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Bipedal trackways discovered in 1978 at Laetoli site G, Tanzania and dated to 3.66
million years ago are widely accepted as the oldest unequivocal evidence of obligate
bipedalism in the human lineage1–3. Another trackway discovered two years earlier at
nearby site A was partially excavated and attributed to a hominin, but curious
affinities with bears (ursids) marginalized its importance to the paleoanthropological
community, and the location of these footprints fell into obscurity3–5. In 2019, we
located, excavated and cleaned the site A trackway, producing a digital archive using
3D photogrammetry and laser scanning. Here we compare the footprints at this site
with those of American black bears, chimpanzees and humans, and we show that they
resemble those of hominins more than ursids. In fact, the narrow step width
corroborates the original interpretation of a small, cross-stepping bipedal hominin.
However, the inferred foot proportions, gait parameters and 3D morphologies of
footprints at site A are readily distinguished from those at site G, indicating that a
minimum of two hominin taxa with different feet and gaits coexisted at Laetoli.

In 1976, Peter Jones and Philip Leakey discovered five consecutive
bipedal footprints at Laetoli site A within locality 7, a 490 m2 area dated
to 3.66 million years ago (Ma) and featuring 18,400 animal tracks1–3
(Fig. 1). Mary Leakey tentatively suggested that the trackway was made
by a hominin1. “The footprints,” she wrote, “indicate a rolling and probably slow-moving gait, with the hips swivelling at each step, as opposed
to the free-striding gait of modern man [humans].” Leakey and Hay2
classified the footprints as Hominidae, but with a caveat that “the gait
was somewhat shambling, with one foot crossing in front of the other.”
Unequivocal hominin footprints were discovered at site G two years
later, casting doubt on the hominin status of those at site A3–5. Researchers described the footprints at site A as “most unusual,”6 “curiously
shaped,”7 and “enigmatic,”8 and yet consensus was uniform: they were
produced by a plantigrade mammal moving bipedally.
Tuttle4 advanced three hypotheses to account for the morphology of the footprints and cross-stepping gait (that is, when a foot
from each side crosses the midline before touchdown): (1) substrate
distortion; (2) they were left by a juvenile bear (ursid); or (3) they are
evidence of another hominin species. To test the second possibility,

Tuttle4,9–12 collected data from circus bears trained to walk bipedally and found that their short steps and relatively wide feet were
a close match to the site A footprints, although bipedal bears take
wider steps. Furthermore, the fifth digit is typically the largest in
ursids, solving the ‘cross-stepping problem’, although Tuttle 4,12
noted that humans do occasionally cross-step. He concluded that
“until detailed, naturalistic biometric and kinesiological studies are
performed on bipedal bears and barefoot humans, we will have to
defer choosing among the hominid and ursid hypotheses on Laetoli
individual A”4.
Complicating matters further, the internal morphology of the site A
footprints was never fully cleaned of matrix infill1,2,4,5,12. White and Suwa8
argued that “reliable identification of these enigmatic prints at Laetoli
site A will be impossible until they are more fully cleaned and followed
laterally”. Accordingly, we were motivated to relocate and re-excavate
site A and conduct a detailed comparative analysis of the prints as well
as the locomotion of bears (Ursus americanus), chimpanzees (Pan
troglodytes) and humans to test whether the footprints at site A were
left by a hominin or an ursid.
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Fig. 1 | Laetoli location and site rediscovery. a, A model of site A generated
using photogrammetry showing the five hominin footprints. b, Corresponding
contour map of the site generated from a 3D surface scan with scale bar. c, Map
of Laetoli localities 7 and 8, indicating the positions of bipedal trackways A, G
and S (redrawn from ref. 49). d, e, Topographical maps of the two best preserved
A footprints, A2 (d) and A3 (e).

Rediscovery of site A
Using detailed maps from Leakey and Harris3, we identified the proboscidean trail adjacent to the bipedal footprints. We cleared the surrounding overburden until one of us (K.F.) found the A3 footprint. The area
was then brushed clean to expose A1–A5, which have experienced no
discernible erosion since their initial discovery (Fig. 1, Extended Data
Fig. 1). Because the footprint tuff is eroded to the north, we excavated
south (87 cm) and east (54 cm) from the heel of A1, but no additional
footprints were found (Supplementary Information).
After brushing sediment from A3, we used a wooden tongue depressor to remove tuff infill left intact during the 1976–1978 field seasons.
The hallucial impression is clearly defined and is about 30 mm wide.
Crucially, we exposed the impression of the second digit (Extended
Data Fig. 2). We removed infill from A2 but could not do so completely
without risking damage. Nevertheless, the heel and hallucial impression
are clear. Detailed information from the other footprints (A1, A4 and
A5) is limited to estimates of length, width and step length.
Although preservation quality varies within and between A1–A5,
there is no evidence that biologically informative metrics were affected
by substrate distortion. Adjacent and comingled tracks of other animals
(ranging in size from guinea fowl to elephants) show no evidence of
distortion to their perimeters or internal morphologies. Given that
track surfaces are likely to represent time scales of hours to days13–15, it
is parsimonious to infer similar substrate conditions and taphonomic
processes during print formation and subsequent epochs.

Evaluating ursid and hominin hypotheses
We recorded 50.9 h of video of wild American black bear behaviour.
Unsupported bipedal posture and locomotion occurred only 0.09% of
the total observation time, of which 59% was postural and 41% was locomotor (Extended Data Fig. 3). In only one instance did a bear take four unassisted bipedal steps. Thus, assuming that our findings are generalizable
to other ursids, the probability of observing four consecutive bipedal
steps is 0.003%. The low frequency of this behaviour, and the absence of
quadrupedal–bipedal transitional footsteps, makes it unlikely, but not
impossible, that ursid bipedalism was preserved at site A. Further, Laetoli
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is devoid of ursid fossils despite the recovery of more than 25,000 fossils
attributed to 85 mammalian species16,17. If present at all, ursids were rare on
the landscape. Although footprint assemblages can include a surprising
number of tracks from taxa whose skeletal fossils are rare (for example,
relatively high frequencies of bird tracks at Laetoli3 and at 1.5-Ma sites
near Ileret, Kenya14,18), there is no clear taphonomic explanation for why
ursid tracks would be present but their fossils absent.
In addition, we measured 46 footprints from four bipedally walking
wild juvenile black bears specifically chosen because their foot lengths
(mean = 145.7 mm) were within 10% of the length of the site A footprints
(mean = 161.7 mm). Additionally, we measured the footprints of chimpanzees produced during quadrupedalism (n = 54 from 46 adults; Ngamba
Island Chimpanzee Sanctuary, Uganda) and during bipedalism (n = 44
from two subadults; Stony Brook University, USA). We compared these
data with human barefoot footprints produced under three conditions:
(1) habitually shod (n = 654) walking on a plantar pressure mat19; (2) habitually unshod or minimally shod (n = 41) walking in deformable mud20,21;
and (3) Late Pleistocene tracks (n = 113) from Engare Sero, Tanzania,
formed in reworked volcanic ash22,23 (summary in Extended Data Table 1).
We concur with others4,12 that the ratios of footprint dimensions
(for example, heel and forefoot width) to step length observed at site
A fall within the ursid range (Extended Data Fig. 4a, b). Yet, for these
same measures, site A is also chimpanzee-like and moderately similar
to definitive hominin footprints from sites G and S. It follows that the
site A individual was taking short steps—as occurs when humans walk
slowly or over a slippery substrate24—not that the gait was ursid-like.
With additional infill removed from A2 and A3, the perimeter dimensions are decidedly hominin-like with wide heel impressions relative to
forefoot width (Extended Data Fig. 4c). By contrast, chimpanzees and
bears have relatively narrow heels. Furthermore, with the tracks fully
excavated and cleaned, we found no evidence for claw impressions,
although they are sometimes absent from ursid footprints12. Here,
impressions were absent from 31% of ursid footprints. To test whether
A3 was produced by a hominin left foot or an ursid right foot, we compared the width of the hallux to the second digit in human (n = 30)
and chimpanzee (n = 50) footprints, and the fifth digit to the fourth
in bear (n = 5) tracks. The A3 toe impressions match the distinctive
proportions of humans and chimpanzees rather than those of bears
(Extended Data Fig. 5).
By establishing that A3 is a left hominin foot, we can now confirm
that cross-stepping occurred. Cross-stepping was never observed in
our comparative sample, but humans do it occasionally25,26 as a compensatory strategy for re-establishing balance after a perturbation27. In
fact, we suggest that cross-stepping supports the hypothesis that the
site A footprints were left by a hominin. Cross-stepping is improbable,
and perhaps impossible, when bears or chimpanzees walk bipedally.
They produce large mediolateral excursions of their centre of mass28
and walk with highly abducted hips29, resulting in a high ratio between
stride width and step length. Conversely, human cross-stepping is enabled by their reduced mediolateral centre of mass and body motions,
adducted hips and bicondylar angle (that is, valgus knees), resulting
in a low corresponding ratio, as expressed in every trackway at Laetoli.
The relative step widths of footprints from sites G and S fall squarely
within the modern human distribution (Extended Data Figs. 4d, 5). The
site A footprints lie outside the distributions of humans, chimpanzees
and bears but are most like humans. This result indicates that the maker
of the site A footprints had either valgus knees or adducted hips, or
both. The presence of either bipedal trait argues for a hominin maker
of the site A footprints.

Which hominin?
It is generally accepted that Australopithecus afarensis produced the
footprints at sites G and S8 (but see refs. 12,30–32). It is thus tempting to
assign the site A tracks to A. afarensis; however, this premise requires
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Fig. 2 | Evidence against Laetoli A belonging to A. afarensis. a, Images of
Laetoli A3 (top) length matched to Laetoli G1 (bottom). G1 print is reproduced
with permission from Science Photo Library. b, Plot comparing foot length to
forefoot width in adult and juvenile humans and bipedal chimpanzees, the
Pleistocene human footprints at Engare Sero, and the Laetoli trackways. Lines
represent ordinary least-squares regression and shaded bands represent 95%
confidence interval of the regression. Data were analysed from the total
number of individual footprints indicated in the figure legend. Laetoli
footprint markers are slightly enlarged for clarity. Data sources match

Extended Data Table 1. c, Histogram of Mahalanobis distances between the
mean modern human footprint and the averages of two randomly drawn
human footprints (grey; n = 245, resampled 1,000 times) and two randomly
drawn bipedal chimpanzee footprints (yellow; n = 45, resampled 1,000 times).
The blue and orange lines represent the distances of mean Laetoli G1 (n = 5, with
10 unique two-track combinations) and S1 (n = 2) two-track samples,
respectively. All Laetoli G1 and S1 samples fall within the human distribution.
The green line indicates the distance between the mean Laetoli A track (n = 2)
and the human mean, falling squarely within the chimpanzee distribution.

an examination of foot ontogeny and intraspecific morphological variation that takes into account the mounting fossil evidence of locomotor (and presumably taxonomic) diversity among Pliocene hominins
(for example, in ref. 33).
Standing between 101 and 104 cm tall (from equations in Dingwall
et al.34), the maker of the site A footprints was smaller in height than
other Laetoli trackmakers, which ranged from 111–116 cm (site G1) to
161–168 cm (site S1)35. It is plausible that the site A tracks were made by
a juvenile A. afarensis, but this hypothesis is undermined by a distinct
footprint morphology from those at sites G or S.
The ratio of foot width and length follows a different ontogenetic
trajectory in humans and chimpanzees; human feet are consistently
narrower than chimpanzee feet (Fig. 2). Footprints made by unshod
humans from both modern times and the Pleistocene are slightly wider
than those made by shod humans in industrialized populations. The
undistorted footprints from sites G and S fall within the human distribution. A3 is more chimpanzee-like in being wide compared with its length
(Fig. 2a, Extended Data Fig. 2). In chimpanzees, this wider footprint
shape is, in part, driven by the greater divergence of the hallux. We
thus measured hallucial divergence as a ratio of the distance between
the centre of the impression made by the first and second digits and the

length of the footprint. For this metric, humans and chimpanzees are
clearly distinct. The best-defined site G footprints overlap the human
distribution, whereas the A3 footprint does not—it possesses a slightly
more divergent hallux than humans and site G, although not nearly as
divergent as those of chimpanzees (Extended Data Fig. 6). This finding alone does not rule out a juvenile A. afarensis, given the foot from
Dikika (Afar, Ethiopia) has a slightly more divergent and mobile hallux
than its adult counterparts36.
To explore other instructive traits, we compared proportional toe
depth ratios as described by Raichlen and Gordon37 (Supplementary
Methods). The mean value for site A (−0.191) is distinct from Laetoli G1
and humans using a bent-hip bent-knee gait but overlaps the low end of
variation in Laetoli S. Additionally, tracks A1–A3 evince a raised ridge of
hardened ash between the heel and lateral forefoot. It is unclear whether
this ridge is evidence of substrate shearing38 or midfoot mobility—a
characteristic absent from the Laetoli G and S footprints39 (but see
ref. 40) and inconsistent with A. afarensis pedal remains41.
Finally, we tested whether we could randomly sample footprints
with internal topography similar to the various Laetoli footprints from
those of humans or chimpanzees (following Hatala et al.42). Fig. 2 illustrates how the tracks from sites G and S can be encompassed in the
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range of resampled unshod human footprint variation, whereas the
average morphology of the A2 and A3 tracks is distinct from the footprints of habitually unshod humans and those at sites G and S. In fact,
they fit comfortably within the resampled chimpanzee distribution,
being as distinct as chimpanzee tracks are from the morphologies
of barefoot human tracks. One possible explanation for such different footprint morphology is that the site A footprints were made by a
cross-stepping A. afarensis. We tested this hypothesis by comparing
the footprints of humans (n = 10) walking with their preferred gait and
then cross-stepping. We found that normal and cross-stepping human
footprints differ minimally and do not match in magnitude or direction
the differences between the site G and S prints and the site A prints
(Extended Data Fig. 7, Supplementary Information).
We therefore conclude that the site A footprints were made by a bipedal
hominin with a distinct and presumably more primitive foot than A.
afarensis. The gross shape of the foot is chimpanzee-like, with slight hallucial divergence and perhaps some midfoot mobility. However, the site
A individual was walking bipedally with a narrow step width indicative of
either a valgus knee, adducted hips, or both. This combination of foot
morphology and gait kinematics inferred from the preserved footprints
precludes them from having been made by A. afarensis.
Evidence is building for taxonomic diversity in hominins during the
Pliocene43,44, including at Laetoli45–47, but these hominins did not walk
with morphologically identical feet48. For example, the BRT-VP-2/73
foot from the 3.4 Ma site of Woranso-Mille, Ethiopia demonstrates that
at least two different foot morphs co-existed in the Afar Depression
during the Pliocene33. We suggest that footprint evidence for hominin
locomotor diversity is similarly present at Laetoli, Tanzania—and has
been since the discovery of the site A trackway in the 1970s.

Online content
Any methods, additional references, Nature Research reporting summaries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41586-021-04187-7.
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.

19.

Leakey, M. Pliocene footprints at Laetoli, northern Tanzania. Antiquity 52, 133 (1978).
Leakey, M. D. & Hay, R. L. Pliocene footprints in the Laetoli Beds at Laetoli, northern
Tanzania. Nature 278, 317–323 (1979).
Leakey, M. D. & Harris, J. M. (eds) Laetoli, a Pliocene Site in Northern Tanzania (Clarendon,
1987).
Tuttle, R. H. in Laetoli: A Pliocene Site in Northern Tanzania (eds Leakey, M. D. & Harris, J.
M.) 503–523 (Clarendon, 1987).
Day, M. H. in Origine(s) de la Bipedie Chez les Hominides (eds Coppens Y. & Senut B.) 199–
213 (Editions du CNRS, 1991).
Leakey, M. Disclosing the Past: An Autobiography (Doubleday, 1984).
Leakey, M. D. Footprints in the ashes of time. Nat. Geo. 155, 446–457 (1979).
White, T. D. & Suwa, G. Hominid footprints at Laetoli: facts and interpretations. Am. J. Phys.
Anthropol. 72, 485–514 (1987).
Tuttle, R. H. Bear facts and Laetoli impressions. Am. J. Phys. Anthropol. 63, 230–230
(1984).
Tuttle, R. H. in Hominid Evolution: Past, Present, and Future 129-133 (Alan R. Liss, 1985).
Tuttle, R. H. The pitted pattern of Laetoli feet. J. Nat. Hist. 99, 60–65 (1990).
Tuttle, R., Webb, D. & Tuttle, N. in Origine(s) de la Bipedie Chez les Hominides (eds
Coppens Y. & Senut B.) 187–198 (Editions du CNRS, 1991).
Cohen, A., Lockley, M., Halfpenny, J. & Michel, A. E. Modern vertebrate track taphonomy
at Lake Manyara, Tanzania. Palaios 6, 371–389 (1991).
Roach, N. T. et al. Pleistocene footprints show intensive use of lake margin habitats by
Homo erectus groups. Sci Rep. 6, 26374 (2016).
Zimmer, B. et al. Using differential structure-from-motion photogrammetry to quantify
erosion at the Engare Sero footprint site, Tanzania. Quat. Sci. Rev. 198, 226–241 (2018).
Su, D. F. & Harrison, T. Ecological implications of the relative rarity of fossil hominins at
Laetoli. J. Hum. Evol. 55, 672–681 (2008).
Harrison, T. in Paleontology and Geology of Laetoli: Human Evolution in Context 1–14
(Springer, 2011).
Roach, N. T. et al. Pleistocene animal communities of a 1.5 million-year-old lake margin
grassland and their relationship to Homo erectus paleoecology. J. Hum. Evol. 122, 70–83
(2018).
DeSilva, J. M. & Gill, S. V. Brief communication: a midtarsal (midfoot) break in the human
foot. Am. J. Phys. Anthropol.151, 495–499 (2013).

4 | Nature | www.nature.com

20. Hatala, K. G., Dingwall, H. L., Wunderlich, R. E. & Richmond, B. G. The relationship
between plantar pressure and footprint shape. J. Hum. Evol. 65, 21–28 (2013).
21. Hatala, K. G., Wunderlich, R. E., Dingwall, H. L. & Richmond, B. G. Interpreting locomotor
biomechanics from the morphology of human footprints. J. Hum. Evol. 90, 38–48
(2016).
22. Liutkus-Pierce, C. M. et al. Radioisotopic age, formation, and preservation of Late
Pleistocene human footprints at Engare Sero, Tanzania. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 463, 68–82 (2016).
23. Hatala, K. G. et al. Snapshots of human anatomy, locomotion, and behavior from Late
Pleistocene footprints at Engare Sero, Tanzania. Sci. Rep. 10, 7740 (2020).
24. Cham, R. & Redfern, M. S. Changes in gait when anticipating slippery floors. Gait Posture
15, 159–171 (2002).
25. Fukushima, T. Angle and distance between steps. J. Bone. Jt. Surg. 37, 1311 (1955).
26. Murray, M. P., Drought, A. B. & Kory, R. C. Walking patterns of normal men. J. Bone Jt. Surg.
46, 335–360 (1964).
27. Maki, B. E. & McIlroy, W. E. Control of rapid limb movements for balance recovery:
age-related changes and implications for fall prevention. Age Ageing 35, ii12–ii18 (2006).
28. Thompson, N. E., O’Neill, M. C., Holowka, N. B. & Demes, B. Step width and frontal plane
trunk motion in bipedal chimpanzee and human walking. J. Hum. Evol. 125, 27–37 (2018).
29. O’Neill, M. C., Demes, B., Thompson, N. E. & Umberger, B. R. Three-dimensional
kinematics and the origin of the hominin walking stride. J. R. Soc. Interface 15, 20180205
(2018).
30. Tuttle, R. H. Evolution of hominid bipedalism and prehensile capabilities. Philos. Trans. R.
Soc. Lond. B. 292, 89–94 (1981).
31. Harcourt-Smith, W. E. Did Australopithecus afarensis make the Laetoli footprint trail?—
New insights into an old problem. Am. J. Phys. Anthropol. S40, 116 (2005).
32. Pelissero, A. J. A Comparative Analysis of Newly Discovered Pliocene Hominin Footprints
from Laetoli, Tanzania (Univ. Colorado at Denver, 2017).
33. Haile-Selassie, Y. et al. A new hominin foot from Ethiopia shows multiple Pliocene bipedal
adaptations. Nature 483, 565–569 (2012).
34. Dingwall, H. L., Hatala, K. G., Wunderlich, R. E. & Richmond, B. G. Hominin stature, body
mass, and walking speed estimates based on 1.5 million-year-old fossil footprints at Ileret,
Kenya. J. Hum. Evol. 64, 556–568 (2013).
35. Masao, F. T. et al. New footprints from Laetoli (Tanzania) provide evidence for marked
body size variation in early hominins. eLife 5, e19568 (2016).
36. DeSilva, J. M., Gill, C. M., Prang, T. C., Bredella, M. A. & Alemseged, Z. A nearly complete
foot from Dikika, Ethiopia and its implications for the ontogeny and function of
Australopithecus afarensis. Sci. Adv. 4, eaar7723 (2018).
37. Raichlen, D. A. & Gordon, A. D. Interpretation of footprints from Site S confirms
human-like bipedal biomechanics in Laetoli hominins. J. Hum. Evol. 107, 134–138 (2017).
38. Bennett, M. R. & Morse, S. A. in Human Footprints: Fossilised Locomotion? 101–136
(Springer, 2014).
39. Crompton, R. H. et al. Human-like external function of the foot, and fully upright gait,
confirmed in the 3.66 million year old Laetoli hominin footprints by topographic
statistics, experimental footprint-formation and computer simulation. J. R. Soc. Interface
9, 707–719 (2012).
40. Meldrum, D. J., Lockley, M. G., Lucas, S. G. & Musiba, C. Ichnotaxonomy of the Laetoli
trackways: the earliest hominin footprints. J. Afr. Earth. Sci. 60, 1–12 (2011).
41. Ward, C. V., Kimbel, W. H. & Johanson, D. C. Complete fourth metatarsal and arches in the
foot of Australopithecus afarensis. Science 331, 750–753 (2011).
42. Hatala, K. G., Demes, B. & Richmond, B. G. Laetoli footprints reveal bipedal gait
biomechanics different from those of modern humans and chimpanzees. Proc. R. Soc.
Lond. B 283, 20160235 (2016).
43. Leakey, M. G. et al. New hominin genus from eastern Africa shows diverse middle
Pliocene lineages. Nature 410, 433–440 (2001).
44. Haile-Selassie, Y., et al New species from Ethiopia further expands Middle Pliocene
hominin diversity. Nature 521, 483–488 (2015).
45. Musiba, C., et al Newly discovered hominin remains from upper Laetoli beds in northern
Tanzania. Abstracts of the PaleoAnthropology Society, 2010 Meetings.
PaleoAnthropology 2010, A0001–A0040 (2010).
46. Pelissero, A. J. et al. Photogrammetry imaging: a fresh look at the Laetoli hominin
footprints in relation to recent discoveries. Am. J. Phys. Anthropol. 162, 312 (2017).
47. Pelissero, A., Musiba, C., Magori, C., Mwankunda, J. & Bunn, H. Rethinking the Laetoli
hominin trackmakers in light of new prints at Site S. In Paleoanthropology Society
Meeting, Albuquerque, NM (2019).
48. DeSilva, J., McNutt, E., Benoit, J. & Zipfel, B. One small step: a review of Plio‐Pleistocene
hominin foot evolution. Am. J. Phys. Anthropol. 168, 63–140 (2019).
49. Musiba, C. M., Mabula, A., Selvaggio, M. & Magori, C. C. Pliocene animal trackways at
Laetoli: research and conservation potential. Ichnos 15, 166–178 (2008).
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution
4.0 International License, which permits use, sharing, adaptation, distribution
and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons license, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons license and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this license,
visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2021

Methods
Wild bear behavioural data
Wild black bear behaviour was quantified using video data recorded
by B.K. over the course of several years at his ongoing field site in Lyme,
New Hampshire, USA. Video data captured bears of different ages (cubs,
adolescents and adults). Bears were present on screen for a total of
50 h 55 min 18 s. For each terrestrial bipedal incident, the length of the
event, the approximate age of the bear and the number of steps were
recorded. Additionally, steps were evaluated on whether they were
completed independently, or the individuals used other environmental
objects for balance.
Comparative kinematic data
Comparative kinematic data were collected on three species: U. americanus, P. troglodytes, and Homo sapiens. For bears and chimpanzees, the
sample size included all available individuals housed at each location.
For the human sample size information see below. Randomization was
not relevant to our study as we were interested in measuring footprint
characteristics from whole sample populations, as opposed to comparisons within those populations. Blinding was not relevant to the data
collected on the non-human comparative species (for example, bears
and chimpanzees) nor to the data collection on fossilized footprints.
The human participants were unaware of the site A tracks at Laetoli
and therefore had no knowledge of how the data obtained from their
footprints would be used in this study.
Ursus americanus
Data were collected on four juvenile semi-wild U. americanus (n = 3
male, 1 female), whose feet were within 10% of the length (average foot
length = 145.7 mm) of the recorded footprints of Laetoli site A (average foot length = 161.7 mm). These orphaned, approximately 20-kg
bears were located at the Kilham Bear Center (Lyme, NH), awaiting
reintroduction to the wild. This study examined the bears between
the ages of 5–8 months old. Our protocol was reviewed and approved
by the Institutional Animal Care and Use Committee (IACUC) of Dartmouth College. The bears were enticed to independently walk bipedally
through a constructed mud trackway for either an applesauce or maple
syrup reward (Extended Data Fig. 3). Measurements were collected on
the footprints, including foot length, heel width, forefoot width, step
length and stride width using the definitions from Tuttle4. For a subset
of footprints (n = 5), the width of the impression for the 1st, 2nd, 4th and
5th digits were measured. The presence or absence of claw impressions
was also documented.
Pan troglodytes
Data for extant chimpanzees were extracted from three sources to collect all the relevant gait metrics. Two published datasets examined the
same two subadult individuals housed at Stony Brook University. The
third set were recorded on semi-wild individuals (n = 46), using a plantar
pressure mat at the Ngamba Island Chimpanzee Sanctuary (Entebbe,
Uganda). While this third data set increases sample size and captures
intraspecific variation, we recognize that plantar pressure data do not
always align perfectly with footprints made in a deformable substrate20.
Stride width data and step length comparisons. Chimpanzee stride
width data were taken from Thompson et al.28 on two subadult male
chimpanzees (7.0 ± 0.1 years of age; 34.8 ± 1.2 kg) and were supplemented with step length data for the same steps. Three-dimensional
kinematic methods and step width calculation have been described
previously28. Step length was calculated as the distance between left
and right calcaneus markers in the sagittal plane during consecutive
hind limb midstance periods. Chimpanzee step lengths are typically
asymmetric, so step length was averaged over the two consecutive
steps which defined the stride.

Forefoot width, heel width and foot length comparisons. Footprint
dimensions and stride length data were recorded on the same two
subadult male chimpanzees as above, though at a slightly younger
age (6.5 and 6.9 years of age, 30.7 and 27.8 kg, respectively). The experimental design is described in detail elsewhere42. In brief, chimpanzees traversed a runway, at the centre of which was a pressure mat
(RSScan International) and a container of hydrated sediment in which
the chimpanzees could produce footprints. This sediment was taken
directly from a layer that preserves 1.5 Ma hominin footprints near
Ileret, Kenya50. Laterally positioned video cameras were used to record
the chimpanzees as they walked along this trackway and produced
footprints. Two digitization softwares, MaxTRAQ Lite+ (v. 2.4.0.3) (Innovisions Systems) and ImageJ v.1.4751, were used to quantify various
aspects of their gaits, including stride length. Tape measures and digital
callipers were used to directly measure the external dimensions of each
chimpanzee’s feet. Scaled photographs were taken of the footprints
produced in each trial, and these were later measured using ImageJ
software.
Forefoot width, width of digits 1 and 2, divergence ratio, and foot
length comparisons. Data were collected by E.J.M. at the Ngamba
Island Chimpanzee sanctuary (Entebbe, Uganda) managed by the Chimpanzee Sanctuary and Wildlife Conservation Trust (CSWCT) using
procedures approved by the Dartmouth College IACUC. The Tekscan
plantar pressure mat (PPM) was positioned within a walkway connecting the overnight enclosure to the open forest habitat, near a gate and
underneath a solid cross section to help prevent individuals from jumping over the mat using the ceiling bars. This location was determined
using the expertise of the sanctuary keepers. The animals were first
introduced to a mat shell that was lacking the internal sensors, to habituate them to the novel stimulus. All subsequent data were collected
using both the empty and real PPMs, positioned such that they covered
the entire width of the walkway to force individuals to walk across one
of the two mats. Both mats were covered with thin green sacks to help
disguise them from the chimpanzees and facilitate faster removal if
necessary. It was determined that the southeast facing direction was
the preferred path for the chimpanzees and the sensor-containing PPM
was always positioned there from the second collection onwards. Data
were collected twice a day; once in the morning (between 06:45 and
08:00) when the chimpanzees were headed to the forest for their first
feeding, and once at 18:00, when the chimpanzees were headed into
the overnight enclosure to sleep and receive their last feeding. Data
were collected on 46 adult chimpanzees (18 male, 28 female, ages 12–36
years). A subset of 54 dynamic pressure records was analysed. Using
the associated Tekscan PPM software, Footmat Research (v. 7.10), the
pressure recordings were analysed to determine foot length, forefoot
width, the width digits 1 and 2, and the linear distance between the
centre of digits 1 and 2. The divergence ratio was calculated by dividing the distance between digits 1 and 2 by the individual’s foot length.

Homo sapiens
Data were extracted from previous studies of two modern human
populations in order to collect all the relevant foot, footprint and gait
metrics.
Stride width and step length comparisons. Data were taken on 654
participants, recruited through the Living Laboratory at the Boston
Museum of Science19. Sample size was determined by museum visitor
traffic and willingness to participate in a scientific study. In brief, this
dataset included 73 children between the ages of 2 and 7 years old (29
female and 44 male) and 581 individuals (366 female and 215 male) between the ages of 8 and 80 years. A pressure-sensitive gait carpet (6.1 m
long × 0.89 m wide) with a spatial resolution of 1.27 cm and collecting
data at 120 Hz (GAITRite) was used to collect stride length and stride
Nature | www.nature.com | 5
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width. For a subset of 33 adults, additional data were collected using a
Tekscan PPM and analysed with FootMat Research (v. 7.10) to calculate
foot length, the width of digits 1 and 2, and the linear distance between
the centre of digits 1 and 2. These measurements were used to calculate
a divergence ratio as described above in ‘P. troglodytes’.
Forefoot width, heel width and foot length comparisons. Footprint
dimensions and stride length data for 29 Daasanach adults (15 male and
14 female, ages 18–47) and 12 children (10 male and 2 female, ages 4–15),
who live near the town of Ileret, Kenya and grew up either habitually
unshod or minimally shod were taken from Hatala et al.20,21. Details of
the experimental protocol largely mirrored the procedures described
above. In brief, subjects generated footprints while walking through a
rehydrated sample of the same sediments that preserve 1.5 Ma hominin
tracks near Ileret. Video cameras were used to record subjects as they
produced footprints, and two digitization software packages (MaxTRAQ Lite+ v. 2.4.0.3 and ImageJ v.1.47) were used to measure stride
lengths and other kinematic variables. The external dimensions of
subjects’ feet were directly measured with tape measures and digital
callipers. Scaled photographs of the footprints produced in each trial
were measured using ImageJ.
Human cross-stepping footprint experiments. Experiments were
carried out by K.G.H. and E.M.W.-H. to investigate whether and how
cross-stepping kinematics influence the perimeter dimensions and
internal topologies of an individual’s footprints. We could thereby
evaluate whether the size and shape of the Laetoli site A tracks could
have been generated by a hominin with feet similar to those who left
tracks at sites G and S, but while cross-stepping. Detailed methods are
provided in Supplementary Information. In brief, ten adult subjects
(including six female, three male, and one non-binary between 19 and
52 years old) each completed ten trials in which they produced tracks
in sedimentary conditions meant to mimic those at Laetoli37,52. Sample size was determined by availability and willingness to participate
in the study. Five trials were completed with a normal, self-selected
walking gait and another five were completed with a cross-stepping
gait, as inferred for the Laetoli site A trackmaker. In each trial, a focal
footprint was selected, measured in situ, and photographed (25–30
photos per footprint). The lengths and widths of the steps bracketing
the track were also measured. Photographs were used to generate 3D
models of the tracks using Agisoft Metashape software (v.1.7.3), and
average normal and cross-stepping tracks were generated for each
subject using DigTrace Pro (v.1.8.1)53. Lengths and widths of these averaged tracks were measured using Geomagic Wrap (v. 2021.0.0) (3D
Systems). Regional depths were measured and evaluated using the same
methods described below (‘Comparative analyses of Laetoli footprint
shapes’). Within-subject comparisons enabled us to understand how
cross-stepping influenced the dimensions of the perimeter and the
internal topology of a subject’s footprints.

Fossil footprint data and analysis
Comparative metrics were quantified from a set of modern human
footprints from the Late Pleistocene at Engare Sero, Tanzania. These
footprints are an important comparison with the Laetoli footprints, as
they were generated in a similar circumstance (footprints in volcanic
ash) and represent an early population of unshod modern humans.
A scaled 3D orthophoto of the Engare Sero site was created via photogrammetry by B.Z. and C.L.-P. to visualize the distribution of footprint
trackways across the entire site using Agisoft Photoscan (now Agisoft
Metashape v. 1.4.4). The model was created from hundreds of photos
originally taken by the Smithsonian 3D Digitization Program in 2010.
Measurements that were defined in Tuttle4, were taken from the fossil
tracks using the software, ImageJ (v. 1.49), and included foot length,
forefoot width, heel width and step width of each footprint at Engare
Sero. In some cases, partial footprints were included for measurement,

as long as they included the requisite landmarks for those measurements. Overall, data were collected from 151 footprints at the Engare
Sero site. Of the 151 footprints, 61 footprints were considered partial
footprints and 90 footprints were considered complete footprints.
From these, 67 step length and stride width measurements and 105
heel width and ball width measurements were included in our analyses.
All measurements for Laetoli trackways G and S were obtained from
published sources4,32,42. Box and whisker plots and bivariate graphs
(using ggplot254) were generated using R (v. 3.6.1), while the table and
pie chart were generated using Microsoft Excel (v. 2102).

Comparative analyses of Laetoli footprint shapes
Comparative analyses followed methods similar to resampling analyses published previously42. In brief, the human comparative sample
included 245 footprints produced by 29 adult and 12 juvenile habitually unshod Daasanach individuals traveling at walking speeds. The
chimpanzee comparative sample included 45 footprints produced by
two individuals walking bipedally. Laetoli samples included only the
best-preserved tracks from each site, leaving samples of five footprints
from site G that were described by their original excavators as free from
taphonomic damage that would obscure track topology (G1-25, G1-27,
G1-33, G1-34 and G1-35), and two from site S (L8-S1-2 and L8-S1-4). For
site A, we included tracks A2 and A3, as these were the only two for
which we were relatively confident in identifying regions of interest
across the entire track. Larger sample sizes would be desirable, but we
did not want to sacrifice data quality for quantity by including tracks
that were overprinted or that did not appear to represent complete
foot anatomy. We did not rely on parametric statistical tests for which
larger sample sizes would be a necessity, and instead used an analytical
approach that could handle smaller sets of observations (see below).
For each experimental and fossil footprint, 3D models were constructed using photogrammetry, through a variety of methods
described here for Laetoli site A and elsewhere by the authors for other
samples20,21,35,42. Using Geomagic Wrap (v. 2021.0.0) (3D Systems), a
best-fit plane was fit to the undisturbed substrate surrounding each
track, and this was fixed to the xy plane in world coordinate space. In
this orientation, depths of the footprint were measured in the regions
of the medial and lateral heel, medial and lateral midfoot, and all five
metatarsal heads and toes. Raw depth measurements were normalized, within each footprint, to a scale of 0 to 1 in order to compare the
topologies of footprints that may vary in depth. However, a Wilcoxon
signed-rank test showed that, overall, human and Laetoli track samples
did not differ significantly in their depths (P = 0.08). Within-subject
means of the 14 normalized depth measurements were calculated, and
a between-subject covariance matrix was created using the subject
averages for normalized depths at each of the 14 measured regions.
An overall ‘human mean footprint’ was also computed by averaging
the within-subject mean normalized depths, and this represented a
measure of central tendency as described below.
To represent the range of observed variation in human footprint
topography, for 1,000 iterations we randomly sampled a human subject
and drew a sample of two of their footprints. We then averaged the normalized depths of those two footprints and computed the Mahalanobis
distance (using the between-subject covariance matrix) between this
track and the mean of all other subjects’ footprints. Also, for 1,000
iterations we selected a random chimpanzee subject, drew a random
sample of two of their footprints and computed the Mahalanobis distance between the average of those tracks and the overall mean human
footprint. For the Laetoli tracks, site A and site S samples only included
two tracks, so these were simply averaged and the Mahalanobis distance
was calculated between each averaged track and the mean human footprint. For Laetoli site G, all possible two-track combinations (ten) were
drawn from the sample described above, and the Mahalanobis distance
was calculated between the averaged track from each combination
and the human mean. In all cases, we calculated multivariate distances

using the human between-subject covariance matrix (that is, treating
the chimpanzee and fossil tracks as if they came from different human
subjects). All analyses described above, and the histogramdisplaying
multivariate distances (Fig. 2), were generated using R (v. 3.6.1), with
custom scripts and functions from the dplyr55, ggplot254 and reshape256
packages.

Photogrammetry
While casts of the site A bipedal footprints existed at one point, all our
attempts to locate them (see Acknowledgements for a complete list)
were unsuccessful. Prior to our fieldwork at Laetoli in 2019, we modelled
the original trackway photogrammetrically using extant photography
from the site. Original photography of Laetoli site A was taken by J.R. We
obtained his photographs of trackway A through Science Photo Library.
All photographs were taken with a Nikon F2 on 35-mm Kodachrome slide
film. Digital scans from these slides were used to produce a 3D model of
the Laetoli A footprints. Unfortunately, since the images were taken in
1977, they were not recorded with modern photogrammetry processing in mind. Several features of the digitized images limit successful
and accurate construction of a 3D model. First, there are only four
images of the footprints. One of these images has noticeably different
exposure settings that caused significant alignment problems during
processing, and thus was excluded. All images were shot at oblique
angles, from a relatively narrow range of camera positions. A yellow
string defining the site grid lies over one of the footprints, obscuring
part of it, and casting a shadow. The images were all taken relatively
early in the day, so there are shadows within each footprint that create strong contrasts. The slides were digitized at 4,000 dpi, but they
were not scanned with specialized equipment to guarantee geometric
accuracy, and this potentially introduced more sources of distortion.
However, despite the limitations of the images, it was possible to
extract 3D data for the Laetoli A footprints. All processing was done in
Agisoft Photoscan Pro (v. 1.7.1). The standard processing steps (align
photos, build dense cloud, build mesh, build texture) were run to
produce a 3D model, though the process had to be done iteratively to
remove noise, ensure accurate alignment of the photos, scale the model
appropriately using published measurements, add manual tie points,
and refine the model. A DEM (digital elevation model) and orthophotograph were exported for further visualization and analysis in ArcGIS
(v. 10.6.1). The 3D model was also exported to Autodesk Meshmixer
(v. 3.5.474) to create a ‘watertight’ 3D volume that could be 3D printed
for further visualization (1977 model is hosted on Morphosource, ID:
000390119). Photogrammetric reconstruction was validated using
published measurements of the footprints. It is important to note
however, that there were no published measurements for the depths
of the footprints and that the internal anatomy of this reconstruction
is potentially misleading because of the incomplete excavation of the
footprints2,8,12.
A second, more accurate reconstruction was done using photogrammetry from the re-excavated site A bipedal trackway using 57 images
taken in June 2019. The images were captured in a systematic manner
using a Nikon D7000 camera and Nikon DX AF-S Nikkor 18–105 mm
lens. All photos were taken by hand, from an eye level, while walking a series of transects, across the area of interest. Spacing between
shots was kept low to ensure a minimum of approximately 65% overlap between adjacent images. All processing was done using Agisoft
Photoscan Pro/Metashape Pro (v. 1.7.1). Standard processing steps
(for example, as described15,51) were taken to create a 3D model of the
A trail. This included photo alignment, manual editing of the sparse
cloud to remove points with high ‘reprojection uncertainty’, building a dense cloud, building a mesh, refining the mesh, then building a
texture. During processing, images were checked for sharpness using
the ‘image quality’ tool and any images with significantly lower quality
were removed. The model was scaled to the real-world using scale bars
placed across the region of interest. Finally, an orthophotograph as

well as a DEM (digital elevation model) were exported as geotiffs into
ArcGIS in an arbitrary local coordinate system for further analysis (2019
model hosted on Morphosource, ID: 000390114).
To generate contour maps, two approaches were used. First, starting
with the raw stereolithography scans (.stl file format), Ultimaker Cura
software (v.4.8.0) was used to rotate the raw scans and align them with
x and y axes. This was a manual process. These rotations were exported
to binary-format .stl files. The rotated files were then run through an
R script using R version 4.0.3. The R script uses the tidyverse and rgl
libraries to load the .stl files into R-friendly dataframes and plot them
as contours using ggplot’s geom_contour function. The script is available through GitHub.
Using a second approach, the .stl files were brought into Cloud Compare (v. 2.11.3) to check model orientation. If necessary, models were
reoriented to allow the local ground surface to be level using the "level"
tool, and then the files were exported. The correctly oriented model was
imported into SAGA GIS using the import stereo lithograph file (STL)
tool. This tool converts the .stl directly to a DEM raster. The rasters were
checked in SAGA and a hillshade generated with the analytic hillshading
function using the standard sun position setting of 315° azimuth and
45° height. Both the DEM and hillshade were then exported as geotiffs.
These geotiffs were imported into ArcGIS for visualization. The DEM
was colored using a red-blue colour ramp to indicate relative depth
and this was layered onto the hillshade raster using the NAGI fusion
method57 (Extended Data Fig. 8). Cloud compare was used to quantify
erosive alterations to the site A footprints from 1977 to 2019.

3-D surface scanning
Three-dimensional surface scans of Laetoli A and plaster casts of bear
prints were collected using a Creaform Go!Scan 50.
Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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Extended Data Fig. 1 | Laetoli print A3 and erosion. Photographs were taken
by J. Reader (left: 1977) and J. DeSilva (right: 2019) at similar overhead angles
and times of day (see similarities in shadows cast across the print). Notice the
removed matrix infill in the hallucial impression and the presence of the
previously unseen second digit impression in 2019 image. Below: comparisons
of the photogrammetric meshes of a pothole and footprints A2 and A3 using

Cloud Compare15. The impact of erosion on the morphology of the footprints
was assessed by quantifying changes to an oval depression located west of A3.
Notice that significant changes occurred around the rim of the depression, as
would be expected through erosion, that are absent around the rims of the A2
and A3. Instead, significant differences between A2 and A3 are located
internally and are a result of a more thorough excavation of the prints.
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Extended Data Fig. 2 | Details of the best preserved Laetoli A hominin footprint (A3). Left image shows original 3D scan. Right image highlights the proposed
impressions for the toes (blue circles) and matrix infill (green), as well as the potential evidence for midfoot mobility (red).

Extended Data Fig. 3 | Incidence of bipedalism in Ursus americanus and
Examples of kinematic data collection. (top) Pie charts showing the
frequency of bipedal behaviors in wild Ursus americanus. The blue chart
represents the time spent independently bipedal (locomotor or postural) out
of the total 50.9 h in which bear behavior was observed. The orange chart
represents the breakdown of time spent independently bipedal into its
postural and locomotor (i.e., bears took one or more steps) components. The
green chart represents the frequency of occurrences where bears walked 4 or
more steps reflecting a similar circumstance to Laetoli trackway A. (bottom
left) Juvenile female walks bipedally, unassisted through mud trackway.
(bottom right) Example left footprint from one of the juvenile males.
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Extended Data Fig. 4 | Foot and gait comparisons across all comparative
species. (a) Forefoot width to step length; (b) heel width to step length; (c) heel
width to forefoot width; and (d) stride width to step length. Notice that for foot
proportions (c) and stride width (d), Laetoli A is unlike the tracks produced by
bears. In (d) the negative value in Laetoli A represents the fact that the track is

demonstrating cross-stepping. (a-c) Boxplot represents median (center line),
upper and lower quartiles (box limits), range (whiskers), and outliers (points)
and individual footprints sample sizes for each species are indicated in the
figure panels. (a-d) In all plots, n = 1 for all Laetoli trackways, and chimpanzees
were traveling bipedally. Data sources match Extended Data Table 1.

Extended Data Fig. 5 | Evidence challenging ursid hypothesis. (a) Ratio
between toe impression dimensions across footprints from the comparative
species and Laetoli A3. Values in blue=the ratio between the width of the 2nd
digit compared to the hallux. Values in orange=ratio between the width of the
4th digit compared to the 5th in Ursus americanus. (Insert image) Comparison
between 3-D scan of right ursid footprint (blue) and A3 (orange). Note the large
size of the 5th digit impression in ursids but overall shape difference between

the ursid track and A3. (b) Ratio of stride width to step length across the
different species, including the Laetoli bipedal trackways. Boxplot definitions
are as in Extended Data Fig. 4 and individual footprint sample sizes are
indicated in the figure panels. In 5a, the chimpanzees were traveling
quadrupedally; in 5b, chimpanzees were moving bipedally. Data sources match
Extended Data Table 1.
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Extended Data Fig. 6 | Boxplots showing the divergence ratio between the
first digit and 2nd digit across the comparative species and two Laetoli
trackways. Divergence ratio was measured by dividing the linear distance
between the midpoint of digits one and two by the foot length. Chimpanzees
were traveling quadrupedally and data were obtained from plantar pressure

impressions. Boxplot definitions are as in Extended Data Fig. 4 and individual
footprint sample sizes are indicated in the figure panel. Data sources match
Extended Data Table 1. We attempted to measure hallucial divergence
following Bennett et al50. but were stymied by matrix obscuring the deepest
region of the ball of the foot.

Extended Data Fig. 7 | Histogram of Mahalanobis distances between the
mean unshod human footprint and resampled unshod human footprints
(gray) and chimpanzee footprints (yellow). As in Figure 3c, blue, orange, and
green dashed lines represent samples from Laetoli G1, S1, and A, respectively.
Only Laetoli A is labeled, for clarity. Sample sizes for these samples as in Fig. 2c
as well. The black dotted-dashed lines have been added to represent the
average cross-stepping footprints produced by 10 adult habitually shod
humans. All fall squarely within the distribution of unshod human footprints

(probabilities of sampling tracks like these range from 0.20 to 0.94), and a great
distance apart from the Laetoli A sample (green). Human cross-stepping
footprints tended to be slightly closer to the human mean than the Laetoli S1
and G1 samples, but their distribution does overlap with the Laetoli S1 sample
and with some of the Laetoli G1 samples. Cross-stepping footprints fell, on
average, a Mahalanobis distance of 27.2 farther from the human mean than
their “normal” walking counterpart.
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Extended Data Fig. 8 | 3D scans of Laetoli A footprints and their contours. Left panel: Complete scan of Laetoli A trackway with A1 at the bottom and A5 at the
top. Right side: Zoomed in images of the individual footprints and their corresponding contour images.

Extended Data Table 1 | Summary of average bipedal footprint metric data

Values in parentheses represent standard deviations
∗
Data from DeSilva and Gill19 (Ages 2-7 n = 73, Age 8+ n = 581)
†
Data from Hatala et al20,21. (n = 12 juvenile footprints, n = 85 adult footprints)
‡
Data from Hatala et al42. (n = 45 footprints)
§
Data from Thompson et al28. (n = 18 footprints)
||
Data from Hatala et al42.
¶
Data from Tuttle4
#
Data from Pelissero32 (no standard deviations were available)
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code
Data collection

ImageJ (v. 1.49), Teckscan Footmat Research (v. 7.10), Agisoft Metashape (v. 1.4.4 and v. 1.7.1), Autodesk Meshmixer (v. 3.5.474)

Data analysis

R (v. 3.6.1 and v. 4.0.3), Excel (v. 2102), Ultimaker Cura (v. 4.8.0), Cloud Compare (v. 2.11.3), SAGA GIS (v. 7.3.0), ArcGIS (v. 10.6.1),
MaxTRAQLite+ (v.2.4.0.3), Geomagic Wrap (v. 2021.0.0), DigTracePro (v. 1.8.1)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability
- For clinical datasets or third party data, please ensure that the statement adheres to our policy
Previously published data was obtained from ref.4,19-21,28,32,42. The authors declare that all other data supporting the findings of this study are available within
the paper [and its supplementary information files], including original source data for figures [1-3], extended data figures [3-6], and extend data table [1]. The
photogrammetric reconstruction of the Laetoli A trackway based on three original photographs from the 1977 expedition is available on Morphosource (accession
#: in process). The photogrammetric reconstruction of Laetoli A trackway using 57 photographs taken of the re-excavated discovered Laetoli Site A footprints in
2019 is available on Morphosource (accession #: in process).
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Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.
Study description

This study compared footprint characteristics of black bears (Ursus americanus), chimpanzees (Pan troglodytes), and the fossilized
footprints at Engare Sero, Tanzania with previously collected data on the footprints of Pan troglodytes and humans (Homo sapiens)
to understand the fossilized footprints from Laetoli, Tanzania.

Research sample

The research sample at the Kilham Bear Center consisted of two groups. The first was a set of wild Ursus americanus from the local
population in New Hampshire, US that were habituated to allow observation and video recordings. The second was a set of four
semi-wild juvenile Ursus americanus (between the ages of 5-8 months). These individuals were chosen to represent the wild black
bear population. These juvenile bears were rescued from the wild after being orphaned. These bears are returned to the wild once
they reached a sufficient age to survive on their own. These juvenile bears were chosen given their similarity in foot length to the
Laetoli Site A trackway. The research sample at Ngamba Island Chimpanzee Sanctuary included the 46 (n=18 male, 28 female; ages
12-36) adult semi-wild Pan troglodytes living at the sanctuary. This population is made up of individuals rescued from the wild due to
varying circumstances (e.g., rescued from illegal pet or bushmeat trade). Semi-wild individuals were utilized in this study to avoid
some of the changes in behavior and locomotion often present in zoo animals, while still presenting a feasible location for data
collection. Data were taken from two published sources examining the bipedal footprint characteristics of two captive subadult male
(between the ages of 6.5-7 years old) chimpanzees (Pan troglodytes) housed at Stony Brook University. These data came from Hatala
et al., 2016a and Thompson et al., 2018. These 2 sets of chimpanzees were chosen to represent the wild chimpanzee population. The
research sample from Engare Sero, Tanzania included a set of 113 footprints (age and sex unknown) belonging to Late Pleistocene
Homo sapiens taken from an orthophoto of the site. Footprint characteristics represent fossilized footprints from an unshod/
minimally shod population of humans made in similar circumstances to the Laetoli A site. Data were taken on shod human footprint
characteristics recorded at the Boston Museum of Science from DeSilva and Gill, 2013. These data included convenience sample of
adults (n=581, age 8-80; 366 female, 215 male) and children (n=73, age 2-7; 29 female, 44 male). Cross-stepping data were recorded
on 10 adult shod humans (individuals between 19 and 48 years old, with 6 female, 3 male, and 1 non-binary represented) at
Chatham University. Data from humans were chosen to represent the broader Homo sapiens population. Data on unshod/minimally
shod humans [n=29 adults (15 male, 14 female, aged 18-47) and n=12 juveniles (10 male, 2 female, aged 4-15)] and the Laetoli G
footprints (n=5) were taken from Hatala et al., 2013 and Hatala et al., 2016b. Data on the Laetoli S footprints were taken from
Pelissero, 2017. The research sample from the Laetoli Site A, included the set of five preserved fossilized bipedal footprints.

Sampling strategy

Sample sizes for animal fieldwork were chosen based on the availability of individuals at semi-wild animal sanctuaries. Very little
kinematic data exists for wild/semi-wild individuals due to the difficulties of collecting data in the field. The study recruited all
individuals available at both the Kilham Bear Center and Ngamba Island Chimpanzee Sanctuary. Sample sizes for fossil footprint
trackways (Laetoli A, S, and G) as well as Engare sero were determined based on the preservation of the footprints and availability of
data. All viable, undistorted prints were included. For the novel human cross-stepping data, a sample size of 10 subjects producing 10
footprints each was sufficient for a quantitative assessment of how cross-stepping mechanics tended to influence both the perimeter
dimensions and the internal topography of the tracks they produced.

Data collection

Video data on wild Ursus americanus behavior was recorded by B.H over the course of several years at his ongoing field site in Lyme,
NH. These videos were digitized and analyzed by C.J. Data were collected on the juvenile black bears by E.M. and P.K. The juvenile
bears were incited to walk independently bipedal across a mud trackway for either a maple syrup or applesauce reward. The mud
trackway was then removed from the enclosure and the defined footprint characteristics were recorded. Data were collected on
adult Pan troglodytes individuals at the the Ngamba Island Chimpanzee Sanctuary by E.M. Individuals walked across a plantar
pressure mat placed in the walk way connecting their overnight enclosure and the open forest habitat. Individuals passed over the
mat twice a day as the entered and exited the forest. Data on the Engare Sero footprint trackways were collected by C.L.-P., B.Z., and
E.K. An orthophoto was generated of the site by by C.L.-P. and B.Z. Footprint characteristics were then measured on this orthophoto
by E.K. using ImageJ. Data were collected on the Laetoli Site A prints by A.S.D., K.F., L.D.F., J.G., E.G., D.K., B.M., A.P., S.R., R.T.,
C.M.M., and J.M.D. who relocated, re-excavated, and measured the footprint characteristics of the original Site A trackway. Data
were collected by K.H. and E.M.W on habitually shod humans walking with both their normal gait and a cross-stepping gait. The
defined footprint characteristics were recorded and analyzed.
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Field-specific reporting

Timing and spatial scale Data on the semi-wild chimpanzee at Ngamba Island Chimpanzee Sanctuary were recorded between December 9-16, 2018. Length of
March 2021

sampling was determined by funding and availability of the sanctuary. Data were collected twice a day; once in the morning
(between 6:45-8:00 am) when the chimpanzees were headed to the forest for their first feeding, and once at 6:00 pm when the
chimpanzees were headed into the overnight enclosure to sleep and receive their last feeding. Data on the juvenile bears at the
Kilham Bear Center were recorded over the course of four visits in 2017 (May 11, Aug. 11, Aug. 14, Aug.31st). Length of sampling was
determined by availability of researcher and sanctuary. Data were recorded in the morning/early afternoon for each visit so that data
collection could occur prior to their feeding. This was to encourage participation as food was used as a reward. The Engare Sero
orthograph was constructed using photographs taken between June 2-17, 2010. Multiple days were necessary to construct this
composite image due to its size and variation in weather (i.e., some days were too windy to keep the tent over the camera. Data
analysis on the Engare Sero footprints were collected and analyzed periodically between September 2019 and April 2020 as the work
was being completed as part of E.K.’s graduate research. Data on the Laetoli Site A trackway were collected between June 19-25th,
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Data exclusions

Footprint data were only excluded from the study if there was insufficient preservation of the track to measure the characteristics of
interest defined in the methods. (E.g., a footprint might be excluded if it does not preserve the heel impression and thus cannot have
the foot length measured).

Reproducibility

Footprint characteristics were defined prior to the start of the study. All novel footprints were preserved (including plaster casts of
bear prints, 3D surface models of Laetoli Site A, the original in situ Site A prints, and plantar pressure impressions of Pan troglodytes)
so measurements can be repeated by other researches. 3D surface scans of both the 1977 excavation and our 2019 re-excavation
are publicly available on Morphosource for other researchers to access and validate our measurements. Reproducibility for individual
footprints across our comparative sample (humans, bears, and chimpanzees) was established by collecting and comparing multiple
footprints of the same individuals.

Randomization

Randomization was not relevant to our study as we were interested in measuring footprint characteristics from whole sample
populations, as opposed to comparisons within those populations.

Blinding

Blinding was not relevant to the data collected on the non-human comparative species (e.g., bears and chimpanzees) nor to the data
collection on fossilized footprints. The human participants were unaware of the site A tracks at Laetoli and therefore had no
knowledge of how the data obtained from their footprints would be used in this study.

Did the study involve field work?

Yes
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2019. Field season length was determined by funding and availability of researchers. Cross-stepping data were recorded between
June 12-22, 2021 as that was sufficient to complete collection across the 10 participants.

No

Field work, collection and transport
Field conditions

Fieldwork was completed at two semi-wild animal sanctuaries, one in Entebbe, Uganda and one in New Hampshire, US. Additional
fieldwork was conducted at Laetoli, Tanzania. For fieldwork completed at both animal sanctuaries, environmental conditions were
unlikely to effect the outcome of the experiment. For both locations, data collection occurred during clear weather at temperatures
that were within seasonal norms. For the fieldwork at Laetoli, the weather was clear and within seasonal norms and thus unlikely to
have impacted data collection.

Location

Fieldwork was conducted at three locations: 1) the fossil site of Laetoli, Tanzania (S 03.13.185' E 035.11.976' taken on-site with
Garmin GPS) during June 2019; 2) Ngamba Island Chimpanzee Sanctuary located on chimpanzee island (-0.10409381597120933,
32.652780666056096 from Google Map) near in Entebbe, Uganda in December 2018; and 3) the Kilham Bear Center
(43.770876615493975, -72.09782685342287 from Google Map) in Lyme, NH in 2017.

Access & import/export Fieldwork was conducted at several locations. Research permits were granted by the Tanzanian Commission for Science and
Technology (permit 2019-370-NA-2019-2016) to access the site of Laetoli in Tanzania. Permission to study the chimpanzees in
Uganda was provided by the Uganda Wildlife Authority (UWA/COD/96/05) and the Ugandan National Council for Science and
Technology (NS65ES). No materials were imported/exported. Permission to study the black bears at Kilham Bear Center was provided
by the sanctuary director, B. Kilham. No animal materials were exported/imported. All animal protocols were approved by the
Dartmouth College Institutional Animal Care and Use Committee.

Disturbance

The study exposed the surface of the fossilized footprints at Site A in Laetoli, Tanzania by disturbing the top soil covering this
trackway. This disturbance was minimized by the careful reburial of the trackway to prevent potential damage to the footprints. The
study caused a slight disturbance to the daily routine of the chimpanzees at Ngamba Island Chimpanzee sanctuary and the black
bears at the Kilham Bear Center. This disturbance was minimized through study design input by the Sanctuary and Center staff as
well as efforts to habituate the individuals to the presence of the research and plantar pressure mat.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems

Methods

n/a Involved in the study

n/a Involved in the study

Antibodies

ChIP-seq

Eukaryotic cell lines

Flow cytometry

Palaeontology and archaeology

MRI-based neuroimaging

Animals and other organisms

Clinical data
Dual use research of concern
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Human research participants

Palaeontology and Archaeology
Specimen provenance

We received approval from the Tanzania Commission for Science and Technology (permit 2019-370-NA-2019-2016) to conduct
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research at site of Laetoli.

Specimen deposition

The fossil footprints remain in situ at site A in locality 7 at Laetoli, Tanzania. The Site A footprint excavation has been reburied to
protect the footprints and the site marked.

Dating methods

no new dates are provided

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.
Ethics oversight

Ethical oversight of the research project was provided by the Tanzania Commission for Science and Technology.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research
Laboratory animals

The study did not involve laboratory animals

Wild animals

Study examined four semi-wild juvenile black bears (Ursus americanus) housed at the Kilham Bear Center in Lyme, NH awaiting
reintroduction into the wild. These individuals (3 male, 1 female) were released back into the wild (Vermont and New Hampshire)
after study completion through cooperation between the Kilham Bear Center and New Hampshire Fish and Game Department. The
study followed the bears between the age of 5 to 8 months old. Additionally, this study examined just over 50 hours of video data
recording Ursus americanus behavior on wild black bears in New Hampshire, US. These included both adult and juvenile individuals
(precise age and gender unknown). Study also examined 46 adult (n=18 male, 28 female; ages 12-36) semi-wild chimpanzee (Pan
troglodytes) individuals housed at the Ngamba Island Chimpanzee Sanctuary in Entebbe, Uganda. These individuals remain at the
Ngamba Island Chimpanzee Sanctuary. No individuals were captured in the field or transported for the study.

Field-collected samples

The study did not involve samples collected in the field.

Ethics oversight

Ethical approval was provided by the Dartmouth College Institutional Animal Care and Use Committee.
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Specimen provenance

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants
Policy information about studies involving human research participants
Population characteristics

Data were collected from 10 healthy adults (including 6 female, 3 male, and 1 non-binary between 19 and 52 years old)
without foot or other lower limb maladies that might affect their mobility. Neither age nor gender was expected to affect the
hypotheses being tested (how footprint morphology changes due to cross-stepping).

Recruitment

Participants were recruited via email and by word-of-mouth (snowball sampling). We did not identify the potential for any
form of recruitment bias that may impact results.

Ethics oversight

Ethical approval was provided by the Chatham University Institutional Review Board

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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