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Simple Summary: Horse breeds with alternative lateral gaits, such as the running walk, rack, bro-
ken pace, hard pace, and broken trot, have been important historically and are quite popular today
among equestrians for their trail or pleasure gait and for horse shows. This article reviews what is
known about the nature of these gaits, including their origin, kinematics, functional and biomechan-
ical advantages, and distribution. It incorporates evidence from art, human history, fossil equid
trackways, and genetics to provide a comprehensive overview of our current state of knowledge
about the evolution and development and key characteristics of these gaits as well as variations in
their expression.

Abstract: This article traces the origination, distribution, kinematics, function, and nature of alter-
native lateral horse gaits, i.e. intermediate speed lateral-sequence gaits involving the synchroniza-
tion of ipsilateral limbs in the swing phase. Such alternative lateral horse gaits (namely, the running
walk, rack, broken pace, hard pace, and broken trot) have been prized by equestrians for their com-
fort, and have been found in select horse breeds for hundreds of years and even exhibited in fossil
equid trackways. After exploring the evolution and development of alternative lateral gaits via fossil
equid trackways, human art and historical writings, and the genetics and history of modern horse
breeds, functional and biomechanical reasons are offered for the genesis of these gaits. The article
concludes by tracing similarities and differences between and within the expression of these alter-
native lateral gaits by various horse breeds. Fast and low-swinging hard pacing gaits are common
in several horse breeds of East and North Asia, high-stepping rack and running walk gaits are often
displayed in European and North and South American breeds, the broken pace is found in breeds
of Central Asia, Southeast Asia, West Asia, Western North America, and Brazil in South American,
and the broken trot occurs in breeds of North Asia, South Asia, and the Southern United States, and
Brazil South America.

Keywords: horse gaits; lateral gaits; locomotive kinematics; locomotive biomechanics; horse evolu-
tion; gaited horse breeds

1. Introduction

Horses display one of the most diverse sets of gaits among mammals [1-4]. Most
horse breeds perform the standard or so-called “natural” gaits of the walk, trot, and gallop
(or canter) [5-11]. The walk is a slow even four-beat symmetrical lateral-sequence gait that
is “stepped,” “square” or “singlefoot” with hooves lifting-off from and setting-down on
the ground in a fairly independent manner (limb phasing value of ca. 0.25, so the limbs
sequentially set down in near quarter intervals of the stride). The walk also lacks a sus-
pended phase (or period where all four limbs are off the ground at once) [9-18]. The trot
is an even two-beat diagonal-sequence and diagonal-couplet symmetrical and intermedi-
ate speed gait (limb phasing value of 0.50) wherein diagonal limbs lift-off and land to-
gether resulting in suspended phases wherein all four limbs are off the ground [9-11, 13,
17-26]. The four-beat gallop (or three-beat canter) is an asymmetrical fast gait involving
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the sequential lifting-off and setting-down of contralateral limb pairs (horses employ a
transverse gallop with front and hind contralateral pairs sequentially mirroring each
other) and lots of suspension wherein all four legs are simultaneously off the ground [9,
11, 27-31].

In addition to the “natural” gaits, several “gaited” horse breeds also display
“artificial” gaits or what I shall call alternative lateral gaits, i.e. intermediate speed sym-
metrical lateral-sequence gaits involving the synchronization of ipsilateral limbs [7, 9, 11,
32-44]. The term alternative here seems preferable to artificial as these gaits spontaneously
evolved in fossil equids and modern horse breeds and are often performed by foals with-
out any training. The running walk is an even four-beat square (“singlefoot”) gait involv-
ing hyperextension of the hind limbs under the body of the horse and inverted-pendulum
swinging mechanics, and lacks periods of four-limb suspension [33, 35-36, 38, 41, 44-48].
The rack [or t6lt] is also a square (“singlefoot”) gait but is reliant on the spring-mass me-
chanics of the horse ligament system [9, 11, 33, 35-36, 38, 42, 44, 49-57]. The (hard) pace is
an even two-beat lateral-couplet gait wherein ipsilateral hooves lift-off and land at
roughly the same time and has periods of four-limb suspension [9, 35-36, 42, 44, 58—64].
If ipsilateral hooves lift-off the ground nearly simultaneously but land further apart in
time so as to yield an uneven four-beat shuffling cadence without periods of four-limb
suspension, the horse is performing the broken pace (or stepping pace or amble) [35-36,
38, 44]. Finally, if diagonal hooves lift off nearly together in time but land further apart in
time so as to yield an uneven four-beat shuffling cadence, again in a later-sequence gait
but without periods of four-limb suspension, one has the broken trot (or fox trot) [35-36,
38, 44, 65-67].

In other words, horse gaits can be organized according to the following schema:

walk: slow, symmetrical, lateral-sequence, singlefoot, even, four-beat, inverted pen-
dulum running walk: intermediate, symmetrical, lateral-sequence, singlefoot, even, four-
beat, inverted pendulum rack: intermediate, symmetrical, lateral-sequence, singlefoot,
even, four-beat, spring mass broken pace: intermediate, symmetrical, lateral-sequence, lat-
eral-couplet, uneven, four-beat, spring mass hard pace: intermediate, symmetrical, lateral-
sequence, lateral-couplet, even, two-beat trot: intermediate, symmetrical, diagonal-se-
quence, diagonal-couplet, even, two-beat broken trot: intermediate, symmetrical, lateral-
sequence, diagonal-couplet, uneven, four-beat canter/gallop: fast, asymmetrical, contrala-
teral-sequence, contralateral-couplet, uneven, three to four-beat

The evolutionary origin of alternative lateral gaits in horses is somewhat compli-
cated. Alternative lateral gaits are quite rare in mammals, typically occurring only in
longer-legged species such as camels, alpacas, llamas, guanacos, vicufas, giraffes, okapis,
gerenuks, elephants, bears, bandicoots, maras, the maned wolf, and some longer-legged
dog breeds such as greyhounds, bloodhounds, Great Danes, Rhodesian ridgebacks, salu-
kis, and weimaraners [4, 68-71]. Horses do have long legs, but modern non-equine peris-
sodactyls (tapirs and rhinoceroses) seem to exclusively employ the trot as their interme-
diate speed gait, and this presumably represents the locomotive behavior of basal peris-
sodactyls including equids (ca. 56-47 Ma), from which horses derived [72-75]. At some
point in their evolutionary history, however, horses gained the ability to avail themselves
of alternative lateral gaits. For there is evidence from tridactyl equid trackways that per-
haps some Miocene and certainly some Pliocene equids employed the alternative lateral
gait of the rack (and perhaps the running walk), in addition to the diagonal gait of the trot
and the asymmetrical gallop [76-78 their fig. S1]. Yet it seems that horses eventually lost
the ability to perform alternative lateral gaits. For wild equine populations (zebras; asses;
Przewalski’s horses), and some of the oldest horse breeds (i.e. Caspian, Exmoor, Sorraia,
and most Arabian and Akhal-Teke horses) seem to exclusively employ the trot as their
intermediate speed gait. Hence it is likely that basal members of the tribe Equini (ca. 16
Ma) had lost the ability to perform alternative lateral gaits and only trotted at intermediate
speeds. All the same, many modern horse breeds can perform alternative lateral gaits such
as the running walk, rack, broken pace, hard pace, and broken trot. So horses once again
gained an ability to employ alternative lateral gaits. Human art and history, and modern
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genetics, indicate that this ability to perform alternative lateral gaits reoccurred (whether
by a reversion to an ancestral mechanism or by the development of a new mechanism) ca.
2200 BCE-1000 CE [79-80]. The story of how horses gained, lost, then regained the ability
for alternative lateral gaits, and their nature and benefits, is told below.

2. Alternative Lateral Horse Gaits

Members of the genus Equus—including domesticated caballine horse breeds (Equus
ferus caballus), as well as the (likely) non-domesticated Przewalski Horse (Equus ferus prze-
walskii), zebras (hippotigroids), and wild asses (hemiones)-standardly perform three to
four gaits, the walk, trot, gallop (and sometimes canter) [5-11]. These are often called the
“natural” gaits of horses. There are also additional horse gaits (sometimes called “artifi-
cial” or supplemental) that are spontaneously displayed in certain domestic horse breeds
(i.e. gaited horses). All of these additional gaits (running walk, rack, broken pace, hard
pace, broken trot), possess an ipsilateral step sequence (left hind, left front, right hind,
right front), and here will be called alternative lateral gaits.

The walk is the standard slow gait of the horse (ca. 1.4-1.8 m/s) involving independ-
ent movement of the four limbs in a lateral footfall sequence (left hind, left front, right
hind, right front). It yields four audible even beats with the movements of the right legs
imitating those of the left side. Hence it is a symmetrical lateral sequence “stepping,”
“square,” or “singlefoot” gait (here stepping, “square,” or “singlefoot” are used to mean
that the limbs operate mostly independently of each other). The walk has a limb phasing
value, or lateral advanced placement, around 0.25 as each limb makes contact with the
ground near one-fourth the temporal duration of the stride. The walk has a duty factor of
0.70-0.60, indicating the hind limbs making contract with the ground through 60-70% of
the stride duration, and has extended phases of 3-limb support, as well as lateral and di-
agonal two-limb support phases [9-18].

The trot (or jog if performed in slow manner) is the standard intermediate speed gait
of the horse (ca. 2.5-6.5 m/s, up to 8.5-12.0 in harness racing). It is a symmetrical diagonal
sequence and diagonal couplet gait (left hind+right front, right hind+left front) that yields
two audible even beats (at slower speeds the front hoof often lands just before the hind
diagonal hoof and at higher speeds the hind hoof just before the front diagonal hoof, but
not enough to make an audible difference). It has a limb phasing value, or lateral advanced
placement, of 0.50, and a duty factor of around 0.55-0.30, resulting in lots of diagonal two-
limb support phases, some single limb support phases, and periods of suspension when
all four legs are off the ground at the same time [9-11, 13, 17-26]. The trot can occur with
elevated and animated front legs where it is often called the park trot, as in the Morgan
Horse [67].

The gallop (sometimes called a lope if done in slow manner or run if done in fast
manner) is the standard fast gait of the horse (ca. 9.0-15.0 m/s, up to 17.0-19.0 m/s in horse
racing). In equines this takes the form of an asymmetrical transverse gallop involving fast
repeating strikes of contralateral couplets (i.e. left hind, right hind, left front, right front in
a right-lead gallop, or the reverse in a left-lead gallop). A gallop will typically yield four
uneven quick beats with long periods of four-limb suspension (duty factor of 0.30-0.20)
and phases of one or contralateral two-limb support. If performed at a slightly slower
speed the asymmetrical gait can turn into a three-beat canter wherein a hind limb contacts
the ground, followed by a diagonal limb pair making contact together, and ending with
contact of the front leading limb (i.e. left hind, right hind+left front, right front), with single
limb and diagonal limb support phases, and occasional periods of three-limb support at
slower speeds [9, 11, 27-31].

Five different types of alternative lateral horse gaits can be distinguished, with cer-
tain variants found within, yet, as noted above, all of them are symmetrical lateral se-
quence gaits with a footfall pattern of left hind, left front, right hind, right front). These
are the running walk (or flat walk at slower speeds), rack (often called the tolt in Europe),
the broken pace (or stepping pace), the pace (hard pace), and the broken trot (often called
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the fox trot) [7, 9, 11, 33—44]. These gaits are distinguishable in terms of audible beats
(number and chronicity), temporal kinematic parameters (advanced placement and lift-
off of consecutive limbs and whether they are diagonal or ipsilateral couplets, and duty
factor or hind limb stance duration), support structures (number of hooves on the ground
at the same time in stance phases), linear parameters (footprint patterns, stride (cycle)
length, and track gauge width), joint angles, body movements, and biomechanics [see fig-
ure 1 and table S1].

Prosise Compsnarts
PCA oot 1685 39%)

PC 2 (25.9%)

Walk
Flat Walk
Running Walk
Fox Walk
Broken Trot
Trot

X Saddie Rack
Hard Rack
Broken Pace
Hard Pace

PC 1 (42.3%)

Figure 1. Modified Hildebrand diagram for symmetrical horse gaits, plotting lateral advanced place-
ment (limb phasing value or % of stride duration separating ipsilateral foot contacts) vs. hind foot
stance duration (duty factor or % of stride duration hind feet are on the ground) vs. stride duration
(seconds). Square gaits (walk, flat walk, running walk, saddle rack, hard rack) are symbolized by a
square, diagonal gaits (fox walk, broken trot (i.e. fox trot), and trot) are symbolized by a diamond,
and lateral gaits (broken pace (i.e. stepping pace) and pace) are symbolized by a triangle. Square
gaits tend to have longer stride durations (and duty factors), with diagonal gaits intermediate in
value, and lateral gaits (and asymmetrical gaits) with the least stride durations. Diagonal gaits have
the largest lateral advanced placements (limb phasing values) while lateral gaits have the smallest.
Data points are averaged values from each of the following sources [12, 18, 22, 38, 44, 47, 57, 62, 65—
67, 82-85].

2.1. The running walk

The running walk is an accelerated outstretched walk wherein the biomechanics and
limb sequence of the standard walk are largely retained but the hind limbs extend forward
under the horse’s body before pushing off in order to propel the horse in an intermediate-
speed and overstepping gait. Like the walk it is a four-beat lateral sequence gait, and pref-
erably square or singlefoot (especially in the show arena) with four even beats, though
occasionally lateral couplet (with ipsilateral hooves landing closer together in time than
diagonal hooves). Again, the running walk, like the walk, biomechanically involves
swinging the horse’s legs in an inverted pendulum-like manner, generation of forward
motion through muscular effort in pushing limbs off the ground, and minor flexing or
extending of the leg joints. However, the bulk of the forward propulsion of the running
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walk comes from the hind limbs extending forward under the horse’s body and overstep-
ping the landing point of the ipsilateral front hooves. In order to maintain balance, and
not waste kinetic energy, horses in the running walk will nod their head up and down,
often causing the ears to flop up and down as well. Thus, a horse displaying a running
walk will have a low sweeping stride in the rear limbs but a short elevated stride in the
front limbs. There is some debate as to whether the “running walk” is properly spoken of
as a walk or a run [81], however, the present author finds no solid reason to discard the
traditional name of running walk (especially as its speed can attain 2.5-4.0 m/s, at which
point most non-gaited horses will have transitioned to a trotting gait, yet it involves in-
verted pendulum biomechanics) and it will be retained herein.

The two forms of the running walk are the slower flat walk and the faster running
walk proper (i.e. the hard running walk). The flat walk (or sometimes called the flat foot
walk or flat footed walk) takes place at around 1.8 to 2.2 meters/second with a stride du-
ration of 1.10-0.95 seconds and a stride length of 1.8 to 2.4 meters. The flat walk is often
slightly uneven (the ratio of ipsilateral over diagonal step time is 0.60-0.70) and so involves
lateral couplets (though as much of an even singlefoot gait as possible is encouraged and
an overly pacy walk or “camel walk” discouraged in the show arena). In the flat walk there
is a period during which a front or hind hoof lies flat on the ground (hence the name of
the gait), some head nod (vertical head displacement of 11-19 cm), a little forward to back
movement in the saddle, but not a lot of up and down movement (croup vertical displace-
ment is around 8 cm). The flat walk contains a lot of 3-limb support phases (ca. 0.40-0.70
of the stride length) with alternating lateral and diagonal periods of support [7, 35-36, 41,
82-85].

The running walk proper (henceforth the hard running walk) is the faster version of
the gait taking place around 2.2 to 4.0 meters/second, with a stride duration of 0.85-0.65
seconds, and a stride length of 2.1 to 2.9 meters. The hard running walk is ideally quite
even (ratio of ipsilateral over diagonal step times of 0.70-0.90), but the front limbs break
over and lift off the ground just before the heels of the hind hooves land (so it is not flat
footed). Hence while the running walk has a lateral advanced placement close to 0.25 (0.23
to 0.17), it possesses a fairly low lateral advanced liftoff (0.10-0.19) and a fairly high diag-
onal advanced lift-off (0.31 to 0.48). There is also substantial head nodding that occurs
with the running walk, which helps the hose maintain balance (vertical head displacement
10-24 mm). The back of the horse is fairly level (i.e. unrounded) in the running walk with
very little up and down movement of the rider in the saddle (croup vertical displacement
ca. 3-6 cm), and only a slight front to back rocking motion in the saddle. The running walk
has minimal tripedal support phases (0.15 to 0.05) compared to other lateral gaits and may
have occasional periods of single foot support (0.02-0.08) at very fast speeds, with two
front feet and one hind foot in the air simultaneously. The running walk tends to leave a
trackway of four isolated prints without obvious ipsilateral or diagonal pairings [33, 35—
36, 38, 41, 44-47] (see figure 1 and table S1).

The running walk is a very comfortable gait for the rider and prized in horse breeds
where a long duration intermediate-speed gait is desired. It is also a very sure-footed gait
with periods of tripedal support at slower speeds and with one limb always on the ground
(explaining its possible appearance in tridactyl Pliocene equids moving across ash beds in
Laetoli, see [76]). Though the running walk is not found in Spanish horse breeds today,
the Spanish imprint is seen in the close association of “walking” horse breeds with early
Spanish colonies in the Americas, as well as in shared genes between New World and
Iberian horses [86—90]. In fact, the running walk seems to have originated with horses that
were part of a Celtic migration from the Hallstatt Culture in the Austrian and Swiss Alps
(ca. 800 BCE) to Iberia (ca. 540 BCE) [91-97]. These Celtic horses gave rise to the Spanish
Jennet (Galician) horse that formed part of the Spanish lineage brought to the Americas in
the sixteenth century. In addition, it is likely that these Celtic horses gave rise to the me-
dieval palfrey horses of England, France, and Italy, some of which, as detailed later, seem
to display a running walk in depictions of knights sparing on horseback (here the lack of
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vertical motion in the saddle felt in the running walk gait may have made balancing and
striking easier on horseback).

The running walk gait occurs in many breeds of the Southern United States, but is
most famous in the Tennessee Walking Horse. In the Tennessee Walking Horse the run-
ning walk can occur with slight elevation and animation of the front limbs in a pleasure
or road gait or lots of elevation and animation of the front limbs in a show gait (at its
extreme a very high-stepping running walk, or “big lick,” is induced through the use of
modified shoes, and in the past the unfortunate practice of soring of the horses’ feet). In
any case, there tends to be lots of head nodding. The Tennessee Walking Horse is also
capable of a fast running walk including periods of single foot support [41, 98-101]. The
running walk also occurs in the American Walking Pony (which has a slower pleasure
walk and a faster merry walk with less head nodding), Florida Cracker, McCurdy Planta-
tion [McCurdy Walker], Smokey Valley (where it is labeled the soft prance), and Tiger
Horse; as well as in genetic offshoots of the Tennessee Walker including the North Amer-
ican Curly, Tennuvian [Tennessee Walker + Peruvian Paso], Utah Walkony [Tennessee
Walker + Pony], and Walkaloosa [Tennessee Walker + Appaloosa]. A running walk is oc-
casionally found in other gaited breeds of the Southern United States including the
Banker, Kentucky Mountain Saddle, Morgan, Rocky Mountain, Spanish Mustang, Span-
ish Colonial, and Spotted Saddle Horse though typically with little elevation and anima-
tion of the front limbs [35, 102-104]. The running walk gait, in addition, has also made its
way up north where it is sometimes found in the Canadian Pony of the Americas, Mon-
tana Travler, and Sable Island Horse (where it is called the prance), as well as south into
Mexico with the Sierra Tarahumara. The Galicefio of Mexico is also said to perform the
running walk, but one study of the breed only found a standard walking gait at ca. 1.36
m/s [105], while other reports and illustrations seem to indicate it possesses more of a rack
or broken pace [37]. The expression “running walk” is also occasionally used for the alter-
native lateral gait common in Greek and Turkish breeds, but (as will be seen below) their
gait is more properly labeled a broken pace (see figure 2).
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Figure 2. Map showing world-wide distribution of horse breeds with alternative lateral gaits. Gaits
are color-coded with yellow indicating the broken trot, red the running walk, green the rack, blue
the stepping pace, and purple the hard pace. When horses perform more than one gait the circle
surrounding their abbreviation is multi-colored. The following are the horse breeds denoted and
their abbreviations: AB=Abaco Barb, AD=Aegidienberger, AL=Albanian, AN=Andean, AP=Appa-
loosa, AR=Arravani, AS=Appalachian Singlefoot, AT=Altai, AY=Andolu Yerli, AZ=Azteca, BB=Bidet
Breton [Extinct], BH=Banker Horse, BS=Basuto, BT=Bulgarian Trotter, BU=Bhutia, BY=Buryat,
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CA=Campolina, CB=Cape Boer, CH=Cheju, CK=Chakouyi, CO=Campeiro, CN=Canik, CP=Cana-
dian Pacer [Extinct], CR=Cretan, CS=Castilian [Extinct], CU=Cuban Paso, DH=Dutch Harness
Horse, DN=Dongola, DT=Datong, KD=Kabarda, KC=Karachai, FC=Florida Cracker, FG=Ferghana
[Extinct], FH=Finnhorse, FI=Faeroe Island Pony, FR=French Trotter, FT=Missouri Fox Trotter,
GA=Galician, GC=Galicefio, GR=Garrano, GT=German Trotter, GW=Galloway Pony [Extinct],
HB=Hobby Pony [Extinct], HK=Hokkaido, IC=Icelandic, IT=Italian Trotter, JV=Java [Extinct], KA=
Kaimanawa, KD=Kabarda, KG=Kyrgyz, KK=Karabakh, KM=Kalmyk, KR=Karabair, KS=Kentucky
Mountain Saddle Horse [same location for KN=Kentucky Natural Gaited Horse and for VS=Smokey
Valley Horse], KU=Kurdi, KW=Kathiawari, KZ=Kazakh [same location for KS=Kushum], MA=Man-
golina, ME=Mérens, MI=Mytilene, MJ=Marajoara Island Horse, MO=Gaited Morgan, MM=Manga-
larga Marchador, MP=McCurdy Plantation, MR=Timor, MT=Carolina Marsh Tacky, MW=Marwari,
NA=Nati, NC=North American Curly, ND=Nordestino, NF=Newfoundland Pony,
NG=Nooitgedacht, NK=Nokota, NP=Narragansett Pacer [Extinct] NS=National Show Horse,
NT=Nordic Trotter, OT=Orlov Trotter, PA=Canadian Pony of the Americas, PC=Columbian Paso
Fino, PE=Peneia, PF=Palfrey [Extinct], PH=Paso Higueyano, PI=Pindos, PM=Pampa, PQ=Piquira,
PP=Peruvian Paso, PR=Puerto Rican Paso Fino [same location for RC=Puerto Rican Criollo],
PT=Paint, RE=Alter Real, RH=Racking Horse, RM=Rocky Mountain Horse [same location for
OK=Mountain Pleasure Horse], RO=Rhodian, SA=Standardbred (Pacer), SB=American Saddlebred,
SC=Spanish Colonial, SH=Shan, SI=Sindhi, SF=North American Singlefooting, SI=Sable Island,
SJ=Spanish Jennet [same location for CT=Celtic Asturcon] [Extinct], SL=Afrikan Saalperd, SM=Span-
ish Mustang, SP=Spiti, SS=National Spotted Saddle Horse, ST=Sierra Tarahumara, SW=Sandalwood,
TB=Trottingbred, TC=Columbia Trocha Pura [same location for TG=Columbia Trocha y Galope],
TG=Tiger Horse, TH=Thessalian, TI=Tibetan, TK=Turkmene [Extinct], TL=Transbaikal, TM=Turko-
man [same location for NI=Nisean [Extinct], TN=Tushin, TR=Montana Travler, TS=Tongan Single-
footer, TU=Tennuvian, TV=Tuva, TW=Tennessee Walking, UW=Utah Walkalony, VC=Venezuelan
Criollo, VH=Smokey Valley Horse, VY=Vyatka, WB=West Black Sea, WL=Walkaloosa, WM=Welsh
Mountain Pony, WP=American Walking Pony, WU=Mongolian Wushen, YK=Yakut, YL=Yili,
YM=Yamud, YQ=Yanqi, ZA=Zaniskari.

The running walk takes a unique form in South America and the Spanish Caribbean
where it was likely derived from a combination of Spanish Jennet [Galician], Barb [Mo-
roccan], and Castilian horse of Southern Spain (the latter known for its alternative lateral
“paso castellano” gait) influence. In South America the running walk gait occurs in the
Andean and Peruvian Paso Horse where it is called the paso llano (a shortening of paso
castellano) or the andadura rota. In these horses, however, it occurs with a unique form,
with less head nod and hind leg extension, and with the forelegs moving in an outward
sweeping arc, or what is called termino, with some elevation and sharply angled knee
joints [agudez], and animation [brio]. The paso llano tends to be performed more quickly
than the standard running walk with a stride duration of 0.63-0.57, and with a slightly
shorter stride length of ca. 1.7-1.9 m, and occasionally has slightly diagonal couplets (LAP
0.27-0.28). It is said to be a gait well-adapted to a coastal or desert environment [38, 44,
106-109]. The Peruvians are very precise in categorizing the different forms the running
walk can take, namely: golpeado or slow moving with quick understeps, little forward pro-
gress, slight unevenness, diagonal couplets, more diagonal bipedal support than lateral
bipedal support phases, and some discomfort for the rider; picado or even with some speed
and capped prints; and gateado or fast with overstep, slight unevenness with lateral cou-
plets, longer hind limb support phases than front limb support phases, more lateral bi-
pedal support than diagonal bipedal support phases, and great comfort for the rider). A
similar running walk with termino is found in the Abaco Barb of the Bahamas [102, 104]
(see figure 2).

2.2. The rack

The rack is a lateral sequence four-beat gait which varies from having lateral couplets
to being square (“singlefoot”), the latter being prized in the show arena. The rack has a
shorter hind step than the running walk with less extension, and is usually performed at
a quicker rate (stride duration 0.70-0.42 seconds) and faster speed (2.5-6.0 meters/second,
up to 10.6 in racing horses), with a longer stride length (2.0 to 3.6 meters, up to 4.5 to 6.0
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meters in racing horses). The rack has a lateral advanced placement of around 0.24-0.18
and a diagonal advanced placement of 0.34-0.24. It is typically an elegant gait in which the
horse holds its head high (with little nod) and often its forelegs are quite elevated and
show lots of animation. The rack has occasional tri-limb support at slower speeds (i.e. a
saddle rack) with understepping or capping of ipsilateral hoof tracks, but at faster speeds
(i.e. a hard rack or speed rack) there are only two-limb (lots of lateral bipedal and some
diagonal bipedal support sequences) and one-limb (single foot) support phases with over-
stepping of ipsilateral limb tracks to such an extent that diagonal pairs of hoof impressions
are close together in trackways. The rack is also a narrow-gauge gait wherein the legs
move inward closer to the center of the horse’s body (so the interior straddle is often neg-
ative in value as hind limb impressions cross the centerline parallel to the direction of
travel). The rack does not seem to be as efficient a gait biomechanically for the horse as
the broken trot or broken pace (more study, however, needs to be done in this regard),
and can be hard on the horse’s leg joints if performed at a fast pace. However, the racking
gait is fairly comfortable for the rider. The back of the horse tends to be ventroflexed (con-
cave) in the rack, and while the rider does experience some up and down motion in the
saddle (croup vertical displacement of 3.0 to 6.5 cm), as evidenced by the shaking of the
horses’s tail, there is not nearly as much up and down motion as in the trot (croup vertical
displacement of 5.0-13.0 cm), as most of the up and down motion is absorbed at the back
of the horse, though there can be some slight swaying from side to side [9, 11, 33, 35-36,
38, 42, 44, 49-57]. Stefansdottir [110, their table 1] found that in Icelandic Horses mean
heart rates were similar for the tolt (132, 153, 180 BPM) and trot (131, 154, 186 BPM) at
speeds of 3.2, 4.1, and 5.5 m/s, however, that mean lactate blood concentrations were gen-
erally higher in the tolt (1.07, 1.48, 4.66 mmol/l) than the trot (0.92, 1.27, 4.92 mmol/l) in-
creasing recovery time [see also 111-112] (see figure 1 and table S1).

The racking gait has been identified definitively in some Pliocene tridactyl equids of
Laetoli, Tanzania traveling across slippery ash deposits, and perhaps in some Miocene
tridactyl equids of Barstow, California [76—77]. Like the running walk, the rack, with pe-
riods of three-foot support when slow and usually with one leg on the ground at all times
[single foot support], seems well adapted for slippery, rugged, or steep terrain. Hence the
rack tends to be associated with breeds inhabiting mountainous or hilly regions.

In modern horses, the rack, like the running walk, seems to have originated in the
Celtic horses that made their way from the Austrian and Swiss Alps (ca. 800 BCE) into
England, France, and Iberia (ca. 550 BCE) whereby it was passed down to the medieval
French and English Palfrey, Scottish Galloway, Irish Hobby, and Spanish Jennet (indeed
medieval illustrations of the English Palfrey horses, French Haquenées, and Pictish Gallo-
way horses show a gait similar to the modern rack) [91-97, 113-122]. Though lost in most
breeds of southern Europe, the rack is often found in the Portuguese Garrano Horse
(where it is called the passo travado and takes the form of a hard rack with periods of
single foot support), sometimes in the Alter Real of Portugal as well [102, 104] (see figure
2).

The racking gait is well-known and best studied in the Icelandic horse (where it is
known as the tolt), and can be performed either as a saddle rack with periods of three-leg
support, or as a hard rack with single foot support phases, though the front legs are not
as elevated as in the American Saddlebred [9, 11, 33, 35, 38, 42, 44, 49-57, 123-126]. The
rack (or more properly tolt) is also found in genetic offshoots of the Icelandic Horse in-
cluding the Danish Faeroe Island Pony and the German Aegidienberger [Cross of Ice-
landic + Peruvian Paso] [102-104] (see figure 2).

The rack is also a prominent gait in many horse breeds of the Southern United States.
Modern genetics tends to confirm the tradition that such gaited horses originated from
Spanish blood lines that made their way into the Southern United States and Mexico, and
also into New England with the Narragansett Pacer, and were later crossed with other
breeds such as the English Thoroughbred [127-130]. For there are close genetic links be-
tween North American gaited breeds (such as the Saddlebred, Florida Cracker, Banker,
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and Marsh Tackey) and Spanish breeds such as the Andalusian, Pura Raza Galega [Gali-
cian], Barb, and Lusitano [86-90, 131] (see figure 2).

The racking gait is prized in some members of the American Saddlebred where it
tends to be more trained than natural and takes the form of either a saddle rack with very
elevated and animated forelimbs and tripedal and bipedal support structures or a hard
rack with only bipedal and single foot support structures (and is usually a trained gait)
[44, 58, 129, 132-136]. The rack also occurs in the Florida Cracker (i.e. the coon rack) where
it is a quick-stepping saddle rack with extensive lateral bipedal support phases due to a
large diagonal advanced lift-off (ca. 0.42); Kentucky Mountain Saddle Horse (i.e. a moun-
tain pleasure rack) which has a saddle rack with front legs moving with low elevation and
less animation; Kentucky Natural Gaited Horse; McCurdy Plantation Horse (the
McCurdy lick, plantation gait, or saddle gait) which often takes the form of a hard rack
with some but not extreme front limb elevation; Mountain Pleasure Horse, with a sad-
dlerack (trail or mountain pleasure rack with some but not extreme front leg elevation or
head left); National Show Horse which has a rack similar to the Saddlebred with elevated
front limbs and animation as it is cross of Arabian + Saddlebred horses); National Spotted
Saddle Horse; North American Singlefooting Horse, which can perform a slower saddle
rack with some elevation of front legs (trail or country rack), but is most known for its
hard or speed rack occurring at very fast speeds with extensive single foot support phases
(road gait); Racking Horse, which also has a hard rack or speed rack (the style rack) with
extensive single foot support phases, as well as a large diagonal advanced lift-off of ca.
0.40 and longer hind than front limb support phases; Rocky Mountain Horse (mountain
rack), which can take the form of a slower saddle rack (show gait) or a faster hard rack
(pleasure gait), though both are performed with relatively low elevation and animation of
the front legs; Smoky Valley Horse (traveling gait), which can be either a saddle rack or
hard rack, and the Virginia Highlander, which usually performs a hard or speed rack [35,
38, 44, 102-104] (see figure 2).

The rack is also sometimes found in the American Walking Pony, Morgan (hard
rack), Newfoundland Pony and Sable Island Horse of Canada, Spanish Mustang and
Spanish Colonial Horse (with less elevated front legs), Sierra Tarahumara of Mexico, Ten-
nessee Walking Horse (often with elevated legs), and the Walkaloosa [102, 104, 137]. The
rack may be seen on occasion in the Azteca of Mexico, the Banker [Corolla] of North Car-
olina in the United States, the Morab of Clovis, California in the United States, (probably)
in the Galiceno of Mexico, and possibly in the Canadian Pony and Lac La Croix of Canada
[37, 102, 104, 138] (see figure 2).

South American horses and their offshoots, including the American Paso Fino, Co-
lumbian Paso Fino, Columbian Trocha Pura, Puerto Rican Criollo, and Puerto Rican Paso
Fino, are named after their paso fino racking gait (classic fino, fino clasico, or show gait].
The classic fino is typically a very collected rack performed with quick low steps, little
forward momentum (i.e. a very slow speed), and three-limb support phases. Accordingly,
such gaits typically have a short stride length (ca. 0.6 to 1.1 meters) and stride duration
(0.39-0.35 seconds) [38, 102-104, 139-144]. The Paso Fino breeds can also perform faster
versions of the rack called the paso corto with moderate speed and extension and the paso
largo with great speed and extension (though these gaits most often take the form of a
broken trot). The Cuban Paso performs a similar rack to the classic fino, where it is called
the marcha fina y gualdrapeada or paso del gualdrapeo. Paso Fino horses also often per-
form what is called a “flat walk,” but this is really just a standard walk rather than a slower
variant of the highly extended running walk. All of the Paso Fino horses seem to be closely
related, and descended from Iberian Horse breeds including the Caballo Galega, As-
turcén, Andalusian, Spanish Jennet, and Garrano, as well as perhaps the Lusitano [89, 90,
144-146] (see figure 2).

Brazilian horses typically perform a broken pace (marcha picada), or broken trot
(marcha batida), but recently a square rack (the marcha de centro, marcha de interme-
didria) has become popular in such breeds as the Campeiro, Campolina, Mangalarga
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Marchador, and Mangolina. A rack can also occur in the Venezualan Criollo [Llanero]
[145].

The rack is also common gait in South African horses. Not only is it found in South
African Saddlebreds imported from the United States, but also in more native breeds in-
cluding the Basuto, Cape Boer, and Nooitgedacht, which often display a saddle rack
termed the trippel in light of its three-limb support phases [40, 102, 104, 147-151] (see
figure 2).

2.3. The broken pace (stepping pace; amble)

The broken pace or stepping pace is a four-beat gait wherein the ipsilateral feet are
lifted off the ground at around the same time, but the hind foot lands a little before the
front foot yielding an asynchronous or shuffling beat (diagonal/ipsilateral step time ratio
of 0.35-0.55). Its lateral advanced placement varies from 0.18-0.13 and diagonal advanced
placement from 0.37-0.33. The broken pace occurs at a speed of around 2.9 to 6.2 m/s, with
a stride duration of 0.61-0.45 seconds, and a stride length of 2.0 to 3.1 meters. It is also a
narrow-gauge gait wherein the legs move inward and under the center of the horse’s
body, and so often has a negative interior straddle value. Like the hard rack or speed rack,
the broken pace often leaves trackways wherein diagonal pairs of hoof prints are close
together. Though more comfortable than a hard pace due to periods of three-limb and
single foot support, less side-to-side sway, and possessing little vertical motion in the sad-
dle (croup vertical displacement ca. 4.0 cm), the broken pace is less comfortable for the
rider than a rack or running walk as there is still some side-to-side motion in the saddle
(and the horse’s head may even sway from side to side though somewhat elevated). A
horse can maintain a broken pace for some distance, but it can be hard on the horse’s back
(which tends to be somewhat ventroflexed or concave) if habitually occurring [35-36, 38,
44]. When compared to the rack of the Icelandic at 3.2 m/s, the mean heartrate of the Man-
galarga Marchador horse was lower 106.2 BPM (vs. 132.0 BPM) but had a higher mean
blood lactate level of 3.2 mmol/I (vs. 1.07 mmol/l) [112, 152] (see figure 1 and table S1).

The broken pace is considered undesirable in many of the horse breeds in which it
occasionally occurs, such as the Faeroe Island, Icelandic, American and Puerta Rican Paso
Fino (i.e. the sobre paso), McCurdy Plantation Horse, and Tennessee Walking Horse.

Yet the broken pace (stepping pace) is a recognized and desired gait in several horse
breeds, whether for transportation or show. In fact, the broken pace is esteemed in Greek
horses such as the Arravani [Macedonian Pacer], Cretan [Messara], Peneia, Pindos, Rho-
dian, and Thessalian, where the gait is called the arravani and performed with elevated
front feet, as well as in the Albanian, Shan of Myanmar in Southeast Asia where the gait
is called the ahthacha [102, 104, 153-159]. A broken pace is also valued in South African
Saalperd, Basuto, and Cape Boer where the gait is called the kortgang as well as the South
African Nooitgedacht where the gait is called the styrkstap; and the Dongola of West Af-
rica where the gait is called the takama [102, 104, 147-151] (see figure 2).

In the Southern United States, the broken pace is a recognized gait in horse shows
with the American Walking Pony, Morgan, Saddlebred, National Show Horse, and Na-
tional Spotted Saddle Horse where it takes the form of a gait performed at a slower speed
than the rack, hence its name, the slow gait. The broken pace is also a favored gait in
Spanish-American horse breeds that made their way into Native American hands (whence
itis often called the “Indian shuffle”), as in the Appaloosa, Florida Cracker, Nokota, North
American Curly, Paint, Sable Island, Spanish Mustang, Spanish Colonial Horse, Tiger
Horse, and Walkaloosa. Such horses have genetic links to the Caballo Galega, Asturcén,
Garrano, and interestingly perhaps the Yakut for the Nokota [90, 102-104, 107, 131, 160-
161]. On occasion the broken pace also seems to occur in the Azteca and (perhaps) Ga-
licefio of Mexico, (perhaps) the Lac La Croix of Canada, and the Banker and Morab of the
United States [102, 104] (see figure 2).

A broken pace is also esteemed in several South American horse breeds, especially
in Peru and Brazil. The Andean and Peruvian Paso are known for their broken pace (the


https://doi.org/10.20944/preprints202306.1622.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 June 2023 doi:10.20944/preprints202306.1622.v1

sobreandando), which is ideally performed at a fairly fast speed with overstepping and
periods of single foot support (ca. 8-9%), otherwise it is not very comfortable to the rider
in a slower understepping form (aguilillo) [38, 44, 102, 104, 106, 108-109, 162-163]. So too
are Brazilian horses such as the Campeira, Campolina, Mangalarga Marchador, Manga-
larga Paulista, Mangolina, Nordestino, Pampa, and Piquira, which display a broken pace
known as the marcha picada, and which is normally a slower gait (ca. 3.0-4.0 m/s), with a
stride duration of 0.93 seconds, and a stride length of ca. 1.8-2.0 m, with extensive three-
limb support phases (ca. 60%), but can be performed quicker (stride duration 0.50 sec-
onds) with periods of single foot support (ca. 13-19%) [38, 44, 102, 104, 164-185]. A broken
pace is also desirable in the Paso Higueyano of the Dominican Republic in the Caribbean,
which, in fact, is named after the gait, i.e. the paso higueyano, and is performed in a slow
and animated manner with elevated front legs and small steps. A broken pace on occasion
occurs in the Marajoara of Brazil, and perhaps the Costa Rican Saddle Horse [102, 104,
138]. These South American horses all share close genetic links with Iberian horses includ-
ing the Sorraia, Lusitano, Andalusian, Garrano, and Lusitano, and likely the extinct Span-
ish Jennet [107, 186, 187, 188, 189] (see figure 2).

Some of the Indonesian horses have been described as having this gait, such as the
Sandalwood and Timor of Indonesia, and this seems to be the gait exhibited by the Tongan
Singlefooter of Tongan Island, Polynesia. There does seem to be a link between the ancient
Java horse and the broken pacing gaits of the native South African breeds [102, 104] (see
figure 2).

2.4. The pace (hard pace; flying pace)

The true or hard pace is a two-beat gait involving heavy coordination of ipsilateral
legs which take off and land at nearly the same time (lateral advanced placement of 0.10-
0.05, and diagonal advanced placement of 0.45-0.40). It is performed at a fast speed (3.5-
8.1 m/s, up to 10.5-14.0 in the racing or flying pace), with a stride duration of 0.60-0.30
seconds, and a stride length of 2.1 to 3.5 meters (up to 5.4-6.3 in the racing or flying pace).
The hard pace also involves periods of suspension when all four limbs are in the air at
once. The hard pace possesses a strong side-to-side motion in the saddle (especially at
slower speeds), with the horses head held high but often swaying from side to side, and
is not very comfortable for the rider. The hard pace is capable of great speeds, even faster
than the trot, though not as fast as the gallop, yet it can be hard on the horse as its back is
quite concave or ventroflexed and it is metabolically taxing [9, 35-36, 42, 44, 58-64, 190].
A flying pace treadmill simulation in Icelandic Horses at ca. 9.0-12.1 m/s produced a much
higher mean heart rate (204-206 BPM) and mean lactate concentrations (11.9-18.8 mmol/l).
Though even higher mean heart rates and/or lactate blood concentrations occurred in the
speed pace of the Standardbred Horse (heart rate 199-227 BPM; lactate 20.8-20.9 mmol/l)
[191-192], approaching those of racing Thoroughbreds in the gallop (heart rate 214-223
BPM,; lactate 22.5 mmol/l) [193-195] (see figure 1 and table S1).

The hard pace is particularly well known in the Icelandic Horse who are able to per-
form a flying pace or flugskeid at high speeds [33, 64] (see figure 2).

The hard pace (along with the broken pace) is also quite common among Turkish
breeds of West Asia including the Andolu Yerli, Canik, Lesvos, Mytilene, Turkmene, and
West Black Sea Horse, for whom the broken pace is called the yorga (or the diiz yorga
when collected) and the hard pace the rahvan, and performed at fast speeds with elevated
front legs [102, 104, 159, 196-205]. The hard pace (along with the broken pace) can also be
found in some Abaco Barbs, and on occasion in the Akhal Teke and Yamud [lomud] of
Turkmenistan, and the Kurdi [Jaf] and Turkoman of Iran [102, 104, 206-209] (see figure 2).

The hard pace (along with the broken pace) is also common in many horse breeds
associated with the Scythian peoples, likely indicative of the actual origin of alternative
lateral gaits. In Central Asia, in the Pontic-Caspian steppe region occupied by the Scythi-
ans (ca. 800-400 BCE), and later colonized by the Persians, Turks, and Mongols, including
Kazakhstan, Kirghizstan, Tajikistan, Turkmenistan, and Uzbekistan. Among such horse
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breeds of Central Asia capable of the hard pace or stepping pace are the Kalmyk, Kabarda,
Karachai, Kazakh, West Black Sea, and on occasion the Kushum and Yamud. And the hard
pace (along with the broken pace) occurs in horse breeds of the West Asian steppes occu-
pied by the Scythian Cimmerians (800-400 BCE) including the Karabakh of Azerbaijan,
Tushin of Georgia, and on occasion in the Altai and Tuva of Russia. Finally, there is an
association of pacing horses with the Scythian Saka (700-200 BCE) of the Eurasian steppes
and Tarim Basin (i.e. Xinjiang in China) including the Karabair, Kyrgyz, Yanqi, and Yili
breeds. The hard pace also occur in the Mezen and Vyatka of Russia [102, 104, 210-215]
(see figure 2). It likely occurred in the now extinct Turkmene of Turmenistan.

Gaited horses made their way from Central Asia to East Asia with the development
of the Xiongnu Empire (209 BCE-100 CE) and the establishment of the Silk Road trade
route during the Han Dynasty (206 BCE- 220 CE) [Li et al., 2020]. Hence many East Asian
breeds also often pace including the Chakouyi, which have a pace with elevated and
flexed front legs, Cheju [Jeju], Datong, Hokkaido [Dosanko], Mongolian [Wushen] (where
it is called the joroo), Shan, Tibetan, and the aforementioned Yangqi and Yili perhaps even
earlier associated with the Scythian Saka group [102, 104, 216-226]. The hard pace is also
found in the Bhutia [Yuta], Spiti, and Zaniskari of India [102, 104, 227-229] (see figure 2).

Iberian breeds such as the Galician and Garrano sometimes possess a hard pace
called the andadura serrada or andadura perfecta, and a fast broken pace called the an-
dadura chapeada or andadura imperfecta, and such gaits are found on occasion in the
Andalusian, Asturcén, and perhaps the Retuertas [102, 104]. All of these are closely related
Iberian breeds. A hard pace is also sometimes found in the French Mérens, German Lew-
itzer, and Welsh Mountain Pony [102, 104] (see figure 2). And it has made its way into the
Andalusian donkey, where it is called the paso de ambladura.

A hard pace also occurs in many harness racing horses that compete in the trot or
pace, including the Bulgarian Trotter, Dutch Harness, Finnhorse, French Trotter, German
Trotter, Italian Trotter, Spanish Trotter, Orlov Trotter, Standardbred, Nordic Trotter, and
Trottingbred [59, 102, 104, 230-231]. As we will see, this is associated with the DMRT3
“gait-keeper” A-allele which encourages horses to maintain a trot or pace rather than tran-
sitioning to a gallop (see figure 2).

The hard pace is typically discouraged in South American breeds. In the Peruvian
Paso, the fast form of the hard pace with lots of overstep and suspension is called the
huachano [or paso portante, or andadura] and is not super comfortable for the rider,
though the entrepaso or slower version of the hard pace, performed with less overstep
and more bilateral support phases than suspended phases, is a bit more comfortable. In
the Mangalarga Marchador or Mangalarga Paulista the hard pace is called the passo es-
quipado [or andadura]; in the Columbian Paso the hard pace is called the andadura
saltada; and in the Puerto Rican Paso Fino it is simply called the andadura where it usually
occurs at a fast speed [139, 185]. The hard pace is also discouraged in gaited breeds of the
Southern United States, such as the Tennessee Walking Horse and Walkaloosa. It seems to
occur on occasion in the Newfoundland Pony and perhaps the Canadian Pony, but again
is not too desirable [102, 104] (see figure 2).

2.5. The broken trot (fox trot)

The broken trot or fox trot is a variant of the trot wherein diagonal limbs lift off the
ground in unison (or nearly so), but the front foot comes down just before the hind foot,
resulting in diagonal couplets and a four-beat gait. It has a lateral advanced placement of
0.41-0.32 and a diagonal advanced placement of 0.07-0.20. It is still, however, a lateral se-
quence gait (with a footfall pattern of left hind, left front, right hind, and right front). The
broken trot occurs at a speed of around 3.2-3.7 meters/second, a stride duration of around
0.67-0.58 seconds, and with a stride length of 2.0-2.5 meters. Like the trot, ipsilateral pairs
of hooves land near each other in the trackway. In the typical broken trot or fox trot the
forelimbs engage in long sweeping motions with minimal flexion of the carpus, whereas
the hind limbs take shorter steps with great hock flexion and springing release of force.
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Fox trotting horses tend to engage in some head nodding (vertical displacement of 12 cm),
and their back tends to be convex or rounded (dorsiflexed). The fox trot is quite comfort-
able for the rider (though there is a slight front to back rocking motion along with an
occasional small bounce up and down) and is able to be sustained for long distances by
the horse [35-36, 38, 44, 65-66, 232]. Wanderley et al. [152] showed just how energy effi-
cient a gait the broken trot is. They compared the marcha picada (broken pace) and marcha
batida (broken trot) of the Mangalarga Marchador at 3.2 m/s, however, and found the
marcha batida gait (heart 83.7 BPM; lactate 1.3 mmol/l) was more energy efficient than the
marcha picada (heart 106.2 BPM; lactate 3.2 mmol/l) as it had lower average heart rate and
lactate blood levels [152; see also 235-236] (see figure 1 and table S1).

The broken trot (or fox trot) occurs in several Siberian horse breeds of the Baikal and
Caucasus Mountains such as the Buryat, Kabarda, Karachai, Transbaikal, and Yakut,
where it is called the tropota and involves short quick steps [237-245]. The broken trot
also occurs in Indian horses that inhabit the Thar Desert, such as the Kathiawari, Marwari,
and Sindhi, where it takes the form of a fast gait with periods of single foot suspension
and elevated front limbs known, and is known as the revaal (rewal) or aphcal [246—249]
(see figure 2).

The fox trot is not very common in present day European breeds but it was said to
occur in the Bidet Breton of Normandy [250]. In the United States, Southern gaited horses
of Spanish and French heritage (likely from the Spanish Jennet and Bidet Breton breeds)
possess the fox trot including the Appalachian Singlefoot Horse of North Carolina, which
has a fox trot with little front leg elevation and with capping of tracks; Marsh Tacky of
South Carolina (the swamp trot or rocking chair trot), which is performed at a slow speed
with periods of three or even four-leg support for traversing marshes; Missouri Fox Trot-
ter of Missouri, which has a slower broken trot (flatfoot walk or fox walk) and a faster
broken trot (fox trot) with lots of head nodding; as well as in breeds derived from the
Missouri Fox Trotter, such as North American Curly and the Walkaloosa. The broken trot
can sometimes be found in the Kentucky Mountain Saddle, Morab, National Spotted Sad-
dle Horse, and Tennessee Walking Horse of the United States [102-104]. The park walk of
the Morgan Horse is either an animated two-beat slow trot, or a slow four-beat broken
trot (fox walk), in which case periods of four-limb support (c. 5%) are possible [67] (see
figure 2).

The broken trot also occurs in South American horses of Spanish origin. In the Puerto
Rican Paso Fino and Puerto Rican Criollo, it occurs as the paso corto (pleasure or trail gait)
that takes place with moderate speed and extension (with the head of the horse held high
and somewhat elevated forelimbs) and with periods of three-limb support for a very com-
fortable ride, and as the paso largo (speed gait) at fast speeds with lots of extension (with
head held lower along with less front leg elevation) and with phases of hind single foot
support [38, 142]. A broken trot may also occur in the Andean and the Peruvian Paso of
Peru, though it is discouraged in the latter breed (where it is called a pasitrote) (see figure
2).

Perhaps the broken trot, however, is most famous in Brazilian and Columbian
breeds. In Brazil the Campeiro, Campolina, Mangalarga Marchador, Mangalarga Paulista,
Mangolina, Nordestino, Pampa, and Piquira all possess a broken trot (the marcha batida)
that can take place with long periods of stance (ca. 65%; stride duration 0.61 seconds) in-
cluding three-leg support phases (ca. 27%), or even quadrupedal support phases (ca. 7%),
useful in traveling on moist or soft terrain. Though it can also be done at a faster speed
(ca. 4.3 m/s; stride duration 0.53 seconds), with a longer stride length (ca. 2.3 meters) with
periods of single foot support (ca. 16%) [38, 102-104, 166-167, 170-171, 173-176, 180-183,
185]. The marcha batida can be performed in different styles, as a marcha macia with the
front hooves kept close to the ground, the marcha batida proper which is quicker stepping
with higher front leg elevation, and the slower marcha boa with three-leg (or even four-
leg support), the favored and most comfortable version. The Columbian Trocha Pura and
Trocha y Galope Horse take their name from the broken trot (i.e. the trocha), which most
often occurs with quick short steps (having a stride duration of 0.39-0.34 seconds) [102,


https://doi.org/10.20944/preprints202306.1622.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 June 2023 doi:10.20944/preprints202306.1622.v1

104, 144, 185]. A similar trocha gait is found in the American Paso Fino Horse through
Columbian blood lines. The broken trot occurs on occasion in the Bolivian Paso, Venezue-
lan Criollo [Llanero], and Marajoara of Brazil [102, 104, 145] (see figure 2).

Some New Zealand breeds, including the Kaimanawa and Nati, seem to exhibit the
broken trot [102, 104].

3. Historical origin of alternative lateral gaits
3.1. Alternatively gaited horses in ancient literature

There is scant evidence for alternatively gaited horses in historical writings until we
come to the Middle Ages. The distinction between driving [penna] and chasing [parh;
lahlahhiskinu] gaits in the Hittite Kikkuli horse training manual (ca. 1450 BCE) is no
longer thought to distinguish between trotting and pacing gaits, but rather between trot-
ting and galloping gaits or merely different speeds of a walking gait [251-255].

There are suggestive references, however, to what may be gaited horses in Roman
authors, albeit to breeds located in Greece, Spain, and Persia. Justin, in his Historia Philip-
picae 9.2 (ca. 175 CE) itself based upon the lost Liber Historiarum Philippicarum (ca. 10 CE)
of Pompaeus Trogus, mentions the fine mares [nobilium equarum] that Phillip of Macedo-
nia brought back from the Ferghana Valley of Uzbekistan, then part of the Bactrian King-
dom [Scythia] in 339 BCE. Chinese histories will a few centuries later discuss the “heav-
enly horses” [tianma] imported from the Ferghana Valley into China in 104 BCE (Shiji 24;
Hanshu 96; see Liu, 2020). Lucilius, in his Saturae 476 (ca. 130 BCE), describes the horses of
Lusitania in Spain as possessing optimal gaits [gradarius optimus vector]. Virgil, in his
Georgics 3.117 (29 BCE), talks about horses from Thessaly in Greece that employed “dis-
tinguished balled steps” [gressus glomerare superbos]. Strabo, in his Geographica 3.4.15
(ca. 5 BCE), notes that the horses brought to Iberia by the Celts, i.e. Celtiberian horses
[KeAtfrjowv], just like those of Persia, move swiftly and easily [taxeic kal evdodpovc],
and are accustomed to climbing mountains and bending their limbs at bidding when re-
quired [katokA&leoOat padiwe amo meootdyatog, 0te Tovtov déot]. Petronius, in his
Satyricon 86 (ca. 60 CE), also speaks of the great Asturian-like horses in Macedonia [astur-
conem Macedonicum optimum]. Seneca, in his Epistolae morales 87.10 (ca 63 CE) contrasts
simple horses [caballus; equus] with Spanish Asturian horses [asturconibus] and trotting
horses [tolutariis]. Pliny the Elder, in his Naturalis historia 8.57 (77 CE), writes of horses
from Galacia and Asturia in Northern Spain (larger theldones and smaller asturcones) that
had an unusual gait [non vulgaris] that was supple [mollis] and involved the successive
uncoiling of balled limbs [alterno crurum explicatu glomeratio], based on which (other)
horses are taught to adopt a speedy trot [tolutim carpere incursum]. Similarly, Silius Ital-
icus, in his Punica 3.336 (84 CE), notes that the Spanish Asturian horse travels in “balled
steps leaving the [rider’s] back unshaken” [inconcusso glomerat vestigia dorso]. Martial,
in his Epigrams 14.199 (85 CE), goes on to describe how the Asturian horse “picks up its
hoof in a quick rhythmic manner” [ad numeros rapidum qui colligit unguem]. And later
Vegetius, in his Digesta artis mulomedicinae 1.56 and 3.6 (ca. 430-435 CE) writes of the Per-
sian saddle horses which possessed splendid gaits of great value [incessus nobilitate preti-
o0sos], namely, intermediate gaits [ambulatura media] between those of trotters [tolutar-
ios] and gallopers [totonarios]. In particular Persian horses have gaits [ambulaturae] with
short and quick steps [gradus], which delight and excite the rider [minutus, celer et qui
sedentem delectet et erigat]. For they are taught to walk at a trot [tolutim ambulare] sup-
plely [molliter], in a light and flattering manner [levitatem et quaedam blandimenta vec-
turae], with short steps [minutos gressus; minutum ambulans], elevated legs [altius crura],
and bent knees and hocks [inflexione geniculorumn atque gambarum], i.e. in a manner
similar to that of Spanish Asturian horses [asturconibus].

However, it has been disputed whether these descriptions relay no more than that
these Greek, Spanish, and Persian horses moved with elevated front legs in a high-step-
ping and collected trot, as with the paso de Andadura of the Spanish Andalusian, the paso
nadado [paso espanol] of the Portuguese Alter Real, Akhal-Teke, Giara, and Chilean
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horses, or the park trot of Hackney and Morgan Horses [256-263]. The Latin noun glom-
eratio and verb glomerare are ambiguous in meaning (translated above as balled), refer-
ring either to something which is rolled-up or rounded (i.e. flexed joints), or more ab-
stractly to something that is assembled or joined together (i.e. collected or coordinated
steps). The only text above that seems to definitively pick out an alternative lateral gait, as
opposed to a collected and elevated trot, is that of Silius Italicus who noted that the gait
of Asturian horses leaves the rider’s back unshaken [perhaps explaining the frequent use
of the word mollis (fine or smooth) in describing such gaits in other authors]. Still the
contrast between trotters [tolutarios] and horses with other gaits [ambulaturae; glom-
erare] in these classical Latin texts does seem to indicate the presence of some sort of am-
bling gait in the Spanish, Persian, and Greek horses of the Roman era (ca. 130 BCE-435
CE). A bit disconcerting, however, is the fact that Xenophon's Ilepi immuxne 7 (ca. 355
BCE), only mentions the gaits of walk, trot, and gallop in Athenian horses, but this may
be because the gaited Greek horses were located more in the mountains than in the cities.

Much more explicit references to alternatively gaited horses do occur in the Middle
Ages. The cleric William Fitzstephen, in his Descriptio nobilissimae civitatis Londoniae 11 (ca.
1172), describes a horse market located in a field [West Smithfield] outside of London.
Fitzstephen found it a joy to behold there gaited horses [gradarios] that sweetly ambled
[suaviter ambulantes] by alternatively raising and lowering the legs on the same side of
the body in unison [pedibus lateraliter simul erectis quasi et subalternis et demissis], in
addition to rougher [durius] (trotting) horses [equos] that raised and lowered their oppo-
site front and hind legs together [a contradictoriis pedes simul elevant et deponunt], and
swift (galloping) horses that first throw out both front feet followed by both back feet
[pedibus anteriorobis simul solo ... et posterioribus similiter]. The German Dominican
Albert the Great, in his De animalibus 22.54 (ca. 1260), describes four gaits of horses: the
walk [peditatio], trot [trotatio], gallop [cursus], and amble [ambulatio]. He notes that in
the amble [ambulatio] the horse moves by simultaneously lifting up the front and hind
foot on the same side of the body [simul in eodem latere unum anteriorem et unum pos-
teriorem leuat pedem]. And he claims it occurs more sweetly [suavius] if the horse does
not elevate its legs too much, and places the front feet on the ground more quickly than
the hind foot [aliquantulum citius anteriorem quam posteriorem figit pedem] — perhaps
describing a rack with elevated and animated front legs. Not to be outdone, Abou Bakr
Ibn Badyr, in his Ndger? 19 (ca. 1333), details ten forms of ambling, in contradistinction to
the trot, found in Arabian horses, mules, and camels. Important here are his contrasts be-
tween three velocities of the two-beat hard pace, the slow amble [mekham], pleasure am-
ble [harwalah or hemledjeh], and speed amble [rahwanah], along with the four-beat amble
[rakd], presumably the rack or perhaps the broken pace (stepping pace).

The distinction between trotting and ambling horses became commonplace in the
Renaissance, with the terms gradarius and ambulatura [ambladura] associated with inter-
mediate speed alternative lateral gaits, even if they had broader usages in the ancient
world and could mean simply a walk, trot, or gait, in addition to perhaps an amble [261].
Polydore Virgil, in his Anglica Historia 1.15 (1534), notes that many English horses did not
trot but instead rather paced [non succussat sed graditur]. Similarly, Thomas Blun-
deville’s The Arte of Ryding and Breakinge Great Horses (1560) contrasts horses that “have a
trotting pace, as the mares of Flanders and some of our own mares” with “ambling horses,
to travel by the way ... [such as] a fair jennet of Spain, or at least a bastard jennet, or else
a fair Irish ambling Hobbie,” and with “swift runners ... [such as] a horse of Barbary or a
Turk.”

Gervase Markham, in his treatise Cavelarice, or The English Horseman 4.1 (1607), delin-
eates three intermediate speed horse gaits, the certain amble [thorow amble; certaine am-
ble], the uncertain amble [traine; racke; incertaine amble; shuffling and broken amble],
and the trot. The amble in general is denoted as a two-beat hard pace, or “the taking vp of
both the legs together vppon one side [he must take vp his right fore foote, and his left
hinder foote], & so carrying them smoothly along, to set them downe vpon the ground
euen together, and in that motion be must lift and winde vp his fore foote some what hye
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from the ground, but his vnder foote he must no more bvt take from the ground, and as it
were sweep it close by the earth.” By way of contrast, “when a horse trots, he takes vp his
feet ... to which is crosse wise, as the left hinder foote & the right fore foote.” Markam
goes on to favorably describe the certain amble, whether by nature or training, as one in
which the horse passes over a sizeable quantity of ground in a few paces, with smooth,
certain, and deliberate steps. On the other hand, the uncertain amble is undesirable and
occurs in disordered or weary horses when the horse performs a pace with short, quick,
and busy strides, taking up the feet on the same side “thicke and rouddly together,” and
traveling only a short distance in a long time. Later equestrian works, such as William
Browne’s The Arte of Riding the Great Horse (1628) and William Cavendish’s A General Sys-
tem of Horsemanship (1658), offer similar contrasts of the trot, hard pace, and broken pace.

3.2. Alternatively gaited horses in art

The most important evidence for alternative lateral gaits in early domestic horse
breeds occurs in art rather than in literature. Some of the purported evidence for alterna-
tive lateral horse gaits in art must be carefully interpreted, however. It is necessary to dis-
tinguish proper intermediate speed alternative lateral gaits versus slow walks or gallops
which at times might look similar. Because gait speed is not always apparent in art, an
alternative lateral gait is most clearly represented when ipsilateral limbs are far off the
ground at the same time. For this reason, several famous images of laterally gaited horses
are quite ambiguous.

There is a depiction of a horse in the Lascaux caves of France (ca. 17,000 BCE) that
have been interpreted as engaged in the lateral gait of a pace [35, 10]. However, it is hard
to tell which limbs are or are not on the ground, and it is more likely an image of a gallop-
ing horse as with other horses depicted in the Lascaux caves [264 pp. 7 and 26, 265-270].
Again, a couple of the depictions of ancient horses could be interpreted as a running walk
gait, since the hind limbs seem to extend far underneath the horses’ bodies while the ipsi-
lateral front feet are in the air. This is the case with a horse figured on the tomb of
Rekhmire in Sheikh Abd el-Qurna, Thebes (TT1100), ca. 1471-1448 BCE [271 their fig. 3],
and also with a bas-relief in the North Palace of Nineveh in Assyria [Iraq] (ca. 645-635
BCE) showing a horse fleeing a predator [272 their fig. 3]. It is hard to be certain, however,
that the artists really intended to picture an alternative lateral gait as opposed to a stand-
ard walk. Most likely they did not.

A coin from ca. 492-480 BCE depicts Alexander the Great on a Macedonian horse with
what might be two ipsilateral feet off the ground at the same time [273 their fig. 46], as
does a coin from ca. 440 BCE of the Thracian king Sparadokus [155 their fig. 16]. These
images may well portray horses in a racking gait as the hind limbs seem to be close to
landing while the ipsilateral front limbs are quite elevated. However, it is hard to be sure
that an intermediate speed racking gait is figured as opposed to a slow walk with ani-
mated front legs. Other images of Alexander, in fact, feature him on a trotting horse, and
depiction of a ruler on a horse with an elevated front leg became quite commonplace and
stylized in art [274].

The West Frieze of the Parthenon, sculpted around 440 BCE, depicts a procession of
riders on horseback transporting the peplos (robe) of the goddess Athena from Keramei-
kos to the Temple of Athena Nike on the Acropolis during the Panathenaic festival. Block
W-9 contains a carving of a horse that is often said to display an alternative lateral gait
with two ipsilateral limbs off the ground in a collected posture [274 their fig. 3.19, 273 their
fig. 49]. Yet it might equally well be interpreted as representing a horse being reined to a
stop from a gallop, as with the horse behind it, particularly as the weight of the horse does
seem to be shifted posteriorly. The equestrian statue of Marcus Nonius Balbus from Her-
culaneum (ca. 25 BCE), the Horses of St. Mark [Cavalli di San Marco] found in St. Mark’s
Basilica in Venice, Italy (ca. 200 CE), and a bas-relief (MNHA 261) of the Celtic goddess
Epona from Dalheim, Luxembourg (ca. 200 CE) render horses with a hind foot on the
ground (or nearly so) while an ipsilateral front foot is quite elevated, but again this may
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represent nothing more than an animated walking gait (as in a Spanish walk or park trot),
or it may represent a prance wherein a horse is raising a front leg from a standing position
[258, 262, 276].

Strong evidence of alternatively gaited horses does turn up, on the other hand, in
Oriental art. Various reliefs and ceramic statues originating in the Sichuan Province dur-
ing the Han dynasty (ca. 25-220 CE) clearly display horses in pacing gaits, such as the
chariots depicted on stone slabs from the Wu Family Shrine (ca. 147 CE) at the
Wuzhaishan Site (North Slope, East Wall) in Shandong Province (ca. 147 CE) or the Chulan
Tomb 2 (ca. 171 CE) from Suxian, Anhui Province, or the well-known Flying Horse of
Gansu statue (ca. 220 CE) from the tomb of General Zhang in the city of Wuwei, Gansu
Province, China [277-279, 280 their fig. 1, 281, 264 their fig. 45, 283-284, 285 their fig. 3a-
c]. Such Chinese statuettes likely portray horses brought back from the Ferghana Valley
of Uzbekistan around 104 BCE during the War of the Heavenly Horses between China
and the Greco-Bactrian Kingdom (formerly Persian) as described in the Hanshu 96 [286-
289]. In addition, a Turkestan painting from ca. 700 CE shows a horse and camel pacing
side by side, and the Turkish Sine-Usu Inscription in Mongolia (ca. 747 CE) seems to men-
tion a pacing (yorga) horse race on the seventh column of its south side [33 p. 293, 34, 197,
277]. Depictions of alternatively gaited horses become quite common during the Turkish
Ottoman Empire in the Thirteenth to Sixteenth Centuries [290-291]. Elsewhere an Egyp-
tian manual of horsemanship, the Nihayat al-su'l wa-al-umniyah fi ta’allum a’mal al-furiistyah
(1371), depicts Mamluk warriors using spears or lances while riding on gaited horses [292—
293], and an illustration from the Mughai School in Oudh, India (ca. 1675) depicts a prince
practicing falconry on an ambling horse [264 p. 180; Victoria and Albert Museum,
15.133:31/B-1964].

In the West clear depictions of horses in alternative lateral gaits only show up in the
Middle Ages and Renaissance. Pictish (Celtic) carvings on stone slabs show Scottish sol-
diers on racking horses (ca. 800-900 CE), such as those from Meigle, Pershire (in the Meigle
Museum), the Cross Slab in Edderton, Easter Ross, and the Hilton of Cadboll Stone [294
their fig. 3; National Museum of Scotland, X.IB 189]. The royal seals of portray King Rich-
ard I (1197) and John (1215) of England, Normandy, and Aquitaine, mounted on racking
horses on the reverse side [British Museum 2000,0103.6; 1987,0103.1]. Also perhaps depict-
ing a racking horse (though less distinctly) is an icon of St. George on a horse with the
youth of Mytilene from the Near East (ca. 1250). Alternatively gaited horses (Palfreys, Gal-
loways, Hobbys) seem to have become quite popular in the later Middle Ages as several
illuminated manuscripts depict clerics, knights, and nobles riding in a racking gait includ-
ing an Apocalypse manuscript of ca. 1275 (British Library, Add MS 35166), the English
Queen Mary Psalter (ca. 1310-1320) and Scottish Taymouth Hours (ca. 1325-1335), the French
Tres riches heures du Duc de Berry (ca. 1410-1416), along with Devonshire Hunting Tapes-
tries (ca. 1425-1450) [264 pp. 173 and 177, 295 p. 7, 296; British Library, Royal MS
2.B.VILf151b]. The Ellesmere Canterbury Tales manuscript (ca. 1400-1410), and the Italian
Fiore dei Liberi’s Flos duellatorum (ca. 1410) depict horses in what may be a running walk
with hind legs extending far underneath the horses” bodies. The city seal of Pavia, Italy
(ca. 1450), in fact, contains a clear illustration of a laterally gaited horse [274 their fig. 45].

4. Evolutionary Origin of Alternative Lateral Horse Gaits

Horses, along with tapirs and rhinoceroses, belong to the Order Perissodactyl which
arose at the end of the Paleocene. Horses (equids) [Family Equidae] seem to have arisen
in the late Paleocene (Wasatchian, Wa0) themselves around 56 Ma [72, 73, 75]. The first
equids were small (around 35 cm in height at the withers) and tetradactyl with four toes
on the front foot (manus) and three toes on the hind foot (pes), and possessed small
hooved toes that were integrated into a padded foot traveling in a subunguligrade posture
with body-weight distributed over several toes and a padded heel, much like today’s ta-
pirs [74, 297]. Miocene anchitheriine equids evolved longer legs, and likely tridactyl
hooved and padless feet and an unguligrade posture with weight centered over the
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middle toe [299-302]. Such changes coincided in part with the spread of glassy plains (ca.
24 Ma), and seem to represent adaptation to life on a flat and somewhat soft and pliable
ground substrate (at least in comparison to that of a more rocky terrain), with an increas-
ing need for efficient long-distance migration as well as quick evasion of ambush preda-
tors, if not pursuit predators which only evolved later it seems [74, 301-306].

Trackways of fossil equids show that tridactyl Miocene and Pliocene species were
capable of not just diagonal-sequence trotting gaits at around 2.9-3.5 m/s (as seen in track-
ways of Cremohipparion from the lacustrine Hoya de la Sima site (ca. 8.7-7.8 Ma) near Ju-
milla, Spain and in Hipparion trackways formed in coastal sands at the Sierra del Colmenar
section (ca. 4.9-4.2 Ma) of the Bajo Segura Basin, outside of Elche, Spain) as well as asym-
metrical galloping gaits at around 5.2-6.5 m/s (as seen in Cremohipparion trackways from
the same Hoya de la Sima site as well as with Hippotherium trackways (ca. 6.0-5.3 Ma) in
the alluvial Colle di Osoppo site near Osoppo, Italy), but also alternative lateral gaits at
around 2.1-3.1 m/s [76-77, 78 their fig. S1]. For example, a trackway of Scaphohippus from
the lacustrine Greer Quarry site (ca. 14.5 Ma) near Barstow, California, United States, is
very similar to those made by modern racking breeds, although a trotting gait cannot be
entirely ruled out [77], and trackways laid down in ash at Laetoli Site G in Tanzania, Africa
(ca. 3.7 Ma) most definitely display racking gaits, along with a possible running walk gait
[76-78, 307]. Presumably ancient equids could also engage in a slow walking gait, though,
so far, no such trackways have been identified, except perhaps in a Pleistocene zebra laid
down in coastal sands [308].

Miocene and Pliocene equids were smaller in size than horses of today (ca. 80-95 cm
in height at the withers in the early to middle Miocene and ca. 100-130 cm in height in the
late Miocene through Pliocene), but they were still long-legged mammals adapted for
rapid travel over diverse substrates through the use of a variety of gaits [78]. Alternative
lateral gaits would have been beneficial for such equids for a couple of reasons. In the first
place, the joints and ligament systems of tridactyl horses were less restrictive than those
of modern horses and so the limb joints were less stable and likely more prone to hyper-
extension [74, 302, 305, 309-311]. Not only would the lateral hooves have helped with sta-
bilizing the joints and preventing hyperextension, but so too would alternative lateral
gaits in alleviating the force of hoof impact. For alternative lateral gaits, especially the
running walk, rack, broken pace, and broken trot, often have periods of three-limb sup-
port as well as nearly continual single foot support phases and reduced to no suspension
phases. Hence, as we will see, the force of impact on the limbs at ground contact is sub-
stantially reduced. Secondly, as alternative lateral gaits allow for maintaining ground con-
tact at all times, even at intermediate speeds, as well as increased periods of three-limb
support, they provide for sure-footedness on slippery or highly deformable substrates,
such as ash, sand, mud, or wet rocks, or on slopes, as well avoidance of tripping on terrains
littered with rocks and tree roots. A final intriguing possibility (though less likely) is that
the alternative lateral gait of the pace (which is quicker than the trot) could have helped
Miocene equids avoid attacks of ambush predators, along with the even faster gallop.

As noted in the introduction, at some point it seems the ability of equids to perform
alternative lateral gaits was lost. Alternative lateral gaits do not occur in most horse breeds
today [Equus ferus caballus], including some of the more ancient breeds (Caspian, Exmoor,
Sorraia, and most Arabian and Akhal-Teke horses), along with the non-domesticated Prze-
walski’s horse [Equus przewalskii] which split off from modern horses ca. 45,000 years ago
[80, 102, 104, 312-315]. Nor are alternative lateral gaits known in wild asses (subgenus
Asinus), namely Equus africanus, Equus kiang, and Equus hemionus), or in wild zebras (sub-
genus Hippotigris), namely Equus grevyi, Equus quagga, and Equus zebra, groups which split
off from modern horses [Equus ferus caballus] ca. 4.5-4.0 Ma [316-319].

A plausible hypothesis that accords with ichnological and paleontological evidence
is that alternative lateral gaits first arose in longer-legged unguligrade (hoofed) tridactyl
anchitheriines, such as Parahippus, in the early Eocene some 24 Ma; they continued on
through the early Miocene divergence (ca. 16.3 Ma) of the (mostly) monodactyl early
Equini and tridactyl Hipparionini tribes [and hence, as we have seen, were present in the
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Old World hipparionins that lived on into the Pliocene ca. 1.0 Ma]; but they were lost in
the monodactyl Equini of the late Miocene beginning with Dinohippus around 10.3 Ma;
and they continued to be absent in the modern horse genus Equus which arose around 4.1
Ma, only for alternative lateral gaits to make another appearance in modern horse breeds
relatively recently, ca. 2200-1000 BCE.

Different explanations have been offered for the equid transition to monodactyly and
trotting (and galloping) gaits. The classic explanation was that as equids moved onto open
and flat arid grasslands, high speed gaits were needed to flee from predators, favoring
longer legs and the monodactyl foot. In contrast, tridactyl horses were adapted to locomo-
tion on softer substrates in unlevel and uneven woodlands and forests where the extra
digits and alternative lateral gaits (with increased periods of three-foot support and con-
tinual single-foot support with the exception of the hard pace) aided in traction, joint sta-
bility, and agility [303, 305, 309]. There may be some truth to this, and short bursts of speed
were likely useful in avoiding predation on the grasslands, but, as has been pointed out,
horses seem to have evolved long limbs and reduced digits well before high-speed pursuit
predators came on board and monodactyl and tridactyl forms coexisted in many areas
[320-322]. Hence a currently favored view is that the development of monodactyly, and a
transition from alternative lateral to the diagonal trotting gait, was beneficial for migration
between patchy resources in open, level, grassland environments. Indeed, as we will see,
biomechanically a trotting gait would be more efficient than a racking gait for long-dis-
tance travel at intermediate speeds. This is because derived Anchitheriinae and Equine
not only possessed a dominant middle (third) digit likely encased in a keratinous hoof,
but seem to have also developed a spring foot with a ligamentary suspensory apparatus
allowing for storage of elastic energy during ground contact, especially following sus-
pended phases as in the trot or pace [74, 302, 305]. And the gallop, allowing for the highest
speeds in short distances, would be most useful in escaping predators (whether ambush
or later pursuit ones) on open terrain.

If alternative lateral gaits were present in equids from ca. 24 Ma to 10 Ma and then
lost, when did horses regain the ability to make use of them and why? As we have seen,
the modern horse species Equus ferus caballus seems to have split off from the non-gaited
Prezewalski’s horse (Equus przewalski) around 45,000 years ago and non-gaited wild
asses and zebras even earlier ca. 4.5-4.0 Ma [80, 312, 314]. Eventually horses went extinct
in North American and three, somewhat isolated populations of Equus ferus caballus
formed on the Continent around 11,000 years ago: one occupying the Central Asian
steppes, another existing in Iberia and separated from Europe by the Pyrenees, and finally
an East Asian population in Mongolia and China separated from the rest of Asia by the
Altai Mountains and the Taklamakan and Gobi deserts [318, 323-325].

The latest evidence suggests that the horse domestication event from which modern
horses originated occurred not ca. 3500 BCE within the Botai region of Kazakhstan in Cen-
tral Asia (a disputed early horse domestication event, i.e. DOM1] and then spread via the
Yamnaya culture into Central and Southern Europe from ca. 3000-2500 BCE [for a contrary
view see 326-327], but rather that domestication first occurred ca. 2200 BCE in the Volga
region of Western Russia, i.e. within the Pontic-Caspian Steppe of Eastern Europe (a later
horse domestication event, i.e. DOM2) [328-330]. Moreover, modern genetical studies
have tied the development of (most) alternative lateral gaits to a particular allele (A) of the
DMRT3 gene and have suggested that this allele arose sometime between 9600-1200 years
ago, and likely just before or after domestication [79-80, 331]. This “gait-keeping” gene
allowed the horse to extend lateral-sequence gaits (as in the walk) into intermediate
speeds rather than shifting to the diagonal-sequence trot (at around 1.5-2.2 m/s) or the
asymmetrical gallop (at around 4.5 to 6.0 m/s) [8, 332]. Thus alternative lateral gaits,
whether based on novel genetic, neural, and physiological mechanisms, or representing
reversion to an earlier state, likely reappeared in horses ca. 2500-3500 years ago. Domesti-
cated horses, some of whom presumably had the ability for alternative lateral gaits, then
spread to Bohemia (Central Europe) and (perhaps) Anatolia (Western Asia) ca. 2200-2000
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BCE, and to Western Europe and Mongolia ca. 1500-1000 BCE, likely through the Sintashta
culture and their horse-drawn chariots [97, 220, 226, 327, 329, 333-340].

Gaited horses are associated early on with Central, Southern, and Western Asia. As
we have seen, reliefs and statues from the Sichuan Province of China during the Han pe-
riod (ca. 25-220 CE) display pacing horses, probably the precursors of the Chakouyi horse
of today found in Ganzu, China, and historical documents suggest they were imported
into China from Kazakh horses of the Fergana Valley of Uzbekistan ca. 104 BCE [286-287].
Indeed as we have noted Philip even earlier (339 BCE) imported Ferghana horses into
Macedonia [see also 341-342]. We have also pointed out early representations of pacing
horses in artwork from Turkestan and Mongolia (ca. 700-750 CE) [33, pp. 291-306, 197,
277].

Moreover, many gaited breeds are found today in Central Asia or Western Asia in-
cluding the Anadolu Yerli and Canik of Turkey, the extinct Turkmene and extant Turko-
man of Iran, the Tushin of Georgia, the Kazakh of Kazakhstan, the Kyrgyz of Kirghizstan,
the Yamud [Iomud] of Turkmenistan, the Wushen of Mongolia, the Karabiar of Uzbeki-
stan, the Karabakh of Azerbaijan, and the Altai and Tuva of Siberia. This suggests a close
association of gaited horses with the Scythians (and later Turks), an equestrian people that
expanded from the Eurasian Steppe and Altai Mountains of Southern Siberia (ca. 900-800
BCE) into the Pontic-Caspian Steppe of Central Asia (ca. 800-700 BCE), into the Tarim Ba-
sin of Northern China ca. 800-700 BCE, then into Western Asia (ca. 600 BCE), before being
conquered in ca. 300 BCE by the Persians and in 339 BCE by the Macedonians [341-343].
Thus there is direct or indirect evidence of gaited horses existing in Central Asia, Western
Asia, and European Russia from ca. 800 to 100 BCE. There are additionally strong genetic
links between the Mongolian and Kazak breeds and the Tuva, Turkmene, Tibetan, Kyrgyz,
Bhutia, Zanskari, Chakouyi, and Hokkaido [220, 224, 344-348]. All of this ties the origin
of gaited horses to the Scythians in Central Asia, ca. 1000 BCE, though an earlier origin in
the region is also possible.

The Scythians laid the groundwork for the famous Silk Road, eventually set up by
the Han Dynasty (ca. 200 BCE), for the transportation of goods between China, India, Per-
sia, Egypt, and Greece. Gaited horses then likely spread into Southeast Asia including
Korea during the Kofun Period (300-538 CE), into Tibet through the South Silk Road [An-
cient Tea Horse Road] of the Tang Dynasty (ca. 618-907), and later elsewhere into China
through a horse market set up in Tianzhu County during the Ming Dynasty (1368-1644
CE), and finally into Hokkaido, Japan ca. 1600 [224, 346, 349-351].

Yet equally strong direct and indirect evidence places gaited horses in Western Eu-
rope during the same time frame (i.e. 800-200 BCE). For there is a close linkage of gaited
horse breeds with the Celts. The Celtic Hallstatt Culture, known for its horses, arose in the
Alps of Austria and Switzerland (ca. 800 BCE) and Celtic peoples seem to have migrated
into Iberia (ca. 800-540 BCE), Ireland (ca. 600-500 BCE), Wales (ca. 450 BCE), Yorkshire (ca.
430 BCE), and Scotland (ca. 400 BCE) [96-97]. Each of these areas of Celtic inhabitation
seems to have had or currently has gaited horse breeds, namely the extinct Galloway Pony
of Yorkshire and Scotland, the Welsh Mountain Pony of Wales, the extinct Hobby Horse
of Ireland, the extinct Bidet Briton of Brittany, France, the Mérens of the French Pyrenees,
the French and English Palfrey, the extinct Celtic Asturcdn [Spanish Jennet], and the Cas-
tilian, Galician, and Garrano of Spain and Portugal [250]. Indeed, Pictish carvings from
the Strathclyde Kingdom (ca. 800-900 CE) depicted horses, and DNA from early York
horses in the Northern Yorkshire region of England (ca. 850-900 CE) was found to possess
the DMRT3 A-allele common to most gaited breeds [79]. Unfortunately so far only a cou-
ple of Southern European horses from 200 BCE-800 CE have been tested, and none of them
possessed the DMRT3 A-allele [79-80].

One particular puzzle, in fact, is how the rack and pace got into Icelandic horses, of
whom ancient Icelandic horses living from 850-1050 CE were found to possess the DMRT3
A-allele [79]. Icelandic horses share a gene pool both with certain English horses [Shet-
land, Norwegian Fjord, and the gaited Scottish Highland and Welsh Pony] as well as with
Mongolian horses, though no clear link with gaited Spanish breeds [89, 154, Jansen et al.,
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2002, Bjernstad, et al., 2003, 154, McCue et al., 2012, 89, Funk et al., 2020]. Hence it is most
likely that the Vikings introduced gaited horse breeds of Asian origin into Iceland and the
Faroe Islands (as well as perhaps Ireland and Scotland) via Scandinavia ca. 850 CE [79].
Still, there is direct and indirect evidence that gaited Celtic horses made their way into
Britain quite early; they are associated with Pictish monuments (ca. 800-900 CE), and
horses of York from ca. 750-850 were found to possess the DMRT3 mutant A-allele, which
in turn may have led to the medieval Scottish Galloway and Irish Hobby breeds. A horse
from Beauvais in the Hauts-de-France region of northern France (ca. 1450-1500) was also
found to possess the A-allele of the DMRT3 gene suggesting it was gaited [97].

Yet as Wutke et al. [79] note the DMRT3 A-allele is strikingly absent from both ancient
and modern Scandinavian horse breeds. Indeed currently the earliest presence of the
DMRT3 A-allele associated with Asian gaited horse breeds occurs in a medieval horse
from Tavan Tolgoi in the Omnégovi Province of Mongolia (ca. 1200-1370) [97]. However,
this will probably be pushed back much earlier as more horse samples are tested from
earlier periods in the East and West, especially from 200 BCE-800 CE [79-80]. So there is
still a puzzle whether gaited horse breeds made their way up into Iceland from Celtic
lineages in Britain, or down into Britain from Asian lines in Iceland, or perhaps some com-
bination of the two wherein Celtic and Asia gaited horse lineages were mixed together in
Europe. Little evidence, however, supports the view of Wutke et al. [79] that the Vikings
spread the gaited allele east via incursions into Western Asia.

Did alternative lateral gaits first arise in the East and then spread to the West, or was
there are separate origin of gaited horses in the West as well? The evidence as it stands is
not clear. It is possible that the DMRT3 A-allele favoring alternative gaits arose in Central
Asia and spread West, perhaps through the trade networks created by the Scythians (ca.
600-300 BCE). For there are also several gaited horse breeds associated with Greece such
as the Pindos, Rhodian, Arravani, and Cretan, and, as we have seen, Phillip of Macedonia
conquered Scythia in 339 BCE and had twenty-thousand fine horse mares [nobilium
equarum] taken back to Macedonia [Justin, Liber Historiarum Philippicarum 9.2; see 341-
342]. There is also a close genetic link between Caspian and Anatolian horses and gaited
Greek horses (Pindos; Peneia; Cretan) and gaited Turkish horse breeds (Kurd, Akhal Teke,
Turkoman) [154-155]. The Pindos breed in particular shows genetical similarities to Cen-
tral Asian gaited horse breeds (i.e. the Kyrgyz, Tushin, and Altai) [354]. So there was likely
and Anatolian corridor for equine gene flow between Asia and Europe [335-336, but see
338].

Yet it is hard to explain how such alternative lateral gaits made their way further West
from Turkey into the Celtic areas of France, Spain, England, Scotland, and Ireland, as his-
torical writings of the Romans suggest they already existed there in the first century BCE
[but see 155]. Nor does there seem to be much historical evidence linking the spread of
gaited horses to Spain and France and Britain by either the Persians (550-330 BCE), Greeks
(479 BCE-334 BCE), Macedonians (338-323 BCE), Romans (ca. 27BCE-480 CE), Huns (434-
453), or Anglo-Saxons (440-775 CE). Perhaps the Celts imported gaited horses from Persia
or Greece in the 4th century BCE, but such horses would have had to make their way into
Spain, France, and Britain fairly quickly before the Celtic rule was compromised by the
Romans in ca. 50-29 BCE.

As to why alternative lateral gaits returned in horses, there is a definite association
of alternative lateral gaits with mountainous terrain such as the Altai, Caucasus, Himala-
yas, Pyrenees, Alps, Andes, etc. [see tables 52-55]. The rack, stepping pace, and pace are
commonly found in horse breeds inhabiting mountainous areas or steppes, and such gaits
often occur with elevated front legs. This could just be a coincidental occurrence coincid-
ing with the location of the tribes where the alternative lateral gaits first arose and the
territories into which they spread. Yet more likely there is also an adaptive advantage.
Such high-stepping gaits seem to allow for clearance over objects in one’s path, such as
rocks or stumps, and also sure-footedness at intermediate speeds with their periods of
three-limb support and continual one-limb support for travel over harder ground. It is
also the case that the hard pace, common in horse breeds of Southern Asia, is a very fast
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intermediate gait, faster indeed than the trot, and this may have had something to do with
its origin. Meanwhile the broken trot commonly occurs in horses living in deserts,
marshes, or rain forests, and so seems well suited for travel on soft deformable terrain due
to its periods of three or even four-limb support to help the horse not get stuck or slip and
fall [see tables 52-S5].

5. Genetics of Alternative Lateral Horse Gaits

A breakthrough regarding the genetics of alternative lateral gaits occurred in 2012
[331] when it was discovered that nearly all gaited horses possessed a variant allele (A) as
opposed to the wild-type allele (C) of the DMRT3 gene of chromosome 23 found in non-
gaited horses. The DMRT3 gene was labeled the “gait-keeper” gene as it controls the num-
ber of gaits a horse can (naturally) employ and the transitional speeds between them.
Horses without the A-allele tend to have just three gaits — walk, trot, and gallop (or canter)
— whereas horses with the A-allele (especially those homozygous for it) can employ alter-
native lateral gaits such as the running walk, rack, broken pace, or pace and maintain these
gaits at intermediate to fast speeds.

The wild-type DMRT3 C-allele codes for a protein transcription factor responsible for
producing regular bursting patterns in the dI6 interneurons of mammalian spines and
thereby coordinating diagonal and contralateral limb movements. The A-allele developed
through a single nucleotide polymorphism (SNP) that introduced a premature stop codon
into the gene. The resulting truncated protein transcription factor (possessing only 300 out
of 474 amino acids) lacks the ability to produce regular interneuronal bursts in the spine
and thereby induce horses to transition from a slow walk to an intermediate speed diag-
onally-coordinated trot, and finally to an asymmetrical contralaterally-coordinated gallop
(or canter) at fast speeds. Instead, horses with the mutated A-allele tend to transition from
a slow walk to an intermediate speed laterally-coordinated running walk, rack, stepping
pace, or pace [331, 355-356]. In other words, horse breeds that possess the A-allele (such
as the Icelandic, Mangalarga Marchador, Paso Fino, Tennessee Walking Horse, and Sad-
dlebred), when they wish to travel faster, tend to employ alternative lateral gaits based
upon the same lateral sequence footfall pattern found in the walk (LH, LF, RH, RF) rather
than transitioning to a diagonal trot or asymmetrical gallop [89, 331, 357-359]. In fact, such
horses (especially those homozygous for the A-allele) not only display an unwillingness
to engage in trots and gallops, but show poor quality versions of trots and gallops when
they do perform them [174, 331, 360-361].

Further investigation has found that nearly all alternatively gaited horse breeds,
whether located in Europe, Asia, North American, or South America possess a high per-
centage of the A-allele (>15%) of the DMRT3 “gait-keeper” gene, though there are still a
few breeds left to be genotyped, and in several cases only small sample sizes exist [41, 79—
80, 136, 144, 146, 156-157, 160, 173-175, 177, 181, 201, 206, 211, 213, 216, 218, 221-222, 224,
226, 244, 245, 247, 331, 357, 361-374; see tables S2-5S5]. Only a few inconsistencies still exist,
such as with the occasionally gaited Dongola of West Africa and Nokota of North Amer-
ica, who, so far, have not been found to possess the A-allele of the DMRT3 gene [358-359].
Larger sample sizes might eventually change this. Importantly, as we will see, the fox
trotting gait may not be linked at all or only in a minor way to the A-allele of the DMRT3.

Effects peculiar to the different alleles of the DMRT3 gene have also been observed.
For example, it has been found that in Icelandic horses pacing generally requires a geno-
type homozygous for the DMRT3 A-allele (i.e. AA), whereas horses with a heterozygous
genotype (CA) are typically only able to perform the rack [t6lt]. More particularly, 94% of
five-gaited Icelandic horses who could perform both the tolt and the flying pace were ho-
mozygous for the A-allele (i.e. AA), whereas while 88% of four-gaited Icelandic horses
who could only perform the t6lt but not the flying pace had at least one copy of the A-
allele (about two-thirds having the CA genotype and one-third the AA genotype). And
only 29% of Nordic Trotters with the CA DMRT3 genotype could perform a quality pace
[331, 362, 364]. More study, however, needs to be done to see if this holds true for other
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pacing horse breeds as well. Fonseca et al. [177] found that Mangalarga Marchador horses
of the homozygous AA DMRT3 genotype had greater diagonal advanced placements
(AA=31.7, CA=28.9) and smaller periods of diagonal support (AA=35.5, CA=41.0) in the
broken pace (marcha picada) than those that were of the heterozygous CA genotype. More
studies of this sort would be informative with other breeds. In addition, while homozy-
gosity for the A-allele reduced the quality of the trot and gallop in Icelandic Horses, hav-
ing a single copy of the A-allele was beneficial in warm-blooded harness racers, whether
they trotted or paced, as it encouraged the horse to sustain the trot or pace at higher speeds
rather than switching to a gallop [331, 362-375].

It turns out, however, that other genes besides the DMRT3 are involved in the pro-
duction of alternative lateral gaits, of which we are only beginning to understand. As Pe-
tersen et al. [357] point out, breeds with the DMRT3 A-allele on chromosome 23 display
various types of alternative lateral gaits, and so “it appears that this locus does not itself
explain the entirety of the variation in gait present in domestic horses ... [but rather] that
gait is a polygenic trait, and ... variations among breeds are determined by modifying
loci.”

In the first place while homozygosity for the DMRT3 A-allele (i.e. an AA genotype)
seems necessary for the ability to pace in Icelandic and Hokkaido horses (only 4-6% of CA
genotype Icelandics could pace and 0% of CA Hokkaido horses) and perhaps in other
horse breeds as well, it does not seem sufficient. For only 70-94% of Icelandic and 86% of
Hokkaido horses homozygous for the A-allele were reported to pace [218, 364, 366]. This
could merely reflect the fact of upbringing and training (though not maternal example, as
Amano et al. [218] noted) or it could be due to further genetic factors.

In the second place, the DMRT3 A-allele and its various genotypes are not great pre-
dictors of pacing versus trotting ability in warmblooded or coldblooded harness racers.
While 71% of homozygous AA genotype French Trotters were indeed trotters and only
29% pacers, the opposite was the case with Finnhorses where ca. 78% of the AA genotype
were pacers and only ca. 22% trotters. Similarly, while 98% of heterozygous CA genotype
French Trotters were trotters and 2% pacers, ca. 82% of heterozygous CA genotype Fin-
nhorses were trotters and ca. 18% pacers [373, 375]. Moreover, Standardbred horses are
nearly all homozygous for the AA allele but ca. 56-66% trot while ca. 34-44% pace [331,
362, 364, 371]. Again Tennessee Walking Horses (as well as the National Spotted Saddle
Horse) are almost all homozygous for the DMRT3 A-allele, and though they are famous
for the running walk gait, many members of the breed can perform other alternative lat-
eral gaits such as the rack, broken pace, or broken trot [41, 358-359]. Nor did the particular
genotype of the DMRT3 gene (AA, CA, or CC) correlate well with whether or not Ameri-
can Saddlebreds were three- or five-gaited (i.e. were shown in slow gait (broken pace) and
rack in addition to walk, trot, and gallop). In fact, three- and five-gaited horses had nearly
the same proportions of the genotypes: AA (7%, 3%), CA (26%, 24%), and CC (24%, 26%)
[136].

In the third place, the A-allele of the DMRT3 gene appears to have little to no role in
the generation of the lateral sequence diagonal-couplet gait (i.e. the broken trot or fox trot).
For the DMRT3 AA genotype is nearly fixed (100%) in the racking and pacing Icelandic
Horse as well as in the Missouri Fox Trotter [358]. And the CC genotype is nearly fixed
(100%) in other breeds that engage in the broken trot including the Karbarda [tropota],
Transbaikal [tropota], Yakut [tropota], and Marwari [revaal] [80, 213, 222, 247, 358]. Simi-
larly, Colombian Paso Fino horses that perform a rack (fino classico) have a nearly fixed
A-allele with the following genotype frequencies: AA (0.94-1.00), CA (0.00-0.01), and CC
(0.00-0.05). However, Colombian Trocha horses that perform a broken trot (trocha) have
a nearly fixed C allele, with the following genotypes: AA (0.00-0.03), CA (0.02-0.15), and
CC (0.82-0.98) — though the CA genotype might help in producing a more distinct trocha
(or trot) gait [144, 358, 362]. Parallel findings occur with the Brazilian Mangalarga Marcha-
dor breed. Mangalara Marchador horses that preferred the broken pace (marcha picada)
almost all possessed the A-allele of the DMRT3 gene, having the following genotypes: AA
(0.31-0.87), CA (0.13-0.65), CC (0.00-0.05), whereas horses that preferred the broken trot
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(marcha batida) had the following genotypes: AA (0.00-0.15), CA (0.00-0.34), CC (0.85-
0.94) [173-175, 181]. A study of Brazilian Campolina horses, however, found similar gene
frequencies in horses that perform the broken pace (marcha picada) or the broken trot
(marcha batida). Horses that performed the marcha picada had genotype frequencies of
AA (0.12), CA (0.88), and CC (0.00), while horses that performed the marcha batida had
genotype frequencies of AA (0.44), CA (0.56), and CC (0.00) [173]. Hence, it seems that
while at least one copy of the A-allele is necessary for the performance of the rack and
broken pace, and perhaps two copies (i.e. homozygosity) for the performance of the hard
pace, the A-allele is not required at all for the performance of the broken trot.

Equine scientists are still untangling the other genes involved in the production of
alternative lateral gaits and their variations. Initial explorations have found various can-
didate genes on chromosomes 1, 19, 23, and 30 that correlate to some degree with the
particular alternative lateral gait displayed by a horse, but much more work needs to be
done [41, 218, 225, 371, 376]. Some genes seem to be associated with the rapidity and
length of the horses’ steps, which tend to be quick and collected in Paso Fino horses, but
slower and more extended in other breeds [144]. There are probably also genes related to
the degree to which the front feet are elevated or not. Finally, there seem to be several
genes related to speed. In particular, the MSTN “speed gene” on ECA 18, which produces
muscular myostatin is of some importance. Horses with the variant C-allele of the MSTN
gene (which increased in frequency in horses from 900-1400 CE) are faster that those ho-
mozygous for the wild-type T, and in particular, horses that are homozygous for the var-
iant (CC) are capable of short bursts of speed, horses that are heterozygous (CT) are better
at middle distance racing, and individuals without the C-allele (TT) have the greatest en-
durance. Moreover, horses with the variant C-allele in the CKM gene have greater endur-
ance, horses with the variant T-allele in COX4K2 gene have greater durability, while indi-
viduals homozygous for variant G-allele in the PDK4 gene have greater short distance
speed [97, 367, 372, 377-388]. However, understanding of the genetic factors undergirding
and controlling the various alternative lateral gaits is still in its infancy.

6. Reasons for the Development of Alternative Lateral Horse Gaits

There seem to be four reasons for the development of alternative lateral gaits in
horses, adaptive, biomechanical, military, and human comfort.

As noted above, there is a definite correlation of gaited horse breeds with mountain-
ous (or desert) terrain. It seems that alternative lateral gaits help horses to be more sure-
footed and better able to navigate sloped, uneven, and mixed terrain [389]. Such gaits al-
low for the retention of one foot on the ground at all times [with the exception of the pace]
and three-limb support phases at intermediate speeds. Though the trot has an even longer
diagonal support phase, it has primarily bipedal phases, and also involves suspended
phases where all four legs are off the ground. And though many alternative lateral gaits
are narrow gauge and the horse tends to shift its limbs inward and closer to the centerline
(and the trot has advantages in keeping the horses’ center of mass closer to the midline
than at the periphery as in the pace), this does not seem to affect overall balance on rough
terrain (and perhaps such a narrow gauge track may have other advantages on such ter-
rain such as being able to navigate narrow spaces) [7, 69]. High front leg elevation,
whether in trotting or pacing gaits, is also beneficial in the mountains as it allows the front
feet to avoid collisions with rocks or tree trunks and branches located on or near the
ground. The continual placement of one foot on the ground also results in less pressure
on limb joints at ground contact (versus gaits such as the trot or pace or gallop which have
periods of suspension) which may have been advantageous in allowing fast travel with
less hyperextension or compression of limb joints as compared to the trot (both with ear-
lier tridactyl equids who had less developed joints as well as with modern breeds). It also
would have helped prevent joint injury over travel on hard surfaces (such as in rocky
mountainous terrain and steppes) [39 pp. 127-144 and 206-216]. It is not clear, however,
if this adaptability to mountainous terrain is the reason alternative lateral gaits evolved in
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the first place, or whether such gaits were artificially selected for in mountainous tribes,
probably a bit of both.

Biomechanically gaits with periods of suspension, such as the trot and pace and gal-
lop, compress the limb joints more than other alternative lateral gaits, and in this way can
make great use of the elastic energy stored in the ligaments and tendons of the horse’s
legs [390], and there is less likelihood of ipsilateral feet interfering with each other [55].
For example, the energy cost of the Icelandic tolt is 4.8-5.5% greater than that of the trot at
higher velocities, and around 15% greater than that of the pace or gallop [9, 55, 391-394].
And the t6lt is slightly more metabolically taxing and has a longer recovery time in com-
parison to the trot [110-112, 393-394]. So the trot (and somewhat the pace) are very effi-
cient for intermediate-speed long-distance travel. Almost as efficient as the trot it seems is
the broken trot. As we have seen, Wanderley et al. [152] found the marcha batida gait more
energy efficient than the marcha picada in the Mangalarga Marchador as it had lower
average heart rate and lactate blood levels.

On the other hand, the peak ground contact forces (especially for the hind limbs) are
greater in the trot than in the tolt at speeds of ca. 3.0-4.0 m/s: 9.4-10.0 N/kg for front limbs
and 6.6-7.0 N/kg for hind limbs in the t6lt, and 8.9-11.7 N/kg for front limbs and 7.5-10.0
N/kg for hind limbs in the trot. And peak ground contract forces are particularly high in
the pace as compared to the t6lt at velocities above 5.0 m/s: 10.6 N/kg for front leg and 7.6
N/kg for hind leg in t6lt, and 31.1-32.5 N/kg for the front leg in the pace and 42.6-44.3 for
the hind leg in the pace [49, 53, 64, 124]. Hence the t6lt allows for high speeds at short
distances without harming leg joints as much as the trot or pace. The broken trot is also
presumably an efficient gait with fairly low ground reaction forces due to three-limb sup-
port phases at slower speeds and lack of suspended phases. Though the trot (as well as
the pace) can typically reach greater speeds than the running walk, rack, broken pace, or
broken trot.

In terms of human breeding or artificial selection of horses there is evidence that
alternatively gaited horses were used in the military. Part of this was economical as pacing
horses are often small and so could travel just as fast as larger trotting horses but con-
sumed less feed. Yet part of this seems that warriors on horses exhibiting alternate lateral
gaits would not bounce up and down as much and hence could better aim lances, spears,
arrows (with hands free), or sword strikes. There is evidence for mounted archers on
horses in Northern China ca. 350 BCE [351]. Artwork and historical texts note the use of
mounted horses by Scythian, Celtic, and Pictish, Mongol, and Ottoman Turkish archers in
the first millennium BCE through the late Middle Ages [91-92, 294, 341-342, 396-398].
Scottish soldiers used Hobby Horses [hobynis] brought from Ireland for military cam-
paigns under Edward I (1296) and this continued for some time, for example, as noted by
the poem The Brus 112 and 115 (1372) written by John Barbour [396, 399-402]. The Mamluk
treatise Nihayat al-su’l wa-al-umniyah fi ta’allum a’mal al-furtisiyah (1371) depicts Egyp-
tian warriors using spears or lances on gaited horses [292-293]. Fiore dei Liberi’s Flos du-
ellatorum (ca. 1410) shows knights jousting or training in sword techniques on ambling
horses (indeed in what is perhaps a running walk gait). A painting from Ming Dynasty of
China (ca. 1500) shows an archer riding a horse in a broken pacing gait [264 p. 13]. Thomas
Blundeville, in his “The Art of Riding” (1558), notes that Irishmen used ambling Hobby
Horses in battle when they fired off darts or threw spears. So lateral gaits seem to have
had some utility in battle, though again many illustrations and textual descriptions of bat-
tles or jousts depict horses at a galloping gait [264 p. 197]. Finally, Claudio Corte’s work Il
Cavallarizzo (1562) notes that Spaniards used jennet horses [ginecti] for light cavalry units.
Such gaited horses were also probably prized for hunting on horseback as with the Gallo-
way horses in the Scottish Taymouth Hours depictions. Indeed recently the Boer cavalry
featuring the gaited Cape Boer horse was prominent in the Boer Wars in South Africa
(1880-1902) [150-151].

Horses with alternative lateral gaits (in particular the pace or stepping pace) were
thus favored for military use by armies in Central Asia, West Asia, Southern Europe, and
Southern Asia including the Scythians (ca. 800 BCE), Archaemenid Persians (550-339
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BCE), Macedonians (ca. 339-323 BCE), Bactrians (ca. 104 BCE), the Chinese Han Dynasty
(ca. 100 BCE), Sassanid Persians (ca. 700-900 CE), Seljuk Turks (ca. 1037-1308), and Mon-
gols (ca. 1206-1294). Gaited horses (those that racked) were also favored in the West by the
invading Celts and Picts (ca. 800 BCE) from whence they spread over the next few centu-
ries into France, England, and Spain.

Finally ambling horses were very comfortable to ride and became a favored mode of
transportation by the nobility, as depicted in art. Ambling horses do not jolt the rider’s
back as much as the trot due to less up and down motion in the saddle. Ambling horses
were also great on uneven terrain as they could lift up their front legs high and avoid
obstacles in the roadway, and having one foot on the ground and phases of three-limb
support allowed them to avoid stumbling. Hence alternatively gaited horses (the palfredus)
were popular and fetched a high price in the Middle Ages and Renaissance as shown in
documents from Christ Church, Canterbury from 1336-1525, and the rolls of Durham ab-
bey from 1456-1457 [also Christ Church, Canterbury it seems] [122, 403, 404 n. 600].

Still ambling horses began to give way to trotting horses in the seventeenth century
with breeds such as the Bidet Breton, Canadian Pacer, English and French Palfrey, Irish
Hobby, Spanish Jennet, Scottish Galloway, Rhode Island Narragansett, and others going
extinct, and ambling genes being reduced in other gaited breeds such as the Alter Real of
Portugal, the Andalusian and Asturcon of Spain, and Mérens of France; the Arabian and
perhaps Barb, Akhal Teke, and Turkoman of the Near East; the Mongolian Horse; the Chil-
ean Horse and Costa Rican Saddle Horse and in South America; and the Canadian Horse
and Newfoundland Pony in North America. Partly this was due to a shift in fashion in
favor of larger Arabian, Andalusian, Quarter and Thoroughbred horses. Secondly, better
roadways were developed and carriages became feasible for long-distance transportation
and these were typically pulled by larger trotting horses. The same gene (DMRT3) that
allows horses to engage in speedy lateral gaits prevents or makes worse the trotting and
galloping gaits [128, 174, 331, 361-362]. Hence the traditional favor of and use of smaller
gaited breeds began to wane. These breeds themselves were also often “improved” by
crossing them with blood from other breeds, in part to alter their size or appearance, but
also in part to increase their trotting ability. Thirdly galloping horse racing became popu-
lar and pacing horses are poor gallopers in general. All of this led to the dilution and de-
crease in populations of the gaited breeds. Many of the gaited breeds only continued to
exist in a feral or semi-feral state. Exceptions to this being the continued favor gaited
horses in the Southern United States, Puerto Rico, South America, Iceland and Faeroe Is-
lands, Wales, Greece, South Africa and West Africa; Turkey, Russia, Central Asia; China,
Cheju, Hokkaido, Wushen (Mongpolia), and India.

In the late 1800s, however, amblers made a comeback. Developed in the United States
in Alabama, Florida, Kentucky, and Missouri, alternatively gaited horses found favor as
saddle horses. Subsequently many of breeds that were feral were captured and trained so
they could become comfortable saddle horses again, as with Galician and Mérens or Eu-
rope and the Spanish Mustang and Spanish Colonial Horse of the United States (begin-
ning in 1930s and gaining momentum in the 1990s). In addition, new gaited breeds were
developed (Aegidienberger, America Paso Fino, American Gaited Pony, Campolina, Man-
golina, Montana Travler, Piquira, National Show Horse, Smokey Valley Horse, Ten-
nuvian, Tiger Horse, Utah Walkalony, Virgina Highlander) or lateral gaits introduced into
ungaited or previously gaited horses (Morab, Morgan, and Walkaloosa of the United
States, and Paso Higueyano of the Dominican Republic) through crosses with gaited
breeds. Finally, it has been recognized that the DMRT3 gene (or pacing ability) was ad-
vantageous in harness racing horses whether trotting or pacing individuals. Nowadays
ambling horses seem as popular as ever, and function as pleasure or trail horses, show
horses, or harness racers in many parts of the world.

7. Conclusion
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Soon after horses were domesticated, some of them seem to have evolved alternative
lateral gaits which were quickly favored by humans for military use and transportation.
There are strong associations of gaited horses with both the Celts and the Scythians from
ca. 800 BCE to 300 BCE, but no ties of gaited horses to either the Yamnaya culture of Cen-
tral Asia (ca. 3000-2500 BCE) or the Sintashta culture of Western Russia (ca. 2200-2000
BCE). Regions of Central and West Asia and Siberia inhabited by the Scythians still have
gaited horses to this day including the Kalmyk, Kabarda, Karachai, Kazakh, Yamud,
Karabakh, Tushin, Altai, Tuva, Karabair, Kyrgyz, Yanqi, and Yili breeds. Scythian horses,
in fact, were famed in the Ferghana Valley of Central Asia (ca. 400 BCE) and imported into
Macedonia by Philip (339 BCE) and into China by the Han Dynasty (104 BCE]), and they
may have been imported into the Mediterranean even earlier by the Archaemenid Per-
sians. The establishment of the Silk Road ca. 200 BCE between Egypt, Greece, India, Asia,
and Europe, which presumably meant exchange of livestock including horses. Later ex-
pansions of the Sassanid Persians (ca. 700-900), Seljuk Turks (ca. 1037-1308), and Mongols
(ca. 1206-1294) presumably helped to spread the allele for alternative lateral gaits further
into Europe and Asia [97,353]. Indeed the Turks are closely associated with gaited horse
breeds that arose in in Turkey ca. 700-1300 CE (Anadolu Yerli and Canik) and Iran (the
extinct Turkmene and extant Turkoman). As Wallner et al. [405] argue, European horse
breeds cluster together in a roughly 700-year-old haplogroup (ca. 1300) that was transmit-
ted to Europe by the import of two lineages of Oriental stallions, i.e. Arabian and Turko-
man.

Yet there is a seeming separate lineage of Celtic gaited horses in France and Spain
that seems to go back to 800-500 BCE and then spreading into Britain (ca. 500-400 BCE). It
is possible that the Celts imported Greek gaited horses to mix with their lineages in the
fourth to second centuries BCE. Yet as it stands so far little genetic connections have been
found between Celtiberian and Asian gaited horse breeds, and chronologically there is not
much time for such a Celtic importation to occur as gaited horses only seem to make their
way to Persia and Greece ca. 330-323 BCE) and the Romans conquered France, Britain, and
Spain ca. 57-19 BCE splitting up the Celtic rule. Moreover, as we have seen, Roman sources
describe what may be gaited horses in Spain as early as 130-29 BCE.

In any case, gaited horses were prized for military use by ancient Scythian, Celtic,
Macedonian, Turkish, and Mongol armies, and continue to be of great service and enjoy-
ment to humans. Though Thoroughbreds and Quarter Horses, along with Arabians and
Andalusians, are quite popular horse breeds, horse farms breeding and training alterna-
tively gaited horses have become numerous throughout the United States and the world.
For alternatively gaited horses provide a very smooth and comfortable intermediate speed
gait for the rider. Hence they are proving quite popular as pleasure or road animals. So
too harness racing is a popular equestrian sport wherein pacing individuals do quite well
on the track. For all of these reasons alternative lateral gaits (if this is not just wishful
thinking) and gaited breeds likely should continue to rise in frequency among horses of
the future.
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