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Abstract

A palaeosurface with one megatheropod trackway and several theropod tracks and track-
ways from the Lower Jurassic upper Elliot Formation (Stormberg Group, Karoo Supergroup)
in western Lesotho is described. The majority of the theropod tracks are referable to either
Eubrontes or Kayentapus based on their morphological characteristics. The larger mega-
theropod tracks are 57 cm long and have no Southern Hemisphere equivalent. Morphologi-
cally, they are more similar to the Early Jurassic Kayentapus, as well as the much younger
Upper Cretaceous ichnogenus Irenesauripus, than to other contemporaneous ichnogenera
in southern Africa. Herein they have been placed within the ichnogenus Kayentapus and
described as a new ichnospecies (Kayentapus ambrokholohali). The tracks are preserved
on ripple marked, very fine-grained sandstone of the Lower Jurassic upper Elliot Formation,
and thus were made after the end-Triassic mass extinction event (ETE). This new mega-
theropod trackway site marks the first occurrence of very large carnivorous dinosaurs
(estimated body length >8—9 meters) in the Early Jurassic of southern Gondwana, an evolu-
tionary strategy that was repeatedly pursued and amplified in the following ~135 million
years, until the next major biotic crisis at the end-Cretaceous.

Introduction

During the first 30 million years of their evolution, dinosaurs constituted a relatively morpho-
logically non-diverse group of land vertebrates compared to contemporaneous crurotarsans
[1, 2] with which they shared many Late Triassic ecosystems. The outset of the Jurassic wit-
nessed the global evolutionary radiation of Dinosauria, with events associated with the end-
Triassic mass extinction (ETE) and the Triassic-Jurassic boundary (T]B) often hypothesised to
have played an important role [3]. The earliest Jurassic is thus a period of particular interest as
it spans a post-extinction recovery period during which dinosaurs continued to thrive and
diversify globally (3, 4]. This observation has been instrumental in recent interpretations that
favour abiotic contingency (“opportunism”) [5, 6] over competitive superiority in explaining
the ultimate success of the dinosaurs [3, 7].
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During the Late Triassic and Early Jurassic, the largest carnivorous dinosaurs seldom sur-
passed 5 m in body length, as evidenced by both the skeletal and ichnofossil record [5]. Olsen
et al. [5] suggested that “ecological release” associated with the disappearance of incumbent
non-dinosaurian archosaurian predators across the TJB possibly explains the sudden leap in
carnivorous dinosaur size thresholds in the Early Jurassic, as evidenced by the ichnospecies
Eubrontes giganteus.

Thus, body size constraints have been linked to shifts in global ecosystem composition,
with medium to larger sized dinosaurs argued to be able to command a greater range of mor-
phospace following the ETE [2, 3]. This hypothesis, which potentially explains the appearance
of relatively large-bodied theropod dinosaurs within the earliest Jurassic, was based mainly on
the ichnology of the Newark Supergroup (USA) and has been received with some scepticism
e.g. [8,9].

Amongst dinosaurs, Theropoda is remarkable for demonstrating continuous evolutionary
novelty throughout the history of the clade, a phenomenon which is particularly noticeable at
nodes proximate to the theropod-bird transition [10]. In the last decade, there have been many
studies interested in dinosaurian, and specifically theropod, macroevolutionary patterns, with
the dynamics of changing body size playing a central role within this literature [2, 3, 10]. How-
ever, reconstructing early theropod evolutionary patterns is much more problematic, with
studies focused on discrete (morphological) characters depicting gradualistic rates of change
for the group across the TJB [2]. In contrast, investigations utilising mass-estimates suggest a
significant increase in body size for Theropoda within the Late Triassic [10]. A source of this
confusion is the lack of theropod body fossils from this period. Theropod body fossils from the
Early Jurassic are relatively rare, with Coelophysis bearing the largest number of well-preserved
specimens globally [11, 12].

In contrast, the theropod ichnite record is comparatively rich and represents a good source
of additional information independent of skeletal material. In general, Upper Triassic strata
are dominated by an abundance of theropod ichnites between 20 cm to 25 cm in length (gralla-
torid-sized) [8]. However, there does appear to be a preponderance for an increase in their size
in the Early Jurassic based on the increased number of larger theropod ichnites, with the oldest
known example of Eubrontes (35 cm) in North America (in a unit that is 10 ky younger than
TJB-defined by palynomorphs [5]) and 34 cm in South Africa [13]. Despite the abundance of
these Lower Jurassic theropod tracks and trackways, they are currently of relatively low generic
diversity due to similarities in track morphology. This limits descriptions to within the one
plexus of three ichnogenera (i.e. Grallator, Anchisauripus and Eubrontes) which are primarily
distinguished by differences in size [8, 14].

In southern Africa, rare theropod body fossils and isolated teeth are present in Lower Juras-
sic rocks [15-18]; whereas theropod tracks are common from the Late Triassic (e.g. [19]) and
into the Early Jurassic (e.g. [20, 21]). These tridactyl tracks and trackways, despite their conser-
vative foot morphology, allow for a more holistic treatment of theropod evolution, over the
TJB. Here, we report, for the first time, a tridactyl dinosaur trackway site from the Elliot For-
mation in the Roma Valley (Maseru District, Lesotho; Fig 1) that preserves the largest Early
Jurassic theropod trackway to date.

This new ichnofossil data from western Lesotho considerably expands the range of body-
size displayed by carnivorous dinosaurs in the Early Jurassic in Gondwana, providing insight
into the rate and tempo of body-size increase experienced by Theropoda across the ETE and
the TJB (i.e., a punctuated, “release-type” versus a more step-wise body-size increase mirroring
that of large-bodied dinosaurian herbivores, represented primarily by Sauropodomorpha). In
addition to the morphological description of the tracks, we also document the associated
taphono-sedimentary context of the trackway site and, using photogrammetry, provide a
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Fig 1. Geological context of the megatheropod trackway (Matobo) site in the Roma Valley (Maseru District, Lesotho). (A) Location of the study
area in western-central Lesotho within the main Karoo Basin of southern Africa. The inset shows the location of the site (footprint logo) and spatial
distribution of the Upper Triassic to Lower Jurassic Elliot Formation. (B) Generalized sedimentary log of the Elliot Formation at the megatheropod
trackway site. Stratigraphic position of the megatheropod trackway site is shown with the footprint logo. LEF—lower Elliot Formation; UEF—upper
Elliot Formation. Geological map has been modified from the Simplified Geology map (1:1000 000) of South Africa, Lesotho and Swaziland under a CC
BY license, with permission from the CGS, original copyright [2003].

https://doi.org/10.1371/journal.pone.0185941.9001

three-dimensional view to illustrate the morphology of the tracks. Large tracks, herein, refer to
any ichnite greater than 40 cm in length and megatheropod tracks refer to the tridactyl thero-
pod tracks >50 cm.

Geological background and stratigraphy of the megatheropod trackway
site
The Matobo megatheropod trackway site is located within the uppermost Elliot Formation,
1.8 km west of the National University of Lesotho main entrance in the Roma Valley (Maseru
District, Lesotho; Fig 1). It lies on an informal road between the villages of Ha Mokhosi and
Ha Matobo. Although the megatheropod trackways were discovered by the authors, the site is
immediately adjacent to the Matobo trackway site that was briefly documented by Ambrose
[22].

The Roma Valley itself is carved into the Lower Jurassic successions of the upper Stromberg
and lower Drakensberg Groups of the Karoo Supergroup (Fig 1B). The valley floor and sides
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expose the sedimentary rocks of the upper Elliot and Clarens formations, whereas the hilltops
are often capped by Karoo continental flood basalts that were dated at 183+1.0 Ma [23]. Out-
crops of the older, Triassic-age rocks (e.g., Molteno and lower Elliot formations) are scarce
and limited to the westernmost part of the valley, while mafic dolerite intrusions (also part of
the Drakensberg Group) are relatively common.

Stratigraphically, the megatheropod trackway site is found within the Lower Jurassic upper
Elliot Formation (Fig 1B and 1C), which is well-documented because of its diverse and abun-
dant vertebrate track assemblages (e.g., [13, 20, 21, 24-28]). Detailed palaeontological, strati-
graphic and sedimentological accounts of the Upper Triassic-Lower Jurassic fluvio-lacustrine
Elliot and Clarens formations of southern Africa are presented, among others, in [29-40].

The Roma Valley has yielded only a modest assemblage of vertebrate fossils [22]; however,
the area has a rich ichnological record. For example, Ambrose [22] described, albeit very
briefly, 14 fossil vertebrate track sites located in or close to the Roma Valley and incorporated
some drawings by the members of the 1998 British Schools Exploring Society Expedition.
Despite intensive searches, our team could only relocate some of the sites listed in Ambrose
[22]. This is most probably because the sites were destroyed by local building-stone quarrying
activities, which are currently under way informally.

Material and methods

Field work was conducted under a field permit (permit number: NR/M/E/10) issued by the
Lesotho Government Department of Mines and Geology. Field evidence was collected in the
form of macroscopic observations of the ichnofossil bearing sedimentary rocks and their verti-
cal and lateral distribution at the study locality, Matobo site (29° 27’ 08.57"S, 27° 42’ 08.51"E;
Roma, Maseru District). The outcrop was photographed and described with enough detail to
produce an in-depth characterization of the sedimentary facies, which entailed the document-
ing of lithological, geometric, and sedimentary structures etc. The dinosaur tracks were mea-
sured in situ and recorded in detail via photographs, photomosaics, and sketches using Image]
software. Matobo trackways and tracks have been labelled alphabetically ‘A’-‘D’. Where appli-
cable, track length (TL), track width (TW), length of digits (te: II, III, IV), interdigital angles
(ITAIIL, IIIATV, TIAIV), metatarsophalangeal length (FL-te), pace length (PL), stride length (SL),
and pace angulation (PANG) were measured for each trackway (Table 1). Track length (TL) is
considered, here, as the length from the tip (but not including claw mark where preserved) of
digit III to the base of the heel margin. Track measurements were taken as described in [13].

The Surface areas of all ichnites have been measured using Image] software on scale-cali-
brated photographs and figures. Using the freehand drawing tool, the perimeter of the track
was outlined as accurately as possible. Image] then generated an area measurement for the out-
lined, irregular surface. This was done for the metatarsophalangeal area as well as for each
individual digit (exclusive of claw mark impressions, which are differentially preserved). Indi-
vidual digits’ surface areas were measured by using a straight line linking the hypex between
digits IIAIIT and IIIAIV as a base line. If the medial and lateral hypices were not on the same
level, a straight line was drawn across from the higher hypex. The lateral hypex shows the most
variability in theropod tracks [41] and therefore this method aims to avoid any pitfalls associ-
ated with this variability. The area below this line was treated as the metatarsophalangeal ‘heel’
pad region. This method, while not taking into account many morphological details, is a
rough guide to estimate the proportions of ‘heel to digit area.

A digital model, using 2-D cartography and photogrammetry, was made for the large
trackway surface from the site. Photogrammetric models were undertaken using a Canon
PowerShot EOS D1200 (Focal length 28 mm, 5184 x 3456 resolution) following the methods
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Table 1. Measurements of the tracks of trackways A to D at Matobo.
Matobo | TL | TW | TL/

track

Al
A2
A3
A4
A5
Average
S.D.
B1
B2
Average
S.D.
C1
C2
Average
S.D.
D1
D2
Average
S.D.

36 | 25.5

31
30
31
31
32
2.1
41
39
40
1.4
30
32
31
1.4
57
56
57
0.7

25
21
22
23
1.9
31
34
32
2.5
21
22
21
0.7
50
50
50
0.0

TW

1.4
1.2
15
1.4
1.4
0.1
1.3
1.1

1.2
0.1
1.5
1.5
1.5
0.0
1.1

1.1

1.1
0.0

MPL
(TL-te)

24
21
21
20
21.4
1.3
29
24
26.5
3.5
20
18
19.0
1.4
21
17
18.8
3.2

Digit Ill (TL- | te/ Interdigit angle Surface Area Ratios
extension | te)) | TW ' yaly | giam | WMV | MSA Digit Digit Digit = Total =~ MSA/  MPL/
(te) T™w a0 0 n mn v digit SA| total total
digit SA | length
125 09 05| 53 | 27 | 26 140 51 | 71 | 38 | 159 0.9 0.7
9 08 04 62 32 | 30 115 64 | 80 | 46 | 190 0.6 0.7
10 10 (05| 52 | 24 | 28 | 155 | 45 107 | 55 | 208 0.7 0.7
11 09 05 58 29 | 29 112 | 32 | 76 | 73 | 180 0.6 0.6
10.6 09 |05 56 28 28 | 130 48 | 84 53 184 0.7 35.6
1.3 01 01 4 3 2 |18 12| 14 13 18 0.1 5.6
12 10 |04 57 | 27 | 29 |406| 42 | 117 | 31 189 2.1 0.7
15 07 04 57 26 | 30 | 309 | 115 | 201 | 88 | 404 0.8 0.6
13.5 08 |04 569 265 293|357 79 | 159 59 | 297 1.5 145.5
2.1 02 00 01 04| 11 69 52 60 40 152 1.0 97.7
10 10 (05| 58 | 28 | 30 | 174 | 66 @ 149 | 107 | 322 0.5 0.7
14 08 07 59 | 31 | 28 | 94 | 48 | 54 | 31 133 0.7 0.6
12.0 09 |06 584 297 | 287 134 | 57 | 102 69 @ 228 0.6 62.2
2.8 o1 01| 08 19 11 | 57 13 67 54 134 0.1 11.5
36 04 07 66 33 | 29 | 381 | 109 | 280 | 222 @ 610 0.6 0.4
39 03 08| 61 | 32 | 29 | 206 130 215 200 | 545 0.4 0.3
37.5 04 | 08 633 325| 288 293 120 247 211 @ 578 0.5 50.1
2.1 01 00 39 08 00 124 15 45 15 46 0.2 17.4

All distance measurements are in centimetres; angles are in degrees. N/A: Measurements could not be determined due to e.g., absence of digit
impressions. Abbreviations: TL—track length; TW—track width; 71, AV, 1INIV—interdigital divarication angles of respective digits; te—toe extension
whereby digit Ill projection length is past digit Il and IV; (TL-te)}—metatarsophalangeal length; MPL—metatarsophalangeal pad length; MSA-
metatarsophalangeal surface area; SA—surface area. TL is the distance from the posterior margin of the track to the tip of digit Il

https://doi.org/10.1371/journal.pone.0185941.t001

provided in Mallison and Wings [42]. AgisoftPhotoscan (standard version 1.1.4) software was
used to process point clouds. Three-dimensional models were converted to colour maps in the
open source CloudCompare software (v.2.6.1, http://www.danielgm.net/cc/). Orthophotos
were used for individual track D footprint images. Rubber silicon replicas were made of track-
way D and are housed in the Ichnology Collection of the Evolutionary Studies Institute (ESI)
at the University of Witwatersrand, South Africa (accession number: BP/6/735). All 3D surface
models and their raw data are deposited at Figshare.

Calculations of hip height (4) and body length (L) from the tracks were made using Thul-
born’s [43, 44] methodology, as adapted in Weems [45], for track lengths greater than 35 cm.
Thulborn’s [44] morphometric and allometric ratios are as follows:

1. Hip heights (k) for theropods:

h = 3.06 x TL'""(TL < 25 — 35 cm; allometric)

h = 8.6 x TL"*(TL > 35 cm; allometric)

h=4.5x TL(TL < 25 — 35 cm; morphometric)
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h =4.9 x TL(TL > 35 cm; morphometric)

2. Body lengths (L) for the theropod dinosaurs:
L=4xh(TL < 25 — 35 cm)

L=2xh+3.5(TL > 35 cm)

Gait of the trackmaker for trackway A was measured and estimated by the ratio of stride
length (4) to hip height (1/h). Dinosaurian gaits are classified as a “walk” (A/h< 2.0), “trot” (2.0
< A/h < 2.9) or “run” (A/h> 2.9), using the approximation of Thulborn and Wade [46]. In cal-
culating the gait the appropriate speed calculation could then be determined. Here, speed was
calculated using Alexander’s [47] equation for walking gaits:

u=0,25¢" x 2" x h~17

Where, g = gravitational acceleration in m/sec, A = stride length, and & = hip height
(h=8.6 x TL*®),

Results
Sedimentology of the megatheropod trackway site

The Elliot Formation in the vicinity of the megatheropod trackway site within the Roma Valley
is a ~185 m thick succession of clastic sedimentary rocks, of which ~25 m belongs to the lower
Elliot and ~160 m to the upper Elliot formations (Fig 1C). The former is exclusively exposed in
patchy outcrops that are to the west of the trackway site and below the level of diagnostic car-
bonate nodule conglomerates (facies Gem) of the uEF (Figs 1B and 2).

The uEF at Matobo can be subdivided into two major facies associations based on their
shared characteristics of sedimentary features, geometries, lithology and grain size. The fine-
grained facies association (Figs 1C and 2) is dominated by deep red, maroon to deep pink lam-
inated and massive mudstones (facies Fl, Fm) that contain desiccation cracks, rootlets, and
large, in situ carbonate nodules (Fig 2A, 2G and 2F). The laminated mudstones (facies Fl; Fig
2G) show rhythmical bedding and comprise silty mudstones and clay drapes with rare con-
chostracans (Fig 2F).

The mudstones are interbedded with fine-grained sandstone beds, which are either single
storey (< 50 cm thick; Fig 2A, 2G and 2F) or multi-storey and form upward-fining successions
that are up to 10 m thick (Figs 1C and 2A). The latter, forming the coarse-grained facies associ-
ation at Matobo, is typically based by a ~25 c¢m thick, massive, poorly sorted, bone-bearing,
reworked carbonate nodule conglomerate (facies Gem-Fig 2C and 2D) that is laterally trace-
able in excess of 100 m. In this regionally recurring and unique conglomerate in the uEF [36,
37, 48], the nodules range from rounded to sub-angular, are poorly to moderately sorted, and
are grey, white-to-red in colour. The clasts commonly form a clast-supported fabric (Fig 2D).
The rest of the multi-storey sandstone package is dominated by very fine- and fine-grained
sandstones (with subordinate medium-grained sandstones) that are either massive, with or
without clasts (facies Sc, Sm; Fig 2B and 2C), or ripple cross-laminated (facies Sr) towards the
top of the succession, where ripple marked surfaces are vertebrate track bearing (Fig 2E). The
clast-rich sandstones (facies Sc; Fig 2B), another regionally recurring and unique rock type in
the uEF [36, 37], is light pink or deep red, maroon and contains poorly sorted, 1-4 cm angular,
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Fig 2. Sedimentological aspects of the Lower Jurassic semi-arid, fluvio-lacustrine upper Elliot Formation at
Matobo in the Roma Valley. (A) The channel-like coarse-grained facies association forms multi-storey, upward-fining
successions and is interbedded with the fine-grained facies association comprising mudstones and single-storey
sandstones. See text for details. (B) Clast-rich sandstones (facies Sc) are regionally recurring and unique facies in the
uEF. Note the clusters of in situ pedogenic carbonate nodules in facies Sc indicative of palaeo-pedogenic overprinting.
(C and D) Close-up photographs of the channel-like, coarse-grained facies association, which here comprises massive
sandstones and diagnostic, massive, clast-supported carbonate nodule conglomerate (facies Gem). (E) Ripple cross-
laminated sandstone bed at the top of an upward-fining succession terminates in asymmetrical ripple marks and bears
the vertebrate tracks. (F and G) The fine-grained facies association contains, in addition to the dominant mudstones,
single-storey, sheet-like, massive sandstones (facies Sm) with root traces (left inset). Here the sandstone overlies
conchostracan-bearing (right inset), finely laminated mudstones (facies FI) that display rhythmical bedding (see G, G’,
G”). The former is indicative of sheet-floods, the latter is evidence for playa lake conditions in a seasonally wet, semi-
arid floodplain setting.

https://doi.org/10.1371/journal.pone.0185941.9002
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rip-up mudstone clasts and localized, faint laminations. Locally, it may contain pedogenic car-
bonate nodules.

The overall geometry of the coarse-grained facies association is channel-like, whereas the
interbedded mudstones and sheet-like, fine-grained sandstones are tabular and laterally persis-
tent (Fig 2A). Based on local and regional sedimentological and palaeontological evidence
(also see [36, 48]), the former is interpreted as ephemeral fluvial channel fills, whereas the latter
as palaeo-pedogenically altered sediments of floodplains with sheet-flood deposits and shallow
playa lakes. The former were pedogenically altered (rootlets), whereas the latter were tempo-
rarily inhabited by conchostracans and received seasonal sediment supply (rhythmical bed-
ding) characteristic of fluvio-lacustrine settings under seasonally wet, semi-arid climatic
conditions.

Description of tracks and trackways

Approximately twenty tridactyl tracks, in varying degrees of preservation (preservation grade
between 1 and 2; [49]), are present on the Matobo palaeosurface. The tracks appear to be both
true tracks (with natural casts) and undertracks at the top of a sandstone bed. Of these tracks,
eleven form four trackways (hereafter referred to as Matobo A, B, C, and D) and the remaining
are discrete, scattered footprint impressions. These remaining nine tridactyl tracks are dis-
cussed in Ambrose (2003) and range in size between 30-35 cm. Matobo A consists of 5 tracks
(Fig 3A and 3B) that are directed to the east, where as Matobo B, C (Fig 3C and 3D) and D
(Figs 3 and 4) comprise of two consecutive tracks trending in a general north-south direction.
All measurements are recorded in Tables 1 and 2. The left pes component of Matobo B and C
(Fig 3C” and 3D”) is deeply impressed and potentially indicate a wet, less competent substrate
in the southern portion of the palaeosurface (Fig 3). In contrast, at the northern extremity of
the palacosurface, Matobo A and, ~ 4 m to the west, Matobo D are shallowly impressed. The
palaeosurface substrate consistency was highly variable over short distances and the size of the
track and, by extension the animal, did not have bearing on the competency of the substrate.
Unfortunately, the integrity of the Matobo palaeosurface is affected by traffic in the form of
carts, livestock, and occasional minibuses, which use most parts of the surface as an informal
road. This damage is manifested in the form of NE-SW running grooves that can be observed
in photogrammetry models (see supplementary material and Fig 4).

Tracks of Matobo A, B and C are moderately large in size (TL: 30-40 cm), tridactyl, digiti-
grade and elongate (TL/TW = 1.2-1.5) with weak to moderate mesaxony (av. 0.5; based on the
anterior triangle ratio I/w of Lockley [49]; Table 1; Fig 3). The digits are transversely thick rela-
tive to their anteroposterior length, tapering to V-shaped tips, and are fairly straight but show
slight divergent curvature along the tips of digits IT and IV. They lack digital pad impressions
and rarely preserve pointed claw marks (e.g. tracks A2, B1; Fig 3). High divarication of digits
IIAIV (56°-58°) is notable and the interdigital divarication angle IIAIII (27°-30°) is marginally
larger than ITIAIV (28°-29°; Table 1). V-shaped hypices between digits are noted (Fig 3B, 3C
and 3D). The heel margin, which is the metatarsophalangeal pad impression of the foot, is
rounded and U-shaped in Matobo B and to a lesser extent in Matobo A (more V-shaped).
Matobo C’s posterior margin is more V-shaped in appearance.

Matobo A is a 4 m long trackway comprised of 5 consecutive tracks (Fig 3B). The preserva-
tion of the tracks along the extent of the trackway is relatively consistent. The tracks have an
average length (TL) and width (TW) of 32 and 23 c¢m, respectively, giving an average TL/TW
ratio of 1.4. Tracks appear more gracile and digitigrade than Matobo B and C on the same sur-
face, but this appears to be largely a function of substrate firmness. The trackway is narrow
with the pace angulation (PANG) ranging between 139° and 155°. The pace length varies
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Fig 3. Photograph-based interpretive outline drawings of the tridactyl bipedal ichnites (trackways A, B
and C) at the Matobo. (A) Overview of the individual tracks (not numbered) and four trackways (trackways
A-D). (B) Matobo trackway A is 4 m long, runs in an east-west direction and consists of 5 consecutive ~32 cm
long tracks. (C) Trackway B is perpendicular to Matobo A and is made up of two consecutive 40 cm long tracks,
with stride length of ~1.4 m. Insets show (C’) right pes impression on more competent substrate and (C”) left pes
impression on less competent surface (i.e. as determined from irregular outline of digits). (D) Trackway C is
situated at the intersection of Matobo A and B and has a stride of 1.4 m. Insets show right (D’) and left (D”) pes
impressions, and again with the right pes impression being made on an apparently more firm (competent)
substrate. See Table 1 for more details.

https://doi.org/10.1371/journal.pone.0185941.9003
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A’

Track D2

Fig 4. Photograph and interpretive outline drawings (A’—C’) with relevant measurements of Matobo
trackway D left and right pes. (A”) False-colour depth analysis of trackway and (B"—C”) individual pes (highest
topography is marked in red and lowest points in dark blue). The pes impressions are of three slender digits without
digital pads impressions or claw marks. The rounded digits and the strongly V-shaped metatarsophalangeal margin
had been lightly impressed on the palaeosurface. Distance measurements in cm; angles in degrees.

https://doi.org/10.1371/journal.pone.0185941.9g004
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Table 2. Measured trackway parameters (pace length, angulation, track length, stride) and estimated hip height, gait and speed of Matobo track-
maker of trackway A.

Matobo Pace length  PANG Matobo TL |Stride(m)  Morphometric hip Gait | Speed (m. Allomertric hip Speed (m.

track # (m) () track # (m) A height (m) s-1) height (m) s-1)
A1-A2 1.0 A1-A3 0.33 1.8 1.5 1.2 1.3 1.6 1.2
A2-A3 0.6 155 A2-A4 0.31 1.2 1.4 0.9 0.7 1.5 0.7
A3-A4 0.4 139 A3-A5 0.31 1.2 1.4 0.9 0.8 1.5 0.7
A4-A5 0.5 159
Average 0.6 151.0 0.3 1.4 1.4 1.0 1.0 1.6 0.8
S.D. 0.3 10.6 0.0 0.3 0.1 0.2 0.3 0.1 0.3

Measurements are in metres and degrees. Abbreviations: PANG—pace angulation; TL—track length; S.D.—standard deviation.

https://doi.org/10.1371/journal.pone.0185941.t1002

between 0.4 m and 1.0 m with a general decrease in pace length from track Al to A5 (west to
east; Fig 3B). Accordingly, the stride length decreases between track Al and track A5 from 1.8
m to 1.2 m (Table 2). The speed of the animal, based on the calculated morphometric hip
height, shows a corresponding deceleration from 1.2 ms™ at the start of the trackway to 0.7
ms' at the end of the trackway (Table 2).

Matobo B consists of two tracks still containing some of their natural sandstone casts (Fig 3;
Table 1). Tracks Bl and B2 (Fig 3C) have an average length and width of 40 cm and 32 cm,
respectively, and a TL/TW ratio of 1.2 (Table 1). These represent the second largest tridactyl
theropod tracks, to date, in the Elliot Formation at ~40 cm long (Fig 3C; Table 1). The digits
appear relatively straight with pointed tips; however, the natural casts obscure the latter and
prevent more accurate morphological observations. This may have also contributed to the
exaggerated length and width of these tracks relative to Matobo A and C. Morphological detail
(and hence preservation) of the right pes impression B2 (Fig 3C’) is better, as noted by the
defined and relatively undistorted nature of the digits, than that of the right pes (B1; Fig 3C”).
This appears as a function of the competency of the substrate.

The two tracks of Matobo C have an average TL and TW of 31 and 21 c¢m, respectively, giv-
ing a TL/TW ratio of 1.5. Morphologically, the tracks fit into the abovementioned general
description of the Matobo site tracks and have no additional/unique features besides the more
V-shaped appearance of the posterior margin. As previously noted, the right pes impression
(Fig 3D’) shows is better preserved with no distortion of the digits.

Very large, tridactyl, digitigrade, right (D1) and left (D2) pes tracks are situated in the east-
ernmost sector of the Matobo palaeosurface (Matobo D; Figs 3 and 4). The average track
length and width is 57 cm and 50 cm, respectively, and the TL/TW ratio is 1.1 (Table 1). The
tracks show weak to moderate mesaxony with a calculated mesaxonic index of 0.5. Digit
impressions are shallowly depressed (Fig 4B and 4C). Digits are straight with rounded ends
and lacking claw marks, although the photogrammetry images (Fig 4A”, 4B” and 4C”) show
more pointed digits tips than can be observed in the field (or from the line drawing). The digits
do not taper but maintain a fairly uniform width along their length. There is no hallux impres-
sion. The length of digit IT is 41.5 cm in D1 and 44.5 cm in D2, thus digit II is shorter than dig-
its IV (49 cm long), and both are shorter than digit III (57 cm long). The free length of digit IV
is greater than digit IT because the hypex of digit IV is lower than the medial hypex. The ratio
of the posterior margin of the heel to the base of the hypex of digit I and digit IV averages 2.3
and 3.2 for D1 and D2, respectively. Interdigit angles have low variability between tracks with
an average of 33° and 29° for IIAIII and ITIAIV, respectively (Table 1). Total divarication
(IIrIV) is 66° in D1 and 60.5° in D2.
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There are no digital (phalangeal) pads impressions preserved and the metatarsophalangeal
‘heel’ pad forms a distinct, small, semi-circular impression (Fig 4B and 4C). The ‘heel’ margin
is V-shaped. In both tracks, this depression is 17 mm deep proximally and shallows to 14 mm
towards the distal digit margin and tip of digit III (Fig 4B” and 4C”). The depth of the ‘heel’
and digits is slightly irregular (Fig 4B” and 4C”), and the depth of digits III and IV appear
deeper than digit II.

Intra-track variation at Matobo. Bivariate morphological analyses, as presented in Fig
5A, show moderate morphological intra-track variability in Matobo A, B and C (Table 1; Figs
3 and 5). This is a phenomenon commonly related to the rheology of the substrate, which is
controlled by moisture content and sediment properties (e.g., grain size, sorting). Intra-track
variability is low for pes pairs from Matobo B, C, and D despite the perceived changes in the
substrate consistency (Figs 3C, 3D and 4A). Conversely, the variability observed in Matobo A
(Fig 5A) is more likely related to the slowing gait of the animal (from 1.2 to 0.7 m s™ over a dis-
tance less than 4 m; Fig 3; Table 2) than to the substrate, which shows no marked changes in
consistency along the length of the trackway.

Fig 5B illustrates the morphological ratios of the Matobo tracks and the bounding ranges of
well-known Lower Jurassic tracks [50]. The imprecise placement of Matobo A-D within the
comparable North American ichnotaxa fields (Fig 5B) is likely related to differences in the
Gondwana forms versus these Laurasian ichnotaxa.

The averaged values for Matobo C plot outside of the ranges of Eubrontes, Kayentapus
hopii, and Kayentapus damarensis [51], and closer to the field of Kayentapus minor (Fig 5B).

60 (WA AC 1.0
| B XD Grallator isp.
@ average 0.9 A

0.8 K. minor
g | K. damarensis
- =
£ =0.7
E 2
- -
= =06
0.5
B 04 &= N Tracks D
| L I | I I I E N | | |
20 30 40 50 03 04 0.5 0.6 0.7 0.8
TW (cm) te/TW

Fig 5. Bivariate plots illustrating morphological variability. (A) Intra-track morphological variability in track length (TL) and width (TW) of the four
tridactyl Matobo trackways (labelled A-D). Outlines of the tracks are shown for visual contrast. (B) Averaged proportions of the Matobo tracks and Lower
Jurassic tracks mentioned in Weems [50] using the (TL-te)/TW versus te/TW ratios. Demarcated fields are for Eubrontes isp., Kayentapus minor,
Kayentapus hopii and the Southern hemisphere Kayentapus damarensis[51]. The lines labelled ‘3:1’, ‘2:1" and ‘1:1’ denote the ratio of digit I1l extension of
either one-third, one half or equal to metatarsophalangeal length [50]. Abbreviations: TL—foot length, TW—foot width, te—toe extension: digit Il
projection length past digit Il and IV.

https://doi.org/10.1371/journal.pone.0185941.9005
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Conversely, averaged values for the Matobo A and B plot within the range given for Eubrontes
isp. but as outliers on the ratio line 2:1’ (digit III extends half the metatarsophalangeal length)
(Fig 5B). The U-shaped posterior metatarsophalangeal margin (hereafter referred to as the
‘heel’) typical of Eubrontes is seen in Matobo B and this lends support for their placement
within the Eubrontes-range, but less so with Matobo A. Additional shared features of Matobo
A and B with this ichnotaxon are their moderately large size (av. 34 cm), average TL/TW of
1.2-1.4, weak to moderate mesaxony (av. 0.5; Table 1), broad digits (digit II and IV being
approximately subequal in length), and claw marks preferentially preserved. Conversely,
Matobo C, while sharing several similar gross morphological features (e.g., broad, thick digits,)
with Matobo A and B (Fig 5A), is morphologically closer to Kayentapus-like tracks (Fig 5B). It
displays a wide divarication and a more V-shaped heel typical of Kayentapus-like tracks [52,
53]. Matobo A also displays some Kayentapus-like traits with respect to its narrow pace angula-
tion (139°-155°) and large stride length (1.8 m-1.2 m; Table 2), which are similar to the type
material of K. hopii (pace angulation: 174°, stride: 1.8-1.9 m; [53]). In general, the wider IIAIV
divarication angles (av. 57°) of Matobo A, B, and C are greater than the range and uppermost
limit of Eubrontes (40°; [54]). Wider divarication is common to Kayentapus-like tracks [53]
and a wide IIAIV divarication angle (62°) has been reported for other Lesotho tridactyl tracks,
for instance Neotrisauropus deambulator Ellenberger [54] (UEF, Moyeni, Quthing District),
which is an ichnite that has been designated to Kayentapus by Piubelli et al. [52].

In contrast to Matobo A-C, Matobo D is significantly longer (by 17-25 cm), with narrower
digits, a slightly wider total (IIA"IV) divarication angle (63°), lower TL/TW (1.1 versus 1.4-1.5
range for Eubrontes; Table 2) and a V-shaped posterior margin. Despite the low TL/TW ratio
(1.1), which falls below the reported threshold values of >1.25 for theropods [55], this track-
way is considered of theropod origin due to a suite of other morphological characteristics. Fig
5B demonstrates that Matobo D plots away from all parameter fields of Kayentapus and
Eubrontes and below the ratio line of 1:1, with a (TL-te)/TW of 0.4 and te/TW of 0.8. Matobo
D and other large, globally occurring taxa (ratios presented in Tables 2 and 3) do not conform
to Weems’ [50] foot measurement ratios specifically because their (TL-te)/TW are very low.
The pronounced lily-shaped/V-shaped posterior margin of tracks D is particularly notable and
similar to Kayentapus isp.

Comparative ichnology

The V-shaped posterior margin of Kayentapus is considered to be one of its more distinguish-
ing attributes [53], and is noted to occur in the Early Jurassic and then again in the Early Creta-
ceous as represented by the theropod ichnite Irenesauripus Sternberg [56]. In addition to the
Northern Hemisphere occurrences, Kayentapus has been described from Madagascar [57] and
Namibia [51, 58], but has not been formally recognised in Lesotho. Piubelli et al. [52] have
considered that several ichnotaxa from Lesotho, namely Deuterotrisauropus socialis, Kleitotri-
sauropus moshoshoei (originally Kainotrisauropus moshoshoei in Ellenberger, [20]), Neotrisaur-
opus deambulator, and Neotrisauropus leribeensis may be synonymous with Kayentapus. This
was reaffirmed by Lockley et al. [53], whereas originally Olsen and Galton [30] had synony-
mised Kleitotrisauropus, D. socialis, and N. deambulator with Grallator.

N. deambulator and N. leribeensis display the high total (II"IV) divarication angles (62° and
48°, respectively) and greater IIIAIV than IIAIIT divarication angles which are attributes of
Kayentapus. D. socialis and Kleitotrisauropus have TL, TW, and interdigital divarication that
are within the range of, and therefore comparable to, both Kayentapus and Eubrontes. D. socia-
lis, however, is Late Triassic in age as it occurs at Maphutseng and Subeng [20], both of which
are lower Elliot Formation sites. Kleitotrisauropus (Kainotrisauropus) moshoshoei occur at the
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Matsieng, Qalo, and Matelile localities [20] and have not been viewed by the current authors
(due to inaccurate locality information), but are considered Early Jurassic in age (zone B/5 in
Ellenberger, [24]). In fact, Ellenberger [24] suggested that Kleitotrisauropus (Kainotrisauropus)
is comparable with Eubrontes of Lodéve in France. In contrast, the ichnospecies Kainotrisauro-
pus morijiensis was noted by Ellenberger [20] as reminiscent of K. minor of the Hettangian in
France. A formal revision of these ichnotaxa is needed to formalise their potential assignment
to Eubrontes, Grallator, or Kayentapus

Similarities between Eubrontes and Kayentapus isp. have been noted in the southern Afri-
can/ Gondwana tracks described by Wagensommer et al. [51]. The Jurassic Namibian tracks
reported in their study are medium to large (range of FL = 25-35 cm, FW = ~13-25 cm), have
robust digits, moderate total divarication (~40°; in line with expected range of Eubrontes), and
interdigital angles between IIAIII = 10-15° and IIIATV = 25-30°. Wagensommer et al. [51] des-
ignated tracks ONP VII_1 to Eubrontes giganteus and ONP I_1 to Kayentapus damarensis. The
latter tracks (ONP I_1) were assigned to Kayentapus because, in comparison to Eubrontes, the
greater toe extension and shorter TL/TW ratio were considered diagnostic of that ichnogenus
with respect to Weems’s [50] foot measurement ratios. However, as noted by Wagensommer
etal. [51], this does not take into account other features such as the divarication angle, robust-
ness of the digits, or stride. Weems [50] argued that these characteristics are difficult to consis-
tently measure because of variation relating to either pace or substrate. The underlying issue,
however, relates to the homogeneity of theropod dinosaur foot morphology globally during
this time. Thus, the lack of marked differentiation between ichnotaxa is potentially a reflection
of gross similarities in foot morphology and the generalised manner of bipedal locomotion
typical of Early Jurassic theropods [59].

In the current study, the Matobo tracks also present evidence for and against their assign-
ment within both Eubrontes and Kayentapus. Again, this seems to trend with other southern
African tridactyl tracks which do not completely conform to Northern Hemisphere standards.
Despite the suggested affinities to Eubrontes for Matobo A and B within Weems’ [50] scheme,
their higher IIAIV divarication angle, moderate mesaxony, and V-shaped posterior margin
also suggests a possible referral to Kayentapus. The latter possibility is further supported by
comparable morphological rations (te/TW and {TL-te)/TW}). However, the evidence against
placement within Kayentapus rests on the divarication between digits III and IV equal to or
less than between digits IT and III, and the significantly larger FL and FW.

Track B is considered as being more Eubrontes-like due to its significantly U-shaped heel
margin in combination with its large track size and robust digits (Figs 3C and 5). In contrast,
the dimensions of Matobo trackway A are broadly consistent with those of K. minor, while the
V-shaped heel and wide divarication of both track A and C (features not taken into account in
the plot of Fig 5B) also suggest a possible referral to Kayentapus (Fig 5A). As previously dis-
cussed, there are several globally recognised Late Triassic-Early Jurassic theropod ichnotaxa:
Eubrontes, Gigandipus, Anchisauripus (synonymised by most with Grallator), Grallator, and
Kayentapus. While the size of the track is by no means a distinguishing factor, none of these
ichnotaxa are wholly comparable to Matobo D, although the closest morphological affinities
are seen in the ichnogenus Kayentapus. Thus, for the ostensible purpose of classification,
Matobo D is considered here as Kayentapus-like, although its relationships to other large, glob-
ally occurring ichnites is given further exploration in the comparative ichnology discussion
below. In summation, despite the wide IIAIV divarication angle for Matobo A-D and the rela-
tive symmetrical distribution of the interdigital angles ITAIII and ITIATV, the morphological
evidence presented above (digit width, TL, TW etc.; Table 1 and Fig 5) places at least Matobo
A and B into the ichnogenus Eubrontes (Fig 5B) and Matobo C and D as belonging to a Kayen-
tapus-like animal.
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Table 4. Track makers body length (L) calculation from track length (TL) data.

Track

Matobo A
Matobo B
Matobo C
Matobo D

Irenesauripus
mclearni

Irenesauripus acutus
Irenesauripus

Eubrontes (?)
glenrosensis

Eubrontes cf. (right)
Eubrontes cf. (left)
Eubrontes
Gigandipus
Kayentapus hopii
cf. Megalosauripus
isp.

Kayentapus minor
Eubrontes isp.

Large theropod
Poland

Ref

this study

this study

this study

this study
71

75
72
66

65
65
54
68
67
60, 62

61
61
61,73

N | TL

32
40
31
57
48

54
53
50

46
49
31
33
30
49

39
35
54

Allometric hip Morphometric hip Body length (m)
height, h height, h Allometric body | Morphometric body = Averaged body
length length length
1.6 1.4 6.3 5.7 6.0
2.0 2.0 7.5 7.4 7.4
1.5 1.4 6.1 5.6 5.9
2.7 2.8 8.8 9.1 9.0
2.3 24 8.1 8.2 8.2
2.5 2.6 8.6 8.7 8.7
2.5 2.6 8.5 8.7 8.6
24 25 8.3 8.4 8.3
2.2 2.3 8.0 8.0 8.0
2.4 24 8.2 8.3 8.3
1.5 1.4 6.1 5.6 5.9
1.6 1.5 6.6 5.9 6.3
1.5 1.3 5.8 5.3 5.6
2.4 24 8.2 8.3 8.3
1.9 1.9 7.4 7.3 7.3
1.8 1.7 7.1 7.0 7.0
2.6 2.7 8.6 8.8 8.7

Hip height and body length measurements are in metres; track length (TL) is provided in cm; N refers to the number of tracks measured; if more than one
track was measured from the same trackway, TL is an average value. Allometric body length is calculated from allometric hip height, and morphometric
body length is calculated from morphometric hip height.

https://doi.org/10.1371/journal.pone.0185941.t1004

Comparative ichnology with large tracks

Matobo A-D are broadly assessed against other large, valid ichnotaxa, irrespective of age dif-
ferences of up to 100 million years or geographical occurrence (Tables 3 and 4). Matobo D rep-
resents a unique megatheropod trackway in the Early Jurassic. There are no Early Jurassic
theropod tracksites of comparable size excepting several large footprints reported from the
uppermost part of the Sottykow outcrop of Poland (presumed Hettangian in age; Tables 3 and
4; Fig 6 [60, 61]). One of the first described gigantic Polish tracks (Muz. PIG 1661.1I) was stud-
ied by Gierlinski et al. [60], and is reported as 54 cm long, with robust digits, claw impressions
and, uniquely, a large metatarsophalangeal area constituting 33% of foot length. Gierlinski

et al. [62] suggested this track was most similar to Upper Jurassic theropod footprints (i.e.
Megalosauripus; [63, 64]) based on the large metatarsophalangeal area. Three other large tri-
dactyl forms are reported from the Soltykdow site (39 cm TL Kayentapus minor; [61]; 35 cm TL
Eubrontes isp; [61]; 50-65 cm TL large theropod footprints e.g. MPT.P/146 [61]) and are pre-
sented here (Table 3).

There are several commonly occurring tridactyl taxa in the Early Jurassic, with Eubrontes
giganteus representing one of the larger forms (> 25cm; [54]). Other large (> 40 cm)
Eubrontes-like tracks are reported from the Middle Jurassic (cf. Eubrontes, from the Rose-
wood-Wallon coalfield, Australia; Fig 6 [65]) and Lower Cretaceous (Eubrontes (?) glenrosensis,
Glen Rose Formation, Trinity Group, USA; Fig 6 [66]). Eubrontes and large Eubrontes-like
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Fig 6. Comparative line drawings of Lower Jurassic track D1 at Matobo and other large theropod tracks from the Jurassic and Cretaceous.
(A) Kayentapus hopii, Kayenta Formation (early Jurassic [67]). (B) 35 cm long Eubrontesisp. (C) 39 cm long Kayentapus minor. (D—E) cf.
Megalosauripus (Muz. PIG 1661.11.1) and large Polish theropod track from the Sottykéw site, Poland [60, 61]. (F-G) Eubrontes cf., from the middle
Jurassic of Australia [65]. (H) Eubrontes (?) glenrosensis, Lower Cretaceous Glen Rose Formation (USA) [66]. (I) Irenesauripus in Lockley et al [67].
(J) Irenesauripus mclearniMcCrea et al. [71]. (K) Irenesauripus acutus in McCrea [75] all occuring within the Albian Gething Formation (Canada). (L)
Track D at Matobo (Kayentapus ambrokholohali) of this study. All images were redrawn and scaled to 15 cm. See text and Table 3 for details.

https://doi.org/10.1371/journal.pone.0185941.9006

tracks (e.g. [54, 61]) typically have a TL/TW ratio of 1.4-1.5, digit impressions that are thick
and sturdy, a short digit III extension and digits II and IV which project equally far along the
axis of digit ITI [8, 54]. The total divarication angles between 25°— 40° [54]. When compared to
very large Eubrontes tracks, Matobo D shares only a similar te/TW (0.8; specifically Eubrontes,
Eubrontes isp. and Eubrontes cf.; [54, 61, 65]), with Eubrontes-like tracks bearing higher TL/
TW ratios and a lower divarication angle (II-IV; 46° vs 63°). Eubrontes (?) glenrosensis ([66]),
the Middle Jurassic Australian cf. Eubrontes, and Matobo D share comparable metatarsopha-
langeal length to total TL ratios.

Kayentapus (~35 cm TL; Table 3, Fig 6) is a gracile tridactyl track with a comparable age
distribution to the Matobo tracks. This ichnogenus has been variously considered an indepen-
dent ichnogenus (wider digit divarication and overall pace; [67]), Tumped’ within the Gralla-
tor-Eubrontes spectrum [54, 68], or considered synonymous within Eubrontes [8, 69]. Milner
et al. [68] considered Kayentapus valid with respect to the divarication of digit IV and the
length of projection of digit III. Interestingly, Kayentapus shows considerable variation both
between tracks and within a single trackway, making an explicit morphological diagnosis for
this ichnogenus difficult [64, 68]. Lockley et al. [70] have further recognised the ‘Kayentapus-
Magnoavipes’ morphotype, which identifies large theropod tracks (TL < 35 cm) with very high
divarication angles of 90° to 100°. Matobo D does not show this morphological characteristic,
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nor is there marked variability between tracks—although the latter may be accounted for by
small sample size (N = 2). However, Matobo D, Kayentapus hopii, and Kayentapus minor
(Table 2) share the V-shaped posterior margin, relatively slender/gracile digits, and compara-
ble TL/TW ratio, although the latter (K. minor) is smaller in size with respect to both the TL
and TW. The interdigital angles are very similar between these tracks (Table 3), with divarica-
tion angles of Matobo D (IIAIII = 33°, IIIAIV = 29°, IIAIV = 63°) being similar to the Polish
specimens of Kayentapus [61] and the North American Kayentapus hopii [67]. Dissimilarities
are present with K. hopii when looking at the morphological (TL-te)/ TW and te/ TW ratios
(Fig 5; Table 3). However, Matobo D’s (FL-te)/TW ratio of 0.4 is more comparable with

K. minor (0.5) than K. hopii (0.2) [70, 71].

The ichnogenus Megalosauripus is a common Late Jurassic-Cretaceous form hypothesised
to represent the megalosaurid (Tetanurae) dinosaurs dominant in this time period [63, 72].
This ichnogenus is not considered to occur prior to the Late Jurassic [60]. In comparing
Matobo D to the Lower Jurassic (~Hettangian) Polish representative, tentatively cf. Megalo-
sauripus isp. (and ‘giant polish theropod’; Tables 3 and 4; [60, 62, 73]), similarities are mainly
noted in the TL (cf. Megalosauripus isp. of 49 cm and 54 cm with claw impression), track mea-
surement ratio of (FL-te)/TW (metatarsophalangeal region/track width), phalangeal length/
total TL ratios and total divarication angle (Table 3). However, despite some morphological
parallels, the considerably less robust and distinct lack of a hallux impression set Matobo D
apart from this Polish ichnotaxon. That said, a hallux impression is more likely a reflection of
the rheology of the substrate than a function of the particular walking gait or style, especially
given the generalised foot anatomy of basal theropods.

Irenesauripus (Gething Formation, Canada; Fig 6 [70, 74, 75]) is a Lower Cretaceous
(Albian) ichnogenus that, despite its much younger age, shows strong similarities to Matobo
D. There are two ichnospecies for this ichnogenera: I. mclearni and I. acutus, with a variable
TL (28-53 cm) and divarication between IIAIIL = 18°-39° and IIIAIV = 37°-40° (Table 2; [71,
75]). In particular, the following parameters are comparable between track D and Irenesauri-
pus isp.: (a) TL/ TW ratio (1.2-1.3; Table 3); (b) IIIV divarication; (c) metatarsophalangeal
length: total TL ratios; and (d) greater free length of digit IV than digit II. Furthermore, the
track measurement ratio (FL-te)/TW (0.4) is comparable with both I. mclearn and I. acutus,
while the te/TW (0.8) fits well with that of Irenesauripus [70, 71, 74, 75]. Digital pad impres-
sions, absent in Matobo D, were not originally diagnosed for Irenesauripus, but this was later
amended by Lockley et al. [70] on inspection of the type material. While Matobo D shares
many morphological similarities with the ichnospecies I. mclearni, the total track surface area
to TL ratio of the former is greater (1:18.5 cm” vs 1:8.4 cm” in I mclearni calculated by McCrea
etal. [71]), whereas its digit IIINIV divarication angle is smaller (Table 3).

In summation, although Matobo D can be shown to be morphologically distinct from
Eubrontes and Eubrontes-like tracks, distinguishing the former from either Kayentapus or Ire-
nesauripus is much more problematic. However, despite the noted morphological similarities
between Matobo D and the Cretaceous Irenesauripus, their great age disparity suggests that
these similarities are primarily due to convergence. Matobo D is therefore interpreted as repre-
senting either an especially large variant within the Kayentapus morpho-spectrum, or a novel
ichnotaxon. We consider it here, based on the morphological description provided, to be a
much larger variant of the North American ichnogenus Kayentapus and as such we assign it to
the ichnogenus Kayentapus. However, given it unique size and morphological traits (i.e.
greater free length of digit IV vs. IT) we hereby establish a new ichnospecies.

Kayentapus ambrokholohali ichnosp. nov., Fig 4. Diagnosis: two very large, 57 cm long
and 50 cm wide, gracile tridactyl pes impressions with wide total divarication (IINIV) is 63°.
The metatarsophalangeal pad of digit IV is well-defined and the margin is V-shaped. The free
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length of digit IV is greater than that of digit II. Depth of track depression is 17 mm proximal
to the metatarsophalangeal pad and shallows to 14 mm towards the distal digits.

Type material: holotype BP/6/735 silicon mould housed at the Evolutionary Science Insti-
tute (University of Witwatersrand). Paratype: BP/6/735.

Type horizon and locality: upper Elliot Formation, Stormberg Group (Lower Jurassic).
Trackway site (29° 27’ 08.57"S, 27° 42/ 08.51"E) is on an informal road between the villages of
Ha Mokhosi and Ha Matobo (Maseru District, Lesotho; Fig 1). The site is immediately adja-
cent to the Matobo trackway site briefly documented by Ambrose [22].

Etymology: ambro—Ambrose (derived from the Latin name Ambrosius) meaning “immor-
tal”; This is in honour of Emeritus Professor David Ambrose for his detailed recording of the
localities of several of the Roma trackways. It was during an attempt at the relocation of these
sites that the newly exposed trackway was discovered. And, kholohali, from the Sesotho
‘kholo’, meaning ‘big/large/great’; and ‘hali’, meaning “much/very” after their unexpectedly
large size.

Role of the metatarsophalangeal pad ratios in diagnoses

Because larger animals are more likely to have better developed metatarsophalangeal pads
[76], we examine here the importance of the utility of measurements drawn from the metatar-
sophalangeal pad length (MPL) and metatarsophalangeal surface area (MSA) (Table 3; Fig 7).
However, it is important to note that the heel and digit surface areas may be variable between
tracks and sites, and that several ways of measuring dimensions can be made from line

3.0
® MPL/TL = MSA/total digit SA
2.5 1 total digits surface area
20 - metatarsophalangeal
’ pad surface area
1.5 1
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Fig 7. Metatarsophalangeal (MSA) to total digit surface and metatarsophalangeal pad length (MPL) to total length (TL) comparisons for Late
Triassic-Early Jurassic and Lower Cretaceous ichnotaxa. Values were derived from parameters measured in photographs of publications listed in
Table 3.

https://doi.org/10.1371/journal.pone.0185941.9007
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drawings. This is because these ratios, much like the track impression as a whole, are depen-
dent on several external factors, i.e. animal weight and speed, sediment properties, sediment
collapse around digits and secondary factors relating to their degree of preservation. Lallensack
etal. [41] point out that the size of the heel surface area may vary due to the additional impres-
sion of the metatarsus or partial impression of the foot.

Morphologically, the metatarsophalangeal pad (MP) of several Jurassic and Cretaceous ich-
notaxa show large surface area impressions but narrow length dimensions (Table 3; Fig 7).
Large ichnites have MPL that can represent >33% of the track length, e.g., Megalosauripus
[62] and Eubrontes (?) glenrosensis [66]. Whereas other, Lower Jurassic ichnotaxa have values
of <29% (i.e., Eubrontes; [77]). Matobo A, B, and C have a very large MPL relative to the total
TL with percentages varying from 36% (A), 44% (B) to 39% (C) (Table 3; Fig 7). Matobo D has
33% of total track length represented by the metatarsophalangeal pad (Table 3; Fig 7).

Generally, the greatest variability between ichnotaxa is shown in the ratio MSA to total digi-
tal surface areas (Fig 7), whereas the ratio of MPL:TL shows more consistency despite the dif-
ferences reflected in surface areas. With respect to the ratio of the MPL:TL (Fig 7), and not
taking age in consideration, Kayentapus hopii has the smallest metatarsophalangeal pad/ total
foot length, whereas Eubrontes (?) glenrosensis and the Polish theropod track of Niedzwiedzki
[61] have the largest. The MP to total digital surface area ratio for Matobo D falls within
a £ 5% range with the following ichnotaxa: Irenesauripus, cf. Megalosauripus isp., I. mclearni,
and I. acutus, confirming their moderately small metatarsophalangeal pad area/ total digit sur-
face area. Similarities in these morphometrics are more marked between Matobo D and Irene-
sauripus isp., cf. Megalosauripus isp. and Kayentapus isp.

Large metatarsophalangeal pad area to total digit surface area suggests a bulky, robust ‘heel’
pad, and when contrasted against a low length ratio can imply a ‘heel’ pad dimension which is
short but wide (i.e. as in Eubrontes isp., Eubrontes (?) glenrosensis and the large Polish theropod
track; Fig 7). Interestingly, the taxa most dissimilar to Matobo D are those which exhibit
broad, thick digits of equal surface area to the metatarsophalangeal pad, or ones for which the
MPL makes up a significant proportion of TL (Figs 7 and 8); e.g., Eubrontes cf., Eubrontes (?)
glenrosensis and the large theropod taxa described by Niedzwiedzki [61] from Poland.

Trackmaker identity

The Matobo tracksite represents some of the larger Early Jurassic theropod tracks in southern
Africa. Certainly, Matobo D represents the largest Early Jurassic track, globally. Other globally
occurring contemporaneous megatheropod tracks (cf. Megalosauripus isp. and large Polish
theropod; Table 4) are solely represented by the Soltykow site tracks, Holy Cross Mountains
(Poland), which are 54 cm in size [60, 78]. These tracks were found in the Zagaje Formation
which is considered to be Hettangian in age based on sequence stratigraphic analysis [79] and
its early ‘Liassic’ (Early Hettangian) flora [80], which has been critiqued [81]. Other similar
sized ichnites are represented by the much younger Lower Cretaceous material (e.g. [72, 82]).
In addition to the Matobo tracks, the hip heights and body lengths of the theropod track mak-
ers have been estimated from several other globally occurring large theropod ichnites, and
these had estimated hip heights (h) of 1.5-2 m and body lengths that ranged from ~6 to 9 m
(Table 4; Fig 8A and 8B). When compared to hip heights and body lengths reconstructed from
fossil material [45], the calculated heights and lengths obtained from track lengths show a lin-
ear trend (Fig 8B).

Reconstructed body dimensions for Matobo A and C give estimated hip heights similar to
those estimated for the ichnogenera Eubrontes isp. (see [54]), Kayentapus hopii (from [67])
and Gigandipus ([68]; Tables 3 and 4; Fig 8A). Estimated hip heights for Matobo B are
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Fig 8. Comparisons of calculated hip height and body length of various ichnotaxa. (A) Estimated hip
heights of trackmakers from the track lengths of the four trackways at Matobo (A-D) and other globally occurring
large theropod tracks. (B) Estimated morphometric hip heights and body lengths of various Jurassic and
Cretaceous theropod dinosaurs (light blue squares) taken from Weems [45] against calculated hip height and
body length values from trackways of theropod dinosaurs reported in Table 4. Abbreviations: TJ—Triassic-
Jurassic, Ld—Lower Jurassic; MJ—Middle Jurassic; LC—Lower Cretaceous. For calculations, refer to Table 4;
for equations, see Methods. Scale bar =15 cm.

https://doi.org/10.1371/journal.pone.0185941.9008
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comparable with estimations from K. minor ([61]; Fig 8A; Tables 3 and 4). Comparable verte-
brate fossil hip and body length for the track maker of Matobo B is the allosaurid Allosaurus
(as is the case for K. minor, Eubrontes, and Gigandipus; Table 4). Matobo A and C are more
likely to be associated with an animal of dimensions resembling Dilophosaurus (see discussion
below), Ceratosaurus (Upper Jurassic; Morrison Formation, USA; Lourinha and Alcobaga for-
mations, Portugal) [83]; or Elaphrosaurus (Tendaguru Formation, Tanzania, [84]; Fig 8B).

Matobo D, being the largest of the Matobo tracks, yields a very large track maker with a hip
height of up to 2.7 m and a body length of ~9 m (Fig 8A; Table 4). Other comparable theropod
ichnites for which hip height and body length range could be extrapolated are the Polish large
theropod, Irenesauripus, 1. mclearni, I. acutus, Eubrontes cf. (left), Eubrontes (?) glenrosensis
(Fig 8A; Table 4).

Remarkably, estimated body length and hip heights for Matobo D are comparable to (age
dissociated) tyrannosaurid and allosaurid vertebrate fossil material, and represents the upper
limit of the Upper Jurassic Allosaurus (occurring in North America, Portugal, and Tanzania;
[85]). The unprecedentedly large dimensions of Matobo D are all the more noteworthy when
contrasted against known theropod body fossils from the latest Triassic and earliest Jurassic.
Well-preserved theropod material from this time period is rare, and there is a distinct lack of
comparable vertebrate body fossil material from the Lower Jurassic. Gierlinski et al. [62] have
proposed that some large Lower Jurassic tracks may also be considered to be made by (basal)
allosaurids, but there are little to no body fossil evidence to support this claim despite the
occurrence of these large tracks. Globally, the large theropod dinosaur trackmakers appear
more consistently in the Middle to Upper Jurassic, and are mainly thought to be allosaurids
and megalosaurids with robust metatarsus and phalanges and inferred well-developed meta-
tarsophalangeal pads [64, 76].

In general, the limited vertebrate fossil evidence for larger prints (>30 cm TL) has meant
that many have been, in part, attributed to the relatively large (6 m body length, ~400 kg; [86])
Early Jurassic theropod Dilophosaurus. On the basis of their foot anatomy, the tracks of these
animals are considered likely to be robust, with a large metatarsophalangeal pad area/total
digit surface area. It is not considered to produce gracile tracks, but rather larger, robust tracks
such as Matobo B (Figs 7 and 8).

Allosauroid-like material from the Elliot Formation of South Africa has been tentatively
reported by Ray and Chinsamy [16] based on SAM-PK-K10013, which is a large, recurved and
finely serrated tooth. Ray and Chinsamy [16] suggest that the tooth possibly belongs to a basal
theropod but its stratigraphic position within the Elliot Formation is unknown. Other large,
serrated teeth have been found within the Elliot Formation (e.g. SAM 383; [87]), although
their stratigraphic and biological affinities are unstudied/unknown, and it remains plausible
that some of this material is crurotarsan (i.e., “rauisuchid”) in nature. In general, skeletal
remains of carnivorous dinosaur fossils are rare in the Upper Triassic—Lower Jurassic of
southern Africa, whereas ichnites of these animals are much more common. To date, the old-
est tridactyl theropod ichnite reported from South Africa is from the Upper Triassic upper-
most Molteno Formation (Maclear trackway site, TL between 16-19.5 cm; [19]), whereas the
youngest theropod tracks are in the lower Clarens Formation of Lesotho and South Africa
(e.g., [20, 24, 88]). None of these southern African tridactyl theropod ichnites are associated
with theropod skeletal remains.

The first theropod body fossils in South Africa are found in the Lower Jurassic upper Elliot
Formation (UEF) and are represented by only two theropod genera, Dracovenator regenti [18]
and Coelophysis (Syntarsus) rhodesiensis [89]. Coelophysis is suspected as the maker of the
abundant Grallator isp. [30] traces in the UEF, although this ichnite, due to the range of sizes,
probably represents a variety of small and medium-sized theropods [20, 30, 89]. In contrast,
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D. regenti is known only from fragmentary skull material with an estimated total skull length
of 500 mm [18]. Yates [18] considers the general dimensions of Dracovenator similar to the
theropod Dilophosaurus wetherilli (5-6 m in length) and, indeed, Dracovenator has been recov-
ered from within the putatively monophyletic “dilophosaurid” clade [86]. The track lengths
estimated for Dracovenator, in the size range of ~25-34 cm, would be similar to the TL
reported for Matobo A, B (Eubrontes-like) and C (Kayentapus-like) here. The foot morphology
of Dilophosaurus has also been suggested to share several morphological analogies with the ich-
nite Kayentapus [90]. Taken together, the morphological characteristics of Matobo D (in par-
ticular the size, narrowness and length of the digits), suggest that the tracks were made by a
relatively gracile, carnivorous dinosaur with an allosaurid-like bauplan. Nonetheless, this sug-
gestion awaits substantiation via the discovery of additional fossil theropod material from the
poorly sampled basal rocks of the Jurassic.

Conclusions

Our discovery of a new megatheropod trackway and several large tracks suggests that, in com-
parison to the Upper Triassic, the size range of the theropod trackways and, by extension that
of their body size, rapidly expanded in the Early Jurassic. In southern Africa, where theropod
body fossils are extremely rare, it also suggests an unappreciated degree of diversity of thero-
pods active during this time. Currently, it is unclear whether the appearance of megatheropods
is a consequence of a) “ecological release” following the extinction of non-crocodylomorph
crurotarsans during the end-Triassic biocrisis event [5]; or b) a similar set of ecological stimuli
that led to the progressive size increase of Sauropodomorpha beginning in the mid-Norian. In
any case, our results suggest that very large theropods appeared in the fossil record of southern
Africa prior to the Pliensbachian, mostly likely in a relatively short window of evolutionary
time following the TJB, and not during the Middle Jurassic as currently suggested by the body
fossil record. The appearance of mega-carnivores in the Early Jurassic is of great interest, and
augurs an evolutionary phenomenon that was repeated on multiple occasions throughout the
remainder of the Mesozoic, producing such iconic taxa as Allosaurus in the Upper Jurassic as
well as Spinosaurus and Tyrannosaurus in the Upper Cretaceous. Furthermore, this study cor-
roborates recent assessments of Elliot Formation biostratigraphy, with the semi-arid environ-
ment of the upper Elliot Formation able to support both small and very large sized theropods,
as well as a diverse array of early sauropodomorphs (i.e. McPhee et al. [40]). Ecological incen-
tives to increase body size may thus be related to rapid changes in both climate and predator-
prey dynamics at the outset of the Jurassic, with the expansion of dinosaurian niche space
accommodating a range of novel strategies not possible prior to the TJB [91]. This also has
bearing on the manner in which sauropodomorph size thresholds represent a good predictor
of theropod size increases and vice versa, with this relationship warranting in-depth future
investigation.
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