into cells Fa and Be.
Figures 6E,F show possible corrections of drawing 6D falling
into cells Ha and Ff. Similarly, Figures 6H,I represent possible
corrections of drawing 6G falling into cells De and Bb.

Figure 7A is the photo of a Mongolian rock-goat petroglyph.
Figures 7B,C are drawings of this goat with the impossible left-
right leg handednesses 3 and 4, where the unimaginable left-right
variations of hind legs are highlighted by a red background rect-
angle. Figures 7D,G depict the possible left-right handednesses 1
and 2, the incorrect leg attitudes of which fit into cells Eb and
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FIGURE 4 (A) Photograph (by Krisztián Bécs) of an Iron Age Mongolian horse petroglyph. (B) Schematic drawing of the horse with the first
possible left-right handedness of legs. This biomechanically incorrect leg attitude fits into cell Bh of the walking matrix. (C) A possible correction of
drawing B falling into cell Hh. (D) Another possible correction of drawing B falling into cell Ba. (E) For the possible left-right handedness 2, fitting into
cell Fh, the leg posture is incorrect. (F) A possible correction of drawing E falling into cell Gh. (G) Another possible correction of drawing E falling
into cell Ff. (H) For the possible left-right handedness 3, fitting into cell Bd, the leg posture is incorrect. (I) A possible correction of drawing H results
in a depiction falling into cell Cd. (J) Another possible correction of drawing H results in a depiction falling into cell Bb. (K) For the possible left-right
handedness 4, fitting into cell Fd, the leg posture is incorrect. (L) A possible correction of drawing K results in a depiction falling into cell Dd. (M)
Another possible correction of drawing K results in a depiction falling into cell Fe. In (B–M), the straight black line represents the assumed ground line,
and LH: left hind leg, LF: left fore leg, RH: right hind leg and RF: right fore leg.

Hb of the walking matrix. Figures 7E,F are possible corrections
of drawing 7D falling into cells Cb and Ee. Finally, Figures 7H,I
illustrate possible corrections of drawing 7G falling into cells Bb
and Ha.

Figure 8A is a photo of a Mongolian bull petroglyph. Figure 8B is
a drawing of the bull with the possible left-right leg handedness
1 having a correct leg attitude fitting into cell Ha of the walking
matrix. Figures 8C,F depict the possible left-right handednesses
2 and 3, the incorrect leg attitudes of which fit into cells He and
Da. Figures 8D,E are possible corrections of drawing 8C falling
into cells Fe and Hh. Figures 8G,H illustrate possible corrections
of drawing 8F falling into cells Ba and Dd. Finally, Figure 8I is a

drawing of the bull with the possible left-right leg handedness 4,
possessing a correct leg attitude fitting into cell De.

Figure 9A is a photo of a Mongolian deer petroglyph. Figure 9B is
a drawing of the deer with the possible left-right leg handedness
1 having a correct leg attitude fitting into cell Ba of the walking
matrix. Figures 9C,F depict the possible left-right handednesses
2 and 3, the incorrect leg attitudes of which fit into cells Be and
Fa. Figures 9D,E are possible corrections of drawing 9C falling
into cells De and Bb. Figures 9G,H illustrate possible corrections
of drawing 9F falling into cellsHa and Ff. Figure 9I is a drawing of
the deer with the possible left-right leg handedness 4, possessing
a correct leg attitude fitting into cell Fe.

6 of 15 Natural Sciences, 2025
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FIGURE 5 (A) Photograph (by Krisztián Bécs) of another Iron Age Mongolian horse petroglyph. (B) Schematic drawing of the horse with the
first possible left-right leg handedness. This biomechanically correct leg attitude fits into cell Bb of the walking matrix. (C) For the possible left-right
handedness 4, fitting into cell Ff, the leg posture is correct. (D) For the possible left-right handedness 2, fitting into cell Fb, the leg posture is incorrect.
(E) A possible correction of drawing D falling into cell Cb. (F) Another possible correction of drawing D falling into cell Fe. (G) For the possible left-right
handedness 3, fitting into cell Bf, the leg posture is incorrect. (H) A possible correction of drawing G results in a depiction falling into cell Gf. (I) Another
possible correction of drawing G results in a depiction falling into cell Ba. In (B–I), the straight black line represents the assumed ground line, and LH:
left hind leg, LF: left fore leg, RH: right hind leg and RF: right fore leg.

Figure 10A is a photo of a Mongolian moose petroglyph.
Figure 10B is a drawing of the moose with the possible left-right
leg handedness 1 having a correct leg attitude fitting into cell
Gh of the walking matrix. Figures 10C,F depict the possible left-
right handednesses 2 and 3, the incorrect leg attitudes of which
fit into cells Ch and Gd. Figures 10D,E are possible corrections of
drawing 10C falling into cellsHh and Cd. Figures 10G,H illustrate
possible corrections of drawing 10F falling into cells Dd and Gf.
Figure 10I is a drawing of the moose with the possible left-right
leg handedness 4, possessing a correct leg attitude fitting into cell
Cd.

Figure 11A is a photo of aMongolian horse petroglyph. Figure 11B
is a drawing of the horse with the possible left-right leg hand-
edness 1 having a correct leg attitude fitting into cell Gh of the
walking matrix. Figure 11C depicts the other possible left-right
handednesses 2, the incorrect leg attitude of which fits into cell
Ch. Figure 11D is a possible correction of drawing 11C falling into
cell Hh. For the sake of easier interpretation and perspicuity, the
other two impossible left-right handednesses of this horse are not
displayed in Figure 11, which, however, does not influence the
statistics.

Figure 12A is a photo of a Mongolian yak petroglyph. Figure 12B
is a drawing of the yak with the possible left-right leg handedness
1 having a correct leg attitude fitting into cell Ba of the walking
matrix. Figures 12C,F depict the possible left-right handednesses
2 and 3, the incorrect leg attitudes of which fit into cells Fa and Be.

Figures 12D,E are possible corrections of drawing 12C falling into
cells Ha and Ff. Figures 12G,H illustrate possible corrections of
drawing 12F falling into cellsDe and Bb. Figure 12I is a drawing of
the yak with the possible left-right leg handedness 4, possessing
a correct leg attitude fitting into cell Fe.

Figure 13A depicts aMongolian bear petroglyph, the only possible
leg posture of which—falling in cell Fa of the walking matrix—
is incorrect (Figure 13B) and can be corrected as shown in
Figure 13C, for example. The other three impossible left-right
handednesses of the bear are not displayed in Figure 13, because
they do not influence the statistics.

Figure 14A is a photograph of a Mongolian deer petroglyph
with two possible left-right leg handednesses. For handedness 1
(Figure 14B) and 2 (Figure 14C), the leg posture is correct and
incorrect, respectively. Figure 14D shows a possible correction of
the erroneous leg attitude of Figure 14C. The other two impossible
left-right handednesses of the deer are not displayed in Figure 14,
because they do not influence the statistics.

The walking matrix of Table 1 contains the numbers Ncorrect
and Nincorrect of the 13 Mongolian four-legged petroglyphs with
correct and incorrect leg attitudes studied in this work for vari-
ous possible left-right leg handednesses (Figures 2–14). Because
Ncorrect = 15 and Nincorrect = 23, the error rate of these petroglyphs
is r = 23/(23 + 15) = 60.5%. According to Table 2, the error
rate r = 60.5% of the studied 13 Mongolian four-legged petro-
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FIGURE 6 (A) Photograph (by Krisztián Bécs) of an Iron Age Mongolian long-horned goat petroglyph. (B) Schematic drawing of the goat with
the first possible left-right leg handedness. This biomechanically correct leg attitude fits into cell Ba of the walking matrix. (C) For the possible left-right
handedness 4, fitting into cell Fe, the leg posture is correct. (D) For the possible left-right handedness 2, fitting into cell Fa, the leg posture is incorrect.
(E) A possible correction of drawing D falling into cellHa. (F) Another possible correction of drawing D falling into cell Ff. (G) For the possible left-right
handedness 3, fitting into cell Be, the leg attitude is incorrect. (H) A possible correction of drawing G results in a depiction falling into cellDe. (I) Another
possible correction of drawing G results in a depiction falling into cell Bb. In (B–I), the straight black line represents the assumed ground line, and LH:
left hind leg, LF: left fore leg, RH: right hind leg and RF: right fore leg.

FIGURE 7 (A) Photograph (by Krisztián Bécs) of an Iron Age Mongolian rock-goat petroglyph. (B and C) Schematic drawings of the goat with the
impossible left-right leg handednesses 3 and 4, where the unimaginable left-right variations of the hind leg pairs are highlighted by a red background
rectangle. (D) For the possible left-right handedness 1, fitting into cell Eb of the walking matrix, the leg posture is incorrect. (E) A possible correction of
drawing D falling into cell Cb. (F) Another possible correction of drawing D falling into cell Ee. (G) For the possible left-right leg handedness 2, fitting
into cell Hb, the leg attitude is incorrect. (H) A possible correction of drawing G falling into cell Bb. (I) Another possible correction of drawing G falling
into cellHa. In (B–I), the straight black line represents the assumed ground line, and LH: left hind leg, LF: left fore leg, RH: right hind leg and RF: right
fore leg.

8 of 15 Natural Sciences, 2025
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FIGURE 8 (A) Photograph of an Iron Age Mongolian bull petroglyph. (B) Schematic drawing of the bull with the first possible left-right leg
handedness. This biomechanically correct leg attitude fits into cell Ha of the walking matrix. (C) For the possible left-right handedness 2, fitting into
cell He, the leg posture is incorrect. (D) A possible correction of drawing C falling into cell Fe. (E) Another possible correction of drawing C falling into
cell Hh. (F) For the possible left-right handedness 3, fitting into cell Da, the leg attitude is incorrect. (G) A possible correction of drawing F results in
a depiction falling into cell Ba. (H) Another possible correction of drawing F results in a depiction falling into cell Dd. (I) For the possible left-right
handedness 4, fitting into cell De, the leg posture is correct. In (B–I), the straight black line represents the assumed ground line, and LH: left hind leg,
LF: left fore leg, RH: right hind leg and RF: right fore leg. Source: (A) From the Mongolian Altai Inventory Collection of the University of Oregon Digital
Collection.

glyphs is smaller than that of modern four-legged illustrations
in animal anatomy books (63.6%), pre-Muybridgean arts (83.5%)
and the mere chance in the walking matrix (73.3%). On the
other hand, the error rate of Mongolian petroglyphs is larger
than that of four-legged depictions in natural history museums
(41.1%), modern post-Muybridgean arts (57.9%), toy figurines
(50.0%) and other prehistoric illustrations studied earlier (46.2%).
However, in Table 3, we can see that these error rate differ-
ences are statistically significant only between the Mongolian
(60.5%) and natural history museum (41.1%) depictions as well
as between the Mongolian (60.5%) and pre-Muybridgean (83.5%)
illustrations.

Wedivided theMongolian petroglyphs into two geographical sub-
groups: (i) 17 walking depictions from the Mongolian Khawtsgait
mountain (Figures 2–7) and (ii) 21 depictions from theMongolian
Altaimountain (Figures 8–14). According to Table 2, the error rate
of the Khawtsgait depictions is 70.6%, approximating the 73.3%
error rate of random choice. On the other hand, the 52.4% error
rate of the Altai depictions is near to the 50% error rate of modern

four-legged toy figurines and the 57.9% error rate of four-legged
post-Muybridgean artistic illustrations.

4 Discussion

In this work, we analysed 13 Mongolian Bronze and Iron Age
four-legged petroglyphs. We used an efficient method to deter-
mine the accuracy of the walking mode of locomotion of the
illustrated four-legged animals. The same method was applied
earlier by Horváth et al. [19, 22], who analysed both prehistoric
and modern four-legged motion illustrations. Although there are
available (for us and the Mongolian Altai Inventory Collection
of the University of Oregon Digital Collection) numerous pho-
tographs of Mongolian petroglyphs, we found only 13 photos
appropriate for our biomechanical analysis due to more or less
recognizable leg attitudes of the engraved four-legged animals.

Although the number 13 of Mongolian four-legged petroglyphs
investigated by us biomechanically seems to be small, more such

9 of 15
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FIGURE 9 (A) Photograph of an Iron Age Mongolian deer petroglyph. (B) Schematic drawing of the deer with the first possible left-right leg
handedness. This biomechanically correct leg attitude fits into cell Ba of the walking matrix. (C) For the possible left-right handedness 2, fitting into cell
Be, the leg posture is incorrect. (D) A possible correction of drawing C falling into cellDe. (E) Another possible correction of drawing C falling into cell Bb.
(F) For the possible left-right handedness 3, fitting into cell Fa, the leg attitude is incorrect. (G) A possible correction of drawing F results in a depiction
falling into cell Ha. (H) Another possible correction of drawing F results in a depiction falling into cell Ff. (I) For the possible left-right handedness 4,
fitting into cell Fe, the leg posture is correct. In (B–I), the straight black line represents the assumed ground line, and LH: left hind leg, LF: left fore leg,
RH: right hind leg and RF: right fore leg. Source: (A) From the Mongolian Altai Inventory Collection of the University of Oregon Digital Collection.

petroglyphs with analysable leg postures were not available for
us. Horváth et al. [22] investigated 39 prehistoric four-legged
illustrations from a biomechanical point of view. They could
study the following numbers of such illustrations originating
from different sites: 1 (Chad), 1 (Inak), 1 (French cave Niaux),
1 (Spanish cave Altamira), 1 (Indian Shamla Hill), 2 (Indian
Bhimabetaka), 2 (near the river Draa), 4 (mountain Drakenberg
in Eland), 7 (Libian Tadrart Acacus), 8 (Indian Karabad) and 11
(French cave Lascaux).

Of course, nobody knows that the investigated 13Mongolian four-
legged petroglyphs intended to representmotion (e.g., walking) in
a standard way. In this work, we tried to investigate them as sci-
entifically as possible: Disregarding any hypothetical/speculative
artistic aim and assuming the most imaginable ground line, we
compared the leg postures of the 13 selected Mongolian four-
legged petroglyphs with those of the real walking gaits of horses
(Figure 1). We obtained raw numbers of the incorrect and correct
artistic walking illustrations, from which our final message, the

error rate, was derived for the studied petroglyphs. Much could
not be revealed from them.

Table 2 summarizes the error rates of different four-legged
walking illustrations studied by the present and earlier authors.
According to Horváth et al. [19], in natural history museums,
about 41% of the four-leggedwalking illustrations are biomechan-
ically erroneous, and in animal anatomy text-books, the error
rate is circa 64%, whereas toy figurines possess an error rate of
50%. Horváth et al. [22] found that modern (i.e., not prehistoric)
pre-Muybridgean (i.e., before 1887) artistic four-legged walking
illustrations (mainly cavalry statues, paintings, graphic arts and
reliefs) have as high an error rate as ∼84%, which rate decreased
to ∼58% after 1887, whereas only ∼46% of prehistoric four-legged
walking depictions (from Chad, Inak, French caves Lascaux and
Niaux, Libian Tadrart Acacus, mountain Drakenberg in Eland,
Spanish cave Altamira, Indian Shamla Hill, Bhimabetaka and
Karabad, near the river Draa) were erroneous. Comparing these
earlier error rates with the ∼61% error rate of the Mongolian

10 of 15 Natural Sciences, 2025
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FIGURE 10 (A) Photograph of a Bronze Age Mongolian moose petroglyph. (B) Schematic drawing of the moose with the first possible left-right
leg handedness. This biomechanically correct leg attitude fits into cell Gh of the walking matrix. (C) For the possible left-right handedness 2, fitting into
cell Ch, the leg posture is incorrect. (D) A possible correction of drawing C falling into cell Hh. (E) Another possible correction of drawing C falling
into cell Cd. (F) For the possible left-right handedness 3, fitting into cell Gd, the leg attitude is incorrect. (G) A possible correction of drawing F results
in a depiction falling into cell Dd. (H) Another possible correction of drawing F results in a depiction falling into cell Gf. (I) For the possible left-right
handedness 4, fitting into cell Cd, the leg posture is correct. In (B–I), the straight black line represents the assumed ground line, and LH: left hind leg,
LF: left fore leg, RH: right hind leg and RF: right fore leg. Source: (A) From the Mongolian Altai Inventory Collection of the University of Oregon Digital
Collection.

FIGURE 11 (A) Photograph of an Iron Age Mongolian horse petro-
glyph. (B) Schematic drawing of the horse with the first possible left-right
leg handedness. This biomechanically correct leg attitude fits into cell Gh
of the walking matrix. (C) For the second possible left-right handedness,
fitting into cellCh, the leg posture is incorrect. (D) A possible correction of
drawing C falling into cellHh. In (B–D), the straight black line represents
the assumed ground line, and LH: left hind leg, LF: left fore leg, RH:
right hind leg and RF: right fore leg. The other two impossible left-
right handednesses of the horse are not displayed. Source: (A) From the
Mongolian Altai Inventory Collection of the University of Oregon Digital
Collection.

petroglyphs analysed in this work, the latter is smaller by 22%
than the largest rate of ∼83% of modern pre-Muybridgean
depictions.

These error rates can be correlated to the likelihood of mere
chance of 73.3%. The latter is the feature of the walking
matrix (Figure 1), every cell of which is filled with 1. This
1-filled matrix contains Ncorrect = 16 correct (grey cells) and
Nincorrect = 44 incorrect (white cells) four-legged walking illus-
trations; thus, the matrix’s error rate is rmere chance = Nincorrect/
(Ncorrect + Nincorrect) = 73.3% corresponding to mere chance. If an
artist selects randomly the leg attitudes of a four-legged walking
depiction from the walking matrix, then the illustration of legs
will be erroneous with a likelihood of 73.3%.

Considering the error rates in Table 2, we can conclude that
the 60.5% error rate of the Mongolian four-legged walking
pictographs investigated in this work is smaller thanmere chance
(∼73%), but it is larger than the ∼46% error rate of the prehistoric
four-legged walking depictions studied by Horváth et al. [22],
but these differences are not significant (Table 3). The reason
for this non-significance is the relatively small number (13) of
the Mongolian petroglyphs which could be analysed from a
biomechanical point of view: Horváth et al. [22] analysed 39
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FIGURE 12 (A) Photograph of a Bronze Age Mongolian yak petroglyph. (B) Schematic drawing of the yak with the first possible left-right leg
handedness. This biomechanically correct leg attitude fits into cell Ba of the walking matrix. (C) For the possible left-right handedness 2, fitting into
cell Fa, the leg posture is incorrect. (D) A possible correction of drawing C falling into cell Ha. (E) Another possible correction of drawing C falling
into cell Ff. (F) For the possible left-right handedness 3, fitting into cell Be, the leg attitude is incorrect. (G) A possible correction of drawing F results
in a depiction falling into cell De. (H) Another possible correction of drawing F results in a depiction falling into cell Bb. (I) For the possible left-right
handedness 4, fitting into cell Fe, the leg posture is correct. In (B–I), the straight black line represents the assumed ground line, and LH: left hind leg,
LF: left fore leg, RH: right hind leg and RF: right fore leg. Source: (A) From the Mongolian Altai Inventory Collection of the University of Oregon Digital
Collection.

FIGURE 13 (A) Photograph of a Bronze Age Mongolian bear petroglyph mirrored along its vertical axis. (B) Schematic drawing of the bear with
the only possible left-right leg handedness. This biomechanically incorrect leg attitude fits into cell Fa of the walking matrix. (C) A possible correction
of drawing B falling into cell Ha. In (B and C), the straight black line represents the assumed ground line, and LH: left hind leg, LF: left fore leg, RH:
right hind leg and RF: right fore leg. The other three impossible left-right handednesses of the bear are not displayed. Source: (A) From the Mongolian
Altai Inventory Collection of the University of Oregon Digital Collection.

prehistoric walking illustrations, whereas in the present work, we
study only 13 Mongolian petroglyphs (Figures 2–14). If we found
much, more four-legged pictographs in Mongolia, perhaps their
error rate could change.

Although in some cases of the prehistoric four-legged walking
illustrations studied by Horváth et al. [22], there were also two
or three possibilities of the imaginable alignment of the assumed
ground line, for all 13 Mongolian four-legged petroglyphs, we
found only a single imaginable ground line (Figures 2–14).
However, in the latter cases, the left-right handedness was

frequently ambiguous. Therefore, we considered one to four
possible handednesses: In Figures 3 and 13, there is only one
possible handedness; in Figures 2, 7, 11 and 14, there are only
two possible handednesses, whereas in Figures 4, 5, 6, 8, 9, 10
and 12, there are four imaginable handednesses. Due to these
different handednesses, the 13 available Mongolian four-legged
petroglyphs resulted in N = Ncorrect (=15) + Nincorrect (=23) = 38
walking illustrations and an error rate of 60.5%.

We corrected the erroneous leg postures of a given four-legged
pictograph in two ways: (i) The hind leg attitudes were kept and

12 of 15 Natural Sciences, 2025
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FIGURE 14 (A) Photograph of an Iron Age Mongolian deer petro-
glyph. (B) Schematic drawing of the deer with the first possible left-right
leg handedness. This biomechanically correct leg attitude fits into cell Ba
of the walking matrix. (C) For the second possible handedness, fitting
into cell Be, the leg posture is incorrect. (D) A possible correction of
drawing C falling into cell Bb. In (B–D), the straight black line represents
the assumed ground line, and LH: left hind leg, LF: left fore leg, RH:
right hind leg and RF: right fore leg. The other two impossible left-
right handednesses of the deer are not displayed. Source: (A) From the
Mongolian Altai Inventory Collection of the University of Oregon Digital
Collection.

TABLE 1 Walking matrix containing the numbers of correct (grey
and black cells) and incorrect (white cells) leg attitudes of the 13 Mon-
golian four-legged petroglyphs with possible left-right leg handednesses
studied in this work (Figures 2–14).

a b c d e f g h

A
B 5 1 1 4 1 2
C 1 2
D 1 1
E 1 1
F 4 1 1 3 1 1
G 1 2
H 1 1 1

Note: Ncorrect = 1 + 2 + 2 + 2 + 2 + 2 + 1 + 2 + 1 = 15,
Nincorrect = 1 + 1 + 4 + 2 + 2 + 2 + 2 + 2 + 2 + 1 + 2 + 1 + 1 = 23, total
N = Ncorrect + Nincorrect = 38. The error rate is r = Nincorrect/N = 60.5%.

the fore leg postures were corrected, or vice versa, (ii) the fore leg
postures were kept and the hind leg attitudes were corrected. We
admit that there are many other imaginable corrections, but we
displayed here only those two amendments which are the closest
to the original four-legged walking depictions.

As mentioned in Section 3, the leg attitude of Figure 3B is
correct if this goat were depicted in pace gait with fore and
hind legs of the same side moving synchronously. However, if

the goat is illustrated in a walking sequence, this depiction is
biomechanically incorrect.

We admit that in some cases the interpretation of the legs of the
studied animal petroglyphs was difficult. An example for such an
ambiguity is the goat in Figure 3. Here one could see the short
hind leg rather as a penis and the short front leg rather as the tail
of an animal in front of the goat. However, in the majority of the
investigated/monitored petroglyphs, the animals were depicted
with four well-recognizable legs, rather than only two ones. Thus,
we tend to interpret this illustration as a goat depicted with four
legs.

Of course, we should be careful when comparing petroglyphs
fromdifferent places and produced by different ethnic groups as is
the case in this study usingmaterials from two different provinces
(Mongolian Khawtsgait mountain, Figures 2–7; and Mongolian
Altai mountain, Figures 8–14) positioned more than 1000 km
apart. The archaeological cultures related to these two places
are different [23, 24, 26]. Nevertheless, certain characteristics of
popular stylesmight have been transferred from one ethnic group
to another.

The petroglyphs analysed in this work have been hewn into
the rock surface at least by two different semi-nomadic popula-
tions living in the Mongolian Khawtsgait and Altai mountains.
These peoples depended on livestock herding and thus knew
the movement of their animals perfectly well. Therefore, the
inaccuracies of the leg attitudes of the studied petroglyphsmay be
more an influence of different cultural styles than the ignorance
of the artist. Especially Figures 2, 6, 9 and 14 show unnatural
illustrations of deer and goat with oversized, stylized antlers or
horns which were fashionable during the Iron Age [26]. The deer
style as in Figure 2 is typical during the late Bronze to early Iron
Age and comes either with legs folded under the body or with
rather stiff stretched legs and an unnaturally long snout. This
style, originating from the early Scythian animal style of the Altai,
shows that a natural picture of the animal was not the main
intention of the artist [27]. Goats with unnaturally long horns
(Figure 6) fall into the same category. This applies to other styles
as well.

The number of Mongolian Bronze and Iron Age petroglyphs
illustrating four-legged animals investigated in this study is only
13. However, there were nomore animal petroglyphs available for
us that could be biomechanically analysed. There is a huge collec-
tion of unpublished photographs of Central Asian petroglyphs,
which have not been systematized yet (Dr. Johannes Recklel,
Göttingen State and University Library, University of Göttingen,
Germany: personal communication, 2024). There are also many
petroglyphs published. For example, the series called Repertoire
des petroglyphes d’Asie centrale offers material for specialized
research, and there are also various publications from Mongolia.
The detailed biomechanical study of these animal petroglyphs
can be an interesting task of future research.

The question arises, why prehistoric Mongolians prepared such
animal depictions as investigated in this work? We can only
speculate about the possible reasons why these animals were
immortalised in this way by the Mongolians. One of the logical
assumptions is that these animal petroglyphs were related to
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TABLE 2 Number N of different four-legged walking depictions, numbers Ncorrect and Nincorrect of correct and incorrect four-legged depictions,
their error rates r = Nincorrect/(Ncorrect + Nincorrect) and references.

Four-legged walking depiction type
Number
(N)

Correct
(Ncorrect)

Incorrect
(Nincorrect)

Error rate
(r) (%) References

Natural history museums (modern) 165 97 68 41.1 Horváth et al. [19]
Toy figurines (modern) 120 60 60 50.0 Horváth et al. [19]
Animal anatomy books (modern) 22 8 14 63.6 Horváth et al. [19]
Prehistoric 39 21 18 46.2 Horváth et al. [22]
Modern 961 334 627 65.2 Horváth et al. [22]
Pre-Muybridgean (modern) 272 45 227 83.5 Horváth et al. [22]
Post-Muybridgean (modern) 686 289 397 57.9 Horváth et al. [22]
Bronze and Iron Age Mongolian, all 38 15 23 60.5 this work
Bronze and Iron Age Mongolian,
Khawtsgait mountain, Figures 2–7

17 5 12 70.6 this work

Bronze and Iron Age Mongolian, Altai
Mountain, Figures 8–14

21 10 11 52.4 this work

Mere chance in the walking matrix 60 16 44 73.3 Horváth et al. [19]

TABLE 3 Statistical comparisons (binomial χ2 test) between the numbers Nincorrect of incorrect four-legged walking illustrations (Table 2) to test
differences among various ages (earlier prehistoric, Bronze and IronAgeMongolian,modern, post-Muybridgeanmodern and pre-Muybridgeanmodern)
and the random choice of 73.3%, using the critical significance level p* = 0.05.

Comparison of two four-legged depiction groups χ2 df χ2crit
Significance
(χ2 > χ2crit)

All Mongolian (r = 60.5%) vs. random (r = 73.3%) 1.76 1 3.84 Not significant
All Mongolian (60.5%) vs. earlier prehistoric (46.2%) 1.60 1 3.84 Not significant
All Mongolian (60.5%) vs. natural history museums (41.1%) 4.66 1 3.84 Significant
All Mongolian (60.5%) vs. toy figurines (50.0%) 1.28 1 3.84 Not significant
All Mongolian (60.5%) vs. animal anatomy books (63.6%) 0.06 1 3.84 Not significant
All Mongolian (60.5%) vs. pre-Muybridgean (83.5%) 11.23 1 3.84 Significant
All Mongolian (60.5%) vs. post-Muybridgean (57.9%) 0.10 1 3.84 Not significant
All Mongolian (60.5%) vs. modern (65.2%) 0.36 1 3.84 Not significant

Khawtsgait Mongolian (70.6%) vs. random (73.3%) 0.05 1 3.84 Not significant
Khawtsgait Mongolian (70.6%) vs. earlier prehistoric (46.2%) 2.84 1 3.84 Not significant

Altai Mongolian (52.4%) vs. random (73.3%) 3.13 1 3.84 Not significant
Altai Mongolian (52.4%) vs. earlier prehistoric (46.2%) 0.21 1 3.84 Not significant

Note: For the random case, the unity walking matrix has number 1 in its every cell. Then the numbers of correct and incorrect four-legged walking illustrations
are Ncorrect = 15, Nincorrect = 44, total N = Ncorrect + Nincorrect = 60, resulting in an error rate of r = Nincorrect/N = 73.3% corresponding with the pure accident, that is,
the likelihood of mere chance of an erroneous four-legged illustration.

food procurement by hunting. Another explanation could be
the illustration of domesticated animals by the Bronze and Iron
Age pastoralists of Mongolia. Alternatively, these pastoralists
admired and venerated or even feared these animals, especially
such robust and dangerous animals as deers, bulls, mooses, yaks
and bears. These Mongolian animal rock drawings may also be
associated with pastoralist camps and cultic/religious/spiritual
scenes focusing on animals living on the Mongolian plateau,

similarly to the Altai pastoralists, Scythians and other people
further to the west [26, 27].
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