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Introduction: The association between an open habitat (e.g., savannah-mosaics)
and increased terrestriality is central to hypotheses of hominin evolution,
especially the emergence and evolution of bipedalism, as well as ape evolution
as far back as the early Miocene. However, the selective pressures that act on
apes in an open habitat remain poorly understood. Observations of chimpanzees
that live in savannah-mosaics, analogous to some reconstructed hominoid
palaeohabitats, can provide valuable insight into the behavioural adaptations of
a large-bodied, semi-arboreal ape to an open habitat, characterised by sparsely
distributed food sources and a broken canopy. We previously showed that
savannah-dwelling chimpanzees in the Issa Valley, western Tanzania, maintain
a high level of arboreality, and particularly suspensory behaviour, largely
associated with foraging. Here, we investigate how chimpanzee foraging
strategy in a savannah-mosaic may drive a high frequency of arboreal
behaviours despite reduced arboreal pathways. Specifically, we hypothesized
that Issa chimpanzees would spend more time foraging (and moving) per tree to
maximize utilization of food in a sparse landscape. This foraging strategy would
be facilitated by foraging in trees with large crowns and abundant terminal-
branch foods, which are characteristic of miombo woodlands. However, the link
between foraging positional behaviour and tree structure remains understudied.

Methods: We collected data on arboreal foraging behaviour and corresponding
tree structural characteristics over five months in the dry season, and used
generalized linear mixed models to test for any effect of food type and tree
structural characteristics on (1) duration of foraging bouts, (2) frequency of
locomotion, and (3) use of suspensory behaviour.

Results: We found that food types and tree structures found in woodland
vegetation are associated with more time spent in foraging trees, a higher rate
of locomotion, and the use of suspension in particular.
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Discussion: Our results suggest that arboreal, and especially suspensory,
locomotion can be advantageous for foraging in a savannah-mosaic and not
just closed forest habitats. These findings have implications for reconstructing
hominoid positional behaviour from the fossil record and provide a model for
how arboreality, and specifically suspensory behaviour, could have been an
important part of the hominoid niche in savannah-mosaic habitats.

KEYWORDS

hominin evolution, positional behaviour, diet, savannah-mosaic, Pan
troglodytes, hominoid

1 Introduction

Increased terrestriality, and correspondingly a reduced
dependence on arboreal locomotor behaviours, has been considered
an adaptive response to more open habitats in the evolution of some
primate taxa, including cercopithecoids (e.g., McCrossin et al., 1998),
capuchin monkeys (e.g., Falotico, 2011) and hominoids (i.e., living
apes, including humans, and their extinct ancestors; e.g., Doran and
Hunt, 1994; Sockol et al, 2007; Rodman and McHenry 1980). This
association between terrestriality and open habitat has formed the
basis of hypotheses seeking to explain the divergence of hominins
(the human lineage), typically defined, at least in part, by
morphological adaptations to habitual bipedalism, from panins
(chimpanzees and bonobos) in the late Miocene (e.g., the savannah
hypothesis, reviewed in Dominguez-Rodrigo, 2014). However, the
porous hominin fossil record between 7-4 Ma (reviewed in Stamos
and Alemseged, 2023) together with the virtual absence of an African
ape fossil record (McBrearty and Jablonski, 2005; Suwa et al., 2007),
means the evolutionary trajectory of hominins and panins from their
last common ancestor, and the selective pressures that acted on them,
remain poorly understood. Whilst palaecoenvironmental
reconstructions support a shift from closed (e.g., tropical forest) to
more open, heterogeneous environments (e.g., wooded, mosaic
landscapes, hereafter “savannah-mosaic”) early in hominin
evolution (Levin et al,, 2008; Cerling et al.,, 2011; Blumenthal et al.,
2017; Negash et al., 2024; for review, see Su, 2024), there is mounting
fossil evidence suggesting arboreality remained a vital part of the
hominin adaptive niche (Alemseged, 2023; Cazenave and Kivell,
2023; but see Ward, 2002). Several extinct hominins have curved
phalanges, relatively long upper limbs, and/or morphological features
typically associated with arboreality, ranging from the late Miocene
(e.g., Orrorin tugenensis, Senut et al., 2001; Ardipithecus kadabba,
Haile-Selassie, 2001; Sahelanthropus tchadensis, Daver et al., 2022) to
late Pleistocene (e.g., Homo naledi, Berger et al., 2015; Homo
floresiensis, Larson et al., 2009). Furthermore, although there are
limitations in paleodietary reconstructions, carbon isotope and dental
microwear studies suggest certain hominins retained a diet with
substantial arboreal food sources in environments with increasing C,
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vegetation (i.e. more open habitats) (Ungar and Sponheimer, 2011;
Levin, 2015). In some cases, hominin diets are reconstructed as
similar to those of extant chimpanzees (e.g., Ardipithecus ramidus,
White et al., 2009; Australopithecus anamensis, Alemseged, 2015;
Australopithecus sediba, Henry et al., 2012).

Among non-hominin apes, some large-bodied Miocene
hominoids that show adaptations for arboreal locomotion have
been placed in wooded, grassy habitats resembling savannah-
mosaics as early as 21 million years (Morotopithecus, Peppe
et al, 2023; Kenyapithecus, McCrossin et al., 1998). Together
with hominin evidence, this brings into question the link
between open habitat and the reduced importance of arboreal
behaviour throughout hominoid evolution. Based on fossil
evidence from Moroto, Uganda, MacLatchy et al. (2023) have
further suggested that selective pressures associated with
navigating open canopy to forage (rather than forest canopy
with high connectivity, e.g., Ripley, 1979) may have driven the
emergence of diverse orthograde arboreal locomotor behaviours
in large-bodied apes.

In the absence of direct fossil evidence, extant chimpanzees (Pan
troglodytes) that live in open and seasonal habitats analogous to
palaeohabitat reconstructions for some hominoids can provide
suitable models to test the “savannah effect” on ape behaviour (e.g.,
Moore, 1992, 1996; Pruetz and Bertolani, 2009; Lindshield et al., 2021,
2025; Drummond-Clarke et al., 2022, 2024; but see White et al., 2009).
Chimpanzees (P. t. schweinfurthii) of the Issa Valley, western Tanzania,
live in a savannah-mosaic habitat (Figure 1) that closely resembles the
reconstructed palacoenvironments of some late Miocene and early
Pliocene hominoids (e.g., Morotopithecus, Peppe et al., 2023;
Graecopithecus, Bohme et al, 2019; O. tugenensis, Pickford and
Senut, 2001; Ar. ramidus, Levin et al, 2008, Negash et al, 2024;
Australopithecus afarensis, Su and Haile-Selassie, 2022). Here, we
investigated the role of foraging strategy and tree structure in an
open habitat as drivers of arboreality and its associated positional
behaviours, including suspension, in the Issa Valley chimpanzees.

Compared to forests, savannah-mosaics are generally considered
to exert higher energetic stress on chimpanzees due to more sparsely
distributed food sources (requiring more travel; Raichlen and
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FIGURE 1

The Issa Valley study site. (A) Location in Tanzania and vegetation map. (B) An example of typical riparian forest vegetation at Issa during dry season
(note dry river bed but evergreen vegetation). (C—E) Examples of typical miombo woodland vegetation during dry season at Issa. Woodland trees
lose their leaves (C, D), grass dries and is burnt by fires. The woodland undergoes regeneration with regrowth after fires (E). Photo credits RCDC/

GMERC.

Pontzer, 2021) and high seasonality (McGrew et al., 1981; Kortlandt,
1983; Pruetz and Bertolani, 2009). Although findings of lower dietary
diversity in savannah—compared to forest-dwelling communities
(McGrew et al., 1988; Hunt and McGrew, 2002; Pruetz, 2006; Piel
et al, 2017)—lend support to this concept (Vogel et al, 2017),
savannah chimpanzees are not under higher nutritional stress
compared to forest-dwelling populations (Wessling et al.,, 2018).
Furthermore, bonobos living in forest-savannah mosaic habitats
showed no difference in dietary diversity compared to their forest-
dwelling counterparts (Pennec et al, 2020). This evidence could
suggest that chimpanzees adjust their foraging strategy to counteract
the high energetic demands of foraging on sparse food sources.
Optimal foraging theory predicts that an animal will invest more
energy (ie., via time and movement) into foraging on patches of
higher value, with time spent foraging in a patch used as a measure of
patch value (Slocombe and Zuberbiihler, 2006; Kalan et al., 2015;
Villioth et al., 2022, Villioth et al., 2023). Patch value itself is suggested
to be dependent on two factors. First, the energy return rate of the
landscape, with lower food availability increasing the value of patches
and thus time invested per patch (Charnov, 1976; Vogel et al., 2017).
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This concept is supported by studies on spider monkeys (Ateles
belzebuth belzebuth, Suarez, 2006) and Himalayan langurs
(Semnopithecus entellus, Sayers et al., 2010). Second, the energy and
nutrition available within the patch influences its value (Stephens and
Krebs, 1986), which could be a function of patch size (i.e., larger size =
higher value), food type and density within the patch (i.e., high
density = high value), and, for social species, the amount of
intraspecific competition (e.g., more conspecifics means less food
per individual, as found for Cebus imitator, Vogel, 2005;
cercopithecids, Janson and Goldsmith, 1995; Pan troglodytes,
Lindshield, 2014, Villioth et al., 2022, Villioth et al, 2023). A
foraging strategy of investing more time to high value patches, such
as large trees with abundant foods, could therefore be an efficient way
to maximise energy intake while foraging on sparsely distributed food
sources (Chapman et al., 1995; Villioth et al., 2022).

In the first characterisation of savannah chimpanzee positional
behaviour, we previously found that chimpanzees of the Issa Valley
were just as arboreal, and in some cases more so, than chimpanzees
at more forested sites (Drummond-Clarke et al., 2022; Drummond-
Clarke et al., 2024). What is more, Issa chimpanzees used
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comparably high frequencies of suspension and quadrupedal
walking but less vertical climbing to navigate arboreal substrates,
indicating horizontal movement on branches (rather than vertical
movement on tree trunks as suggested by Senut et al., 2018) as an
important component of their arboreal locomotor repertoire. These
patterns raised questions as to why and how Issa chimpanzees
maintain high levels of arboreality and, in particular, frequent
locomotion on terminal branches, despite living in an open
habitat with limited arboreal pathways. Notably, arboreal
locomotion, and in particular locomotor (as opposed to postural)
bipedalism, was used primarily for arboreal feeding at Issa
(Drummond-Clarke et al., 2022). Suspension and assisted
bipedalism are orthograde, horizontally-moving behaviours
(Hunt, 1991; Hunt et al., 1996), that great apes can use in a
continuum to navigate flexible terminal branches despite their
large body size by distributing their weight across multiple
supports (Thorpe et al., 2007b; Drummond-Clarke et al., 2022,
Supplementary Video 1). Combined with a previous study showing
the importance of forest architecture in shaping great ape locomotor
behaviour (Pongo, Manduell et al., 2012), this supports a link
between foraging positional behaviour and foraging tree structure
(e.g., Crompton, 1984; Fleagle, 1979). We thus predicted that more
time spent foraging on food items at the ends of branches
specifically could drive the high frequency of terminal branch
locomotor behaviours observed at Issa (Drummond-Clarke et al.,
2022, 2024). However, whilst a basic link between substrate
characteristics and ape locomotor behaviour is reasonably well
established (e.g., suspension and assisted bipedalism on flexible
substrates, climbing on vertical substrates; Hunt et al., 1996; Thorpe
and Crompton, 2005, 2006; Manduell et al., 2012; Neufuss et al.,
2017, 2018; Druelle et al., 2024; Drummond-Clarke et al., 2024),
comparatively little is known about chimpanzee foraging strategy
and substrate use in open habitats (reviewed in Lindshield et al.,
2021), especially in relation to tree structure. Rather, existing studies
on the relationship between tree structure and primate behaviour
have focused only on tree size (Kalan et al., 2015; Villioth et al,
2023), nesting (e.g., Baldwin et al., 1981; Hernandez-Aguilar et al.,
2013; Stewart and Pruetz, 2013; Samson and Hunt, 2014), or
locomotor behaviour of other species (Galago, Crompton, 1984;
Pongo, Manduell et al., 2012), severely limiting our understanding
of how chimpanzee foraging behaviour and tree structure could
be linked.

Here, we investigated chimpanzee arboreal foraging behaviour
in relation to tree structure at Issa Valley to test the hypothesis
that structural characteristics typical of woodland trees selects for
the high levels of arboreality, and in particular arboreal
locomotion and suspensory behaviour (Drummond-Clarke
et al, 2022, 2024). Specifically, we predicted that foraging in
larger trees with open and wide crowns, low connectivity and
abundant terminal branch foods (characteristic of woodland
feeding trees e.g., Brachystegia spp., Figures la, d) would not
only drive longer foraging periods within tree crowns, but also
more locomotion, and in particular suspensory behaviours, to
navigate the terminal branch niche.
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2 Materials and methods

2.1 The study site

The Issa Valley is a savannah-mosaic habitat located in western
Tanzania (Figure 1). It is one of the driest areas known to be inhabited
by chimpanzees, with a 6-month dry season spanning May-October,
when grass fires burn >75% of the landscape (Piel and Stewart,
unpublished data; van Leeuwen et al, 2020). The landscape is
characterised by rugged topography (~1,050 to 1,750 m in elevation),
dominated by miombo woodland vegetation (86%), while less than 7%
of the vegetation is riparian forest (Figure 1a). Although there are also
areas of seasonally inundated grasslands, chimpanzees were only
observed foraging in the forest and woodland vegetation during the
study period. The forest and woodland vegetation types differ
significantly in aspects of vegetation structure that affect arboreal
substrate availability; the miombo woodland vegetation is
characterized by deciduous trees (predominantly Brachystegia,
Julbernardia and Isoberlinia spp.) with discontinuous canopies and a
grassy understory (Figures 1c—e), whereas riparian forest vegetation is
characterized by evergreen and semi-deciduous trees with continuous
canopies and open or liana-dense understories (Figure 1b; Russak,
2014; Drummond-Clarke et al., 2022). Compared to the forest, the
woodland vegetation has lower species diversity and half the tree
density (Piel & Stewart unpublished data) with significantly lower tree
and crown height and canopy connectivity (van Leeuwen, 2019). We
therefore consider the riparian forest as “closed” vegetation and the
miombo woodland as “open”. Importantly, whereas the forest
vegetation undergoes little structural change throughout the year, the
woodland is transformed during the dry season by trees shedding their
leaves and grass fires that clear the ground vegetation from July to
October. The fires, however, have a regenerative effect with regrowth of
ground and tree vegetation occurring quickly after burning, even before
the wet season begins (unpublished data). Fruit availability is highest in
the late dry season when most fruit sources are in the woodland (Piel
et al,, 2017; Giuliano et al,, 2022). In contrast, during the wet season,
food availability is lower and most fruit sources are in the forest. Issa
chimpanzees are known to forage in both riparian forest strips and
miombo woodland, but concentrate their foraging efforts on woodland
foods during the dry season (Piel et al., 2017; Giuliano et al.,, 2022),
making them suitable subjects to investigate chimpanzee foraging
behaviour in the dry and open extreme of their habitat range.

Importantly, stable isotope data and reconstructed floral and
faunal assemblages indicate heterogeneous landscapes similar in
floral (i.e., dominated by grassy woodland and riparian forest
vegetation types) and faunal (e.g., cercopithecids, tragelaphines;
White et al., 2009; Bobe and Reynolds, 2022; Negash et al., 2024)
composition to Issa Valley (van Casteren et al., 2018; Piel et al.,, 2019).
Moreover, the miombo woodland tree genus that now characterises
Issa Valley, Brachystegia, with its large, open crowns and abundant
terminal branch hard seed pods, may have been present in East Africa
by the early Miocene (Bonnefille, 2010; Senut, 2021).

At the time of the current study, the habituated Issa community
consisted of 29 individuals that were individually identifiable. We only
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TABLE 1 The study sample by sex (and chimpanzee identity) and month.

Sample group n Foraging bouts % Woodland

Sex

Female 174 68.97

Ba 23

Co* 20

Ju* 22

Ka* 32

Ki* 18

Ko* 33

Ma* 26
Male 127 66.93

Bo 8

Ki 14

Mb 20

Sam 34

San 13

Wa 29

Wi 9

Month

June 38 57.89
July 38 60.53
August 73 72.60
September 86 73.26
October 66 66.67
Total 301 68.11

*Females with dependent offspring (defined as still suckling and being carried)
“% woodland” shows the percentage of observations that were made in the woodland as
opposed to forest.

included adults in this study, comprising a total of 14 individuals (7
males and 7 females, six of which had dependent young; Table 1). Non-
adult individuals were not included as there was an insufficient number
of individuals per non-adult age category for meaningful comparisons,
and how chimpanzee foraging ecology may vary with age is poorly
understood (Bray et al., 2018).

2.2 Foraging behaviour

One observer, RCDC, collected data on adult arboreal foraging
behaviour during the dry season (5 months) using continuous focal
sampling (Altmann, 1974). Focal subjects were observed at a minimum
distance of 10m. Binoculars and a handheld camera (Sony AX53) were
used to improve visibility when the focal was over 20m from the
observer. When the focal individual began a foraging bout (marked by
the start of an individual entering a tree and clearly collecting,
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TABLE 2 Ethogram for variables measured during arboreal foraging
bout observations.

Variable Definition

Bout duration Start-end time of the focal individual showing foraging
behaviour to nearest second. If the focal changed activity
for more than 10 seconds (Lindshield et al., 2017), or exited

the tree, the bout was ended.

N locomotion Number of occurrences of locomotion (displacement of
centre of gravity) to move to a new “sub-patch” within the

tree crown during a foraging bout.

N suspension Number of occurrences of suspensory behaviour (centre of
gravity is below the weight bearing structure. Shoulder and
elbow joints fully extended, weight borne principally by
forelimb(s)) during a foraging bout. Includes postural and

locomotor suspensory behaviour.

Food type Ripe fruit, unripe fruit, mature leaf, young leaf, bud, flower,

bark*, seed (including pods), Pilostyles, insect*, sap*.

Food abundance Absolute rating of abundance of food items in the tree
crown on a scale of 1-5.

1 = very low, 2 = low, 3 = medium, 4 = high, 5 = very high.

*These food types were not included in analysis since there were limited observations (n < 3).

processing, and eating food), we recorded directly into an excel
datasheet the start and end time [duration, ends when the focal
clearly stops foraging and engages in another activity for more than
10 seconds following Lindshield et al. (2017), or exits the tree], number
of bouts of locomotion (defined as the individual moving their centre of
gravity, within the tree crown i.e., changing branches), number of bouts
of suspensory behaviour, tree species, food type consumed (e.g., flower,
leaf, fruit, seed), and food abundance within the crown (scale of 1-5,
with 1 representing low abundance and 5 high abundance; Table 2).
Suspensory behaviour was defined as postural and locomotor
behaviours where the centre of mass is below the weight-bearing
structure and the shoulder and elbow joints are fully extended,
following Hunt et al. (1996) and Thorpe and Crompton (2006)
(Supplementary Material 1; Supplementary Video 1). Trees were
tagged and GPS-marked and were later returned to, to measure
structural characteristics when the chimpanzees were not present
(see below). Chimpanzees were observed foraging on arboreal food
sources as well as lianas and some terrestrial foods. However, for this
study we only analysed arboreal foraging bouts (excluding lianas) to
investigate the potential relationship between arboreal positional
behaviour and tree structural characteristics. Our previous studies of
Issa chimpanzee positional behaviour revealed that suspension and
assisted bipedalism were both used during arboreal foraging. However,
bipedalism is a rare behaviour (0.8% of total observation time,
Drummond-Clarke et al., 2022) and thus we were not able to collect
sufficient data on bipedalism during the 5-month study period.

2.3 Foraging tree structure
Another observer, SCR, collected structural measurements of
feeding trees. We recorded diameter at breast height (DBH) as a

proxy for tree size, tree height (base of trunk to highest crown
point), crown connectivity (scale of 0-100% contact around
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periphery of crown with neighbouring trees), crown shape
[following categories outlined in Slater (2015) and van Leeuwen
(2019)], crown base height (height above tree base to base of first
principle branch), foliage base height (height above tree base of
lowest tertiary branch), crown diameter (a mean of east-west and
north-south diameters), number of boughs (primary branches

10.3389/fevo.2025.1561078

attached to trunk), and number of secondary and tertiary
branches (per diameter category; >20cm, 10-20cm, 3-10cm,
<3cm; following (Hunt, 1992a; Doran, 1993a, 1993b; Drummond-
Clarke et al., 2024). Further details of measurements and equipment
used are outlined in Table 3 and Figure 2. We then calculated crown
height (tree height — crown base height), foliage height (tree height

TABLE 3 Definitions and methods for measurement of tree structural characteristics.

Characteristic Definition/details

DBH (cm)

Diameter of the tree trunk at breast height (1.5m from ground) (cm). See Figure 2.

Instrument used

DBH tape measure

Tree height (m)

tree base point and the tree top height, using the 2-point height measurement function (available in

rangefinders with inbuilt clinometer)*. See Figure 2.

To control for uneven terrain (researcher can be higher or lower than tree base), this was measured from the

Nikon Forestry Pro
Rangefinder

Crown height (m)

The height of the lowest bough from the tree base was measured from eyelevel using the 2-point height
measurement function*. See Figure 2. Lowest bough height was then subtracted from the tree height.

Nikon Forestry Pro
Rangefinder

Foliage height (m)
overall tree height.

Crown diameter (m)
See Figure 2.

The height of the lowest tertiary branch from the tree base was measured from eyelevel using the 2-point
height measurement function*. See Figure 2. Lowest tertiary branch height was then subtracted from the

Measured along ground north-south and east-west. The mean of the two values was used in analyses.

Nikon Forestry Pro
Rangefinder

30m tape measure

Crown connectivity (%)
75, 76-100.

Measured as the amount of the tree crown touching neighbouring crowns, grouped between 0-25, 26-50, 51—

Visual estimate

Number of boughs

Count of primary branches (connecting to tree trunk). See Figure 2.

Visual estimate

Number of branches
cm. See Figure 2.

Tree shape

Count of secondary and tertiary branches within the crown per width category (cm): >20, 10-20, 3-10, <3**

Classified as one of six crown shapes (see Figure 3), following van Leeuwen, 2019 and Slater, 2015.

Visual estimate

Visual estimate

*Rangefinder height measurements were repeated 3 times per tree, or until sequential measurements were within 1m variation, to improve precision.
**Number of branches <3cm in diameter were estimated into categories following Manduell et al. (2012). Branches <3cm in diameter were excluded from subsequent calculations of crown

density as they are too thin to be used individually as weight bearing structures by adult chimpanzees.

tree top height

tertiary branch

secondary branch /

primary
branch/bough

FIGURE 2

7 crown diameter

foliage base height

crown base height

tree base height

Schematic showing basic tree structural measurements. Heights were measured from tree base height using a rangefinder. Crown base height was
measured as the height from the tree base to the first bough splitting from the tree trunk. Foliage base height was measured at the lowest splitting
point of a tertiary branch from a secondary branch. DBH was measured with a DBH tape measure at chest height of SCR. Crown diameter was
measured using a tapemeasure along the ground, and was measured n-s and e-w then averaged. Drawn from an image of a Brachystegia
microphylla at Issa Valley, characteristic of an upside-down cone shaped woodland tree. Credit RCDC.
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- foliage base height), relative foliage and crown width ratios (by
dividing foliage or crown height by average crown diameter,
whereby a larger value = wider crown), and crown density (the
sum of secondary and tertiary branches >3cm divided by DBH).

2.4 Data analyses

We performed all analyses in R v 4.4.0 (R Core Team, 2023) and
set the significance level alpha at 0.05. We produced summary
statistics for variables measured using summary SE function
(emmeans package; Lenth, 2024). We ran Mann-Whitey-U and
Welches t-tests to test significance of the difference between means
for feeding tree structural characteristics between vegetation types,
since the data were not always homogenous in variance or normally
distributed. Both tests gave similar p-values, so only Welches t-test
results are discussed due to their greater power and conservatism
against type I errors based on our sample sizes (Zimmerman, 1987;
Ergin and Koskan, 2023).

Before constructing generalized mixed linear models (see
below), we checked for strong correlations between tree structural
variables using function ggairs (package GGeally; Schloerke et al,
2024), and used only non-correlated variables in models to avoid
problems of collinearity between model covariates. For example, we
found DBH to be significantly positively correlated with tree height,
crown height, crown diameter, and each branch number category,
so we chose to keep only DBH as an explanatory variable in model
fitting (as a proxy for overall tree size), and used relative measures of
crown diameter:height and crown density to model the effect of
crown characteristics, rather than size. We also grouped food types
into larger categories based on general ecological similarities (e.g.,
Conklin-Brittain et al., 1998) to investigate questions of general
food characteristics (e.g., nutritional content, hardness) on foraging
behaviour. Specifically, unripe fruit was kept separate to ripe fruit
due to its higher (hard to process) fibre content (Conklin-Brittain
et al,, 1998). Flowers and buds were grouped with leaves as “soft
non-fruits” due to the small sample size of flower foraging and
similarities in processing and distribution in tree crowns, as well as
macronutritional values (e.g., high crude protein content; Conklin-
Brittain et al., 1998, Conklin-Brittain et al, 2006). Seeds were kept
separate from other non-fruits due to their unique mechanical
properties (mostly encased in woody pods/exocarps with high
hardness, toughness and stiffness; van Casteren et al., 2018),
which has been shown to affect food choice in apes (Pongo, Vogel
etal,, 2009), and likely nutritional/energetic values (e.g., higher lipid
content; Conklin-Brittain et al., 1998, 2006). We also separated
Pilostyles aethiopica (Bellot and Renner, 2014; hereafter Pilostyles), a
holoparasitic epiphyte that grows inside the terminal branches of
host woodland tree species, into their own category. Pilostyles are
distinct relative to other chimpanzee foods given their unusual
nature; they are very small and densely spaced “buds” that emerge
from the host’s bark, making it difficult to discern if they are flower
or fruit when being eaten, and they were consumed at a high
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frequency during the study period. The final food categories used
were: ripe fruit, unripe fruit, soft non-fruit (mature and young
leaves, buds and flowers), seeds, and Pilostyles.

We used generalized linear mixed models (GLMM; glmmTMB
package; Brooks et al., 2017) to evaluate the effects of tree structure
and food type, as well as other covariates (sex, vegetation type,
month) on the rate of locomotion (modelled as the rate of
locomotion per minute; negative binomial distribution),
occurrence of suspensory behaviour (absent = 0, present = 1;
binomial distribution), and duration of foraging bouts (gamma
distribution). All three models included focal individual, date, and
tree species as random intercepts to control for temporal and
individual variation. Crown density was quadratic in nature
(rather than non-linear) and thus squared to improve model fit.
We included the log-transformed duration of bout as an offset to
control for varying lengths of observation period (i.e., foraging bout
duration) and allow modelling of predictor effects on rate of
locomotion, rather than on raw count. Suspension is a relatively
rare behaviour and therefore to improve modelling power, we used
a presence/absence binomial approach, marking all bouts with
observed suspensory behaviour as 1, and bouts with no
suspensory behaviour as 0. For each response variable, we
compared subsets of explanatory variables and their interactions
to test our hypotheses using the dredge function and model
averaging (MuMIn package; Barton, 2023). Models were selected
using AAIC < 2. Both full and conditional model-averaged
coefficients are presented in the supplementary material. While
full averaging provides a conservative estimate (reducing Type-I
errors), conditional averaging avoids excessive shrinkage allowing
discussion of important effects in the best supported model. Since in
each case only two models were averaged, we present only the
conditional averaging below, focusing on variables present in at
least one top model. As a summary of goodness-of-fit, we checked
that the AIC of the full model (including both fixed and random
effects) was smaller than that of the null model (containing only
fixed effects; Akaike et al, 1973), and report the explained variance
of the data by the model (coefficient of determination, R?) using the
r.squarredGLMM function (MuMIn package; Barton, 2023)
following Nakagawa and Schielzeth (2013) (Supplementary
Materials 2-4). We verified model fit by plotting residuals using
DHARMa package (Hartig, 2022; Supplementary Materials 2-4).
Since assumptions of homoscedasticity and normality of residuals
were met for all final models, we conducted post-hoc Tukey tests to
examine pairwise comparisons within categorical variables,
adjusting for multiple comparisons (Supplementary Materials 2-4).

3 Results

The final sample of arboreal foraging bouts is outlined in
Table 1. We recorded a total of 301 arboreal foraging bouts by
adult females and males in 203 trees for which the structural
characteristics were measured. Below we give an overview of Issa
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chimpanzee arboreal foraging behaviour during the dry season,
followed by the final model outputs for factors affecting arboreal
foraging behaviour (duration, rate of locomotion, and use of
suspensory behaviour).

3.1 Arboreal foraging variables

During the observation period, the mean number of locomotor
bouts per foraging bout was 2.13 + 0.16, the mean number of
suspensory bouts was 1 + 0.09, and the mean duration of foraging
bouts was 19.83 + 1.08 mins.

3.1.1 Dry season arboreal dietary patterns

During the study period, Issa chimpanzees foraged on a
minimum of 28 different tree species (27 known species, 1
unknown category grouping multiple species), of which 16 were
forest species, 23 were woodland species, and 11 species were
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recorded in both vegetation types. Fruits were the most frequently
eaten arboreal food type (48%; comprising 42% ripe and 6%
unripe), followed by soft non-fruits (32%; comprising leaf 22%,
bud 6%, flowers 3%), Pilostyles (12%), and seeds (9%), respectively.
In keeping with previous studies that also included non-arboreal
foods (Giuliano et al., 2022; Piel et al., 2017), Issa chimpanzees fed
in trees mostly in woodland vegetation (68% of total feeding time)
during the dry season. Their arboreal diet was also more varied in
the woodland, with forest-tree foraging consisting almost solely of
fruits, whereas woodland-tree foraging was spread across fruit, soft
non-fruits, Pilostyles, and seeds (Figure 3A). Notably, seeds
(Figure 3C) and Pilostyles (Figure 3D) were exclusively woodland
foods. All foods were located in the terminal branches of the feeding
trees and the majority of observed arboreal foraging bouts were in
tree crowns with high to very high abundance food items. However,
by food category only Pilostyles were fed on almost exclusively when
very highly abundant within the tree crown (>80% of time), with
only half of observed arboreal foraging bouts on fruits and soft non-

Patterns of arboreal foods consumed over the study period at Issa Valley. (A) Percentage of arboreal foods consumed per vegetation type. Arboreal
forest feeding consisted mainly of fruit, whereas arboreal woodland feeding was more distributed across food types, with non-fruits making up the
majority of woodland arboreal foods. (B) Percentage of trees per food type foraged in during the study period with low abundance to very high
abundance food items, per food category. Note Pilostyles were the only food items to be foraged in trees with highly to very highly abundant food
items. No observations were made of chimpanzees foraging in trees with a food abundance of level 1 during the study period. (C) Photo example of
tough seed pods characteristic of woodland (Brachystegia microphylla), and (D) photo example of Pilostyles aethiopica, growing on a woodland tree.

N feeding bouts = 301. Photo credits RCDC/GMERC.
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fruits, and 30% of observed arboreal foraging bouts on seeds in trees
with very highly abundant food items (Figure 3B). In further
contrast, over one third of observations of arboreal foraging on
unripe fruit were in crowns with low to medium food abundance,
more than any other food type (Figure 3B).

3.1.2 Feeding tree structural characteristics

The mean DBH of foraging trees was 45.70 + 1.59 cm, but foraging
trees had a significantly larger DBH in the forest (60.97 + 4.02cm) than
in the woodland (38.56 + 1.09cm, welches t = 5.38, p < 0.0001). The
mean crown diameter of feeding trees was 10.84 + 0.25m and did not
vary significantly between vegetation types (t = 0.03 p = 0.975).
However, crown height was significantly higher in the forest (7.94 +
0.45m) than in the woodland (6.47 + 0.21m; t = 2.94, p = 0.004), as was
overall tree height (forest = 17.32 + 0.64m, woodland = 12.84 + 0.25 m,
t = 647, p < 0.0001). Whereas the crown width:height ratio was not
significantly different between vegetation types, the foliage width:height
ratio was significantly larger in woodland (2.73) than in the forest (2.11;
t=-2.90, p = 0.004). Woodland trees also had a significantly higher
density of branches between 3-20 cm in diameter than forest trees (t =
-3.51, p = 0.0006). Upside-down cone was the most common tree
shape in which chimpanzees foraged, followed by spheroid trees in
both vegetation types. Chimpanzees only foraged in umbrella-shaped
trees in the woodland (Figure 4).

10.3389/fevo.2025.1561078

3.2 Model outputs

Results from the GLMM show that the duration of foraging
bouts was strongly positively correlated to the use of locomotor
behaviours, as well as the use of suspensory behaviour specifically
(Table 4). Sex, vegetation type, and month were not significant in
any model. The final models for bout duration, rate of locomotion,
and occurrence of suspensory behaviour whilst foraging are
presented below and in Table 4.

3.2.1 Foraging bout duration

The results of the GLMM investigating potential influences on
foraging bout duration showed that tree DBH, food abundance, and
food type have a significant effect on foraging duration (Table 4). As
expected, DBH and food abundance were positively associated with
longer foraging bouts. Chimpanzees spent a significantly longer
amount of time foraging in trees with very highly abundant food
(level 5), showing little difference between lower food abundance levels
[although note low abundance (level 2) had a very large variation due
to the small number of observations, and there were no observations of
chimpanzees foraging in a tree with a very low food abundance (level 1;
Figure 3B; Supplementary Material 2)]. Foraging on seeds and unripe
fruit was associated with longer foraging bouts (average >25 min.),
followed by Pilostyles (24 min.), ripe-fruit (20 min.), then soft non-
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FIGURE 4

Tree shape used during foraging in each vegetation type (woodland = orange, forest = green). Chimpanzees only foraged in umbrella-shaped trees

in the woodland. Tree shape schematics taken from Slater (2015).
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TABLE 4 GLMM results for food and tree structural variable’s influence
on Issa chimpanzee arboreal foraging behaviour.

Term Chisq Df Pr(>Chisq)
Response = foraging bout duration, family = gamma.

AIC 2361 (null = 2399)

Intercept 14.48 1 < 0.001 ***
DBH 6.98 1 0.008**
Food abundance 24.28 3 < 0.001 ***
Food type 19.28 4 < 0.001 ***
Crown density 0.03 1 0.867
Food type * crown density 13.37 4 < 0.01%*

Response = rate of locomotion, family = negative binomial.
AIC 1021 (null = 1061)

Intercept 332.53 1 < 0.001 ***
Food type 12.11 4 0.02*
Crown density 429 1 0.04*

Response = occurrence of suspension, family = binomial.
AIC = 386 (null = 395)

Intercept 7.59 1 0.006**
Duration 21.42 1 < 0.001***
Foliage width:height 5.58 1 0.018*
Tree shape 10.71 5 0.057

Signif. codes: 0 “***” 0.001 “**” 0.01 “*” 0.05 “.” 0.1 “” 1.

fruits (12 min.) (Figure 5A). Post-hoc Tukey tests, however, showed
only foraging bouts on seeds were significantly longer than foraging
bouts on soft non-fruits (estimate = —0.77, p = 0.001), although the
difference in foraging time between seeds and ripe fruit approached
significance (estimate = —2.68, p = 0.058). In the best fitting model,
food type had a significant interaction with crown density; lower crown
density was associated with longer foraging bouts for unripe fruit and
seeds, although crown density did not affect duration when foraging on
ripe fruit, soft non-fruits, or Pilostyles (Figure 5B).

3.2.2 Frequency of locomotion

The best-fitting model revealed food type and crown density as
significant factors influencing the frequency of locomotion.
Specifically, foraging on unripe fruit had the highest average
frequency of locomotion (Figure 5C), although post-hoc tests
show it was only significantly more than foraging on seeds
(estimate = 0.99, p = 0.008) and soft non-fruits (estimate = 0.72,
p = 0.032; Supplementary Material 3).

3.2.3 Use of postural and locomotor suspension
Apart from duration of foraging bout, tree structural
characteristics (rather than food type) had the most significant
effect on the use of suspension during foraging; foliage width:height
ratio was significant, and tree shape approached significance.
Against expectations, trees with relatively narrower crowns/foliage
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were more associated with the use of suspension during foraging.
Trees with umbrella- or upside-down cone-shaped crowns had a
significantly higher likelihood of suspensory behaviour being used
during foraging (Figure 6), although post-hoc Tukey tests show only
umbrella-shaped trees as significant compared to bent-over trees
(estimate = —2.20, p = 0.046; Supplementary Material 4).

4 Discussion

In this study, we investigated the role of chimpanzee foraging
strategy on substrate use and positional behaviour in an open
habitat. We tested the hypothesis that foraging for longer in large,
open tree crowns with abundant terminal branch foods
(characteristic of woodland feeding trees such as Brachystegia
spp.; Figures lc, d) would drive the high frequency of arboreal
locomotion and specifically suspensory behaviour previously
described for Issa Valley chimpanzees (Drummond-Clarke et al.,
2022; Drummond-Clarke et al., 2024). Our study is the first to test
the link between chimpanzee arboreal foraging behaviour and
foraging tree structure, allowing us to shed light on the selective
pressures shaping chimpanzee positional behaviour in a savannah-
mosaic habitat.

4.1 Foraging strategy and tree
characteristics

We found that foraging on terminal branch foods in trees with
large, open crowns and high food abundance (and specifically on
seeds and unripe fruit) was associated with longer foraging bouts,
and subsequently more arboreal locomotor behaviours (including
suspension). Following predictions of optimal foraging theory that
an animal will invest more energy into food patches of higher value
(e.g., Chapman et al., 1995; Villioth et al., 2022), it is not surprising
that longer foraging bouts were associated with larger trees with
more abundant food at Issa, as we predicted. Foraging in higher
value food patches likely provides a higher energy rate of return
than foraging in small or food-depleted trees (Chapman et al., 1995;
Villioth et al., 2022). Our results also showed that food type was an
important factor determining time spent foraging in a tree, with
foraging on unripe fruits and seeds associated with the longest
foraging bouts. We suggest this may be due to longer processing
times needed per food item, which increases the time to deplete the
patch and thus foraging duration. In support of this hypothesis, the
majority of seed species fed on during our study period were
encased in tough seed pods or exocarps (e.g., Brachystegia and
Julbernardia spp.; van Casteren et al,, 2018) that require time to
open and access the seeds inside. Compared to ripe fruits, unripe
fruit is also generally higher fibre, which is harder to process
(Conklin-Brittain et al., 1998) and thus may also increase
processing time.

Alternatively, the optimal diet framework predicts that animals
favour foods with maximum energy returns (or higher
profitability), such as higher caloric yield (Emlen, 1966; Stephens
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GLMM predicted probabilities for effect of food types on (A) foraging bout duration, (B) significant interaction with crown density (low to high density
for each food type), and (C) rate of locomotion (measured as bouts per minute). Note the opposite effects of seeds (associated with longer durations

but lower rates of locomotion during foraging).

and Krebs, 1986; Vogel et al., 2017). Whilst further analyses are
required for nutritional content of foods at Issa, seed pods are
relatively large food items that have multiple seeds inside with high
protein content (Conklin-Brittain et al., 1998; Conklin-Brittain
et al., 2006). Therefore, more time can be invested into processing
seed pods as they may offer a higher caloric return. Additionally,
analyses of chimpanzee foods from other communities suggest
leaves and flowers are of lower profitability than fruits
(Lindshield, 2014), which may explain their association with
shorter foraging bout durations. Further study of food availability
and energy return rates for different foods, including non-arboreal
foods, within the Issa landscape and in comparison, to other
chimpanzee sites will be vital to further test whether savannah-
mosaic environments select for a foraging strategy of longer
foraging durations per tree due to overall low food density/low
energetic return across the landscape (e.g., Charnov, 1976; Vogel
etal, 2017). Such data will also be insightful to test how factors like
regrowth after burning may influence foraging strategy. For
example, we found that soft non-fruits (i.e., leaves and flowers)
were associated with the lowest foraging duration and rate of
locomotion per tree of all food types, and were very abundant
across the woodland during the post-burning leaf-flush.
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4.2 Foraging strategy and arboreal
locomotion

Whilst more time spent foraging in a tree was associated with
locomotor bouts, a higher rate of locomotion (i.e., locomotor bouts
per minute) was associated with denser crowns and certain food
types. Specifically, unripe fruit was associated with longer foraging
durations and higher rates of locomotion while seeds were
associated longer duration but low rates of locomotion. This
difference may be related to differences between overall patch (or
tree) depletion versus depletion of the particular area of the tree the
chimpanzee can access without moving (i.e., the food within arms-
reach from a branch, hereafter referred to as “sub-patch”). In other
words, food items that require more processing time, such as seeds
(van Casteren et al., 2018), will not only take longer to deplete the
entire patch but also to deplete the accessible sub-patch, resulting in
less movement within the tree per time unit (e.g., optimal foraging
theory on the scale of the “patch” rather than the landscape;
Charnov, 1976; Stephens and Krebs, 1986).

A lower rate of locomotion associated with some food types
may also relate to foraging technique. In particular, chimpanzees
have been observed to sit/stand on secondary branches and reach,

frontiersin.org


https://doi.org/10.3389/fevo.2025.1561078
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Drummond-Clarke et al.

10.3389/fevo.2025.1561078

100 1

<
~ °
oo
£
s I I
o ]
S °
2
7] 50
3 I
9’ T
G
o
Z 25
=
©
o
o
a

0

< e O :
o ot \(\Q}O\ e"o\6 ‘o@\\% ol
X ,
(\Qofb .;\6?’
<° \J

FIGURE 6

Predicted probabilities of the occurrence of suspensory behaviour (posture and locomotion) for tree shape. Crown shapes in bold are those with
significantly higher probabilities of suspension occurring (reference level = bent-over crowns).

grab, and fold in tertiary branches to bring nearby food sources to
them, rather than moving (e.g., Fruth and Hohmann, 1996;
Wrangham, 1975; RCDC, personal observation). This effectively
enlarges the sub-patch foraging area (and energetic value), which
could explain the low rates of locomotion associated with foraging
on leaves, Pilostyles, and seeds observed at Issa. Further research is
required to investigate whether particular food (i.e., distribution or
mechanical properties; van Casteren et al., 2018; Neufuss et al,
2019) or tree structural characteristics (i.e., crown density, branch
compliance) select for such a technique (e.g., Stewart, 2011; van
Casteren et al., 2012, van Casteren et al., 2013; Hernandez-Aguilar
et al.,, 2013; Samson and Hunt, 2014; Lacroux et al., 2023), and if
these could be associated with qualities characteristic of savannah-
mosaic vegetation such as open crowns and tough foods.

Further research into the link between food characteristics and
processing technique would also be informative for investigating the
role of crown branch density on arboreal foraging behaviour.
Whereas overall, we found that foraging in trees with higher
branch density was associated with a higher rate of locomotion
(supporting a link to substrate availability e.g., Manduell et al,
2012), the link between crown density and foraging bout duration
was not so straightforward. Specifically, foraging in more open tree
crowns was associated with longer foraging bouts only when
foraging on unripe fruit and seeds, but not other food types. This
suggests that processing time/technique plays a role, but further
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work is also required on differences on food distribution within the
crown (i.e., clumped or dispersed) of different food types.

We acknowledge that we did not account for factors that
influence foraging behaviour, such as group size and composition
(Lindshield et al., 2017; Villioth et al., 2022; Villioth et al., 2023),
and food availability and distribution (e.g., Charnov, 1976), which
are likely themselves interrelated (Fimbel et al., 2001; Giuliano et al.,
2022). For example, Sonso (Budongo, Uganda) chimpanzees (P. t.
schweinfurthii) feed in larger patches for longer durations, and
travel further between patches when in larger groups (Villioth et al.,
2022). Further, low-ranking chimpanzees are likely to alter their use
of the tree crown (M-group, Mahale, Tanzania, Hunt, 1992b, Hunt,
1994a) and feeding rate (Fongoli, Senegal, Lindshield et al., 2017)
depending on group size and composition, which would influence
locomotor behaviour within a patch. Combined with findings that
savannah chimpanzees are more cohesive than forest communities
(Mount Assirik, Tutin et al., 1983; Fongoli, Pruetz and Bertolani,
2009; Issa, Giuliano et al., 2022), habitat could have an important
effect on chimpanzee foraging tree choice and thus positional
behaviour. Future studies should focus on quantifying foraging
group composition in conjunction with distance between patches
and food availability across the Issa Valley—importantly including
terrestrial foraging—to test the role of habitat energy return rates
and conspecific competition on foraging strategy in a savannah-
mosaic. Further investigation of these factors at Issa could explain
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why, for example, unripe fruit was the only food type that was
associated with both a long duration of feeding and a high rate

of locomotion.

4.3 Foraging tree structure and suspensory
behaviour

Multiple studies have previously linked the use of suspensory
behaviour to navigating thin and flexible terminal branches (e.g.,
Hunt et al., 1996; Thorpe et al, 2007a, 2007b). We therefore
predicted that the high rate of suspensory behaviour previously
observed at Issa (Drummond-Clarke et al., 2022, 2024) was driven
by foraging in large trees with wide, open crowns and abundant
terminal branch foods; specifically, by driving the chimpanzee to
move around the tree crown, on thin, non-vertical, and compliant
branches (or terminal branches). This would require them to
transfer their weight below the branch, to access foods efficiently
before exiting the tree. Supporting our prediction, the use of
suspensory behaviour was associated with tree structure.
However, contrary to our expectations, trees with larger height-
to-width ratios (i.e., relatively tall, rather than short wide crowns)
were associated with a higher likelihood of suspensory locomotion.
Since there was no difference between vegetation types in mean
crown diameter (average 10 m), we suggest that there was
insufficient variation in crown diameter between feeding trees to
have a significant effect on behaviour. Rather, tree height showed
more variation and had a stronger correlation to DBH (i.e., our
proxy for tree size) than crown diameter, meaning trees with taller
crowns may have larger crowns overall, providing more available
(terminal branch) substrates on which to suspend.

Suspensory behaviour was associated with upside-down cone-
and umbrella-shaped trees. Upside-down cone-shaped trees are the
predominant tree shape across the Issa Valley and characteristic of
the woodland. Moreover, umbrella-shaped trees were only foraged
in the woodland during the study period, despite also existing in the
forest, highlighting the fact that features of open habitats can drive
suspensory behaviour despite fewer arboreal pathways. Our finding
that the use of suspensory behaviour was related to tree shape
suggests that structural aspects of the tree not captured in our other
tree measurements (e.g. crown diameter, crown width) likely affect
the use of specific positional behaviours. For example, branch angle,
length, or compliance may be more important than the other
structural characteristics that we measured (e.g., van Casteren
et al., 2013; Senut et al., 2018; Druelle et al., 2024; Janisch et al.,
2024). Upside-down cone- and umbrella-shaped trees are
characterised by long, horizontal/diagonal branches that may be
more flexible than shorter branches (van Casteren et al., 2013).
Navigating the terminal branches of such trees could therefore
select for suspensory (and bipedal) behaviour to access foods at the
end of flexible branches (e.g., Thorpe et al., 2007a, 2007b). More
studies of branch/substrate characteristics, such as compliance, in
wild and captive settings will be critical to improve our
understanding of the link between navigating the terminal branch
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niche and the use of positional behaviours such as suspension
and bipedalism.

4.4 Implications for hominoid evolution

Opverall, our results demonstrate how a seasonal foraging strategy
focused on woodland tree species in an open habitat could drive high
levels of chimpanzee arboreality, including arboreal locomotion and
suspensory behaviour. Given the similarities in reconstructed
palaeoenvironment (e.g., seasonal savannah-mosaics dominated by
grassy woodland; Levin et al., 2008; White et al., 2009; Su and Haile-
Selassie, 2022; Peppe et al., 2023; reviewed in Su, 2024) and diet
(Ungar and Sponheimer, 2011; Henry et al, 2012; Nelson and
Hamilton, 2017; van Casteren et al., 2018) between extant
savannah-dwelling chimpanzees and some extinct hominoids, our
results can inform hypotheses about the selective pressures
hominoids may have faced in an open habitat (but see Latimer and
Lovejoy, 1990; Ward, 2002; Ward et al, 2011). Importantly,
savannah-mosaic habitats are often associated with small statured
trees (<10 m; Cerling et al., 2011; MacLatchy et al., 2023), but Issa
Valley woodland foraging trees are often >10 m in height and crown
diameter (mean values for umbrella- and upside-down cone-shape
trees: height 14 m, crown diameter 13 m). Therefore, a foraging
strategy of reaching from the ground, as proposed by Hunt (1994b,
1996) postural feeding hypothesis, or simply climbing into the tree
with limited horizontal movement (as implied by Senut et al., 2018),
would severely limit foraging opportunities in the terminal branch
niche in such large trees. Woodland trees also have, on average, low
principal branches (average lowest woodland bough height at Issa is
2.8 m; van Leeuwen, 2019), which may actually limit the duration of
vertical climbing bouts, and facilitate exiting the tree using terminal
branch behaviours, such as suspension, especially in rugged terrain
(e.g, Drummond-Clarke et al, 2024). Suspension and assisted
bipedalism would therefore offer practical and energy efficient ways
to navigate terminal branches, and exit the tree crown in savannah
habitat (Drummond-Clarke et al., 2022, 2024). Combined with our
previous findings of a high frequency of suspensory locomotion in
open habitat (Drummond-Clarke et al., 2022, 2024), the association
of suspensory behaviours with navigating large and open tree crowns
bolsters suggestions by Pontzer and Wrangham (2004) that traits
important for avoiding falls (e.g., orthograde, multi-limbed
behaviours that disperse weight below and/or across multiple
branches), rather than vertical climbing efficiency, may be a better
measure of locomotor performance (i.e., fitness benefits of
morphological traits associated with arboreal locomotor safety
rather than efficiency) in early hominins. Recent work placing the
early Miocene arboreal ape Morotopithecus in open habitat also
highlights the implications of our findings on understanding
hominoid evolutionary origins (MacLatchy et al., 2023; Peppe et al,,
2023). Specifically, our study suggests that foraging in large, open
trees with abundant terminal branch food can provide the selective
pressures for suspensory behaviour and its associated morphology
to evolve.
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Additionally, given dental evidence that some early hominins
likely consumed hard, arboreal food sources in a savannah-mosaic
(see Levin, 2015; van Casteren et al., 2018), our finding of longer-to-
process foods resulting in more time per tree provides a model for
how hard (or tough) object foraging could have driven use of the
arboreal niche in some early hominins. This is especially relevant
given that a dominant woodland genus at Issa, Brachystegia, not
only generates fruits with hard exocarps, but also is characterised by
large and open upside-down cone shaped crowns, and was possibly
characteristic of hominoid woodland habitats from the early
Miocene (Bonnefille, 2010; Senut, 2021).

Overall, our results inform on the interaction between
morphology, ecology, and ape behaviour in a savannah-mosaic,
and have important implications for the interpretation of fossil
hominoid behaviour from morphology in analogous environments.
Whilst more fossils (especially of African apes) and long-term
comparative data will be vital to further test the selective
pressures defining ape positional behaviour in a savannah-mosaic,
we suggest that interpretations of positional behaviour from
morphology of fossil hominoids that lived in an open habitat
should not discount the use of suspensory behaviour. If Issa
Valley chimpanzees can be considered suitable models, diverse
orthograde locomotor behaviours, including suspension, were
likely vital for a large-bodied ape to forage effectively, and
ultimately survive, in an open habitat.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The animal study was approved by the Tanzania Wildlife Research
Institute (TAWIRI) and the Tanzania Commission for Science and
Technology (COSTECH), and adheres to guidelines laid out by the
International Union for Conservation of Nature (IUCN) Primate
Specialist Group Section for Human-Primate Interactions, as well as
the American Society of Primatologists’ principles for ethical treatment
of nonhuman primates. The study was conducted in accordance with
the local legislation and institutional requirements.

Author contributions

RD-C: Conceptualization, Data curation, Formal Analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Visualization, Writing — original draft, Writing — review & editing.
SR: Data curation, Investigation, Methodology, Writing — review &
editing. FS: Conceptualization, Project administration, Resources,
Writing - review & editing. AP: Conceptualization, Project
administration, Resources, Supervision, Writing - review & edjting.

Frontiers in Ecology and Evolution

14

10.3389/fevo.2025.1561078

TK: Conceptualization, Funding acquisition, Project administration,
Resources, Supervision, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research was funded
by The Leakey Foundation Research Grant (RCDC), grant number
WIUNX-6HA9E-RZZZH-9RVQ?7, and the Max Planck Society.

Acknowledgments

We thank the whole team at Greater Mahale Ecosystem
Research and Conservation (GMERC) for field support, and
Laura Jessup for help with data handling. We thank the Tanzania
Wildlife Research Institute (TAWIRI) as well as the Commission
for Science and Technology (COSTECH), and the Mpanda District
government for granting permission for research to be conducted.
We thank the UCSD/Salk Centre for Academic Research and
Training in Anthropogeny (CARTA) and the Max Planck Society
for support of GMERC. Finally, we thank the Editor and reviewers
for their valuable feedback that improved this manuscript.

Conflict of interest

Author SR was employed by GMERC Ltd. Authors FS and AP
were founders of GMERC Ltd.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material
The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fev0.2025.1561078/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fevo.2025.1561078/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fevo.2025.1561078/full#supplementary-material
https://doi.org/10.3389/fevo.2025.1561078
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Drummond-Clarke et al.

References

Akaike, H., Petrov, B. N., and Csaki, F. (1973). “Information theory as an extension
of the maximum likelihood principle,” in Second international symposium on
information theory Eds. B. N. Petrov and F. Caski (Budapest: Akademiai Kiado),
267-281.

Alemseged, Z. (2015). Stabl e isotopes serving as a checkpoint. Proc. Natl. Acad. Sci.
United States America 112, 12232-12233. doi: 10.1073/pnas.1516668112

Alemseged, Z. (2023). Reappraising the palaecobiology of australopithecus. Nature
617, 45-54. doi: 10.1038/s41586-023-05957-1

Altmann, J. (1974). Observational study of behavior: Sampling methods. Behaviour
49, 227-266. doi: 10.1163/156853974X00534

Baldwin, P. ., Pi, J. S., McGrew, W. C,, and Tutin, C. E. (1981). Comparisons of nests
made by different populations of chimpanzees (Pan troglodytes). Primates 22, 474-486.
doi: 10.1007/BF02381239

Barton, K. (2023). MuMIn: multi-model inference. Available online at: https://CRAN.
R-project.org/package=MuMIn.

Bellot, S., and Renner, S. S. (2014). The systematics of the worldwide endoparasite
family Apodanthaceae (Cucurbitales), with a key, a map, and color photos of most
species. Phytokeys 36, 41-57. doi: 10.3897/phytokeys.36.7385

Berger, L. R,, Hawks, J., de Ruiter, D. J., Churchill, S. E., Schmid, P., Delezene, L. K.,
et al. (2015). Homo naledi, a new species of the genus Homo from the Dinaledi
Chamber, South Africa. eLife 4, 9560. doi: 10.7554/eLife.09560

Blumenthal, S. A., Levin, N. E., Brown, F. H., Brugal, J. P., Chritz, K. L., Harris, ]. M.,
et al. (2017). Aridity and hominin environments. Proc. Natl. Acad. Sci. United States
America 114, 7331-7336. doi: 10.1073/pnas.1700597114

Bobe, R., and Reynolds, S. C. (2022). “Hominid paleoenvironments in tropical Africa
from the late Miocene to early Pleistocene,” in African paleoecology and human
evolution. Eds. S. Reynolds and R. Bobe (Cambridge University Press, UK), 161-186.

Bohme, M., Spassov, N., Ebner, M., Geraads, D., Hristova, L., Kirscher, U,, et al.
(2017). Messinian age and savannah environment of the possible hominin
Graecopithecus from Europe. PloS one 12 (5), e0177347. doi: 10.1371/
journal.pone.0177347

Bonnefille, R. (2010). Cenozoic vegetation, climate changes and hominid evolution in
tropical Africa. Global Planetary Change 72, 390-411. doi: 10.1016/
j.gloplacha.2010.01.015

Bray, J., Emery Thompson, M., Muller, M. N., Wrangham, R. W., and Machanda, Z.
P. (2018). The development of feeding behavior in wild chimpanzees (Pan troglodytes
schweinfurthii). Am. J. Phys. Anthropology 165, 34-46. doi: 10.1002/ajpa.23325

Brooks, M. E., Kristensen, K., van Benthem, K. J., Magnusson, A., Berg, C. W.,
Nielsen, A., et al. (2017). glmmTMB balances speed and flexibility among packages for
zero-inflated generalized linear mixed modeling. R J. 9, 378-400. doi: 10.32614/R]-
2017-066

Cazenave, M., and Kivell, T. L. (2023). Challenges and perspectives on functional
interpretations of australopith postcrania and the reconstruction of hominin
locomotion. J. Hum. Evol. 175, 103304. doi: 10.1016/j.jhevol.2022.103304

Cerling, T. E., Wynn, J. G., Andanje, S. A., Bird, M. L, Korir, D. K,, Levin, N. E,, et al.
(2011). Woody cover and hominin environments in the past 6-million years. Nature
476, 51-56. doi: 10.1038/nature10306

Chapman, C. A., Chapman, L. J., and Wrangham, R. W. (1995). Ecological
constraints on group size: An analysis of spider monkey and chimpanzee subgroups.
Behav. Ecol. Sociobiology 36, 59-70. doi: 10.1007/BF00175729

Charnov, E. L. (1976). Optimal foraging, the marginal value theorem. Theor.
Population Biol. 9, 129-136. doi: 10.1016/0040-5809(76)90040-X

Conklin-Brittain, N. L., Knott, C. D., and Wrangham, R. W. (2006). “Energy intake
by wild chimpanzees and orangutan: Methodological considerations and a preliminary
comparison,” in Feeding ecology in apes and other primates, vol. 48. (Cambridge, UK:
Cambridge University Press), 445-471.

Conklin-Brittain, N. L., Wrangham, R. W., and Hunt, K. D. (1998). Dietary response
of chimpanzees and Cercopithecines to seasonal variation in fruit abundance. IIL
Macronutrients. Int. . Primatology 19, 971-998. doi: 10.1023/A:1020370119096

Crompton, R. H. (1984). “Foraging, habitat structure, and Locomotion in two species of
galago,” in Adaptations for foraging in non-human primates: contributions to an organismal
biology of prosimians, monkeys, and apes. Eds. P. Rodman and J. Cant (Columbia University
Press, New York Chichester, West Sussex), 73-111. doi: 10.7312/rodm90184-005

Daver, G., Guy, F., Mackaye, H. T., Likius, A., Boisserie, J. R., Moussa, A., et al.

(2022). Postcranial evidence of late Miocene hominin bipedalism in Chad. Nature 609,
94-100. doi: 10.1038/s41586-022-04901-z

Dominguez-Rodrigo, M. (2014). Is the “Savanna Hypothesis” a dead concept for
explaining the emergence of the earliest Hominins? Curr. Anthropology 55, 59-81.
doi: 10.1086/674530

Doran, D. M. (1993a). Comparative locomotor behavior of chimpanzees and
bonobos: The influence of morphology on locomotion. Am. J. Phys. Anthropology
91, 83-98. doi: 10.1002/ajpa.1330910106

Frontiers in Ecology and Evolution

15

10.3389/fevo.2025.1561078

Doran, D. M. (1993b). Sex differences in adult chimpanzee positional behavior: The
influence of body size on locomotion and posture. Am. J. Phys. Anthropology 91, 99—
115. doi: 10.1002/ajpa.1330910107

Doran, D. M., and Hunt, K. D. (1994). “Comparative locomotor behavior of
chimpanzees and bonobos.” in Chimpanzee cultures, eds. R. W., Wrangham, C. M.,
William, and F. D., Vaal (Harvard University Press), 93-108.

Druelle, F., Leti, I, Bokika Ngawolo, ].-C., and Narat, V. (2024). Vertical climbing in
free-ranging bonobos: An exploratory study integrating locomotor performance and
substrate compliance. Am. J. Biol. Anthropology. 183, e24894. doi: 10.1002/ajpa.24894

Drummond-Clarke, R. C., Kivell, T. L., Sarringhaus, L., Stewart, F. A,, Humle, T., and
Piel, A. K. (2022). Wild chimpanzee behavior suggests that a savanna-mosaic habitat
did not support the emergence of hominin terrestrial bipedalism. Sci. Adv. 8, eadd9752.
doi: 10.1126/sciadv.add9752

Drummond-Clarke, R. C,, Kivell, T. L., Sarringhaus, L., Stewart, F. A., and Piel, A. K.
(2024). Sex differences in positional behavior of chimpanzees (Pan troglodytes
schweinfurthii) living in the dry and open habitat of Issa Valley, Tanzania. Am. J.
Biol. Anthropology 185 (3), €25007. doi: 10.1002/ajpa.25007

Emlen, J. M. (1966). The role of time and energy in food preference. Am. Nat. 100,
611-617. doi: 10.1086/282455

Ergin, M., and Koskan, O. (2023). Comparison of Student-t, Welch’st, and Mann—
Whitney U tests in terms of type I error rate and test power. Selcuk J. Agric. Food Sci. 37
(2), 223-231.

Falotico, T. (2011). Uso de ferramentas por macacos-prego (Sapajus libidinosus) do
parquet nacional Serra da Capivara (Doctoral Dissertation) (Brazil: Universidade de Sao
Paulo). doi: 10.11606/T.47.2011.tde-04112011-171428

Fimbel, C., Vedder, A., Dierenfeld, E., and Mulindahabi, F. (2001). An ecological
basis for large group size in Colobus angolensis in the Nyungwe Forest, Rwanda. Afr. J.
Ecol. 39, 83-92. doi: 10.1111/j.1365-2028.2001.00276.x

Fleagle, J. (1979). “Primate positional behavior and anatomy: Naturalistic and
experimental approaches,” in Environment, behavior and morphology: dynamic
interactions in primates. Eds. M. E. Morbecx, H. Preushoft and N. Gomberg (New
York: Gustav Fischer).

Fruth, B, and Hohmann, G. (1996). “Nest building behavior in the great apes: the
great leap forward,” in Great ape societies. Eds. W. C. McGrew, L. F. Marchant and T.
Nishida (Cambridge, UK: Cambridge University Press), 275-292. doi: 10.1017/
CB09780511752414.019

Giuliano, C., Stewart, F. A,, and Piel, A. K. (2022). Chimpanzee (Pan troglodytes
schweinfurthii) grouping patterns in an open and dry savanna landscape, Issa Valley,
western Tanzania. J. Hum. Evol. 163, 103137. doi: 10.1016/j.jhevol.2021.103137

Haile-Selassie, Y. (2021). Late Miocene mammalian fauna from the Middle Awash
Valley, Ethiopia (Doctoral Dissertation). University of California.

Hartig, F. (2022). DHARMa: residual diagnostics for hierarchical (Multi-level/mixed)
regression models. Available online at: https://CRAN.R-project.org/package=DHARMa.

Henry, A. G, Ungar, P. S, Passey, B. H,, Sponheimer, M., Rossouw, L., Bamford, M., et al.
(2012). The diet of Australopithecus sediba. Nature 487, 90-93. doi: 10.1038/nature11185

Hernandez-Aguilar, R. A., Moore, J., and Stanford, C. B. (2013). Chimpanzee nesting
patterns in savanna habitat: Environmental influences and preferences. Am. J.
Primatology 75, 979-994. doi: 10.1002/ajp.22163

Hunt, K. D. (1991). Positional behavior in the hominoidea. Int. J. Primatology 12, 95—
118. doi: 10.1007/BF02547576

Hunt, K. D. (1992a). Positional behavior of pan troglodytes in the mahale mountains
and gombe stream national parks, Tanzania. Am. J. Phys. Anthropology 87, 83-105.
doi: 10.1002/ajpa.1330870108

Hunt, K. D. (1992b). Social rank and body size as determinants of positional behavior
in Pan troglodytes. Primates 33, 347-357. doi: 10.1007/BF02381196

Hunt, K. D. (1994a). Body size effects on vertical climbing among chimpanzees. Int. J.
Primatology 15, 855-865. doi: 10.1007/BF02736072

Hunt, K. D. (1994b). The evolution of human bipedality: Ecology and functional
morphology. J. Hum. Evol. 26, 183-202. doi: 10.1006/jhev.1994.1011

Hunt, K. D. (1996). The postural feeding hypothesis: An ecological model for the
evolution of bipedalism. South Afr. J. Sci. 92, 77-90.

Hunt, K. D., Cant, J. G. H., Gebo, D. L., Rose, M. D., Walker, S. E., and Youlatos, D.
(1996). Standardized descriptions of primate locomotor and postural modes. Primates
37, 363-387. doi: 10.1007/BF02381373

Hunt, K. D., and McGrew, W. C. (2002). “Chimpanzees in the dry habitats
of Assirik, Senegal and Semliki Wildlife Reserve, Uganda,” in Behavioural diversity
in chimpanzees and bonobos. Eds. C. Boesch, G. Hohmann and L. Marchant
(Cambridge, UK: Cambridge University Press), 35-51. doi: 10.1017/
CB09780511606397.005

Janisch, J., McNamara, A., Myers, L. C., Schapker, N., Dunham, N. T., Phelps, T.,
et al. (2024). Ecological and phylogenetic influences on limb joint kinematics in wild
primates. Zoological J. Linn. Soc. 202 (3), zlae004. doi: 10.1093/zoolinnean/zlae004

frontiersin.org


https://doi.org/10.1073/pnas.1516668112
https://doi.org/10.1038/s41586-023-05957-1
https://doi.org/10.1163/156853974X00534
https://doi.org/10.1007/BF02381239
https://CRAN.R-project.org/package=MuMIn
https://CRAN.R-project.org/package=MuMIn
https://doi.org/10.3897/phytokeys.36.7385
https://doi.org/10.7554/eLife.09560
https://doi.org/10.1073/pnas.1700597114
https://doi.org/10.1371/journal.pone.0177347
https://doi.org/10.1371/journal.pone.0177347
https://doi.org/10.1016/j.gloplacha.2010.01.015
https://doi.org/10.1016/j.gloplacha.2010.01.015
https://doi.org/10.1002/ajpa.23325
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.1016/j.jhevol.2022.103304
https://doi.org/10.1038/nature10306
https://doi.org/10.1007/BF00175729
https://doi.org/10.1016/0040-5809(76)90040-X
https://doi.org/10.1023/A:1020370119096
https://doi.org/10.7312/rodm90184-005
https://doi.org/10.1038/s41586-022-04901-z
https://doi.org/10.1086/674530
https://doi.org/10.1002/ajpa.1330910106
https://doi.org/10.1002/ajpa.1330910107
https://doi.org/10.1002/ajpa.24894
https://doi.org/10.1126/sciadv.add9752
https://doi.org/10.1002/ajpa.25007
https://doi.org/10.1086/282455
https://doi.org/10.11606/T.47.2011.tde-04112011-171428
https://doi.org/10.1111/j.1365-2028.2001.00276.x
https://doi.org/10.1017/CBO9780511752414.019
https://doi.org/10.1017/CBO9780511752414.019
https://doi.org/10.1016/j.jhevol.2021.103137
https://CRAN.R-project.org/package=DHARMa
https://doi.org/10.1038/nature11185
https://doi.org/10.1002/ajp.22163
https://doi.org/10.1007/BF02547576
https://doi.org/10.1002/ajpa.1330870108
https://doi.org/10.1007/BF02381196
https://doi.org/10.1007/BF02736072
https://doi.org/10.1006/jhev.1994.1011
https://doi.org/10.1007/BF02381373
https://doi.org/10.1017/CBO9780511606397.005
https://doi.org/10.1017/CBO9780511606397.005
https://doi.org/10.1093/zoolinnean/zlae004
https://doi.org/10.3389/fevo.2025.1561078
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Drummond-Clarke et al.

Janson, C. H., and Goldsmith, M. L. (1995). Predicting group size in primates:
Foraging costs and predation risks. Behav. Ecol. 6, 326-336. doi: 10.1093/beheco/
6.3.326

Kalan, A. K., Mundry, R, and Boesch, C. (2015). Wild chimpanzees modify food call
structure with respect to tree size for a particular fruit species. Anim. Behav. 101, 1-9.
doi: 10.1016/j.anbehav.2014.12.011

Kortlandt, A. (1983). Marginal habitats of chimpanzees. J. Hum. Evol. 12, 231-278.
doi: 10.1016/S0047-2484(83)80149-3

Lacroux, C., Krief, S., Douady, S., Cornette, R., Durand, S., Aleeje, A., et al. (2023).
Chimpanzees select comfort ta ble nesting tree species. Sci. Rep. 13, 16943. doi: 10.1038/
541598-023-44192-6

Larson, S. G., Jungers, W. L., Tocheri, M. W., Orr, C. M., Morwood, M. J., Sutikna, T.,
etal. (2009). Descriptions of the upper limb skeleton of Homo floresiensis. . Hum. Evol.
57, 555-570. doi: 10.1016/j.jhevol.2008.06.007

Latimer, B., and Lovejoy, C. O. (1990). Metatarsophalangeal joints of Australopithecus
afarensis. Am. J. Phys. Anthropology 83, 13-23. doi: 10.1002/ajpa.1330830103

Lenth, R. V. (2024). emmeans: Estimated Marginal Means, aka Least-Squares Means.
Available online at: https://CRAN.R-project.org/package=emmeans.

Levin, N. E. (2015). Environment and climate of early human evolution. Annu. Rev.
Earth Planetary Sci. 43, 405-429. doi: 10.1146/annurev-earth-060614-105310

Levin, N. E., Simpson, S. W., Quade, J., Cerling, T. E.,, and Frost, S. R. (2008).
Herbivore enamel carbon isotopic composition and the environmental context of
Ardipithecus at Gona, Ethiopia. Special Paper Geological Soc. America 446, 215-233.
doi: 10.1130/2008.2446(10

Lindshield, S. (2014). Multilevel analysis of the foraging decisions of western
chimpanzees (Pan troglodytes verus) and resource scarcity in a savanna environment
at Fongoli, Senegal (Doctoral Dissertation) (Iowa, USA: Iowa State University).
doi: 10.31274/etd-180810-3786

Lindshield, S., Danielson, B. J., Rothman, J. M., and Pruetz, J. D. (2017). Feeding in
fear? How adult male western chimpanzees (Pan troglodytes verus) adjust to predation
and savanna habitat pressures. Am. J. Phys. Anthropology 163, 480-496. doi: 10.1002/
ajpa.23221

Lindshield, S., Hernandez-Aguilar, R. A., Korstjens, A. H., Marchant, L. F., Narat, V.,
Ndiaye, P. I, et al. (2021). Chimpanzees (Pan troglodytes) in savanna landscapes.
Evolutionary Anthropology 30(6) 399-420, 21924. doi: 10.1002/evan.21924

Lindshield, S., Badji, L., Ndiaye, P. I, Ortmann, S., Tombak, K. J., Pruetz, J., et al.
(2025). The nutritional quality of male chimpanzee diets in a semiarid savanna. J. Hum.
Evol. 204, 103684. doi: 10.1016/j.jhevol.2025.103684

MacLatchy, L. M,, Cote, S. M., Deino, A. L., Kityo, R. M., Mugume, A. A. T., Rossie, J.
B., et al. (2023). The evolution of hominoid locomotor versatility: Evidence from
Moroto, a 21 Ma site in Uganda. Science 380, eabq2835. doi: 10.1126/science.abq2835

Manduell, K. L., Harrison, M. E., and Thorpe, S. K. S. (2012). Forest structure and
support availability influence orangutan locomotion in Sumatra and Borneo. Am. J.
Primatology 74, 1128-1142. doi: 10.1002/ajp.22072

McBrearty, S., and Jablonski, N. (2005). First fossil chimpanzee. Nature 437, 105-
108. doi: 10.1038/nature04008

McCrossin, M. L., Benefit, B. R., Gitau, S. N., Palmer, A. K., and Blue, K. T. (1998).
“Fossil Evidence for the origins of terrestriality among old world higher primates,” in
Primate locomotion: Recent advances. Eds. E. Strasser, J. G. Fleagle, A. L. Rosenberger
and H. M. McHenry (Springer US, Plenum Press, New York), 353-396. doi: 10.1007/
978-1-4899-0092-0_19

McGrew, W. C., Baldwin, P. J., and Tutin, C. E. G. (1981). Chimpanzees in a hot, dry
and open habitat: Mt. Assirik, Senegal, West Africa. J. Hum. Evol. 10, 227-244.
doi: 10.1016/S0047-2484(81)80061-9

McGrew, W. C., Baldwin, P. J., and Tutin, C. E. G. (1988). Diet of wild chimpanzees
(Pan troglodytes verus) at Mt. Assirik, Senegal: I. Composition. Am. J. Primatology 16,
213-226. doi: 10.1002/ajp.1350160304

Moore, J. (1992). ““Savanna” chimpanzees,” in Topics in primatology, vol. I: human
origins. Eds. T. Nishida, W. C. McGrew, P. Marler, M. Pickford and F. B. M. de Waal
(Tokyo, Japan: University of Tokyo Press), 99-118.

Moore, J. (1996). “Savanna chimpanzees, referential models and the last common
ancestor,” in Great ape societies. Eds. W. C. McGrew, L. F. Marchant and T. Nishida
(Cambridge, UK: Cambridge University Press), 275-292. doi: 10.1017/
CB0O9780511752414.022

Nakagawa, S., and Schielzeth, H. (2013). A general and simple method for obtaining
R® from generalized linear mixed-effects models. Methods Ecol. Evol. 4, 133-142.
doi: 10.1111/j.2041-210x.2012.00261.x

Nelson, S. V., and Hamilton, M. I. (2017). “Evolution of the human dietary niche:
Initial Transitions,” in Chimpanzees and human evolution. Eds. M. N. Muller, R. W.
Wrangham and D. R. Pilbeam (Cambridge, Massachusetts: The Belknap Press of
Harvard University Press), 286-310. doi: 10.4159/9780674982642-008

Negash, E. W., Alemseged, Z., Barr, W. A., Behrensmeyer, A. K., Blumenthal, S. A,
Bobe, R, et al. (2024). Modern African ecosystems as landscape-scale analogues for
reconstructing woody cover and early hominin environments. J. Hum. Evol. 197,
103604. doi: 10.1016/j.jhevol.2024.103604

Neufuss, J., Robbins, M. M., Baeumer, J., Humle, T., and Kivell, T. L. (2017).
Comparison of hand use and forelimb posture during vertical climbing in mountain

Frontiers in Ecology and Evolution

10.3389/fevo.2025.1561078

gorillas (Gorilla beringei beringei) and chimpanzees (Pan troglodytes). Am. J. Phys.
Anthropology 164, 651-664. doi: 10.1002/ajpa.23303

Neufuss, J., Robbins, M. M., Baeumer, J., Humle, T., and Kivell, T. L. (2018). Gait
characteristics of vertical climbing in mountain gorillas and chimpanzees. J. Zoology
306, 129-138. doi: 10.1111/jz0.12577

Neufuss, J., Robbins, M. M., Baeumer, J., Humle, T., and Kivell, T. L. (2019). Manual
skills for food processing by mountain gorillas (Gorilla beringei beringei) in Bwindi
Impenetrable National Park, Uganda. Biol. J. Linn. Soc. 127, 543-562. doi: 10.1093/
biolinnean/bly071

Pennec, F., Gérard, C., Meterreau, L., Monghiemo, C., Bokika Ngawolo, J.-C., Laurent, R,
et al. (2020). Spatiotemporal variation in bonobo (Pan paniscus) habitat use in a forest—
savannah mosaic. Int. J. Primatolology 41, 775-799. doi: 10.1007/s10764-020-00180-5

Peppe, D. ], Cote, S. M., Deino, A. L., Fox, D. L., Kingston, J. D., Kinyanjui, R. N.,
et al. (2023). Oldest evidence of abundant C 4 grasses and habitat heterogeneity in
eastern Africa. Science 380, 173-177. doi: 10.1126/science.abq2834

Pickford, M., and Senut, B. (2001). The geological and faunal context of Late Miocene
hominid remains from Lukeino, Kenya. Comptes Rendus I’Academie Des. Sci. - Ser. IIA -
Earth Planetary Sci. 332, 145-152. doi: 10.1016/S1251-8050(01)01528-2

Piel, A. K., Bonnin, N., RamirezAmaya, S., Wondra, E., and Stewart, F. A. (2019).
Chimpanzees and their mammalian sympatriates in the Issa Valley, Tanzania. Afr. J.
Ecol. 57, 31-40. doi: 10.1111/aje.12570

Piel, A. K., Strampelli, P., Greathead, E., Hernandez-Aguilar, R. A., Moore, J., and
Stewart, F. A. (2017). The diet of open-habitat chimpanzees (Pan troglodytes
schweinfurthii) in the Issa Valley, western Tanzania. J. Hum. Evol. 112, 57-69.
doi: 10.1016/j.jhevol.2017.08.016

Pontzer, H., and Wrangham, R. W. (2004). Climbing and the daily energy cost of
locomotion in wild chimpanzees: implications for hominoid locomotor evolution. J.
Hum. Evol. 46, 315-333. doi: 10.1016/j.jhevol.2003.12.006

Pruetz, J. D. (2006). “Feeding ecology of savanna chimpanzees (Pan troglodytes
verus) at Fongoli, Senegal,” in Feeding Ecology in Apes and other Primates: Ecological,
physical, and behavioural aspects. Eds. G. Hohmann, M. Robbins and C. Boesch
(Cambridge, UK: Cambridge University Press), 161-182.

Pruetz, J. D., and Bertolani, P. (2009). Chimpanzee (Pan troglodytes verus) behavioral
responses to stresses associated with living in a savannah-mosaic environment:
Implications for hominin adaptations to open habitats. PaleoAnthropology 2009,
252-262. doi: 10.4207/pa.2009.art33

Raichlen, D. A., and Pontzer, H. (2021). Energetic and endurance constraints on
great ape quadrupedalism and the benefits of hominin bipedalism. Evolutionary
Anthropology 30, 253-261. doi: 10.1002/evan.21911

R Core Team (2023). R: A language and environment for statistical computing
(Vienna, Austria: R Foundation for Statistical Computing). Available online at: https://
www.R-project.org/.

Ripley, S. (1979). “Environmental grain, niche diversification, and positional
behavior in Neogene primates: An evolutionary hypothesis,” in Environment,
behavior, and morphology: dynamic interactions in primates. Eds. M. E. Morbeck, H.
Preuschoft and N. Gomberg (New York: Gustav Fischer), 371-412.

Rodman, P. S., and McHenry, H. M. (1980). Bioenergetics and the origin of hominid
bipedalism. Am. J. Phys. Anthropology 52, 103-106. doi: 10.1002/ajpa.1330520113

Russak, S. M. (2014). Using patch focals to study unhabituated dry-habitat
chimpanzees (Pan troglodytes schweinfurthii) and sympatric fauna at Issa, Ugalla,
Tanzania. Int. J. Primatology 35, 1202-1221. doi: 10.1007/s10764-014-9803-3

Samson, D. R., and Hunt, K. D. (2014). Chimpanzees preferentially select sleeping
platform construction tree species with biomechanical properties that yield stab le,
firm, but compliant nests. PloS One 9, €95361. doi: 10.1371/journal.pone.0095361

Sayers, K., Norconk, M. A., and Conklin-Brittain, N. L. (2010). Optimal foraging on
the roof of the world: Himalayan langurs and the classical prey model. Am. J. Phys.
Anthropology 141, 337-357. doi: 10.1002/ajpa.21149

Schloerke, B., Cook, D., Larmarange, J., Briatte, F., Marbach, M., Thoen, E., et al.
(2024). GGally: Extension to “ggplot2.”Available online at: https://CRAN.R-project.org/
package=GGally.

Senut, B. (2021). Role des environnements dans les origines et I'évolution de la
bipédie chez les hominidés: exemple des zones boisees séches de I'Afrique. Rev.
primatologie 12, 11037. doi: 10.4000/primatologie.11037

Senut, B., Pickford, M., Gommery, D., Mein, P., Cheboi, K., and Coppens, Y. (2001). First
hominid from the miocene (Lukeino formation, Kenya). Comptes Rendus I’Academie Des.
Sci. - Ser. IIA - Earth Planetary Sci. 332, 137-144. doi: 10.1016/s1251-8050(01)01529-4

Senut, B., Pickford, M., Gommery, D., and Segalen, L. (2018). Palaeoenvironments
and the origin of hominid bipedalism. Historical Biol. 30, 284-296. doi: 10.1080/
08912963.2017.1286337

Slater, H. D. (2015). Forest structure and group density of Thomas’ langur monkey,
Presbytis thomasi (Master’s thesis) (Bournemouth, UK: Bournemouth University).

Slocombe, K. E., and Zuberbiihler, K. (2006). Food-associated calls in chimpanzees:
Responses to food types or food preferences? Anim. Behav. 72, 989-999. doi: 10.1016/
j.anbehav.2006.01.030

Sockol, M. D., Raichlen, D. A., and Pontzer, H. (2007). Chimpanzee locomotor
energetics and the origin of human bipedalism. Proc. Natl. Acad. Sci. 104, 12265-12269.
doi: 10.1073/pnas.0703267104

frontiersin.org


https://doi.org/10.1093/beheco/6.3.326
https://doi.org/10.1093/beheco/6.3.326
https://doi.org/10.1016/j.anbehav.2014.12.011
https://doi.org/10.1016/S0047-2484(83)80149-3
https://doi.org/10.1038/s41598-023-44192-6
https://doi.org/10.1038/s41598-023-44192-6
https://doi.org/10.1016/j.jhevol.2008.06.007
https://doi.org/10.1002/ajpa.1330830103
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1146/annurev-earth-060614-105310
https://doi.org/10.1130/2008.2446(10
https://doi.org/10.31274/etd-180810-3786
https://doi.org/10.1002/ajpa.23221
https://doi.org/10.1002/ajpa.23221
https://doi.org/10.1002/evan.21924
https://doi.org/10.1016/j.jhevol.2025.103684
https://doi.org/10.1126/science.abq2835
https://doi.org/10.1002/ajp.22072
https://doi.org/10.1038/nature04008
https://doi.org/10.1007/978-1-4899-0092-0_19
https://doi.org/10.1007/978-1-4899-0092-0_19
https://doi.org/10.1016/S0047-2484(81)80061-9
https://doi.org/10.1002/ajp.1350160304
https://doi.org/10.1017/CBO9780511752414.022
https://doi.org/10.1017/CBO9780511752414.022
https://doi.org/10.1111/j.2041-210x.2012.00261.x
https://doi.org/10.4159/9780674982642-008
https://doi.org/10.1016/j.jhevol.2024.103604
https://doi.org/10.1002/ajpa.23303
https://doi.org/10.1111/jzo.12577
https://doi.org/10.1093/biolinnean/bly071
https://doi.org/10.1093/biolinnean/bly071
https://doi.org/10.1007/s10764-020-00180-5
https://doi.org/10.1126/science.abq2834
https://doi.org/10.1016/S1251-8050(01)01528-2
https://doi.org/10.1111/aje.12570
https://doi.org/10.1016/j.jhevol.2017.08.016
https://doi.org/10.1016/j.jhevol.2003.12.006
https://doi.org/10.4207/pa.2009.art33
https://doi.org/10.1002/evan.21911
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1002/ajpa.1330520113
https://doi.org/10.1007/s10764-014-9803-3
https://doi.org/10.1371/journal.pone.0095361
https://doi.org/10.1002/ajpa.21149
https://CRAN.R-project.org/package=GGally
https://CRAN.R-project.org/package=GGally
https://doi.org/10.4000/primatologie.11037
https://doi.org/10.1016/s1251-8050(01)01529-4
https://doi.org/10.1080/08912963.2017.1286337
https://doi.org/10.1080/08912963.2017.1286337
https://doi.org/10.1016/j.anbehav.2006.01.030
https://doi.org/10.1016/j.anbehav.2006.01.030
https://doi.org/10.1073/pnas.0703267104
https://doi.org/10.3389/fevo.2025.1561078
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Drummond-Clarke et al.

Stamos, P. A, and Alemseged, Z. (2023). Hominin locomotion and evolution in the Late
Miocene to Late Pliocene. J. Hum. Evol. 178, 103332. doi: 10.1016/j.jhevol.2023.103332

Stephens, D. W., and Krebs, J. R. (1986). Foraging theory (Vol. 6) (Princetown, New
Jersey, USA: Princeton University Press).

Stewart, F. A. (2011). The evolution of shelter: ecology and ethology of chimpanzee nest
building (Cambridge, UK: University of Cambridge). doi: 10.17863/CAM.13968

Stewart, F. A, and Pruetz, J. D. (2013). Do chimpanzee nests serve an anti-predatory
function? Am. J. Primatology 75 (6), 593-604. doi: 10.1002/ajp.22138

Su, D. F. (2024). Early hominin paleoenvironments and habitat heterogeneity. Annu.
Rev. Anthropology 53, 21-35. doi: 10.1146/annurev-anthro-041222-102712

Su, D. F,, and Haile-Selassie, Y. (2022). Mosaic habitats at Woranso-Mille (Ethiopia)
during the Pliocene and implications for Australopithecus paleoecology and taxonomic
diversity. J. Hum. Evol. 163, 103076. doi: 10.1016/j.jhevol.2021.103076

Suarez, S. A. (2006). Diet and travel costs for spider monkeys in a nonseasonal,
hyperdiverse environment. Int. J. Primatology 27, 411-436. doi: 10.1007/s10764-006-9023-6

Suwa, G., Kono, R. T., Katoh, S., Asfaw, B., and Beyene, Y. (2007). A new species of great
ape from the late Miocene epoch in Ethiopia. Nature 448, 921-924. doi: 10.1038/nature06113

Thorpe, S. K. S., and Crompton, R. H. (2005). Locomotor ecology of wild orangutans
(Pongo pygmaeus abelii) in the Gunung Leuser ecosystem, Sumatra, Indonesia: A
multivariate analysis using log-linear modelling. Am. J. Phys. Anthropology 127, 58-78.
doi: 10.1002/ajpa.20151

Thorpe, S. K. S., and Crompton, R. H. (2006). Orangutan positional behavior and the
nature of arboreal locomotion in Hominidae. Am. J. Phys. Anthropology 131, 384-401.
doi: 10.1002/ajpa.20422

Thorpe, S. K. S., Crompton, R. H., and lexander, R.M. (2007a). Orangutans use

compliant branches to lower the energetic cost of locomotion. Biol. Lett. 3, 253-256.
doi: 10.1098/rsb1.2007.0049

Thorpe, S. K. S., Holder, R. L., and Crompton, R. H. (2007b). Origin of human
bipedalism as an adaptation for locomotion on flexible branches. Science 316, 1328-
1331. doi: 10.1126/science.1140799

Tutin, C. E,, McGrew, W. C,, and Baldwin, P. J. (1983). Social organization of
savanna-dwelling chimpanzees, Pan troglodytes verus, at Mt. Assirik, Senegal. Primates
24, 154-173. doi: 10.1007/BF02381079

Ungar, P. S., and Sponheimer, M. (2011). The diets of early hominins. Science 334,
190-193. doi: 10.1126/science.1207701

van Casteren, A., Oelze, V. M., Angedakin, S., Kalan, A. K., Kambi, M., Boesch, C., et al.
(2018). Food mechanical properties and isotopic signatures in forest versus savannah
dwelling eastern chimpanzees. Commun. Biol. 1, 109. doi: 10.1038/s42003-018-0115-6

van Casteren, A., Sellers, W. L, Thorpe, S. K. S., Coward, S., Crompton, R. H., and
Ennos, A. R. (2013). Factors affecting the compliance and sway properties of tree
branches used by the Sumatran orangutan (Pongo abelii). PloS One 8, e67877.
doi: 10.1371/journal.pone.0067877

Frontiers in Ecology and Evolution

17

10.3389/fevo.2025.1561078

van Casteren, A., Sellers, W. I, Thorpe, S. K. S., Coward, S., Crompton, R. H., Myatt,
J. P., et al. (2012). Nest-building orangutans demonstrate engineering know-how to
produce safe, comfortab le beds. Proc. Natl. Acad. Sci. 109, 6873-6877. doi: 10.1073/
pnas.1200902109

van Leeuwen, K. L. (2019). Landscapes of the apes: modelling landscape use of
chimpanzees and early hominins across an environmental gradient (Doctoral
Dissertation) (Bournemouth, UK: Bournemouth University).

van Leeuwen, K. L., Hill, R. A,, and Korstjens, A. H. (2020). Classifying chimpanzee
(Pan troglodytes) landscapes across large-scale environmental gradients in Africa. Int. J.
Primatology 41, 800-821. doi: 10.1007/s10764-020-00164-5

Villioth, J., Zuberbiihler, K., and Newton-Fisher, N. E. (2022). Patch choice decisions
by a fission—fusion forager as a test of the ecological constraints model. Behav. Ecol.
Sociobiology 76, 156. doi: 10.1007/s00265-022-03262-x

Villioth, J., Zuberbiihler, K., and Newton-Fisher, N. E. (2023). Discrete choices:
understanding the foraging strategies of wild chimpanzees. Anim. Behav. 200, 209-219.
doi: 10.1016/j.anbehav.2023.04.003

Vogel, E. R. (2005). Rank differences in energy intake rates in white-faced capuchin
monkeys, Cebus capucinus: the effects of contest competition. Behav. Ecol. Sociobiology
58, 333-344. doi: 10.1007/500265-005-0960-4

Vogel, E. R., Haag, L., Mitra-Setia, T., van Schaik, C. P., and Dominy, N. J. (2009).
Foraging and ranging behavior during a fallback episode: Hylobates albibarbis and
Pongo pygmaeus wurmbii compared. Am. J. Phys. Anthropology 140, 716-726.
doi: 10.1002/ajpa.21119

Vogel, E. R,, Kivai, S., Alavi, S., and Fuentes, A. (2017). Foraging strategies. In A.
Fuentes (Ed.). Int. Encyclopedia Primatology 3, 1-9. doi: 10.1002/
9781119179313.wbprim0336

Ward, C. V. (2002). Interpreting the posture and locomotion of Australopithecus
afarensis: where do we stand? Am. J. Phys. Anthropology 119, 185-215. doi: 10.1002/
ajpa.10185

Ward, C. V., Kimbel, W. H., and Johansen, D. C. (2011). Complete fourth metatarsal
and arches in the foot of Australopithecus afarensis. Science 331, 750-753. doi: 10.1126/
science.1201463

Wessling, E. G., Kiihl, H. S., Mundry, R., Deschner, T., and Pruetz, J. D. (2018). The
costs of living at the edge: Seasonal stress in wild savanna-dwelling chimpanzees. J.
Hum. Evol. 121, 1-11. doi: 10.1016/j.jhevol.2018.03.001

White, T. D., Asfaw, B., Beyene, Y., Haile-Selassie, Y., Lovejoy, C. O., Suwa, G, et al.
(2009). Ardipithecus ramidus and the paleobiology of early hominids. Science 326, 64—
86. doi: 10.1126/science.1175802

Wrangham, R. W. (1975). Behavioural ecology of chimpanzees in Gombe National
Park, Tanzania (Doctoral dissertation) (Cambridge, UK: University of Cambridge).

Zimmerman, D. W. (1987). Comparative power of Student t test and Mann-Whitney
U test for unequal sample sizes and variances. J. Exp. Educ. 55 (3), 171-174.
doi: 10.1080/00220973.1987.10806451

frontiersin.org


https://doi.org/10.1016/j.jhevol.2023.103332
https://doi.org/10.17863/CAM.13968
https://doi.org/10.1002/ajp.22138
https://doi.org/10.1146/annurev-anthro-041222-102712
https://doi.org/10.1016/j.jhevol.2021.103076
https://doi.org/10.1007/s10764-006-9023-6
https://doi.org/10.1038/nature06113
https://doi.org/10.1002/ajpa.20151
https://doi.org/10.1002/ajpa.20422
https://doi.org/10.1098/rsbl.2007.0049
https://doi.org/10.1126/science.1140799
https://doi.org/10.1007/BF02381079
https://doi.org/10.1126/science.1207701
https://doi.org/10.1038/s42003-018-0115-6
https://doi.org/10.1371/journal.pone.0067877
https://doi.org/10.1073/pnas.1200902109
https://doi.org/10.1073/pnas.1200902109
https://doi.org/10.1007/s10764-020-00164-5
https://doi.org/10.1007/s00265-022-03262-x
https://doi.org/10.1016/j.anbehav.2023.04.003
https://doi.org/10.1007/s00265-005-0960-4
https://doi.org/10.1002/ajpa.21119
https://doi.org/10.1002/9781119179313.wbprim0336
https://doi.org/10.1002/9781119179313.wbprim0336
https://doi.org/10.1002/ajpa.10185
https://doi.org/10.1002/ajpa.10185
https://doi.org/10.1126/science.1201463
https://doi.org/10.1126/science.1201463
https://doi.org/10.1016/j.jhevol.2018.03.001
https://doi.org/10.1126/science.1175802
https://doi.org/10.1080/00220973.1987.10806451
https://doi.org/10.3389/fevo.2025.1561078
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

	Foraging strategy and tree structure as drivers of arboreality and suspensory behaviour in savannah-dwelling chimpanzees
	1 Introduction
	2 Materials and methods
	2.1 The study site
	2.2 Foraging behaviour
	2.3 Foraging tree structure
	2.4 Data analyses

	3 Results
	3.1 Arboreal foraging variables
	3.1.1 Dry season arboreal dietary patterns
	3.1.2 Feeding tree structural characteristics

	3.2 Model outputs
	3.2.1 Foraging bout duration
	3.2.2 Frequency of locomotion
	3.2.3 Use of postural and locomotor suspension


	4 Discussion
	4.1 Foraging strategy and tree characteristics
	4.2 Foraging strategy and arboreal locomotion
	4.3 Foraging tree structure and suspensory behaviour
	4.4 Implications for hominoid evolution

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References




