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for the evolution of bipedality
in hominins

Lauren Sarringhaus™®, Ryan Srivastava®' and Laura MacLatchy?**

tJames Madison University, Department of Biology, Harrisonburg, VA, United States, 2University of
Michigan, Department of Anthropology, Ann Arbor, MI, United States, *University of Michigan,
Museum of Paleontology, Ann Arbor, MI, United States

Investigations into the role of selection in the origin of human bipedalism
using ape models have relied heavily on behavioral frequency data. However,
analysis of video of wild apes has the advantage of capturing the details of the
entirety of each rare, brief bipedal bout witnessed, not just the moment
detected in observational studies. We used video to explore the behavioral
context and effects of several variables on bipedalism across all ages in wild
forest-dwelling chimpanzees from Ngogo, Uganda. We found, as in earlier
studies, that adult chimpanzees used bipedalism in the context of foraging;
however, unlike earlier studies, we found that while foraging was the
predominant behavioral context during arboreal bipedalism, terrestrial
bipedalism was more varied in contextual composition. We also found that
these different behavioral contexts of bipedalism were associated with
different variables. Specifically, foraging was associated with arboreality,
hand assistance, and adulthood; antagonism was associated with
adulthood, locomotion, and males; play was associated with terrestriality
and subadulthood; and travel was associated with locomotion and females.
Given that several variables influence bipedalism across multiple behavioral
contexts in chimpanzees, it is likely that the early evolution of human
bipedalism occurred under the influence of numerous factors. This
exploratory study thus suggests that more comprehensive models should
be used when reconstructing the transition to bipedalism from the Last
Common Ancestor of humans and chimpanzees.
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Introduction

Bipedality is the hallmark of the human lineage and the origins
of this behavior have often been investigated through behavioral
ecological modeling of our closest living relatives, chimpanzees.
Like other apes, chimpanzees navigate their habitat using a range of
versatile positional behaviors that are critically linked to an upright
(orthograde) trunk that enables highly mobile limbs to be used
differentially, and bear weight in a variety of orientations
(MacLatchy et al, 2023). One such orthograde behavior is
bipedalism, which chimpanzees perform facultatively on arboreal
and terrestrial substrates. As terrestrial travelers and frequent
arboreal feeders who regularly move between these substrates,
chimpanzees represent an ideal taxon to investigate the behavioral
context of bipedality on both substrates.

Although the degree to which early hominins used arboreal
substrates even after becoming adapted to terrestrial bipedality is
debated (e.g., Susman et al., 1984; Latimer et al., 1987; Ward, 2002;
Kappelman et al., 2016; Carlson et al., 2021), it is well accepted that
the origin of terrestrial bipedalism must have involved the use of
both arboreal and terrestrial substrates. The feasibility of
engagement in both arboreal and terrestrial positional behaviors
is supported by reconstructions of the environments of early bipeds,
which include forest, woodland and savannah elements
(e.g., Behrensmeyer and Reed, 2013; Dominguez-Rodrigo, 2014).
It is reasonable to conjecture that locomotor versatility also
characterized the human-chimpanzee Last Common Ancestor
(LCA; MacLatchy et al., 2023), but postcranial fossil evidence
from the relevant time period ~7-8 million years ago
(Langergraber et al., 2012; Steiper and Seiffert, 2012) is sparse
(Daver et al, 2022). Nonetheless, exploration of the behavioral
contexts and conditions associated with chimpanzee bipedality
could give insight into the factors that prompted overall
locomotor versatility to be abandoned in favor of almost exclusive
use of bipedalism.

Hypotheses related to the contextual origins of habitual
bipedality are numerous. A (non-exhaustive) list includes travel
(Rodman and McHenry, 1980), increased visibility (Dart, 1959),
foraging and feeding (Du Brul, 1962; Jolly, 1970; Rose, 1974, 19765
Hunt, 1994, 1996; Wrangham, 1980), freeing the hands for carrying
or tool use (Darwin, 1871; Etkin, 1954; Hewes, 1961; Washburn,
1967; Zihlman and Tanner, 1978; Tanner, 1981; Videan and
McGrew, 2002; Carvalho et al, 2012) and aggression (including
fight and display; Livingstone, 1962; Jablonski and Chaplin, 1993;
Carrier, 2011). These five behavioral contexts are also associated
with chimpanzee bipedalism, and so can be investigated in the wild.
Other hypotheses, such as those involving thermoregulatory
adaptation (Wheeler, 1984; Wackerly, 2019, 1991) were not
amenable to this study’s project design, and so are not considered.

Kevin Hunt pioneered the use of behavioral frequency data
from wild chimpanzees to generate hypotheses about the origins of
bipedality. Hunt (1994, 1996, 1998) observed 97 instances (93
posture, 4 locomotion) of bipedality in 700 hours of observation
on wild, forest-dwelling adult chimpanzees. Hunt (1996, 1998)
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found that overall, postural (stationary) bipedalism was in the
context of foraging (80%), particularly while feeding on small
items; occurred both arboreally (61%) and terrestrially (39%); and
was hand assisted (60%). Hunt (1996, 1998) extended these findings
to hominins, and concluded that postural bipedalism evolved to
feed on small objects both arboreally and terrestrially. This foraging
hypothesis has been further supported by behavioral frequency data
from chimpanzees living in a drier habitat. In a study by
Drummond-Clarke et al. (2022), 109 bipedal observations were
made, and as in Hunt’s work, were predominantly postural (79%
postural vs. 21% locomotor). Also as in Hunt’s work, bipedality
occurred in a foraging context, and was overwhelmingly arboreal
(86% of observations), despite trees being less available than in
Hunt’s studies (Drummond-Clarke et al., 2022). These findings
were thus viewed as strengthening hypotheses associating bipedal
origins with forested habitats (Drummond-Clarke et al., 2022).

Chimpanzees are not the only ape for whom bipedalism has
been examined using observational data. Thorpe and colleagues
(2006, 2007) examined positional behavior in wild orangutans with
a focus on locomotor bipedalism (N = 10 individuals with ~196
bouts) and found that bipedalism was associated with hand
assistance on arboreal substrates using multiple, small diameter
supports. These findings were used to develop the hypothesis that
bipedal locomotion in humans may have evolved under these
specific arboreal circumstances (Crompton et al, 2010). While
this study added important comparative breadth, terrestrial
contexts could not be included because of the rarity with which
orangutans descend to the ground.

The present study includes the first substantial dataset to
analyze multiple variables associated with the behavioral contexts
of bipedal engagement in chimpanzees for both postural and
locomotor bipedalism. We take the view that behavioral
frequencies from extant primates, while fundamental in
reconstructing extinct primate behavior (e.g., Rein et al, 2011;
Hunt, 2016; Wuthrich et al., 2019), should not be the sole
criterion used in assessing adaptive commitment in studies of
locomotor evolution. Video analysis allows for the capture of all
bipedal bouts witnessed by the investigator. This approach thus
includes the bouts which can be feasibly documented during real
time observations using the behavioral frequency methods
discussed above. However, video records have the added
advantage of including the short, hard to capture bouts that
require repeated scrutiny of video frame-by-frame and that may
be missed in real-time observations. Further, by ‘keeping the camera
rolling’, brief, rare behaviors are more likely to be included in the
data that is collected from this method compared to behavioral
frequency methods.

In addition, while sex differences in bipedal frequencies have
been investigated, this study is the first to examine bipedality in
both adult and subadult apes. We thus include play as a behavioral
context, along with travel, visibility, feeding/foraging and
aggression. This study is also the first to examine the interplay
between the variables of sex, substrate, age, hand assistance, and
mode with regard to different bipedal contexts.
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Methods

Ngogo, Kibale National Park, Uganda is a mid-altitude old
growth rainforest with patches of regenerating secondary forest and
grassland (Struhsaker, 1997; Lwanga, 2003). Chimpanzees primarily
use the old growth rainforest. Video footage was captured using
Canon XF400 camcorders set at 4K 60 fps from January to February
2020 by LS and LM resulting in the 31.8 hours of positional video
used in this study. Video footage was obtained ad-libitum when
there was a clear view of any individual(s) with minimal obstruction
from vegetation with the exception of long resting bouts. An
individual was then followed until they went out of view and
there was no expectation the individuals would be visible again.
The next closest individual was then recorded.

Video was examined frame by frame to capture all bouts of
bipedal behavior where the weight distribution was clearly visible
for all limbs, the individuals could be identified, and the context of
the behavior could be clearly discerned either from narration of the
video by the videographer or the video itself. Application of these
criteria to our raw dataset resulted in 425 usable bouts, and sampled
106 individuals. At the time of the filming, the Ngogo study group
consisted of ~200 individuals in two adjacent communities.

Bipedalism is defined as a positional behavior in which the body
weight is borne primarily by the hindlimbs with no significant
contribution from the forelimbs (i.e., not bearing more than their
own weight) with the torso orientated from approximately 45 - 90
degrees (i.e., not pronograde) and the hip above the knees (i.e., so as
not to include other orthograde modes such as squat; modified from
Hunt et al., 1996). Bipedality in this study refers to both postural
(stationary) and locomotor (movement with a change in location)
modes. After we identified bipedality in the video footage, we
collected the following variables: subject ID, sex, age, behavioral
context, substrate height, mode (whether it was postural or
locomotor), whether hands were used for assistance, and whether
an object was being carried (Figure 1; Table 1).

10.3389/fevo.2024.1321115

In order to investigate which variables (sex, substrate, age, hand
assistance, mode) are associated with each behavioral context in
which bipedalism was observed, we generated separate models for
each context (foraging, antagonism, travel, play and visibility). We
constructed binary logistic models in a generalized estimating
equation context for the binary outcomes of each categorical
outcome. The generalized estimating models were clustered by
subject with an exchangeable working correlation matrix.
Predictor variables were the categorical variables of sex, substrate,
hand assistance, mode, and the covariate variable age. All models
used SPSS version 28 and 29. As this is an exploratory study
(Tukey, 1977), a correction for multiple comparisons is not
warranted as it can lead to Type II errors (Jaeger and Halliday,
1998). Variables were considered to be significantly associated with
a behavioral context when p < 0.050.

Results

When all bipedal bouts were examined, feeding/foraging was
the most prevalent behavioral context, occurring in 32.7% of the
425 bipedal bouts (Table 1). However, as illustrated in Figure 2,
when data are assessed by age and by substrate (arboreal vs.
terrestrial), behavioral context varied (Figure 2). Feeding/foraging
was still the most prevalent behavioral context for both adults and
subadults when arboreal. However, the effect of behavioral context
on terrestrial bipedality was more varied, with visibility, play and
antagonistic interactions all having increased occurrence. In the
case of subadults, play was the predominant context of terrestrial
bipedality (Figure 2).

Bipedality in a foraging/feeding context was positively
associated with hand assistance, arboreality, and increased age
(hand assistance odds ratio = 1.990 (95% C.I. 1.101 - 3.597),
p = 0.023; substrate odds ratio = 5.002 (95% C.I. 2.459 - 10.255),
p <0.001; age odds ratio = 1.065 (95% C.I11.034 - 1.1097), p < 0.001;
sex and mode p > 0.050, Figures 3; Supplementary Table S1).

FIGURE 1

Bipedal chimpanzees at Ngogo, Kibale National Park, Uganda. (A) Bipedal chimpanzee on arboreal substrate in context of travel; (B) Bipedal

chimpanzee on terrestrial substrate in context of feed/forage.
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TABLE 1 Variable list with categories and sample sizes.

Variable Categories and Sample Sizes

Age Years 0.3 - 57
Sex Female = 206, Male = 219
Mode Posture = 226, Locomotion = 199
Hand Assisted Yes = 335, No = 90
Antagonism = 38
Feed & Forage = 139
Play = 122
Context ay
Travel = 64
Visibility = 33
Other = 29
Substrate Arboreal = 169, Terrestrial = 256
Carry Yes = 11, No = 414

Sample includes 425 bipedal bouts from 106 individuals. Of those 106 individuals: adult = 58,
subadult = 48, male = 60, female = 46. Samples per individual varied (min 1, max 31) with only
8 individuals contributing more than 10 bouts (7/8 had 11 - 14 bouts and one individual had
31). In addition to the aforementioned correlation of individual ID incorporated into the
models, we ran a sensitivity analysis with multiple iterations of the models after randomly
selecting a max of 10 samples per individual. This resulted in no change of variable
significance for any model in any of these iterations. Therefore, the entire sample of 425
bouts was used in the analysis presented.

Bipedality in an antagonistic context was positively associated
with males, locomotion, and increased age (sex odds ratio 0.316
(95% C.I. 0.108 - 0.927, p = 0.036; mode odds ratio 9.600 (95% C.I.
3.560 - 25.890), p < 0.001; age odds ratio 1.070 (95% C.I. 1.041 -
1.099), p < 0.001; hand assistance and substrate p >0.050; Figures 3;
Supplementary Table S1).

Bipedality in a travel context was positively associated with
females and locomotion (sex odds ratio 1.932 (95% C.I. 1.053 -
3.545), p < 0.034; mode odds ratio 2.206 (95% C.I. 1.241 - 3.922),
p = 0.007; hand assistance, substrate, and age p >0.050; Figures 3;
Supplementary Table SI).

10.3389/fevo.2024.1321115

Bipedality in a play context was positively associated with
terrestriality and negatively associated with age (substrate odds
ratio 0.320 (95% C.I. 0.176 - 0.583), p < 0.001; age odds ratio 0.782
(95% C.1. 0.728 - 0.840), p < 0.001; sex, mode, and hand assistance
p > 0.050; Figures 3; Supplementary Table S1).

Due to low occurrence, we were unable to analyze visibility or
carrying in our behavioral context models (Table 1).

Discussion

The video-based approach used in this study facilitated the
collection of the largest sample of bipedal instances yet documented
for any ape. It is apparent from this data set that bipedality in
chimpanzees occurs under different behavioral contexts and is
associated with multiple variables. Arboreal vs. terrestrial
substrate use emerged as a particularly relevant variable
(Figures 2, 3), and it was found that terrestrial bipedalism
occurred under more contextually diverse circumstances than did
arboreal bipedalism (Figure 2).

As in studies of great ape locomotion using behavioral frequency
data, we found that arboreal bipedalism occurred chiefly in a feeding/
foraging context (Hunt, 1996, 1998; Thorpe et al., 2007; Drummond-
Clarke et al, 2022). Bipedality during feeding/foraging was principally
by adult individuals and was also associated with hand usage on
arboreal substrates, as in studies of both chimpanzees (Hunt, 1996,
1998) and orangutans (Thorpe et al., 2007).

Our examination of the behavioral contexts associated with
terrestrial bipedalism revealed greater variability. In the case of
adults, although a feeding/foraging context was the most common,
it comprised a much smaller proportion of the total number of
bipedal bouts when compared to the proportion found when using
arboreal substrates (42% of observations when terrestrial vs. 72%
when arboreal). Bipedality during antagonism was the second most

Subadult

Arboreal

Terrestrial

FIGURE 2

Contextual breakdown of bipedalism. The numbers in each piece of the pies indicated the total number of observations. (A) arboreal subadults;
(B) terrestrial subadults; (C) arboreal adults; (D) terrestrial adults. Adults in this figure refer to individuals over 10, which includes adolescents as
adolescent and adult positional behavior patterns do not differ statistically (Sarringhaus et al., 2014).
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Foraging Antagonism Travel Play
Sex X M FQe X
Substrate X X
Age X
Assisted X X
Mode X Loc tion X

D denotes significance at p < 0.050
- denotes significance at p < 0.001

FIGURE 3

Generalized estimating equations model results for four contexts of bipedality. Context categories are on the top x axis (foraging, antagonism, travel,
play) and variables are on the y axis (sex, substrate, age, assisted, mode). Variable category displayed is positively associated. S. Tucker created the

category icons for older, younger, hand assistance, and locomotion.

common behavioral context for terrestrial bipedality in adults
(27%) (Figure 2), providing support for the continued relevance
of antagonistic behaviors in evolutionary reconstructions of the
origin of bipedality (Jablonski and Chaplin, 1993; Carrier, 2011).
Bipedalism in an antagonistic context was associated with adult
males, as would be expected; chimpanzee society is hierarchical with
males dominant over and therefore displaying more frequently than
females (Goodall, 1986). Bipedalism during antagonism also occurs
predominantly as a locomotor mode, presumably because displays
incorporate steps, not just standing. Our results suggest that the role
bipedalism may play during antagonism, particularly as a terrestrial
locomotor mode, is worthy of further investigation.

While bipedal travel during antagonism is associated with
males, our model also shows that females engage more commonly
in bipedal locomotion overall (i.e., when travel is the primary
context), which was not associated with substrate in our dataset.
As far as we are aware, this is the first time this sex difference has
been demonstrated in chimpanzees. Our qualitative notes indicate
females travel bipedally while engaging in secondary contexts such
as vacating from or moving toward a social situation; or when
grabbing an infant from an arboreal substrate, and simultaneously
looking up. Combining multiple contexts such as ‘visibility’ with
‘travel’ was not a feature of our study design, as each bipedal bout
was coded as having a single predominant behavioral context. These
qualitative notes suggest females may often employ bipedalism
during travel in tandem with other, likely informative contexts;
thus, subsequent modelling could benefit by assessing whether
multiple behavioral contexts occur simultaneously.

Frontiers in Ecology and Evolution

As noted above, previous behavioral frequency studies in wild
chimpanzees (Hunt, 1996, 1998; Drummond-Clarke et al, 2022)
found that foraging was the primary behavioral context eliciting
bipedalism. However, most of the bipedalism documented in these
studies was postural rather than locomotor (ibid.). In the current
video capture study, postural and locomotor modes of bipedalism
had approximately equal representation in the sample, which we
believe offers a new perspective as no single behavioral context plays
an over-arching role in eliciting bipedality among chimpanzees
(Figure 2). In addition, foraging is a major but not the only context
which prompts significant, increased engagement in bipedalism. As
discussed above, we found that more behavioral contexts were
associated with terrestrial bipedalism compared to arboreal
bipedalism. In addition, our data indicate that feeding/foraging
was not preferentially associated with posture over locomotion per
se; rather, feeding/foraging was associated with arboreal bipedalism,
in older individuals. Thus, the high representation of postural over
locomotor bouts in behavioral frequency data may have led to a
focus on feeding/foraging at the expense of understanding other
factors influencing bipedal locomotion. This finding underscores
our recommendation above that future studies may benefit by
examining the interplay of multiple variables when examining
bipedality in primates.

Age was also found to be a highly relevant variable influencing
bipedalism (Figures 2, 3). The major age trend we document is the
role of play in eliciting bipedality in subadults. While the feeding/
foraging context makes up a slightly larger proportion of all
arboreal bipedal bouts than does play, subadults engaged in
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terrestrial bipedalism predominantly in the context of play. The
strong association between play and terrestrial bipedalism in infants
and juveniles merits further study; as Bezanson (2012, 2017) has
noted, the role of play is under researched in studies of primate
locomotor ontogeny and evolution. Rose (1976) incorporated play
as a behavioral context in his foundational study on baboon
bipedalism, however, that study included crouching, torso
pronograde postures, and other positional behavioral modes
omitted from the current study. We are unaware of any
hypotheses related to the evolution of bipedalism that involve
play. We propose play is ontogenetically critical for establishing
the versatile orthograde behaviors that constitute ape positional
behavior, and so may have facilitated the development of
bipedalism in hominins.

The video capture method we employed allowed us to sample the
rare chimpanzee behavior of bipedalism more than was previously
feasible. It also allowed for a more comprehensive analysis of the
variables influencing the behavioral contexts of bipedalism. We
quantitatively demonstrate that terrestrial bipedalism is far more
diverse with regards to behavioral context than arboreal bipedalism.
Furthermore, our data suggests that different influences may be acting
on subadults vs. adults and adult females vs. adult males.

The implications for hominin origins are as follows. First,
bipedalism in the LCA, as in modern chimpanzees, may have
been performed in multiple behavioral contexts, involving
multiple variables, with males, females and subadults possibly
being influenced in different ways. Likewise, as has been
previously speculated (Napier, 1964), the transition to obligate
bipedalism may have involved several behavioral contexts. Thus
caution should be used when focusing on a single or very few
variables when considering the origins of bipedality in the hominin
lineage(s). Foraging almost certainly played a major role in the
evolution of hominin bipedality; however, our data on chimpanzees
show that other factors may have contributed as well.
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