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LOCOMOTOR SPEEDS AND PATTERNS OF RUNNING BEHAVIOR IN
NON-MANIRAPTORIFORM THEROPOD DINOSAURS
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Abstract—Twenty trackways of Kayentapus minor were exposed on a single bedding plane at the Culpeper
Crushed Stone Quarry (Stevensburg, Virginia) in the early 1990’s. These trackways included over 1800 footprints.
Empirical analysis of this large population of dinosaur footprints and related stride lengths provides the first
reliable estimates of gait parameters for a medium-sized theropod dinosaur. Walking animals made most of the
trackways, but four trackways show bursts of jogging or running behavior. In one instance, a trackmaker burst from
awalk to a full run in a span of three paces. The trackways are so extensive that the range and modes of walking,
jogging and running stride lengths can be accurately determined for this trackmaker. Knowledge of the points at
which jogging and running should begin allows an estimation of jogging and running speeds independent of
Alexander’s Formula, which is usually used for estimating dinosaur speeds. This alternative method of determining
speed allows a more precise determination of the constant and exponent powers appropriate for Alexander’s
Formula when it is applied to non-maniraptoriform theropod dinosaurs, thus improving the accuracy of that
formula for estimating the speeds of this subset of theropods.
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INTRODUCTION

In the early 1990’s, quarrying operations at the Culpeper Crushed
Stone Quarry in the southern portion of the Culpeper basin near
Stevensburg, Virginia (Fig. 1) exposed several acres of a single bedding
surface near the bottom of the quarry. Robert Clore, who at that time
worked for the quarry, spotted dinosaur footprints on this bedding sur-
face and, through quarry owners Gordon Willis and Fred Harris, notified
the author of this discovery. An initial inspection of the find showed that
the entire floor of the quarry was crisscrossed by trackways of Late
Triassic reptiles. The majority of these trackways could be assigned to a
single kind of theropod dinosaur, but there also were many trackways
(presently without an ichnological name) referable to a large aetosaur and
a single footprint (Brachychirotherium parvum) referable to a small
actosaur. The patterns of the theropod trackways ranged from nearly
straight to sinuous, but overall there was a clear net preference for travel
directions toward the south-southwest, the west-northwest, and the
east-southeast (Fig. 1).

Several years of intermittent effort went into gridding off the
quarry floor and measuring and mapping the distribution of tracks and
trackways. This effort resulted in the accumulation of a very large data-
base for both the theropod and aetosaur trackways. The data set for the
theropod tracks is presented here.

GEOLOGICAND PALEOGEOGRAPHIC SETTING

The Culpeper Crushed Stone Quarry, located within the Culpeper
basin, excavates thermally metamorphosed strata of the Groveton Mem-
ber of the Bull Run Formation for use as crushed stone and block stone.
The Bull Run Formation, part of the Chatham Group of the Newark
Supergroup (Fig. 2), is early and/or middle Norian in age (Kozur, 2003).
Within the quarry, a number of massive mudstones are interbedded with
much thinner, laminated, gray to black shales (Smoot, 1989). The mud-
stones formed during dry intervals when the floor of the Culpeper basin
was either arid or semi-arid. The gray to black shales formed during
wetter intervals when the valley floor was largely covered by a shallow
playa lake (Smoot, 1991), here termed Lake Culpeper. These alternating
cycles of wet and dry were driven by climatic changes in rainfall that in
turn have been linked to Earth orbital mechanics and Milankovich cycles
(Olsen, 1988).

Near the beginning of the second wet cycle exposed in the quarry,
Lake Culpeper expanded rapidly across the playa valley floor, turning it
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FIGURE 1. A diagrammatic map-view representation of the quarry floor of
the Culpeper Crushed Stone Quarry showing the distribution and direction
of travel for trackways (K-1 through K-20) attributed to Kayentapus minor.
The general location of the Culpeper Crushed Stone Quarry is shown in
inset at upper left. A rose diagram (inset lower right) summarizes the net
directions of travel of all individual pace segments of all twenty trackways.

into a shallow lake. Regional facies patterns, coarse in the northern por-
tion of the basin and finer in the south, indicate that streams feeding Lake
Culpeper entered it at the northern end of the basin. The vacillating
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FIGURE 2. Stratigraphic column of the southern Culpeper basin, showing
the stratigraphic position (marked by star) of the strata exposed in the
Culpeper Crushed Stone Quarry. Stratigraphy after Weems and Olsen (1997)
and time scale after Kozur (2003).

southern end of the lake, where the Culpeper Quarry now is located, was
a passive margin that expanded or contracted depending on how much
water and sediment entered the lake from the north and how much water
left due to evaporation and subsurface flow. The initial expansion of the
lake during this cycle turned the quarry region into a shallow water area
that was inhabited by phytosaurs that left swimming claw-scrapes and a
body impression on the lake floor (unpublished observations). Currents
in the area, probably wind driven, were of sufficient strength to create
ripples in the sediment on the lake floor. Assuming the orientation of
these ripple crests was parallel to shoreline, the lake margin trended in
this region from west-northwest to east-southeast.

After this initial lake expansion, the lake began to dry up. Small
patches of tufa formed in the shallowing water, and then mudcracks
began to appear as the water retreated. Soon after the mudcracks initi-
ated, ceratosaurs and large aetosaurs crisscrossed the area and left their
trackways. The area apparently dried out for an unknown length of time
before being rapidly inundated again by Lake Culpeper. This time, lacus-
trine conditions apparently persisted for a much longer period of time,
resulting in the deposition of about 60 cm of black shale and siltstone
across the area. The shales buried and preserved the footprints. A few
fish scales and conchostracans are present at the bottom of the black
shale sequence, but most of the sequence is barren of animal remains.
This absence suggests that Lake Culpeper, for most of this time, was
alkaline and inhospitable. Eventually, the lake dried up, as evidenced by
the relative thickness of the overlying mudstone horizon, and became a
playa flat environment for a prolonged period.

THE MAKER OF KAYENTAPUS TRACKS

An analysis by Weems (1992) of the morphology of the foot-
prints in the dinosaur trackways concluded that the proper name for
these tracks is Kayentapus minor. The bipedal digitigrade stance, elon-
gate digit III, high pace angle (typically 170-180°), sharp, elongate claws
on the toes, strong outward divarication of pes digit IV, and the presence
of hyperextended manual digits (discussed in Weems, this volume) to-
gether demonstrate that the animal that made these tracks was a ceratosaur,
possibly a taxon like Liliensternus liliensterni (Huene, 1934) or
Dilophosaurus wetherilli (Welles, 1984). Ceratosaurs were large carnivo-
rous dinosaurs by early Mesozoic standards and were the top predators
in the later (middle Norian-Rhaetian), Late Triassic upland terrestrial
ecosystem. The overwhelming preponderance of predator tracks in this
particular geologic setting, rather than tracks of potential non-theropod
prey, is probably due to two factors. First, although they may have been
searching in part for fish (as recently suggested by J.I. Kirkland and A.P.

Hunt), these predators probably were waiting near the lake margin for
herbivores to come there for water, rather than seeking them out ran-
domly across the Pangaean countryside. Second, the local track-preserv-
ing environment was strongly biased toward large animals and against
small ones. These predators were large animals, some perhaps up to 225
kg in weight. The only other trackways preserved at this site were made
by similarly massive aetosaurs. One clear track (Brachychirotherium
parvum) of a medium-sized aetosaur was found, but this track could not
be linked to any other footprints. Thus, at the time tracks were being
made on this bedding surface, the lake margin environment had become
so dry that it could preserve only one track of a medium-sized animal and
no tracks of small animals that might have been in the area.

LENGTH AND SPATIAL DISTRIBUTION OF KAYENTAPUS
TRACKWAYS

The floor of the Culpeper Quarry provided an exceptionally large
area (greater than 150 x 180 meters) across which the wanderings of large
animals could be traced. Twenty trackways (Fig. 1), containing about
1800 individual footprints, can be assigned to the ichnotaxon Kayentapus
minor. These trackways were numbered K-1 through K-20, and the
distances and directions of travel for each trackway were measured and
recorded pace by pace and pace angle by pace angle. One trackway (K-
6) has an average measured foot length of 208 mm, while another (K-19)
has an average measured foot length of 303 mm (Fig. 3). These foot
lengths are decidedly smaller and larger, respectively, than the rest of the
foot lengths measured in the other trackways. The other 18 trackways
are not so obviously different in their measured foot length, though two
subclusters can be readily discerned based on their relative foot widths.
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FIGURE 3. Mean and standard deviation of apparent foot lengths and foot
widths, measured from better preserved tracks in each of the twenty
trackways of Kayentapus minor found at the Culpeper Crushed Stone Quarry.
Two values (K-6 and K-19) clearly are different from each other and all
others. The remaining values broadly overlap, but strongly suggest at least
two subclusters (A and B). The larger subcluster (A), K-6, and K-19 all fall
along a common slope of allometric width vs. length ratios. The other
subcluster (B) is centered to the right of this trend, indicating an animal or
animals with relatively wider feet. Typical Kayentapus minor print is shown
as inset, showing parameters measured for length and width. Trackway K-1
had only one well preserved footprint and thus includes only a single set of
measured values.



One subcluster includes trackways K-1, K-3, K-4, K-5, K-7
through K-12, and K-14 through K-17. These form a rather discrete
group of trackways that fall along the same gradient of allometric (length
vs. width) proportions as K-6 and K-19 (Fig. 3). This subcluster of
trackways possibly could represent as many as 14 different individuals.
Since there is no obvious way to distinguish any of these trackways from
each other, however, they just as easily could represent the wanderings
of a single ceratosaur that was dominating a hunting area along the margin
of Lake Culpeper at the time that this mudflat was drying.

The other subcluster, which includes K-2, K-13, K-18, and K-20,
falls off the line of allometric proportions represented by the remaining
trackways. This disparity might suggest that these trackways represent
a separate species of predator that had a different ontogenetic growth
trajectory than the maker of the other trackways. However, in the ab-
sence of any other morphometric indication that there is any real
ichnotaxonomic difference between these footprints and the others, it
seems more likely that this difference in width proportions represents
either intraspecific variability in foot morphology or possibly sexual
dimorphism within a single species of predator. The wider-footed sub-
group is diffuse enough to hint that trackways K-2 and K-13 may have
been made by different animals, and that each of these was different from
K-18 and K-20. K-18 and K-20 are very close to the same mean length
and width, and K-18 is located in a position that readily suggests that it
is a direct extension of K-20 (Fig. 1). Thus, K-18 and K-20 almost
certainly are part of the same trackway made by a single animal. Alterna-
tively, all of the trackways in this subcluster could have been made by
the same individual, with the differences between K-2, K-13, and K-18
and -20 resulting from the feet of one animal reacting differently to the
constantly drying (and thus texturally changing) substratum each time it
crossed this area.

The above considerations show that, although there could have
been as many as 20 individuals represented by these trackways, it is
quite possible that there were only four. In the latter interpretation, one
of these animals created 14 trackway segments and dominated this area
during most of the drying interval represented by this bedding surface. A
second slightly larger animal with a slightly wider foot left four trackway
segments. The other two animals came through only once each, the larger
moving away from the lake margin and the smaller moving obliquely
toward it.

The approximate distribution and direction of travel for all of
these trackways or trackway segments is shown in Figure 1. Although
most of the trackways seem to reflect a general preferred direction of
travel, in detail many trackways show a tendency to wander or deviate
from a direct line of travel. When the direction of travel for all segments
of these trackways are summed independently (by summing up each
individual pace direction measurement), two axes of travel direction ob-
viously were preferred (Fig. 1, lower right inset). One of these travel
trends is parallel to the direction of wave crests for ripple marks that are
preserved on the bedding plane surface; the other trend is south-south-
west, normal to the ripple crests and away from the lake.

The ripple crests, which trend west-northwest to east-southeast
(modal compass direction 107°), probably were formed by currents gen-
erated by wind-driven waves that were lapping along the margin of Lake
Culpeper. The overall geometry of the Culpeper Basin indicates that its
depocenter lay about 50 km to the northeast (near the current location of
Warrenton, Virginia). The basin was bounded on its northwest by a major
border fault, and strata in the basin predominantly tilt west-northwest.
These geometric parameters suggest that the deepest part of Lake
Culpeper lay north-northeast of the present site of the Culpeper Crushed
Stone Quarry, while the bedding features indicate that the lake margin lay
only a short distance in that direction at the time that the trackways were
being formed. Thus, the ceratosaurian makers of the Kayentapus trackways,
although wandering about to some degree, generally tended in this area to
move west-northwest or east-southeast, parallel to the shoreline of Lake
Culpeper, or west-southwest away from the lake margin.
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EVIDENCE FOR JOGGING, RUNNING, AND SPRINTING
BEHAVIOR

Among bipedal saurischian dinosaurs, there is a fairly constant
relationship between the size of the footprint that an animal makes, its
pace length (defined as the distance between two successive footprints,
either right to left or left to right, measured as a straight line between
tracks rather than parallel to the trackway axis), and its stride length
(defined as the distance between two successive tracks of the same left
foot or the same right foot). Unless the animal places one foot directly in
front of the other, three successive tracks will describe a narrow triangle
(Fig. 4). For this reason, in most cases two paces (two sides of the
triangle) will be slightly longer than one stride (the hypotenuse of the
triangle). Relative stride length (RSL), which is stride length divided by
hip height of the same animal, allows the trackway characteristics of
animals of different absolute size to be compared directly. In terms of
RSL, walking versus trotting (or jogging) versus running can be differen-
tiated and quantified. Generally speaking, RSL values up to 2 are walking
values, RSL values from about 2 to 3 are trotting (or jogging) values, and
RSL values of 3 to 4 are running values (Alexander, 1977).

Animals that were walking (Fig. 5A, 5B) made 96% of the
Kayentapus strides documented at the Culpeper quarry. Animals that
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FIGURE 4. A, Diagram showing the relationships between foot(print) length,
pace length, pace angle, stride length, and relative stride length (RSL). In
this hypothetical example, the trackmaker is striding exactly twice the
length of its hip height (= 2 RSL). The formulae used to determine the
mathematical proportionality between foot (footprint) length and hip height
are shown in Figure 9. B, Diagram showing the relative body proportions of
small to medium vs. large and very large theropod dinosaurs. Relative to
small and medium theropods such as Coelophysis, large to very large
theropods like Gorgosaurus are proportionately more massive, have shorter
necks and tails, yet have longer legs.



382

MAXIMUM OBSERVED RELATIVE STRIDE LENGTH

A K-5m
K1sm
K-13m
K-3m

2 K-16M = )
z K198 2 &
E K-12m g g
g K2m b 2

K-1m
: K7m
; K9m
7] K6m
< K-14W
3 K-10m
= K11m

K5W
K-4m
K20m
K178
K-15m
v v u T T

l'.B 22 2.6 ! 3:0 ' 3‘.4 ' 38
MAXIMUM RELATIVE STRIDE LENGTH (RSL)

SPECTRUM OF RELATIVE STRIDE LENGTHS

B
159
" ‘ n = 1802
= 500
a
=
~
a
a 400 <
=
2 30
=
=
—
S a0
o
=
8 2.02
E 100 249 2.96 355
z
0 T T U
0.5 1.0 15 2.0 25 30 35 4.0

RELATIVE STRIDE LENGTH (RSL)

FIGURE 5. A, Maximum relative stride length (RSL) observed in each
trackway (K-1 through K-20) of Kayentapus minor at the Culpeper Crushed
Stone Quarry. Ranking is from the highest maximum observed RSL within a
trackway (K-15) upward to the lowest observed maximum RSL within a
trackway (K-8). A value of 2.02 RSL represents the transition between
walking and jogging. B, Total spectrum of RSL values in all twenty trackways
of Kayentapus minor at the Culpeper Crushed Stone Quarry. Mean walking
value is 1.59 RSL, the walk-jog transition is at 2.02 RSL, modal jogging
value is 2.49 RSL, the jog-run transition is 2.96 RSL, and the modal running
value is 3.55 RSL.

were engaged in more energetic motion made the remaining 4% of the
strides. Four trackways include segments that represent bursts of speed
obviously faster than a walk. Three (K-4, K-17, and K-20) have maxi-
mum RSL values between 2.0 and 3.0 that are notably shorter than the
fourth (K-15) (Figs. 6 - 8). These bursts of speed fall within the range of
RSL values that would be expected (in human terms) for a jog and a run
respectively. Each range includes a rather discrete cluster centered on
RSL values of 2.48 and 3.55, respectively. A third cluster (centered at
2.96 RSL) falls very near the top range (2.93 RSL) expected for jogging
(Figs. 5B, 6B). Between these clusters, RSL values either were not ob-
served or observed only rarely.

Trackway K-17 does not include the transition from a walk to
nearly a run (Fig. 6A), but trackway K-15 does preserve this transition
(Fig. 7A), which occurs in a span of only 3 steps, indicating an accelera-
tion of 0.25g. This is a remarkably rapid acceleration for an animal with
a mass of approximately 170 kg (method of estimating mass discussed
below), and only can be characterized as a sprint. There is absolutely no
indication in this trackway that the animal paused or fell into a jogging
mode as it accelerated. No evidence was observed in any trackway that
indicated prolonged running at any gait. Indeed, the longest running dis-
tance documented at this site (K-15) was only about 50 meters.

A FAST JOGGING INTERVAL IN K-17 TRACKWAY
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FIGURE 6. A, Relative stride lengths (RSL) of successive strides in a segment
of trackway K-17, showing walking behavior followed by running behavior
followed by walking behavior. The transition between walk and run is largely
not preserved in this particular trackway. RSL value of 2.02 marks the
transition between walk and jog, while a value of 2.96 RSL is the transition
between jog and run. By these definitions, this animal achieved a maximum
speed at the very top of jogging range. Intervals of missing tracks are
indicated by gaps, and the number of missing tracks is inferred from the
total length of the gaps. B, Spectrum of running RSL values shown in A
regardless of position in the trackway sequence. Note the strong clustering
of values between 2.9 and 3.0 RSL. C, Relative stride length (RSL) values
for a brief spurt of speed in trackway K-4. In this case, the animal barely
sped up into the lowermost jogging range of values (above 2.02 RSL) and
never closely approached a modal jogging speed (around 2.49 RSL).

RELATIONSHIPS BETWEEN TRACK LENGTH,
HIP HEIGHT AND LOCOMOTOR SPEED

Thulborn and Wade (1984) compared the foot-length to hip-height
ratios of numerous dinosaurs, and from this work, Thulborn (1990, p.
254) generated two formulas relating the allometric proportions of foot
length to hip height for non-maniraptoriform theropod dinosaurs of small
to medium size and of large size (Fig. 9). The point of intersection of the
two equations indicates that the change in allometric proportions corre-
sponds to a foot length of 35 cm (the 25-cm value stated in the text is
incorrect). These separate formulas are needed to account for the fact
that the largest theropods have a different growth pattern than smaller to
medium-sized theropods, and that the change in allometric proportions
occurs at a hip height of about 1.8 meters and a foot length of 35 cm. This
change in basic body plan represents a logical basis for defining large, as
opposed to medium to small, theropods. Because this is the one obvious
allometric basis for separating size classes of theropods, the medium/
large size boundary for theropods as defined by Madsen (1976) here is
raised from 7.0 to 7.2 meters in body length. Otherwise, the size classi-
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FIGURE 7. A, Relative stride lengths (RSL) of successive strides in a segment
of trackway K-15, showing walking behavior followed by running behavior.
Note that the transition between walk and run occurs in only three paces.
RSL value of 2.02 marks the transition between walk and jog, 2.96 RSL is
the transition between jog and run, and 3.55 RSL is the modal (preferred)
running value. Interval of missing tracks is indicated by a gap, and the
number of missing tracks is inferred from the total length of the gap. B,
Spectrum of running RSL values shown in A regardless of position in the
trackway sequence. Note the strong clustering of values between 3.5 and 3.6
RSL.

fication of Madsen for theropod dinosaurs is followed here. Thus, adult
theropods from Compsognathus to Coelophysis qualify as very small (0
- 1.5 m total length) to small (1.5-3 m), theropods from Deinonychus to
Ceratosaurus qualify as medium (3-7.2 m), and theropods from
Allosaurus to Tyrannosaurus qualify as large (7.2-11 m) to very large
(11-15m) (Fig. 9B). The correlative size-category boundaries for theropod
footprints are: very small (0-9 cm), small (9-16.5 cm), medium (16.5-35
cm), large (35.0-85 cm), and very large (85-140 cm).

Birds and some (perhaps all) maniraptoriform dinosaurs have a
fundamentally different body plan from basal theropods. At least in
part, this is because of their tendency to keep the femur aligned forward,
walking and running with the knee joint serving as the effective fulcrum
for leg motion rather than the hip joint (Jones et al., 2001). This adapta-
tion moves their center of gravity forward, which eliminates the primi-
tive need among bipedal theropods for a massive tail to counterbalance
the mass of the body anterior to the hips. This change in center of gravity
permits a significant overall lightening of total body weight by allowing
the tail to be greatly reduced in mass and size. Such a fundamental
difference in body proportions and locomotor mechanics makes it al-
most certain that the following analysis, which is based upon footprints
of basal theropod dinosaurs that walked and ran by rotating the entire

JOG/WALK TRANSITION IN K-20 TRACKWAY
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FIGURE 8. A, Relative stride lengths (RSL) of successive strides in a segment
of trackway K-20, showing jogging behavior followed by walking behavior.
RSL value of 2.02 marks transition between walk and jog, 2.49 RSL is the
estimated optimal jogging value. Intervals of missing tracks are indicated by
gaps, and the number of missing tracks in each interval is inferred from the
total length of each gap. The very low RSL value just past the jogging burst
represents a stopping point. B, Spectrum of running RSL values shown in A
regardless of position in the trackway sequence. Note the strong clustering
of values between 2.5 and 2.6 RSL.

hind limb, does not apply to most or all of the maniraptoriformes-bird
clade.

According to Thulborn’s equations (Fig. 9A), theropods of small
to medium size had:

hip height = 3.06(foot length)'1* 1)

Ifthis formula is correct, the work of Alexander (1977) indicates that the
fastest walking speed of theropods (such as the one that made Kayentapus
minor tracks) should be represented by an RSL value 0of 2.01. The maxi-
mum RSL values of all but four of the trackways differ only slightly,
ranging up to a maximum value of 2.02 (Fig. 5A). Above this value,
maximum RSL jumps abruptly. Similarly, if the 1802 RSL values mea-
sured from all of the theropod trackways at the Culpeper Quarry site are
shown together as a bar graph (Fig. 5B), this distribution also shows an
abrupt drop in the cumulative number of RSL values at 2.02. Both
approaches indicate that the value predicted by Alexander (2.01 RSL) is
very close to the true figure for this population, and this in turn indicates
that the Thulborn formula for estimating hip height of small to medium
size theropods is consistent with this population of theropod dinosaurs.
The cumulative bar graph of walking RSL values (Fig. 5B) also demon-
strates that the mean walking stride of these dinosaurs was 1.59 RSL.
This mean (and effectively modal) walking RSL value is higher than the



384

FOOT LENGTH (FL) VS. HIP HEIGHT (H)
(THULBORN FORMULAS)
A 30
T 200
s
=~
T
© i
=
T ]
&
£ 100
i SMALL - MEDIUM LARGE
THEROPODS THEROPODS
(0] T T T T T
0 20 40 60
FOOT LENGTH (cm)
HIP HEIGHT (H) vs. BODY LENGTH (L)
B 4o
Tyrannosaurus
3.59 5 /5
Gorgosaurus
=~ 3.09 Albertosaurus N/
2
151 Tarbosaurus -
g 251 o
'V Daspletosaurus
£ A —— Yangchuanosaurus
E 207 Allosaurus
= Ceratosaurus K19 Allosaurus
& 1.549 Piamitzkysaurus =)
=) Eustreptospondylus —
Lo- Szechuanosaurus __ o | Elaphrosaurus
g Deinonyclus K15 / Dilophosaurus
Staurikosaurs /Kb Liliensternus
Sarsis o7,
057 eloetirer =7 cocopivsis SMALL - MEDIUM LARGE
iz Cw;pﬁg};’jfjﬁf THEROPODS THEROPODS
0 : —— : : T T . T T
0 2 4 6 8 10
BODY LENGTH (meters)

FIGURE 9. A, Formulae developed by Thulborn (1990) to correlate foot
length with hip height in theropod dinosaurs. At a hip height of 1.8 meters,
the scaling formula changes from H = 3.06 (FL)"'* to H = 8.60 (FL)"%. Solid
line indicates the correct sequence of scaling values. The inflection point in
this line is used here to define the size boundary between theropod dinosaurs
of medium and large size. B, Relationship of hip height to body length in
theropod dinosaurs. Values are derived from Paul (1988). Note the distinct
change in body proportions around a hip height value of 1.8 meters.

human walking value of 1.4 RSL and higher than the average walking
value of 1.3 RSL suggested by Thulborn (1990) for dinosaurs as a whole.
In fairness, however, Thulborn’s averaged dinosaur RSL values included
many herbivorous dinosaurs that had smaller walking RSL values than
carnivorous dinosaurs. The modal walking RSL values for his sample of
Late Triassic-Early Jurassic saurischian dinosaur tracks from southern
Africa are similar to what has been observed at the Culpeper Quarry.

Living quadrupeds have two distinctly different gaits faster than
walking (trotting and running), but bipedal animals do not show such
markedly different patterns of fast locomotion (e.g., Gatesy and Biewener,
1991). Presumably this is because, in bipeds, there is no pressing need to
spatially coordinate front-limb rhythm with rear-limb rhythm at higher
speeds. While this provides bipeds more flexibility in their range of
higher speeds, it seems likely that their neurological pathways for coor-
dinating locomotion would continue to gravitate toward the modal jog-
ging rhythm or the modal running rhythm of their quadrupedal ancestors,
especially in bipeds that continued to run by swinging the whole leg at
the hip joint in primitive fashion. This is also suggested by the fact that
humans, who run by swinging the whole leg at the hip, have a much
better defined gait transition from walking to running than birds (Gatesy
and Biewener, 1991) that have moved further from the ancestral mode of
locomotion by effectively running through use of the knee joint as the
point of leg rotation (Jones et al., 2000).

Even though living bipeds do not show obvious gait discontinuity
between jogging and running (Gatesy and Biewener, 1991), there still
exists a meaningful distinction between the two gaits. In jogging, one foot
is always touching the ground. True running, in contrast, involves an
aerial phase in which both feet are off the ground (Coombs, 1978). The
advantage of true running is that, by leaving the ground, an animal can
move forward over greater distances than the arc that its maximum limb
swing can achieve. The only significant disadvantage with running is
that, if the weight of the animal is large, the ankles, knees, and/or hips
may be injured or displaced upon impacting the ground at the end of the
aerial phase. Thus, as a biped’s size increases, the risk of debilitating
injury while running also increases.

Among quadrupeds, research by Alexander (1977) indicates that
the relative stride length at the jog-run (= trot-run) transition is about
2.93. The work of Heglund and Taylor (1988) further indicates that
living quadrupedal animals strongly prefer to trot at the middle of that
range (i.e., between 2.01 and 2.93). Therefore, if basal theropod dino-
saurs did possess a discernable jogging gait, the modal jogging speed
might be expected to occur near a value of 2.47 RSL [(2.01+2.93)/2]. Of
the three trackways that include values within the anticipated jogging
range, K-4 shows only a brief spurt above walking speed for four paces
and then immediately returns to walking speed (Fig. 6C). This short
trackway segment shows no indication that the animal attempted to
maintain a steady stride and thus does not relate to any sort of stable gait.
The second trackway that peaks in the jogging range of values (K-20)
preserves the end of a burst of speed (Fig. 8A). The preserved sample of
strides is small, but it has an average RSL value of 2.48 + 0.03. The
sample is too small to generate a curve of normal values, but it is strongly
clustered (Fig. 8B). Although not definitive, the striding peak of this
trackway has a mean value within 0.01 RSL of the anticipated mean
value for jogging of 2.47.

A third trackway, K-17, shows a striding peak at an average RSL
value of 2.96. As with K-20, the peak RSL values represent a plateau,
rather than the median of a normally distributed range of values (compare
Figs. 8B and 6B with Figs. 5B and 7B). However, within the peak range
of RSL values (2.91-3.0), the mean and modal value is 2.96. This value
is very close to what would be expected for the top of the jogging range
as derived from a modal value 0of2.48 RSL and a walk-jog transition value
0f2.02 RSL (2.48 +(2.48 —2.02) =2.94). Ifamodal jogging value of2.49
RSL is used, the correlation is precise (2.49 + (2.49 — 2.02) = 2.96). Both
values are only slightly above the value (2.93 RSL) determined by
Alexander (1977) for quadrupeds. Thus, it seems likely that trackway
K-17 preserves an example of maximum jogging speed, in which the
animal increased speed as much as possible without moving into an
unsuspended aerial phase that would have risked injury from slipping or
sliding. Thus trackway K-20 suggests that there was a preferred modal
jogging speed (2.49 RSL) for this population of dinosaurs, and trackway
K-17 suggests that the jog-run transition fell at an RSL value of 2.96.

The work of Heglund and Taylor (1988) indicates that running
quadrupeds also strongly prefer the middle of that gait range, which is
halfway between the jog-run transition and the maximum aerobic running
speed. For this gait, there is a nearly complete running burst documented
in trackway K-15 that was sustained for about 50 meters (Fig. 7A).
When the RSL values of the sustained phase of this running burst are
compiled (Fig. 7B), they have a modal distribution symmetrically cen-
tered about a value of 3.55 + 0.07, which additionally is the arithmetic
mean of observed RSL values between 3.40 and 3.69 in this trackway.
The symmetrical distribution indicates that this animal had reached its
preferred dynamic running speed and was engaged in stable running
locomotion. This consideration strongly suggests that 3.55 was the modal
RSL running value for the trackmaker of Kayentapus minor.

If the value for the jog-run transition that was estimated above is
accepted (2.96 RSL), then a value of (3.55 — 2.96 = 0.59) should repre-
sent the lower half of the aerobic running speed range. If this value is
added to 3.55 to approximate the upper half of the aerobic running speed



range, it places the maximum aerobic running speed at an RSL value of
4.14. An RSL value of 4.14 is 10% higher than the highest observed RSL
value at the Culpeper Quarry (3.75), but only 4% higher than the highest
RSL value accurately demonstrated anywhere for a theropod dinosaur
(3.98). This highest known RSL value is computed here, based on data
published by Farlow (1981) and using Thulborn’s equations relating foot
length to hip height (which were developed after Farlow’s paper was
published). Although Alexander (1989) has shown that animals are ca-
pable of sustaining mean fast-running gaits on a muddy substrate, it is
doubtful that maximum aerobic running speed was often attempted in
such environments. Thus, a maximum observed RSL of 3.98 on muddy
substrates probably is in reasonable accord with a predicted maximum
aerobic RSL value of 4.14 under ideal conditions and does not refute this
value.

In summary, the gait modes and transitions for the medium-size
theropod dinosaur that made Kayentapus tracks were: observed modal
walking value = 1.59 RSL, observed walk-jog transition value = 2.02
RSL, estimated modal jogging value =2.49 RSL, estimated jog-run tran-
sition value =2.96 RSL, observed modal running value = 3.55 RSL, and
estimated maximum aerobic run value =4.14 RSL.

RECALIBRATION OF ALEXANDER’S FORMULA

Alexander (1976) developed a generalized formula for estimating
the speeds of dinosaurs from their trackways:

u= 0.25(SLl'm)(H'l'”)(gO'S) (2)

where u is speed in meters/sec, SL is stride length in meters, H is hip
height in meters, and g is acceleration due to gravity in meters/second/
second. This formula predicts the speeds of dinosaurs or other animals
from knowledge of only their hip heights and stride lengths. As Alexander
(1991) emphasized, however, the real predictor of speed is the Froude
number, which can be correlated with stride length only approximately.
Thus, the above formula gives a speed that is based on the average
Froude number value that he found to correspond to different relative
stride lengths of animals. In point of fact, the actual Froude number that
correlates to a particular relative stride length in living animals can vary
by a factor of two. This means that a speed estimate, made from relative
stride length by means of Alexander’s formula, easily can be off by a
factor of about 1.4 because the RSL and Froude number values are inter-
related proportionately by the square root of 2. Alexander et al. (1977)
later modified the exponent values for SL and H in this formula to make
a better fit with additional data they obtained for African ungulates. This
later formula allows a more precise calculation of speed values from
trackways made by fast running quadrupeds.

Later, Heglund and Taylor (1988) took a very different approach
to predicting animal speeds. They studied a wide size and mass range of
mammalian quadrupeds under laboratory conditions to develop formu-
lae relating body mass to speed at gaits ranging from the walk/trot tran-
sition to maximum aerobic gallop. The general form of their formula is:

r=kM,) 3)

where r is speed in meters per second, k is a constant, M, is body mass
in grams, and n is an exponential power. The constant and exponent
values for this general formula vary with increasing speed, so these
values had to be derived empirically for each point at which animals went
from a walk to a trot, from a trot to a gallop, and for their modal trotting
speed, modal galloping speed, and maximum aerobic gallop. Synthesis of
Alexander’s and Heglund and Taylor’s methods of speed estimation would
greatly improve the accuracy of estimates for the locomotor capabilities
of dinosaurs, but this has been impossible because the gait boundaries
and modal jogging and running speeds for dinosaur locomotion have been
completely unobtainable up until now.
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FIGURE 10. A, Correlation of estimated body mass values with estimated
hip height values for selected theropod dinosaurs (values from Paul, 1988).
Mass estimates in the upper range vary widely, and three plausible slopes of
correlation are considered representing the mean value, +1 standard deviation
from this mean, and —1 standard deviation from this mean. B, Estimates of
dinosaur speed vs. hip height for the three slopes of correlation shown in A,
based on the formulas of Heglund and Taylor (1988) for speeds at the walk-
jog transition, modal jogging speed, jog-run transition, modal running speed,
and maximum aerobic running speed. Values derived from a value of 5.04 are
shown by diamond-shaped symbols, from a value of 4.73 by triangle-shaped
symbols, and from a value of 4.42 by square-shaped symbols. Note that all
three slopes yield very similar speed estimates.

To compare Alexander’s formula to the formulae of Heglund and
Taylor, a reasonable estimate is needed for the body mass of the dino-
saurs under consideration. Because hip height is a linear value and body
mass is a cubic value, mass estimates made by Paul (1988) for dinosaurs
ranging in size from Compsognathus to Ceratosaurus were compared to
the cube of hip heights estimated by him for the same theropods (Fig.
10A). Mass estimates vary widely, but only Elaphrosaurus and
Ceratosaurus fall significantly outside a range covered by slope constant
values between 4.42 and 5.04. The arithmetic mean of all plotted slope
ratios is 4.73. If any of these three values are used to estimate body mass
from hip height (Fig. 10B), the speeds estimated from the formulae of
Heglund and Taylor differ at most by about 0.5 m/s. Thus, if hip height
is derived from foot length by the Thulborn formulae and body mass in
turn is derived from hip height by the formula:

M, = (4.73H)’ )

the Heglund and Taylor formulae should produce estimates of speed
accurate within 0.25 m/sec for theropods of different body masses at
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their modes and transitions of gait.

When the results from the Alexander (1976), Alexander et al.
(1977), and the Heglund and Taylor (1988) methods of speed estimation
are compared (Fig. 11A), results are in reasonably close accord. Even if
results for the modal jogging gait and the jog-run transition are ignored as
suspect, the relative shapes of the curves remain essentially unchanged.
Interestingly, the original formula suggested by Alexander (here termed
Alexander 1) produces results closer to those of Heglund and Taylor than
the later version (here termed Alexander 2) that was derived from mod-
ern, fast running quadrupeds. The slower acceleration curve for theropod
dinosaurs suggests that they were designed more for power than speed,
and that their maximum speeds probably were attained in bursts rather
than in prolonged intervals of running. In an analogy to modern cars,
theropods were “geared down” for power while fast-running modern
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FIGURE 11. A, Predicted speeds of the theropod dinosaur that made trackway
K-15, based on the first generalized formula of Alexander (1976) (labeled
Alex 1), the second formula of Alexander (1977) derived from fast running
modern ungulates (Alex 2), and the formulas of Heglund and Taylor (1988).
Alexander’s first two formulas overestimate the speeds of basal theropod
dinosaurs, because these dinosaurs are “geared down” relative to generalized
runners and animals adapted for prolonged running. Modification here of
Alexander’s formula (Alex 3) to u = 0.16(SL?)(H'?)(g*°) provides a very
close agreement with the speeds predicted by Heglund and Taylor. B,
Correlation between speed predictions of the modified Alexander formula
(Alexander 3) (triangles) and the formulas of Heglund and Taylor (H&T)
(circles) showing their close correlation over a wide range of track sizes (8
cm to 30 cm) that represent the known range of very small to medium size
theropod dinosaurs. Track values for Grallator parallelus (= Grallator
cursorius sensu Lull, 1953) are from Lull (1953); ichnotaxonomy is updated
per Olsen et al. (1998).

quadrupeds are “geared up” for sustained speed.

The constants and exponents in the Alexander 1 formula here are
slightly modified, so that estimates of basal theropod dinosaur speeds
from this modified formula (here termed Alexander 3) become nearly
identical to those of Heglund and Taylor. This modified formula is:

u = 0.16(SLY)(H9)(g") ®)

The close correspondence of this modified formula to the results of
Heglund and Taylor persists across the entire spectrum of theropod
dinosaurs from very small through medium size (Fig. 11B). Heglund and
Taylor obtained their data under controlled conditions from a wide vari-
ety of animals, so the above Alexander 3 formula for deriving theropod
speeds from trackways should yield fairly accurate results. It should be
pointed out, however, that it cannot be directly demonstrated that the
transitions between walk, jog, and run in bipedal dinosaurs fall precisely
at the same relative values as the transitions between walk, trot, and
gallop observed in living quadrupeds. The walk-jog and jog-run transi-
tion points suggested above fit well with the preferred gaits observed.
This is not the same, however, as being able to perform a rigorous test of
this hypothesis under laboratory conditions. Even so, the fact that the
approaches of Alexander and of Heglund and Taylor start from quite
different databases, yet still can yield very comparable results for theropod
dinosaurs, strongly suggests that these two very different methods are
producing reasonable and accurate speed estimates and speed ranges for
small- to medium-sized theropod dinosaurs.

DISCUSSION

The approach developed above also should work for small- to
medium-sized bipedal to quadrupedal ornithopods, though no footprint
database is available to define accurately the gait modes and transitions
for this group. It might be anticipated, however, that the resultant for-
mula for bipedal ornithopods should be more like Alexander 2, which
applies to modern, fast running herbivorous quadrupeds. Small bipedal
ornithopods and theropods at the Lark Quarry site in Australia initially
were reported to attain RSL values up to 5.0 (Thulborn and Wade, 1984).
More recently, however, Thulborn (1990) has stated that the dinosaurs
at the Lark Quarry site achieved RSL values only up to about 4.0. He did
not state reasons for lowering his earlier maximum RSL value estimate,
but this could be because so many footprints were found within a small
area at the Lark Quarry site and because many trackways at the Lark
Quarry site were incomplete because the mud at that site was not very
soft at the time that the trackways were made. Thus, Thulborn may have
decided that the longest earlier reported RSL values resulted from mea-
suring across missing tracks or from connecting isolated prints from
different animals. It should be noted, however, that the Lark Quarry site
appears to record an instance where the appearance of a large theropod
apparently caused an ornithopod stampede. In a moment of panic, ani-
mals can achieve brief spurts of speed above their maximum sustainable
aerobic run. Thus the maximum stride length initially reported by
Thulborn and Wade was not necessarily in conflict with the results
presented here (i.e., 4.14 maximum sustainable aerobic RSL). In other
reported cases, however, where the identity of a trackmaker and all of'its
footfalls have been well established, ornithopod trackways are not known
to have RSL values in excess of 4.0 (Thulborn, 1990).

A bipedal dinosaur moving at a relative stride length of 2.49 (jog-
ging) needed to move through an arc of 80° of total fore and aft swing at
its hips and knees to maintain speed without having both feet leave the
ground at the same time. This degree of hip and leg mobility is readily
attainable (Coombs, 1978), so the body of the Kayentapus trackmaker
and other dinosaurs did not have to leave the ground during this gait. In
contrast, at a relative stride length of 3.55 (running) the trackmaker
needed to generate a net swing from the hips downward of 134° to
maintain speed without having both feet leave the ground at the same



time. This degree of leg swing without bounding, while possibly attain-
able, would so stretch the legs of the animal that it would not be able to
duplicate this motion multiple times. Thus, a relative stride length of
3.55 only could have been attained by a trackmaker that was literally
leaping from one footfall to the next through an unsuspended phase
within its running cycle (Coombs, 1978).

It is unlikely that large to very large theropods or ornithopods
could attain a true running gait, which involves an aerial phase. Thulborn
(1989, p. 46) has argued that living quadrupeds capable of unsuspended
running have an upper mass limit around 600 to 800 kg, though Alexander
and Pond (1992) have filmed a galloping white rhinoceros that was con-
siderably larger than that size. In either case, it is important to keep in
mind that all of these animals have four feet across which stress and
strain can be distributed. The upper mass limit for bipedal medium-size
theropods (slightly over 600 kg, based on M, = (4.73H)?), is at the lower
end of Thulborn’s range, but this should not be surprising because
theropods had only two feet to accommodate stress and strain caused by
impact of the entire body weight on the ground at the end of each bound.
In view of the fact that a theropod’s body mass was supported on two
feet, rather than four, such a maximum mass limit seems reasonable for
bipedal animals that engaged in true running. This, in turn, implies that
the distinction in allometric proportions between medium- and large-size
basal theropods ultimately is defined by the upper limit at which
unsuspended running was possible (or at least safe). Above this mass, a
bipedal dinosaur would be likely to increase its highest sustainable speed
only by increasing its leg length relative to its body length, which is
precisely the trend observed in theropods in this size range (Fig. 9B).
This conclusion is also compatible with the documentation of Coombs
(1978) that the fastest speeds attained by living quadrupeds are attained
by animals in the mid-size rather than in the large-size range.

No trackway data have been reported that suggest any large bipe-
dal ornithopod or theropod was capable of achieving an unsuspended
running gait. In view of the fact that large bipedal theropods were pro-
portionately more massive than small- or medium-size theropods (Figs.
4B and 9B), and thus not designed to endure unsuspended running, there
is no theoretical or mechanical reason to anticipate that these animals
employed a true running gait. These observations are in accord with
results of an anatomical analysis by Hutchinson and Garcia (2002), who
concluded that Tyrannosaurus rex could not have reached speeds as high
as 11 m/s. They also are supported by the modified Alexander 3 formula
for theropods, which indicates that 7. rex, with its elongate rear legs, at
its maximum jogging speed would have moved at 8 m/sec (29 km/h). This
still represents a considerable chase speed, however, especially in view
of the momentum that the mass of the animal would have added to such
a rush.

Two notable conclusions can be drawn from this analysis. First,
even by the middle Norian stage of the Late Triassic (at least 210 Ma),
theropod dinosaurs were capable of achieving speeds at least up to 90%
of what living mammals of comparable bulk and size attain today. Sec-
ond, these speeds were within 94% of the fastest relative speed (longest
RSL) known to have been achieved by any theropod dinosaur. Clearly,
even at the beginning of their radiation to world dominance, theropod
dinosaurs were highly efficient and rapid walkers and runners. The esti-
mated maximum speed from the observed behavior of K-15 (27 km/h)
was comparable to all but the fastest of Olympic runners, and the esti-
mated maximum potential aerobic speed of K-15 (33 km/h) or K-19 (38
km/h) exceeded human capabilities. To wit, over a distance of 100 m the
record average human velocity is 10.2 m/s (= 36.7 km/h) (Asafa Powell in
2005). For a distance of 1 km, the record average human velocity drops
to 7.6 m/s (27.2 km/h) (Sebastian Coe in 1981) (Matthews, 1994, p.
748). Thus, a human would have had little or no chance of escaping a
medium to very large theropod dinosaur across open ground.

Although theropod dinosaurs were capable of making a formi-
dable rush after prey, their exceptionally long walking RSL (1.6 vs. 1.4
for humans) suggests that probably they normally adopted a strategy of
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setting a steady pace and wearing down any animal they were pursuing.
Only after their prey became winded and began to slow, would the
hunter likely have put on a burst of speed to end the pursuit. The vast
interior of the supercontinent Pangaea during the Triassic probably was
a sparsely vegetated environment resembling the American southwest-
ern deserts or the African savannas without the grasses (e.g., Olsen et al.,
1992, p. 506; Prochnow et al., 2006). Good eyesight and keen smell,
combined with an ability to walk rapidly over long distances, would have
combined to provide an excellent hunting strategy for such an environ-
ment where prey could have been kept in sight for long periods of time
over long distances.

Although such a strategy might seem best achieved by a warm-
blooded animal, the data at the Culpeper Quarry cannot confirm such an
assumption. The longest burst of activity in the Culpeper Quarry data
set, the running burst of K-15, documents about a 50 m sprint at an
estimated peak speed of 27 km/h. This is longer than the average 30 m
rush of a stalking lion (Schaller 1972, p. 247), but the largest living lizard
(Varanus komodoensis, up to 60 kg in mass) also can run nonstop for a
kilometer at speeds near 30 km/h (Auffenberg, 1978). Auffenberg does
not state how he came by this estimate of maximum speed and endur-
ance, but the formula for maximum aerobic speed of Heglund and Taylor
(1988) predicts that a 60 kg komodo dragon should have a peak sustain-
able speed of about 27 km/h. This is close to Auffenberg’s claim and
indicates that one modern cold-blooded reptile can achieve the locomotor
behavior documented here for a theropod dinosaur.

The dinosaurs that made the Culpeper Quarry track sample prob-
ably ranged from 100 to 350 kg in body mass, which means that they had
enough mass to sustain inertial homeothermy. This mass implies that
their size would have prevented their body temperature from falling
more than about 3 C during the night (McGowan, 1991, p. 139) at the
tropical 15° N latitude of Virginia in the Late Triassic (Smith etal., 1994,
p. 52). Thus, the sheer size of these animals could have allowed them to
sustain activity levels far beyond those of all but the largest of living
reptiles, regardless of the precise nature of their strategy for thermoregu-
lation. Because the behaviors demonstrated by the Culpeper Quarry
dinosaurs could be achieved both by inertially homeothermic and endo-
thermic animals, it is impossible to determine from this database which
metabolic strategy they actually employed.

CONCLUSIONS

The very large sample of Kayentapus minor footprints at the
Culpeper Crushed Stone Quarry allow, for the first time, cross-correla-
tion of the speed estimates by Alexander (1976) for theropod dinosaurs
against the speed estimates for living ungulates derived by Heglund and
Taylor (1988). With slight modification of the constant and exponents in
Alexander’s formula, not readily determinable until now, the two ap-
proaches to speed estimation can be brought into close agreement. Re-
sults also show that the medium-sized theropod dinosaur trackmaker of
Kayentapus normally engaged in walking, and jogged or ran less than 5%
of the time. Both apparent jogging and definite running behavior are
documented at this site, and these provide a basis for defining in these
theropod trackways modal speeds for jogging and running in terms of
relative stride length (RSL) values. Similarly, transitional values in terms
of RSL now can be defined to distinguish walking, jogging, and running
trackway segments. Maximum aerobic running speeds for theropod di-
nosaurs up through medium-size are estimated to be equivalent to an
RSL value of 4.14. No theropod trackways have been reported yet with
an RSL value higher than 4.0, but it seems unlikely that maximum aerobic
speeds were often attained in mudflat environments where footprints are
most often found. Theropod dinosaurs in the large and very large size
range apparently were too massive to engage in true running (with an
aerial phase) and thus engaged only in walking and jogging. Even so,
Tyrannosaurus rex probably could reach jogging speeds up to 29 km/h,
comparable to the maximum aerobic speed of many running medium-size
theropods. Running behavior so far documented for theropod dinosaurs
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includes only relatively short bursts of speed. Because such bursts could
have been achieved either by endothermic or inertially homeothermic
animals, available data on running behavior in theropod dinosaurs cannot
distinguish which metabolic strategy these animals employed.
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